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Anxiety is a common comorbidity associated with chronic pain, which results in chronic pain complexification and difficulty in treatment. Electroacupuncture (EA) is commonly used to treat chronic pain and anxiety. However, the underlying mechanisms of the EA effect are largely unknown. Here, we showed that a circuitry underlying chronic pain induces anxiety disorders, and EA can treat them by regulating such circuitry. Using chemogenetic methods, we found that chemogenetic activation of the rostral anterior cingulate cortex (rACC) glutamatergic output to the thalamus induced anxiety disorders in control rats. Then, chemogenetic inhibition of the rACC-thalamus circuitry reduced anxiety-like behavior produced by intraplantar injection of the complete Freund’s adjuvant (CFA). In this study, we examined the effects of EA on a rat model of CFA-mediated anxiety-like behaviors and the related mechanisms. We found that chemogenetic activation of the rACC-thalamus circuitry effectively blocked the effects of EA on chronic pain-induced anxiety-like behaviors in CFA rats. These results demonstrate an underlying rACC-thalamus glutamatergic circuitry that regulates CFA-mediated anxiety-like behaviors. This study also provides a potential mechanistic explanation for EA treatment of anxiety caused by chronic pain.

Keywords: chronic pain, pain-related anxiety, rostral anterior cingulate cortex, thalamus, circuitry, electroacupuncture


INTRODUCTION

The International Association for the Study of Pain (IASP) defines pain as an unpleasant sensory and emotional experience associated with actual or potential tissue damage (Bushnell et al., 2013; Aydede, 2019; Meda et al., 2019). Clinically, approximately 20–50% of the patients with chronic pain have been reported to have anxiety (Vincent et al., 2015). Alternatively, there is accumulating evidence that anxiety may increase the sensation of pain or decrease pain tolerance (Becker et al., 2018; Gong et al., 2018). The mutual influence of pain and anxiety results in chronic pain aggravation and ineffective treatment. Mitigation of pain-related anxiety is thought to be a potential approach in the treatment of chronic pain. Electroacupuncture (EA), an improvement of traditional acupuncture, is commonly used to treat chronic pain (Vickers and Linde, 2014; Xiang and Wang, 2019) because of its safety, efficacy, and fewer side effects. Moreover, EA can also relieve anxiety (Pilkington, 2010). Our previous study showed that EA could mitigate anxiety-like behaviors induced by chronic pain in rats (Du et al., 2017). However, the mechanism by which EA regulates chronic pain-induced anxiety remains unclear.

Although substantial evidence shows that chronic pain leads to anxiety, the mechanisms underlying the chronic pain-induced anxiety are poorly understood. Research has revealed the roles of cortical neuronal networks in pain and anxiety. Among several cortical regions, the anterior cingulate cortex (ACC) has been reported to be involved in anxiety in both human and animal studies (Gross and Hen, 2004; Koga et al., 2015). Imaging studies have revealed increased ACC activity in patients with anxiety disorders (Osuch et al., 2000), and surgical lesions in the ACC or its chemical inactivation have produced anxiolytic effects in humans (Hornak et al., 2003) and animals. Despite strong evidence implicating the involvement of ACC in pain-related anxiety, little is known about how inputs from other brain regions engage ACC circuits.

The thalamus is the major source of nociceptive information transmission to the ACC (Sun et al., 2006; Yang et al., 2006). Lidocaine injections into or lesions of the medial thalamic nuclei can block the nociceptive responses of ACC neurons (Yang et al., 2006; Kiss et al., 2011). Imaging and electrophysiological studies in patients and animal models have also demonstrated that the thalamus, like the ACC, is hyperactivated during chronic pain (Rinaldi et al., 1991; Mao et al., 1993; Alshelh et al., 2016). Moreover, it has also been reported that activating thalamus outputs to the ACC exacerbates pain-related aversion (Meda et al., 2019). These studies raise the possibility that chronic pain might induce nagetive emotion through the thalamus-ACC circuit. But it is unknown whether ACC-thalamus circuitry was also involved in emotion regulation. Therefore, we aimed to investigate the role of the ACC-thalamus circuitry in chronic pain-induced anxiety and explore whether EA may have a therapeutic effect on chronic pain-induced anxiety disorders through regulation of this circuitry. We found that chemogenetic activation of the rostral ACC (rACC) inputs to the thalamus elicited anxiety-like behavior in control rats. However, chemogenetic inactivation of the rACC-thalamus circuitry reduced anxiety-like behavior produced by chronic pain induction via intraplantar injection of the complete Freund’s adjuvant (CFA). We also found that chemogenetic activation of the rACC-thalamus circuitry effectively blocked the therapeutic effect of EA on chronic pain-induced anxiety-like behavior in a CFA-induced chronic pain model in rats. These results reveal a novel circuit mechanism through which the rACC-thalamus circuitry influences chronic pain-induced anxiety. Moreover, our data also provide evidence that EA may interfere with chronic pain-induced anxiety disorder by regulating the rACC-thalamus circuitry.



MATERIALS AND METHODS


Animals

Adult male Sprague-Dawley (SD) rats (7–8 weeks old, 250–300 g) were obtained from the Laboratory Animal Center of Zhejiang Chinese Medical University accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC). Three rats were housed together on soft bedding with food pellets and water ad libitum. Artificial 12 h light-dark cycles and proper temperature (lights on at 8:00 a.m.) were provided to allow for acclimation to the animal facility holdings for at least 5 days before any manipulation. All experiments were performed following the guidelines of the National Institutes of Health guidelines for the care and use of laboratory animals (NIH Publications No. 8,023, revised 1978) and approved by the Animal Ethics Committee of Zhejiang Chinese Medical University (ZSLL, 2017-183).



Stereotaxic Injection

Adult male SD rats were anesthetized with isoflurane (4–5% induction, 1.5–2% maintenance). The head hair was then removed using a shaving machine, and the rats were fixed on a stereotaxic instrument (RWD, 68025, Shenzhen, China). The incisor bar was adjusted until the heights of lambda and bregma were equal to achieve a flat skull position. Erythromycin eye ointment was applied to the rat eyes to prevent corneal drying and pain from the use of strong light. A heating pad (RWD, 69000, Shenzhen, China) was used to maintain the body temperature at 37°C. According to Paxinos and Watson (2007), The Rat Brain in Stereotaxic Coordinates, bregma was defined as the point of intersection of the sagittal suture with the curve of best fit along the coronal suture, and lambda was defined as the midpoint of the curve of best fit along the lambdoid suture. The precise injection location of the rACC (AP, 2.76 mm; ML, 0.8 mm; DV, 1.4 mm) and the thalamus (AP, 1.80 mm; ML, 1.8 mm; DV, 5.1 mm) were obtained based on the distance between bregma and lambda. The skull craniotomy hole was made using a dental drill (WPI, OmniDrill35, Sarasota, FL United States), and injections were performed using a NanoFil 10 μL syringe via a micropipette connected to an Ultra Micro Pump (WPI, UMC4, Sarasota, FL United States) and its controller (WPI, UMC4, Sarasota, FL United States).



Anterograde Tracer Virus Injection in the rACC

A total of 10 rats received an anterograde tracer virus (rAAV2/9-CaMKIIa-mCherry) microinjection in the right rACC, which can specifically label glutamatergic neurons. Rats were anesthetized with isoflurane (4–5% induction, 1.5–2% maintenance). Heart rate, temperature, and respiration were monitored throughout the surgery. The tracer was injected at 60 nL/min, and after each injection, the syringe remained in situ for 10 min and then removed. After a 6 weeks survival period, rats were deeply anesthetized and perfused with saline and 4% paraformaldehyde. Brains were removed, post-fixed overnight, dehydrated in increasing gradients of sucrose (15 and 30%), and preserved at −80°C. The distribution of the virus tracer was observed by fluorescence microscopy of coronal frozen sections, as described by Paxions and Watson.



Chemogenetic Method

For virus-mediated tracing, rAAV2/9-CaMKIIα-mCherry was used (virus titer: 3.25 × 1012 vg/mL, 60 nL/min, 400 nL/injection; BrainVTA, China).

To specifically manipulate the glutamatergic neurons in the rACC output to the thalamus with mCherry, rAAV2/9-CaMKIIα-Dio-hM3D-mCherry (virus titer: 3.04 × 1012 vg/mL, 60 nL/min, 400 nL/injection) and rAAV2/9-CaMKIIα-Dio-hM4D-mCherry (virus titer: 3.38 × 1012 vg/mL, 60 nL/min, 400 nL/injection) were injected into the right rACC and rAAV2/R-CaMKIIα-Cre retrobeads (virus titer: 6.65 × 1012 vg/mL, 60 nL/min, 300 nL/injection) were injected into the thalamus.

The designer drug clozapine-N-oxide (CNO) (C0832, Sigma-Aldrich, St. Louis, MO) was administered 30 min before the behavioral assessment.



CFA-Induced Chronic Pain-Related Anxiety Rat Model

To establish the chronic inflammatory pain model in rats, 0.1 mL complete Freund’s adjuvant (CFA, Sigma-Aldrich) was suspended in an oil-saline (1:1) emulsion and injected subcutaneously into the plantar aspect of the left hind paw. The control rats were injected with 0.1 mL saline (0.9% NaCl). A schematic of the experimental procedure is shown in Figure 1.
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FIGURE 1. The schematic of the experimental procedure.




Open Field Testing

Twenty-nine days after CFA injection, the rats in all groups were subjected to open field testing to evaluate their spontaneous exploratory motor activity, and anxiety-like behavior.

The open field is a 1 × 1 m cube without a wooden box cover. The area was divided into 16 equal parts by the behavior tracking software acquisition and analysis system ANY-maze V6.14 (Stoelting, United States), which included 4 central and 12 peripheral areas. A camera was installed directly above the open field, and the image was adjusted to ensure a clear and smooth recording of the rats’ behaviors in the open field.

In the behavioral room, the temperature was 23–26°C, and the humidity was 40–60%. The open field was exposed to 20 lux illumination. The animals were placed in the testing room 30 min prior to the test to allow the rats to become acquainted with the new environment (acclimatization), thereby reducing stress. During the experiment, the rats were gently placed in the center of the open field. After the rats adapted to the experiment for 30 s, the ANY-maze was used to record and analyze the activity of the rats during the 5 min test. After the test was performed on each rat, the feces were collected and the test area was thoroughly cleaned with a cloth containing 10% alcohol. The test area was then dried with a cloth before performing the next experiment.



Pain Withdrawal Thresholds

In the behavioral room, the temperature was 23–26°C, and the humidity was 40–60%. Before each test, the rats were placed in the room for 30 min for acclimatization, thereby reducing stress. Paw withdrawal thresholds (PWTs) were measured automatically with a dynamic plantar esthesiometer (model 37450; Ugo Basile, Comerio, Italy). A paw-flick response was elicited by applying an increasing vertical force (increased steadily from 0 to 50 g over 20 s) using a stainless steel probe (a straight 0.5 mm diameter shaft) placed underneath the mesh floor and focused at the middle of the plantar surface of the left hind paw. According to our previous study, PWTs were determined as the average of the last four measurements except for the first at intervals of 1 min (Shen et al., 2017). PWTs were recorded at baseline, 7, 14, 21, and 29 days after CFA injection. Moreover, all manipulations were performed by the same operator.

In the electroacupuncture experiment, a von Frey filament weighing 26 g was used to repetitively stimulate the middle of the plantar surface of the left hind paw for five times. The times that elicited a rapid withdrawal response were defined as the PWT.



Electroacupuncture Treatment

The temperature of the room used for EA treatment was 23–26°C, and the humidity was 40–60%. The procedure of EA was carried out according to our previous study (Wu et al., 2017b). The bilateral Zusanli (ST36, 5 mm lateral to the anterior tubercle of the tibia) and Sanyinjiao (SP6, 10 mm proximal to the prominence of medial malleolus) acupoints were selected. Stainless steel acupuncture needles (0.18 mm in diameter, 13 mm in length) were inserted into the acupoints at a depth of 5 mm. The two ipsilateral needles were connected to the output terminals of a Hans Acupoint Nerve Stimulator (HANS-200E; Huawei Co., Ltd., Beijing, China). The EA parameters were set as follows: 100 Hz, square wave current output (pulse width, 0.6 ms) stimulation intensities ranging from 0.5 to 1.5 mA (increased by 0.5 mA every 20 min, for 60 min) delivered for 60 min. Animals were awake and calmed by placing their heads in black hoods with no physical restraint during EA treatment. In addition to the EA group, the other groups also adopted black hoods to reduce environmental differences. At 29 days after the CFA injection, EA was performed 30 min after CNO injection.



Quantification of c-Fos Immunostaining

For the c-Fos assay, rats were sacrificed 90 min after CNO injection. Rats were deeply anesthetized and sequentially perfused with 0.9% (w/v) saline and 4% (w/v) paraformaldehyde. The rat brains were subsequently removed and post-fixed in 4% paraformaldehyde at 4°C overnight. After dehydration using 15% (w/v) and 30% (w/v) sucrose, coronal sections (30 μm) were cut on a frozen microtome (NX50; Thermo Fisher Scientific, MA, United States) and used for immunofluorescence. Sections were placed in a 37°C water bath, rewarmed for 1 h, washed with TBST six times, enclosed in 10% goat serum with 0.3% Triton X-100 for 1 h at 37°C, and then incubated with primary antibodies, including anti-c-Fos (1:800, rabbit, Abcam), at 4°C for 18 h. Subsequently, the sections were placed in a 37°C water bath, rewarmed for 1 h, washed with TBST six times, and finally incubated with secondary antibodies (Green, 111-545-144, Jackson) for 1 h at 23–26°C, and washed with TBST eight times. Then, the sections were incubated with 4′,6-diamidino-2-phenylindole (ab104139, Abcam), and for the nucleus staining, the sections were covered. Images were scanned using the Virtual Slide Microscope (VS120-S6-W; Olympus, Japan) for immunofluorescent staining. Images were analyzed using NIH Image J software (Bethesda, MD, United States). For the quantification of CaMKIIα + immunostaining, five inconsecutive brain slices (30 μm) containing the rACC were randomly selected.



Statistical Analysis

All data are expressed as mean ± standard error (mean ± S.E.). Data from PWTs (at baseline, 7, 14, 21, and 29 days) were analyzed using repeated-measures analysis of variance (RM ANOVA). The remaining data were analyzed using one-way ANOVA. If the variance was uniform, Bonferroni test was used, and if not uniform, Dunnett’s T3 test was used. In all cases, results with P < 0.05 were considered statistically significant.



RESULTS


The Thalamus Neurons Receive Glutamatergic Input From the rACC

To identify the possible inferior brain regions connected to the rACC that could be involved in pain-induced anxiety, we first investigated the distribution of the mCherry signal after rACC infusion of rAAV2/9-CaMKIIα-mCherry in SD rats (Figures 2A,B). Six weeks after the virus injection, the mCherry signal in the rACC was co-localized with the glutamatergic neuron marker CaMKIIα (Figure 2C). We observed cell bodies with mCherry in the rACC (Figure 2D) and fibers with mCherry in the thalamus (Th), including the anteromedial thalamic nucleus (AM) and ventral anterior thalamic nucleus/ventrolateral thalamic nucleus (VA/VL). Since VA and VL were adjacent to each other, they were not subdivided in our study (Figure 2E).


[image: image]

FIGURE 2. The thalamic neurons receive glutamatergic input from the rACC. (A) Scheme showing the configuration of the experiment. (B) Scheme for specifically labeled glutamatergic neurons in the rACC output to thalamus with mCherry. (C) The representative images of the whole rACC after virus injections. (D) mCherry signals were co-localized with the glutamatergic neuronal marker CaMKIIα in the rACC (scale bars: 20 μm). (E) Representative images of the virus injection site in the rACC after 6 weeks (scale bars: 1 mm in the middle of D, 200 μm in the right of D). (F) Representative images of the anteromedial thalamic nucleus (AM) and ventral anterior thalamic nucleus/ventrolateral thalamic nucleus (VA/VL) with rACC projections (scale bars, 1 mm in the middle of E, 500 μm in the right of E).




Chemogenetic Activation of the rACC Glutamatergic Output to the Thalamus Induces Anxiety-Like Behavior in Control Rats

The rACC and thalamus are activated in the state of pain and are strongly associated with negative emotions (Jensen et al., 2016; Zhu et al., 2020). Preliminary studies have shown theta-frequency phase-locking of single rACC neurons and synchronization with the medial thalamus (MT) in a rat model of pain (Wang et al., 2015). Meda et al. (2019) found that inhibition of the mediodorsal nucleus (MD) projecting ACC neurons produces aversion, specifically under chronic pain conditions. As described above, the rACC consisted of approximately 80% of pyramidal neurons. We found that thalamic neurons received direct rACC input, which prompted us to explore the functional contribution of the rACC-thalamus circuitry. We injected the monosynaptic retrograde transport virus rAAV2/R-CaMKIIα-Cre on the right side of the thalamus. Meanwhile, a Cre-dependent virus encoding the neuronal activator DREADD hM3D under the CaMKIIα promoter (rAAV2/9-CaMKIIα-DIO-hM3D-mCherry) was injected on the right side of the rACC (Figure 3A). Representative images of the rACC revealed the activation of glutamatergic neurons because of an increase in the co-expression of CaMKIIα and c-Fos after the intraperitoneal injection of CNO, compared with saline. We showed the percentage of total CaMKIIα cells co-expressing c-Fos in the Control(C)-hM3D-Saline and the Control(C)-hM3D-CNO groups (Figures 3C,D).
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FIGURE 3. Anxiety disorders induced by specific activation of the rACC glutamatergic output to the thalamus in control rats. (A) Scheme showing configuration of the experiment. (B) The representative images of the whole rACC after virus injections. (C) Representative images of CaMKIIα-positive neurons (red) merged with c-Fos (green) in rats expressing the hM3D in the rACC (scale bars: 20 μm). (D) Percentage of total CaMKIIα co-expressing c-Fos in different groups (n = 4–5 rats per group). (E) Representative animal tracks from rats treated with saline/CNO at 43 days in the open field test. (F) Time in the center for rats treated with saline/CNO at 43 days in the OFT (n = 7 in the C-hM3D-Saline group; n = 11 in the C-hM3D-CNO group). (G) Total distance of rats treated with saline/CNO at 43 days in the OFT (n = 7 in the C-hM3D-Saline group; n = 11 in the C-hM3D-CNO group). (H) Paw withdrawal threshold in response to von Frey filaments (n = 11 in the C-hM3D-Saline group; n = 11 in the C-hM3D-CNO group). Data are presented as the mean ± SEM. **p < 0.01, ***p < 0.001 vs. C-hM3D-Saline group; NS, not significant.


Forty-three days after stereotaxic injection, the control rat infected with hM3D-mCherry in the rACC-thalamus circuitry received an intraperitoneal injection of CNO (2 mg/kg), or the same volume of saline, 30 min before open field testing. Compared with saline-treated rats, we found that chemogenetic activation of the rACC-thalamus circuitry significantly increased the prevalence of anxiety disorders (Figures 3E–G). This is because these rats spent less time in the center area in the open field test. In addition, there was no difference in the PWTs between the two groups (Figure 3H).



Chemogenetic Inhibition of Glutamatergic Neurons in the rACC-Thalamus Circuitry Reduced Anxiety-Like Behavior in a Rat Model of CFA-Induced Chronic Inflammatory Pain

Since activation of the rACC-thalamus circuitry in control rats induced anxiety, we investigated whether the inhibition of the excitability of the rACC-projecting thalamic neurons suppressed pain-induced anxiety disorders. A Cre-dependent virus encoding the neuronal activator DREADD hM4D under the CaMKIIα promoter (rAAV2/9-CaMKIIα-DIO- hM4D-mCherry) virus was injected on the right side of the rACC, and rAAV2/R-CaMKIIα-Cre was injected in the right side of the thalamus (Figure 4A). Representative images of the rACC showed the inhibition of glutamatergic neurons, because of the decreased co-expression of CaMKIIα and c-Fos after the intraperitoneal injection of CNO, compared with saline. We showed the percentage of total CaMKIIα-positive cells co-expressing c-Fos in the Model(M)-hM4D-Saline and the Model(M)-hM4D-CNO groups (Figures 4B,C). CFA was injected into the left footpad of rats 2 weeks after virus injection. In the same way, at day 43 after stereotaxic injection, the CFA rat with hM4D-mCherry in the rACC-thalamus circuitry received intraperitoneal injection of CNO (10 mg/kg) or saline 30 min before open field testing. Subsequently, the rats were tested for PWTs. Compared with saline-treated rats, we found that chemogenetic inhibition of rACC projecting to thalamic neurons significantly decreased anxiety-like behavior in CFA rats (Figures 4E–G). Interestingly, rats spent an increased time in the open center area, while the PWTs remained unchanged (Figure 4H). Figures 3, 4 show that anxiety-like behavior is related to the rACC-thalamus circuitry, and inhibition of the rACC-thalamus circuitry could relieve CFA-induced anxiety-like behavior.
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FIGURE 4. Specific inhibition of the rACC-thalamus circuitry alleviated anxiety disorders in the CFA rat. (A) Scheme of the virus injection in the rACC projecting to the thalamic neurons with rAAV2/9-CaMKIIα-DIO-hM4D-mCherry and rAAV2/R-CaMKIIα-Cre. (B) The representative images of the whole rACC after virus injections. (C) Representative images of CaMKIIα-positive neurons (red) merged with c-Fos (green) in rats expressing the hM4D in the rACC (scale bars: 20 μm). (D) Percentage of total CaMKIIα coexpressing c-Fos in different groups (n = 5 rats per group). (E) Representative animal tracks from rats treated with CNO at 43 days in the OFT. (F) Time spent in the center of the field by the rats treated with saline/CNO at 43 days in the OFT (n = 10 in the M-hM4D-Saline group, n = 12 in the M-hM4D-CNO group). (G) Total distance covered by the rats treated with saline/CNO 43 days in the OFT (n = 10 in the M-hM4D-Saline group, n = 12 in the M-hM4D-CNO group). (H) Paw withdrawal threshold in response to von Frey filaments (n = 15 in the M-hM4D-Saline group, n = 14 in the M-hM4D-CNO group). Data are presented as the mean ± SEM. ***p < 0.001 vs. M-hM4D-Saline group; NS, not significant.




EA Effectively Reduces CFA-Induced Anxiety-Like Behavior in Rats

We established a rat model of CFA-induced chronic inflammatory pain by injecting 0.1mL oil-saline (1:1) emulsion into the plantar aspect of the left hind paw (Figure 5A). The pain withdrawal threshold decreased significantly in CFA-treated rats compared with saline-treated rats from day 7 onward and lasted a minimum of 29 days. These results were consistent with previous reports, indicating the successful establishment of CFA-induced chronic inflammatory pain in rats. After 29 days of CFA injection, the rats were assessed using open field testing. The model rats spent less time in the center area than the control group, which is indicative of chronic pain-induced anxiety-like behavior (Figures 5B–D). The EA group was treated with 100 Hz EA for 1 h on bilateral ST36 and SP6 acupoints located on the hind limbs of the rats. Treatment with EA improved anxiety-like behavior in CFA-treated rats, as they spent more time in the center of the open field (Figures 5B–D). Meanwhile, EA produced an analgesic effect compared with CFA-treated rats (Figure 5E). Figures 4, 5 demonstrate that EA and inhibition of the rACC-thalamus circuitry have similar effects on relieving CFA-induced anxiety-like behavior.
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FIGURE 5. EA effectively reduces pain-related anxiety behavior in a rat model of CFA-induced chronic inflammatory pain. (A) Schematic of the EA treatment. (B) Representative animal tracks in control, CFA, and CFA + EA groups for 29 days in the OFT. (C) Time spent in the center of the field by the rats in the control, CFA, and CFA + EA groups for 29 days in the OFT (n = 7 in the control group; n = 8 in the CFA group; n = 7 in the CFA + EA group). (D) Total distance covered by the rats in control, CFA, and CFA + EA groups for 29 days in the OFT (n = 7 in the control group; n = 8 in the CFA group; n = 7 in the CFA + EA group). (E) Paw withdrawal threshold in response to von Frey filaments (n = 10 in the control group; n = 10 in the CFA group; n = 8 in the CFA + EA group). Data are presented as the mean ± SEM, *p < 0.05, ***p < 0.001 vs. control group; #p < 0.05, ###p < 0.05 vs. CFA group; NS, not significant.




The Effect of EA on CFA-Induced Anxiety-Like Behavior Is Attenuated by Chemogenetic Activation of the rACC-Thalamus Circuitry

To verify whether EA could inhibit CFA-induced anxiety-like behavior by inhibiting rACC-thalamus circuitry. The Cre-dependent virus encoding the neuronal activator DREADD hM3D under the CaMKIIα promoter (rAAV2/9-CaMKIIα-DIO- hM4D-mCherry) virus was injected to the right side of the ACC and the rAAV2/R-CaMKIIα-Cre was injected to the right side of the thalamus (Figure 6A). CFA was injected subcutaneously into the plantar aspect of the left hind paw after 2 weeks.
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FIGURE 6. The effect of EA on pain-related anxiety disorders could be reversed by specific activation of the rACC-thalamus circuitry. (A) Scheme for specific injection of rACC-projecting thalamus neurons with rAAV2/9-CaMKIIα-DIO-hM3D-mCherry. (B) Representative animal tracks of rats treated with saline/CNO at 43 days in the OFT. (C) Time spent in the center of the field by the rats treated with saline/CNO at 43 days in the OFT (n = 15 in the M-hM3D-Saline-EA group; n = 14 in the M-hM4D-CNO-EA group). (D) Total distance covered by the rats treated with saline/CNO 43 days in the OFT (n = 15 in the M-hM4D-Saline-EA group; n = 14 in the M-hM4D-CNO-EA group). (E) Paw withdrawal threshold in response to von Frey filaments (n = 10 in the M-hM3D-Saline-EA group; n = 10 in the M-hM4D-CNO-EA group). (F) Paw withdrawal threshold in response to von Frey filaments (n = 10 in the M-hM3D-Saline-EA group; n = 10 in the M-hM4D-CNO-EA group). Data are presented as the mean ± SEM. *p < 0.05 vs. M-hM3D-Saline-EA group; ###p < 0.001 vs. M-hM3D-Saline group; △ △ △ p < 0.001 vs. M-hM3D-CNO group; NS, not significant.


Interestingly, we found that chemogenetic activation of glutamatergic neuronal activity in the rACC-thalamus circuitry reversed the inhibitory effect of EA on chronic pain-induced anxiety (Figures 6B–D). However, compared with the M-hM3D-Saline and the M-hM3D-CNO groups, EA could relieve CFA-induced tactile allodynia in the M-hM3D-Saline-EA and in the M-hM3D-CNO-EA groups (Figures 6E,F). These data showed that EA may relieve CFA-induced anxiety-like behavior by inhibiting the rACC-thalamus glutamatergic circuitry, but this circuitry may not be involved in the effect of EA on CFA-induced tactile allodynia.



DISCUSSION

In this study, we showed that chemogenetic control of the activation of the rACC-projecting thalamic glutamatergic neurons significantly modulates chronic pain-related anxiety disorders bilaterally, with no change in pain perception. EA can alleviate chronic pain and pain-related anxiety disorders, and the effect of EA on pain-related anxiety disorders can be reversed by activation of the rACC-projecting thalamic glutamatergic neurons, with no change in pain threshold. These results demonstrate that there is a way to separate pain perception and pain-related anxiety disorders by selecting the rACC glutamatergic projecting thalamic neurons. EA may interfere with chronic pain-induced anxiety disorders by regulating the rACC-thalamus circuitry.

Anxiety is a common comorbidity associated with chronic pain, which results in chronic pain aggravation and increased difficulty of treatment. It has been reported that several circuitries formed by different brain regions are required for the induction of anxiety disorders (McLaughlin et al., 2017; Robinson and Pike, 2019). However, the exact circuitry underlying anxiety disorders induced by chronic pain has not yet been defined. The advantage of studying the neural circuitry mechanism of anxiety disorders induced by chronic pain is that it can reveal convergent pathological behavioral consequences. In this study, we focused on the rACC and thalamus, which are critical in anxiety disorders and other negative emotions (Collins et al., 2018; Berry et al., 2019).

The rACC is a higher center for processing affective emotions (Yao et al., 2019). In the central nervous system, the rACC integrates pain and emotional information from the frontal cortex, thalamus, and amygdala (Zheng et al., 2018; Liu et al., 2019). It is mainly involved in the regulation of pain emotion and has a limited effect on pain sensation. Neuroanatomical evidence in previous studies has not described the relationship between the rACC and its descending afferent nuclei. Activation of glutamatergic neurons in the rACC will induce an aversive teaching signaling (Johansen and Fields, 2004). A previous study found that excitotoxin-induced rACC lesion reduced acute formalin-induced conditional location aversion (F-CPA) without altering acute formalin-induced pain sensation (Johansen et al., 2001). The rACC-injected NMDA receptor antagonist significantly inhibited F-CPA in rats; however, it did not reduce acute formalin-induced nociceptive behaviors (Ren et al., 2006). The engagement of the rACC circuitry has been shown to be associated with the modulation of the affective component without altering pain intensity (Singh et al., 2020). Interestingly, our present study also demonstrated that chemogenetic inhibition of glutamatergic neurons in the rACC-thalamus circuitry only reduced anxiety disorders without changing the rats’ pain thresholds induced by CFA. Consistent with previous results, these results demonstrated that there was a separation between the affective and sensory components of pain (Sellmeijer et al., 2018). The rACC mainly deals with pain-related anxiety behavior rather than pain perception.

In addition, there is scarce evidence on the circuits involved in the modulation of pain-related anxiety disorders. We first used an anterograde tracing virus to identify the input region of glutamatergic projecting nuclei from the rACC and elucidated that the thalamus, including the anteromedial thalamic nucleus (AM) and the ventral anterior thalamic nucleus/ventrolateral thalamic nucleus (VA/VL), was the subordinate projecting nucleus. Among the subordinate nuclei receiving projections from the rACC, the nucleus of the VA/VL of the thalamus is related to pain cognition and decision (Hooks et al., 2013). Previous studies have found a positive correlation between high thalamic activity and anxiety (Geng et al., 2018). The level of anxiety increased in rats with electrolytic lesions in the thalamic reticular nucleus (El Boukhari et al., 2019). Adult rats with bilateral medial dorsal (MD) lesions in the early postpartum period showed impairment of recognition memory and increased anxiety-like behavior (Ouhaz et al., 2017). Excessive activation of the VA and MD nuclei in the thalamus leads to obsessive-compulsive disorder (OCD), which is often associated with anxiety in patients with OCD (Rotge et al., 2012). Using fMRI, researchers have found a positive correlation between trait anxiety and activation in the medial thalamus during pain encoding (Tseng et al., 2017). During alcohol consumption, anxiety symptoms were found to be positively correlated with thalamus activation (Feldstein Ewing et al., 2010). The paraventricular nucleus of the thalamus (PVT) is involved in regulating emotional behaviors, including anxiety and fear (Li et al., 2010). Thus, it is necessary to characterize the functional connections in the rACC-thalamus circuitry.

In the present study, we demonstrated that the rACC-thalamus glutamatergic circuitry mediates pain-induced anxiety disorders. We used chemical genetic methods to activate the rACC glutamatergic neuron input to the thalamus. In this part of the experiment, CFA was injected into the left hind foot of rats to induce chronic inflammatory pain. Many studies have shown that CFA plantar injection can cause redness, swelling, fever, and hypersensitivity of the plantar, and that the pain lasts for at least 1 month. The chronic pain model showed anxiety-like behavior with the extension of time, which further supported the existence of emotional disorders caused by pain.

Based on our results, we found that activation of the glutamatergic neurons in the rACC-thalamus circuitry increased anxiety disorders in control rats, and inhibition of the rACC-thalamus circuitry decreased anxiety disorders in CFA rats, indicating a sustained effect of rACC-thalamus circuitry on pain-related anxiety. Glutamate is the most abundant excitatory neurotransmitter in the central and peripheral nervous systems of mammals (Ribeiro et al., 2017) as well as the dominant neurotransmitter in the excitatory transmission process in the central nervous system (Reiner and Levitz, 2018). In our results, glutamatergic neurons could participate in the induction and maintenance of pain-related anxiety, which indicates a functional link between the rACC and thalamus. The rACC and thalamus are both the hubs of reception and transmission of anxiety in the brain. Although our results indicate that the rACC-thalamus circuitry is associated with chronic pain-related anxiety disorders, it is reasonable to suppose that the change in anxiety disorders controlled by the rACC-thalamus circuitry will affect other behaviors, including motivation and motion. It has been reported that most VL neuronal discharge can promote motor cortex-related activities (Marlinski et al., 2012). Indeed, motor function was markedly improved, with mood stabilization, in patients with Tourette syndrome (TS) that underwent deep brain stimulation (Huys et al., 2016). These results support the hypothesis that the rACC-thalamus circuitry is a specific target for bidirectional regulation in pain-induced anxiety. However, it is necessary to explore the downstream nuclei in future studies.

Clinically, chronic pain is a serious public health problem, which can have a negative impact on the quality of life and is associated with substantial socio-economic costs (Blyth et al., 2015). In general, chronic pain is accompanied by negative emotions such as anxiety, depression, aversion, and avoidance (Gerrits et al., 2014). Therefore, analgesics are used in combination with anti-anxiety drugs, tranquilizers, or antidepressants to alleviate affective pain (Torrance et al., 2018). EA is widely used in the treatment of pain, and it is often used to treat chronic pain-induced negative emotions in the clinical setting (Pei et al., 2019; Zhong et al., 2019).

According to traditional Chinese medicine, SP 6 can promote qi circulation and alleviate negative emotion. In our previous study, we observed that EA on ST 36 + SP 6 acupoints could inhibit CFA-induced pain aversion (Wu et al., 2017a). Moreover, by comparing the two acupoint combinations (ST36 + SP6 vs. LI11 + TE5), we found that EA on ST36 + SP6 could attenuate depression-like behavior (Wu and Jiang, 2015). In our study, subjecting the rats to 100 Hz of EA for 1 h and reduced their pain thresholds and anxiety disorders. When the rACC glutamatergic neuron output to the thalamus was activated, the effect of EA on pain-related anxiety disorders was reversed, but no changes in pain perception were observed. This suggests that EA may regulate pain-related anxiety disorders by modulating the activation of the rACC-thalamus circuitry. The circuitry of the rACC-thalamus may be a novel target for the treatment of pain-related anxiety in the clinical setting. It is possible that other neurocircuitries in the brain control multiple responses because of the effect of EA, as observed in our study.

In conclusion, we demonstrated a novel circuit mechanism through which the rACC-thalamus circuitry influences chronic pain-induced anxiety. Furthermore, this study provides evidence that EA may interfere with chronic pain-induced anxiety disorder by regulating the rACC-thalamus circuitry.
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Objectives: To summarize development processes and research hotspots of MRI research on acupuncture and to provide new insights for researchers in future studies.

Methods: Publications regarding MRI on acupuncture from inception to 2020 were downloaded from the Web of Science Core Collection. VOSviewer 1.6.15 and CiteSpace V software were used for bibliometric analyses. The main analyses include collaboration analyses between countries/institutions/authors, co-occurrence analysis between keywords, as well as analyses on keyword bursts, citation references, and clusters of references.

Results: A total of 829 papers were obtained with a continually increased trend over time. The most productive country and institution in this field were the People's Republic of China (475) and KyungHee University (70), respectively. Evidence-based Complementary and Alternative Medicine (83) was the most productive journal, and Neuroimage (454) was the most co-cited journal. Dhond's et al. (2008) article (co-citation counts: 58) and Napadow's et al. (2005) article (centrality: 0.21) were the most representative and symbolic references, with the highest co-citation number and centrality, respectively. Jie Tian had the highest number of publications (35) and Kathleen K S Hui was the most influential author (280 co-citations). The four hot topics in MRI on acupuncture were acupuncture, fMRI, pain, and stimulation. The three frontier topics were connectivity, modulation, and fMRI. Based on the clustering of co-cited documents, chronic low back pain, sham electro-acupuncture treatment, and clinical research were the main research directions.

Conclusion: This study provides an in-depth perspective for MRI research on acupuncture and provides researchers with valuable information to determine the current status, hot spots, and frontier trends of MRI research on acupuncture.

Keywords: bibliometric analysis, Web of Science, co-citation analysis, acupuncture, magnetic resonance imaging


INTRODUCTION

Acupuncture is an ancient Chinese treatment that has been systematically used over 2000 years (Liang and Wu, 2006), and is now rapidly gaining popularity as a Western alternative to be used as a complementary practice for its undeniable therapeutic effects (Liang and Wu, 2006) in treating various pain-related and neurological conditions (Chon and Lee, 2013; Hao and Mittelman, 2014). However, in spite of its high acceptance, the neural mechanisms underlying acupuncture have not been well-understood.

In recent decades, neuroimaging technologies have provided a new perspective to improve our understanding of acupuncture mechanisms. Magnetic resonance imaging (MRI), due to its minimal invasiveness, lack of radiation exposure, excellent spatial resolution, and relatively wide availability, is widely used to explore how acupuncture affects the brain as well as the brain networks (Biella et al., 2001; Liu et al., 2004; Sun et al., 2014; Scheffold et al., 2015). With the increase of research in this area, several reviews have summarized relevant literatures (Huang et al., 2012; He et al., 2015; Scheffold et al., 2015; Cai et al., 2018), almost all of them were about specific mechanisms of acupuncture using functional magnetic resonance imaging (fMRI). However, little attention was paid to estimate the general situation and research trends in the MRI field of acupuncture.

Bibliometric analyses, a series of analyses for evaluating and quantifying literature information, have been applied in many research fields to identify the core researchers, institutions, and countries, as well as the cooperative relationship between them. Co-occurrence analysis of keywords, co-citation analysis, and burst of keywords can reflect the global research trends and topic hotspots (Chen et al., 2016; Leefmann et al., 2016; Ma and Ho, 2016). Lee et al. and Ma et al. performed a global bibliometric analysis based on the Web of Science database and PubMed to evaluate the development trends of acupuncture (Ma et al., 2016; Lee and Chae, 2019), respectively. However, a specific bibliometric analysis of MRI on acupuncture has not yet been performed. CiteSpace and VOSviewer software are characterized by co-occurrence network maps of authors, keywords, institutions, countries, and subject categories and co-citation networks of cited authors, cited references, and cited journals (Chen, 2006; van Eck and Waltman, 2010; Liu et al., 2015), which have been adopted to several studies (Liu et al., 2019; Yang et al., 2019; Chen et al., 2020; Qin et al., 2020).

Thus, in this study, CiteSpace and VOSviewer were applied to analyze the research situation, hot topics, and trends concerning MRI research on acupuncture over time with knowledge maps.



METHODS


Data Acquisition

We did separate research from Web of Science and PubMed, resulting in 829 papers for Web of Science and 732 papers for PubMed from the date of their inception to October 2, 2020. Thus, we chose the results from the Web of Science Core Collection (WoSCC), since it contains more comprehensive literature.

We searched the Web of Science directly using the following two topics together: (1) (MRI OR magnetic resonance imaging OR resting state OR fMRI OR rs-fMRI OR functional connectivity OR task fMRI OR BOLD OR ReHo OR ALFF OR fALFF OR white matter OR voxel based analysis OR VBM OR voxel based morphometry OR Freesurfer OR surface based morphometry OR cortical thickness OR surface area OR cortical volume OR gray matter volume OR gray matter density), and (2) (acupuncture therapy OR acupuncture OR acupuncture point OR Acupuncture, Ear OR body acupuncture OR Auricular Acupuncture OR Electroacupuncture OR electroacupuncture OR Moxibustion) Indexes =SCI-EXPANDED, CCR-EXPANDED, IC Timespan = 1985-2020. As a result, 829 records were obtained.



Analytical Tools

CiteSpaceV and VOSviewer 1.6.15, Java-based applications, were used to perform bibliometric analyses. VOSviewer (Netherlands' Leiden University) was used to identify journals, collaboration of countries and institutions, and co-authorship, keyword co-occurrence (van Eck and Waltman, 2010; Gao et al., 2018). The different nodes represent different countries, institutions, and keywords, while the size of the circle or font reflects the productivity. The link strength between nodes represented increased collaboration between countries, institutions, author and co-occurrence.

CiteSpace was used to identify centrality between countries/institutions, keyword bursts, citation reference bursts and clusters in this study (Chen, 2006, 2008). High centrality is often considered as a turning point or pivotal point in a field. The parameters of CiteSpace were set as follows: time slicing (1994–2020), years per slice (1), term source (all selection), node type (choose one at a time), and pruning (pathfinder). Detail information can be found at http://cluster.cis.drexel.edu/~cchen/citespace/ and https://www.vosviewer.com/.




RESULTS


General Information for MRI Research on Acupuncture
 
Annual Publications and Document Type

The number of published works of literature each year is shown in Figure 1. As can be seen from the figure, the first paper was published in 1994. Although the number of studies fluctuated slightly from 1994 to 2012, the overall number was increasing gradually and reached the peak in 2012. In particular, the number of published works of literature fluctuated continuously from 2012 to 2020, but all of them were more than 50.


[image: Figure 1]
FIGURE 1. The number of MRI research works on acupuncture for publications indexed by SCI-E from 1994 to 2020. MRI, magnetic resonance imaging; SCI-E, Science Citation Index-Expanded.


Ten document types were identified in a total of 829 references. The article, as the most popular document type, comprises 85.5% of the total production and was followed by reviews, editorial material, meeting abstracts, proceedings papers, corrections, letters, book chapters, retracted publications, and early access works (Table 1).


Table 1. Document types for documents on MRI research on acupuncture.
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Analysis of Country

Overall, the 829 references were published by 21 countries. For better visualization, we only selected 16 countries with more than 5 articles using VOSviewer (Figure 2). Each node represents a country, and the size of the node is proportional to the number of published articles. Connections between nodes represent collaborations, and the wider the connection, the tighter the collaboration.


[image: Figure 2]
FIGURE 2. Map of active countries in MRI research on acupuncture. USA, United States of America.


The list of the top 5 countries were presented in Table 2. The People's Republic of China had the most publications, followed by the United States of America (USA), South Korea, Germany, and Japan. The top five countries in terms of centrality were USA (0.56), which had the highest centrality, followed by the People's Republic of China, Germany, South Korea, and Japan.


Table 2. Top 5 countries and institutions which performed MRI research on acupuncture.
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Analysis of Institution

Nearly 197 institutions made contributions to MRI research on acupuncture. To obtain a better visualization, institution collaboration networks depict only 16 institutions, which had at least 20 papers using VOSviewer (Figure 3). Each node represents an institution, and the size of the node is proportional to the number of published articles. Connections between nodes represent collaborations, and the wider the connection, the tighter the collaboration.


[image: Figure 3]
FIGURE 3. Map of active institutions on MRI research on acupuncture.


The list of the top 5 institutions was presented in Table 2. KyungHee University has published the largest number of studies, followed by the Chinese Academy of Sciences, Xidian University, Massachusetts General Hospital, and Harvard University. Massachusetts General Hospital showed the highest centrality.

From the timeline of articles published by the institution using VOSviewer, Traditional Chinese Medicine (TCM) colleges, especially Chengdu University of TCM, Guangzhou University of Chinese Medicine(CM), and Beijing University of CM pay more attention to MRI research on acupuncture around 2016.



Analysis of Authors

A co-author map was generated using VOSviewer, 829 publications were published by 429 research authors (Figure 4). Each node represents an author and the size of the node is proportional to the number of published articles. Connections between nodes represent collaborations and the wider the connection, the tighter the collaboration. Table 3 showed the top 10 authors who have published articles related to MRI research on acupuncture. They are active professional authors in the fields from China and USA, and their partnerships can be seen in an analysis of authors' collaborative networks using VOSviewer. Eleven clusters were formed, and each cluster contains authors who have long-term relationships.


[image: Figure 4]
FIGURE 4. Map of authors' collaborations related to MRI research on acupuncture.



Table 3. Top-10 authors who performed MRI research on acupuncture.

[image: Table 3]

Among the top 10 authors, Kong Jian, Napadow Vitaly, and Kaptchuk ted j were from Harvard Medical School, Tian Jie and Qin Wei came from Chinese Academy of Sciences and Xidian University of China, Bai Liyun and Liu Peng came from Xi'an Jiaotong University. Zeng Fang and Liang Fanrong came from Chengdu University of TCM, Huang Yong came from Southern Medical University.

As can be seen from the publication year of the first article, the authors of Massachusetts General Hospital first published their MRI research on acupuncture, relevant studies by Chinese scholars were successively published since 2009.



Analysis of Journals and Co-cited Journals

A total of 258 journals had published papers about using MRI on acupuncture, 20 journals of which had published over 10 papers (Figure 5).


[image: Figure 5]
FIGURE 5. Map of journals on MRI research on acupuncture.


Table 4 showed the top five scholarly journals that published articles related to MRI study on acupuncture. The first most productive journal was Evidence-based Complementary and Alternative Medicine, followed by Journal of Alternative and Complementary Medicine, Neural Regeneration Research, Acupuncture in Medicine and Neuroscience Letters. Among them, the average impact factor (IF) is 2.294.


Table 4. Top five journals and co-cited journals related to MRI research on acupuncture.

[image: Table 4]

Figure 6 presented the 55 co-cited journals with at least 100 times. The top five co-cited journals were Neuroimage, Journal of Alternative and Complementary Medicine, Pain, Human Brain Mapping, and Neuroscience Letters (Table 5), among them, Pain has the highest centrality.


[image: Figure 6]
FIGURE 6. Map of cited journals on MRI research on acupuncture.



Table 5. Top five co-cited authors related to MRI research on acupuncture.

[image: Table 5]




Research Hotspots

A research hotspot refers to a large number of interconnected papers or topics discussed in a certain period of time. Cited autors, co-occurring keywords, and cited references can be used to investigate current research hotspots.


Analysis of Co-cited Authors

The map of co-cited authors was presented in Figure 7. For better visualization, we only included 51 authors cited at least 50 times. Hui KKS ranked the first, followed by Kong Jian, Napadow V,Bai Lijun, and Wu Mingting. Among them, Hui KKS had the highest centrality (Table 5).


[image: Figure 7]
FIGURE 7. Map of co-cited authors related to MRI research on acupuncture.


Hui KKS, Kong Jian, and Napadow V came from Massachusetts General Hospital. Among them, Hui KKS, and Napadow V were from the department of radiology, and Kong Jian was from the psychiatry department.

Bai Lijun, from Xi 'an Jiaotong University, is dedicated to computational neural imaging, image processing and pattern recognition, and information system modeling.

Wu Mingting was from institute of Traditional Medicine at National Yang-Ming University.



Analysis of Co-occurring Keywords

An analysis in terms of co-occurrence frequency and centrality (Table 6; Figure 8) revealed that the maximum frequency was of “acupuncture” at 392, followed by “fMRI”(262), “pain”(161), “stimulation”(156), “electro-acupuncture”(155), “activation,” “brain,” “cortex,” “human brain,” and “connectivity.” Among them, “pain” has the highest centrality (0.14).


Table 6. Top 10 keywords related to MRI research on acupuncture.
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[image: Figure 8]
FIGURE 8. Map of co-occurring keywords related to MRI research on acupuncture.


In terms of co-occurrence keyword clustering, it can be roughly divided into five clusters of different colors: Cluster 1 refers to burden of disease, with primary keywords of burden of disease, quality of life, and management. Cluster 2 refers to comforting effect of acupuncture with primary keywords of placebo analgesia and expectancy. Cluster 3 refers to diseases, with primary keywords stroke and mild cognitive impairment. Cluster 4 and 5 refer to mechanism of the brain to acupuncture using MRI, with primary keywords of modulation, activation, and functional connectivity.



Analysis of Co-cited References

A total of 21,598 references were generated from 829 records to an analysis of co-cited references. With a timespan from 1994 to 2020 and a time slice of one, the top five most cited or occurred items from each slice were chosen to form the network map of co-cited references using CiteSpace. Table 7 presents the top five co-cited references in relation to the co-citation counts. These five studies are all clinical studies, and the subjects are all healthy people.


Table 7. Top five cited references related to MRI research on acupuncture.

[image: Table 7]

The first article was published in 2008 by Dhond et al. (2008), which demonstrated that acupuncture can enhance the spatial extent of the post-stimulation resting brain network, including the regions of anti-nociceptive, emotion, and memory.

The second article was published in 2005 by Hui et al. (2005) with the highest centrality. This is the first study to show that acupuncture regulates neural activity at multiple levels of the cerebral-cerebellum and limbic system, which plays an important role in the neural mechanism of acupuncture.

The third article was published in 2009 by Fang et al. (2009), which used Taichong (LV3), Xingjian (LV2), Neiting (ST44), and a sham point on the dorsum of the left foot as targets, and showed that acupuncture can modulate the limbic-paralimbic-neocortical network.

The fourth article was published in 2009 by Bai et al. (2009), which used the non-repeated event-related fMRI (NRER-fMRI) design, to investigate such prolonged effects after acupuncture. This study showed that verum acupuncture enhanced dichotomy in the central-executive network (CEN) and DMN networks.

The last article was published in 2005 by Napadow et al. (2005), which compared the central effects of electro-acupuncture and manual acupuncture with fMRI. Results showed that the limbic system is the center of the acupuncture effect and has nothing to do with the specific acupuncture method.




Global Trends in MRI Research on Acupuncture
 
Analysis of Keywords With the Strongest Citation Bursts

“Burst words” represent keywords that are cited frequently over a period of time, thereby indicating the frontier areas. As shown in Table 8, the green line represents the time period from 1994 to 2020, while the periods of each burst keyword are plotted by the red line. Keywords with citation bursts first appeared in 2009. The four highest strength burst keywords were “connectivity,” “modulation,” “fMRI,” and “default mode network.”


Table 8. Top 20 keywords with the strongest citation bursts.
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Analysis of Reference With the Strongest Citation Bursts

Significant increases of research interests in the MRI on acupuncture field are highlighted by publications with citation bursts. Table 9 showed the top 20 references with the strongest citation bursts during the period between 1994 and 2020. The red bars mean references cited frequently, and the green bars were references cited infrequently. Burst references refer to references heavily cited by articles over a period of time. From the bursts of cited references, the literature from 1999 to 2007 has opened the research hotspot of MRI on acupuncture.


Table 9. Top 20 references co-citation with the strongest citation bursts.

[image: Table 9]

References with citation bursts first appeared in 1998. Most of the references had citation bursts between 2000 and 2007. The authors of the first four strongest burst references are, respectively, Hui KKS, Napadow V, and Wu MT. The strongest burst starting from 2005 was from Hui KKS and her team (Hui et al., 2005), which revealed that acupuncture induced a comprehensive response of the cerebral-cerebellar and limbic system when ST 36 was stimulated.

To get the key cluster of cited references, three specialized metrics—TFIDF, log-likelihood tests (LLR) and mutual information tests (MI) were used. With a modularity Q of 0.8726 and a means silhouette of 0.9864, the map consisted of 557 nodes and 1,627 links. The value of modularity Q and means silhouette suggested the clusters were rational. LLR usually gives the best result in terms of the uniqueness and coverage of themes associated with a cluster. The detailed information of the 7 clusters was summarized in Table 10.


Table 10. Top-ranked clusters on MRI research on acupuncture.
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The largest cluster was “chronic low back pain,” consisting of 228 references. The silhouette of this cluster was 0.907, which showed that the result was meaningful. The most active citers to this cluster was a review published by Qiu et al. (2016), who reviewed the PubMed Database during 1995–2014 on acupuncture-neuroimaging studies. This review suggests that future studies should focus on the quality control of acupuncture, so as to improve the reproducibility and reliability of neuroimaging studies of acupuncture.

The second cluster was “sham electroacupuncture treatment” with a silhouette of 0.978 and a member of 141. The most active citer to the cluster was a review published by Colloca et al. (2008), which systematically reviewed the literature that deals with placebo analgesia, emphasizing both the methodological aspects and the neurobiological advances.

The third cluster was “clinical research” with a silhouette of 0.892 and a member of 156. The most active citer to the cluster was a review published by Birch et al. (2004), which found that evidence of efficacy of acupuncture has apparently reached a sufficient threshold to draw a firm conclusion from well-designed studies, although all reviews agree that methodological rigor in clinical trials of acupuncture is generally poor.





DISCUSSION

Bibliometric analysis of MRI research on acupuncture using CiteSpace and VOSviewer from 1994 to 2020 was performed. We summarized the general information, research hotspots and research trends on MRI research on acupuncture.


General Information for MRI Research on Acupuncture

As can be seen from the annual publication about MRI research on acupuncture, it has been kept in a relatively stable state and has not seen a great breakthrough in the last few years. This phenomenon may be related to the complexity of acupuncture effect, interdisciplinary or acupuncture only as complementary medicine and so on, but it also indicates that there is a great potential in the future.

The output countries are mainly from the USA and China. China published the most articles, suggesting that acupuncture, an ancient Chinese treatment, is widely accepted in China. The USA is a central collaborator with other countries, as indicated by its highest centrality. The output institutions are mainly from Massachusetts General Hospital and Harvard University of USA, Chinese Academy of Sciences, Xidian University of China, and Kyung Hee University of South Korea. The authors are mainly Jian Kong of Massachusetts General Hospital and Harvard University, Jie Tian and Wei Qin of Xidian University. Most of them are from MRI or psychological backgrounds. In addition, the USA and its two institutions occupy a central position and maintain a high degree of cooperation with countries and institutions. Collaboration helps researchers who investigated MRI research on acupuncture share resources and exchange knowledge and ideas, which is crucial for further development of the MRI research on acupuncture. Thus, stronger collaboration networks should be established among more countries, institutes, and authors, especially in China.

Although acupuncture originated in China, there are more than 20 TCM universities in China, and their publications is not as many as that of other institutions. It may be related to cross-disciplines, but also related to the fact that most acupuncturists in China pay more attention to clinical efficacy. Interestingly, Universities of TCM are becoming increasingly aware of this phenomenon and are gradually devoting themselves to MRI research on acupuncture. In the future, it may be more conducive to the development and spread of acupuncture, if researchers specializing in acupuncture therapy may focus more on the combination of relatively subjective clinical efficacy and objective indicators of brain imaging, more importantly, strengthen cooperation with experts from other professional backgrounds.

Articles about MRI research on acupuncture were published in 258 different journals, and the top 5 journals published 25% of publications. The top two journals are Evidence-based Complementary and Alternative Medicine and Journal of Alternative and Complementary Medicine. This indicated that acupuncture therapy is still regarded as complementary and alternative medicine, and as a result, relevant articles are mainly published in these two journals. Among the 57 articles published in 2020, only 3 articles (Cao et al., 2020; Kim et al., 2020; Tu et al., 2020) of IF(2019)>5, and the first author were all from Massachusetts General Hospital and Harvard Medical School, and the research topics were all about the effects of acupuncture on pain, which revealed MRI research on acupuncture for pain is a hot spot and has been accepted by high-impact journals.

In the future, as acupuncture is gradually recognized and accepted. The premise is that acupuncture does have significant advantages over other interventions in some diseases such as pain. Research with good design and quality control should be published in high-quality journals gradually, which is conducive to exchange of research findings on MRI research on acupuncture.



Research Hotspots for MRI Research on Acupuncture

The current research hotspots of MRI research on acupuncture were investigated from the three aspects of co-cited authors, keywords, and cited references, which help researchers explore the distribution of topics within a particular academic discipline (Zhou et al., 2018).

In terms of co-cited authors, Hui KKS, Jian Kong, and Napadow V have long-term cooperation with each other (Napadow et al., 2005, 2007, 2009; Hui et al., 2010; Kong et al., 2018). Napadow V and Hui KKS often cooperated in acupuncture effects on the human brain by fMRI such as deqi, placebo analgesia, and default mode, especially acupuncture effects on the limbic-paralimbic-neocortical network (LPNN). Jian Kong mainly focused on the expectancy manipulation model, which refers to how expectation can significantly modulate pain perception due to his psychiatry background. Indeed, how to select the proper control group to reduce the placebo effect has been controversial in this field of research.

Our keyword co-occurrence analysis revealed that the three most commonly used keywords are acupuncture, fMRI, and pain. Pain is a painful disease process that can lead to a reduced quality of life and increased health care costs. The Institute of Medicine (IOM) reports that 100 million adults suffer from chronic pain, which costs about $600 billion a year (Dzau and Pizzo, 2014). Medication may only partially relieve the chronic pain and can be associated with unwanted side effects (Nahin et al., 2016). As a result, many people turn to complementary and alternative therapies such as acupuncture as part of their pain management. Several systematic reviews also have shown that Acupuncture has a good effect in alleviating pain and improving the quality of life (Manyanga et al., 2014; MacPherson et al., 2017; Smith et al., 2020). However, its therapeutic mechanisms remain controversial, partly because of the absence of an objective way of measuring subjective pain. The development of fMRI has brought light to the study of pain mechanism by acupuncture, which has been the focus of research in recent years. Moreover, several previous systematic reviews suggested that acupuncture can regulate the activity of multiple cortical and subcortical brain regions (Huang et al., 2012; Sun et al., 2014; Villarreal et al., 2016). The most common areas involved are the anterior cingulate cortex (ACC), amygdala, insular cortex, primary somatosensory cortex (S1), secondary somatosensory cortex (S2), thalamus, and prefrontal cortex (PFC), which overlap the pain matrix (Apkarian et al., 2005). A recent study (Kim et al., 2020) suggests that acupuncture may improve the tactile sensitivity of the pain affected area by regulating the somato-specific structure S1 neuroplasticity, which strengths the previous conclusion.

Our clustering analysis of keywords revealed five focus areas of MRI research on acupuncture using VOSviewer. It mainly involves the diseases currently studied, such as stroke, cognitive impairment and pain, etc., the burden on the society, the MRI mechanism of acupuncture on diseases and comforting effect of acupuncture. The above may indicate that the current main research is still on the MRI mechanism and comfort effect of acupuncture on some chronic diseases.

According to the five references cited most, acupuncture modulated multiple brain networks, including DMN, sensorimotor network (SMN), CEN, and LPNN. This is consistent with the results of a meta-analysis of fMRI studies after acupuncture stimulation (Chae et al., 2013). In addition, the mode of acupuncture may have no obvious correlation with brain functional response, while the sensation of deqi is correlated with brain function.

Therefore, combined with the findings of this study and current reviews about MRI research on acupuncture, acupuncture could not only activate the sensorimotor brain region and cause extensive inactivation of the limb-parietal neocortex network, but also modulate the connectivity of several brain regions, including DMN, SMN, CEN, and LPNN, which was associated with pain, emotion and memory (He et al., 2015). Verum acupuncture and sham acupuncture showed different brain responses. Compared with sham acupuncture, verum acupuncture significantly enhanced connectivity between ACC, left posterior cingulate cortex (PCC), insula, marginal/parietal margin, and precuneus (Cai et al., 2018). Deqi is considered as an important factor affecting the clinical efficacy of acupuncture. One study by Hui KKS revealed that acupuncture with deqi induced extensive deactivation and activation (Hui et al., 2010) in different brain regions. However, because of the difference between deqi and mixed sensations, subjects with severe pain should be excluded when exploring the neural mechanism of acupuncture stimulation (Sun et al., 2012). There was no significant difference in brain connection between acupuncture and electroacupuncture, especially for DMN (Jiang et al., 2013).



Global Trend for MRI Research on Acupuncture

The global trend for MRI research on acupuncture was investigated from the strongest citation bursts of keywords and references as well as the clusters of references.

Keyword bursts may indicate frontier topics or emerging trends (Zhou et al., 2018). Connectivity, fMRI, modulation, and DMN are the four strongest citation bursts of keywords. In recent years, researchers have focused more on relationships between brain regions on the mechanism of acupuncture instead of a single brain area (Cai et al., 2018). The role of brain connectivity is going to be crucial and influential in the fields of neuroscience and medicine over the coming years (Edison, 2020). Brain connectivity analysis aims to characterize information propagation relationship in multichannel neural signals, which indicates underlying structural and functional relationship between regions of brain (Friston, 2011). One review (Cai et al., 2018) included 44 neuroimaging studies about acupuncture on functional connections in the brain, which showed that acupuncture increased connectivity of the default mode network (DMN) and sensorimotor network (SMN) in areas of the brain associated with pain, emotion and memory. Verum acupuncture significantly enhanced connectivity in some brain areas, compared with sham acupuncture.

Accumulating fMRI evidence has demonstrated that acupuncture is effective for a variety of diseases because it can modulate brain functional networks and brain activity (Fang et al., 2009; Feng et al., 2011; Wang et al., 2014). A review (Xiao et al., 2018) of the plasticity modulation of the nervous system by acupuncture suggested that modulation of neuroplasticity by acupuncture may be related to the effects of acupuncture on neurotrophins and neurotransmitters.

fMRI is an imaging method developed to show time-varying changes in brain metabolism (Ogawa and Lee, 1990; Bandettini et al., 1992; Kwong et al., 1992). fMRI, a non-invasive imaging technique, has been used to observe the human brain response to acupuncture stimulation since the mid-1990s (Cho et al., 1998). This technology provides us with information more directly involved in the anatomical and physiological function of acupuncture (Liu et al., 2009), revealing that the mechanism of acupuncture is mediated by the central nervous system (Qin et al., 2008; Kang et al., 2013).

Default mode network (DMN) is a functional network that is active at rest and immune to external stimuli (Ingvar, 1979; Raichle et al., 2001). One study found that brain areas within DMN overlapped largely with acupuncture response areas (Chae et al., 2013), which led the researchers to hypothesize that acupuncture works by regulating DMN (Otti and Noll-Hussong, 2012; Zhao et al., 2014). Clinical studies have observed that acupuncture modulated DMN connectivity in some diseases, such as pain (Li et al., 2014), depression (Quah-Smith et al., 2013), and Alzheimer disease (Liang et al., 2014).

Authors of the first three highest strength burst reference were all from Massachusetts General Hospital and Harvard Medical School in the past decade. Strikingly, all three papers support the conclusion that the limbic system is central to the effect of acupuncture. The cluster analysis of references first divides them into three main categories: clinical research, sham electroacupuncture treatment, and chronic low back pain. The implications of the clustering analysis of references are that the design and quality control of clinical studies are very important, as can be seen by analyzing the most active citer.

Although acupuncture has an important modulation on functional connections of the brain, especially DMN, as noted in a review of the modulation of DMN by acupuncture, whether this modulation is the core mechanism of acupuncture treatment remains unclear (Zhang et al., 2019). Just as one activation likelihood estimation (ALE) meta-analysis (Chae et al., 2013) of fMRI studies on acupuncture found that the brain's hemodynamic response to acupuncture reflects not only sensory discrimination but also the cognitive and emotional aspects of pain. Acupuncture is a complex process, stimulation parameters, psychological effects of subjects, sociocultural, and contextual-environmental factors are factors that influence the effect of acupuncture. Therefore, better design is still needed to verify the accurate and specific connection.

In a word, the trend of MRI research on acupuncture mainly focuses on the functional connection of the brain, especially the limbic system and default network. However, in order to ensure the repeatability and reliability of the research results, the research design and quality control still need to be further strengthened.



Limitations

There are still some limitations in this study that need to be addressed. First, due to the limitations of the Citespace software, we only analyze English articles from web of science database, which might lead to language and publication bias; Second, Citespace V is just a software to visualize and analyze networks, MRI analysis methods, the types of acupuncture, and the diseases involved need to be further analyzed in the future.




CONCLUSION

In conclusion, this study provided an insight into MRI research on acupuncture with valuable information over 26 years. The current research status revealed that MRI study of acupuncture still has great development potential, and China needs to strengthen cooperation with other countries. The hot topics and trends of MRI research on acupuncture are mainly involved in the modulation of acupuncture on the limbic system, especially LPNN and DMN. Pain is the most frequently studied disease. However, in order to ensure the repeatability and reliability of the research results, the research design and quality control still need to be further strengthened.
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Accumulating evidence supports an association between chronic pain and psychological disorders, a connection that seems to be bidirectional. Treating both the pain and psychological conditions together is essential for effective treatment outcomes. Acupuncture is a somatosensory-guided mind–body therapy that can tackle the multidimensional nature of pain with fewer or no serious adverse effects. In this review, we discuss the use of acupuncture in some conditions with a high incidence of psychological disorders caused by chronic pain: headache, musculoskeletal pain, low back pain, and cancer pain, focusing on the effect and potential mechanisms of acupuncture. Overall clinical studies indicated that acupuncture might effectively contribute to management of psychological disorders caused by chronic pain. Mechanistic studies showed that acupuncture significantly alleviated such psychological disorders by regulating the activity of amygdala and insula, and regulating functional connectivity of insular and limbic regions/medial prefrontal cortex in humans and the corresponding animal models. In addition, 5-HT in the dorsal raphe nucleus, opioid receptors in the cingulate cortex, and plasma met-enkephalin are involved in acupuncture relief of pain and psychological symptoms. Substantial evidences from animal and human research support a beneficial effect of acupuncture in psychological disorders caused by chronic pain.
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INTRODUCTION

Chronic pain is one of the most common conditions encountered by healthcare professionals. It is often defined as pain that persists more than 12 weeks, and may or may not be associated with an identifiable cause or actual tissue damage (Reid et al., 2015). Chronic pain is a worldwide problem and poses a significant economic burden on society. An estimated 20.4% of United States adults had chronic pain (Dahlhamer et al., 2018). In low-income and middle-income countries, the prevalence of chronic pain was 33% in adults (Jackson et al., 2015).

It has been proven that chronic pain contributed to psychological disorders (Kerns et al., 2011; Bliss et al., 2016). Psychological disorder, also called mental disorder, is a behavioral or mental pattern that causes significant distress or impairment of personal functioning (Stein et al., 2010). Depression and anxiety are the commonest psychological disorders caused by chronic pain (Canadian Mental Health Association, 2008). A study showed that, 15% of headache sufferers reported major depression, compared with 5% of non-sufferers (Kalaydjian and Merikangas, 2008). Another study indicated that cancer patients with pain, compared with those without pain, were more likely to report depression (Green et al., 2011). These findings in adults are similar to those in children. Psychosocial health and emotional functioning of children with migraine were adversely affected, compared with that of healthy children (Powers et al., 2003). Treating both the psychological disorders and pain together is essential for sustained treatment outcomes.

Acupuncture use dates back to over 3,000 years in China. In the past few decades, acupuncture is widely used to treat pain conditions all over the world. It is estimated that 8 million Americans have used acupuncture, predominantly for pain-related problems (Berman, 2007). However, studies of acupuncture for pain and psychological disorders are mostly carried out independently. Previous studies have shown that acupuncture might function as a somatosensory-guided mind–body therapy (Wang et al., 2007; Napadow et al., 2009) and could treat both pain and psychological diseases at once. In addition, recent advances in the effectiveness and the neurobiological pathways on acupuncture for chronic pain with psychological disorders have substantially increased people’s awareness about the therapeutic use of acupuncture.

This review summarizes the clinical data, mechanisms of action, and other information addressing the practice, rationale, and future directions of acupuncture for psychological disorders caused by chronic pain.



METHODS

The authors conducted a literature search of available sources describing issues relating to acupuncture, chronic pain, and psychological disorders. Research studies were selected based on research topics found in PubMed, Web of Science, and Embase from the database establishment up to the present time. We used the search string [pain(MeSH)] OR [headache(MeSH)] OR [osteoarthritis(MeSH)] OR [fibromyalgia(MeSH)] OR [cancer (MeSH)], AND [acupuncture(MeSH)], AND [psychological disorder(MeSH)], OR [mental disorder(MeSH)] OR [emotional (MeSH)], OR [anxiety(MeSH)], OR [depression(MeSH)] for PubMed and adapted it for Web of Science and Embase. The information provided in the selected studies was carefully evaluated and is described and discussed in the following sections.



CLINICAL EVIDENCE FOR ACUPUNCTURE

Clinical trials have documented the effectiveness of acupuncture on psychological disorders caused by chronic pain (Table 1). Among them, chronic headache, musculoskeletal pain, and cancer pain are the most common diseases. The majority of the studies suggest that acupuncture can significantly improve the emotional symptoms (such as anxiety and depression) in patients with chronic pain compared with both usual care and waiting list.


TABLE 1. Characteristics of studies on acupuncture for musculoskeletal pain, low back pain, and cancer pain.

[image: Table 1]

Chronic Headache

Headaches are a common neurological complaint, typically accompanied by poor health-related quality of life (de Velasco et al., 2003). Tension-type headache is the most common type of headache (No authors listed., 2018). Meanwhile, migraine is one of the main causes of disability worldwide and medication overuse is the principal cause of chronic migraine (GBD 2016 Headache Collaborators, 2018). Studies have shown that 27% of patients with headache and 80% of patients with chronic migraine had depression (Jelinski et al., 2007; Evans, 2013). The prevalence of use of acupuncture and other complementary and alternative medicine approaches in chronic headaches was 62%, and the results were promising, particularly in patients with mood or anxiety disorders caused by headache (Nicholson et al., 2011; Kristoffersen et al., 2012). Clinical evidences showed that acupuncture could improve chronic headaches related symptoms, which led to improvements in emotional well-being of patients.


Effective for Both Pain and Psychological Disorder

A German epidemiological study that involved a total of 2,022 patients (732 with migraine, 791 with tension-type headaches, and 499 with other diagnoses) showed that the correlation was seen between average pain rating and depression. Meanwhile, headache patients reported significant and clinically relevant improvements in headache frequency, pain intensity, and depression level (measured with the Allgemeine Depressionsskala scale) at the end of the acupuncture treatment of 6–15 sessions (each session lasted 30 min) compared with baseline (Melchart et al., 2006).

For migraine, a meta-analysis in 2018, which involved 61 trials, showed that acupuncture was superior to sham acupuncture in reducing pain intensity (measured with the Visual Analog Scale) and enhancing the quality of life and psychological disorders (measured with Migraine-Specific Quality of Life Questionnaire) of patients (Jiang et al., 2018).

In a study, 44 participants with tension-type headache received acupuncture add stretching or acupuncture, stretching add physiotherapy during a 4-week intervention period including 10 treatment sessions, each session lasted 20 min. After treatment, significant improvements in pain intensity (measured with the Visual Analog Scale), anxiety, depression (measured with the Hospital Anxiety and Depression Scale), and pain catastrophizing (measured with the Pain Catastrophizing Scale) levels were noted for both groups in the study (Georgoudis et al., 2018). These findings were in accordance with those of Melchart’s study (Melchart et al., 2005). In Melchart’s study, 270 participants with tension-type headache were randomly assigned to acupuncture (12 sessions of 30 min over 8 weeks), sham acupuncture (superficial needling at non-acupuncture points), or waiting-list group. At the end of the treatment, compared with the waiting-list group, participants receiving acupuncture fared significantly better for the headache days and depression (measured with Allgemeine Depressionsskala). However, acupuncture was not significantly more effective than sham acupuncture.

A randomized clinical trial (RCT) of 249 participants with migraine compared electroacupuncture (five sessions per week for 4 weeks, each session lasted 30 min) with sham acupuncture (insertion of sterile disposable needles at non-acupuncture points) or waiting-list treatment and found that electroacupuncture produced a greater reduction in the frequency of migraine and a better therapeutic effect on emotional functional subscale of Migraine-Specific Quality of Life Questionnaire than sham acupuncture or waiting-list treatment (acupuncture vs. sham acupuncture, P = 0.01; acupuncture vs. waiting-list, P < 0.01). However, for Self-rating Depression Scale, there were no significant differences among the three groups (Zhao et al., 2017).



Effective for Pain but Ineffective for Psychological Disorder

An RCT of 74 participants with chronic daily headache compared medical management plus 10 acupuncture sessions to medical management during 6 weeks; each acupuncture session lasted 30 min. It found that, medical management plus acupuncture was associated with a decrease in 3.0 points (CI, 1.0–4.9) on the headache burden (measured with Headache Impact Test) relative to medical management without acupuncture at the 6-week follow-up. However, the depression level (measured with the Beck Depression Inventory scores) did not improve significantly after acupuncture treatment (Coeytaux et al., 2005). These findings are consistent with those of another RCT of 114 participants with migraine, in which the effect of acupuncture (8–15 sessions of 20–30 min over 12 weeks) or metoprolol was studied on average pain, days with migraine, and depression (measured with Allgemeine Depressionsskala) (Streng et al., 2006). The results showed that acupuncture participants fared significantly better for average pain (P = 0.005). However, for days with migraine and Allgemeine Depressionsskala, there was no significant difference between the acupuncture and metoprolol groups (P > 0.05).

In Linde’s study, 302 participants with migraine were randomly assigned to acupuncture (12 sessions for 30 min over 8 weeks), sham acupuncture (superficial needling at non-acupuncture points), or waiting-list group (Linde et al., 2005). At the end of 12 weeks, acupuncture was significantly better than the waiting-list in the intensity of headache (P < 0.001), but there was no significant difference between acupuncture and sham acupuncture groups. In addition, the depression level (measured with the Allgemeine Depressionsskala depression scale) did not improve significantly after acupuncture treatment. No difference was detected among the three groups.



Ineffective for Either Pain or Psychological Disorder

In an RCT, 69 participants with tension-type headache were randomly assigned to acupuncture (two sessions per week for 5 weeks, each session lasting 30 min) or sham acupuncture group (blunt needles on non-acupuncture points without penetration). No significant differences between the two groups with respect to visual analog scale and frequency of headache attacks, and von Zerssen Depression Scale could be observed after treatment (Karst et al., 2001).



Summary

In summary, the available evidence indicates that depression should have the most concern in all psychological disorders in the clinical studies of headache. In addition, anxiety and pain catastrophizing has also been studied. Most studies supported acupuncture for the treatment of psychological disorders caused by headache, despite true acupuncture interventions did not seem to be superior to sham acupuncture in some studies. The specific effects of acupuncture, relative to appropriate control groups, have yet to be tested in methodologically sound clinical trials.



Musculoskeletal Pain

Musculoskeletal conditions are the highest contributor to global disability (GBD 2017 Disease and Injury Incidence and Prevalence Collaborators, 2018). They are typically characterized by pain and restricted mobility, reducing people’s ability to work and participate in social roles with associated impacts on mental well-being (Sleijser-Koehorst et al., 2019; World Health Organization, 2019). In addition, psychological disorders, such as depression and anxiety can increase the incidence risk of musculoskeletal diseases (Gaspersz et al., 2018; Burston et al., 2019). Effectiveness of acupuncture in the treatment of musculoskeletal diseases has been reviewed in detail elsewhere (MacPherson et al., 2017). In this section, we focus on psychological disorders caused by several common chronic pain conditions (osteoarthritis, fibromyalgia, chronic neck and shoulder pain, and low back pain) (World Health Organization, 2019) in acupuncture clinical practice.


Effective for Both Pain and Psychological Disorder

In a German observational study, 736 patients with hip or knee osteoarthritis were treated with 6–15 sessions of acupuncture. Duration of sessions had to be at least 30 min. After treatment, patients reported less pain (measured with the pain subscale of Western Ontario and McMaster Universities Osteoarthritis Index) and lower depression scores (measured with Allgemeine Depressionsskala). All changes were statistically highly significant (P < 0.001) (Linde et al., 2006).

A pragmatic study, which involved 96 patients with fibromyalgia, showed that significant changes in pain (measured with the Fibromyalgia Impact Questionnaire) and negative psychological perceptions——pain catastrophizing (measured with the Pain Catastrophizing Scale) have been documented at the end of acupuncture treatment (once a week for 8 weeks). Each session lasted 30 min (Di Carlo et al., 2020).

In an RCT with 6 months and 3 years follow-ups, 24 patients with chronic neck and shoulder pain compared electroacupuncture add ear acupressure for 45 min against sham acupuncture (insertion of sterile disposable needles at non-acupuncture points) add ear acupressure at the non-acupoints for the same duration. Electroacupuncture was applied for 10 sessions during 3–4 weeks. After treatment, compared with the sham acupuncture group, electroacupuncture significantly improved the pain threshold in the neck and shoulder regions, anxiety, depression, and satisfaction with life (P < 0.05). At 6 months and 3 years follow-ups the electroacupuncture group showed further improvements in these variables and was again significantly different from the sham acupuncture group (He et al., 2005). These results were congruent with the findings of the author’s other study, which reported that adequate acupuncture treatment reduced chronic pain in the neck and shoulders, and the effect lasted for 3 years (He et al., 2004).

In Leibing’s study, 131 patients with low back pain were treated with acupuncture (20 sessions for 30 min over 12 weeks) plus physiotherapy (26 sessions for 30 min over 12 weeks), sham acupuncture (superficial needling at non-acupuncture points) plus physiotherapy, and physiotherapy alone over 12 weeks. It reported improved pain intensity (measured with Visual Analog Scale) and psychological stress (measured with Hospital Anxiety and Depression Scale) in the acupuncture group (acupuncture vs. sham acupuncture, P < 0.05; acupuncture vs. physiotherapy group, P < 0.05) (Leibing et al., 2002).

In an RCT, 130 patients with low back pain were randomized into receiving acupuncture versus sham acupuncture (semi-blunt needles on non-acupuncture points without penetration) twice a week for 6 weeks. Each session lasted 15–20 min. It found that acupuncture reduced pain intensity of chronic low back pain (measured with Visual Analog Scale) better than sham acupuncture (P < 0.05). In addition, depression level (measured with Beck Depression Inventory) of the acupuncture group was improved during the entire study (P < 0.01), but no significant effect was observed between the groups (Cho et al., 2013).

An intervention study of 72 patients with chronic low back pain found that after 8 weeks of acupuncture treatment (once a week, each treatment lasted 15 min), patients reported a significant decrease in the pain (measured with Numerical Rating Scale) and in the total mood disturbance score, as measured by the Profile of Mood States (P < 0.05). However, tension-anxiety of the Profile of Mood States did not show significant changes (Sawazaki et al., 2008).



Effective for Pain but Ineffective for Psychological Disorder

An RCT of 294 patients with knee osteoarthritis published in Lancet suggested that acupuncture treatment improved knee pain (measured with the pain subscale of Western Ontario and McMaster Universities Osteoarthritis Index) compared with sham acupuncture (superficial needling at non-acupuncture points) and waiting list at the end of 8 weeks (P < 0.001). Both the acupuncture and sham acupuncture treatments consisted of 12 sessions of 30 -min duration. However, acupuncture did not reduce the depression (measured with Allgemeine Depressionsskala) of patients compared with neither waiting-list nor sham acupuncture (Witt et al., 2005).

In an RCT, 53 participants with shoulder pain were randomly allocated into either the acupuncture or sham acupuncture (non-acupuncture point shallow penetrating acupuncture) group. Acupuncture was offered to each participant three sessions per week for 3 weeks; each session lasted 15 min. For pain level (measured with Visual Analog Scale), the acupuncture group demonstrated a significant change compared with the sham acupuncture group at the third week of treatment. However, there were no significant differences between the two groups on the Beck Depression Inventory (Lee et al., 2016).



Effective for Psychological Disorder but Ineffective for Pain

In an RCT, 50 patients with fibromyalgia were randomly assigned to acupuncture (every 2– 4 days during 2 weeks for six sessions, each session lasted 20 min) or sham acupuncture group (the tip of the needle is blunt without puncturing the skin). After 1 month treatment, anxiety, as measured by the Fibromyalgia Impact Questionnaire and Multidisciplinary Pain Inventory, was significantly improved in the acupuncture group compared with the sham acupuncture group (P < 0.05). However, there was no significant difference between the two groups for pain and depression (measured with the Fibromyalgia Impact Questionnaire) after treatment (Martin et al., 2006).



Ineffective for Either Pain or Psychological Disorder

An RCT comparing acupuncture (one sessions per week for 6 weeks, each session lasted 20 min) with physiotherapy and standardized advice in 181 patients with severe osteoarthritic knee pain awaiting knee arthroplasty found no significant changes in knee pain (measured with the pain subscale of Western Ontario and McMaster Universities Osteoarthritis Index), anxiety, and depression (measured with Hospital Anxiety and Depression Scale) among the three groups (Williamson et al., 2007).



Summary

Similar to chronic headache, the most concerned psychological disorders are anxiety and depression in studies of musculoskeletal pain. In some studies, the Pain Catastrophizing Scale and the Profile of Mood States were used to assess the psychological disorders in patients with musculoskeletal pain. In most cases, acupuncture is effective for both pain and psychological disorders. Only in a few cases, acupuncture is ineffective for musculoskeletal pain. It may be related to the severity of the disease and the dose of acupuncture.



Cancer Pain

Cancer is among the leading causes of death worldwide. In 2016, there were an estimated 15.5 million cancer survivors in the United States (National Cancer Institute, 2018). Evidences showed that a third of cancer survivors suffered from pain. Moreover, cancer pain was significantly associated with the prevalence of depression, feeling worried, nervous, or anxious (Sanford et al., 2019). On the basis of several studies highlighted in this section, acupuncture may improve psychological symptoms caused by chronic cancer pain including tension, anxiety, and depression.


Effective for Both Pain and Psychological Disorders

In a retrospective analysis, 280 cancer pain patients received personalized acupuncture treatments one or two sessions weekly for 3–4 weeks (each session lasted 20–30 min). It found that acupuncture showed a significant reduction in numbness/tingling, anxiety, depression, and other psychological disorders (measured with Edmonton Symptom Assessment Scale) at the end of the treatment (P < 0.001) (Lopez et al., 2018). These findings are consistent with those of an RCT of 48 breast cancer patients. Patients in the study were randomly assigned to acupuncture (one session per week for 10 weeks) plus kinesiotherapy or kinesiotherapy group (Giron et al., 2016). Kinesiotherapy group treated with a predefined kinesiotherapy protocol of 30 min; acupuncture plus kinesiotherapy group treated with the same kinesiotherapy group protocol followed by another 30 min of acupuncture. At the end of the treatment, both groups showed statistically significant improvement of the pain and depression (measured with the Beck Depression Inventory). There was no difference between groups.

An RCT, 138 postoperative cancer patients, compared acupuncture (one session for 20 min), massage (one session for 10–30 min) add usual care against usual care alone. After treatment (postoperative Days 1–3), massage and acupuncture add usual care significantly decreased perioperative symptoms, such as pain and depressive mood (measured with Profile of Mood States Short Form) when compared with usual care alone (each P < 0.05). Tension/anxiety improved in the acupuncture group on postoperative Day 1 more than in the usual care group (P = 0.048), but these improvements were not maintained on postoperative Day 2 and postoperative Day 3 (Mehling et al., 2007).



Summary

In these studies of cancer pain, anxiety, and depression are the psychological disorders of concern. Studies have found statistically significant improvements in pain intensity with acupuncture. Acupuncture applied to chronic cancer pain conditions is also typically beneficial with respect to anxiety and depression.



MECHANISMS OF ACUPUNCTURE


The Expression of Proteins in the Amygdala

Acupuncture may relieve psychological disorders caused by chronic pain through altering the expression of proteins in the amygdala. Amygdala is a group of closely associated nuclei situated deep in the temporal lobe (Goddard, 1964). It has long been known that the amygdala has been associated with a range of cognitive functions, especially emotion (Baxter and Murray, 2002; Salzman and Fusi, 2010; Kirkby et al., 2018). A recent study has shown that the central nucleus of the amygdala neurons selectively influence pain by blocking nociception and have widespread inhibitory projections to many emotional pain-processing centers (Hua et al., 2020). Moreover, the central nucleus of the amygdala is an important part of the neural circuit mechanisms underlying comorbid depressive symptoms in chronic pain (Zhou et al., 2019). A study in people with anxiety caused by migraine showed that compared with the healthy people, migraine patients exhibited a larger volume of the amygdala. Furthermore, there was a significantly positive association between the gray matter volume of the amygdala and anxiety (Liu et al., 2017). Consistent with these results, carpal tunnel syndrome patients responded to acupuncture with greater deactivation in the amygdala compared to healthy people (Napadow et al., 2007). A preclinical investigation indicated that electroacupuncture inhibited the complete Freund’s adjuvant-induced emotional response in the conditioned place aversion test by down- or upregulating the protein expression in the amygdala of pain aversion rats (Wu et al., 2019).



Insular, Functional Connectivity of Insular and Limbic Regions/Medial Prefrontal Cortex

Acupuncture could relieve psychological disorders caused by chronic pain through regulating insular itself, and functional connectivity of insular and limbic regions/medial prefrontal cortex. The insula, also known as the insular cortex, is bilaterally located deep within the lateral sulcus or the fissure. The anterior insular cortex has reciprocal connections to the limbic regions such as the anterior cingulate cortex, the prefrontal cortex, and the amygdala. Thus, it has been implicated in limbic function, such as emotional feelings and pain (Namkung et al., 2017). A study indicated that negative emotional stimuli increased the activation in the anterior insula and was relevant to pain intensity (Stancak and Fallon, 2013). Another study showed that pain increased the anti-correlation between the anterior insula and posterior cingulate cortex (Cottam et al., 2018). Furthermore, clinical anxiety, depression, and pain intensity were positively correlated with increased connectivity between the anterior insula and medial prefrontal cortex (As-Sanie et al., 2016). A functional imaging study in healthy humans has shown that acupuncture at PC6 (Neiguan) increased the activity in the insula and medial prefrontal cortex, and decreased the activity in the posterior cingulate (Napadow et al., 2009). Moreover, in a study of the mechanism of acupuncture in fibromyalgia patients, the authors found that after acupuncture, a complex interaction might occur between the insula cortex and the anterior cingulate, which induced a relief of pain and improvement of emotional experience (de Tommaso et al., 2014).



The 5-HT of the Dorsal Raphe Nucleus

It has been proven that 5-HT in the dorsal raphe nucleus of pain-related depression condition was increased through acupuncture. The dorsal raphe nucleus is located on the midline of the brainstem. It is a major source of neuromodulators in the central nervous system and is the largest of the serotonergic nuclei (Huang et al., 2019). Changes in 5-HT neuron function in the dorsal raphe nucleus have been implicated in various neuropsychiatric diseases, such as major depressive disorder and bipolar disorder (Mahmood and Silverstone, 2001; Vaswani et al., 2003; McDevitt et al., 2011). In people with depression, the dorsal raphe nucleus may be decreased in size and in serotonin transporter (Arango et al., 2001; Matthews and Harrison, 2012). In addition, the serotonergic system in the dorsal raphe nucleus has been proved to participate in the descending modulation of pain (Freitas et al., 2008; Ossipov et al., 2010) and has a role in the effects of acupuncture on emotional disorders caused by pain (Yang et al., 2017). A study in reserpine-induced pain-depression dyad rat model showed that electroacupuncture of 100 Hz alleviated the pain-depression dyad and upregulated 5-HT in the dorsal raphe nucleus of reserpine-injected rats. Intracerebroventricular injection of 5-HT resynthesis inhibitor suppressed the upregulation of 5-HT in the dorsal raphe nucleus by 100 Hz of electroacupuncture and partially counteracted the analgesic and antidepressive effects of 100 Hz of electroacupuncture (Wu et al., 2017).



The Opioid Receptors in the Cingulate Cortex

Acupuncture can improve the emotion of pain by modulating the opioid receptors in the cingulate cortex. The cingulate cortex situates in the medial aspect of the cerebral cortex and is an integral part of the limbic lobe (Vogt, 2005). Recent evidence suggests that the cingulate cortex is a central hub in the pain matrix and is highly connected with most other brain areas involved in the processing of pain (Bliss et al., 2016). Meanwhile, the anterior cingulate cortex is a critical hub for emotion disorders caused by pain, such as depression (Barthas et al., 2015). In a study of the electroacupuncture effect in a complete Freund’s adjuvant-induced inflammatory hyperalgesia rat model, authors found that 10 Hz of electroacupuncture at GB30 significantly inhibited complete Freund’s adjuvant-induced place aversion assessed through conditioned place avoidance, indicating that electroacupuncture inhibited the emotional response. Intra-rostral anterior cingulate cortex administration of antagonists against opioid receptor antagonist blocked electroacupuncture action, which demonstrated that electroacupuncture activated opioid receptors in the rostral anterior cingulate cortex to inhibit the emotion of pain (Zhang et al., 2011).



Plasma Met-Enkephalin

Plasma met-enkephalin is involved in acupuncture relief of pain and psychiatric symptoms. A study in patients with chronic pain and serious psychiatric difficulties indicated that acupuncture treatment was associated with significant improvement in both pain and depression, and the degree of symptom relief was correlated with the degree of post-acupuncture increase in plasma met-enkephalin immunoreactivity. However, acupuncture did not change the level of plasma β-endorphin concentrations. In addition, patients with a lower baseline plasma met-enkephalin concentration were more likely to get successful acupuncture pain relief (Kiser et al., 1983).



SUMMARY AND FUTURE DIRECTIONS

Overall, the results indicate that studies of the use of acupuncture to promote psychological states in patients with chronic pain show promising results, although high-quality and large sample size studies are needed. At present, psychological disorders caused by chronic pain have been proven to be associated with anterior cingulate cortex hyperactivity and long-term potentiation (Bliss et al., 2016; Sellmeijer et al., 2018); functional impairment in noradrenergic circuits associated with locus coeruleus and prefrontal cortex (Alba-Delgado et al., 2013); increased glutamate level at the hippocampus (Fasick et al., 2015); the dysfunction of the mesolimbic dopamine system (Finan and Smith, 2013; Serafini et al., 2020); the dysfunction of the serotoninergic system in the dorsal raphe nucleus (Zhou et al., 2019); the dysfunction of opioid receptors in the amygdala (Narita et al., 2006) and the nucleus accumbens and its interactions with the medial prefrontal cortex and midbrain dopaminergic neurons (Benarroch, 2016). Several potential mechanisms of acupuncture for psychological disorders caused by chronic pain have been suggested, such as regulating the activity of amygdala and insula. Furthermore, functional connectivity of insular and limbic regions/medial prefrontal cortex was regulated by acupuncture. In addition, 5-HT in the dorsal raphe nucleus, opioid receptors in the cingulate cortex, and plasma met-enkephalin were involved in acupuncture relief of psychological symptoms caused by chronic pain.

Even if true acupuncture interventions do not seem to be superior to sham acupuncture (Karst et al., 2001; Linde et al., 2005; Melchart et al., 2005; Witt et al., 2005; Cho et al., 2013), in some cases, we cannot ignore the effect of acupuncture. This is because sham acupuncture (even if non-penetrating needles) may have direct physiological effects (Lund and Lundeberg, 2006; Napadow et al., 2009; Liu et al., 2017), and acupuncture may have a significant placebo effect, especially in studies with continuous subjective outcomes. Acupuncture involves repeated sessions, which do intense acupuncturist contact. If there is a good patient–therapist relationship, these regular visits may reduce anxiety, acquire social support, and improve well-being (Feine and Lund, 1997). However, acupuncture is more than a placebo. The total effects of acupuncture include the specific effects related to correct needle insertion according to acupuncture theory, non-specific physiologic effects of needling, and non-specific psychological effects (Vickers et al., 2012). Additionally, evidence showed that placebo effect was small and probably not at all of any clinical relevance in terms of long-term effects (Carlsson, 2002). In contrast, the effect of acupuncture for patients with psychological disorders caused by chronic pain can persist from 3 months to 3 years (He et al., 2004, 2005; Hansson et al., 2007; MacPherson et al., 2017).

It should be noted that acupuncture cannot improve emotional symptoms caused by chronic pain in some cases. We consider several possible explanations. First, it may be related to the severity of disease. Generally, a less depressed patient is more likely to respond to any therapy for chronic pain (Lewith and Kenyon, 1984), and a patient with severe pain is less likely to respond to acupuncture in psychological states (Williamson et al., 2007). Second, it may be related to individual differences. A study that separated the patients with chronic pain into responders or non-responders, found that the responder group had an average pain reduction following acupuncture of 74%; instead, the non-responder group actually reported an average 2% more pain following acupuncture. Other outcomes were similar to these results (Toomey et al., 1977). Another study showed that the baseline gray matter volume of the medial prefrontal cortex was significantly associated with the improvement in migraine symptoms after sham acupuncture treatment. In other words, individual differences of the baseline brain structure in the pain modulatory system served as a substrate in predicting the prognosis of acupuncture treatment in migraineurs (Liu et al., 2017). Third, it may be related to sex. The prevalence rates of pain and psychological disorders were higher in women than in men. Furthermore, women are more sensitive to acupuncture treatment. A study found that the prevalence of depression/anxiety was 27 and 14% between women and men; for pain, 24 and 19%, respectively (Narusyte et al., 2020). Another study assessed the effects of acupuncture on mood expressions in patients with chronic pain. It showed that for women, positive mood scales highly significantly increased and negative mood scales decreased after acupuncture treatment in their intensity highly. However, there was no significant influence of acupuncture on positive or negative mood scales of the male patients (Acker et al., 2015).

Demand for mind–body therapy approaches in the treatment of psychological disorders caused by chronic pain is high, and their use is increasing. It is generally known that acupuncture is a time-honored form of pain relief. The effect and mechanisms of acupuncture on persistent pain have been widely studied (Zhang et al., 2014). Accumulated evidences indicate that acupuncture can also function as a somatosensory-guided mind–body therapy to treat psychological disorders caused by chronic pain (Napadow et al., 2009). Although there is an increased use of acupuncture in clinical practice, due to the shortcomings of current research, these data remain inconclusive about its effectiveness in the management of psychological disorders caused by chronic pain. First, in RCTs, the psychological states assessment is usually used as secondary outcomes and has not received enough attention. In addition, most studies have not directly compared the connection between pain relief and psychological states. Second, the sample size of most RCTs is small, which is associated with an overestimation of treatment effects. Further, the scientific merits of some studies are often limited owing to the poor study design, with non-randomized controls. Third, although many nuclei have been found to be involved in acupuncture inhibition of psychological disorders caused by chronic pain, it is not clear how they work together.

In the future, large randomized trials and well-designed studies would be needed to investigate the effect of acupuncture on psychological states in people with chronic pain. In order to be effective, the comprehensive assessment-treatment of recalcitrant chronic pain and related psychological states is needed. More reasonable sham interventions also need to be designed to minimize the placebo effect of acupuncture. Additionally, the role of the genetic factors and sex are also an especially promising new area of research that should provide even greater insights into etiological mechanisms of psychological disorders caused by chronic pain that may account for important individual differences in the pain and emotion experience and one’s response to it. Finally, how the emotion/pain-related brain nuclei work together and the peripheral mechanism of acupuncture on chronic pain-related psychological states should be further studied.



CONCLUSION

In chronic pain conditions (headache, osteoarthritis, fibromyalgia, chronic neck and shoulder pain, low back pain, and cancer pain), acupuncture may improve pain and psychological disorders. Acupuncture may mediate its anti-pain, anti-anxiety, anti-depression, and other therapeutic effects via regulating brain regions and their related substances. These brain regions play a central role in pain as well as in the regulation and integration of emotion and sensorimotor functions. However, the effect of acupuncture remains to be assessed in large and well-designed clinical trials. Further, there is a clear need for further studies to investigate the peripheral mechanism of acupuncture on chronic pain-related psychological states.
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Neuregulin1-ErbB4 Signaling in Spinal Cord Participates in Electroacupuncture Analgesia in Inflammatory Pain
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Chronic inflammatory pain is a severe clinical symptom that aggravates the life quality of patients and places a huge economic burden on individuals and society. As one complementary and alternative therapy, electroacupuncture (EA) is widely used in clinical practice to treat chronic inflammatory pain based on its safety and efficacy. Previous studies have revealed the potential role of adenosine, neuropeptides, and inflammatory factors in EA analgesia in various pain models, but the identity of some of the signaling pathways involved remain unknown. In the present study, we explored whether neuregulin1 (NRG1)-ErbB4 signaling is involved in EA analgesia in inflammatory pain. Repeated EA treatment at the acupoints Zusanli (ST36) and Sanyinjiao (SP6) for 3 consecutive days remarkably attenuated mechanical allodynia and thermal hyperalgesia in complete Freund’s adjuvant (CFA)-treated mice, with an increased expression of NRG1 in spinal cord (SC). We found that ErbB4 kinase participated in both the EA and NRG1 mediated analgesic effects on inflammatory pain by pharmacological inhibition or genetic ablation ErbB4 in vivo. Intriguingly, the mice with conditional knockout of ErbB4 from PV+ interneurons in SC showed abnormal basal mechanical threshold. Meanwhile, NRG1 treatment could not relieve tactile allodynia in PV-Erbb4–/– mice or AAV-PV-Erbb4–/– mice after CFA injection. These experimental results suggest that regulating NRG1-ErbB4 signaling in SC could reduce pain hypersensitivity and contribute to EA analgesia in inflammatory pain.

Keywords: inflammatory pain, electroacupuncture, analgesia, neuregulin1, ErbB4, spinal cord


INTRODUCTION

Chronic inflammatory pain is a severe clinical symptom, which compromises the life quality of patients and causes a huge economic burden on and individuals and society. The drugs commonly used in pain management have shown various side effects, and many opioid analgesics can lead to tolerance and addiction problems (Eidson and Murphy, 2019; Wang, 2019). Electroacupuncture (EA), a specialized form of classical acupuncture, has been widely recognized and used in clinical practices in different countries based on its efficacy in pain management (Chassot et al., 2015; Wang et al., 2018b). There is growing evidence that EA effectively alleviates chronic inflammatory pain in rodents (Kim et al., 2012; Gao et al., 2018; Han et al., 2019). For example, EA at 2 Hz in Zusanli (ST36) and Sanyinjiao (SP6) has been widely used to reduce pain hypersensitivity (Kim et al., 2012; Han et al., 2019). Given that gate control theory is closely related to acupuncture analgesia, interneurons in spinal dorsal horn may be involved in the effect of EA (Ondrejkovicova et al., 2016). Additionally, previous studies have revealed the potential role of adenosine, neuropeptides, and inflammatory factors in EA analgesia in various pain models (Han, 2004; Goldman et al., 2010; Li et al., 2019; Zhao et al., 2020). However, whether there are other vital signaling pathways in spinal cord (SC) involved in EA analgesia remains unknown.

Neuregulin 1 (NRG1), a member of the epidermal growth factor family, generates six types of proteins (I–VI) and its receptor tyrosine-protein kinase erbB-4 (ErbB4) plays a crucial role in the assembly of the GABAergic circuitry, myelination of axonal processes, regulation of neurotransmission, and synaptic plasticity (Mei and Xiong, 2008; Mei and Nave, 2014). Our previous studies have demonstrated that ErbB4 is expressed in GABAergic interneurons (Chen et al., 2010; Wen et al., 2010; Bean et al., 2014), and NRG1-ErbB4 signaling participates in GABAergic transmission in the central nervous system including in the hippocampus and cortex (Woo et al., 2007; Chen et al., 2010). It is worth noting that NRG1 is highly expressed in dorsal root ganglion (DRG) neurons, especially in large-diameter DRG cells (Calvo et al., 2010). In particular, NRG1 type III is the most prominent form in motoneurons of the spinal cord and sensory neurons of DRG; it is crucial for myelination of axonal processes in the peripheral nervous system (Mei and Nave, 2014). As a result, the most likely source of NRG in the dorsal horn is therefore likely to be primary afferent terminals (Calvo et al., 2010). However, a previous study also indicated the expression of NRG1 in astrocytes and neurons in rat lumbar SC (Lacroix-Fralish et al., 2008). Although there is some evidence of NRG1-ErbB4 signaling during neuropathic pain (Kanzaki et al., 2012; Dai et al., 2014; Wang et al., 2014; Xiang et al., 2015), the reported effect of NRG1 on pain remains contradictory. Previous studies indicated that EA could increase the expression of NRG1 in muscle (Yu et al., 2016; Yang et al., 2017), which suggests a potential link between EA and NRG1. Currently, the role of NRG1-ErbB4 signaling in inflammatory pain and EA analgesia still remains unknown.

In our current study, we provide evidence that NRG1-ErbB4 signaling at SC participates in the effect of EA on relieving mechanical allodynia and thermal hyperalgesia in CFA-induced inflammatory pain mice. We found that EA treatment can increase the expression of NRG1 at DRG and SC. Meanwhile, both intrathecal delivery of NRG1 at SC or EA treatment ameliorated pain hypersensitivity in CFA-treated mice, but combined EA and NRG1 treatment could not further enhance the analgesic effect on inflammatory pain. Moreover, pharmacological inhibition or neutralizing ErbB4 receptor not only prevented the analgesic effect of NRG1 and weakened the analgesic ability of EA, but also resulted in a lower mechanical threshold in inflammation pain. Furthermore, genetic ablation of ErbB4 from PV interneurons did not affect thermal hyperalgesia in inflammatory pain, but caused mechanical hypersensitivity and prevented the alleviation of tactile allodynia by NRG1 signaling. Our results indicate potential roles for Neuregulin1-ErbB4 signaling in SC in allodynia and EA analgesia in inflammatory pain.



MATERIALS AND METHODS


Experimental Animals

Male C57BL/6 mice (8–10 weeks old) were obtained from Sun Yat-sen University Laboratory Animal Center (Guangzhou, China). PV-Cre and LoxP-flanked Erbb4 (Erbb4f/f) mice were described in our previous studies (Chen et al., 2010; Wen et al., 2010). PV-Cre mice were crossed with Erbb4f/f mice to generate PV-Cre; Erbb4–/– (PV-Erbb4–/–) mice, with Erbb4f/f mice as a control. For conditional knockout of ErbB4 in PV interneurons in spinal dorsal horn, Adeno-associated viruses (AAV) were injected into the spinal cord in Erbb4f/f mice. For immunofluorescence staining, mice with targeted knock-in transgenes Erbb4:CreERT2 (Erbb4-CreER) and Rosa:LSL-tdTomato mice were used as described in our previous study (Bean et al., 2014). The details of genotyping primers of transgenic mice are listed: PV-Cre, 5′-TTC GCA AGA ACC TGA TGG AC-3′ and 5′-CAT TGC TGT CAC TTG GTC GT-3′; Erbb4f/f, 5′-AAA TCA TCC TCT TGT GTG CTT TTG TAC-3′ and 5′-CTC GGT ACT GCT GTT CCA GGT CAG A-3′; Erbb4-CreER, 5′-CCT GCA GGA ATA CAG CAC AA-3′, 5′-AAA GAT GGG GCT CTT TGA CA-3′ and 5′-GGG AGG ATT GGG AAG ACA AT-3′; Rosa:LSL-tdTomato, 5′-AAG GGA GCT GCA GTG GAG TA-3′, 5′- CCG AAA ATC TGT GGG AAG TC-3′, 5′-GGC ATT AAA GCA GCG TAT CC-3′ and 5′- CTG TTC CTG TAC GGC ATG G-3′. The mice were individually housed in cages under standard environment (12 h light/dark cycles at 22 ± 2°C and 50–60% humidity) and had free access to food and water. All of the animal procedures were approved by the Animals Care and Use Committee of Guangzhou University of Chinese Medicine (20171002), and were conducted according to the guidelines of the International Association for the Study of Pain (Demers et al., 2006).



Animal Model

To induce inflammatory pain in mice, 30 μL complete Freund’s adjuvant (CFA, Sigma-Aldrich) or 20 μL carrageenan (1%, Sigma-Aldrich) was injected into the plantar surface of the left hindpaw under brief anesthesia with 3% isoflurane. The control group animals received equal volume of saline (Sikandar et al., 2018; Xu et al., 2019). CFA injection was performed at day 0, baseline threshold was tested prior to CFA injection (day −1), and the nociceptive threshold was tested in the ipsilateral hind paw after injection.



Drug Treatment

The recombinant human Neuregulin-1/Heregulin-β1 (NRG1, ProSpec) polypeptide chain (a.a 177-241) and ecto-ErbB4, a neutralizing peptide blocking NRG1 activation of ErbB kinases, were prepared in 0.1% BSA (vehicle). AG-1478 (ApexBio), an ErbB4 inhibitor, was dissolved in DMSO (Sigma-Aldrich). The drug doses were selected on the basis of previous reports and our preliminary studies. NRG1 (Lacroix-Fralish et al., 2008; Calvo et al., 2010), ecto-ErbB4 (Woo et al., 2007) and AG-1478 (Araldi et al., 2018) were delivered intrathecally at concentration of 10 nM, 1 μg/mL, and 5 μM in a volume of 2 μL, respectively, for 3 consecutive days after intraplantar injection of CFA. Tamoxifen was administrated following our previous protocols with modification (Wang et al., 2018a). Simply, Tamoxifen (Sigma-Aldrich) was dissolved in corn oil at 20 mg/ml. Mice (8 weeks old) were intraperitoneally injected with Tamoxifen at 100 mg/kg/day (i.p.) for 5 consecutive days.



EA Treatment

EA treatment was carried out at the left acupoints Zusanli (ST36) and Sanyinjiao (SP6) when mice was under anesthetization with 2% isoflurane (Han et al., 2019). Two acupuncture needles (0.25 mm × 13 mm) were inserted at a depth of 2–3 mm deep into the two acupoints. EA stimulation was performed with the electrical current of 1.0 mA, a pulse width of 100 μs and a frequency of 2 Hz, 10 Hz or 100 Hz for 30 min by using a Master-8 Eight Channel Programmable Pulse Generator (AMPI) and 2 ISO-Flex stimulus isolators (AMPI) (Wu et al., 2013). EA treatment was performed once per day starting after the day of CFA injection for 3 times.



Viral Injection

To knockout ErbB4 in PV-expressing interneurons specifically, the rAAV-fPV-CRE-pAs (titers: 3.38 × 1012 VG/ml, BrainVTA, China) was injected into spinal dorsal horn of Erbb4f/f mice. The mice were anesthetized with 1.25% Avertin (0.2 ml/10 g body weight, i.p.) and fixed in the stereotaxic apparatus by attaching clamps to the vertebral column (RWD Instruments, China). Before the laminectomy, shave the fur from the lower back and disinfect the skin with 75% ethanol. Then, incise the skin and separate the fascia covering the spine. After removing the dorsal portion of the vertebra and expose the spinal cord, the virus (0.5 μl/injection) was injected into the dorsal horn (500 μm lateral and 250 μm deep) using a glass micropipette connected to a Quintessential Stereotaxic Injector (Stoelting, Wood Dale, IL, United States). Mice were allowed to recover for at least 3 weeks after virus injection before experiments.



Behavioral Tests

Mechanical withdrawal threshold was assessed by using the “up-down” method (Chaplan et al., 1994). Briefly, mice were placed in a Plexiglas chamber on an elevated mesh floor. After an acclimation period of 30 min, we stimulated the plantar surface of the left hindpaw vertically with calibrated von Frey filaments (Ugo Basile, Italy) with ascending order and bent the monofilament for 5 s to the plantar surface with enough force. Brisk withdrawal or paw flinching was considered as a positive response.

Thermal latency of paw withdrawal was tested by using a radiant heat apparatus (Ugo Basile, Italy) and the Hargreaves method (Hargreaves et al., 1988). Each mouse was allowed to acclimate for approximately 30 min in a clear plastic chamber. The plantar surface of the left hind paw was exposed to a noxious thermal beam until the mouse withdrew the paw. A cutoff latency of 20 s was set to avoid potential injury. Each test was performed at a 5-min interval and an average of three values from the same mouse was regarded as the latency.

To avoid the effect of spontaneous motor activity and sensorimotor coordination on nociceptive behavioral tests, open field test and rotarod test were performed as described previously (Duan et al., 2014; Jiang et al., 2018). For open field test, mice were placed into the center of the chamber (40 cm × 40 cm × 40 cm) which located in a sound proof box and allowed to explore for 30 min. Motor activity was recorded with an infrared camera and total distance during 30 min was measured (Jiliang Software Technology, China). The chamber was cleaned with 75% ethanol and dried thoroughly after each test session. For rotarod test, mice were trained and tested on the accelerating rotarod (Jiliang Software Technology, China). Mice were trained to stay on the rotarod moving at 5 rpm for 5 min for 2 consecutive days. On the third day, the rotarod test was performed. The rotarod rotation rate was increased from 4 to 40 rpm over 5 min. Each mouse was tested twice at a 20-min interval, and the time of falling was automatically recorded; the average falling time was defined as the rotarod latency.



ELISA

Lumbar spinal cords and DRGs (L3–L5) were excised immediately from mice under deep anesthesia with Avertin after transcardial perfusion with 0.9% sterile saline on day 3 after CFA injection. The spinal segments and DRGs were homogenized on ice in a RIPA lysis buffer (Beyotime Biotechnology, China) containing containing protease and phosphatase inhibitor (Sigma-Aldrich) before centrifugation. The Enhanced BCA Protein Assay kit (Beyotime Biotechnology) was used to determine the total protein concentration in the supernatant. The concentrations of NRG1 in DRG and spinal cord were determined with an ELISA kit (Elabscience Biotechnology, China) according to the manufacturer’s instructions. The absorbance at 450 nm was quantified with a microreader (Biotek Elx800, Winooski, VT, United States).



Immunofluorescence

Immunofluorescence staining was performed as previously described (Sun et al., 2017). Briefly, anesthetized mice were transcardially perfused with 0.9% saline followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer. Lumbar spinal cords (L3–L5) and DRGs were quickly removed and post-fixed in PFA overnight at 4°C. Then the tissues were transferred to 0.1 M phosphate buffer containing 30% sucrose at 4°C. The 40-μm-thick sections prepared by cryostat were washed 3 times and then blocked in 5% goat serum containing 0.3% Triton X-100 for 1 h at room temperature (RT). After incubation in the primary antibody overnight at 4°C, sections were incubated with the secondary antibodies at RT for 2 h and then were counterstained with DAPI. For primary antibodies, we used rabbit anti-CGRP (1:500, ImmunoStar, United States), Isolectin IB4 Conjugate (1:500, Invitrogen, United States), mouse anti-PKC-γ (1:200, Santa Cruz Biotechnology, United States), mouse mouse anti-PV (1:2000, Sigma-Aldrich, United States), rabbit anti-VGAT (1:500, Millipore, United States); For secondary antibodies, we used Alexa Fluor 488 goat anti-rabbit and Alexa Fluor 488 goat anti-mouse (1:500, Abways Technology, China). The Fluorescence images were captured using a laser scanning confocal microscope (Nikon A1 Confocal System, Japan).



Western Blot

Western blot was performed as our previous study (Xu et al., 2019). In brief, the L3–L5 spinal tissues were collected and homogenized in a RIPA lysis buffer under deep anesthesia with Avertin. Protein concentrations were quantified by the Enhanced BCA Protein Assay Kit (Beyotime Biotechnology), and all samples were adjusted to 4.0 mg/mL. The extracted protein was boiled for 5 min at 95°C with 5 × loading buffer (Beyotime Biotechnology), and an equal volume of the protein mixture was loaded onto an SDS-PAGE gel and transferred onto PVDF membranes in a Western blot system (Bio-Rad, Hercules, CA, United States) at an appropriate voltage and duration. The membranes were blocked with 5% non-fat milk for 1 h at RT before being probed with the primary antibodies: rabbit anti-ErbB4 (1:1000, Cell Signaling Technology, United States), mouse anti- ErbB4 (1: 500, Santa Cruz Biotechnology, United States), or rabbit anti-Neuregulin-1 (1: 500, Santa Cruz Biotechnology, United States) at 4°C overnight followed by incubation with goat anti-rabbit or goat anti-mouse HRP-conjugated secondary antibodies (1:4000; Abbkine) for 1 h at RT. Immunoblots were visualized with a chemiluminescence system (Peiqing Science and Technology, China). Densitometry of the selected bands was determined using ImageJ software (NIH, Bethesda, MD, United States).



Statistics

All statistics were calculated using SPSS 21.0 software. Data are presented as the mean ± SEM. The mechanical withdrawal threshold and thermal latency between different groups over time were tested with repeated two-way ANOVA followed by Bonferroni post hoc tests. One-way ANOVA followed by Bonferroni post hoc tests was used to evaluate concentration of NRG1, total distance and rotarod latency from different groups. The mechanical threshold and thermal latency between two groups were tested with unpaired t test. Statistical significance was set at p < 0.05.



RESULTS


EA Ameliorated Pain Hypersensitivity in CFA-Treated Mice With Altered NRG1 Levels in SC

To confirm the effect of EA on chronic inflammatory pain, we injected 30 μL CFA into the plantar surface of the left hind paw of mice followed by EA treatment at acupoints ST36 and SP6 for 30 min once per day for 3 consecutive days (Figures 1A,B). Inflammatory phenotypes in the injected paw induced by CFA lasted for 2 weeks as described previously and including edema, redness and hypersensitivities to noxious stimuli (Kumar et al., 2016; Jiang et al., 2018). We found that the basic mechanical withdrawal threshold and thermal latency in the three groups were similar; the injection of CFA significantly decreased the mechanical threshold and thermal latency of mice, which was ameliorated by EA treatment [F(2,27) = 147.2, p < 0.0001; F(2,27) = 173.3, p < 0.0001, respectively; Figures 1C,D]. Meanwhile, we compared the analgesic effect of EA at 2, 10 and 100 Hz. Consist with previous studies (Han, 2003; Zhang et al., 2018; Du et al., 2020), EA at different frequencies all relieved the pain hypersensitivity [F(4,45) = 29.37, p < 0.0001; F(4,45) = 80.26, p < 0.0001, respectively; Supplementary Figure 1]. Thus, EA at 2 Hz was chosen for further experiments (Zhu et al., 2019).
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FIGURE 1. EA effectively reduces pain hypersensitivity by increased NRG1 in CFA-treated mice. (A,B) Experimental design of EA performed in ST 36 and SP 6 at 1 mA, 2 Hz for 30 min after injection of CFA. Male C57BL/6 mice received CFA injection into the plantar surface of the left hindpaw on day 0. EA was performed each day from day 1 to day 3. Both mechanical (von Frey) and thermal (Hargreaves method) pain behaviors were tested from day –1 to day 14. (C,D) The mechanical withdrawal threshold in response to von Frey filaments (C) and the paw withdrawal latency to a noxious thermal beam (D) in mice treated with Saline, CFA and CFA + EA. n = 10 mice per group. *p < 0.05, **p < 0.01 vs. the CFA group. # p < 0.05, ## p < 0.01 vs. the Saline group. (E,F) The concentration of NRG1 in DRG (E) and spinal cord (F) were detected by ELISA. n = 4–5 mice per group. (C–F) Data are expressed as means ± SEM. (E,F) *p < 0.05, **p < 0.01.


To investigate the expression of NRG1 in DRG and spinal cord during the CFA-induced chronic inflammatory pain with or without EA treatment, we used ELISA analysis to test the expression of NRG1 in DRG and SC 3 days after CFA injection. We found that CFA injection reduced the level of NRG1 in both DG and SC. However, this decrease in SC was reversed by EA treatment, but not in DRG [F(2,9) = 9.260, p = 0.0065; Saline vs. CFA, p = 0.0044; CFA vs. CFA + EA, p = 0.3810; F(2,12) = 7.642, p = 0.0072; Saline vs. CFA, p = 0.0206; CFA vs. CFA + EA, p = 0.0067, respectively; Figures 1E,F]. These results indicate that reduced CFA-induced inflammatory pain hypersensitivity by EA may be related to the increased expression level of NRG1 in SC.



Intrathecal NRG1 Delivery Ameliorated Pain Hypersensitivity Through the ErbB4 Receptor

To directly verify whether the alleviated pain hypersensitivity in CFA-induced chronic inflammatory pain was the result of the upregulation of NRG1, mice were intrathecally injected with NRG1 once per day for 3 consecutive days after CFA injection (Figure 2A). Compared with the CFA + Vehicle group, mice in the CFA + NRG1 group showed increased mechanical threshold and thermal latency [F(3,36) = 67.32, p < 0.0001; F(3,36) = 64.07, p < 0.0001, respectively; Figures 2B,C]. Moreover, intrathecal delivery of ecto-ErbB4, a peptide neutralizing endogenous and exogenous NRG1 (Woo et al., 2007; Chen et al., 2010), blocked the effect of NRG1 on mechanical threshold and thermal latency in CFA mice (Figures 2B,C). In addition, AG1478, an inhibitor of the ErbB4 receptor, was applied in another inflammatory pain model induced by intraplantar injection of 1% carrageenan. The similar results were observed [F(3,36) = 114.5, p < 0.0001; F(3,36) = 99.29, p < 0.0001, respectively; Figures 2D,E]. Taken together, these data indicate that NRG1 has a specific analgesic effect on chronic inflammatory pain through the ErbB4 receptor in SC. Intriguingly, we found both inhibiting and neutralizing of the ErbB4 receptor resulted in lower mechanical threshold in mice with CFA or carrageenan injection, but the value of thermal latency was not affected (Figures 2B–E). This result suggests the involvement of endogenous NRG1 in regulating mechanical pain hypersensitivity.
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FIGURE 2. NRG1 effectively reduces pain hypersensitivity in CFA or Carrageenan-treated mice. (A) Experimental design of NRG1, ecto-ErbB4 or AG1478 intrathecally injected into spinal cord after CFA injection. Pain-related behaviors were tested from day –1 to day 7. (B,C) The mechanical withdrawal threshold (B) and the paw withdrawal latency (C) in mice treated with Saline, CFA + vehicle, CFA + NRG1 and CFA + ecto-ErbB4 + NRG1 group. *p < 0.05, **p < 0.01 vs. the CFA + vehicle group. #p < 0.05, ##p < 0.01 vs. the CFA + NRG1 group. (D,E) The mechanical withdrawal threshold (D) and the paw withdrawal latency (E) in mice treated with Saline, Carrageenan + vehicle, Carrageenan + NRG1 and Carrageenan + AG1478 + NRG1 group. *p < 0.05, **p < 0.01 vs. the Carrageenan + vehicle group; #p < 0.05, ##p < 0.01 vs. the Carrageenan + NRG1 group. (B–E) n = 10 mice per group. Data are presented as means ± SEM.




The ErbB4 Receptor Participates in the Effect of EA on CFA-Induced Hyperalgesia

To investigate whether NRG1-ErbB4 signaling is involved in EA analgesia, we performed intrathecal injection of AG1478 after CFA treatment (Figure 3A). We found that application of AG1478 partly blocked the effect of EA on CFA-induced pain hypersensitivity, including mechanical allodynia and thermal hyperalgesia [F(4,45) = 86.45, p < 0.0001; F(4,45) = 56.82, p < 0.0001, respectively; Figures 3B,C]. To exclude the possible effect of the motor ability of mice by AG1478 delivery on analgesia analysis, open field and rotarod tests were performed. The total distance and latency to fall were not affected by AG1478 administration with or without EA, indicating normal locomotion and motor performance [F(4,45) = 0.07547, p = 0.9893; F(4,45) = 0.1619, p = 0.9565, respectively; Supplementary Figure 2]. These results indicate that activation of the ErbB4 receptor in SC is involved in the EA analgesic effect on inflammatory pain.
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FIGURE 3. ErbB4 receptor is required for the effect of EA on CFA-induced hyperalgesia. (A) Experimental design of EA treatment, intrathecal injection of NRG1 or AG1478 in CFA-treated mice. Pain-related behaviors were tested from day –1 to day 7. (B,C) The mechanical threshold (B) and thermal latency (C) in mice treated with Saline, CFA + vehicle, CFA + EA, CFA + AG1478, and CFA + AG1478 + EA group. *p < 0.05, **p < 0.01 vs. the CFA + vehicle group; #p < 0.05, ##p < 0.01 vs. the CFA + AG1478 + EA group. (D,E) The mechanical threshold (D) and thermal latency (E) in mice treated with Saline, CFA + vehicle, CFA + EA, CFA + NRG1 and CFA + NRG1 + EA group. *p < 0.05, **p < 0.01 vs. the CFA + vehicle group. (B–E): n = 10 mice per group. Data are presented as means ± SEM.


If NRG1-ErbB4 signaling in SC participates in the mechanism of EA to ameliorate inflammatory pain, then NRG1 administration should not be able to further promote the analgesic effect of EA. To test this hypothesis, we injected CFA into the plantar surface of the left hind paw of mice followed by EA and intrathecal NRG1 delivery. We found that the analgesic effect in mice with combined application of NRG1 and EA treatment was not different from the mice with only NRG1 or EA treatment [F(4,45) = 53.78, p < 0.0001; F(4,45) = 30.21, p < 0.0001, respectively; Figures 3D,E]. These results provide further evidence that NRG1-ErbB4 signaling participates in EA analgesia in CFA-induced pain hypersensitivity.



ErbB4 Positive Neurons Are Co-labeled With PV Positive Neurons in Laminae III of SC

To uncover the potential role of ErbB4 in pain modulation, we investigated the expression pattern of ErbB4 in SC and DRG. To mark ErbB4 positive (ErbB4+) neurons, Erbb4:CreERT2 (Erbb4-CreER) mice were crossed with Rosa:LSL-tdTomato mice to generate Erbb4-CreER;Rosa:LSL-tdTomato (Erbb4-td) mice (Figure 4A; Bean et al., 2014). Spinal neurons expressing ErbB4 were labeled with the red fluorescent tdTomato protein after Tamoxifen administration (Figure 4B). As shown in Figure 4B, ErbB4+ neurons were located in the spinal dorsal horn but not DRG. We next performed double-staining immunofluorescence with lamina-specific markers. ErbB4+ neurons were located deeper than the CGRP+ terminals in lamina II outer layer and IB4+ fibers in lamina II dorsal inner layer, and partially overlapped with PKC-γ neurons (Figure 4C), which was consistent with previous results showing ErbB4 was mainly expressed in Lamina II and III of spinal cord (Wang et al., 2014). In laminae III of SC, approximately 58.5% of ErbB4+ neurons overlapped with the GABAergic inhibitory marker VGAT and 50% of ErbB4+ neurons co-expressed PV (Figures 4D–F). Therefore, ErbB4 labels a subset of inhibitory interneurons co-expressing PV in the lamina III inner layer.
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FIGURE 4. ErbB4 positive neurons are co-labeled with PV positive neurons in laminae III of spinal cord. (A) Breeding diagram for the generation of Erbb4-CreER; Rosa:LSL-tdTomato (Erbb4-td) mice (left). Experimental procedures of Tamoxifen injection after week 8 for 5 consecutive days and immunofluorescence analysis since week 10 (right). (B) The distribution of ErbB4 positive neurons (red) in the spinal cord (left) and DRG (right). Scale bar, 100 μm. (C) Spinal sections from Erbb4-td mice showing tdTomato signals (red) and CGRP, IB4 or PKC-γ (green). Scale bar, 100 μm. (D) Overlapping of ErbB4 (red) and VGAT (green). Scale bar, 100 μm. (E) Double labeling of ErbB4 (red) and PV (green) in laminae III. Left: scale bar, 50 μm. Right: scale bar, 10 μm. (F) The quantification of co-expression of ErbB4 and PKC-γ, VGAT or PV from spinal sections.




Ablation of ErbB4 From PV Neurons Blocks the Effect of NRG1 on CFA-Induced Mechanical Hyperalgesia

To investigate whether ErbB4 receptors in PV neurons in SC are essential to the EA analgesic effect on inflammatory pain, we generated two kinds of mice with knockout of ErbB4 in PV+ interneurons. PV-Cre mice were crossed with Erbb4f/f mice to generate PV-Cre; Erbb4–/– (PV-Erbb4–/–) mice (Figure 5A; Chen et al., 2010; Wen et al., 2010). To knockout target gene in PV-expressing interneurons specifically in SC, AAV containing PV-Cre was injected into the lumbar dorsal horn of Erbb4f/f mice (Figure 5B). The expression of ErbB4 was significantly decreased in SC in AAV-PV-Erbb4–/– mice (Supplementary Figure 3). PV-Erbb4–/– mice or AAV-PV-Erbb4–/– mice received intraplantar injection of CFA at day 0 and NRG1 for 3 consecutive days after CFA injection (Figure 5C). Intriguingly, we found that the basal mechanical threshold was decreased in PV-Erbb4–/– mice compared with control littermates, but thermal latency was unchanged (left: unpaired t test, t = 4.511, p = 0.0003; right: unpaired t test, t = 5.867, p < 0.0001; left: unpaired t test, t = 0.2426, p = 0.8111; right: unpaired t test, t = 0.2189, p = 0.8292, respectively; Figures 5D,E). These results suggest that ablation of ErbB4 from PV+ neurons increased mechanical sensitivity to von Frey filaments due to abnormal NRG1-ErbB4 signaling. Next, we assessed the effect of NRG1 on inflammatory pain in PV-Erbb4–/– mice and Erbb4f/f mice. In contrast to PV-Erbb4–/– mice, administration of NRG1 relieved mechanical allodynia induced by CFA in Erbb4f/f mice [F(3,36) = 16.24, p < 0.0001; Figure 5F]. Meanwhile, ablation of ErbB4 from PV+ neurons did not block the analgesic effect of NRG1 on CFA-induced thermal hyperalgesia [F(3,36) = 9.701, p < 0.0001; Figure 5G]. These data suggest that ErbB4 receptors in PV+ neurons are necessary for NRG1 to alleviate mechanical allodynia but not thermal hyperalgesia in CFA-treated mice. Similarly, the mutation only decreased the basal mechanical threshold (Figures 5D,E) and NRG1 failed to alleviate mechanical allodynia in AAV-PV-Erbb4–/– mice [F(3,36) = 29.03, p < 0.0001; Figure 5H], while thermal hyperalgesia was still relieved by NRG1 [F(3,36) = 13.68, p < 0.0001; Figure 5I]. The above results suggest that ErbB4 receptors in PV neurons in SC participate in the EA analgesic effect on CFA-induced mechanical allodynia, but not thermal hyperalgesia.
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FIGURE 5. Ablation of ErbB4 from PV neurons blocks the effect of NRG1 on CFA-induced mechanical hyperalgesia (A) Breeding diagram for the generation of PV-Cre; Erbb4–/– (PV-Erbb4–/–) mice. (B) Scheme showing that rAAV-fPV-CRE-pAs was injected into spinal dorsal horn in Erbb4f/f mice. (C) Experimental procedures of EA or NRG1 treatment in PV-Erbb4–/– mice or AAV-PV-Erbb4–/– mice and their control littermates. (D,E) The mechanical threshold (D) and thermal latency (E) in PV-Erbb4–/– or AAV-PV-Erbb4–/– mice and their controls. *p < 0.05, **p < 0.01. (F,G) Changes of the mechanical threshold (F) and thermal latency (G) in Erbb4f/f and PV-Erbb4–/– mice treated with NRG1 or vehicle after CFA injection. (H,I) Changes of the mechanical threshold (H) and thermal latency (I) in Control and AAV-PV-Erbb4–/– mice treated with NRG1 or vehicle after CFA injection. (D–I): n = 10 mice per group. Data are presented as means ± SEM. (F–I): *p < 0.05, **p < 0.01 vs. the Erbb4f/f + CFA + vehicle group or Control + CFA + vehicle group; #p < 0.05, ##p < 0.01 vs. the PV-Erbb4–/– + CFA + NRG1 group or AAV-PV-Erbb4–/– + CFA + NRG1 group;∈ p < 0.05, ∈∈ p < 0.01 vs. the PV-Erbb4–/– + CFA + vehicle group or AAV-PV-Erbb4–/– + CFA + vehicle group.




DISCUSSION

In our study, we found that NRG1-ErbB4 signaling in SC was involved in the analgesic effect of EA on inflammatory pain. Firstly, EA altered the expression of NRG1 in SC in CFA-induced inflammatory pain mice, with relieved pain hypersensitivity; secondly, the co-application of EA and NRG1 could not enhance EA analgesia; finally, inhibition of NRG1-ErbB4 signaling only attenuated the effect of EA, indicating other mechanisms underlying EA analgesia. Unlike NRG1, a member of the epidermal growth factor family, the relationship between nerve growth factor, including NGF and BDNF, and EA has been investigated in hyperalgesia as well as neuropathic pain (Aloe and Manni, 2009; Manni et al., 2011; Spezia Adachi et al., 2018). EA treatment could decrease the elevated expression of BDNF and NGF in SC in neuropathic pain to relieve pain hypersensitivity (Wang et al., 2016; Tu et al., 2018; Xue et al., 2020), suggesting blockage of the BDNF/TrκB signaling pathway may be a target of EA. Inflammatory pain and neuropathic pain, two main kinds of chronic pain, have been widely investigated. In contrast to neuropathic pain, the effect of NRG1-ErbB4 signaling on inflammatory pain still remains unknown. A previous study indicated that intrathecal injection of NRG1 reversed pain-like behaviors in the SNI model (Wang et al., 2014) possibly via NRG1-ErbB4 signaling (Dai et al., 2014). Consistently, our study suggests that increased expression level of NRG1 by EA plays a necessary role in EA analgesia in inflammatory pain.

In the current study, we found that exogenous NRG1 delivery can relieve mechanical allodynia and thermal hyperalgesia in inflammatory pain mice. However, application of ecto-ErbB4 to neutralize endogenous NRG1 significantly reduced the mechanical threshold but not thermal latency in CFA-treated mice. Meanwhile, ablation of ErbB4 in SC also decreased the basal mechanical threshold with thermal latency unaltered. These results suggest endogenous NRG1 is associated with maintaining the normal mechanical sensation of rodents through ErbB4 kinase. It is worth pointing out that NRG1 may possess distinct functions depending on differential receptor activation in models of neuropathic pain (Dai et al., 2014). Whether thermal sensation is modulated by other ErbB receptors awaits further study. Consistent with this notion, the mice with heterozygous deletion of NRG1 showed reduced baseline pain sensitivity in both the hot plate and tail flick tests (Walsh et al., 2010), indicating a role for NRG1 in thermal sensation. A previous study demonstrated a reduced sensitivity to noxious mechanical stimuli in mice with conditional NRG1 knockout (Fricker et al., 2009). On the other hand, other types of NRG1 may also contribute to mechanical or thermal sensation. For example, type III NRG1 is involved in the perception of noxious temperatures under acute inflammatory conditions. Type III Nrg1± mice displayed deficits in response to noxious heat, as well as in their ability to develop thermal hypersensitivity to pain following capsaicin-induced inflammation of the hindpaw, but they did not show a response to noxious mechanical stimulation (Canetta et al., 2011). Together, these results suggest that NRG1 is essential to the sensation of mechanical and thermal stimuli under inflammation conditions.

Periphery sensory inputs are processed by a local network of excitatory and inhibitory interneurons in the spinal dorsal horn followed by sensation transmission to projection neurons and the brain (Mendell, 2014; Petitjean et al., 2015). Among inhibitory interneurons, four non-overlapping subsets of these have been identified, including PV, galanin, neuropeptide Y (NPY), and neuronal nitric oxide synthase (nNOS) (Tiong et al., 2011). PV interneurons are a key subpopulation of inhibitory neurons in the brain and SC (Tiong et al., 2011; Hu et al., 2014; Ferguson and Gao, 2018). For example, approximately 70% of PV+ interneurons in laminae I–III of the spinal dorsal horn contain GABA and glycine (Hughes et al., 2012; Abraira et al., 2017). These neurons are a likely source of inhibitory presynaptic input on to myelinated primary afferents, which play an important part in mechanical allodynia (Hughes et al., 2012). Ablation of PV+ interneurons in mice in the dorsal horn induced tactile allodynia but no change in the response to thermal stimuli, indicating an important effect of PV+ interneurons on normal bodily sensations (Petitjean et al., 2015). In agreement with this finding, the mice with ablation of ErbB4 from PV+ interneurons showed decreased baseline mechanical threshold but not thermal latency, confirming the effect of PV+ interneurons on maintaining normal mechanical sensation. Consistently, administration of NRG1 could not reverse the tactile allodynia induced by CFA in PV-B4–/– or AAV-PV-B4–/– mice, indicating ErbB4 receptors in PV+ neurons are necessary for the analgesic effect of NRG1 on mechanical pain.

In conclusion, we have demonstrated a novel role for NRG1-ErbB4 signaling in SC in EA analgesia. Increased NRG1-ErbB4 signaling in the spinal dorsal horn contributes to EA effectively reducing inflammatory pain hypersensitivity. Although ErbB4 receptors in PV+ neurons were shown to be involved in the analgesic effect of EA or NRG1 on tactile allodynia, further study is necessary to determine whether other kinds of interneurons with expression of ErbB4 kinase can mediate the effect on thermal hyperalgesia. Taken together, these findings may provide new insights into the clinical treatment of pain and the development of analgesic drugs.
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Supplementary Figure 1 | Effects of EA with 2, 10 and 100 Hz stimulation on the pain hypersensitivity induced by CFA. (A,B) The mechanical withdrawal threshold in response to von Frey filaments (A) and the paw withdrawal latency to a noxious thermal beam (B) in mice treated with Saline, CFA, CFA + 2 Hz, CFA + 10 Hz and CFA + 100 Hz. n = 10 mice per group. Data are expressed as means ± SEM. *p < 0.05, **p < 0.01 vs. the CFA group.

Supplementary Figure 2 | Normal motor activity and sensorimotor coordination after AG1478 administration. (A) The quantification of total distance in open field test in different group. (B) The quantification of latency to fall in rotarod test in different group. n = 10 mice per group. Data are presented as means ± SEM.

Supplementary Figure 3 | Identification of AAV-PV-Erbb4–/– mice with western blot. (A) Representative western blot from Control and AAV-PV-Erbb4–/– mice.
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100 Hz Electroacupuncture Alleviated Chronic Itch and GRPR Expression Through Activation of Kappa Opioid Receptors in Spinal Dorsal Horn

Hong-Ping Li1, Xiao-Yu Wang2, Chao Chen1, Jing-Jing Li1, Chi Yu1, Li-Xue Lin1, Zi-E Yu1, Zhi-Yuan Jin1, He Zhu1, Hong-Chun Xiang1, Xue-Fei Hu1, Jie Cao3, Xiang-Hong Jing2* and Man Li1*

1Department of Neurobiology, School of Basic Medicine, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China

2Institute of Acupuncture and Moxibustion, China Academy of Chinese Medical Sciences, Beijing, China

3Department of Neurology, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China

Edited by:
Tasuku Akiyama, University of Miami Leonard M. Miller School of Medicine, United States

Reviewed by:
Yi-Hung Chen, China Medical University, Taiwan
Tong Liu, Soochow University, China

*Correspondence: Xiang-Hong Jing, jxhtib@263.net; Man Li, liman73@mails.tjmu.edu.cn

Specialty section: This article was submitted to Perception Science, a section of the journal Frontiers in Neuroscience

Received: 03 November 2020
Accepted: 20 January 2021
Published: 16 February 2021

Citation: Li H-P, Wang X-Y, Chen C, Li J-J, Yu C, Lin L-X, Yu Z-E, Jin Z-Y, Zhu H, Xiang H-C, Hu X-F, Cao J, Jing X-H and Li M (2021) 100 Hz Electroacupuncture Alleviated Chronic Itch and GRPR Expression Through Activation of Kappa Opioid Receptors in Spinal Dorsal Horn. Front. Neurosci. 15:625471. doi: 10.3389/fnins.2021.625471

Background: Clinical studies have shown that electroacupuncture (EA) alleviates chronic itch. Gastrin-releasing peptide receptor (GRPR) and dynorphin (DYN) in the spinal dorsal horn positively or negatively regulate itch, respectively. However, which frequency of EA is effective on relieving chronic itch and reducing the expression of GRPR, whether DYN-A in the spinal cord is involved in the underlying mechanism of the antipruritus effect of EA remains unknown.

Methods: The mixture of acetone and diethyl ether (1:1) [designated as AEW (acetone/diethyl ether and water) treatment] was used to induce the dry skin model of chronic itch. EA was applied to Quchi (LI11) and Hegu (LI4). Western blot was used to detect the expression of GRPR and DYN-A. Immunofluorescence was used to detect the expression of DYN-A.

Results: The AEW administration induced remarkable spontaneous scratching, enhanced the expression of GRPR, and reduced the expression of DYN-A. Compared with the sham EA, 2 Hz EA, or 15 Hz EA group, 100 Hz EA was the most effective frequency for relieving chronic itch, reducing the expression of GRPR, and increasing the expression of DYN-A in the cervical dorsal horn. Furthermore, intraperitoneal injection of kappa opioid receptors (KORs) antagonist nor-Binaltorphimine dihydrochloride (nor-BNI) significantly reversed the effect of 100 Hz EA on the inhibition of both itching behavior and GRPR expression.

Conclusion: EA at 100 Hz is the most effective frequency that inhibits chronic itch and GRPR expression through activation of KORs in the spinal dorsal horn, which can effectively guide the clinical treatment and improve the antipruritic effect of acupuncture.

Keywords: EA, chronic itch, spontaneous scratching, GRPR, DYN-A, kappa opioid receptors


INTRODUCTION

Itch is an aversive sensory associated with an actual disruption to the skin, reminding us of the potential physical threats (Ross, 2011) and an emotional experience that provokes an appetite to scratch. It is a common symptom in patients with atopic dermatitis, xerosis, and systemic disorders containing chronic renal failure and cholestasis (Di Nardo et al., 1998). Although irritants may be removed from the skin by scratching, which can transiently relieve itch at least, the itch-scratch-itch cycle is a characteristic of chronic itch (Weisshaar and Dalgard, 2009). Previous studies have indicated that the mechanisms of chronic itch may involve sensitization of itch-signaling pathways (Simone et al., 1991; Akiyama et al., 2012), so antihistamine medicine does not work well in chronic itch diseases. Lee et al. (2018) found that electroacupuncture (EA) at Hegu (LI4) and Quchi (LI11) acupoints reduced scratching induced by 5’-guanidinonaltrindole [GNTI, a kappa opioid receptor (KOR) antagonist] in mice. Previous clinical and experimental studies have shown that EA can effectively reduce chronic itching caused by psoriasis, atopic dermatitis, urticaria, uremic pruritus, and other chronic allergic skin diseases (Duo, 1987; Che-Yi et al., 2005; Kim et al., 2010; Jung et al., 2014; Wang et al., 2019; Zhang et al., 2020a, b). However, the mechanism of EA to relieve chronic itch is still unclear, which is hindering its clinical application.

Interestingly, gastrin-releasing peptide receptor (GRPR) and dynorphin (DYN) in the spinal dorsal horn positively or negatively regulate itch, respectively. Gastrin-releasing peptide (GRP) is a neurotransmitter in mammalian cells/neurons and plays a role through combining with its specific receptor—GRPR, a G-protein-coupled receptor (GPCR) (Weber, 2015), which lay in the superficial layer of the spinal dorsal horn (Sun and Chen, 2007). Previous studies showed that signaling pathway in the central nervous system mediated by GRPR is important in many physiological processes (Liu et al., 2014; Takanami and Sakamoto, 2014; Kiguchi et al., 2016). According to previous reports in the spinal cord, the GRP/GRPR system participates in the regulation of itch-specific transmission rather than the transmission of pain. Ablation of GRPR neurons in the spinal cord caused specific reduction in itch, but not pain (Sun and Chen, 2007). It has been reported that itch and pain may transfer information through different neural pathways (Ji, 2015) and the neural pathway of itch in the spinal cord includes the GRPR neurons (Pereira et al., 2015). Studies have shown that the higher the GRPR expression in the spinal dorsal horn, the greater the degree of itch (Nattkemper et al., 2013). However, it is not clear whether EA can inhibit the expression of GRPR, thus desensitizing the itch-signaling pathways and relieving chronic itch.

Itch, as a unique sensation like pain, has an interaction with pain (Lagerstrom et al., 2010). It is not a surprise that the pain associated with molecules, such as endogenous opioid system, could modulate scratching behavior (Cowan et al., 2015; Ko, 2015). A previous study demonstrated that mice intrathecally injected with morphine, a mu opioid receptor (MOR) agonist, induced dose-dependent scratching behavior (Liu et al., 2011). Conversely, KOR agonist nalfurafine could reduce both histamine-dependent and histamine-independent scratching behavior in mice (Inan and Cowan, 2004; Wang et al., 2005). Moreover, KORs agonist nalfurafine can inhibit spontaneous scratching (Inan and Cowan, 2006). A further study implicated that B5-I+ neurons in the spinal cord expressed the kappa opioid endogenous ligand DYN, which could activate the KOR in GRPR+ neurons and inhibit itch transmission elicited by various pruritogens (Kardon et al., 2014). It is suggested that KOR, but not MOR, may participate in alleviation of itch.

It has been found that EA can increase the expression of DYN (Han, 2003) in the lumbar enlargement of rats with atopic dermatitis (Jung et al., 2014). In addition, high-frequency (100 Hz) EA increased the content of DYN in perfusate from the spinal cord of rats (Sun and Han, 1989) and the level of DYN-A in the plasma of heroin addicts by radioimmunoassay (Mu et al., 2010), which indicated that 100 Hz EA relieving itch may be related to DYN-A. In contrast, 2 Hz EA increased the release of endogenous ligands of MORs, whereas 15 Hz EA produced a partial activation of both MOR and KOR (Guo et al., 1997; Ulett et al., 1998; Han, 2004). It indicated that 100 Hz EA should have better antipruritic effect than 2 and 15 Hz EA. However, which frequency of EA is most effective on relieving chronic itch and reducing the expression of GRPR, and whether DYN-A in the spinal cord is involved in the underlying mechanism of the antipruritic effect of EA remains unknown.

Here, we firstly compared the effect of different frequencies of EA on spontaneous scratching behavior, GRPR, and DYN-A expression in the cervical cord, in order to screen out the most effective frequency of EA. In addition, we investigated whether EA at the effective frequency inhibits chronic itch and GRPR expression through promoting the release of DYN-A and activating KOR in the spinal cord of mice with chronic itch.



MATERIALS AND METHODS


Animal Grouping

All experiments were carried out on adult C57BL/6 mice (male, 18–20 g) purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. The study protocol was approved by the Animal Care Committee at Huazhong University of Science and Technology. The mice were individually housed in cages with a 12-h light–dark cycle (light from 7:00 a.m. to 7:00 p.m.) with ad libitum access to water and food.

Two separate experiments were conducted. At first, 72 mice were randomly divided into the following six groups with SPSS, version 26.0: control (control of chronic itch), AEW (chronic itch), 2 Hz EA (chronic itch + 2 Hz EA), 15 Hz EA (chronic itch + 15 Hz EA), 100 Hz EA (chronic itch + 100 Hz EA), and sham EA (chronic itch + sham EA) groups. Secondly, 60 mice were randomly divided into five groups: control, AEW, EA + NS (chronic itch + 100 Hz EA + normal saline), EA + nor-BNI (chronic itch + 100 Hz EA + nor-BNI), and sham EA groups. The observer was not aware of the group allocation during the experiment; the experiment operator was not aware of the group allocation during the conduct of the experiment; the effect evaluator was not aware of the group allocation during the outcome assessment and the data analysis. An experiment design time line with the day and time of all manipulations is presented in Figures 1, 6. At the end of the 10th day, a humanitarian final point was made as followed. The mice were euthanized with intraperitoneal injection (i.p.) of sodium pentobarbital (250 mg/kg).
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FIGURE 1. Time course of the effect of EA on the mixture of acetone and diethyl ether induced scratch bouts. (A) An experiment design time line with the day and time of all manipulations. (B) The baseline scratch bouts in control, AEW, 2 Hz EA, 15 Hz EA, 100 Hz EA, and sham EA mice. (C) The scratch bouts in control and AEW mice and the effects of 2 Hz EA, 15 Hz EA, 100 Hz EA, and sham EA on scratch bouts in AEW mice. EA was administered for 30 min, once every other day for 9 days, starting from 1 day after AEW administration. Data are expressed as mean ± SEM (n = 12 mice in each group). *P < 0.05, compared with the control group; #P < 0.05, compared with the sham EA group; +P < 0.05, compared with the 100 Hz EA group.




Animal Models

AEW treatments reduced stratum corneum hydration, enhanced transepidermal water loss, and inhibited spontaneous scratching. Naloxone and naltrexone (opioid antagonists) inhibited spontaneous scratching in AEW-treated mice. It is suggested that spontaneous scratching of AEW-treated mice is an itch-related response and a useful model for studying the mechanisms of dry skin pruritus (Miyamoto et al., 2002; Akiyama et al., 2010a, b). In order to induce chronic itch of the dry skin model in mice, we followed the protocol reported in a previous study (Akiyama et al., 2012). On the test day, a mixture of acetone and diethyl ether (1:1) was applied to the shaved area by a piece of wet gauze (the area is approximately 15 × 15 mm2) at the neck for 15 s and then using another gauze infiltrated by distilled water for another 30 s, twice a day for 9 days consecutively, which was designated as AEW (acetone/diethyl ether and water) treatment. Mice in the control group were identically treated with distilled water for 45 s (designated as control treatment).



EA Treatment

The animals in different groups were habituated to the restricting bag for 3 days before EA treatment, 30 min each day, to avoid stress. In the EA administration group, the mice received EA treatment on the left “Hegu” (LI4) and “Quchi” (LI11) starting from 1 day after the first AEW treatment in the restricting bag, once every other day for 5 times (Figure 1A). The acupoint “Hegu” (LI4) is located on the dorsum of the hand, radial to the midpoint of the forepaw’s second metacarpal bone (Yen et al., 2019), and “Quchi” (LI11) is located at the end of the lateral transverse elbow crease (Liu et al., 2016). The selection of acupoints is based on previous studies and our preclinical studies (Che-Yi et al., 2005; Ni et al., 2018). EA (1 mA) was administered with different frequencies (2, 15, or 100 Hz) for 30 min. Two acupuncture needles (0.25 mm outer diameter) were inserted 2–3 mm into two acupoints on the left side corresponding to the LI4 and LI11 for 30 min (Yim et al., 2007). The current was transferred by a modified current constant Han’s Acupoint Nerve Stimulator (LH202; Huawei Co., Ltd., Beijing, China). We observed the shaking of the left forelimb muscle as the criterion for success of the EA, and the successful rate is 100%. For the sham EA group, acupuncture needles were only shallowly inserted into the LI4 and LI11 for 30 min without electrical stimulation.



Drug Administration

nor-Binaltorphimine dihydrochloride (nor-BNI; Sigma, St. Louis, MO, United States) was dissolved in sterile 0.9% NaCl (normal saline, NS) at a concentration of 2.5 mg/ml. Each mouse in the nor-BNI treatment group was intraperitoneally injected with 20 mg/kg 18–20 h before EA, once every other day for 5 times. The EA + NS group accepted an equal volume of vehicle (NS) injection.



Scratch Behavioral Tests

To score scratching, mice were placed into individual observation Plexiglas recording arena with a transparent cover described previously (Nojima et al., 2003). We used a digital camcorder to videotape the mice’s behavior for 30 min (Figure 1A). The number of scratch bouts was counted. A series of one or more scratching movements by the hindlimb directed toward the treatment area was regarded as one scratching bout, which ended when the mouse either bit/licked the toes or placed the hindlimb on the floor. AEW or control treatments were performed twice daily (09:00 a.m. and 17:00 p.m.) for 9 consecutive days. Then, 16–20 h after the second AEW administration on the 9th day, spontaneous behavior was videotaped for 30 min on the 10th day. Animal behavior in different groups was measured randomly to reduce potential confounders among groups.



Western Blot

After taking weight and observing general health, mice were anesthetized with sodium pentobarbital (250 mg/kg, i.p.), euthanized, and sacrificed by cervical dislocation. This was followed by excision of the cervical cord tissues (C1–C7). The cervical cord tissues (C1–C7) of mice were removed and homogenized in RIPA lysis buffer with 50 mg/ml (Beyotime Biotechnology, Nanjing, China). The homogenates were centrifuged at 12,000 × g for 15 min at 4°C. The concentrations of protein obtained from the supernatant were detected by the Enhanced BCA Protein Assay Kit (Beyotime Biotechnology, China).

Twenty mg protein of each tissue was denatured at 95°C for 5 min. And then, 40 μg proteins were separated on an 8–10% glycine–SDS-PAGE gel and transferred onto a polyvinylidene fluoride membrane. Then, the transferred blots were blocked in 5% non-fat dry milk in Tris-buffered saline (TBS). The membrane was incubated with rabbit anti-Dynorphin A antibody (1:1,000; Abcam, Hong Kong), rabbit anti-GRPR antibody (0.75 μg/ml; Cloud-Clone Corp), and horseradish peroxidase (HRP)-conjugated alpha Tubulin Mouse Monoclonal antibody (1:10,000; Proteintech) at 4°C overnight. The membranes were incubated with HRP-conjugated goat anti-rabbit secondary antibody (Santa Cruz Biotechnology) at 1:20,000. The enhanced chemiluminescence method (ECL Plus Western blot detection reagents; Pierce, Rockford, IL, United States) was applied to show the protein bands basing on the manufacturer’s protocol. X-ray films were scanned, and the intensities of corresponding bands (55 kDa for tubulin, 43 kDa for GRPR, and 28 kDa for DYN-A) were measured using Kodak 1D. The optical density of each band was measured with NIH ImageJ software (Bethesda, MD, United States) and normalized with the tubulin, a housekeeping gene. All of the experimental results were shown as the relative change over the protein amount in the control group.



Histology and Immunofluorescence Labeling

After taking weight and observing general health, mice were anesthetized with sodium pentobarbital (250 mg/kg, i.p.), euthanized, and sacrificed by perfusing through the ascending aorta with 37°C normal saline, followed by 4% paraformaldehyde dissolved in 0.1 M phosphate-buffer solution (PBS, pH 7.4, 4°C). After the perfusion, the inflammatory skin tissue in the neck and the C1–C7 segments of the cervical cord were immediately removed, post-fixed, and cryoprotected at 4°C for hematoxylin–eosin (H&E) and immunofluorescence labeling, respectively.

For H&E staining, the post-fixed skin tissue was embedded in paraffin and was cut into 4 μm thickness sections. The sections were mounted on glass slides and then stained with H&E used for evaluation of epidermal thickness.

For immunofluorescence labeling, the sections from the cervical cord were cut on a cryostat at 20 μm thickness. And then, the sections were processed for immunofluorescence labeling as described previously (Wu et al., 2016). Briefly, the sections were blocked with 5% donkey serum and then incubated with primary antibodies overnight at 4°C: rabbit anti-Dynorphin A antibody (1:200, Abcam). Then, the sections were incubated with secondary antibodies corresponding with primary antibodies from Jackson ImmunoResearch (West Grove, PA, United States): donkey anti-rabbit IgG conjugated with Dylight 594 (1:400).

An Olympus BX51 fluorescence microscope was used to view the sections, and images were obtained using a Qimaging Camera and QCapture software as described before (Yuan et al., 2017). A total of 5–6 sections from the skin or cervical cord were randomly selected in each mouse. Anatomic outlines of the epidermis of the neck skin or the gray matter of the cervical cord were plotted, and epidermal thickness or the area of DYN-A positive immunoreactivity was measured by using ImageJ software.



Statistical Analysis

All data were expressed as the mean ± standard error of the mean (SEM). Normality of data was checked by Shapiro–Wilk test. All statistical (behavioral data and biochemical data) comparisons were performed with one-way ANOVA and Bonferroni for separation of means (SPSS, version 26.0) to determine the statistical difference between individual groups. The criterion for statistical significance was set at P < 0.05.




RESULTS


Effect of EA on the Itch Behavior and Histological Features of Chronic Itch Model Mice

An experiment design time line with the day and time of all manipulations is presented in Figure 1A. The baseline scratch bouts in all the experimental groups before AEW treatment were similar (Figure 1B). The scratch bouts significantly increased 9 days after AEW administration compared with the control group (Figure 1C). EA at 15 or 100 Hz, but not 2 Hz, significantly decreased the scratch bouts compared with the sham EA group (P < 0.05, Figure 1C). The scratch bouts in the 2 Hz EA or 15 Hz EA group were significantly higher than that in the 100 Hz EA group (P < 0.05, Figure 1C). What we screened the effective frequency of EA to relieve itch was 100 Hz.

In order to determine whether EA affects the immune response (inflammation) of the AEW model or affects the itching sensation pathway, we used H&E staining to investigate the pathological changes of the skin in the chronic itch model. H&E staining was performed on the inflammatory neck skin of the mice on day 10 after AEW application. It revealed significant epidermal hyperplasia, significantly increased telangiectasia, and inflammatory cell infiltration in the AEW, EA, and sham EA groups. EA significantly improved the histologic changes caused by AEW. The skin thickness of the AEW group was significantly increased compared with the control group, which was decreased in the EA group (P < 0.05, Figure 2).
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FIGURE 2. Effect of EA on the morphological and histological features in inflammatory neck skin. (A) Representative macroscopic views and H&E staining of cross-sectional slices of the dorsal skin in the control, AEW, 100 Hz EA, and sham EA groups. Scale bar, 50 μm. (B) Summary data show the epidermal thickness of the neck skin of four groups. Data are expressed as mean ± SEM (n = 6 mice in each group). *P < 0.05, compared with the control group; #P < 0.05, compared with the sham EA group; +P < 0.05, compared with the AEW group.




Effect of EA at Different Frequencies on the Expression of GRPR Protein in the Cervical Cord

It has been confirmed that GRPR is a specific receptor of itch (Sun and Chen, 2007). We used western blot to investigate the effect of EA on the expression of GRPR in the cervical cord. On the 9th day, the protein level of GRPR in the cervical cord of AEW mice was significantly higher than that of the control group (P < 0.05, Figures 3A,B). Compared with the sham EA group, EA at 100 Hz, but not 2 or 15 Hz, significantly decreased the protein level of GRPR in the cervical cord. The expression of GRPR in the 2 and 15 Hz EA groups was significantly higher than that in the 100 Hz EA group (P < 0.05, Figures 3A,B). This result suggested that 100 Hz EA suppressed the expression of GRPR in the cervical cord to relieve itch.
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FIGURE 3. Effect of EA at different frequencies on the expression of GRPR protein in the cervical cord. (A) Representative gel image shows the protein level of GRPR in the control, AEW, 2 Hz EA, 15 Hz EA, 100 Hz EA, and sham EA groups. (B) Summary data show the percentage change in GRPR protein level in six groups. Tubulin (55 kDa) was used as a loading control. The protein band at 43 kDa corresponds to the GRPR protein. Data are expressed as mean ± SEM (n = 6 mice in each group). *P < 0.05, compared with the control group; #P < 0.05, compared with the sham EA group; +P < 0.05, compared with the 100 Hz EA group.




Effect of EA at Different Frequencies on the Expression of DYN-A Protein in the Cervical Cord

Previous study has shown that EA can increase the expression of DYN in the L4–L6 of rats with atopic dermatitis (Jung et al., 2014). We used western blot to investigate the effect of EA on the expression of DYN-A in the cervical cord. On the 9th day, the protein level of DYN-A in the cervical cord of AEW mice was significantly lower than that of the control group (P < 0.05, Figures 4A,B). Compared with the sham EA group, EA at 100 Hz, but not 2 or 15 Hz, significantly increased the protein level of DYN-A in the cervical cord (P < 0.05, Figures 4A,B). The protein level of DYN-A in the 2 or 15 Hz EA group was significantly lower than that in the 100 Hz EA group (P < 0.05, Figures 4A,B). These results suggested that 100 Hz EA up-regulated the protein expression of DYN-A in the cervical cord to relieve itch.
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FIGURE 4. Effect of EA at different frequencies on the expression of DYN-A protein in the cervical cord. (A) Representative gel image shows the protein level of DYN-A in the control, AEW, 2 Hz EA, 15 Hz EA, 100 Hz EA, and the sham EA groups. (B) Summary data show the percentage change in DYN-A protein level in six groups. Tubulin (55 kDa) was used as a loading control. The protein band at 28 kDa corresponds to the DYN-A protein. Data are expressed as mean ± SEM (n = 6 mice in each group). *P < 0.05, compared with the control group; #P < 0.05, compared with the sham EA group; +P < 0.05, compared with the 100 Hz EA group.


In addition, EA increased the release of DYN in perfusate from the spinal cord of rats (Sun and Han, 1989) and the plasma of heroin addicts (Mu et al., 2010) by radioimmunoassay. Using immunofluorescence, we found that DYN-A was expressed in the superficial layer of the cervical dorsal horn in each group (Figure 5A). On the 9th day, the area of DYN-A positive immunoreactivity in the AEW group significantly decreased compared with the control group (P < 0.05, Figures 5A,B). Compared with the sham EA group, the area of DYN-A immunoreactivity in the cervical dorsal horn significantly increased in the 15 Hz EA group and markedly decreased in the 100 Hz EA group. The area of DYN-A immunoreactivity in the 2 or 15 Hz EA group significantly increased compared with the 100 Hz EA group (P < 0.05, Figures 5A,B). These results suggested that 100 Hz EA promoted the release of DYN-A in the cervical dorsal horn to relieve itch.
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FIGURE 5. Effect of EA at different frequencies on the area of DYN-A immunoreactivity in the cervical cord. (A) Representative images showing DYN-A immunoreactivity in the cervical dorsal horn of the control, AEW, 2 Hz EA, 15 Hz EA, 100 Hz EA, and sham EA groups (left panels) and corresponding enlarged images (right panels). Arrows represent DYN-A positive neurons. Scale bar, 100 μm. (B) Summary data show the area of DYN-A immunoreactivity in different groups. Data are expressed as mean ± SEM (n = 7 mice in each group). *P < 0.05, compared with the control group; #P < 0.05, compared with the sham EA group; +P < 0.05, compared with the 100 Hz EA group.




EA at 100 Hz Down-Regulated Itch Behavior Through KORs

An experiment design time line with the day and time of all manipulations is presented in Figure 6A. The baseline scratch bouts in all the experimental groups before AEW treatment were similar (Figure 6B). The scratch bouts in AEW significantly increased 9 days after AEW administration compared with the control group (P < 0.05, Figure 6C). EA at 100 Hz significantly decreased the scratch bouts compared with the sham EA group (P < 0.05, Figure 6C). I.p. of nor-BNI, but not normal saline, significantly reversed the effect of 100 Hz EA on relieving itch (P < 0.05, Figure 6C). The results showed that 100 Hz EA relieves itch through KOR.
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FIGURE 6. Time course of the effects of kappa opioid receptors on the mixture of acetone and diethyl ether induced scratch bouts. (A) An experiment design time line with the day and time of all manipulations. (B) The baseline scratch bouts in the control, AEW, EA + NS, EA + nor-BNI, and sham EA groups. (C) The scratch bouts in control and AEW mice and the effects of kappa opioid receptors on scratch bouts in AEW mice. EA at 100 Hz was administered for 30 min, once every other day for 9 days, starting from 1 day after AEW administration. Data are expressed as mean ± SEM (n = 12 mice in each group). *P < 0.05, compared with the control group; #P < 0.05, compared with the sham EA group. +P < 0.05, compared with the EA + NS group.




EA at 100 Hz Down-Regulated the Expression of GRPR in the Cervical Cord Through KORs

We used western blot to investigate the effect of KOR on the expression of GRPR in the cervical cord. On the 9th day, the protein level of GRPR in the cervical cord of AEW mice was significantly higher than that of the control group (P < 0.05, Figures 7A,B). Compared with the sham EA group, the EA + NS group significantly decreased the protein level of GRPR in the cervical cord. I.p. of nor-BNI significantly increased the protein level of GRPR compared with the EA + NS group (P < 0.05, Figures 7A,B).
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FIGURE 7. Effect of KOR on the expression of GRPR protein in the cervical cord. (A) Representative gel image shows the protein level of GRPR in the control, AEW, EA + NS, EA + nor-BNI, and sham EA groups. (B) Summary data show the percentage change in GRPR protein level in five groups. Tubulin (55 kDa) was used as a loading control. The protein band at 43 kDa corresponds to the GRPR protein. Data are expressed as mean ± SEM (n = 6 mice in each group). *P < 0.05, compared with the control group; #P < 0.05, compared with the sham EA group. +P < 0.05, compared with the EA + NS group.





DISCUSSION

Previous clinical studies have shown that EA can remain an effective way of suppressing chronic itch, including many diseases, such as seasonal allergic rhinitis (Xue et al., 2015), atopic dermatitis (Tan et al., 2015), dermatology (Ma and Sivamani, 2015), and so on. However, it has not been illustrating which frequency is the most effective, neither the underlying mechanisms. For the first time, we found that compared with the sham EA, 2 Hz EA, or 15 Hz EA group, 100 Hz EA is the most effective frequency on relieving chronic itch, reducing the expression of GRPR, and increasing the expression of DYN-A in the cervical dorsal horn. Furthermore, i.p. of KORs antagonist nor-BNI significantly reversed the effect of 100 Hz EA on the inhibition of both itching behavior and GRPR expression.

It has been shown that GRPR is crucial for itch signal transmission at the spinal level and a specific receptor that contributes to mediate the itch in the spinal dorsal horn (Sun and Chen, 2007). Consistently, ablation of GRPR neurons in the spinal cord caused specific reduction in itch, but not pain (Sun and Chen, 2007). In this study, we found that EA at 100 Hz, but not 2 or 15 Hz, decreased the expression of GRPR in the cervical cord. The inhibitory effect of EA on GRPR expression parallels with its antipruritic effect, which is consistent with the relation of GRPR expression and chronic itch (Nattkemper et al., 2013). Previous studies have found that GRPR is expressed only in the neurons in the dorsal horn, especially in excitatory interneuron (Sun and Chen, 2007; Sun et al., 2009). We hypothesized that GRPR increased by EA was expressed in the spinal dorsal horn neurons.

Previous literatures indicated that 100 Hz EA promoted the release of DYN and EA at 2 Hz increased the release of beta-endorphin, endomorphin, and enkephalin. EA at 15 Hz produced a partial release of both DYNs and enkephalins (Guo et al., 1997; Ulett et al., 1998; Han, 2004). Furthermore, DYN is a critical neuromodulator of pruritus released from a specific inhibitory interneuron (Bhlhb5 neuron) in the spinal cord. Decreasing the expression of DYN in inhibitory interneurons induces pathological itch. Therefore, DYN may underlie prolonged suppression of itch by GPCRs to modulate neuronal activity. We proposed that 100 Hz EA promotes the expression and release of DYN. Consistently, previous study also showed that 100 Hz EA alleviates pruritus of atopic dermatitis-like lesions in rats induced by capsaicin injection, via the release of DYN (Jung et al., 2014). However, this paper does not compare the differences between high-frequency and low-frequency EA, nor does it investigate whether DYN functions by activating KOR to inhibit chronic itch and itch-specific receptor GRPR expression. Moreover, EA at 100 Hz increased the protein expression of PDYN (the precursor protein of DYN) in rats with labor pain (Jiang et al., 2016). High-frequency (100 Hz) EA enhanced the content of DYN in perfusate from the spinal cord of rats (Sun and Han, 1989) and the level of DYN-A in the plasma of heroin addicts (Mu et al., 2010) by radioimmunoassay. Here, we found that EA at 100 Hz increased the total protein expression of DYN-A but decreased the area of DYN-A immunoreactivity in the cervical spinal cord tissue. Since repeated EA promoted the release of DYN, the intracellular DYN immunoreactivity in the dorsal horn was decreased. However, western blot could detect the total content of DYN inside and outside the cells, so the expression of DYN in the tissues was up-regulated by EA. These results suggested that the 100 Hz EA promoted the expression and release of DYN-A, which is in line with the antipruritic effect of EA. Moreover, previous research has shown that KOR is one of the inhibitory GPCRs activated by DYN, an endogenous ligand of KOR (Chavkin et al., 1982). KOR agonist nalfurafine can inhibit spontaneous scratching (Inan and Cowan, 2006). Munanairi et al. found that KOR activation induced the translocation of protein kinase C (PKC)δ from the cytosol to the plasma membrane, which in turn phosphorylates and inhibits GRPR activity. A blockade of phospholipase C (PLC) prevented PKCδ translocation and GRPR phosphorylation induced by KOR agonist, suggesting that a signaling pathway of KOR–PLC–PKCδ–GRPR in the spinal cord may participate in KOR agonist-induced antipruritic effect (Munanairi et al., 2018). In this study, we found that i.p. of nor-BNI, an antagonist of KOR, significantly reversed the effect of 100 Hz EA on the inhibition of both itching behavior and GRPR expression. It suggested that the activation of KOR by DYN may participate in the effect of EA relieving itch and inhibiting GRPR expression by KOR–PLC–PKCδ–GRPR pathway.

However, Morgenweck et al. (2015) found that the nor-BNI induced acute itch in C57BL/6J mice. Kamei and Nagase have found that nor-BNI caused scratching behavior immediately after administration, which disappeared within 2 h and may be a reaction related to itching. In addition, no scratches were observed 24 h after the use of nor-BNI (Kuraishi et al., 1995). Consistently, our preliminary experiments showed that AEW mice have no more scratching behaviors after i.p. of nor-BNI, since the scratching behaviors was evaluated more than 24 h after the use of nor-BNI, and the half-life of nor-BNI in the body is about 4 h (Munro et al., 2012). Moreover, previous studies have pretreated nor-BNI about 24 h before EA to elucidate the relation between KOR and the antipruritic effect of 2 or 120 Hz EA (Han et al., 2008; Chen et al., 2013). Based on the above references and our preliminary experiments, we use nor-BNI 18–20 h before EA treatment to minimize the pruritogenic effect of nor-BNI itself. Therefore, it is very likely that nor-BNI used in our schedule acts as a selective KOR antagonist rather than a pruritogenic agent, which suggested that nor-BNI antagonized the antipruritic effect of EA.

Our study still has some limitation. We found that EA significantly improved the skin inflammation caused by AEW, so the underlying mechanism of the anti-inflammatory effect of EA other than the antipruritic effect of EA is worthy of further study.



CONCLUSION

In conclusion, for the first time, we found that 100 Hz EA is the most effective frequency for relieving chronic itch, which can effectively guide the clinical treatment and improve the antipruritic effect of EA. Furthermore, we firstly investigated that EA at 100 Hz inhibits chronic itch and GRPR expression through promoting the release of DYN-A and activating KOR. In clinical observation, it was found that the effect of high-frequency EA (100 Hz) on improving chronic itch was significantly better than that of low-frequency EA (2 Hz) and antihistamine cetirizine tablets (Ni et al., 2018). Our study has better explained the neurobiological mechanism of the antipruritic effect of 100 Hz EA on chronic itch, which is helpful for the treatment of chronic pruritus in clinical practice.
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Neuropathic pain (NeuP) is an important clinical problem accompanying negative mood symptoms. Neuroinflammation in the amygdala is critically involved in NeuP, and the dopamine (DA) system acts as an important endogenous anti-inflammatory pathway. Electroacupuncture (EA) can improve the clinical outcomes in NeuP, but the underlying mechanisms have not been fully elucidated. This study was designed to assess the effectiveness of EA on pain and pain-related depressive-like and anxiety-like behaviors and explore the role of the DA system in the effects of EA. Male Sprague-Dawley rats were subjected to the chronic constrictive injury (CCI) model to induce NeuP. EA treatment was carried out for 30 min once every other day for 3 weeks. The results showed that CCI caused mechanical hyperalgesia and depressive and anxiety-like behaviors in rats and neuroinflammation in the amygdala, such as an increased protein level of TNFα and IL-1β and activation of astrocytes. EA treatment significantly improved mechanical allodynia and the emotional dysfunction induced by CCI. The effects of EA were accompanied by markedly decreased expression of TNFα, IL-1β, and glial fibrillary acid protein (GFAP) in the amygdala. Moreover, EA treatment reversed CCI-induced down-regulation of DA concentration, tyrosine hydroxylase (TH) expression, and DRD1 and DRD2 receptors. These results suggest that EA-ameliorated NeuP may possibly be associated with the DA system to inhibit the neuroinflammation in the amygdala.

Keywords: electroacupuncture, neuropathic pain, negative emotion, dopamine system, amygdala


INTRODUCTION

Neuropathic pain (NeuP) is a disabling condition that is induced by peripheral and/or central nerve injury and is estimated to affect between 100 and 560 million people worldwide (Baron, 2006; Alles and Smith, 2018). NeuP is a major health concern that can significantly reduce quality of life and pose a huge clinical burden, and it has become a major public health problem throughout the world (Toth et al., 2009). Like all chronic pain, NeuP is characterized not only by persistent and intractable pain but is also associated with negative emotions, such as anxiety and depression (Khan et al., 2020). The reciprocal facilitative interactions between pain sensitivity and negative emotions are much more common than previously thought, with a 30–60% co-occurrence rate (Maletic and Raison, 2009). Because of the coexisting physical and mental conditions, people with chronic pain have a higher rate of suicidal tendencies than the general population (Kirtley et al., 2020). A simultaneous intervention on pain-modulating pathways and mood/affect networks is considered to be an effective treatment for NeuP (Mitsi et al., 2015). One meta-analysis of clinical trial data even strongly recommended that tricyclic antidepressants and serotonin-noradrenaline reuptake inhibitor antidepressants should be used as the first-line therapy for NeuP (Finnerup et al., 2015). However, clinical treatment is still challenging because of limited efficacy and many side effects of pharmacological therapy, and NeuP therefore can be refractory. Ultimately, many patients seek help from complementary and alternative medicine treatments, such as acupuncture.

Electroacupuncture (EA) is used worldwide and provides clinically significant benefits in patients with various types of pain, including NeuP (Zhang et al., 2014; Vickers et al., 2018). Recently, a systematic review concluded that EA achieve better efficacy in treating chronic pain with depression than medicine therapy (Yan et al., 2020). A 3 years follow-up study showed that EA combined with a low dose of fluoxetine hydrochloride was beneficial in treating chronic persistent somatoform pain (Bai et al., 2017). Previous preclinical studies have shown that EA not only effectively alleviates pain but also significantly improves pain-related depression- and anxiety-like behaviors in animal models of chronic pain (Li et al., 2014; Xu et al., 2020). However, the underlying mechanisms of EA in treating pain and accompanying negative emotions remain unclear.

The amygdaloid complex (also known as the amygdala) is an important part of the limbic system because it is critical in regulating emotion and motivation (Janak and Tye, 2015). Electrophysiological studies in animals and functional imaging studies in humans have shown increased responsiveness of the amygdala during physiological pain episodes (Neugebauer, 2015). The amygdala displays adaptive changes in activity and neuroplasticity during chronic pain, which subsequently affect pain modulation and the emotional-affective dimension of pain, and facilitates neuropathic pain processing (Rouwette et al., 2012). Lesions or inhibition of special amygdala neurons alleviated mechanical allodynia and pain affective-motivational behaviors induced in NeuP models (Arimura et al., 2019; Corder et al., 2019; Ji and Neugebauer, 2020). It is well known that excessive neuroinflammation is one of the key mechanisms for generating and sustaining chronic pain (Ji et al., 2014). Accumulating evidence suggests that high levels of neuroinflammation occur in the amygdala (Burke et al., 2013; Guan et al., 2020). Recently, emerging evidence has suggested that the dopaminergic system plays a critical role in regulating motivational and emotional behavior, including mood and pain modulation (Yang et al., 2020). Animal and human studies confirmed that the dopaminergic system could regulate the excitability of amygdala neurons (Kroner et al., 2005; Bergman et al., 2014). Moreover, dopamine (DA) is not only an important neurotransmitter but also an important regulator of immune and inflammatory responses. For example, DA activates dopamine D1 receptor (DRD1) to alleviate neuroinflammatory injury by inhibiting the NLRP3 inflammasome (Yan et al., 2015). The activation of DRD2 also suppresses neuroinflammation through αB-crystalline in the central nervous system (Shao et al., 2013).

The amygdala is an important direct-response region involved in EA effects (Fang et al., 2009; Wang et al., 2016), and the endogenous dopaminergic system can be regulated by EA (Torres-Rosas et al., 2014; Lin et al., 2019). Previous studies, including our own, have confirmed that EA can reduce neuroinflammation in animal models of neuropathic pain (Liang et al., 2016; Wang et al., 2018). Therefore, we aimed to explore whether EA alleviation of allodynia and negative behavioral states was associated with the modulation of the dopaminergic system in inhibiting neuroinflammation in the amygdala in a rat model of chronic constrictive injury (CCI).



MATERIALS AND METHODS


Animals

Male Sprague-Dawley (SD) rats (240–260 g) were purchased from Shanghai Slack Laboratory Animal Ltd. (Shanghai, China). The animals were housed in a controlled environment with temperature at 21 ± 1°C and relative humidity of 60–70% under a 12-h light/dark cycle with food and water available ad libitum. The rats were allowed to acclimatize to their new surroundings for 1 week before experiments. The 39 rats were randomly divided into three groups: (1) sham group: all operations were performed without CCI; (2) CCI group: CCI-induced NeuP model; and (3) EA group: CCI-induced NeuP model with EA stimulation. All procedures followed the National Institutes of Health Guidelines for the Use of Laboratory Animals and were approved by the Institutional Animal Care Committee of Yueyang Hospital of Integrated Traditional Chinese and Western Medicine, Shanghai University of Traditional Chinese Medicine, Shanghai, China (YYLAC-2019-047).



CCI Model

The chronic constriction injury of the sciatic nerve procedure was performed on the left side in the rats according to the method described in our previous study (Ju et al., 2013). Rats were anesthetized via intraperitoneal injection with sodium pentobarbital (40 mg/kg). The left sciatic nerve was exposed at the mid-thigh level and tied four times by gut suture (4-0 silk). In the sham group, we exposed only the left sciatic nerve without ligature. All surgical procedures were performed by the same experimenter in order to avoid any possible bias with regard to operator variability. There was no mortality in this CCI model.



EA Treatment

Stainless steel needles were inserted at a depth of 6 mm into bilateral ST36 and GB34 acupoints. The ST36 acupoint is located 2 mm lateral to the anterior tubercle of the tibia, and the GB34 acupoint is located in the depression anterior and inferior to the fibula capitulum. The two ipsilateral needles were connected to the output terminals of the HANS Acupuncture Point Nerve Stimulator (LH-200; Beijing Huawei Industrial Developing Company, Beijing, China). The frequency was set at 2 Hz, and the intensity of stimulation was increased stepwise from 0.5 to 1.0 and then 1.5 mA, with each step lasting 10 min. Each EA stimulation lasted 30 min in total. On the basis of our own previous study using the same model, the maximum allodynia was apparent 7 days after surgery (Ju et al., 2013). Therefore, EA treatment was applied at day 8 after CCI. The rats received EA stimulation once every other day for 8–28 days (total of 11 times).



Behavioral Tests


Nociceptive Behavioral Test

Mechanical withdrawal thresholds (MWT) were assessed using an electronic von Frey plantar aesthesiometer (IITC, Woodland Hills, CA, United States). Baseline values were obtained before CCI surgery. The rats were placed individually in Plexiglas cages with a gridded floor for 30 min before the test to ensure acclimation. As described previously, the central part of the left hindpaw was stimulated, and paw withdrawal, flinching, or licking was considered to be a positive behavior (He et al., 2019). Three stimuli were applied at the same time point at intervals of 3 min. Each value was recorded, and MWT were represented by the mean values.



Open Field Test

The open field test (OFT) is used to assess locomotor activity and anxiety-like behavior (Prut and Belzung, 2003). Rats were brought into the behavior assessment room and were allowed to habituate there for 30 min. The testing apparatus was a transparent (100 cm length × 100 cm width × 40 cm height) box with a non-reflective black floor. Each rat was gently placed in the central zone and allowed to freely explore the area for 30 min. Time, entries, and distance traveled in the central zone (defined as 60% of the total area of the box) and the total distance traveled during the test were recorded using a digital video camera and measured using SMART 3.0 software (Panlab, Cornella, Spain). Between tests of individual rats, the apparatus was cleaned using 75% ethanol.



Elevated Plus Maze Test

The elevated plus maze test (EPMT) is conducted to measure anxiety induced by open spaces and height (Linnerbauer et al., 2020). The maze consisted of four 50 × 10 cm arms connected by a 10 × 10 cm common center area. Two opposite-facing arms were open, whereas the other two opposing arms were enclosed by 40 cm high walls. The maze was placed 80 cm above the floor in a test room. Each rat was placed onto the center area with the head toward one open arm and allowed to explore the maze for 5 min. Time and distance in the open arms and head dips in open arms were recorded and analyzed with the SMART software. After testing, the apparatus was cleaned as described above.



Forced Swimming Test

In the forced swimming test (FST), a glass cylinder (30 cm height × 18 cm diameter) was filled with 23 ± 1°C water. Individual rats were placed into the cylinder for 6 min, and immobility behavior in the last 4 min test session was recorded. Immobility was defined as the rat’s floating without struggling and making only those movements necessary to keep its head above water (Colonna and Butovsky, 2017).

The experimenter was blinded to both the injury condition of the animal and the EA treatment in all behavioral trials.



Determination of DA, TNFα, and IL-1β Concentration With Enzyme-Linked Immunosorbent Assay

All animals were sacrificed. DA levels were detected in the amygdala using an enzyme-linked immunosorbent assay (ELISA) kit (Eagle Biosciences, Nashua, NH, United States) according to the manufacturer’s instructions. The levels of TNFα and IL-1β in the amygdala were also determined with ELISA kits (Shanghai Yuanye Biotechnology, Shanghai, China).



Western Blotting

The amygdala samples were harvested 24 h after final behavioral test. The amygdala of rats was ultrasonically disrupted in a cold radio immunoprecipitation assay (RIPA) lysis buffer (Beyotime Biotechnology Co., Haimen, Jiangsu, China) with protease inhibitors (PMSF, Beyotime Biotechnology Co., Haimen, Jiangsu, China) followed by centrifugation at 12,000 × g for 20 min. Then, the total protein concentration of the supernatant was quantified by a BCA kit (Beyotime Biotechnology Co., Haimen, Jiangsu, China). Western blotting was performed as described previously (Hiroi et al., 1997). Primary antibodies used were tyrosine hydroxylase (TH, rabbit polyclonal, 1:2,500; Proteintech, Chicago, IL, United States); glial fibrillary acid protein (GFAP, rabbit polyclonal, 1:3,000; Abcam, MA, United States); Iba1 (rabbit monoclonal, 1:1,000; Abcam); DRD1 (rabbit monoclonal, 1:2,000; Abcam); DRD2 (rabbit polyclonal, 1:1,000; Abcam, MA, United States); and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (rabbit monoclonal, 1:5,000; Abcam, MA, United States). Secondary antibodies were horseradish peroxidase-conjugated goat anti-rabbit (1:5,000; Abcam, MA, United States) and horseradish peroxidase-conjugated goat anti-mouse (1:5,000; Abcam, MA, United States).



Immunohistochemistry and Immunofluorescence

Briefly, the PFA-fixed brain tissues containing the amygdala were dissected on a rodent brain matrix (ASI Instruments, Warren, MI, United States), paraffin embedded, and sectioned at 5-μm thickness using a sliding microtome (Leica Microsystems, GmbH, Wetzlar, Germany). Every fifth section was used for immunostaining for DRD1 (rabbit polyclonal, Abcam), DRD2 (mouse monoclonal, Santa Cruz Biotechnologies), or GFAP (mouse monoclonal, Servicebio Technology Co., Ltd.). Dewaxed sections on the slides were incubated in 0.01 M phosphate-buffered saline (PBS) containing 3% H2O2 and 40% methanol for 30 min at room temperature and then treated with 0.5% Triton X-100 (Sigma Chemical Co.) in PBS for 5 min. The sections were washed with PBST (0.01 M PBS with 0.0.1% Triton X-100) three times and treated with 1% BSA and 0.05% Triton X-100 for 2 h at room temperature. For immunohistochemistry, the sections were incubated with a primary antibody directed against GFAP (1:500) overnight at 4°C, followed by an incubation with biotinylated goat anti-mouse IgG (Vector Laboratories Inc.; 1:200) for 2 h at room temperature. The immunohistochemically stained sections were transferred to an avidin–biotin–peroxidase complex (Vector Laboratories Inc., 1:200) for 2 h and then developed in 0.05% 3,3′-diaminobenzidine (DAB) (Sigma Chemical Co.) and 0.003% H2O2 in PBS. Then, sections were dehydrated in ethanol, cleared in xylene, and coverslipped with Neutral balsam. The images were recorded using an Olympus microscope (BX 61) equipped with a DP70 digital camera. For immunofluorescence, the sections were incubated with a primary antibody directed against DRD1 (1:1,000) or DRD2 (1:300) overnight at 4°C, followed by an incubation with fluorescent-labeled goat anti-rabbit or goat anti-mouse IgG (1:600, Servicebio Technology Co., Ltd.). After three washes in PBST, the immunofluorescence-stained sections were coverslipped and photographed. These signaling were quantified using ImageJ software application (1.46r version).



Statistical Analyses

Statistical analyses were performed with analysis software SPSS 19.0 (IBM Corp., Armonk, NY, United States). All results are expressed as the mean ± standard error (SEM). Differences in MWT data among the groups at various time points were compared by two-way repeated-measures analysis of variance with the Bonferroni post hoc test for pairwise multiple comparisons. The OFT, EPMT, FST, ELISA, western blotting, immunohistochemistry, and immunofluorescence data were subjected to one-way analysis of variance (ANOVA) followed by the Newman–Keuls or Tukey post hoc test. A p < 0.05 was considered statistically significant.



RESULTS


EA Ameliorates Mechanical Allodynia Induced in CCI-Induced NeuP

For mechanical allodynia, a two-way repeated-measures ANOVA revealed a significant main effect of treatment [F(2, 144) = 69.42, p < 0.0001] and a significant group × time interaction [F(8, 144) = 7.263, p < 0.0001]. On day -1, before the CCI surgery, there were no significant differences in MWT among the three groups (p > 0.05). After the rats received the CCI surgery (post-CCI), the MWT of their ipsilateral hindpaws decreased significantly on day 7 compared with the sham group (all p < 0.001; Figure 1), which indicated that CCI induced a prominent mechanical allodynia. EA stimulation significantly increased the MWT from day 14 to day 28 (overall p < 0.05, EA versus CCI; Figure 1). These data indicated that EA alleviated the mechanical allodynia in the rat CCI model.
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FIGURE 1. The effects of electroacupuncture (EA) on mechanical allodynia induced by chronic constrictive injury (CCI) in Sprague-Dawley (SD) rats. EA treatment was applied at day 8 after CCI. The rats received EA stimulation once every other day for 8–28 days (total of 11 times). Evaluations of mechanical withdrawal thresholds in the sham group, CCI-induced neuropathic pain (NeuP) model group (CCI group), and CCI-induced NeuP model with EA treatment group (EA group). All data are expressed as the mean ± SEM (n = 13 per group). **p < 0.01, ***p < 0.001 vs. the sham group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the CCI group.




EA Improved Emotional Disorders Caused by CCI

In order to ascertain if EA treatment has an effect in negative behavioral states induced by CCI, we performed several behavioral tests from day 29 to day 31 using the OFT, EPMT, and FST, respectively (Figure 2). In the OFT, the rats in the CCI and EA groups traveled shorter distances [F(2, 36) = 69.42, all p < 0.01], spent shorter time [F(2, 36) = 135.9, all p < 0.001], and had fewer center entries [F(2, 36) = 9.029, all p < 0.01] in the central zone than the sham group (Figures 2A–C). Total distance did not differ in all groups [F(2, 36) = 0.1505, all p < 0.01] (Figure 2D). After 3 weeks of EA treatment, rats traveled longer distances (p < 0.05) and spent more time (p < 0.01) in the central zone than those in the CCI group (Figures 2A,B). In the EPMT, the rats in the CCI and EA groups also traveled shorter distances [F(2, 36) = 79.74, all p < 0.001], spent less time [F(2, 36) = 45.08, all P < 0.001], and had fewer entries [F(2, 36) = 34.18, all p < 0.05] in the open arms than the rats in the sham group (Figures 2E–G). Compared with the CCI group, rats treated with EA traveled longer distances (p < 0.01), spent more time (p < 0.001), and had a lower frequency of head dips (p < 0.001) in the open arms (Figures 2E–G). Regarding the FST, the immobility time was increased in the CCI group [F(2, 36) = 19.59, p < 0.001], which was also higher than that in the EA group (p < 0.001) (Figure 2H). Together, these data suggested that EA treatment could attenuate CCI-induced depressive and anxiety-like behaviors.


[image: image]

FIGURE 2. The effects of EA on depressive and anxiety-like behaviors induced by CCI rats. The anxiety-like behavior was accessed by both in the open field test (OFT) (A–D) and elevated plus maze test (EPMT) (E,F). (A) Distance in center of the OFT; (B) time spent in center of the OFT; (C) entries in center of the OFT; (D) total distance in the OFT; (E) distance in the open arms of the EPMT; (F) time spent in the open arms of the EPMT; (G) the frequency number of head dips (EPMT). The depressive-like behavior was in the forced swimming test (FST) (H). All data are expressed as the mean ± SEM (n = 13 per group). *p < 0.05, **p < 0.01, ***p < 0.001 vs. the sham group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the CCI group. The “n.s” means no statistical differences were observed among three groups.




EA Alleviated the Inflammatory Response in the Amygdala

The levels of TNFα [F(2, 15) = 15.74, p < 0.001] and IL-1β [F(2, 15) = 52.04, p < 0.001] in the amygdala were significantly increased in the CCI group compared with the sham group (Figure 3). EA treatment significantly reduced the production of TNFα (p < 0.05) and IL-1β (p < 0.001) (Figure 3). Astrocytes and microglia are the key regulators of neuroinflammation and are increased/activated during neuroinflammation to secrete inflammatory cytokines (Colonna and Butovsky, 2017; Linnerbauer et al., 2020). GFAP and Iba1 are specific biomarkers for astrocytes and microglia, respectively. As shown in Figures 3C,E, GFAP levels in the amygdala were significantly increased in the CCI group compared with the sham group [F(2, 6) = 25.92, p < 0.001, western blot; F(2, 9) = 26.62, p < 0.001, immunohistochemistry staining], while the EA treatment significantly reduced the level of GFAP (p < 0.05). The Iba1 protein expression showed no significant difference between groups [F(2, 6) = 1.336, p = 0.3311, western blot; F(2, 9) = 0.0454, p = 0.9558, immunohistochemistry staining; Figures 3D,F].
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FIGURE 3. The effects of EA on neuroinflammation in the amygdala. The concentration of TNFα (A) and IL-1β (B) was analyzed using enzyme-linked immunosorbent assay (ELISA) (n = 6 per group). The protein levels of glial fibrillary acid protein (GFAP, C) and Iba-1 (D) were analyzed using western blotting, while the (C,D) used the same loading control (GAPDH) (n = 3 per group). Representative immunohistochemistry staining images and signal intensity quantitation of GFAP (E) and Iba-1 (F) are shown (scale bar = 50 μm) (n = 4 per group). Results are expressed as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the sham group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the CCI group. The “n.s” means no statistical differences were observed among three groups.




EA Increased DA and Regulated the DRDs

Compared with the sham group, the DA concentration in the amygdala was significantly decreased in the CCI group [F(2, 15) = 22.21, p < 0.001], which was significantly reversed by EA treatment (p < 0.01) (Figure 4A). Since TH is the rate-limiting enzyme for the biosynthesis of DA (Hiroi et al., 1997), we examined the expression of TH in the amygdala. As shown in Figure 4B, the expression of TH in the CCI group was significantly lower than that in the sham group [F(2, 6) = 20.16, p < 0.01], while EA significantly elevated the expression of TH (p < 0.05) (Figure 4B). The available evidence suggests that DRD1/DRD2 signaling is involved in neuroinflammatory processes (Yan et al., 2015; Qiu et al., 2016). Therefore, we evaluated whether changes in the expression of DRD1 and DRD2 in the amygdala also were affected by EA treatment. As shown in Figures 5A–C, the DRD1 and DRD2 protein levels were significantly decreased in the CCI group as compared to the sham group [DRD1 expression: F(2, 6) = 40.07, p < 0.001; DRD2 expression: F(2, 6) = 53.94, p < 0.001]. EA treatment also significantly increased DRD1 (p < 0.01) and DRD2 (p < 0.05) protein levels as compared to the CCI group. Immunofluorescence staining of DRD1 and DRD2 on the brain section further verified that the expression of DRD1 and DRD2 increased in the amygdala [DRD1 expression: F(2, 9) = 20.30, p < 0.001, Figures 5D,F; DRD2 expression: F(2, 9) = 18.36, p < 0.001, Figures 5E,F].
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FIGURE 4. The effects of EA on dopamine (DA) concentration and tyrosine hydroxylase (TH) protein expression in the amygdala. (A) Quantitative analysis of DA concentration (n = 6 per group); (B) western blot images and quantification showing the protein level of TH (n = 3 per group). All values are the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the sham group; #p < 0.05, ##p < 0.01 vs. the CCI group.
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FIGURE 5. The effects of EA on DRD1 and DRD2 protein expression in the amygdala. (A) Western blot gel images showing protein levels of DRD1 and DRD2 in the amygdala. Quantification of DRD1 (B) and DRD2 (C) in the amygdala, respectively (n = 3 per group). Representative immunofluorescence staining images of DRD1 (D) and DRD2 (E) in the amygdala sections and signal intensity quantitation (F) are shown (scale bar = 50 μm) (n = 4 per group). Data are presented as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the sham group; #p < 0.05, ##p < 0.01 vs. the CCI group.




DISCUSSION

The present study demonstrated that EA treatment alleviated nociceptive and behavioral impairment associated with CCI-induced NeuP. Meanwhile, EA inhibited CCI-induced neuroinflammation in the amygdala. In addition, EA reversed the decreased concentration of DA and the expression of TH and restored the reduction of DRD1 and DRD2 in the amygdala induced by CCI. These results suggest the effects of EA on the sensory and behavioral impact of NeuP might be associated with the modulation of DA system in the amygdala.

NeuP is usually accompanied by hyperalgesia and allodynia and could potentially trigger anxiety and depression as a result of long-term pain in both patients and animal models (Descalzi et al., 2017; Khan et al., 2020). The present study showed that CCI induced a mechanical allodynia and obvious anxiety- and depressive-like behaviors in OFT, EPMT, and FST tests. Our results showed that EA treatment relieved the mechanical hyperalgesia and anxiety- and depressive-like behaviors. The results are consistent with the previous studies showing that EA has analgesic, antianxiety, and antidepressant-like effects on NeuP (Li et al., 2014; Jang et al., 2020).

Clinical observations and experimental studies demonstrate that the effect of acupuncture is closely related to regulate the nervous system, including peripheral, spinal, and supraspinal levels (Zhao, 2008; Zhang et al., 2014). Previous studies showed that the spinoparabrachial tract and the spinothalamic tract are the two main pathways that mediate and integrate acupuncture signals from the periphery to the supraspinal level (Zhao, 2008). The spinoparabrachial tract originates from the superficial dorsal horn in the spinal cord and projects to the parabrachial nucleus connecting to other brain areas. The spinothalamic tract originates in the superficial and deep dorsal horn and projects to the thalamus connecting to the cortical areas. Furthermore, recent studies demonstrated that EA stimulation at hindlimb regions can drive the activation of the sciatic nerve, vagal efferents, and spinal sympathetic pathway (Torres-Rosas et al., 2014; Liu et al., 2020). The amygdala receive the neural projection from the thalamus and parabrachial nucleus and also have neural connections between each other (Thompson and Neugebauer, 2017). This may be a potential mechanism by which EA stimulation at hindlimb regions can affect the amygdala.

It has been well-documented that the amygdala plays a critical role in on-off switching in NeuP (Rouwette et al., 2012). Evidence is increasing that activating immune and inflammatory processes has an important role in the induction and maintenance of chronic pain along with increasing pain and negative effect (Ji et al., 2014; Walker et al., 2014). Proinflammatory cytokines TNFα and IL-1β could alter the neural activity of the amygdala, which is implicated in the pathophysiology of pain, depression, and anxiety (Ming et al., 2013; Prossin et al., 2015; Klaus et al., 2016). Our results showing that exposure to CCI increased TNFα and IL-1β in the amygdala is consistent with these findings. One study showed that suppressing inflammatory cytokines in the amygdala could alleviate the anxiety-like behavior in a chronic pain mouse model (Guan et al., 2020). The administration of IL-1β-neutralizing antibody prevents the spared nerve injury-induced memory deficits and depressive and pain behaviors (Gui et al., 2016). Meanwhile, local infusion of TNFα-neutralizing antibody in the amygdala reverses anxiety-like behavior in mice with persistent inflammatory pain (Chen et al., 2013). Additionally, EA or transcutaneous auricular vagus nerve stimulation (taVNS) treatment was found to improve depressive-like behavior and reduce pain intensity in CCI rats and was also associated with inhibiting the expression of TNFα in the amygdala, prefrontal cortex (PFC), hippocampus, and hypothalamus (Guo et al., 2020). Our results showed that EA significantly inhibited the up-regulation of TNFα and IL-1β in the amygdala. Overactive astrocytes and microglia cells are the major contributors to neuroinflammation, synthesizing and releasing TNFα and IL-1β (Clarkson et al., 2017). In our present study, we showed that CCI induced the dramatic activation of astrocytes in the amygdala, while microglia were unaffected. The activation of astrocytes usually promotes the activation of microglia, and there is a synergistic effect between the two glial cells (Jha et al., 2019). A study on spatiotemporal activation of miroglia in CCI-associated affective disorder model showed that microglia are not generally activated in the whole brain (Barcelon et al., 2019). This study found that microglia will not be activated at 1 and 4 weeks after CCI in the amygdala. At delayed time points, which is 8 weeks after CCI, microglia are indeed activated in the amygdala, while we only detected the activation of microglia at 4 weeks post CCI modeling because the behavioral anomalies have showed up then. The microglia may also be activated at a later point, and the astrocyte activation may be the initiator. In this study, EA treatment could alleviate the astrocyte activation in the amygdala.

DA is a crucial anti-inflammatory mediator in peripheral and central inflammation (Xia et al., 2019). EA could elevate circulating DA levels to control systemic inflammation (Torres-Rosas et al., 2014). Recent research has also indicated that the brain DA system is an important immediate effector in EA treatment (Ye et al., 2017; Lin et al., 2019). Additionally, the amygdala has dopaminergic innervation and DA receptors, and DA is released in the amygdala in response to both physiological and pathophysiological stimuli (Lee et al., 2017). Our research showed that EA elevated the concentration of DA and the expression of TH in the amygdala, suggesting that DA is likely involved in the effect of EA. DRD1 and DRD2 are major pharmacological targets for neuroinflammation. For instance, DA inhibits nucleotide-binding oligomerization domain-like receptor pyrin domain-containing 3 (NLRP3) inflammasome-dependent neuroinflammation by binding to DRD1/cyclic adenosine monophosphate (cAMP) signaling (Yan et al., 2015). The activation of DRD2 has well-established anti-neuroinflammatory effects through a αB-crystallin-dependent mechanism (Shao et al., 2013). Our results showed that the inhibition of CCI-induced neuroinflammation of the amygdala by EA was associated with an increase in the DRD1 and DRD2 levels, consistent with the trend in DA expression level. Immunofluorescence staining of DRD1 or DRD2 with the nuclear dye DAPI on the brain section showed that the increased expression of DRD1 and DRD2 was mainly probably in the neural fibers and pericaryon, respectively. The existing evidence shows that the DRD1 is mainly distributed in basolateral (BLA) amygdala and the posteroventral region of the medial amygdala (MeApv), and the DRD2 is mainly expressed in the central nuclei (CeA) of the amygdala (Kim et al., 2018; Miller et al., 2019). Immunohistochemical staining showed that the DRD1 and DRD2 are expressed in astrocytes (73%) rather than neurons (19%) (Pavlova et al., 2020). It is known that activating astrocytic DRD2 can reduce astrocytic proliferation and inhibit the activation of astrocyte (Tanaka et al., 2011; Dominguez-Meijide et al., 2017; Du et al., 2018). In addition to DRD2, DRD1 can modulate astrogliosis to promote M2-like phenotype of astrocyte (Xia et al., 2019). One study showed that DRD1 activation increased excitability and evoked firing of the BLA neurons, whereas DRD2 activation increased input resistance, which indicated that dopamine system in the amygdala are implicated in the modulation of electrophysiological features of the amygdala neurons (Kroner et al., 2005). Based on the above results, we speculated EA treatment might upregulate DA synthesis and release and increase the expression of DRD1 and DRD2 in the amygdala, which subsequently activates the DRD1 and DRD2 signals, then suppresses astrocyte activation and inhibits excessive neuroinflammation, and finally results in alleviating pain and improving negative emotion.

Several limitations of this study should be considered. First, it should be clear in which cell types in the amygdala the up-regulated DRD1/DRD2 by EA treatment is expressed, and it should also be assessed what are the effects of EA on the activity of neurons and glial cells of the amygdala. Further studies are also needed to elucidate the contribution of the dopamine system in the amygdala to the effects of EA by using pharmaceutical antagonism or DRD1/DRD2 knockout animals. Second, the changes in the activity of TH should better be detected. Third, how EA regulates the dopamine system in the amygdala and what is the exact role of dopamine system in astrocyte activation inhibition by EA were not clarified.

In conclusion, the present results provide direct evidence that EA alleviates mechanical allodynia and the emotional dysfunction induced by NeuP. The regulation of the DA system in the amygdala may be involved in the effects of EA, which may underlie the mechanism of the therapeutic effect of EA in NeuP.
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Background: Migraine is a chronic neurological disorder characterized by attacks of moderate or severe headache and various neurological symptoms. Migraine is typically treated by pharmacological or non-pharmacological therapies to relieve pain or prevent migraine attacks. Pharmacological therapies show limited efficacy in relieving headache and are often accompanied by adverse effects, while the benefits of acupuncture, a non-pharmacological therapy, have been well-documented in both the treatment and prevention of acute migraine attacks. However, the underlying mechanism of the effect of acupuncture on relieving migraine remains unclear. Recent advances in neuroimaging technology have offered new opportunities to explore the underlying neural mechanism of acupuncture in treating migraine. To pave the way for future research, this review provides an overview neuroimaging studies on the use of acupuncture for migraine in the last 10 years.

Methods: Using search terms about acupuncture, neuroimaging and migraine, we searched PubMed, Embase, Cochrane Central Register of Controlled Trials, and China National Knowledge Infrastructure from January 2009 to June 2020 for neuroimaging studies that examined the effect of acupuncture in migraine. All published randomized and non-randomized controlled neuroimaging studies were included. We summarized the proposed neural mechanism underlying acupuncture analgesia in acute migraine, and the proposed neural mechanism underlying the sustained effect of acupuncture in migraine prophylaxis.

Results: A total of 619 articles were retrieved. After removing reviews, meta-analyses, animal studies and etc., 15 articles were eligible and included in this review. The methods used were positron emission computed tomography (PET-CT; n = 2 studies), magnetic resonance spectroscopy (n = 1), and functional magnetic resonance imaging (fMRI; n = 12). The analyses used included the regional homogeneity (ReHo) method (n = 3), amplitude of low frequency (ALFF) method (n = 2), independent component analysis (ICA; n = 3), seed-based analysis (SBA; n = 1), both ICA and SBA (n = 1), Pearson's correlation to calculate functional connectivity (FC) between brain regions (n = 1), and a machine learning method (n = 1). Five studies focused on the instant effect of acupuncture, and the research objects were those with acute migraine (n = 2) and migraine in the interictal phase (n = 3). Ten studies focused on the lasting effect of acupuncture, and all the studies selected migraine patients in the interictal phase. This review included five task-based studies and 10 resting-state studies. None of the studies conducted a correlation analysis between functional brain changes and instant clinical efficacy. For studies that performed a correlation analysis between functional brain changes and sustained clinical efficacy, the prophylactic effect of acupuncture on migraine might be through regulation of the visual network, default mode network (DMN), sensory motor network, frontoparietal network (FPN), limbic system, and/or descending pain modulatory system (DPMS).

Conclusion: The neural mechanism underlying the immediate effect of acupuncture analgesia remains unclear, and the neural mechanism of sustained acupuncture treatment for migraine might be related to the regulation of pain-related brain networks. The experimental design of neuroimaging studies that examined the effect of acupuncture in migraine also have some shortcomings, and it is necessary to standardize and optimize the experimental design. Multi-center neuroimaging studies are needed to provide a better insight into the neural mechanism underlying the effect of acupuncture on migraine. Multi-modality neuroimaging studies that integrate multiple data analysis methods are required for cross-validation of the neuroimaging results. In addition, applying machine learning methods in neuroimaging studies can help to predict acupuncture efficacy and screen for migraineurs for whom acupuncture treatment would be suitable.

Keywords: acupuncture, migraine without aura, functional neuroimaging, review, neural mechanism


INTRODUCTION

Migraine is an episodic, recurrent dysfunction of brain excitability that is characterized by attacks of moderate or severe unilateral throbbing and pulsating headaches (Noseda and Burstein, 2013). The most characteristic symptoms associated with migraine include photophobia, phonophobia, cutaneous allodynia, and gastrointestinal symptoms (Dodick, 2018a). The latest Global Burden of Disease Study showed that 1.25 billion people had migraine in 2017; migraine is the fifth most common condition in the world, and the seventh most disabling (Dodick, 2018b). A better understanding of the mechanisms underlying the effect of treatment will help to improve treatments and reduce the negative impact of migraine.

Migraine is typically treated by various pharmacological or non-pharmacological therapies to relieve pain or prevent migraine attacks (Tfelt-Hansen, 2013). Although commonly used drugs, such as triptans, ergotamine preparations, and barbiturates, have achieved positive therapeutic effects in the treatment of migraine (Farri et al., 2012; Ou et al., 2020), side effects, such as weight gain, fatigue, sleep disturbance, gastrointestinal intolerance, and medication overuse headache, are common in patients with long-term use (Silberstein et al., 2012; Tfelt-Hansen, 2013). Hence, non-pharmacological therapies with less adverse effects that have a supplementary and preventive action are needed. Acupuncture is one non-pharmacological therapy that has relatively few side effects, and is widely used for managing migraine, especially for drug-refractory patients (Xu et al., 2018; Chen et al., 2020). Indeed, many studies have shown that acupuncture has acute analgesic and prophylactic effects on migraine without obvious side effects (Li et al., 2012; Zhao et al., 2017; Govind, 2019).

Numerous studies have suggested that migraine is largely a disorder of brain structure and function, and that the most notable symptom is persistent impairment of brain function (May, 2007; Webb et al., 2019). Migraine without aura (MWoA) is the most common subtype of migraine, accounting for about 80% (Steiner et al., 2013). Different subtypes of migraine have different pathogenesis and pathological changes (Kincses et al., 2019). Therefore, only including MWoA helps us to analyze the abnormal brain structure and function of these patients, and the regulation of abnormal brain function by acupuncture. Furthermore, advances in neuroimaging techniques have provided significant new insights into the neural mechanism underlying the effect of acupuncture on MWoA (Tedeschi et al., 2013). Lots of studies have helped to explore the regulation effect of acupuncture on abnormal brain function and functional network in MWoA (Lakhan et al., 2013; Liu et al., 2018; Colombo et al., 2019). However, few literatures have systematically reviewed these studies. The existing reviews haven't completely analyzed the characteristics of neuroimaging study design and summarized the corresponding neuroimaging results after instant acupuncture and sustained acupuncture, respectively (Teggi et al., 2016; Younis et al., 2017). Thus, this review was conducted to better understand the neural mechanism underlying the effect of acupuncture on migraine and its clinical implications. In this review, we summarize the findings of neuroimaging studies on the effect of acupuncture on migraine that were published in the last 10 years, describe how these findings have helped to explore the underlying neural mechanisms, discuss the limitations of these studies, and propose avenues for future neuroimaging work to study the effect of acupuncture on migraine.



METHODS


Eligibility Criteria

(1) Types of studies. This review included all published randomized and non-randomized controlled clinical studies that examined the effect of acupuncture in migraine. Meta-analyses, reviews, and animal studies were not considered. The language of included studies was restricted to English and Chinese.

(2) Participants. Patients met the classification criteria of the International Headache Society for a diagnosis of MWoA.

(3) Interventions. Manual acupuncture (MA) and electroacupuncture (EA).

(4) Search methods for the identification of studies. PubMed, Embase, Cochrane Central Register of Controlled Trials, and China National Knowledge Infrastructure were searched from January 2009 to June 2020 for relevant clinical trials. References of the selected publications and bibliographies of reviews (found during the first screening of publications) were also inspected for relevant articles. The search terms and search strategy are shown in Table 1. PRISMA guidelines were followed.


Table 1. Search terms and search strategy.

[image: Table 1]



Study Selection

The title and abstract of all the studies retrieved through the search strategy were first screened using EndNote, and duplicates were removed. Two reviewers also independently screened all titles and abstracts according to the inclusion criteria. Disagreements were resolved by discussion or a third reviewer. Then, the full text of these potentially eligible studies were again independently screened for eligibility by two reviewers, and disagreements were resolved by discussion or a third reviewer.



Data Extraction

The following data were extracted from each eligible study: (1) publishing data (author, year); (2) the trial designs of included studies (subject cohorts, sample size, randomization, follow-up, clinical outcome measures, neuroimaging technologies, task-based/resting-state study design, ictal/interictal condition, image acquisition time, and analysis method); (3) acupuncture manipulation (manipulation style, session, duration, retention time, acupoints, description of “de qi” sensation (soreness, numbness, distention, and heaviness) and qualifications of acupuncturists); (4) participants (baseline demographic characteristics, diagnostic/inclusion/exclusion criteria, psychological assessment, avoidance of scanning during female participants' menstruation period); and (5) neuroimaging results.



Data Analysis

First, bibliometric analysis was used to analyze study characteristics of included studies. In addition, we assessed the risk of bias in the included studies. Then, we narratively summarized the neuroimaging results in terms of the neural mechanism of instant acupuncture analgesia, and of the sustained effect of acupuncture.




RESULTS


Study Characteristics of Neuroimaging Studies on the Use of Acupuncture to Treat Migraine

The database search resulted in 619 studies; after removing duplicates, reviews, meta-analyses, animal studies, and trials for which no full text was available, a total of 15 papers were included for further evaluation. The flow diagram of literature screening could be found in Figure 1. The assessment of risk of bias in the included literature was shown in Figure 2.


[image: Figure 1]
FIGURE 1. The flow diagram of literature screening.
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FIGURE 2. The assessment of risk of bias in the included literature.



Participants

A total of 634 patients with MWoA and 234 healthy volunteers were included in this review. Baseline demographic characteristics of the patients with MWoA and controls were comparable in the included studies. All studies stated their diagnostic, inclusion, and exclusion criteria clearly enough to enable us to only consider patients with MWoA. Of the 11 studies that included healthy controls (HCs), only 5 (45.5%) had strict inclusion/exclusion criteria for HCs. Only 4 (26.7%) studies assessed participants' anxiety and depression status using a self-rated anxiety scale and self-rated depression scale. Three (20%) studies avoided scanning during the menstrual period of female participants.



The Trial Designs and Analysis Method of Neuroimaging Studies

The sample sizes ranged from 10 to 72, and 8 (53.3%) studies had a sample size between 30 and 100. None of the included papers mentioned a sample size calculation. A total of 12 (80%) studies reported clinical outcomes. The clinical outcome measures were as follows: headache intensity (n = 11 studies), headache frequency (n = 9), duration of migraine attack (n = 3), self-rating anxiety and depression scales (n = 3), headache days (n = 2), amount of acute headache medications (n = 1), the Pittsburgh Sleep Quality Index (n = 1) and the HIT-6 questionnaire (n = 1). Eight (53.3%) studies carried out a correlation analysis between functional brain changes and clinical outcomes. There were two (13.3%) observational studies, five (33.3%) comparative studies, seven (46.7%) randomized controlled trials (RCTs), and 1 (6.7%) cross-sectional study. No follow ups focusing on functional brain changes of patients with MWoA after acupuncture treatment were made in included studies. PET-CT was used in 2 (13.3%) studies, MRS in 1 (6.7%) study, and fMRI in 12 (80%) studies; Of the fMRI studies, three (20%) employed regional homogeneity (ReHo) analysis, two (13.3%) used an amplitude of low frequency (ALFF) analysis, 3 (20%) used independent component analysis (ICA), 1 (6.7%) used seed-based analysis (SBA), 1 (6.7%) used both ICA and SBA, 1 (6.7%) used a machine learning method, and one (6.7%) used Pearson's correlation coefficient to calculate the functional connectivity (FC) between brain regions. Five studies focused on the instant effect of acupuncture; two of these selected patients with acute migraine attack as the research objects, and three selected patients with migraine in the interictal phase. Ten studies focused on the lasting effect of acupuncture, all of which selected patients with migraine in the interictal phase as the study subjects. Five (33.3%) studies used task-based (acupuncture stimulation) imaging, and 10 (66.7%) used resting-state imaging (before acupuncture treatment and after acupuncture treatment). Differences in the image acquisition time are shown in Supplementary Tables 2, 3.



Acupuncture Manipulation

Three (20%) studies used EA and 12 (80%) studies used MA. All included studies reported treatment frequency, duration of treatment, needle retention time in detail, but there were differences between the studies. Studies exploring instant acupuncture analgesia only treated one time. Studies exploring the sustained effect of acupuncture mostly treated five times a week, lasting for four weeks. A total of 21 acupoints were used. The most frequently used acupoints were SJ5 (Waiguan, n = 9 times), GB34 (Yanglingquan, n = 8), GB20 (Fengchi, n = 6), SJ8 (Sanyangluo, n = 5), GB33 (Xiyangguan, 5), GB41 (Zulinqi, n = 5) and GB40 (Qiuxu, n = 5). 14 (93.3%) studies recorded Deqi sensation, and eight (53.3%) studies introduced the qualifications of acupuncture operators.




Potential Neural Mechanisms Underlying Instant Acupuncture Analgesia
 
Neuroimaging Results After Instant Acupuncture

As shown in Supplementary Table 2 and Figure 3, two PET-CT studies selected patients with acute migraine attack as the research objects. After 30 min of acupuncture treatment, patients with MWoA showed increased metabolism in brain regions involved in the processing of pain including cognitive processing of pain [e.g., orbitofrontal cortex (Yang et al., 2012), the parahippocampal gyrus (Yang et al., 2014)] and affective-emotional processing of pain [e.g., the insula (Liu et al., 2016)]. Resting-state network, such as the DMN (e.g., the precuneus) and limbic system [e.g., the middle cingulate cortex (Yang et al., 2012, 2014)] showed increased metabolism after treatment. Three fMRI studies selected patients with MWoA in the interictal phase as the research objects. Using an FC analysis of fMRI data, Liu et al. reported decreased FC in pain-related brain networks (e.g., the right amygdala to the middle cingulate gyrus, the right precentral gyrus to the right parahippocampal gyrus, and the left postcentral gyrus to the right precentral gyrus); Decreased FC between these areas may underlie the pathogenesis of migraines, and it was increased by acupuncture at Zulinqi (GB41) (Liu et al., 2016). Ning et al. used an ALFF method to analyze fMRI data, and found decreased ALFF values in brain regions of the DMN (e.g., the inferior parietal lobule) and increased ALFF values in brain regions involved in the RFPN (right frontoparietal network; e.g., the right precentral gyrus and postcentral gyrus) in patients with MWoA after needling at GB41 (Ning et al., 2017). Another study revealed that ReHo value of the right lingual cortex differed between patients with MWoA and HCs during needling at GB41 (Han et al., 2017). The lingual gyrus in the occipital lobe has been identified as an important structure in the cortical spreading depolarization theory of migraine, this theory suggests that cortical spreading depression may cause the onset and persistence of migraine by activating trigeminal neurovascular system. The lingual gyrus is involved in the onset and persistence of migraine (Dahlem and Hadjikhani, 2009). Acupuncturing at GB41 may have a specific regulatory effect on the function of lingual gyrus in patients with MWoA, which may be one of the therapeutic mechanisms underlying the efficacy of acupuncture in treating migraine.
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FIGURE 3. Neuroimaging results after instant acupuncture.




Correlation Between Neuroimaging Results and Clinical Outcomes

In 2012, we reported that the reduction of pain intensity was greater in the traditional acupuncture group (using specific acupoints of the Shaoyang meridians) than in the control group (using non-specific acupoints of Yangming meridians), and different patterns of cerebral glucose metabolism in the brain were observed in the two groups (Yang et al., 2012). In 2014, our team found that the reduction of pain intensity in the acupuncture group (using sub-specific acupoints on Shaoyang meridians) was slightly greater to that of the sham acupuncture group (using sham acupoint), but this difference was not significant. However, we found that the pattern of brain glucose metabolism change in the acupuncture group was targeted, while its distribution was disordered and random in the sham acupuncture group (Yang et al., 2014).




Potential Neural Mechanisms Underlying the Sustained Effect of Acupuncture

It has long been acknowledged that the effect of acupuncture can be described in terms of the acute phase and the sustained phase. The curative function of acupuncture for migraine is not limited to instant cessation of acute pain (Li et al., 2009; Wang et al., 2012). Many studies have suggested that it is not only the immediate effect of acupuncture that is of interest, but also the delayed effect of the acupuncture-induced neural response (Bai et al., 2009; Liu et al., 2009, 2010; Zhang et al., 2009). We included 10 neuroimaging studies on the sustained effect of acupuncture in patients with MWoA in the interictal phase; the characteristics of these studies can be found in Supplementary Table 3. We investigated this sustained effect of acupuncture in migraine according to neuroimaging findings and the association of these with clinical outcomes.


Neuroimaging Results After Sustained Acupuncture

As shown in Supplementary Table 3 and Figure 4, Researchers have observed increased ReHo/ALFF/brain metabolites after acupuncture treatment in brain regions involved in the processing of pain including the affective-emotional processing of pain [e.g., the insula (Zhao et al., 2014; Qin et al., 2019), cerebellum (Zhao et al., 2014), and brainstem (Zhao et al., 2014)], the cognitive processing of pain [e.g., the orbitofrontal cortex (Li et al., 2017a; Gu et al., 2018; Qin et al., 2019)] and the DPMS [e.g., the rostral ventromedial medulla/trigeminocervical complex (Li et al., 2017a)]. After treatment, researchers found decreased ReHo/ALFF/brain metabolites in brain regions involved in cognitive processing of pain [e.g., the hippocampus (Zhao et al., 2014; Qin et al., 2019)] and in resting-state network, such as, DMN [e.g., the posterior cingulate cortex (Zhao et al., 2014; Qin et al., 2019), precuneus (Zhao et al., 2014), and inferior parietal loblue (Zhao et al., 2014)], and FPN [e.g., the postcentral gyrus (Zhao et al., 2014; Qin et al., 2019)]. After long-term acupuncture treatment, an increased FC has been found within the DMN (Zhang et al., 2016; Zou et al., 2019) and FPN [e.g., the superior frontal gyrus and medial frontal gyrus (Zhang et al., 2016)]. An increased FC between the RFPN and the left FPN [e.g., the left precentral gyrus and left postcentral gyrus (Li et al., 2015)] and DMN [e.g., the left inferior parietal lobule (Li et al., 2015) and posterior cingulate cortex (Li et al., 2017b)] has been reported. Our team (Li et al., 2017b) observed decreased FC between the RFPN and DMN (the right precuneus) after acupuncture treatment. To explore the role of the right precuneus in acupuncture modulation, we performed an SBA using the right precuneus as a seed. We found increased FC between the DMN and DPMS (e.g., the rostral anterior cingulate cortex/medial prefrontal cortex), RFPN (e.g., dorsolateral prefrontal cortex and ventrolateral prefrontal cortex), and reward system (e.g., ventral striatum). In another study (Li et al., 2015), we chose the right ventrolateral periaqueductal gray as the seed, and found increased FC between the ventrolateral periaqueductal gray and limbic system (e.g., middle cingulate cortex), and the DPMS (e.g., rostral anterior cingulate cortex and left medial prefrontal cortex).


[image: Figure 4]
FIGURE 4. Neuroimaging results after sustained acupuncture.




The Relationship Between Neuroimaging Results and Clinical Outcomes

Six studies found that ReHo/ALFF/brain metabolites/FC in certain brain regions were negatively correlated with headache intensity, as measured by visual Analog scale (VAS) scores after treatment (Zhao et al., 2014; Li et al., 2015, 2016, 2017a; Gu et al., 2018; Zou et al., 2019). The VAS scores was negatively correlated with average ReHo values in the anterior cingulate cortex and insula in the active acupoint group (Gu et al., 2018); another team also reported that brain metabolites in the bilateral thalamus was negatively correlated with decreased VAS scores (Gu et al., 2018). In another study, FC in the RFPN of patients with MWoA was negatively correlated with VAS scores after treatment (Li et al., 2015). In one study, we observed that changes in FC between ventrolateral periaqueductal gray and several brain regions, including the bilateral rostral anterior cingulate cortex, middle cingulate cortex, left superior frontal gyrus, thalamus, putamen, caudate, cerebellum, and middle frontal gyrus, were negatively associated with corresponding headache intensity changes after acupuncture treatment (Li et al., 2016). Another study from our team showed that ALFF values in the rostral ventromedial medulla/trigeminocervical complex were negatively correlated with VAS scores after treatment (Li et al., 2017a). Zou et al. found that after treatment FC within the DMN was negatively correlated with immediate VAS scores, and that increases in z-scores of the left precuneus were negatively correlated with reductions in the monthly amount of acute headache medications taken. Z-scores represents the standardized functional connectivity, and can be used for data processing and comparison (Zou et al., 2019).

One study found that FC was positively associated with VAS scores (Li et al., 2017b). In that study, we demonstrated that the decrease of RFPN FC between the bilateral precuneus, right paracentral gyrus, and postcentral gyrus was positively associated with a decrease in VAS scores. Recently, using FC analysis of fMRI data and a machine learning method, we found an association between headache frequency and changes in the neural marker which with abnormal FC within the visual network, DMN, sensorimotor network, and FPN in MWoA patients who received real acupuncture (Tu et al., 2020).





DISCUSSION

The beneficial effects of acupuncture for migraine have been widely recognized. Acupuncture not only reduces pain intensity of acute migraine attacks, but also prevents migraine by reducing the frequency of migraine attacks, acute relief medication intake, and pain intensity (May, 2007; Li et al., 2012; Webb et al., 2019). Changes in brain function detected by neuroimaging tools can be used as objective outcome measures to assess the clinical efficacy of acupuncture for migraine, and can give insights into the underlying mechanism. In the following, we will discuss the following three aspects: the status of designs given the existing studies and suggestions for future work, analysis of the current neuroimaging results and prospects for future studies.


The Status of Designs Given the Existing Studies and Suggestions for Future Work

Our review revealed some limitations that could be addressed by future studies, as follows:


The Trial Designs and Analysis Method of Neuroimaging Studies

Only seven RCTs were included in this review. Although the number of neuroimaging studies of the use of acupuncture for migraine has been increasing, the relatively small number of studies may limit our conclusions. Most of the available neuroimaging studies investigating the effects of acupuncture on migraine were conducted on a relatively small scale. Small samples are common given the financial burden and additional constraints of neuroimaging studies, and this can lead to a low statistical power that might obscure significant results that could have clinical implications (Moayedi et al., 2018). To confirm the accuracy and repeatability of the current results in included studies and elucidate the complex neural mechanisms of acupuncture treatment, RCTs with larger sample sizes are needed. Statisticians have recently introduced several new, easily accessible fMRI-specific power analyses that make it easier to consider the desired effect and sample sizes (Mumford, 2012).

Only six studies reported that functional brain changes were associated with pain intensity, and two studies reported that functional brain changes were associated with headache frequency and medication use. It was unclear whether these studies performed correlation analyses between functional changes and other clinical outcomes; only positive results were reported. Future work should perform correlation analyses between functional brain changes and more clinical symptoms, such as pain intensity, frequency of attacks, use of medications, and symptoms of anxiety and depression, and fully report the results.

No neuroimaging scanning was performed during the follow-up period after acupuncture treatment in the current studies. Acupuncture has been reported to have a long-term therapeutic effect in the follow-up period after acupuncture treatment for migraine (Li et al., 2012). To assess the potential neural mechanism underlying the long-term efficacy of acupuncture on migraine prophylaxis, future work should not only consider the functional brain changes of patients with MWoA before and after acupuncture treatment, but also during the follow-up period.

Different neuroimaging techniques and analysis methods may make it hard to compare results across studies. Multi-modality imaging methods in larger patient populations may help to overcome some of these inconsistencies and improve our understanding of how different findings relate to each other (Schwedt et al., 2015; Russo et al., 2020).

Differences were found by fMRI in brain activity between the ictal and interictal visits in the brainstem/pons, thalamus, insula, cerebellum and cingulate cortex in migraine patients (Maleki et al., 2021). Another group noticed different activation patterns of the occipital cortex in migraine patients during ictal and interictal phase (Bramanti et al., 2005). Only two studies included in this review selected patients with acute migraine attacks as the research objects, and the rest 13 studies selected patients with migraine in the interictal phase as the study subjects. Migraine is a paroxysmal disease, and the onset of migraine is often unpredictable. Headache and neurological symptoms during migraine attack, time-consuming and noisy fMRI scanning have influenced patients' coordination and compliance to clinical research. These limitations make it difficult to conduct neuroimaging studies on spontaneous migraine attacks, and the number of related studies is relatively small. In the future, a large number of neuroimaging studies focusing on the effect of acupuncture for migraine during ictal phase are needed.



Participants

The diagnostic/inclusion/exclusion criteria for MWoA are clear. But the diagnostic/inclusion/exclusion criteria for HC vary greatly between studies. To improve the quality of research, more rigorous inclusion/exclusion criteria to define HCs are needed.

Participants' mental state has been reported to have a great impact on their brain function such as regional spontaneous neural activity and amplitude low-frequency oscillations (Liu et al., 2012, 2013). It has been reported that migraineurs with depression exhibit hypoechogenicity of the brainstem raphe, whereas those without depression exhibited hypoechogenic raphe (Tao et al., 2019). Of the studies included in this review, only four assessed participants' anxiety and depression status. Thus, future studies could employ a self-rated anxiety scale, self-rating depression scale, or the Beck Anxiety/Depression Inventory to assess participants' mental state and eliminate the confounding effect of depression/anxiety on neuroimaging results.

Changes of brain function and structure have been reported in women during menstruation (Hagemann et al., 2011; Veldhuijzen et al., 2013). However, only three studies ensured that female participants did not undergo neuroimaging during menstruation. In the future, researchers should optimize the neuroimaging detection scheme to ensure that female participants avoid receiving neuroimaging scanning if they are menstruating.



Acupuncture Manipulation

The differences in qualifications of acupuncturists, “de qi” sensation, manipulation methods, and frequency and duration of treatment affected the final results of the included studies. It could therefore be important to standardize acupuncture procedures, and define requirements for the angle, depth, and manipulation of acupuncture needles. In addition, ideally, a single professional acupuncturist should perform treatment within studies, and the “de qi” scale should be recorded.

Furthermore, to ensure that acupuncture treatment protocols used in neuroimaging studies are effective in migraine treatment, protocols that have been verified by clinical RCTs should be adopted.




Analysis of the Current Neuroimaging Results After Sustained Acupuncture

The brain areas that had been changed after instant acupuncture mostly were the precuneus (Yang et al., 2012, 2014; Ning et al., 2017), the right precentral gyrus (Liu et al., 2016; Ning et al., 2017), the left postcentral gyrus (Liu et al., 2016), the right parahippocampal gyrus (Liu et al., 2016).

These brain regions are mainly located in the pain conduction pathway and somatosensory cortex, which are closely related to pain (Bornhövd et al., 2002; Akitsuki and Decety, 2009) and are the main pain regulating central system (Ploner et al., 1999). After summarizing the neuroimaging studies of acupuncture for migraine in the last 10 years, we found scientific evidence of acupuncture's immediate and sustained effect on migraine. None of the included studies performed a correlation analysis between functional brain changes and clinical outcomes immediately after acupuncture, although there seems to be a link between functional brain changes and clinical outcomes (Yang et al., 2012, 2014); nonetheless, the neural mechanism underlying the immediate effect of acupuncture analgesia remains unclear. The experimental design of studies that have examined immediate acupuncture analgesia also have some shortcomings. For example, the predisposing factors to migraine attacks and their symptoms and severity are not yet clear. Headache and neurological symptoms during migraine attack, time-consuming and noisy fMRI scanning have affected patients' coordination and compliance to clinical trials. These limitations make it difficult to use neuroimaging to assess the neural mechanism of immediate acupuncture analgesia.



Analysis of the Current Neuroimaging Results After Instant Acupuncture

After sustained acupuncture treatment, the relief of pain intensity might be regulated by the DMN, FPN, limbic system and DPMS (Zhao et al., 2014; Li et al., 2015, 2016, 2017a,b; Gu et al., 2018; Zou et al., 2019). The reduction in the monthly amount of acute headache medications taken might be regulated by the DMN (Zou et al., 2019), and the reduction of headache frequency might be regulated by the DMN, visual network, sensory motor network, and FPN (Tu et al., 2020). The DMN is an important resting-state network, which consists of precuneus, posterior cingulate gyrus and etc (Raichle, 2006). The DMN has been associated with adaptive behavior, and cognitive, emotional, and attention processing (Raichle et al., 2001). Key components of the DMN are significantly related to individual pain sensitivity (Goffaux et al., 2014), are also involved in the “medial pain system,” which is considered to respond to pain stimuli (Zhuo, 2008)and plays an important role in pain processing (Kong et al., 2010; Loggia et al., 2013). The limbic system today is generally thought of as including the amygdala, the anterior cingulate cortex, the orbital and medial prefrontal cortex, the insula and etc (Price and Drevets, 2010). The limbic system is an important region for the processing of acute pain and anxiety (Maizels et al., 2012). The amygdala influences attention, conditioning, and memory retrieval, and plays a critical role in fear conditioning. The anterior cingulate cortex is primarily involved in modulating the affective component of pain, the anterior insula is involved when attention modulates pain. The prefrontal cortex serves a critical role in controlling pain modulatory circuits, specifically by driving endogenous pain-inhibitory circuits (Nagai et al., 2007). The frontoparietal region plays a dominant role in the formation and transmission of sensation, and connects the primary sensory area with the secondary sensory area (Lobanov et al., 2013). Other studies have demonstrated that the frontoparietal lobe is closely related to cognitive processing, memory working, and attention (Seeley et al., 2007). Accordingly, chronic continual pain, such as that experienced by patients with MWoA, invariably affects attention, and might alter FC of the FPN. The RFPN has been recognized as an important brain network for perception, somesthesis, and pain (Smith et al., 2009). Pain perception is modulated by the DPMS, allowing environmental, contextual and cognitive factors to influence our pain experiences (McMahon et al., 2013). The DPMS comprises a network of cortical and subcortical brain and brainstem regions that can inhibit nociceptive afferent brain inputs (Ossipov et al., 2010; Tracey, 2010; Goksan et al., 2018). Its integrated function is essential for effective modulation of sensory input to the central nervous system and behavioral responses to pain (Zhuo and Gebhart, 1997). From assessing neuroimaging evidence of the effect of acupuncture on pain intensity, analgesic medication use, and headache frequency, we can infer that the neural mechanism of sustained acupuncture treatment for migraine might be related to the regulation of pain-related brain networks. But the experimental design of studies that have examined the effect of sustained acupuncture also have some shortcomings. For example, there are differences in acupoint selection, frequency and duration of treatment. There's no unified standard for neuroimage acquisition time. Whether women should avoid menstrual period for MRI scanning, and whether the psychological state of migraine patients is evaluated. These factors affect the repeatability and scientificity of the studies, and bring difficulties to explore the neuroimaging mechanism of acupuncture's sustained effect.



Prospects for Future Studies

In 3 studies, Liu et al. found that the interindividual variability of brain structure could predict the outcomes of an 8-week sham acupuncture treatment in patients with MWoA (Liu et al., 2017a,b, 2019). Recently, Yang et al. used a machine learning classification method to establish a predictive model of acupuncture efficacy in patients with MWoA based on pretreatment gray matter structure. The model had an 83% accuracy rate in distinguishing acupuncture responders from non-responders (Yang et al., 2020). These studies demonstrate that neuroimaging tools can be used in future work to not only evaluate clinical efficacy, but also to predict clinical efficacy. Indeed, the use of neuroimaging could provide an objective biomarker for acupuncture treatment responses of patients with MWoA and aid the development of personalized treatment. Also, the prediction of acupuncture responses could reduce medical costs for patients identified as probable non-responders, and using a diagnostic neural marker can be useful in patients who are unable to communicate or provide reliable self-reports. Further research is needed to verify whether these neuroimaging markers can be regarded as predictors of the effect of acupuncture on migraine, and whether other such predictive neuroimaging markers exist. To do this, future studies could use more recent techniques to comprehensively analyze neuroimaging data, such as machine learning methods. Machine learning is a sub-field of artificial intelligence, with the goal of learning a function from a set of data points through optimization of a certain performance metric, such as prediction accuracy. Machine learning methods are now key tools for neuroimaging data analysis in the field of pain research (Rashidi et al., 2019), and future work could consider using this method to better interpret neuroimaging findings on acupuncture treatment for migraine.




LIMITATIONS

The present study has several limitations that should be noted. First, despite our thorough research, the number of neuroimaging studies into the effect of acupuncture on migraine was quite limited, which may limit our study findings. Second, although this review provides a detailed, structured overview of the current neuroimaging literature on the use of acupuncture to treat migraine, we identified data evaluation issues that can be difficult to avoid in neuroimaging and acupuncture research. Namely, every individual neuroimaging device, analysis method, and acupuncture intervention comes with the risk of bias such as performance bias and detection bias, which in turn could have biased our review.



CONCLUSIONS

The neural mechanism underlying the immediate effect of acupuncture analgesia remains unclear, and the neural mechanism of sustained acupuncture treatment for migraine might be related to the regulation of pain-related brain networks. The experimental design of neuroimaging studies that examined the effect of acupuncture in migraine also have some shortcomings, and it is necessary to standardize and optimize the experimental design. Multi-center neuroimaging studies are needed to provide a better insight into the neural mechanism underlying the effect of acupuncture on migraine. Multi-modality neuroimaging studies that integrate multiple data analysis methods are required for cross-validation of the neuroimaging results. In addition, applying machine learning methods in neuroimaging studies can help to predict acupuncture efficacy and screen for migraineurs for whom acupuncture treatment would be suitable.
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Primary dysmenorrhea (PDM) is a common gynecological disease characterized by lower abdominal pain. Acupuncture is considered a good alternative therapy for PDM. However, the central mechanism of the analgesic effect of acupuncture is largely unknown. In this study, eligible patients were randomized into the real and sham acupuncture groups using a computer-generated, permuted block randomization method. The study cohort comprised 34 patients: 19 in the real acupuncture group and 15 in the sham acupuncture group. The clinical characteristics of the patients during their menstrual period were collected, and imaging scans were performed during the first 3 days of the patients’ menstrual period. We analyzed task and resting functional magnetic resonance imaging (fMRI) data to investigate the potential central mechanism of the immediate effect of acupuncture intervention on the intensity of PDM pain. The task fMRI study found that the rostral anterior cingulate cortex (rACC) and right supplemental motor area were activated during real acupuncture. Using the resting-state functional connectivity (FC) method, we found a post- versus pre-treatment change in the FC of the rACC and left precentral gyrus in the comparison of real acupuncture versus sham acupuncture. In addition, the FC of the rACC–left precentral gyrus at baseline was negatively correlated with short-term analgesia, while the change in the FC of the rACC–left precentral gyrus was positively correlated with short-term analgesia after acupuncture treatment. These findings support the importance of rACC–left precentral gyrus resting-state FC in the modulation of the intensity of PDM pain through acupuncture, which may shed light on the central mechanism of acupuncture in the treatment of PDM.
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INTRODUCTION

Primary dysmenorrhea (PDM) is a common gynecological disease characterized by pain in the lower abdomen (Ruoff and Lema, 2003). The onset of PDM often occurs at the age of 20 years or younger after the ovulatory cycle becomes established (Lentz et al., 2012). PDM reportedly affects 45–95% of menstruating women, and severe episodes affect 10–25% of reproductive-aged women (Iacovides et al., 2015). PDM has become the main cause of recurrent absenteeism in young women during their menstrual period (Pitangui et al., 2013). Non-steroidal anti-inflammatory drugs and oral contraceptives are widely used in the treatment of PDM (Dawood, 2006). However, these standard drugs have a poor therapeutic effect and are associated with adverse effects (Harada et al., 2011; Marjoribanks et al., 2015; Oladosu et al., 2018). Therefore, there is an urgent need to identify a safe and effective method with which to manage the symptoms of PDM.

Recently, acupuncture has been considered a good alternative therapy for PDM in patients who fail to respond to oral analgesic drugs (Sriprasert et al., 2015). A series of clinical studies have confirmed the beneficial effect of acupuncture in improving pain due to PDM (Ma et al., 2013; Armour et al., 2017; Shetty et al., 2018). In addition, a meta-analysis reported that acupoint stimulation has more significant effects on PDM than non-acupoint stimulation (Chung et al., 2012). Moreover, studies on the analgesic effect of single acupoint stimulation have proved that acupuncture at Sanyinjiao (SP6) effectively relieves dysmenorrhea (Liu et al., 2014; Hu and Liu, 2019), especially resulting in an immediate effect in PDM (Liu et al., 2011; Shi et al., 2011; Mohammadi et al., 2019). However, the underlying mechanism by which acupuncture exerts an immediate analgesic effect in patients with PDM remains unclear.

In recent years, neuroimaging techniques have been extensively used to investigate the mechanism by which acupuncture achieves analgesia. A large number of functional magnetic resonance imaging (fMRI) studies have demonstrated that the analgesic effect of acupuncture may be related to the responses of pain-related brain regions (Li et al., 2014; Zhao et al., 2014; Yan et al., 2020). Moreover, the analgesic mechanism of acupuncture in PDM is related to the regulation of endogenous opioids in the pain modulation system and pain-related brain network (Ren et al., 2012). Thus, the probable mechanism of the immediate analgesic effect of acupuncture in PDM is via modulation of the brain regions related to pain.

The acupuncture process is complicated, and task-state fMRI studies have found that twirling acupuncture manipulation at real and sham acupoints results in different activation effects on the cerebral cortex in healthy people (Fang J. et al., 2004; Fang J.L. et al., 2004). However, it is unclear whether this difference affects the outcome of acupuncture in patients with PDM. To investigate this, we used a block design to divide patients into groups that underwent acupuncture at real or sham acupoints × twirling acupuncture and retention acupuncture. Task-state fMRI was utilized to verify whether the immediate analgesic effect and brain response to twirling acupuncture differed between acupuncture modalities (needling at acupoints or non-acupoints). Furthermore, we used resting-state fMRI to examine the effects of acupuncture on the functional connectivity (FC) of different brain areas and to identify whether the changes in brain FC could be used to evaluate changes in clinical pain intensity. We hypothesized that the combined task- and resting-state brain function data would result in different central response characteristics due to acupoint and non-acupoint stimulation under different needle manipulation techniques, thus explaining part of the central mechanism of the immediate analgesic effect of acupuncture in PDM.



MATERIALS AND METHODS


Patients

Forty-four patients with PDM were recruited. The inclusion criteria were as follows: (1) right-handed nulliparous women aged 18–30 years; (2) meeting the diagnostic criteria for PDM of the Society of Obstetricians and Gynecologists of Canada (Burnett and Lemyre, 2017); (3) normal menstrual cycle (27 to 32 days); (4) fulfillment of a menstrual cycle dysmenorrhea diary; (5) average pain intensity score of ≥4 on a visual analog scale (VAS) for three consecutive menstrual cycles; (6) fMRI scan performed on days 1–3 of menstruation and a VAS pain score of ≥ 4 before the scan; and (7) responsive to acupuncture and able to attain the feeling of De qi. The exclusion criteria were as follows: (1) dysmenorrhea caused by organic gynecological disease; (2) history of cardiovascular and/or cerebrovascular diseases and/or neuropsychiatric disorders; (3) intake of painkillers or sedatives within 1 week before the fMRI scan; (4) contraindications to fMRI. All patients provided written informed consent for study participation. The study was approved by the Sichuan Traditional Chinese Medicine Regional Ethics Review Committee before trial commencement. Nine patients dropped out during the follow-up period. A final total of 34 patients (19 in the real acupuncture group and 15 in the sham acupuncture group) completed all the clinical assessments and imaging scans and received 8 weeks of real or sham acupuncture treatment.

Patients were instructed to take no analgesics other than ibuprofen during the study period. Participants were permitted to take ibuprofen sustained-release capsules (Tianjin Smith Kline & French laboratories, Ltd., Tianjin, China; SFDA approval number: H20013062) as rescue medicine for unbearable menstrual cramps; the details, including dosage, medication time, and remission time were reported to the researchers and recorded in the case report form.


Randomization and Blinding

Eligible patients were randomized into the real and sham acupuncture groups using a computer-generated, permuted block randomization method. Because of the particularities of acupuncture, it is difficult to achieve blinding. To minimize the influences of subjective factors from participants and researchers on the research results, we blinded the patients, assessors, and statisticians to the groupings.



Data Acquisition


Demographic and clinical data

The patients’ baseline demographic data (age, height, weight, and disease duration) were collected. VAS scores were recorded before and after the fMRI scan to evaluate the degree of dysmenorrhea immediately before and after acupuncture.



fMRI scan procedure

The study was performed in the MRI room of the Affiliated Hospital of Chengdu University of TCM. The fMRI scan was acquired using a 3.0-T GE Signa MR750 system (GE Healthcare, Milwaukee, WI, United States). All patients were scanned within the first 3 days of their menstrual period. Patients were instructed not to drink strong tea, coffee, or alcohol for 24 h before the MRI scan. After a 20-min break, the patients entered the MRI room in a calm state. Patients were asked to keep their eyes closed and remain awake but avoid psychological activity as much as possible during the scanning process. A head restraint was used to limit head movement, and earplugs were provided to reduce the noise.

The three scanning steps in turn were T1-weighted gradient-echo imaging, rest 1, and rest 2. High-resolution T1-weighted gradient-echo images were obtained for anatomical reference using the following parameters: repetition time (TR) = 2530 mm, echo time (TE) = 3.39 ms, field of view (FOV) = 256 mm × 256 mm, flip angle = 7°, slice thickness = 1 mm, resolution = 256 × 256. The resting-state functional images were obtained using an echo-planar imaging sequence with the following parameters: TR = 2000 ms, TE = 30 ms, FOV = 240 mm × 240 mm, flip angle = 90°, slice thickness = 4 mm, resolution = 64 × 64.



Acupuncture procedure

After the first two scans (T1-weighted gradient-echo imaging and rest 1), the scanning was suspended and patients were instructed to keep their whole body still, especially the head. Patients then received acupuncture at the corresponding acupoints or non-acupoints in accordance with their grouping. The following two types of conditions were applied: bilateral SP6 stimulation, and stimulation at a non-acupoint (without known clinical effects) located midway between SP6 and the Urinary Bladder Meridian. The patients had not previously received acupuncture and could not distinguish which acupoints were being stimulated. Needles were perpendicularly inserted to a depth of 1–1.5 cun. The acupuncturists twirled the needles bidirectionally from 90° to 180° to induce the De qi sensation. The duration of acupuncture was 7 min, during which the needles were retained and twisted alternately. The time at which the needles were inserted was designated as “0.” The needles were inserted at 1, 3, 5, and 7 min, twirled at 2, 4, and 6 min (at a rate of approximately 120 times per minute), and then left in place at the end of 7 min (Figure 1). After the completion of acupuncture, the rest 2 scan was performed with the needles retained. The whole process was continuous. The procedure was performed by licensed and experienced acupuncturists. The disposable stainless steel acupuncture needles did not cause any safety problems under the nuclear magnetic environment.
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FIGURE 1. Schematic diagram of the fMRI experimental process. (A) Structural-image scan (T1), function-image scan (rest1, rest2, and task), the paradigm of intervention (acupuncture), and evaluation of pain intensity (VAS-A and VAS-B). (B) In the task-state scanning, the acupuncture operation of the twirling and retention were performed alternately, with each condition for 1 min, and the total operating time lasted 7 min.




Statistical Analysis

All statistical analyses were performed using SPSS Statistics V21.0. Continuous variables with normal distribution were presented as the mean and standard deviation. The significance level used for statistical analysis with two-tailed testing was 5%. For normally distributed quantitative data, the t test was used to detect differences between the real and sham acupuncture groups; the Mann–Whitney test was used for non-normally distributed data. To explore the effect of acupuncture on analgesia, the two-sample t test was used to compare the pre- to post-treatment change in pain intensity (VAS score) between the real and sham acupuncture groups.



fMRI Data Preprocessing and Analysis

All fMRI data were preprocessed using the Matlab toolkit SPM81. To maintain the stability of the data, the images from the first five time points were discarded during data preprocessing. Then, all the scanned images were aligned with the middle image and corrected. When the head movement was corrected, the images with a head movement angle of greater than 2 mm or 2° in any direction were deleted. For spatial registration, T1-weighted images of the patients were matched with their respective functional images, and the images were uniformly segmented and resampled. The retained data were processed with spatial normalization based on the Montreal Neurological Institute space. Finally, the images were smoothed spatially with a Gaussian kernel at a full width at half maximum of 6 mm.

First, the one-sample t test was used to obtain the brain activity of each patient under each condition (real-twirling, real-retention, sham-twirling, and sham-retention). Second, the paired t test was used to obtain the fMRI signal change differences between the twirling and retention conditions within the same group. Third, a 2 × 2 analysis of variance was performed to compare the twirling and retention fMRI signal changes between the real and sham acupuncture groups (full factorial analysis in SPM8 second-level analysis) to yield an interest mask of the associated brain regions (Supplementary Figure 1). A voxel-wise threshold of p < 0.005 with a false discovery rate-corrected cluster level of p < 0.05 was applied in the task fMRI analysis; a small volume correction was used to correct for multiple comparisons using 3dClustSim (voxel level, p < 0.005; cluster level, p < 0.05) if the affected brain regions belonged to the pain matrix.



Functional Connectivity Analysis

Based on the region of interest as the seed point, seed-based FC was assessed in the resting-state fMRI scans during the pre- and post-treatment phases. Pearson correlation analysis was used to calculate the correlation (r value) between the seed region and each region of the brain. The r value was then converted into a Z value close to the normal distribution via Fisher Z transformation to represent the strength of the connection between the two brain regions.



Correlation Analysis

To investigate the correlation between the intergroup difference in the FC change (post- versus pre-treatment) and the short-term analgesic effect of acupuncture, we explored the potential correlation between the FC in characteristic brain regions and the VAS score based on Pearson’s correlation coefficient. We also explored the correlation between the brain areas activated under task-state fMRI and short-term analgesia.



RESULTS


Patient Characteristics

A total of 34 patients completed this trial, comprising 19 in the real acupuncture group and 15 in the sham acupuncture group. The demographic data of all patients are shown in Table 1. There were no significant differences between the two groups in age, height, weight, and disease duration (p > 0.05).


TABLE 1. Baseline patient characteristics and average pain intensity before and after acupuncture treatment.

[image: Table 1]The pre- and post-treatment VAS scores of the real and sham acupuncture groups are shown in Table 1. There were no significant differences between the two groups regarding the pre-treatment VAS score (p = 0.493) and post-treatment VAS score (p = 0.069), but the reduction in the pain intensity after treatment was significantly greater in the real acupuncture group than the sham acupuncture group. Furthermore, the pain intensity change [(post-treatment VAS score minus pre-treatment VAS score)/pre-treatment VAS score] was significantly greater in the real acupuncture group than the sham acupuncture group (p = 0.010).


Brain Region Activity

Table 2 summarizes the task-state fMRI results that show the brain activity in each group and the intergroup differences in brain activity under each condition. Figure 2 shows the brain areas with no activity under different conditions in the real and sham acupuncture groups. The real acupuncture group showed no significant brain activity in the needle retention state, while bilateral thalamus activation was found in the needle twirling state; a comparison of the two conditions (retention versus twirling) revealed that the signal change occurred in the right supplemental motor area (SMA) of the brain. The sham acupuncture group showed brain activity in the right superior frontal gyrus (SFG) under both the retention and twirling states, with no difference in the activated brain area under the retention versus the twirling state. Under the retention condition, the brain activity significantly differed between the real and sham acupuncture groups in the anterior cingulate cortex (ACC), right precuneus (PCU), right SMA, and right middle frontal gyrus (MFG); under the twirling condition, the brain regions with significantly different activity in the real acupuncture group versus the sham acupuncture group were the right PCU and the ACC (Figure 3A). Notably, the ACC and PCU are the core nodes of the default mode network (DMN). The brain regions where the activity changes under the two conditions (retention versus twirling) differed between the real and sham acupuncture groups were the rostral ACC (rACC) and the right SMA (Figure 3B). In addition, there was a significant positive activity change in the rACC under the twirling versus the retention condition between the real and sham acupuncture groups.


TABLE 2. Task state-related brain activity in each group and intergroup activity differences under each condition.
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FIGURE 2. Brain negative activity in different conditions in each group. SMA, supplemental motor area; t VS r, twirling VS retention.



[image: image]

FIGURE 3. Brain activity in different conditions between real vs. sham treatment group. (A) The brain activity difference of retention condition and twirling condition between real vs. sham acupuncture treatment. (B) The brain activity difference of twirling vs. retention condition between real vs. sham acupuncture treatment. ACC, anterior cingulate cortex; PCU, precuneus; SMA, supplemental motor area; rACC, rostral anterior cingulate cortex.




Seed-Based Functional Connectivity Results and Their Correlation With the Pain Score

As shown in Figure 4, we chose the rACC as the seed point to use as the average time course of the reference regions for comparison with every other voxel in the brain. After calculating the resting-state FC, we found a significant pre- versus post-treatment difference in the FC between the rACC and the left precentral gyrus in the real acupuncture group versus the sham acupuncture group (Figure 4A). The resting-state scan showed that the FC of the rACC–left precentral gyrus at baseline was negatively correlated with the short-term analgesic effect based on the VAS pain score (r = −0.369, p = 0.041), while a positive correlation was observed between the change in FC of the rACC–left precentral gyrus and the short-term analgesic effect based on the VAS score (r = 0.542, p = 0.002) (Figure 4B).
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FIGURE 4. The seed-based functional connectivity results and clinical significance. (A) The significant group difference FC change (post- vs. pre-) between RA and SA group was found in FC between rACC and left precentral gyrus. (B) The FC of rACC-Precentral.L in the baseline was negatively correlated with the short-time pain analgesia, while the change of FC in rACC-Precentral.L was positively correlated with the short-time pain analgesia in PDM patients after acupuncture treatment. FC, functional connectivity; rACC, rostral anterior cingulate cortex; VAS, visual analog scale.




DISCUSSION

In our study, the task-state fMRI results showed that twirling acupuncture (at both real and sham acupoints) caused different brain activities in pain-related brain areas, which indicates that there are multiple neural mechanisms involved in acupuncture. The DMN contributed greatly in the process of acupuncture. In addition, the pain intensity (scored by the VAS) was related to central features on resting-state fMRI. Our results suggest that the analgesic mechanism of acupuncture may be strongly linked to the FC of the rACC–left precentral gyrus.


Task-State-Related Brain Activity in Each Group and Intergroup Differences in Brain Activity Under Each Condition

Our task-state fMRI results showed that the right SMA, right thalamus, and right SFG were activated under the twirling condition of acupuncture. The SMA plays a pivotal role in the translation of pain cognition (Puri et al., 2010); it expresses more significant regional cerebral blood flow under different pain modalities and is considered a potential biomarker of acute pain (Frölich et al., 2012). The brain response in the SMA is reportedly correlated with reduced pain following acupuncture stimulation (Maeda et al., 2013), suggesting that the SMA may mediate the signal transmission of acupuncture analgesia. Our study revealed deactivations in the SMA under the twirling acupuncture condition, which is in line with fMRI studies reporting that the SMA has decreased activity during acupuncture or transcranial stimulation (Tanaka et al., 2005; Deng et al., 2016).

Several studies have reported thalamus-related abnormal FC in PDM (Liu P. et al., 2017; Han et al., 2019). The thalamus, as part of the medial pain system, is significantly activated in response to the pain signal produced by painful stimuli (Derbyshire et al., 1997), which is mainly transmitted by the ascending pain pathway, and participates in the learning of the pain-related emotional response during the process of pain coding (McNally et al., 2011). The activation of the thalamus is positively correlated with the acupuncture-induced analgesic effect (Zhang et al., 2003; Gong et al., 2006). We speculate that this analgesic effect of acupuncture may be linked to the limbic–paralimbic–neocortical network modulation involving the thalamus (Fang et al., 2009). Moreover, the right SFG was activated by twirling acupuncture in the sham acupuncture group. This might be a result of the “placebogenic” effect of stimulation at non-acupuncture points (Howick, 2017), which occurs due to the unspecific effects of sham acupuncture (Madsen et al., 2009). Overall, the evidence suggests that the central analgesic effect of twirling acupuncture may be associated with mediation of the pain-related regions of the brain.

The present study found that the brain activity differed between the real and sham acupuncture groups in the ACC, right PCU, right SMA/SFG, and right MFG/dorsolateral prefrontal cortex. The ACC and PCU are the two core areas of the DMN (Fransson, 2005). Multiple fMRI studies have confirmed the presence of DMN-related abnormalities in PDM, involving structural abnormalities and aberrant intrinsic brain activities (Wu et al., 2016; Dun et al., 2017; Liu P. et al., 2017). Moreover, one tract-based analysis reported that the disruption of communication within the DMN and/or between the DMN and other pain-related brain networks induced by altered anatomical connections may be the central susceptibility leading to the progression of PDM into chronicity (Liu J. et al., 2017). A review focused on the central effects of acupuncture-induced analgesia indicated that the FC and activation pattern of the DMN are influenced by analgesic acupuncture (Otti and Noll-Hussong, 2012). Previous studies observed that patients with PDM have abnormal brain activity in the ACC, which might be associated with the PDM-related disturbance in pain modulation (Liu J. et al., 2017; Liu P. et al., 2017; Liu et al., 2018). Negative activation of the ACC inhibits the pain-related emotional response under the action of acupuncture (Hui et al., 2010), which proves that the ACC is an important brain region involved in acupuncture-induced analgesia. The PCU modulates chronic pain (Farmer et al., 2012) and acts on the autonomic nerve and descending inhibition systems to regulate the pain sensation caused by acute noxious stimulation (Kucyi et al., 2013). Abnormal changes in gray matter volume are observed in the PCU of patients with PDM (Tu et al., 2013; Liang et al., 2016; Chen et al., 2019). Moreover, patients with PDM have increased FC (Liu P. et al., 2017) and spontaneous brain activity (Jin et al., 2017) in the PCU, and acupuncture treatment significantly regulates this abnormal brain functional network connection (Cai et al., 2018). In addition, the SMA, SFG, right MFG, and dorsolateral prefrontal cortex were activated under task-state fMRI in the present study. The fMRI activation is more extensive in discriminative somatosensory and cognitive pain processing areas during verum acupuncture compared with sham acupuncture (Usichenko et al., 2015).



Rostral Anterior Cingulate Cortex–Left Precentral Gyrus Functional Connectivity

A resting-state fMRI study confirmed the presence of abnormal ACC-related systematic FC in PDM-related disturbances (Liu et al., 2018). Furthermore, ACC-related resting-state FC is more prone to occur in women than men (Coulombe et al., 2016). In the present study, we found that real acupuncture significantly decreased the resting-state FC between the rACC and left precentral gyrus compared with sham acupuncture. The rACC mainly modulates internal pain responsiveness (Devinsky et al., 1995) and has been suggested to be involved in the FC within the mesocorticolimbic pathways encoding the effects of expectancy on pain (Tu et al., 2020). The precentral gyrus contributes to the provision of pain relief (Lefaucheur et al., 2001). An arterial spin labeling study reported aberrant precentral gyrus activity in patients with PDM (Zhang et al., 2019). Thus, a reduction in the rACC–left precentral gyrus resting-state FC may be the mechanism by which acupuncture affects pain modulation.



Correlations Between the Rostral Anterior Cingulate Cortex–Left Precentral Gyrus Functional Connectivity and Pain Intensity

In this study, we combined task-state and resting-state fMRI data to identify the mechanism of the immediate effect of acupuncture intervention on the severity of pain due to PDM. We found a negative association between the predicted intervention effect and brain response in the real acupuncture group. Our findings indicate that the baseline rACC–left precentral gyrus FC may influence subsequent clinical responses involving the same network and provide a potential method with which to predict the response to acupuncture treatment. We also found that the change in FC of the rACC–left precentral gyrus was positively correlated with the short-term analgesic effect of acupuncture treatment in patients with PDM, which further endorsed the importance of rACC–left precentral gyrus resting-state FC in the modulation of the pain intensity of PDM through acupuncture. These findings suggest that the change in the rACC–left precentral gyrus resting-state FC may be the underlying central mechanism of the immediate analgesic effect of acupuncture.



Study Limitations

This study has some limitations. The patients’ expectations of the outcome of acupuncture may have impacted the study results, although minimal communication was required during the study period. As the fMRI scans were performed within the first 3 days of the menstruation period, the compliance of some patients was affected and there were some dropouts during the follow-up period. Moreover, due to financial constraints, imaging data were not collected during the non-menstrual period. Finally, the sample size was small. The present findings require confirmation in further large-scale studies.



CONCLUSION

The present study showed that twirling acupuncture (at both real and sham acupoints) resulted in different brain activities in pain-related brain areas, suggesting that acupuncture acts via multiple neural mechanisms. The task fMRI study found that the rACC and right SMA were activated during real acupuncture. The resting-state FC method showed that the post- versus pre-treatment change in FC between the rACC and the left precentral gyrus differed after real acupuncture versus sham acupuncture. In addition, the FC of the rACC–left precentral gyrus at baseline was negatively correlated with short-term analgesia, while the change in FC of the rACC–left precentral gyrus was positively correlated with the short-term analgesic effect of acupuncture treatment in patients with PDM. These findings support the importance of the rACC–left precentral gyrus resting-state FC in the modulation of the pain intensity of PDM through acupuncture, which may shed light on the central mechanism of acupuncture in the treatment of PDM.
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Electroacupuncture (EA) is widely used in clinical practice to relieve migraine pain. 5-HT7 receptor (5-HT7R) has been reported to play an excitatory role in neuronal systems and regulate hyperalgesic pain and neurogenic inflammation. 5-HT7R could influence phosphorylation of protein kinase A (PKA)- or extracellular signal-regulated kinase1/2 (ERK1/2)-mediated signaling pathways, which mediate sensitization of nociceptive neurons via interacting with cyclic adenosine monophosphate (cAMP). In this study, we evaluated the role of 5-HT7R in the antihyperalgesic effects of EA and the underlying mechanism through regulation of PKA and ERK1/2 in trigeminal ganglion (TG) and trigeminal nucleus caudalis (TNC). Hyperalgesia was induced in rats with dural injection of inflammatory soup (IS) to cause meningeal neurogenic inflammatory pain. Electroacupuncture was applied for 15 min every other day before IS injection. Von Frey filaments, tail-flick, hot-plate, and cold-plated tests were used to evaluate the mechanical and thermal hyperalgesia. Neuronal hyperexcitability in TNC was studied by an electrophysiological technique. The 5-HT7R antagonist (SB269970) or 5-HT7R agonist (AS19) was administered intrathecally before each IS application at 2-day intervals during the 7-day injection protocol. The changes in 5-HT7R and 5-HT7R-associated signaling pathway were examined by real-time polymerase chain reaction (RT-PCR), Western blot, immunofluorescence, and enzyme-linked immunosorbent assay (ELISA) analyses. When compared with IS group, mechanical and thermal pain thresholds of the IS + EA group were significantly increased. Furthermore, EA prevented the enhancement of both spontaneous activity and evoked responses of second-order trigeminovascular neurons in TNC. Remarkable decreases in 5-HT7R mRNA expression and protein levels were detected in the IS + EA group. More importantly, 5-HT7R agonist AS19 impaired the antihyperalgesic effects of EA on p-PKA and p-ERK1/2. Injecting 5-HT7R antagonist SB-269970 into the intrathecal space of IS rats mimicked the effects of EA antihyperalgesia and inhibited p-PKA and p-ERK1/2. Our findings indicate that 5-HT7R mediates the antihyperalgesic effects of EA on IS-induced migraine pain by regulating PKA and ERK1/2 in TG and TNC.
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INTRODUCTION

The pain associated with migraine is a major cause of its accompanying disability and can impact almost every aspect of daily living (Agosti, 2018; Collaborators, 2018). A widel-accepted mechanism posits that migraine pain is caused by activation of the trigeminovascular system (Noseda and Burstein, 2013; Akerman et al., 2017; Ashina et al., 2019), which involves algogenic and inflammatory substances such as nitric oxide, calcitonin gene-related peptide (CGRP), neurokinin A, substance P, prostaglandins, and cytokines in the meninges, whereby their release would influence the activation of trigeminovascular afferents (Goadsby and Edvinsson, 1993; Gallai et al., 1995; Sarchielli et al., 2000, 2006). These substances can alter the trigeminal nociceptor excitability through transcriptional and/or posttranslational mechanisms, giving rise to trigeminal ganglion (TG) and trigeminal nucleus caudalis (TNC) neuronal hyperexcitability. Dural application of inflammatory substances, such as capsaicin (Iwashita et al., 2013), cytokines (Zhang et al., 2012), complete Freund adjuvant (Lukács et al., 2017), or inflammatory soup (IS) (Boyer et al., 2017) are used to develop meningeal neurogenic inflammatory pain models in rodents. The sterile inflammatory phenotype is induced by the substances from trigeminal innervation, which is also known as neurogenic inflammation, and the release of these substances is associated with vasodilation, plasma extravasation secondary to capillary leakage, edema, and mast cell degranulation. Moreover, the neuroinflammatory state results in a sensitization of the terminal yielding, which provokes ongoing afferent traffic and facilitates the sensation of the peripheral terminal to the mechanical stimulation related to the local vascular pulsations (Levy, 2012; Ramachandran, 2018; Cetinkaya et al., 2020). Injection of inflammatory substances promotes phosphorylation of protein kinase A (PKA) and extracellular signal-regulated kinase1/2 (ERK1/2), which leads to the nuclear translocation and activation of cyclic adenosine monophosphate (cAMP) responsive element-binding protein (CREB) by phosphorylation at Ser133 (Levy and Strassman, 2002; Vermeer et al., 2014; Ramachandran et al., 2018). An increase in p-CREB allows for more transcriptional regulation of neuronal activation marker c-Fos resulting in the maintenance of facilitated trigeminovascular pain transmission.

Electroacupuncture (EA) is one of the typical treatments of traditional Chinese medicine, and it is widely used in clinical practice to relieve migraine pain (Li et al., 2012; Yang et al., 2014; Linde et al., 2016; Zhao et al., 2017). p-PKA and p-ERK are considered to be the key to activate nociceptive neurons and maintain peripheral and central sensitization (Giniatullin et al., 2008; Iwashita et al., 2013; Nakaya et al., 2016). Our previous investigation found EA shows a direct effect on nociceptive neurons (Qu et al., 2020a, b). In addition, several studies (Han et al., 2015; Shao et al., 2016; Hu et al., 2020) suggested PKA and ERK1/2 in the spinal dorsal horn might involve EA antihyperalgesia. However, the participation of PKA and ERK1/2 in EA antihyperalgesia has not been well defined.

5-Hydroxytryptamine (5-HT), a biogenic amine, is associated with feeding behavior, thermoregulation, sexual behavior, and sleep (Silberstein, 1994). The association between 5-HT and migraine pathophysiology has occurred ever since the observation of Sicuteri that the urinary excretion of 5-HT metabolites increased during migraine attacks (Sicuteri et al., 1961). The most convincing change of 5-HT metabolism during migraine attack could be the low central 5-HT disposition together with the increase in 5-HT release (Panconesi, 2008). Some lines of evidence come from drugs that interact with 5-HT receptors as migraine therapeutic targets; especially in the 1990s, the therapies targeting the 5-HT receptor produce selective cranial extracerebral vasoconstriction and inhibition of the trigeminovascular system responses (Villalón and VanDenBrink, 2017).

5-Hydroxytryptamine (5-HT)7 receptor (5-HT7R), belonging to the G protein-coupled receptor superfamily, is one of the most recently discovered members of the serotonin receptor family. Further studies showed that 5-HT7R is associated with mood disorder (Sarkisyan et al., 2010), epilepsy (Yang et al., 2012), autism spectrum disorder (Ciranna and Catania, 2014), nociception (Brenchat et al., 2010), and migraine (Wang et al., 2014). 5-HT7R are abundantly expressed in the central and peripheral nervous system, mainly in the thalamus (Varnäs et al., 2004), hypothalamus (Bonaventure et al., 2004), hippocampus, cerebral cortex (Neumaier et al., 2001), amygdala (Muneoka and Takigawa, 2003), cerebellum (Geurts et al., 2002), TNC (Martínez-García et al., 2011), and TG (Terrón et al., 2001) and have been reported to play an excitatory role in neuronal systems and regulate hyperalgesic pain and neurogenic inflammation (Terrón, 2002; Bravo et al., 2019), 5-HT7R couples positively to adenylate cyclase (AC) through activating Gαs (the stimulatory Gs protein), resulting in an increase in cAMP (Baker et al., 1998; Hamblin et al., 1998). Recent studies showed that 5-HT7R could influence PKA- or ERK1/2-mediated signaling pathways, which mediate sensitization of nociceptive neurons via interacting with Gαs-cAMP (Ohta et al., 2006; Cho et al., 2015), Previous studies found that blockade of 5-HT7R mediated craniovascular vasodilatation and perivascular trigeminal nerve endings in migraine rats. Furthermore, the 5-HT7R antagonist SB-269970 reduced neurogenic dural vasodilation (Wang et al., 2014) and CGRP release (Wang et al., 2010); CGRP is a key neuropeptide in the pathophysiology of migraine.

Given that EA could prevent the phosphorylation of PKA and ERK1/2, while the activation of 5-HT7R could cause PKA and ERK1/2 phosphorylation levels to increase, we hypothesized that 5-HT7R mediates the antihyperalgesic effects of EA by regulating PKA and ERK1/2 through Gαs-cAMP signaling.



MATERIALS AND METHODS


Animals

Male Sprague-Dawley rats weighing 210–260 g (National Institutes for Food and Drug Control, Beijing, China, Certificate number: SYXK 2014-0013) were housed at 20–26°C in plastic cages (size: 461 mm × 274 mm × 229 mm; three to four rats per cage) on soft bedding with ad libitum water and food under a 12-h/12-h light/dark cycle for at least 1 week before the experiment. Every effort was made to minimize the number of animals used. Numbers of animals were selected according to previous experience, i.e., a trade-off between reaching routine sample sizes for field experiments while minimizing numbers of animals for pain experiments. Experiments were performed on 100 animals (5–10 rats/group). Rats were randomized into treatment groups before their assessment. All experiments, analysis, and reporting were compliant to the animals in research: reporting in vivo experiments (ARRIVE). Animal experiments were performed according to the ethical guidelines set by the International Association for the Study of Pain (Zimmermann, 1983). The protocols applied here for animal care and use were approved by the Animal Experimentation Ethics Committee of Beijing Institute of Traditional Chinese Medicine (Approval number: 2018080102).



Dural Cannulation and Inflammatory Soup Injection

The protocols used for the dural cannulation were similar to those described previously (Boyer et al., 2017; Qu et al., 2020a). A previous study found that the effects of inflammatory soup (IS) application on the dura was due to the activation of trigeminal afferents and not to a systemic (Boyer et al., 2014). Rats were briefly anesthetized with sodium pentobarbital (40 mg kg–1, ip). The dura of rats was exposed through a 1-mm hole (1 mm left of midline, 1 mm anterior to bregma) and a guide cannula, extending 0.5 mm from the skull surface to avoid irritation of the dural tissue, was inserted into the hole, and secured into place with dental acrylic (see Supplementary Figure 1A). One week postsurgery, injections (20 μl, 1 μl min–1) of IS or artificial cerebrospinal fluid (aCSF) were performed under brief anesthesia (isoflurane, 3% induction, 1.5% maintenance) through the cannula at 2-day intervals during the 7-day injection protocol (Boyer et al., 2017; Bishop et al., 2019; see Supplementary Figure 1B). Twenty microliters of aCSF were injected as in rats which form the control (Con) group. After recovery, rats were gently placed into the glass chamber for behavioral testing. IS was formulated with histamine, serotonin, and bradykinin, all at 2 mM, and prostaglandin E2 (PGE2), at 0.2 mM, respectively, in 10 mM HEPES buffer at pH 5.0, and aCSF contained 124 mM NaCl, 2.5 mM KCl, 1.2 mM NaH2PO4, 1.0 mM MgCl2, 2.0 mM CaCl2, 25 mM NaHCO3, and 10 mM glucose.



Direct Transcutaneous Intrathecal Injection

Intrathecal injection was performed as described previously (Lapirot et al., 2009). One week after dural cannulation, rats received direct transcutaneous intrathecal injection before each IS application at 2 day intervals during the 7 day injection protocol. Under isoflurane-induced anesthesia (3% induction, 1.5% maintenance), a 25-G needle connected to a 25-μl Hamilton syringe was inserted percutaneously into the vertebral canal between L5 and L6. A tail-flick reaction denoted a successful puncture. A rat was injected intrathecally with 20 μl of 1% Chicago sky blue (C8678, Sigma-Aldrich, United States) to determine whether the drug injected intrathecally was able to reach the L6-S1 spinal cord level. After that, SB269970 (5-HT7R antagonist, 7 μl, 5 mM dissolved in distilled water; Sigma-Aldrich, United States) or AS-19 (5-HT7R agonist, 15 μl, 10 μM dissolved in saline; Sigma-Aldrich, United States) was administered intrathecally with an injection rate of 1 μl min–1 (Hoffman and Mitchell, 2011; Ni et al., 2019). Rats that exhibit signs of motor impairment are excluded from the experiment.



Electroacupuncture

Rats in GB20 + GB34, GB20 + SJ17, GB34 + ST36, IS + EA, and IS + AS19 + EA group received EA stimulation under anesthetization with isoflurane (3% induction, 1.5% maintenance). The Con, IS and IS + SEA group were also anesthetized at the same time. After immobilization, the rats were scrubbed with 75% alcohol disinfectant at the EA sites before EA was being performed by the acupuncturist with acupuncture needles. For the EA stimulation, four needles, each sized at 0.25 mm × 13 mm (Suzhou Medical Appliance Factory, Suzhou, China) were inserted at a depth of 1.5 mm in the bilateral head and hind leg at acupoints corresponding to Fengchi (GB20), Yifeng (SJ17), Yanglingquan (GB34), and Zusanli (ST36) (see Supplementary Figure 2 and Supplementary Table 1), as described previously (Zhang et al., 2016; Wang X.R. et al., 2018; Xu et al., 2019; Zhao et al., 2020). In clinical practice, GB20, SJ17, GB34, and ST36 were utilized most frequently in the clinical treatment for decreasing days of migraine attacks (Allais et al., 2002; Li et al., 2009; Wang et al., 2011; Li et al., 2012; Zhao et al., 2017). 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) of 15 min was initiated before IS injection. This process was repeated every 2 days (Figure 1A). Sham electroacupuncture (SEA) was acupuncture needle insertion into non-acupoints (approximately 10 and 15 mm above the iliac crest) without electrical stimulation.
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FIGURE 1. Effects of EA on IS-induced mechanical and thermal hyperalgesia. (A) Scheme of the experimental design. Rats were applied EA manipulation, following repeated-dural IS injection on days 1, 3, 5, and 7, then measurements of 50%FMWT, 50%PMWT, TFL, HPL, and CPB to examine the extent of mechanical and thermal hyperalgesia after 1 h of IS injection and also the day 0 without IS injection and 1 day after the 4th IS injection (day 8). (B,C) Reduction in 50%FMWT of IS + EA and IS compared with the Con group (n = 10; *P < 0.05); increase in 50%FMWT of IS + EA compared with the IS group on the bilateral side (n = 10; #P < 0.05). (D,E) Effects of EA on extracephalic mechanical hyperalgesia after dural IS injection. There was an increase of the 50%PMWT in the IS + EA group compared with the IS group on the bilateral side (n = 10, #P < 0.05). The TFL (F), and HPL (G) decrease and CPB (H) increase in the IS group compared with the Con group (n = 10, *P < 0.05) on days 5 and 7, there was an increase of the TFL and HPL and a decrease of CPB in the IS + EA compared with the IS group (n = 10, #P < 0.05). The repeated-measure two-way ANOVA post hoc Tukey multiple comparisons test was used. Group values are indicated by mean ± SEM. *P < 0.05 compared with the Con group; #P < 0.05 compared with the IS group at the same time point; †P < 0.05 compared with the baseline on day 0; 50%FMWT, 50% facial mechanical withdrawal threshold; 50%PMWT, 50% paw mechanical withdrawal threshold; TFL, tail-flick latency; HPL, hot-plate latency; CPB, cold-plate behaviors; EA, electroacupuncture; IS, inflammatory soup; SEA, sham electroacupuncture; Con, control.




Experimental Procedures


Experiment I

To find the best treatment protocol, we compared the effects of electroacupuncture at different acupoints GB20 + GB34, GB20 + SJ17, and GB34 + ST36, in changing the cutaneous hyperalgesia and 5-HT7R expression of IS rats. The rats were randomly divided into six groups: repeated dural injection of aCSF (Con group), repeated dural injection of IS (IS group), IS with sham EA (IS + SEA group), IS with EA at GB20 and GB34 point (GB20 + GB34 group), IS with EA at GB20 and SJ17 point (GB20 + SJ17 group), and IS with EA at GB34 and ST36 point (GB34 + ST36 group) group (n = 10 per group). We performed the 50% facial mechanical withdrawal threshold (50%FMWT), 50% paw mechanical withdrawal threshold (50%PMWT), tail-flick latency (TFL), hot-plate latency (HPL), and cold-plate behaviors (CPB) (Fregni et al., 2018) to evaluate the mechanical and thermal hyperalgesia. 5-HT7R expression in TG and TNC were detected by real-time polymerase chain reaction (RT-PCR), Western blot, and immunofluorescence analyses.



Experiment II

To observe the therapeutic effects of electroacupuncture, we examined whether EA can alleviate cutaneous hyperalgesia and neuronal hyperexcitability in TNC, which is induced by repeated dural injection of IS, using behavioral testing and electrophysiological recordings. The rats were assigned at random to Con group, IS group, IS + SEA group, IS + EA (best treatment protocol from experiment I) group (n = 10 per group).



Experiment III

To investigate whether electroacupuncture affects 5-HT7R-associated PKA and ERK1/2 phosphorylation signaling pathway, we examined 5-HT7R, cAMP production, the total amount of PKA, ERK1/2, and CREB, phosphorylation of PKA, ERK1/2, CREB, and c-Fos expression by RT-PCR, Western blot, immunofluorescence, and enzyme-linked immunosorbent assay (ELISA) analyses in TG and TNC. The animal groups in experiment III were the same as those in experiment II (n = 5 per group).



Experiment IV

To determine whether 5-HT7R-associated PKA and ERK1/2 phosphorylation signaling pathways are involved in EA’s therapeutic effects, we tested cutaneous hyperalgesia, neuronal hyperexcitability in TNC, and 5-HT7R-related protein using behavioral testing, electrophysiological recordings, Western blot, and ELISA analyses. The rats were randomly divided into four groups: IS group, IS + SB269970 group (IS with 5-HT7R antagonist SB269970), IS + AS19 + EA group (IS + EA with 5-HT7R agonist AS19), and IS + EA group (n = 5 per group).




Behavioral Testing

Before their behavioral testing, the rats were acclimatized to the experiment’s environment by being exposed to it for 30 min a day for 2 days, and those with an abnormal baseline were excluded. To avoid experimenter bias, the investigator who conducted the behavioral study did not know the type of treatment applied to the rats. On each of the testing days, rats were brought into the testing room for 30 min to acclimate them to the environment. As the rats were acclimated to the environment, they did not show signs of anxiety such as defecation or urination, nor did they attempt to escape by climbing onto the plastic cylinder or cage. After the determination of the baseline response (day 0), all behavioral testing was assessed on days 1, 3, 5, and 7 after 1 h of IS injection, and day 8 without IS injection.


Mechanical Withdrawal Threshold

Von Frey filaments (Stoelting, Wood Dale, IL, United States) were used to measure the 50% withdrawal threshold using the up-and-down method reported by Dixon (1980) and Chaplan et al. (1994). Tests were conducted during the day portion of the circadian cycle only (06:00–18:00 h). For 50%FMWT testing, the rats were placed in a plastic cylinder with two rectangle open windows which allowed full access to the bilateral face. For 50%PMWT testing, the rats were placed in a plastic cylinder with a wire mesh bottom that allowed for full access to the bilateral paws. Behavioral accommodation was allowed for approximately 15 min until cage exploration and major grooming activities ceased. The areas tested were the face and the midplantar hind paw. The face and paw were touched with one of a series of 10 von Frey filaments with logarithmically incremental stiffness (0.4, 0.6, 1, 2, 4, 6, 8, 15, 26, and 60 Fg). A series of filaments, starting with one that had a buckling weight of 2 g, was applied in a consecutive sequence on the bilateral facial and hind paw with a pressure causing the filament to buckle and held for approximately 6–8 s.

The von Frey filaments were presented perpendicular to the facial and plantar surface with sufficient force to cause slight buckling against the bilateral face and paw. Stimuli were presented at intervals of 10 s, allowing for apparent resolution of any behavioral responses to previous stimuli. A positive response was noted if the face and paw were sharply withdrawn. Based on previous studies, the cut-off of a 60-g filament was selected as the upper limit for testing, since stiffer filaments tended to move the entire face or limb rather than to buckle, substantially changing the nature of the stimulus.

An optimal threshold calculation by this method requires six responses in the immediate vicinity of the 50% threshold (Dixon, 1980). Since the threshold is not known, strings of similar responses may be generated as the threshold is approached from either direction. Despite having all responses recorded, the counting of the critical 6 data points did not commence until the response threshold was first crossed, at which the time the two responses straddling the threshold were retrospectively selected as the first two responses of the series of six. Four additional responses to the continued presence of stimuli that were varied sequentially up or down, based on the rat’s response, accounted for the remainder of the series (Lopez-Canul et al., 2015).



Tail-Flick Latency

The tail-flick test was used to assess thermal hyperalgesia in the rats. The rats were placed in a plastic cylinder from which its tail protruded. The presence of tail flicking was considered withdrawal latency. The intensity of the light from the thermal stimulator (IITC Inc., Woodland Hills, CA, United States) was adjusted at the start of the experiment such that average baseline latencies were approximately 3 to 4 s, and a cutoff latency of 16 s was established. The heat was directed to the distal tail (20 mm from the tip). Three trials were done at intervals of 5 min, and the latency (seconds) was the average of three trials (Yadlapalli et al., 2016).



Hot-Plate Latency

The hot-plate test was used to assess thermal hyperalgesia in the rats. The rats were placed on a heated (50 ± 1°C) surface one at a time. Paw licking or jumping was considered withdrawal latency. A cutoff latency of 50 s was established. Three trials were done at intervals of 20 min, and the latency (seconds) was the average of three trials (Kooshki et al., 2020; Lopes et al., 2020).



Cold-Plate Behaviors

The cold-plate test was used to assess thermal hyperalgesia in rats. The plate was cooled down to 4 ± 1°C. Rats were then placed on the plate for 5 min and scored. Rats that were walking freely on the 4°C cold plate for 5 min did not exhibit any signs of skin injury, given that this was a mild nociceptive stimulus. The number of paw lifts quantified the response to cold during an observation period of 5 min. Three trials were done at intervals of 10 min, and the cold plate behaviors (times) were the average of three trials (Jasmin et al., 1998; Gong and Jasmin, 2017).




Electrophysiological Recordings in the Trigeminal Nucleus Caudalis


Animal Preparation

The last IS injection occurred on day 7, and electrophysiological recordings were performed at 2 h postinjection. As previously described, rats were anesthetized with isoflurane (3% induction, 1.5% maintenance) mixed with oxygen. After the trachea was cannulated and the carotid artery and external jugular vein catheterized, rats were paralyzed by intravenous perfusion of vecuronium bromide (2.4 mg h–1) and artificially ventilated with a volume-controlled pump (54–55 strokes min–1). Levels of isoflurane, O2, N2, and end-tidal CO2 (3.5–4.5%) were measured by an anesthetic gas analyzer (Drager Vamos) during the entire experimental period. The mean arterial blood pressure was continuously monitored (90 to 110 mmHg). The colorectal temperature was kept constant at 38 ± 0.5°C. The eyes of the rat were protected with erythromycin ointment.

The rats were placed in a stereotaxic frame with the head fixed in a ventro-flexed position. The TNC was exposed by removing the overlying musculature, atlanto-occipital membrane, dura mater, and a cervical laminectomy before being flooded with aCSF. The tungsten recording electrode with a diameter of 75 μm, tip diameter of 3–4 μm, and an impedance of 10–15 kΩ (TM33CCINS, World Precision Instruments Shanghai Trading Co., Ltd., China) was carefully implanted into a depth of 0.5–1.5 mm using a microelectrode manipulator (SR-1N, NARISHIGE Co., Ltd., Japan) (Figure 2A).
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FIGURE 2. Overview of the electrophysiological recordings and neuronal characteristics among the Con, IS, IS + SEA, and IS + EA groups. (A) Experimental setup with IS injection, recording of neurons in the TNC and percutaneous electrical stimulation. (B) The location of recording sites in the TNC from which recordings of nociceptive neurons, receiving convergent input from the dura mater and facial receptive field, were made. The locations were reconstructed from lesions (∙) and located in laminae IV–VI. (C) Spontaneous activity was recorded for 60 s at 30 min postfinding the activated neurons for stabilization among the indicated groups. (D) An original tracing from a typical unit (second-order neurons) responding to percutaneous electrical stimulation in low [1 Tc (2 mA), LES] and high [2.5 Tc (5 mA), HES] intensity (latencies in the C-fiber range). Black arrow represents stimulus artifact. Spontaneous activity (E), LES-evoked responses (F), and HES-evoked responses (G) of WDR neurons recorded 2 h after the 4th IS or aCSF injection in the TCC of none manipulation (Con and IS) (H,I), SEA (IS + SEA) (J), or EA (IS + EA) (K) rats. When four groups were compared for electrophysiology, a Kruskal-Wallis test was used, and when only two groups were compared, a Mann-Whitney U test was used. Group values are indicated by mean ± SEM. *P < 0.05, **P < 0.01. Tc, the stimulation intensities required to evoke neuronal activity with a conductive velocity of 0.4–2 m s–1, namely about 2 mA. LES, low-intensity electrostimulation; HES, high-intensity electrostimulation; WDR, wide-dynamic range; TG, trigeminal ganglion; TNC, trigeminal nucleus caudalis; EA, electroacupuncture; IS, inflammatory soup; aCSF, artificial cerebrospinal fluid; SEA, sham electroacupuncture; Con, control.




Electrophysiological Recording

Single-unit activities were sampled and analyzed at 300 Hz–300 kHz and were amplified 1,000 times and displayed on oscilloscopes. The activities went into a window discriminator connected to a CED 1401plus interface (Cambridge Electronic Design) and a computer (Spike 2 version 7.03a software, CED, Cambridge, United Kingdom), which allowed sampling and analysis of the spontaneous and evoked neuronal activity. Wide dynamic range (WDR) neurons were recognized based on their responses to mechanical non-noxious (brushing with a soft brush) and noxious (pinch with forceps) stimulations of their receptive fields as previously described. Specifically, each neuron that responded in a graded manner with increasing firing rates to the stimulus range from non-noxious to noxious intensity was classified as a WDR cell (see Supplementary Figure 3). Once a neuron was identified, electrical square-wave stimuli (1.5 ms duration) were applied through a pair of stainless-steel needle electrodes subcutaneously placed into the center of the receptive field; the thresholds for eliciting A- and C-fiber-evoked responses were determined. In poststimulus time histograms (PSTHs), A- and C-fiber-evoked responses were distinguished by their latencies, but only C-fiber-evoked responses were considered in the detailed analysis. Previous research showed that burst discharges at latencies ≥ 30 ms are elicited by C-fibers (Dixon, 1980; Hu, 1990). Therefore, all spikes occurring between 30 and 200 ms after a stimulus were considered to be C-fiber evoked. The C-fiber thresholds (Tc) were defined as the stimulation intensities required to evoke neuronal activity with a conductive velocity of 0.4–2 m s–1 (Burstein et al., 1998). Electrostimulation (ES) of 1 Tc (2 mA) and 2.5 Tc (5 mA) were applied to the facial region in this part of the experiment (Wang et al., 2020). ES comprising square waves consisted of low-intensity (2 mA, 0.75 Hz) and high-intensity (5 mA, 0.75 Hz) stimulation, and ES being applied once for 1.5 ms in order, to the most sensitive portion of the cutaneous receptive field. The responsiveness of electrical stimulation was assessed by recording the responses to 1.5 ms application of ES at 2 and 5 mA. Spontaneous activity (spikes s–1 for 60 s, 30 min after finding the activated neurons for stabilization) was also recorded. Only one cell was tested in each animal, and only cells with spike amplitude of more than 3 mV showing no change in amplitude or waveform throughout the experimental procedure were considered and sorted.




Immunofluorescence


Tissue Processing for Immunofluorescence

Upon deep anesthesia by intraperitoneal injection of sodium pentobarbital (150 mg kg–1), the rat was perfused transcardially with normal saline followed by 4% paraformaldehyde in PBS for 20 min. Brain and trigeminal ganglia were isolated and postfixed for 30 min in the same fixative at room temperature. All specimens were dehydrated for cryoprotection in 30% sucrose in 0.1 M phosphate buffer (0.08 M K2HPO4, 0.02 M NaH2PO4, pH 7.4). TG and TNC in random orientation were cut with a cryostat into 20 μm sections and mounted directly onto gelatin-coated slides. From five TG and TNC sections (100 μm apart) in each rat, a total of 25 sections were selected for measurement in each group.



Single-Labeling Immunofluorescence

The sections obtained were washed in Tris-buffered saline (TBS, 25 mM Tris, pH 7.5) and then TBS containing 0.3% Triton X-100 (TBST), before being treated with 0.3% hydrogen peroxide in TBS to exhaust endogenous hydrogen peroxidase activity until the bubbles disappeared. Non-specific binding was blocked by 3% normal serum (from an animal species same as the secondary antibody) and 2% bovine serum albumin in TBST for 1.5 h. Sections were incubated with primary antibodies goat anti-CGRP (1:100, ab36001, Abcam, Cambridge, United Kingdom) in TBST at room temperature overnight containing 5% normal serum. After overnight reaction with the primary antibody, the sections were washed with TBST and then incubated for 1.5 h with secondary antibodies rabbit antigoat IgG labeled with FITC (1:200, RAG001, MultiSciences Biotech Co., Ltd., Hangzhou, China).



Double-Labeling Immunofluorescence

The following procedures were used for two primary antibodies derived from different species. Sections were processed similarly to that described under the section “single-antigen immunohistochemistry.” Primary antibodies included rabbit anti-5-HT7R (1:200, ab61562, Abcam, Cambridge, United Kingdom), mouse anti-NeuN (1:1,000, ab104224, Abcam, Cambridge, United Kingdom). Secondary antibodies included goat antirabbit IgG labeled with Alexa 488 (1:200, A0432, Beyotime Biotech Inc., Shanghai, China) and goat antimouse IgG labeled with Cy3 (1:200, A0432, Beyotime Biotech Inc., Shanghai, China). Sections on slides were dehydrated through an ethanol gradient/xylene and cover-slipped in an antifade mounting medium with DAPI (H-1500, Vector Laboratories, Inc., Burlingame, CA, United States). The images were captured using a Leica semiautomatic light microscope (Leica DM5500B) and processed with the Adobe Photoshop CS2 software. The CGRP-, 5-HT7 R-, and NeuN-positive fluorescence images were measured in squares at ×20 magnification. ImageJ 1.40 g (National Institutes of Health, Bethesda, MD, United States) was used as the software to circle the immunoreactive regions on the soma of TG and TNC neurons.




Western Blot

ImageJ 1.40 g (National Institutes of Health, Bethesda, MD, United States) was used as the software to circle the immunoreactive regions on the soma of TG and TNC neurons. Punches of TNC regions were selected using a magnifying glass with stainless steel cannulae of 1,000 μm inner diameter and subsequently pooled. The tissue was homogenized on the ice with the lysis buffer. The supernatant was collected after centrifugation at 4°C for 20 min at 12,000 rpm. After being heated at 99°C for 5 min, the samples (20 μg/sample) were loaded onto a 5% stacking/10% separating SDS-polyacrylamide gel and then electrophoretically transferred onto a PVDF membrane (Millipore, MA, United States). The membranes were incubated first in the blocking buffer (3% non-fat milk plus 0.1% Tween-20 in the Tris-buffered saline) for 2 h at room temperature and then in the primary antibodies at 4°C overnight. The primary antibodies included the following: rabbit anti-5-HT7R (1:2,000, ab128892, Abcam, Cambridge, United Kingdom), mouse anti-c-Fos (1:2,000, ab190289, Abcam, Cambridge, United Kingdom), rabbit anti-PKA (1:2,000, 4782, CST, United States), rabbit anti-p-PKA (1:2,000 5661, CST, United States), rabbit anti-ERK1/2 (1:2,000, 4695, CST, United States), rabbit anti-p-ERK1/2 (1:2,000, 4370, CST, United States), rabbit anti-CREB (1:2,000, 4820, CST, United States), rabbit anti-p-CREB (1:2,000, 9198, CST, United States), and mouse anti-β-actin (1:2,000, C1313, Applygen Technologies Inc., Beijing, China). After the membranes were incubated with either the horseradish peroxidase-conjugated antirabbit or antimouse secondary antibody (1:200, 70-GAM007, MultiSciences, Biotech Co., Ltd, Hangzhou, China) at room temperature for 1 h, the enhanced chemiluminescence reagent (Bio-Rad Laboratories) was used to visualize the proteins. ChemiDoc XRS and System with Image Lab software (Bio-Rad Laboratories) were performed to generate the images. ImageJ 1.40 g software (National Institutes of Health, Bethesda, MD, United States) was used to quantify the intensity of the images. The band intensities for 5-HT7R and c-Fos proteins were normalized to β-actin, and those for PKA, ERK1/2, and CREB phosphorylation proteins were normalized to these total proteins.



Enzyme-Linked Immunosorbent Assay

The endogenous levels of cAMP were measured in TG and TNC using an enzyme immunoassay kit (EXP110254, Expandbio, Beijing, China) according to the manufacturer’s instructions. The concentrations of cAMP were expressed as picomoles per milligram of protein concentrations calculated in these supernatants.



Real-Time Polymerase Chain Reaction

Total RNA was extracted from TG and TNC with Trizol reagent (Tiangen Biotech Co., Ltd., Beijing, China). cDNA was synthesized using the PrimeScript RT reagent Kit with gDNA Eraser (RR047B, TaKaRa, Dalian, China). RT-PCR was performed in a real-time PCR system (ABI7500; Applied Biosystems, Foster City, CA, United States) using the SYBR Premix Ex Taq II (Tli RNaseH Plus) ROX plus (RR42LR, TaKaRa, Dalian, China). The PCR cycle parameters consist of an initial 30 s incubation at 95°C, followed by 40 cycles of 95°C for 5 s, 60°C for 40 s, followed by a melt from 60 to 99°C. Each primer sequence was as follows: 5-ht7r: 5′-GGT GAG GCA AAA TGG GAA ATG-3′ (forward) and 5′-ACC GCA GTG GAG TAG ATC GTG TAG-3′ (reverse); Gapdh: 5′-TGG AGT CTA CTG GCG TCT T-3′ (forward) and 5′-TGT CAT ATT TCT CGT GGT TCA-3′ (reverse). The Ct value of each gene was normalized against that of Gapdh. Relative levels of expression were calculated using the comparative (2–ΔΔCt) method.



Statistical Analyses

All statistical analyses were performed using SAS version 9.4 software. Statistical differences were determined using one-way analysis of variance for immunofluorescence, Western blot, ELISA, RT-PCR and, and two-way repeated-measures analysis of variance was applied for the data from the behavioral testing. When four groups were compared for electrophysiology, a Kruskal-Wallis test was used, and when only two groups were compared, a Mann-Whitney U test was used. Data in the text and figures were shown as mean ± SEM. The level of significance was set at P < 0.05.




RESULTS


Electroacupuncture Significantly Relieved the Inflammatory Soup-Induced Hyperalgesia

Measurements of 50%FMWT, 50%PMWT, TFL, HPL, and CPB were used to examine the extent of mechanical and thermal hyperalgesia induced by repeated IS infusion and the antihyperalgesic effects of EA. We compared the effects of electroacupuncture at different acupoints, including GB20 + GB34, GB20 + SJ17, and GB34 + ST36 (Figures 3A–G), in changing the mechanical and thermal hyperalgesia of IS rats to select the best treatment protocol. We found that EA at GB20 + GB34, GB20 + SJ17, or GB34 + ST36 reduced the cutaneous hyperalgesia. The GB20 + GB34 group showed the best effect that reduced cephalic mechanical (GB20 + GB34 vs. IS 50%FMWT ipsilateral side, P = 0.0003, 50%FMWT contralateral side, P < 0.0001) (Figures 3A,B), extracephalic mechanical (GB20 + GB34 vs. IS 50%PMWT ipsilateral side, P = 0.0009; 50%PMWT contralateral side, P = 0.0003) (Figures 3C,D), and extracephalic thermal hyperalgesia (GB20 + GB34 vs. IS TFL, P = 0.002; HPL, P < 0.0001; CPB, P = 0.0005) (Figures 3E–G), respectively. The following experiments were all performed at GB20 + GB34.
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FIGURE 3. Effect of EA applied at different acupoints on day 0 without IS injection and day 8 (1 day after the 4th IS injection) among Con, IS, IS + SEA, GB20 + GB34, GB20 + SJ17, and GB34 + ST36 groups. Changes in mechanical [50% FMWT (A,B), and 50% PMWT (C,D)] and thermal [TFL (E), HPL (F), and CPB (G)] hyperalgesia in dural aCSF- and IS-injected rats that received four times EA at GB20 + GB34, GB20 + SJ17, GB34 + ST36, or non-acupoints every other day (n = 10). One-way ANOVA followed by post hoc Tukey test. Group values are indicated by mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, compared with the IS group. 50%FMWT, 50% facial mechanical withdrawal threshold; 50%PMWT, 50% paw mechanical withdrawal threshold; TFL, tail-flick latency; HPL, hot-plate latency; CPB, cold-plate behaviors; EA, electroacupuncture; IS, inflammatory soup; aCSF, artificial cerebrospinal fluid; GB20, Fengchi; GB34, Yanglingquan; SJ17, Yifeng; ST36, Zusanli.


For cephalic (facial) mechanical hyperalgesia (50%FMWT), the rats of the IS group developed cutaneous mechanical hyperresponsiveness, which from days 1 to 8 on the ipsilateral side (IS vs. Con 50%FMWT, P < 0.0001) (Figure 1B). For extracephalic mechanical (50%PMWT) and thermal hyperalgesia (TFL, HPL, and CPB), on days 5 and 7, the pain (cutaneous hyperalgesia) thresholds for the rats’ given IS were significantly lower than those given aCSF (IS vs. Con 50%PMWT ipsilateral side, P < 0.0001; TFL, P < 0.0001; HPL, P < 0.0001; CPB, P < 0.0001) (Figures 1D,F–H). On day 8, the pain thresholds were sharply recovered to the baseline level (IS vs. Con 50%PMWT ipsilateral side, P = 0.1395; TFL, P = 0.2487; HPL, P = 0.3931; CPB, P = 0.6602) (Figures 1D,F–H). This is an interesting result of the study that we will discuss later. The above effects were also observed on the contralateral side (IS vs. Con 50%FMWT, P < 0.001; 50%PMWT, P < 0.001) (Figures 1C,E). These results indicated that the rats developed mechanical and thermal hyperalgesia after repeated IS infusion.

Electroacupuncture treatment at GB20 + GB34 have shown to reliably inhibit the IS-induced decrease in 50%FMWT on day 1 (ipsilateral side, P = 0.0015; contralateral side, P = 0.0006), day 3 (ipsilateral side, P < 0.0001; contralateral side, P = 0.0002), day 5 (ipsilateral side, P < 0.0001; contralateral side, P < 0.0001), day 7 (ipsilateral side, P = 0.0001; contralateral side, P < 0.0001), and day 8 (ipsilateral side, P < 0.0001; contralateral side, P < 0.0001) (Figures 1B,C), and blocked the IS-induced reduction in 50%PMWT on day 7 (ipsilateral side, P = 0.0004; contralateral side, P = 0.0001) (Figures 1D,E) on both the ipsilateral and contralateral sides. Furthermore, EA significantly decreased the thermal hypersensitivity on day 5 (IS + EA vs. IS TFL, P = 0.0002; HPL, P < 0.0001; CPB, P = 0.0189) and day 7 (IS + EA vs. IS TFL, P = 0.001; HPL, P < 0.0001; CPB, P = 0.0002) (Figures 1F–H). There was no significant difference between the IS + SEA group and the IS group in mechanical (50%FMWT ipsilateral side, P = 0.1155, contralateral side P = 0.8548; 50%PMWT ipsilateral side, P = 0.2632, contralateral side P = 0.1286) (Figures 1B–E) and thermal hyperalgesia (TFL, P = 0.3858; HPL, P = 0.0859; CPB, P = 0.9555) (Figures 1F–H). These results indicated that EA could relieve the IS-induced mechanical and thermal hyperalgesia.

The fluorescence intensity of CGRP in the Con and IS group was also tested (see Supplementary Figure 4A–D). Compared with Con group, the expression of CGRP in IS increased by about 31% and 22.5% in TG (P = 0.0008) and TNC (P = 0.0008), respectively. Based on the changes in the pain threshold and the detection of CGRP in IS rats, the construction of our recurrent migraine model was successful. Furthermore, EA treatment significantly reduced the CGRP immunofluorescence expression compared with the IS group (TG, P = 0.0007; TNC, P = 0.0032).



Electroacupuncture Prevented Neuronal Sensitization in TNC

As previously studied, repeated IS-induced persistent sensitization also manifests as enduring enlargement of receptive fields, increases in spontaneous activity, enhancement of Von Frey filament-evoked responses and reduction in mechanical thresholds (Boyer et al., 2014). Using electrophysiological recordings, we tested whether EA treatment can prevent such persistent neuronal changes.

Twenty-four trigeminovascular WDR neurons (one neuron/animal) receiving convergent input from the dura and facial (cephalic) skin, within the TNC of Con (n = 6), IS rats (i.e., that had already received four IS injections, that is at 2 h after 4th IS injections; n = 6), sham EA- (n = 6) and EA-treated rats (n = 6) were recorded. When tested before anesthesia, sham EA treated, but not EA treated, rats exhibited a cephalic (facial region) and extracephalic (hind paw) mechanical and thermal hyperalgesia. Recorded neurons were all located within the deep laminae (IV–VI) of TNC (Figure 2B). When percutaneous electrical stimuli were applied to the center of the cutaneous receptive field of these WDR neurons, responses attributable to peripheral activation of C fibers could be observed for all recorded neurons. Mean latencies of C-fiber-evoked responses were 52.33 ± 6.302 ms in Con rats and 49.67 ± 5.76 ms in IS rats (Figure 2D). Computed conduction velocities (∼0.4–0.5 m s–1) were in the range of those previously reported for C fibers (Raboisson et al., 1995; Burstein et al., 1998).

Neurons in rats from the Con group exhibited little or no spontaneous activity (1.35 ± 0.2299 spikes s–1, Figures 2C,E). Low-intensity electrostimulation (LES)-evoked responses, 5.833 ± 0.8333 spikes s–1 (Figures 2F,H), and high-intensity electrostimulation (HES)-evoked responses, 9.167 ± 1.537 spikes s–1 (Figures 2G,H). Compared with neurons in Con rats, neurons in 4th IS rats presented stronger spontaneous activity (9.267 ± 0.5204 spikes s–1, P = 0.003948; Figures 2C,E), LES-evoked responses (16.67 ± 2.108 spikes s–1, P = 0.003353; Figures 2F,I), and HES-evoked responses (26.67 ± 2.108 spikes s–1, P = 0.003403; Figures 2G,I). These results indicate that trigeminovascular WDR neurons become sensitized following repeated activation of dural nociceptors.

In sham EA-treated rats, neurons exhibited high spontaneous activity (8.542 ± 0.5463 spikes s–1; Figures 2C,E) and large LES- and HES-evoked responses (15.83 ± 2.386 and 25 ± 2.582 spikes s–1, respectively; Figures 2F,G,J). This suggests that the responses of WDR neurons were not changed after repeated sham EA. On the other hand, compared with sham EA-treated rats, WDR neurons recorded in EA-treated rats exhibited lower spontaneous activities (3.008 ± 0.3957 spikes s–1, P = 0.003948; Figures 2C,E), smaller LES- (9.167 ± 1.537 spikes s–1, P = 0.044277; Figures 2F,K), and HES-evoked responses (15.83 ± 2.386 spikes s–1, P = 0.033118; Figures 2G,K). Thus, EA appears to completely prevent the sensitization of WDR neurons induced by repeated IS injections. Together, these data demonstrate that EA acquired antihyperalgesic properties by decreasing TNC nociceptive activity in response to IS inflammation.



Electroacupuncture Significantly Reduced the Expression of 5-HT7R in TG and TNC

To determine whether the effects of EA were associated with 5-HT7R, we performed RT-PCR, Western blot, and immunofluorescence analyses. Samples from TG and TNC were respectively collected on day 8 after the 4th IS injection. There were significant changes in the 5-HT7R mRNA expression in response to IS injection compared with the Con group in TG and TNC (TG, P < 0.0001; TNC, P < 0.0001). However, the 5-HT7R mRNA level of the IS + EA group was significantly reduced compared with that of the IS group in TG and TNC (TG, P < 0.0001; TNC, P < 0.0001) (Figures 4D, 5D). Next, we examined the total protein content of 5-HT7R in Con, IS, IS + SEA, and IS + EA groups by Western blot analysis. Significant differences were observed in both TG and TNC between the IS group and the Con group (TG, P = 0.0165; TNC, P = 0.0007). EA treatment significantly reduced the 5-HT7R protein content compared with the IS group (TG, P = 0.0163; TNC, P = 0.0009) (Figures 4C, 5C). We also used immunofluorescence double labeling to detect the distribution of 5-HT7R in TG and TNC and found that 5-HT7R were colocalized with neurons (Figures 4A, 5A, 3rd column, orange arrowheads). IF analysis revealed increased 5-HT7R-positive cells were double positive for NeuN in IS group compared with the Con group, and 5-HT7R proteins were expressed in large-sized TG neurons in immunostaining of TG sections (Figure 4A, 1st column, white arrowheads). Consistent with the Western blot results, the 5-HT7R level seemed to reduce in the IS + EA group compared with the IS group (TG, P = 0.0003; TNC, P = 0.0037) (Figures 4A,B, 5A,B). There were significant differences between the IS + EA and IS + SEA group in the abovementioned test (RT-PCR: TG, P < 0.0001; TNC, P < 0.0001; WB: TG, P = 0.0207; TNC, P = 0.0457; IF: TG, P = 0.0132; TNC, P = 0.0114) (Figures 4A–D, 5A–D). These results indicated that EA relieved IS-induced hyperalgesia, which is shown by a reduction in 5-HT7R expression.
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FIGURE 4. Effects of EA on the endogenous 5-HT7R in the TG on day 8 after the 4th IS injection. (A) Immunofluorescence showed that 5-HT7R (green) was expressed mostly in the individual neurons (NeuN, Neuron marker, red) of the TG. The upper panel displays the expression of 5-HT7R at low magnification, and the lower panel displays the expression of 5-HT7R in the TG at high magnification in each group. The white and orange arrows point to the positive cells in TG. Scale bars = 50 or 20 μm. (B) Quantitative analyses of 5-HT7R to evaluate the numbers of positive cells (n = 5, five sections/animal). (C) Representative western blot bands and quantitative analyses of 5-HT7R. The same membranes were probed for 5-HT7R with β-actin; (n = 5). (D) The mRNA levels of 5-HT7R were also accessed by real-time polymerase chain reaction, and values were corrected by GAPDH in TG (n = 5). One-way ANOVA followed by post hoc Tukey test. Group values are indicated by mean ± SEM. *P < 0.05, ***P < 0.001, ****P < 0.0001. 5-HT7R, 5-hydroxytryptamine (5-HT)7 receptor; GAPDH, glycolytic enzyme glyceraldehyde 3-phosphate dehydrogenase; TG, trigeminal ganglion; EA, electroacupuncture; IS, inflammatory soup; SEA, sham electroacupuncture; Con, control.
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FIGURE 5. Effects of EA on the endogenous 5-HT7R in the TNC on day 8 after the 4th IS injection. (A) Immunofluorescence showed that 5-HT7R (green) was expressed mostly in the individual neurons (NeuN, neuron marker, red) of the TNC. The upper panel displays the expression of 5-HT7R at low magnification, and the lower panel displays the expression of 5-HT7R in the TNC at high magnification in each group. The white and orange arrows point to the positive cells in TNC. Scale bars = 50 or 20 μm. (B) Quantitative analyses of 5-HT7R to evaluate the numbers of positive cells (n = 5, five sections/animal). (C) Representative western blot bands and quantitative analyses of 5-HT7R. The same membranes were probed for 5-HT7R with β-actin; (n = 5). (D) The mRNA levels of 5-HT7R were also accessed by real-time polymerase chain reaction, and values were corrected by GAPDH in TNC (n = 5). One-way ANOVA followed by post hoc Tukey test. Group values are indicated by mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 5-HT7R, 5-hydroxytryptamine (5-HT)7 receptor; TNC, trigeminal nucleus caudalis; EA, electroacupuncture; IS, inflammatory soup; SEA, sham electroacupuncture; Con, control.


The effects of electroacupuncture at different acupoints were also compared, including GB20 + GB34, GB20 + SJ17, and GB34 + ST36 (see Supplementary Figures 5A–E, 6A–E), in changing the 5-HT7R expression of IS rats. We found that EA at GB20 + GB34, GB20 + SJ17, or GB34 + ST36 reduced the 5-HT7R expression. The GB20 + GB34 group showed the best effect that reduced 5-HT7R expression.



Electroacupuncture Inhibited the 5-HT7R-Associated PKA and ERK1/2 Phosphorylation Signaling Pathway in TG and TNC

It is known that 5-HT7R could influence PKA- or ERK1/2-mediated signaling pathways through interacting with Gαs-cAMP (Ohta et al., 2006; Cho et al., 2015), and the increasing PKA-p and p-ERK1/2 could be blocked by EA treatment. As a result, 5-HT7R-related protein content of cAMP, PKA, p-PKA, ERK1/2, p-ERK1/2, CREB, and p-CREB were also detected. As we first measured the cAMP levels, a significant difference was shown between EA and IS groups (TG, P < 0.0001; TNC, P < 0.0001) (Figures 6A,F), suggesting that EA-induced 5-HT7R inhibition is cAMP dependent.
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FIGURE 6. Effects of EA on the protein levels of cAMP and 5-HT7R-associated PKA, ERK1/2 phosphorylation signaling pathway in dural 4th IS-injected rats. Results were averages of cAMP production as evaluated by ELISA (n = 5) (A,F). Representative Western blots of phosphorylated and total PKA (B,G), extracellular signal-regulated protein kinase1/2 (ERK1/2) (C,H), CREB (D,I), as well as c-Fos (E,J). The densitometric analysis of phosphorylated and c-Fos protein levels detected from the TG and TNC of Con, IS, IS + SEA, IS + EA. One-way ANOVA followed by post hoc Tukey test. Group values are indicated by mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 5-HT7R, 5-hydroxytryptamine (5-HT)7 receptor; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; ERK1/2, extracellular signal-regulated kinase1/2; CREB, cAMP-responsive element-binding protein. TNC, trigeminal nucleus caudalis; TG, trigeminal ganglion; EA, electroacupuncture; IS, inflammatory soup; SEA, sham electroacupuncture; Con, control.


Next, we found that the protein expression of p-PKA (TG, P = 0.0003; TNC, P < 0.0001), p-ERK1/2 (TG, P < 0.0001; TNC, P < 0.0001), and p-CREB (TG, P < 0.0001; TNC, P < 0.0001) in IS group was increased compared with the Con group, and EA treatment inhibited p-PKA (TG, P = 0.0003; TNC, P < 0.0001), p-ERK1/2 (TG, P < 0.0001; TNC, P < 0.0001), and p-CREB (TG, P < 0.0001; TNC, P < 0.0001) expression (Figures 6B–D,G–I). However, there was no significant difference in total amount of PKA, ERK1/2, and CREB between the four groups (Figures 6B–D,G–I).

C-Fos, which is a classical marker of neuronal activation with trigeminovascular nociceptive pathways, could be initiated or potentiated by CREB phosphorylation (Mitsikostas et al., 2011). Here, we found that the expression of c-Fos in the IS group was increased (TG, P = 0.0022; TNC, P = 0.0056) compared with the Con group. However, the expression of c-Fos was suppressed after EA treatment (TG, P = 0.0022; TNC, P = 0.003) (Figures 6E,J). Sham EA had no effect on the expression of cAMP, p-PKA, p-ERK1/2, p-CREB, and c-Fos (IS + SEA vs. IS) (Figures 6A–J). The above results demonstrated that EA inhibited the 5-HT7R-associated PKA and ERK1/2 phosphorylation signaling pathways in TG and TNC.



Antihyperalgesic Effects and Inhibition of Neuronal Sensitization Produced by Electroacupuncture Were Weakened in 5-HT7R Agonist AS19-Treated IS Rats and Mimicked in 5-HT7R Antagonist SB269970-Treated IS Rats

Based on our results that EA reduced the content of 5-HT7R, we used a pharmacological strategy to reveal the role of 5-HT7R in the antihyperalgesic effects and inhibition of neuronal sensitization of EA (Figure 7A). To measure the changes in cutaneous hyperalgesia and nociceptive neuron activity, the rats from EA and non-EA groups were injected with either 5-HT7R antagonist (SB269970) or 5-HT7R agonist (AS19) before being injected with IS.
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FIGURE 7. Injecting 5-HT7R agonist AS19 or 5-HT7R antagonist SB269970 into the intrathecal space of IS rats, evaluated the roles of 5-HT7R in EA’s antihyperalgesic effects. (A) Scheme of the experimental design. Rats were injected 5-HT7R agonist AS19 or 5-HT7R antagonist SB269970 into the intrathecal space, following EA manipulation application and repeated-dural IS injection on days 1, 3, 5, and 7, then measurements of 50%FMWT, 50%PMWT, TFL, HPL, and CPB to examine the extent of mechanical and thermal hyperalgesia after 1 h of IS injection, and also the day 0 without IS injection and 1 day after the 4th IS injection (day 8). Changes in mechanical [50% FMWT (B,C) and 50% PMWT (D,E)] and thermal [TFL (F), HPL (G), and CPB (H)] hyperalgesia in IS, IS + SB269970, IS + AS19 + EA, and IS + EA groups on days 0, 1, 3, 5, 7, and 8 (n = 5). The repeated-measure two-way ANOVA post hoc Tukey multiple comparisons test was used. Group values are indicated by mean ± SEM. *P < 0.05 compared with the IS group; #P < 0.05 compared with the IS + EA group at the same time point; †P < 0.05 compared with the baseline on day 0; 5-HT7R, 5-hydroxytryptamine (5-HT)7 receptor; 50%FMWT, 50% facial mechanical withdrawal threshold; 50%PMWT, 50% paw mechanical withdrawal threshold; TFL, tail-flick latency; HPL, hot-plate latency; CPB, cold-plate behaviors; EA, electroacupuncture; IS, inflammatory soup; AS19, 5-HT7R agonist; SB269970, 5-HT7R antagonist.


Injection of IS induced a significant decrease of hyperalgesia intensity in SB269970-treated rats on day 7 (IS + SB269970 vs. IS mechanical hyperalgesia: 50%FMWT ipsilateral side, P = 0.0046; 50%FMWT contralateral side, P = 0.0210, 50%PMWT ipsilateral side, P = 0.0023; 50%PMWT contralateral side, P = 0.0165; thermal hyperalgesia: TFL, P = 0.0013; HPL, P = 0.0333; CPB, P = 0.0029) (Figures 7B–H), but such differences were absent in IS + SB269970 and IS + EA rats (IS + SB269970 vs. IS + EA mechanical hyperalgesia: 50%FMWT ipsilateral side, P = 0.1047; 50%FMWT contralateral side, P = 0.5108, 50%PMWT ipsilateral side, P = 0.2588; 50%PMWT contralateral side, P = 0.2287; thermal hyperalgesia: TFL, P = 0.193; HPL, P = 0.5863; CPB, P = 0.6699) (Figures 7B–H). Compared with IS rats (Figures 8A–E), WDR neurons recorded in IS + SB269970 rats exhibited lower spontaneous activities (2.892 ± 0.4142 spikes s–1, P = 0.003948; Figures 8A,B), smaller LES- (9.167 ± 1.537 spikes s–1, P = 0.016864; Figures 8C,F) and HES-evoked responses (16.67 ± 2.108 spikes s–1, P = 0.0065; Figures 8D,F). The electrophysiological properties of IS + SB269970 rats were similar to those of IS + EA rats (spontaneous activities, P = 0.8728; LES-evoked responses; P = 0.6654; HES-evoked responses P = 0.7370, Figures 8A–D,H). Together, these data indicated that SB269970 mimics the antihyperalgesic effects and inhibition of neuronal sensitization of EA.
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FIGURE 8. Overview of the electrophysiological recordings and neuronal characteristics among the IS, IS + SB269970, IS + AS19 + EA, and IS + EA groups. (A) Spontaneous activity was recorded for 60 s at 30 min postfinding the activated neurons for stabilization among the indicated groups. Spontaneous activity (B), LES-evoked responses (C), and HES-evoked responses (D) of WDR neurons recorded 2 h after the 4th IS in the TCC of none manipulation (IS and IS + SB269970) (E,F) and EA (IS + AS19 + EA and IS + EA) (G,H) rats. When four groups were compared for electrophysiology, a Kruskal-Wallis test was used, and when only two groups were compared, a Mann-Whitney U test was used. Group values are indicated by mean ± SEM. *P < 0.05, **P < 0.01. Tc, the stimulation intensities required to evoke neuronal activity with a conductive velocity of 0.4–2 m s–1, namely about 2 mA. 5-HT7R, 5-hydroxytryptamine (5-HT)7 receptor; LES, low-intensity electrostimulation; HES, high-intensity electrostimulation; WDR, wide-dynamic range; TNC, trigeminal nucleus caudalis; aCSF, artificial cerebrospinal fluid; EA, electroacupuncture; IS, inflammatory soup; AS19, 5-HT7R agonist; SB269970, 5-HT7R antagonist.


The hyperalgesia intensity of the IS + AS19 + EA group was significantly aggravated when compared against the IS + EA group (IS + AS19 + EA vs. IS + EA mechanical hyperalgesia: 50%FMWT ipsilateral side, P = 0.0074; 50%FMWT contralateral side, P = 0.0069, 50%PMWT ipsilateral side, P = 0.0124; 50%PMWT contralateral side, P = 0.0002; thermal hyperalgesia: TFL, P = 0.0095; HPL, P < 0.0001; CPB, P = 0.0363), whereas no differences were seen between the IS and IS + AS19 + EA groups (Figures 7B–H). Low spontaneous activities, small LES- and HES-evoked responses in IS + EA rats were activated by AS19 (IS + AS19 + EA vs. IS + EA spontaneous activities, P = 0.0039; LES-evoked responses, P = 0.0165; HES-evoked responses, P = 0.0049) (Figures 8B–D,G,H). Together, these data indicated that the antihyperalgesic effects and inhibition of neuronal sensitization produced by EA treatment were weakened in AS19-treated IS rats. The abovementioned finding suggested that 5-HT7R is necessary for EA antihyperalgesia and inhibition of neuronal sensitization.



5-HT7R-Associated PKA and ERK1/2 Phosphorylation Through cAMP Signaling May Be Involved in EA’s Antihyperalgesic Effects

The behavioral analysis showed that the activation of 5-HT7R weakened but did not completely abolish the antihyperalgesic effects of EA. To explore the reason why the antihyperalgesic effects of EA were weakened in the AS19-treated IS rats, we examined the protein content of cAMP, PKA, p-PKA, ERK1/2, p-ERK1/2, CREB, p-CREB, and c-Fos, which plays a pivotal role in the 5-HT7R-mediated transmission of nociceptive information. Electroacupuncture reduced the cAMP, p-PKA, p-ERK1/2, p-CREB, and c-Fos levels to the baseline level in IS rats (IS vs. IS + EA) (Figures 9A–J). Electroacupuncture significantly downregulated cAMP, p-PKA, p-ERK1/2, p-CREB, and c-Fos expression in IS rats but not in AS19-treated IS rats (IS + EA vs. IS + AS19 + EA, cAMP: TG, P < 0.0001; TNC, P = 0.0029; p-PKA: TG, P = 0.0053; TNC, P = 0.0364; p-ERK1/2: TG, P = 0.0006; TNC, P = 0.0002; p-CREB: TG, P = 0.0024; TNC, P = 0.0003;c-Fos: TG, P = 0.0005; TNC, P = 0.0039) (Figures 9A–J). The results suggested that 5-HT7R activation likely weakened the regulation of cAMP, p-PKA, p-ERK1/2, p-CREB, and c-Fos by EA but did not completely inhibit the effect. Also, EA did not affect the content of PKA, ERK1/2, and CREB in both IS and AS19-treated IS rats (Figures 9B–D,G–I). These results indicate that AS19 impaired the suppression effects of EA on endogenous cAMP, p-PKA, p-ERK1/2, p-CREB, and c-Fos, which could explain that the antihyperalgesic effects of EA were weakened in the AS19-treated IS rats.
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FIGURE 9. Roles of 5-HT7R-associated PKA, ERK1/2 phosphorylation signaling pathway in EA’s antihyperalgesic effects. Results were averages of cAMP production as evaluated by ELISA (n = 5) (A,F). Representative Western blots of phosphorylated and total PKA (B,G), ERK1/2 (C,H), and CREB (D,I), as well as c-Fos (E,J). The densitometric analysis of phosphorylated and c-Fos protein levels detected from the TG and TNC of IS, IS + SB269970, IS + AS19 + EA, and IS + EA. One-way ANOVA followed by post hoc Tukey test. Group values are indicated by mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.001. 5-HT7R, 5-hydroxytryptamine (5-HT)7 receptor; PKA, protein kinase A; ERK1/2, extracellular signal-regulated kinase1/2; CREB, cAMP-responsive element-binding protein; TG, trigeminal ganglion; TNC, trigeminal nucleus caudalis; EA, electroacupuncture; IS, inflammatory soup; AS19, 5-HT7R agonist; SB269970, 5-HT7R antagonist.


Then, we detected the effects of the 5-HT7R antagonist (SB269970) on the above protein levels. It could inhibit cAMP, p-PKA, p-ERK1/2, and p-CREB expression in TG and TNC of IS rats by injecting 7 μl of SB269970 (5 mM) into the intrathecal space (cAMP: TG, P < 0.0001; TNC, P = 0.0005; p-PKA: TG, P = 0.0059; TNC, P = 0.0256; p-ERK1/2: TG, P = 0.0001; TNC, P < 0.0001; p-CREB: TG, P = 0.0282; TNC, P = 0.0001) (Figures 9A–D,F–I). This is consistent with the results that EA decreases the expression of 5-HT7R-mediated signaling pathways related protein. Then, SB269970 inhibited p-CREB-mediated transcriptional regulation factor c-Fos (TG, P = 0.0006; TNC, P = 0.0016) (Figures 9E,J). In all, 5-HT7R antagonist mimics the antihyperalgesic effects of EA and inhibited p-PKA, p-ERK1/2, and p-CREB. There was also no statistical difference in PKA, ERK1/2, and CREB (Figures 9B–D,G–I). Based on the results, we concluded that 5-HT7R-associated PKA and ERK1/2 phosphorylation signaling pathways may be involved in EA antihyperalgesia.




DISCUSSION

Our study demonstrates that EA decreased IS-induced elevated content of 5-HT7R in the TG and TNC, suggesting that there is a certain relationship between 5-HT7R expression and EA treatment. 5-HT7R agonist AS19 impaired the antihyperalgesic effects of EA on p-PKA and p-ERK1/2. Injecting 5-HT7R antagonist SB-269970 into the intrathecal space of IS rats mimicked the effects of EA antihyperalgesia and inhibited p-PKA and p-ERK1/2, indicating decreased 5-HT7R expression and decreased p-PKA and p-ERK1/2 expression are sufficient to EA treatment.

As it is known that 5-HT7R-associated PKA and ERK1/2 activation is dependent on Gαs-cAMP signaling in the nervous system, we speculated the potential mechanisms underlying EA as follows (Figure 10). Upon IS dural injection, 5-HT7R is stimulated to couple positively with adenylate cyclase (AC) through activating Gαs, resulting in an increase of cAMP to ultimately phosphorylate PKA and ERK1/2. Phosphorylation of PKA and ERK1/2 causes the nuclear translocation of CREB so that making it activation by phosphorylation at Ser133. The consequent increase in nuclear CREB-CBP complex in TG and TNC might initiate or potentiate p-CREB-mediated transcriptional regulation of immediate early gene c-fos that is sufficient to neuronal activation with trigeminovascular nociceptive pathways (Mitsikostas et al., 2011). Upon EA treatment, the 5-HT7R function is decreased, thus leading to a decrease in the content of cAMP which results in a reduction in the formation of p-PKA and p-ERK1/2 and their respective retention in the cytoplasm, which then attenuates induced CREB phosphorylation and transcriptional pronociceptive gene (Figure 10). Ultimately, a series of the abovementioned processes would not occur under EA treatment. Then, the trigeminovascular nociceptive sensitization could be unsustainable. Therefore, our results suggest that 5-HT7R mediates the antihyperalgesic effects of EA and indicates that the 5-HT7R-associated PKA and ERK1/2 phosphorylation signaling may be a new underlying mechanism.


[image: image]

FIGURE 10. Proposed mechanism of the antihyperalgesic effects of EA stimulation. Before EA, there is a relatively high amount of 5-HT7R protein in TG and TNC of IS rats. The medial cAMP is formulated in the cytoplasm of neuron, resulting in PKA and ERK1/2 phosphorylation. Once PKA and ERK1/2 are phosphorylated into p-PKA and p-ERK1/2, the CREB will move from the cytoplasm into the nuclear and phosphorylated at Ser133. Following nuclear CREB-CBP elevation, the initiate or potentiate of early gene c-fos was regulated by p-CREB-mediated transcription, resulting in dural IS stimulation that leads to hyperalgesia. By contrast, EA treatment decreases the amount of 5-HT7R proteins, forming lower cAMP, thereby PKA and ERK1/2 phosphorylation is inhibited in the cytoplasm. This prevents CREB phosphorylation, and therefore gene c-fos silence, ultimately producing an antihyperalgesic effect. 5-HT7R, 5-hydroxytryptamine (5-HT)7 receptor; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; ERK1/2, extracellular signal-regulated kinase1/2; CREB, cAMP-responsive element-binding protein; EA, electroacupuncture.


However, how EA regulates 5-HT7R remains unclear. Electroacupuncture was reported to reduce the cytoplasmic content of cAMP (Shao et al., 2016). Decreased cAMP affects the phosphorylation of PKA and ERK1/2 (Skalhegg and Tasken, 2000; Zanassi et al., 2001). Given the interaction between Gαs-cAMP and 5-HT7R, the possibility of EA affecting 5-HT7R exists. This specific mechanism would be a direction for our further research. Notably, the antihyperalgesic effects of EA were weakened but not completely obliterated in the activation of 5-HT7R, due to the presence of the other potential mechanisms. Given that EA could influence multiple signaling pathways, including β-endorphins (Han, 2003), cannabinoid CB2 receptors, and adenosine A1 receptor (Goldman et al., 2010), the 5-HT7R-associated PKA and ERK1/2 phosphorylation through Gαs-cAMP signaling is likely only one of the key factors involved in EA’s maintenance of antihyperalgesic effects. Moreover, cAMP interacts with several other proteins in addition to PKA and ERK1/2, including ROS (Gu et al., 2018), NF-κB (Wang J. et al., 2018), and AKAP (Miyano et al., 2019), which might also be involved in the maintenance of the antihyperalgesic effects by EA. Next, we will use naloxone to block opioid receptors, or DPCPX to block A1 receptors, so as to exclude the effect of other factors on EA antihyperalgesia, and then confirm the role of 5-HT7R.

We found that the extracephalic pain thresholds of IS group were sharply recovered to the baseline level on day 8, but there were significantly lower in the IS group compared with the Con group on days 5 and 7 (Figures 1D–H). However, the IS group maintained persistent cephalic static mechanical hyperalgesia from days 1 to 8 (Figures 1B,C). These results were consistent with the previous investigation on the effect of IS on cephalic and extracephalic cutaneous hyperalgesia. Boyer et al. (2014) found that repeated IS injection (four times IS protocol) developed reversible extracephalic and persistent cephalic hyperalgesia. Specifically, extracephalic pain thresholds decreased 1 h after the 4th IS injection and returned to pre-IS values within 2–3 h after the 4th IS injection. Cephalic pain thresholds before the 4th IS injection were already lower than those in the Con group. Similarly, we found rats developed lower extracephalic pain thresholds after 1 h of 3rd and 4th IS injections on days 5 and 7 and returned to the baseline level on day 8 without IS injection. Furthermore, the repeats of IS produced ever stronger and longer cephalic hyperalgesia from days 1 to 8. Such repetition of IS-induced development of central sensitization and its consequence, cutaneous hyperalgesia, may arise from hyperexcitability that likely develops in trigeminal nociceptive neurons in response to their repetitive activation (Figures 2C,E). The sensitization of trigeminal meningeal nociceptors in migraine is strongly related to meningeal neurogenic inflammation with a cascade of events such as neuropeptides release (e.g., CGRP and SP) (Hanci et al., 2021). CGRP is a potent vasodilator leading to vasodilation in the dura mater during a migraine attack (Hanko et al., 1985; Kilinc et al., 2018), while substance P shows a far less potent vasoactive effect compared with CGRP, but it is the prime mediator that regulates plasma protein extravasation secondary to capillary leakage (Markowitz et al., 1988). These two substances can both induce dural mast cell degranulation (Ottosson and Edvinsson, 1997), which further aggravates the neurogenic inflammation through releasing multiple proinflammatory and pronociceptive molecules to residents such as CGRP, substance P, 5-HT, prostaglandins, bradykinin, histamines, and cytokines, eventually leading to the initiation of migraine (Koyuncu Irmak et al., 2019; Theoharides et al., 2019). EA exerted antihyperalgesic effects, at least in part, via preventing the maintenance of a state of facilitated trigeminovascular transmission within the TNC. Both Aδ fibers and C fibers contribute to migraine-related nociception in the origin site of the migraine pain (Zakharov et al., 2015; Kilinc et al., 2017); however, compared with the Aδ fibers, the activation of C-afferent fibers by electroacupuncture triggers stronger analgesic effects (Kawakita and Funakoshi, 1982; Xu et al., 2003; Zhu et al., 2004). Based on gate control theory (Melzack and Wall, 1965), the substantia gelatinosa between primary afferents and projection neurons in the dorsal horn functions as a gate control system that turns on or off the gate. The activation of Aδ fibers fires the cells of the substantia gelatinosa (SG cells), reducing the activities of the projection neurons (T cells) by presynaptic inhibition, then closing the gate, which decreases the transmission of pain sensation toward the brain. However, the activation of C fibers inhibits SG cells, making the gate open, which allows the transmission of pain sensation toward the brain, worsening the situation. The interaction between large-diameter fibers and small-diameter fibers determines the opening and closing of the gate. The gate control theory has modified with the development of molecular biology and the researches of chronic pain, emphasizing the diversity of SG cells (excitability and inhibition), and SG cells have both presynaptic and postsynaptic inhibition for T cells.

The incessant discharge of T cells, also called the wind-up effect, will be induced when extremely intense pain is caused by C fibers or C fibers are activated repeatedly, which results from the constant inhibition of SG cells, known as the pain signal caused by C fiber will not produce “adaptation” phenomenon. Meanwhile, the analgesic effects of Aδ fibers disappear, and the central descending activities occupy the key position in regulating the gate. T cells are able to trigger the central control system to transmit the impulse when the impulse exceeds a certain threshold, regulating the gate by presynaptic inhibition (McMahon and Wall, 1983). The activation of C fibers by electroacupuncture may promote the T cells’ impulse to exceed a certain threshold.

Based on a previous experience (Ye et al., 2017; Cui et al., 2019; Hu et al., 2020), we performed sham EA manipulation to ensure the 5-HT7R is specific in EA antihyperalgesia. The results showed that 5-HT7R expression was not decreased in the IS + SEA group (Figures 4A–D, 5A–D), cAMP was not decreased (Figures 6A,F), and there was no statistical difference in p-PKA, p-ERK1/2, p-CREB, and c-Fos compared with the IS group (Figures 6B–E,G–J), indicating that sham EA had no effect on 5-HT7R and its related protein, and that EA was specific.

Previous studies have demonstrated the existence of two different mechanisms for pro- or antinociceptive actions of 5-HT. The robust pronociceptive firing together with CGRP release in the peripheral nerve terminals and the antinociceptive presynaptic inhibition of the central nerve terminal were induced by 5-HT through the same 5-HT3R in various migraine models (Kilinc et al., 2017). Like 5-HT3R activation, 5-HT7R can also present pro- or antinociceptive actions according to receptor location and/or quality and modality of the stimulus in neuropathic pain models (Hedlund et al., 2010; Yanarates et al., 2010; Viguier et al., 2012). In our study, we found that activation of 5-HT7R may play a pronociceptive role in both central (TNC) and peripheral (TG). The discrepancy may be due to the different locations of the serotonin receptor in the pain transmission pathway and the different pain-related animal models that were researched. Besides, studies (Ohta et al., 2006; Cho et al., 2015) show that the PKA- or ERK1/2-mediated signaling pathways are involved in the complete Freund’s adjuvant or capsaicin-induced long-lasting pain hypersensitivity through 5-HT7R. More expression of p-PKA or p-ERK1/2 means more excitation of dura-sensitive trigeminal neurons and more sensitization of pain-transducing receptors (Ji, 2004; Giniatullin et al., 2008). Indeed, there were significant differences in the expression of p-PKA and p-ERK1/2 between the IS + SB269970 group and the IS group, which is consistent with the previous study. We found that 5-HT7R agonist AS19 could recover EA-induced decreased cAMP and inhibited p-PKA and p-ERK1/2 in the TG and TNC. 5-HT7R antagonist SB-269970 generated the antihyperalgesic effects on neurogenic inflammation pain induced by IS, which mimics the effects of EA antihyperalgesia. In addition, we found that the expression of cAMP protein increased with the activation of 5-HT7R, which confirmed the interaction between Gαs-cAMP and 5-HT7R. It indicated 5-HT7R as a new target for enhancing the EA antihyperalgesic efficacy in migraine, and the development and application of related drugs could be promoted furthermore.

Based on our findings, the antihyperalgesic effects of EA have been further verified. As it is now established that 5-HT7R affects the phosphorylation of PKA and ERK1/2 through Gαs-cAMP, this interaction could be involved in the facilitation of persistent pain and regulation of peripheral/central sensitization, further highlighting the theory that 5-HT7R mediates the antihyperalgesic effects of EA. Further explorations of the functions and roles of 5-HT7R may reveal new insight into the mechanisms underlying migraine.

In summary, our results indicate that 5-HT7R mediates the antihyperalgesic effects of EA on IS-induced neurogenic inflammation pain by regulating PKA and ERK1/2 phosphorylation through cAMP. Our study may provide a new target to enhance the EA antihyperalgesic effects in migraine.
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Chronic pain is a costly health problem that impairs health-related quality of life when not effectively treated. Regulating the transition from acute to chronic pain is a new therapeutic strategy for chronic pain that presents a major clinical challenge. The underlying mechanisms of pain transition are not entirely understood, and strategies for preventing this transition are lacking. Here, a hyperalgesic priming model was used to study the potential mechanism by which γ-aminobutyric acid receptor type A (GABAAR) in the dorsal root ganglion (DRG) contributes to pain transition. Furthermore, electroacupuncture (EA), a modern method of acupuncture, was administered to regulate pain transition, and the mechanism underlying EA’s regulatory effect was investigated. Hyperalgesic priming was induced by intraplanar injection of carrageenan (Car)/prostaglandin E2 (PGE2). The decrease in mechanical withdrawal threshold (MWT) induced by PGE2 returned to baseline 4 h after injection in NS + PGE2 group, and still persisted 24 h after injection in Car + PGE2 group. Lower expression of GABAAR in the lumbar DRG was observed in the model rats. Furthermore, activating or blocking GABAAR could reversed the long-lasting hyperalgesia induced by Car/PGE2 injection or produced a persistent hyperalgesia. In addition, GABAAR may be involved in Protein Kinase C epsilon (PKCε) activation in the DRG, a mark molecular of pain transition. EA considerably increased the mechanical pain thresholds of hyperalgesic priming model mammals in both the acute and chronic phases. Furthermore, EA upregulated the expression of GABAAR and inhibited the activation of PKCε in the DRG. In addition, peripheral administration of picrotoxin blocked the analgesic effect of EA on the model rats and abolished the regulatory effect of EA on PKCε activation. These findings suggested that GABAAR plays a key role in both the transition from acute to chronic pain and the analgesic effect of EA on hyperalgesic priming.

Keywords: electroacupuncture, hyperalgesic priming, dorsal root ganglions, γ-aminobutyric acid receptor type A, protein kinase C epsilon


INTRODUCTION

Chronic pain is a common clinical symptom (Bouhassira et al., 2008; Chen et al., 2016), but the mechanisms underlying this condition remain poorly understood, limiting the ability to adequately treat it. Recent studies have pointed out that the transition from acute to chronic pain involves dramatic changes in the mechanisms of pain (Sun and Chen, 2015; Zha et al., 2015; Price et al., 2018), that not only prolong the duration of pain and greatly aggravate pain but also weaken the effects of treatments. Therefore, elucidating the mechanisms of pain transition is of great significance.

Dorsal root ganglion (DRG) neurons belong to the peripheral sensory ganglion (Matsuka et al., 2020). Numerous primary nociceptive neurons aggregate in the DRG, receive pain signals from the surroundings and play a key role in pain modulation and transmission (Miller et al., 2009; Matsuka et al., 2020). It is known that DRG neurons are responsible for the transition from acute to chronic pain, and the activation of PKCε in DRG neurons plays a key role in hyperalgesic priming type I (Araldi et al., 2019; Wang et al., 2020). However, the other mechanisms underlying pain transition are unknown; specifically, it is unclear whether the inhibitory receptors involved in pain modulation and transmission in the peripheral nervous system contribute to pain transition.

GABA receptor type A (GABAAR) is abundantly expressed in the DRG (Persohn et al., 1991; Ma et al., 1993) and plays a pivotal role in the pain modulation and transmission as an inhibitory receptor (Guo and Hu, 2014; Du et al., 2017). A growing amount of evidence has shown that functional and expressional changes in GABAAR are involved in the generation and maintenance of various chronic pain conditions (Naik et al., 2008; Lee et al., 2018; Lorenzo et al., 2020). Specifically, some reports have indicated that changes in GABAAR function and expression may cause the hyperalgesic priming and that GABAAR can be treated as a potential therapeutic target for hyperalgesia and pain transition in the central nervous system (Kim et al., 2016). However, whether GABAAR is involved in pain transition in the DRG is still unclear.

Electroacupuncture (EA), an effective analgesic method, has been widely used for clinical control of pain and scientific research on this condition (Xiang et al., 2019; Heo et al., 2021). Our previous research has proven that EA can interfere with the transition from acute pain to chronic pain (Wang et al., 2018, 2020). However, the mechanism underlying the effect of EA on the transition from acute to chronic pain is not yet understood clearly. Previous studies have found that EA can not only alleviate chronic neuropathic pain by regulating the expression of GABAAR in the spinal cord (Li et al., 2018; Zheng et al., 2020), but also relieve hyperalgesia in rats with neck incision by upregulating the expression of GABAAR in the DRG (Qiao et al., 2019). These results indicate that GABAAR in the DRG may be an important therapeutic target of the analgesic effect of EA. However, whether EA influences the induction of hyperalgesic priming by regulating GABAAR in the DRG is not known.

In this study, we focused on GABAAR in the DRG and explored its role in pain transition in a model called the hyperalgesic priming model (Reichling and Levine, 2009; Ferrari et al., 2015; Kandasamy and Price, 2015; Yang et al., 2016). Furthermore, we evaluated the treatment effect of EA on hyperalgesic priming model rats and further investigated the potential GABAAR-mediated mechanism underlying EA’s regulatory effect.



MATERIALS AND METHODS


Animals

All experimental procedures were approved by the Animal Care and Welfare Committee of Zhejiang Chinese Medical University, Zhejiang, China (approval no. IACUC-20180319-12). Male Sprague-Dawley rats (weighing 180 to 230 g) were obtained from the Experimental Animal Center of the Shanghai Chinese Academy of Sciences [SCXK (Hu) 2018-0006] and raised in the Experimental Animal Center of Zhejiang Chinese Medical University [SYXK (Zhejiang) 2018-0012]. All rats were fed standard rodent food and housed four per cage (room temperature 23 to 25°C, humidity 55 ± 5%) on a regular light-dark cycle.



Drug Preparation

Carrageenan (Car) and prostaglandin E2 (PGE2) were purchased from Sigma-Aldrich (St. Louis, MO, United States). The PKCε agonist ψεRACK (a peptide with the sequence HDAPIGYD and a membrane-permeable sequence) was synthesized by Bankpeptide (Hefei, China). The PKCε inhibitor PKCεV1-2 was purchased from Calbiochem, Millipore Sigma (Darmstadt, Germany). The GABAAR antagonist picrotoxin (A14004), GABAAR agonist muscimol (A13459), and GABABR agonist baclofen (A18248) were purchased from Adooq Bioscience (Irvine, United States). All drugs were dissolved in sterile saline and then diluted to the appropriate concentrations before injection (Car: 1 mg, 100 μL; PGE2: 100 ng, 25 μL; ψεRACK: 1 μg, 25 μL; PKCεV1-2: 1 μg, 25 μL; picrotoxin: 1 μM, 25 μL; muscimol: 10 μM, 25 μL; baclofen: 60 μg, 25 μL).

The drugs were administered through intraplantar injection. The injection site was first scrubbed with 75% alcohol.



Hyperalgesic Priming Model

The hyperalgesic priming model was established by intraplantar injection of 100 μL 1% carrageenan (1st injection) and 100 ng/25 μL PGE2 (2nd injection) into the same paw 7 days after the 1st injection.



Mechanical Withdrawal Threshold

The up-down method was used in this study (Chaplan et al., 1994). Von Frey filaments (Stoelting Co., Thermo, Gilroy, CA, United States) with forces of 0.4, 0.6, 1, 2, 4, 6, 8, 15, and 26 g were used. The rats were placed in a clear plastic cage for 30 min before assessment every day for three continuous days to allow acclimation to the environment. A von Frey filament with a force of 4 g was first applied to the central surface of the hind paw (avoiding the footpad) until the filament bent into an “S” shape, and it was maintained there for 6 s. A filament of a greater or lesser force was then chosen depending on whether the response was negative or positive. The responses were recorded as X or O. The pain threshold was calculated according to the following formula: Mechanical withdrawal threshold (MWT) (g) = [10(Xf+ κδ)]/10,000, where “Xf” is the force of the last hair test, the “κ” value is obtained from the k-value table, and “δ” is the average value of the difference between the logarithm of hairs of each force, which is approximately equal to 0.231.

The nociceptive behaviors were quantified during the 8 o’clock to 17 o’clock during the day. And the experimenters were blind to the experimental design.



EA Administration

All rats in the EA groups were subjected to EA. Four hours after the 1st injection, the EA intervention, which was performed once a day until the end of the experiment, was initiated began after the behavioral test. Needles (0.18 mm × 13 mm) were inserted into the bilateral Zusanli (ST36) and Kunlun (BL60) acupoints at a depth of 5 mm and then connected to a HANS Acupuncture Point Nerve Stimulator (HANS-200A Huawei Co., Ltd., Beijing, China). The stimulation parameters were as follows: 2/100 Hz and an intensity of 0.5 mA, 1.0 mA, and 1.5 mA (the intensity increased every 10 min) for a total of 30 min.

Sham EA was also performed. Needles of the same size were inserted subcutaneously into the animals at the ST36 and BL60 acupoints (at a depth of 1 mm). The needles were connected to the same stimulator, but no electrical stimulation was administered.



Immunofluorescence

The rats were sacrificed 24 h after the 2nd injection after MWT assessment was completed. The rats were anesthetized with 2% pentobarbital sodium (40 mg/kg, i.p.). Then, the rats were quickly perfused with 0.9% NaCl (4°C) followed by 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS) for prefixation. The ipsilateral L4–L6 DRGs were removed and postfixed in 4% paraformaldehyde for 3 h at 4°C before being transferred to 15 and 30% sucrose for dehydration and stored in a −80°C freezer. The DRGs were transversely sectioned (10 μm) with a cryostat and dried at 37°C for 20 min. Then, the sections were blocked with 5% normal donkey serum in TBST (1% Tween-20) for 1 h at 37°C. Then, the sections were incubated with primary antibodies diluted in blocking solution overnight at 4°C. The primary antibodies were mouse anti-GABAARα2 (ab193311, Abcam, Cambridge, United Kingdom) and rabbit anti-PKCε (ab124806, Abcam, Cambridge, United Kingdom). Then, the sections were washed with TBST and incubated with donkey anti-rabbit (Alexa Fluor 488-labeled) or goat anti-mouse (Cy3-labeled) secondary antibody at 37°C for 1 h (diluted with 5% normal donkey serum in TBST). Images were taken using an Imager. M2 microscope (ZEISS, Germany). The analysts were blind to the experiment design.



Western Blotting

To measure the protein expression of PKCε and GABAAR, the rats were deeply anesthetized as previously described after the last behavioral test. The L4-L6 DRGs were quickly excised and stored at –80°C for further analysis. The tissues were then lysed by adding RIPA lysis buffer (Beyotime, China) containing 1% PMSF (Beyotime, China) and a protease/phosphatase inhibitor cocktail (Applygen, China) to the samples. The target proteins were centrifuged at 14,000 rpm at 4°C for 5 min, and the protein concentration was measured with a BCA protein assay kit. The protein (20 μg) was denatured in loading buffer at 100°C for 10 min, separated on 5/8% SDS-PAGE gels and transferred to polyvinylidene difluoride (PVDF) membranes (Merck KGaA, Darmstadt, Germany). After blocking with 5% skim milk at room temperature for 1 h, the membranes were incubated with rabbit anti-PKCε (ab124806, Abcam, Cambridge, United Kingdom) and mouse anti-GABAARα2 (ab193311, Abcam, Cambridge, United Kingdom) as the primary antibodies and mouse anti-β-actin (HRP-conjugated) (ab20272, Abcam, Cambridge, United Kingdom) as the internal control overnight at 4°C. Then, the membranes were incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (1:5,000, Abcam, United States) or goat anti-mouse (WD0990, Dawen Biotec, Hangzhou) for 1 h at room temperature. The signals were developed using an ECL kit (Pierce, Rockford, IL, United States), and ImageQuant TL 7.0 analysis software (GE, United States) was used to analyze the intensity of the bands. The analysts were blind to the experiment design.



Experimental Design

In this study, we explored the GABAAR-mediated mechanism underlying EA’s regulatory effect on hyperalgesic priming in three steps.

In step one, the involvement of GABAAR in pain transition in the lumbar DRG was explored. The rats were first randomly assigned to three groups: (1) the Normal group, (2) the sham hyperalgesic priming (NS + PGE2) group, and (3) the hyperalgesic priming (Car + PGE2) group. MWT changes in hyperalgesic priming rats were investigated. The expression level of GABAAR in the DRG was investigated by immunofluorescence and western blotting.

Then, we first confirmed weather PGE2 injection, either after NS or Car injection, changed the function of GABAAR. Muscimol (a selective GABAAR agonist) and picrotoxin (a selective GABAAR antagonist) was used to selectively activate or block GABAAR. To show the PGE2 injection will not change the GABAAR function, the rats were randomly divided into 1) the NS + PGE2 + NS group and 2) NS + PGE2 + Pic24h group (administered NS/picrotoxin ipsilaterally 24 h after the 2nd injection before MWT assessment) or (1) the NS + PGE2 + NS24h group and (2) NS + PGE2 + muscimol24h group (administered NS/muscimol ipsilaterally 24 h after the 2nd injection before MWT assessment). In addition, to test whether the Car/PGE2 injection change the function of GABAAR, the rats were randomly divided into the (1) the Car + PGE2 + NS24h group and (2) Car + PGE2 + Pic24h group or (1) the Car + PGE2 + NS24h group and (2) Car + PGE2 + Mus24h group. Then, in order to test whether GABAAR was involved in the Car/PGE2 injection induced long-lasting hyperalgesia, the rats were randomly divided into (1) the Car + PGE2 + NS group and (2) the Car + PGE2 + Mus group (administered NS/muscimol ipsilaterally 10 min before the 2nd injection) or (1) the NS + PGE2 group, (2) Car + PGE2 group and (3) Car + Pic group (administered picrotoxin instead of PGE2). In addition, to test whether the GABABR was involved in the long-lasting hyperalgesia induced by Car/PGE2 injection, GABABR was selectively activated 24 h after PGE2 injection before MWT assessment by baclofen, a selective GABABR agonist. The rats were randomly divided into (1) the Car + PGE2 group and (2) the Car + PGE2 + Bac24h group.

In step two, we tried to clarify the relationship between GABAAR and PKCε in the DRG because PKCε is one of the most important molecular markers of hyperalgesic priming in male rats (Joseph et al., 2003). First, we showed that PKCε was activated by Car/PGE2 injection, as in previous studies. In this part, rats in the (1) the Normal group, (2) NS + PGE2 group and (3) Car + PGE2 group from step one were used. The colocalization of PKCε and GABAAR was also investigated in this part of the experiment. Then, we explored whether inhibition or activation of PKCε affects the expression of GABAAR in the L4-L6 DRGs. In this part of the experiment, the rats were divided into: (1) the Car + PGE2 + NS group and (2) Car + PGE2 + PKCεV1-2 group (administered PKCεV1-2, a selective PKCε inhibitor, ipsilaterally10 min before the 2nd injection) or (1) the NS + PGE2 group, (2) Car + PGE2 group and (3) Car + ψεRACK group (administered ψεRACK instead of PGE2). The expression levels of both GABAAR and PKCε in the L4-L6 DRGs were investigated. In addition, we tested whether activation or inhibition of GABAAR affects the activation of PKCε. In this part of the experiment, the rats in the (1) Car + PGE2 + NS group and (2) Car + PGE2 + Mus group or in the (1) NS + PGE2 group, (2) Car + PGE2 group and (3) Car + Pic group from step one were used. The expression level of GABAAR or PKCε in the L4-L6 DRGs was tested. Finally, we observed whether inhibition of PKCε can regulate hyperalgesic priming induced by GABAAR activation and the expression level of GABAAR in the L4-L6 DRGs. In this part of the experiment, the rats were randomly divided into (1) the Car + Pic + NS group and (2) the Car + Pic + PKCεV1-2 group (administered PKCεV1-2 10 min before picrotoxin injection). Furthermore, we observed whether activation of GABAAR regulates hyperalgesic priming induced by PKCε activation and the expression level of PKCε in the L4-L6 DRGs. In this part of the experiment, the rats were randomly divided into (1) the Car + RACK + NS group and(2) the Car + RACK + Mus group (administered muscimol 10 min before ψεRACK injection).

In step three, we explored the effect of EA on hyperalgesic priming and whether GABAAR is involved in this effect. In this part of the experiment, the rats were randomly divided into four groups: (1) the NS + PGE2 group, (2) Car + PGE2 group, (3) Car + PGE2 + EA group, and (4) Car + PGE2 + sham EA group. Then, we tried to block the effect of EA on hyperalgesic priming by using picrotoxin and assessed the expression of PKCε and GABAAR. In this part of the experiment, the rats were randomly divided into three groups: (1) the NS + PGE2 group, (2) Car + PGE2 group, and (3) Car + PGE2 + EA + Pic group (injected with picrotoxin before EA intervention each time after the 2nd injection).



Statistical Analysis

All data are presented as the mean ± standard error of the mean (x̄ ± SEM). Student’s t-test was used to compare two independent samples, whereas analysis of variance (ANOVA) followed by Bonferroni’s multiple comparison tests was used to compare three or more samples. P < 0.05 was considered statistically significant.



RESULTS


Low Expression of GABAAR in the L4–L6 DRGs in the Hyperalgesic Priming Model

A hyperalgesic priming model was established by sequentially injecting Car/PGE2 into the left hind paws of rats. The experiment was conducted according to the schedule shown in Figure 1A. MWT were assessed 1 day before the 1st injection (green arrow); 4, 24, 48, 72 h and 7 days after the 1st injection; and 1, 4, and 24 h after the 2nd injection (blue arrow). The results are shown in Figure 1B. There was no difference in basic pain threshold between the groups (P > 0.05). Compared with that of the Normal group and NS + PGE2 group, the MWT of the Car + PGE2 group was significantly decreased 4, 24, 48, and 72 h after the 1st injection (Figure 1B, P < 0.01). Subsequently, the MWT of the Car + PGE2 group gradually returned to baseline by 7 days after the 1st injection (P > 0.05). Injection of a low dose of PGE2, which caused only brief hyperalgesia (lasting less than 4 h) in the NS + PGE2 group, evoked hyperalgesia lasting at least 24 h in the Car + PGE2 group (Figure 1B, P < 0.01). All of the above results indicated that the hyperalgesic priming model was successfully established.
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FIGURE 1. GABAAR in the L4-L6 DRGs plays a key role in the hyperalgesic priming model (A) Schedule of the experimental protocol. The hyperalgesic priming model was established by sequential intraplantar injection of carrageenan (Green arrow, 1 mg/100 μL/paw) and PGE2 (Blue arrow, 100 ng/25 μL/paw) into the left hind paw. (B) The mechanical withdrawal threshold (MWT) of rats that received carrageenan (Green line) and PGE2 (Blue line) injections. (C) The quantification of the Western blots results and a representative Western blot showing GABAAR protein isolated from the DRG 24 h after 2nd injection. (D) Representative images of GABAAR-IR positive neurons (green) merged with IB4 neurons (red) in lumbar DRG of hyperalgesic priming rats. (E) The quantification of GABAAR-IR positive neurons in L4, L5, and L6 DRG, respectively. (F) The quantification of GABAAR-IR positive neurons labeled with IB4 in L4, L5, and L6 DRG, respectively. 15 sections from three different rats. Data are presented as mean ± SEM, n = 6; *P < 0.05, **P < 0.01 vs. Normal group, #P < 0.05, ##P < 0.01 vs. NS + PGE2 group. P < 0.01 indicate significant differences according to ANOVA followed by Bonferroni post hoc analysis.


Then, western blotting and immunofluorescence were used to investigate the expression level of GABAAR in the L4-L6 DRGs of hyperalgesic priming model rats. The western blotting results showed that the expression level of GABAAR in the ipsilateral L4-L6 DRGs in the Car + PGE2 group was lower than that in the Normal and NS + PGE2 groups (Figure 1C, P < 0.01) and that the expression level of GABAAR in the NS + PGE2 group was not different from that in the Normal group (P > 0.05). Furthermore, the immunofluorescence results showed that the number of GABAAR-IR-positive cells in the L4-L6 DRGs in the Car + PGE2 group was lower than that in the Normal group and NS + PGE2 group (Figures 1D,E, P < 0.05). A previous study demonstrated that isolectin B4 (IB4)-positive neurons play a pivotal role in pain transition (Joseph and Levine, 2010). We further assessed the colocalization of IB4 and GABAAR. As shown in Figure 1D, IB4 and GABAAR were colocalized in the L4-L6 DRGs in the Normal, NS + PGE2 and Car + PGE2 groups. Nevertheless, PGE2 injection following Car administration, but not NS/PGE2 injection, significantly decreased the number of colabeled neurons in the L4-L6 DRGs 24 h after 2nd injection (Figures 1D,F, P < 0.05).



Function of GABAAR in the L4-L6 DRGs Is Not Changed in Hyperalgesic Priming Model

Previous studies have demonstrated that changes in both GABAAR function and expression are involved in hyperalgesia (Ran et al., 2014; Obradovic et al., 2015). Especially, pervious reports indicated that PGE2 can modify the GABA-activated current (Yang et al., 2015). So, we first to test whether PGE2 or Car/PGE2 injection would change the function of GABAAR activation from analgesia to hyperalgesia.

Blocking GABAAR with picrotoxin (a selective GABAAR antagonist) decreased the MWT of rats treated with NS/PGE2 injection 24 h after then returned to baseline levels (Figure 2A, P < 0.01). And muscimol (a special GABAAR agonist) did not affect the MWT of rats treated with NS/PGE2 injection at the same time (Figure 2B, P > 0.05). In addition, muscimol significantly reversed the hyperalgesia induced by Car/PGE2 injection 24 h after the 2nd injection (Figure 2C, P < 0.05). And picrotoxin injection failed to reverse the decrease in the MWT of hyperalgesic priming model rats at the same time (Figure 2D, P > 0.05). All of above results indicated that peripheral injection of PGE2, either after NS or Car injection, did not change the function of GABAAR. Furthermore, results also indicated that the change of GABAAR expression in DRG was involved in the maintenance of the hyperalgesia induced by Car/PGE2.
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FIGURE 2. Function of GABAAR in the L4-L6 DRGs is not changed in hyperalgesic priming model. (A) Picrotoxin (1 μM/25 μL/paw) injection at 24 h after the 2nd injection significantly decreased the MWT of sham hyperalgesic priming rats. (B) Muscimol (10 μM/25 μL/paw) injection at 24 h after the 2nd injection produced little effect on MWT of sham hyperalgesic priming rats. (C) Muscimol injection at 24 h after 2nd injection significantly increased the MWT of hyperalgesic priming rats. (D) Picrotoxin injection at 24 h after the 2nd injection produced little effect on MWT of hyperalgesic priming rats. (E) MWT of hyperalgesic priming rats that received Muscimol injection 10 min before the PGE2 injection. (F) MWT of rats that received Picrotoxin injection following by carrageenan. (G) Baclofen (60 μg/25 μL/paw) injection at 24 h after the 2nd injection failed to affect the MWT of hyperalgesic priming rats. All Data are presented as mean ± SEM, n = 6 rats per group; [image: image] P < 0.01 vs. NS + PGE2 + NS24h group, Δ P < 0.05 vs. Car + PGE2 + NS24h group, &P < 0.05 vs. Car + PGE2 + NS group, ##P < 0.01 vs. NS + PGE2 group. Student’s t-test was used to compare two independent samples; Three independent samples are according to ANOVA followed by Bonferroni post hoc analysis.


Then, we further tested whether GABAAR activation can regulate the hyperalgesic priming induced by Car/PGE2 injection. Muscimol was intraplantarly injected into the ipsilateral paw 10 min before PGE2 injection. The results revealed that the MWT of the Car + PGE2 + Mus group was significantly increased at 4 and 24 h after the 2nd injection (Figure 2E, P < 0.05). Furthermore, injection of picrotoxin, like that of PGE2, produced a long-lasting decrease in the MWT (Figure 2F, P < 0.01). All of these results indicated that GABAAR is involved in the initiation of hyperalgesic priming.

To further confirm the role of GABAAR, but not GABABR in pain modulation, we attempted to alter the MWT of hyperalgesic priming model rats with baclofen (a selective GABABR agonist). As shown in Figure 2G, baclofen had little effect on the pain thresholds of the hyperalgesic priming model rats (Figure 2G, P > 0.05). All these results indicate that GABAAR, but not GABABR may be involved in the maintenance of hyperalgesic priming.



A Change in GABAAR Expression Is Involved in PKCε Activation

It is generally believed that the activation of PKCε in the DRG contributes to the transition from acute to chronic pain (Ferrari et al., 2013; Zha et al., 2015). Here, we investigated the expression of PKCε in the L4-L6 DRGs by immunofluorescence and western blotting at 24 h after the 2nd injection. As expected, the western blotting results indicated that PKCε expression in the L4-L6 DRGs was higher in rats in the Car + PGE2 group than rats in the Normal and NS + PGE2 group (Figure 3A, P < 0.01). Consistent with the western blotting results, the number of PKCε-IR neurons in the L4-L6 DRGs in the Car + PGE2 group was much higher than that in the Normal and NS + PGE2 groups (Figures 3B,C, P < 0.01). We also measured the expression of PKCε in IB4-positive neurons. The results showed that were more cells in which PKCε and IB4 were colocalized in Car + PGE2 group than in the Normal and NS + PGE2 groups (Figures 3B,D, P < 0.05). All these results are consistent with previous reports and suggest that PKCε is activated in hyperalgesia priming model rats.
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FIGURE 3. PKCε contributes to the pain transition, but not regulates GABAAR expression. (A) The quantification of the Western blots results and a representative Western blot showing PKCε protein isolated from the DRG 24 h after 2nd injection. (B) Representative images of PKCε-IR positive neurons (green) merged with IB4 neurons (red) in lumbar DRG of hyperalgesic priming rats. (C) The quantification of PKCε-IR positive neurons in L4, L5, and L6 DRG, respectively. (D) The quantification of PKCε-IR positive neurons labeled with IB4 in L4, L5, and L6 DRG, respectively. 15 sections from three different rats. (E) Representative images of PKCε-IR positive neurons (green) merged with GABAAR-IR positive neurons (red) in lumbar DRG of hyperalgesic priming rats. (F) MWT of hyperalgesic priming rats that received PKCεV1-2 (1 μg/25 μL/paw) injection 10 min before the PGE2 injection. n = 6. (G) The quantification of the Western blots results and a representative Western blot showing PKCε and GABAAR protein isolated from the L4-L6 DRG 24 h after 2nd injection. (H) MWT of rats that received ψεRACK (1 μg/25 μL/paw) injection following by carrageenan. n = 6. (I) The quantification of the Western blots results and a representative Western blot showing PKCε and GABAAR protein isolated from the L4-L6 DRG 24 h after 2nd injection. Data are presented as mean ± SEM, n = 6; *P < 0.05, **P < 0.01 vs. Normal group, ##P < 0.01 vs. NS + PGE2 group. &P < 0.05, &⁣&P < 0.01 vs. Car + PGE2 + NS group, ΦP < 0.05 vs. Car + PGE2 group. Student’s t-test was used to compare two independent samples; Three independent samples are according to ANOVA followed by Bonferroni post hoc analysis.


Then, we investigated whether PKCε regulates the expression of GABAAR in the DRG, as previous studies indicated that PKCε can regulate GABAAR expression (Li et al., 2015; Puia et al., 2015). As shown in Figure 3E, colocalization of GABAAR and PKCε was observed in all three groups, which suggests that there may be a relationship between GABAAR and PKCε expression. PKCεV1-2 (a specific PKCε antagonist) was intraplantarly injected into the ipsilateral paws of hyperalgesic priming model rats 10 min before the 2nd injection. PKCεV1-2 significantly inhibited the pain transition induced by Car/PGE2 injection (Figure 3F, P < 0.05), which is consistent with previous studies (Wang et al., 2020). However, it failed to regulate the expression of GABAAR in the ipsilateral L4-L6 DRGs (Figure 3G, P > 0.05) but successfully inhibited the expression of PKCε (Figure 3G, P < 0.01). ψεRACK (a selective agonist peptide of PKCε) was also used to investigate the relationship between GABAAR and PKCε. Injection of ψεRACK but not PGE2 after Car injection induced hyperalgesic priming, significantly decreased the MWT of rats (Figure 3H, P < 0.01), and significantly activated PKCε expression in the L4-L6 DRGs (Figure 3I, P < 0.01). However, it did not affect the expression level of GABAAR in the ipsilateral L4-L6 DRGs (Figure 3I, P > 0.05).

All the above results indicate that GABAAR may not be regulated by PKCε activation or that GABAAR may regulate PKCε activation. As shown in Figure 2E, intraplantar injection of muscimol significantly reversed the induction of hyperalgesia by PGE2 injection following carrageenan. Therefore, we further observed whether muscimol regulates the expression levels of PKCε and GABAAR in the ipsilateral L4-L6 DRGs. The western blotting results showed that muscimol significantly downregulated the expression of PKCε in the ipsilateral L4-L6 DRGs 24 h after the 2nd injection (Figure 4A, P < 0.01) and upregulated the expression of GABAAR (Figure 4B, P < 0.01). These results indicate that changes in GABAAR expression in the L4-L6 DRGs may not only be involved in hyperalgesic priming but also contribute to PKCε activation. Furthermore, injection of picrotoxin rather than PGE2 after carrageenan injection induced a persistent decrease in the MWT of rats (Figure 2F) and increased PKCε expression in the L4-L6 DRGs (Figure 4C, P < 0.05). All the results show that GABAAR regulates PKCε activation in the DRGs of hyperalgesic priming model rats.
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FIGURE 4. The relationship between GABAAR and PKCε in L4-6 DRGs of hyperalgesic priming rats. The quantification of the Western blots results and a representative Western blot showing PKCε (A) and GABAAR (B) protein isolated from the L4-L6 DRG 24 h after 2nd injection. The Muscimol (10 μM/25 μL/paw) was administrated 10 min before PGE2 injection. (C) The quantification of the Western blots results and a representative Western blot showing PKCε protein isolated from the DRG 24 h after 2nd injection. The Picrotoxin (1 μM/25 μL/paw) was administrated instead of PGE2. (D) Injection of PKCεV1-2 (1 μg/25 μL/paw) reversed the long-lasting hyperalgesia induced by Picrotoxin injection following by carrageenan. The quantification of the Western blots results and a representative Western blot showing PKCε (E) and GABAAR (F) protein isolated from the DRG 24 h after 2nd injection. (G) Muscimol injected 10 min before 2nd injection failed to regulate the hyperalgesic priming produced by ψεRACK (1 μg/25 μL/paw) injection following carrageenan. The quantification of the Western blots results and a representative Western blot showing PKCε (H) and GABAAR (I) protein isolated from the DRG 24 h after 2nd injection. Data are presented as mean ± SEM, n = 6; &⁣&P < 0.01 vs. Car + PGE2 + NS group; #P < 0.05, ##P < 0.01 vs. NS + PGE2 group; +P < 0.05, ++P < 0.01 vs. Car + Pic + NS group; @@P < 0.01 vs. Car + PGE2 + NS group. Student’s t-test was used to compare two independent samples; Three independent samples are according to ANOVA followed by Bonferroni post hoc analysis.


We further confirmed the relationship between PKCε activation and GABAAR expression in the hyperalgesic priming model by pharmacological methods. Analysis of MWT showed that PKCεV1-2 intraplantar administration significantly relieved the hyperalgesia caused by picrotoxin injection following carrageenan administration (Figure 4D, P < 0.05). In addition, the expression of PKCε in the L4-L6 DRGs was partially but significantly decreased by PKCεV1-2 injection (Figure 4E, P < 0.01), while PKCεV1-2 was not observed to have an effect on the expression of GABAAR (Figure 4F, P > 0.05). In addition, muscimol had little effect on the hyperalgesia caused by ψεRACK injection following carrageenan administration (Figure 4G, P > 0.05) but reversed the long-lasting pain caused by PGE2 injection following carrageenan administration (Figure 2E). Moreover, although muscimol injection significantly upregulated the expression of GABAAR in the L4-L6 DRGs (Figure 4H, P < 0.01), it did not affect the activating effect of ψεRAKC on PKCε (Figure 4I, P > 0.05). All these results indicate that lower expression of GABAAR is responsible for the activation of PKCε in the L4-L6 DRGs.



EA Reversed the Transition of Pain by Regulating GABAAR Expression

We further investigated EA’s regulatory effect on pain transition and the underlying mechanism. The EA stimulation procedure is shown in Figure 5A. As shown in Figure 5B, EA significantly promoted the reduction in MWT induced by carrageenan injection from 48 h to 72 h after the 1st injection (P < 0.01), and significantly increased the MWT 4 and 24 h after the 2nd injection (P < 0.01). Sham EA had little effect on the MWT of hyperalgesic priming model rats (P > 0.05).
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FIGURE 5. EA regulates the transition from acute to chronic pain and GABAAR expression in the L4-L6 DRG. (A) The protocol of EA administration experiment. (B) MWT of hyperalgesic priming rats received EA or sham EA stimulation. n = 6. (C) The quantification of the Western blots results and a representative Western blot showing PKCε and GABAAR protein isolated from the DRG 24 h after 2nd injection. (D) Representative images of PKCε-IR positive neurons (green) merged with GABAAR-IR positive neurons (red) in lumbar DRGs of hyperalgesic priming rats. (E) The quantification of PKCε-IR positive neurons in L4, L5 and L6 DRG, respectively. (F) The quantification of GABAAR-IR positive neurons in L4, L5 and L6 DRG, respectively. (G) The quantification of PKCε-IR positive neurons labeled with GABAAR in L4, L5 and L6 DRG, respectively. 15 section from three different rats. (H) Picrotoxin (1 μM/25 μL/paw) injection blocked the analgesic effect of EA on hyperalgesic priming rats. n = 6. (I) The quantification of the Western blots results and a representative Western blot showing PKCε and GABAAR protein isolated from the DRG 24 h after 2nd injection. Data are presented as mean ± SEM, n = 6; ##P < 0.01 vs. NS + PGE2 group; ΦΦ P < 0.01 vs. Car + PGE2 group; ΛΛ P < 0.01 vs. Car + PGE2 + EA group. P < 0.01 indicate significant differences according to ANOVA followed by Bonferroni post hoc analysis.


Consistent with the results shown in Figures 1C, 3A, PGE2 injection following carrageenan administration upregulated PKCε expression in the ipsilateral L4-L6 DRGs of hyperalgesic priming model rats and downregulated GABAAR expression (Figure 5C, P < 0.05). EA stimulation significantly inhibited the overexpression of PKCε in the L4-L6 DRGs and promoted the expression of GABAAR (Figure 5C, P < 0.01). In contrast, sham EA had no such effect (P > 0.05).

Consistent with the above results, the number of PKCε-IR-positive cells was increased in the L4-L6 DRGs of hyperalgesic priming model rats (Figures 5D,E, P < 0.05), and the number of GABAAR-IR-positive cells was decreased (Figures 5D,F, P < 0.05). In contrast, EA stimulation significantly reduced the number of PKCε-IR-positive cells in the L4-L6 DRGs (Figures 5D,E, P < 0.01). Moreover, EA stimulation significantly increased the number of GABAAR-positive cells in the L4-L6 DRGs in the Car + PGE2 + EA group compared with the Car + PGE2 group (Figures 5D,F, P < 0.05). We also tested the colocalization of PKCε and GABAAR in the L4-L6 DRGs. PGE2 injection following carrageenan administration upregulated the number of colabeled cells in the L4-L6 DRGs 24 h after 2nd injection (Figure 5G, P < 0.05). EA significantly downregulated the number of colabeled cells in the L4-L6 DRGs at the same time (Figure 5G, P < 0.05). All of these results indicate that EA may regulate pain transition and PKCε by promoting GABAAR expression in the L4-L6 DRGs.

To investigate whether GABAAR is involved in the effect of EA against pain transition, picrotoxin was injected 10 min before each EA intervention after the 2nd injection (Figure 5A), and the changes in the MWT in rats from each group were observed. Consistent with the findings shown in Figure 5B, EA efficiently alleviated the mechanical allodynia induced by carrageenan injection from 24 h to 72 h after the 1st injection (Figure 5H, P < 0.05). However, picrotoxin blocked the analgesic effect of EA on hyperalgesic priming model rats, as the MWT of the Car + PGE2 + EA + Pic group was not different from that of the Car + PGE2 group (Figure 5H, P > 0.05). Furthermore, picrotoxin abolished the regulatory effect of EA on PKCε activation in the lumbar DRG, as shown in Figure 5I. There was no significant difference between the Car + PGE2 group and Car + PGE2 + EA + Pic group in the protein expression level of PKCε (Figure 5I, P > 0.05), but the expression level of PKCε in the L4-L6 DRGs in the NS + PGE2 group was much lower than that in the Car + PGE2 group (Figure 5I, P < 0.01). Furthermore, picrotoxin blocked EA’s regulatory effect on GABAAR expression (Figure 5I, P > 0.05), as the expression level of GABAAR in the Car + PGE2 + EA + Pic group was not different from that in the Car + PGE2 group (Figure 5I, P > 0.05) and was significantly lower than that in the NS + PGE2 group (Figure 5I, P < 0.01).



DISCUSSION

Hyperalgesic priming is a model used to investigate the mechanism of pain transition. In the model, PGE2 get the ability to produce a long-lasting hyperalgesia due to the pre-exposure of peripheral nerve terminal to the inflammation (Kim et al., 2015; Megat et al., 2018). Previous studies demonstrated the PKCε activation in the DRG is the main reason for the long-lasting hyperalgesia (Ferrari et al., 2014; Kandasamy and Price, 2015). In addition, the estrogen can prevent the hyperalgesia produced by the PKCε activation, which indicated that the PKCε activation can only induce the hyperalgesic priming in the male mammals (Joseph et al., 2003). So, only the male rats were used in this study.

GABAAR is one of the most important inhibitory receptors, is widely distributed in the peripheral and central nervous systems (Bhisitkul et al., 1987), and has a clear inhibitory effect on the excitability of neurons (Witschi et al., 2011). Although GABAAR is widely distributed from primary afferent nerve terminals to axons and a growing body of data suggests that it is involved in pathological pain, the contribution of GABAAR to chronic pain is still highly controversial (Wilke et al., 2020). It is generally believed that GABAAR located at the central terminals of primary afferents in the spinal dorsal horn exerts antinociceptive effects through presynaptic inhibition, which means that depolarization caused by GABAAR in the dorsal horn alleviates pain. However, how GABAAR expressed in the DRG modulates the excitation of primary afferent neurons and is involved in hypersensitization is still unclear. In the current study, we firstly investigated the expression level of GABAAR in the L4-L6 DRGs. The western blotting and immunofluorescence results both indicated a decrease in GABAAR expression in the lumbar DRG of the hyperalgesic priming model rats. In addition, GABAAR expression in the lumbar DRG was restored with relief of hyperalgesic priming. All of these results suggest that GABAAR is involved in pain transition.

Although it was well established in the 1970s that primary sensory neurons respond to GABA stimulation (De Groat et al., 1972), whether GABAAR exerts an antihyperalgesia effect through depolarization or hyperpolarization is unclear. A multitude of studies has shown that peripheral administration of muscimol evokes nocifensive behaviors, whereas selective GABAAR blockers inhibit pain-like behaviors (Bravo-Hernández et al., 2014; Jang et al., 2017). However, there is also evidence demonstrating that GABAAR activation can alleviate pain-like behaviors and that picrotoxin causes hypersensitivity (Naik et al., 2008, 2012; Ran et al., 2014). Furthermore, some reports have indicated that peripheral inflammation and nerve injury strongly affect the function and expression of GABAAR (Chen et al., 2014; Chakrabarti et al., 2018). In the current study, muscimol significantly alleviated the long-lasting hyperalgesia evoked by PGE2 injection following Car administration and did not cause pain-like behaviors after PGE2 injection. Furthermore, picrotoxin significantly decreased the pain threshold of sham hyperalgesic priming model rats and failed to alleviate chronic pain in hyperalgesic priming model rats. All of this evidence indicates that GABAAR activation can produce an analgesic effect on the rats either after PGE2 or Car/PGE2 injection. Furthermore, activation of GABAAR produces an analgesic effect on hyperalgesic priming model mammals 24 h after PGE2 injection, which indicated that the GABAAR may be involved in the prolonged phase of the PGE2-induced hyperalgesia. According to the results, we further investigated whether activation of GABAAR can regulate the transition from acute to chronic pain. As expected, pharmacological activation of GABAAR before PGE2 injection regulated the induction of priming by PGE2 injection following Car administration. Moreover, pharmacological blockade of GABAAR with the specific antagonist picrotoxin mimicked hyperalgesic priming in rats. All of these results suggest that GABAAR is involved in the initial phase of pain transition.

It has been reported that hyperalgesia, the duration of which is short, induced by PGE2 is dependent on PKA in unprimed rats (Aley and Levine, 1999), but is PKCε-dependent in the primed state, starting 1 h after the injection of PGE2 (Parada et al., 2003; Zha et al., 2015). It is now recognized that the activation of PKCε in DRG neurons increases the excitability of neurons and induces pain transition. Inhibiting the activation of PKCε can effectively prevent the prolonged mechanical hyperalgesia induced by PGE2 in a carrageenan-induced priming model (Parada et al., 2003; Araldi et al., 2019). Consistent with previous studies, our results showed that PKCε activation in the L4-L6 DRGs is necessary for pain transition. However, little is known about whether there is an interaction between GABAAR and PKCε in the transition from acute to chronic pain. A series of pharmacological experiments were used to verify the link between GABAAR and PKCε in the DRGs of hyperalgesic priming model rats in the current study. Our results suggested that GABAAR and PKCε are coexpressed in the same DRG neurons. In addition, picrotoxin not only mimicked hyperalgesic priming in rats but also activated PKCε in the L4-L6 DRGs. More importantly, muscimol had no effect on the MWT of hyperalgesic priming model rats or PKCε expression in the L4-L6 DRGs induced by ψεRACK but significantly reversed the decreases in the MWT of hyperalgesic priming model rats and PKCε expression in the L4-L6 DRGs induced by PGE2. The other results were consistent: preinjection of PKCεV1-2 had little effect on the expression of GABAARin the L4-L6 DRGs but prevented the induction of pain transition. All of these results suggest that GABAAR contributes to hyperalgesic priming by activating PKCε.

Clinically, chronic pain remains a serious public health problem and is one of the costliest conditions in the field of health care (Gaskin and Richard, 2012). EA is a form of acupuncture and is widely used to treat various types of pain (Fang et al., 2018; Ali et al., 2020). Previous studies have proven that EA can prevent the induction of pain transition and that its effect is most likely achieved through a PKCε-related pathway (Wang et al., 2020). Previous studies have indicated that upregulation of the expression of GABAAR in the central nervous system is related to the analgesic effect of EA (Jiang et al., 2018; Zheng et al., 2020). However, there are few reports on whether EA regulates GABAAR expression or function in the peripheral nervous system. Here, we observed that EA treatment significantly prevented the prolonged hyperalgesia induced by PGE2 injection following Car and decreased the expression of PKCε in the L4-L6 DRGs of hyperalgesic priming model rats, which is consistent with our previous report (Wang et al., 2020). Furthermore, EA upregulated the expression of GABAAR in the L4-L6 DRGs of hyperalgesic priming model rats. All of these results indicate that EA may alleviate hyperalgesic priming by upregulating GABAAR expression in the lumbar DRG. According to the results, picrotoxin was used to reverse the analgesic effect of EA on hyperalgesic priming. The pain behavior test and western blotting suggested that picrotoxin abolished both the regulatory effect of EA on the pain threshold and PKCε activation. All of the above results suggest that EA’s regulatory effect on hyperalgesic priming and PKCε activation is positively related to its ability to upregulate GABAAR expression in the DRG.



CONCLUSION

In conclusion, the results of this study suggested that changes in GABAAR expression in the L4-L6 DRGs contribute to hyperalgesic priming type I. EA regulates this type of pain transition by promoting GABAAR expression in the peripheral nervous system.
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Chronic inflammatory pain is a common clinical disease that tends to be associated with negative emotions such as anxiety and depression. The anterior cingulate cortex (ACC) is involved in pain and pain-related anxiety, and γ-aminobutyric acid (GABA)-ergic interneurons play an important role in chronic pain and anxiety. Electroacupuncture (EA) has good analgesic and antianxiety effect, but the underlying mechanisms have not yet been fully elucidated. In this study, we established a chronic inflammatory pain model and observed that this model induced anxiety-like behaviors and decreased the numbers of parvalbumin (PV) and somatostatin (SOM) positive cells. Activation of PV but not SOM interneurons by chemogenetic techniques alleviated anxiety-like behaviors and pain sensation. EA treatment improved pain sensation, anxiety-like behaviors and increased the number of PV- positive cells in the ACC, but did not affect on the number of SOM-positive cells in the ACC. Moreover, specific inhibition of PV interneurons by chemogenetic methods reversed the analgesic and antianxiety effects of EA. These results suggest that EA ameliorates chronic inflammatory pain and pain-related anxiety by upregulating PV but not SOM interneurons in the ACC.

Keywords: electroacupuncture, chronic inflammatory pain, anterior cingulate cortex, parvalbumin, anxiety


INTRODUCTION

Chronic pain not only causes painful physical sensations but also often accompanies adverse emotional reactions such as depression and anxiety (Xie et al., 2012; Williams and Craig, 2016). It has been reported that more than 50% of chronic pain patients suffer from anxiety disorder (Feingold et al., 2017), and this negative emotion can also aggravate the feeling of pain (Villemure and Bushnell, 2009). Chronic inflammatory pain is a type of chronic pain that is often associated with depression and anxiety comorbidities (Harth and Nielson, 2019). Conventional combination treatments of analgesic, anti-inflammatory and antianxiety drugs cannot meet the medical need for treating chronic inflammatory pain because of their various side effects or the development of tolerance when they are applied for long periods of time (Breivik et al., 2006).

Electroacupuncture (EA) is a treatment method that combines traditional acupuncture with electrical nerve stimulation based on the basic theory of traditional Chinese medicine. Both animal and human studies have shown that EA can significantly improve chronic inflammatory pain and pain-induced disorders (Lin et al., 2020). Our previous studies have demonstrated that EA relieved chronic inflammatory pain and pain-related anxiety by downregulating PKMzeta expression and upregulating the neuropeptide S (NPS)/NPSR system in the anterior cingulate cortex (ACC) (Du et al., 2017; Du et al., 2020; Xu et al., 2020). However, the underlying mechanisms by which EA ameliorates chronic inflammatory pain-related anxiety has not yet been fully elucidated.

It is well known that dysfunction of central γ-aminobutyric acid (GABA)-ergic interneurons is associated with anxiety and depression (Möhler, 2012). Recently, GABAergic interneurons in the ACC and basolateral amygdala (BLA) were also shown to be involved in chronic inflammatory and neuropathic pain (Koga et al., 2018; Yue J. et al., 2018; Gungor and Johansen, 2019). Another paper reported that GABAergic cell transplantation into the ACC reduced neuropathic pain aversiveness (Juarez-Salinas et al., 2019). Therefore, GABAergic interneurons in the ACC may play an important role in pain-related emotion. GABAergic interneurons have a high degree of heterogeneity and have been classified by morphological, electrophysiological and specific molecular markers (DeFelipe et al., 2013; Ferguson and Gao, 2018). The subtypes of GABAergic interneurons mainly include parvalbumin (PV), somatostatin (SOM), and vasoactive intestinal peptide (VIP), neuropeptide Y (NPY) (Tremblay et al., 2016). It has been reported that activation of PV but not SOM interneurons in the ACC had analgesic effects on inflammatory pain (Kang et al., 2015), and reduction of PV but not SOM interneurons in the hippocampus led to anxiety or depression-like behavior (Wang et al., 2021).

In this study, we aimed to investigate whether PV or SOM interneurons in the ACC contribute to anxiety-like behavior induced by chronic inflammatory pain and whether EA modulates chronic inflammatory pain-related anxiety-like behaviors through these interneurons. To test this hypothesis, we established a chronic inflammatory pain rat model with Complete Freund’s Adjuvant (CFA) and employed behavioral tests (pain and anxiety-like behaviors) and immunohistochemical and chemogenetic techniques to determine the underlying mechanisms of EA in the treatment of chronic inflammatory pain-related anxiety.



MATERIALS AND METHODS


Animals

Adult healthy male Sprague-Dawley (SD) rats (180–240 g, purchased from the Shanghai Laboratory Animal Center) were group housed with a maximum of 4 animals in individual cages under controlled conditions (temperature: 23–25°C; humidity: 40–60%; 12:12 h light/dark cycle) and given food and water ad libitum. All experiments were conducted at 9:00–17:00 each day.



Chronic Inflammatory Pain Model

A chronic inflammatory pain model was established by subcutaneously injecting 0.1 mL CFA (Sigma, United States) into the left hind paw of the rats. Rats in the control group were injected with the same volume of sterile 0.9% saline.



Virus Injection

All rats were acclimatized to the laboratory environment at least 7 days before surgery. A stereotactic frame (RWD, 68025, China) was used for craniotomy under deep anesthesia with 2% isoflurane. Skulls were fully exposed to locate bregma and lambda and drilled using a dental drill (WPI, OmniDrill35, United States) at the target location. A 10-μL WPI nanofill syringe was connected to a microsyringe pump controller (WPI, UMP3-MICRO4, United States). For chemogenetic manipulations, rAAV-fPV-CRE-bGH PA (titer: 2.64 × 1012 vg/mL) and rAAV-Ef1α-DIO-hM3D(Gq)-mCherry-WPRE (titer: 5.72 × 1012 vg/mL) were premixed at a ratio of 1:1 for the specific activation of PV interneurons; rAAV-fPV-CRE-bGH PA (titer: 2.64 × 1012 vg/mL) and rAAV-Ef1α-DIO-hM4D(Gi)-mCherry-WPREs (titer: 5.63 × 1012 vg/mL) were premixed at a 1:1 ratio for the specific inhibition of PV interneurons; rAAV-fSST-CRE-bGH PA (titer: 2.19 × 1012 vg/mL) and rAAV-Ef1α-DIO-hM3D(Gq)-mCherry-WPRE (titer: 5.72 × 1012 vg/mL) were premixed at a ratio of 1:1 for the specific activation of SOM interneurons; and rAAV-PV-mCherry-pA (titer: 5.10 × 1012 vg/mL) and rAAV-SST-mCherry-pA (titer: 2.70 × 1012 vg/mL) were control viruses. A 400 nL volume of virus was injected into the ACC (AP: + 2.76 mm, ML: ±0.75 mm, DV (from the brain): +1.4 mm) at a rate of 50 nL/min. The activating virus was injected on the right side, and the inhibitory viruses were injected on both sides. The model was established at 7 days after virus injection. Five weeks after the virus injection, behavioral tests were measured 30 min after administration of Clozapine N-oxide (CNO i.p., 2 mg/kg; Wuhan BrainTVA, China). All viruses used in this study were provided by Wuhan BrainTVA Co., Ltd.



Behavioral Tests

Mechanical hypersensitivity in rats was determined using paw withdrawal thresholds (PWTs). Anxiety-like behaviors in rats were determined using the open field (OF), elevated zero maze (EZM), and novelty-suppressed feeding (NSF) tests. Moreover, we only performed one behavioral test 1 day by the same operator during 9:00–17:00.


PWTs

Paw withdrawal thresholds was measured with a series of von Frey hairs (0.4, 0.6, 1.0, 2.0, 4.0, 6.0, 8.0, 15.0, and 26.0 g; North Coast, United States) using the up-down method (Chaplan et al., 1994). Rats were placed on an elevated wire mesh screen and covered with transparent boxes. After 30 min of habituation, von Frey hairs were placed onto the plantar surface for 6–8 s until the rat removed or licked its paw. The initial hair strength was 4 g; the hair strength was increased each trial until a positive response appeared, which was marked as “X,” then the hair strength was reduced each trial until there was no response, which was marked as an “O.” The first hair strength where the symbols “OX” or “XO” crossed were used as a starting point and tested four consecutive times using a series of “O” and “X” combinations. The results were calculated by the following formula: PWTs (g) = 10 ∧ (xf + k × δ-4). “xf” was the logarithmic value of the von Frey hair strength last used, “k” was the corresponding value of the resulting sequence in the k-value table, and “δ” was the mean difference between stimuli (here, 0.231). If the result was greater than 26 g or less than 0.4 g, it was recorded as 26 or 0.4 g.



OF

The OF test is one of the most commonly used tests of anxiety behavior because it triggers a conflict between an animal’s desire to explore and its fear of venturing into the OF (Sarkar, 2020). After 30 min of habituation, a rat was put into the central area of the box (100 cm × 100 cm × 50 cm) in a dimly lit room. A video camera was used to record the motor behavior of rats in the OF for 5 min. The time spent in the central area, percentage of distance traveled in the central area and total distance traveled were calculated by Smart 3.0 software (Panlab, United States).



EZM

The EZM test is an improved version of the elevated plus maze and involves the conflict between an animal wanting to explore new areas, and not wanting to leave the protected closed arm (Campos et al., 2013). The circular device consists of two elevated open arms and closed arms (100 cm × 50 cm × 25 cm). After 30 min of habituation, a rat was placed between an open arm and a closed arm, facing the open arm in a dimly lit room. A video camera was used to record the motor behavior of rats in the EZM for 5 min. The percentage of distance traveled in the open arm and time spent in the open arm were calculated by Smart 3.0 software (Panlab, United States).



NSF

The NSF test is often used to assess anxiety-like behavior because it triggers a conflict between an animal’s urge to feed and its fear of venturing into the center of the box in a bright new environment (Yalcin et al., 2011). We prepared a homemade black box (40 cm × 40 cm × 30 cm) with 1 cm of corn cob padding, and a food was placed on paper in the middle of the box. All rats were deprived of food but not water for 24 h. At the time of testing, a rat was placed in a corner of the box, and the latency to initiate feeding was recorded with a maximum of 5 min. The tested rat was immediately placed alone in a home cage, after the rat began to eat the food, with weighed food for 5 min. Subsequently, food consumption of the tested rat was recorded. If the rats did not begin feeding within 5 min, it was recorded as 5 min, and then the food consumption test was conducted.




EA Treatment

The EA intervention was conducted from day 26 to 31. The rats in the EA group were fixed and locally disinfected. Acupuncture needles (specification 0.25 mm × 13 mm) were inserted at bilateral Zusanli (ST36) and Kunlun (BL60) acupoints to a depth of 5 mm, and then the HANS–200A Acupoint Nerve Stimulator (Huawei Co., Ltd., China) connection was made at the bilateral ST36 and BL60. The EA stimulation parameters were as follows: 2/100 Hz, 0.5–1.5 mA (stimulus intensity was initially 0.5 mA and increased by 0.5 mA every 10 min of treatment). Shallow punctures into the subcutaneous acupoints without current delivery were administered to rats in the sham EA group. All rats were prepared with the same fixation method.

In the chemogenetic experiments, CNO was intraperitoneally injected first, followed by the EA intervention for 30 min.



Immunofluorescence

Rats under deep anesthesia with pentobarbital (80 mg/kg, i.p.) were transcardially perfused with 4°C saline followed by 4% paraformaldehyde in 0.1 M PBS (Solarbio, China) after the last behavioral test. It is worth noting that the rats had to be killed within 2 h after CNO injection. Brains were harvested and post-fixed for 24 h in 4% paraformaldehyde at 4°C, followed by sequential dehydration in 15 and 30% sucrose. OCT-embedded brains were sectioned into 30-μm-thick sections on a cryostat microtome NX50 (Thermo, United States). Sections were rinsed in TBST four times and incubated for 1 h at 37°C with 10% donkey serum (0.3% Triton X-100/TBST buffer). The sections were incubated overnight at 4°C with the following antibodies: rabbit anti-PV (1:400, ab11427, Abcam, United States), rabbit anti-SOM (1:400, GTX133119, Gene Tex, United States), rabbit anti-VIP (1:200, ab272726, Abcam, United States), and rabbit anti-NPY (1:800, ab10980, Abcam, United States). Subsequently, the sections were washed six times in TBST and incubated with pre-adsorbed secondary donkey anti-rabbit IgG H&L (Alexa Fluor® 488) (1:500, ab150061, Abcam, United States) for 1 h at 37°C. The sections were washed with TBST six times. Then, the sections were incubated with diamidino-phenyl-indole (DAPI). When dry, the sections were cover-slipped. Images were scanned using the Imager M2 microscope (ZEISS, Germany). Quantitative analyses of the number of positive cells in the ACC were performed using ImageJ software.



Statistical Analysis

The results are presented as the mean ± standard error of the mean (SEM) and were analyzed by SPSS 20.0. Repeated measures analysis of variance (ANOVA) was used to analyze the PWTs followed by Bonferroni’s post hoc tests. Comparisons of data from two groups were analyzed using an unpaired Student’s t test. Comparisons of data from multiple groups were analyzed using one-way ANOVA, for comparisons between two groups, Bonferroni tests were used when variances were homogeneous, and Dunnett’s T3 tests were used when variances were not homogeneous. P < 0.05 was used as the criterion for statistical significance.




RESULTS


Chronic Inflammatory Pain Induced Anxiety-Like Behavior Changes in Rats

The flow chart of the experimental design is shown in Figure 1A. The baseline PWTs in the two groups before CFA injection were similar (P > 0.05; Figure 1B), but the ipsilateral PWTs of the model group were significantly decreased on days 1, 7, 21, and 28 after CFA injection (P < 0.01; Figure 1B).
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FIGURE 1. Chronic inflammatory pain induced anxiety-like behavior changes in rats. (A) Schematic of the experimental timeline. (B) PWTs of rats in response to von Frey hairs. (C) The trajectories of rats in the OF on day 29. (D) The trajectories of rats in the EZM on day 30. (E) Quantification of behavioral parameters in the OF test. (a) The time spent in the central area, (b) the percentage of distance traveled in the central area, and (c) the total distance traveled throughout the arena. (F) Quantification of behavioral parameters in the EZM test. (a) The time spent in the open arm, and (b) the percentage of distance traveled in the open arm. (G) Quantification of behavioral parameters in the NSF test. (a) The latency to initiate feeding and (b) food consumption. All data represent the mean ± SEM, n = 8/group, ∗P < 0.05 and ∗∗P < 0.01 compared to the control group.


Twenty-eight days after CFA injection, compared with control group, the model group rats displayed multiple anxiety-like behaviors, including behavior in the OF test (i.e., decreased time in central area and percentage of distance in central area, P < 0.01; Figures 1C,E), EZM test (i.e., decreased percentage of distance in open arm and time in open arm, P < 0.01; Figures 1D,F), and NSF test (i.e., increased feeding latency, P < 0.05; Figure 1G). To check whether there was any influence on general behavioral activity after CFA injection, we compared the total distance traveled by the two groups of rats in the OF test and found that there was no difference (P > 0.05; Figure 1Ec).



PV Interneurons and SOM Interneurons Decreased With Chronic Inflammatory Pain

As shown in Figure 2, the numbers of PV- and SOM-positive cells were reduced in the bilateral ACC in the model group compared with those in the control group (P < 0.01; Figures 2A,B,E,F). There was no significant difference in the number of VIP- and NPY-positive cells between the two groups (P > 0.05; Figures 2C,D,G,H). These results indicated that PV and SOM interneurons may be associated with chronic inflammatory pain and pain-related anxiety-like behavior.
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FIGURE 2. Parvalbumin (PV) interneurons and SOM interneurons were decreased with chronic inflammatory pain. Representative images of PV (A), SOM (B), NPY (C), and VIP (D) positive cells in the bilateral ACC in the control and model groups of rats. Quantification of the immunofluorescence results of PV (E), SOM (F), NPY (G), and VIP positive (H) cells in the ipsilateral and contralateral ACC in the control and model groups (whole figure scale bars: 500 μm; local figure scale bars: 50 μm). All data represent the mean ± SEM, n = 3/group. ∗∗P < 0.01 compared to the control group.




Chemogenetic Activation of PV Interneurons Alleviated Anxiety-Like Behavior in Rats With Chronic Inflammatory Pain

To further clarify the function of PV interneurons in chronic inflammatory pain and pain-related anxiety-like behavior, we specifically activated PV interneurons by chemogenetic method. The flow chart of the experimental design is shown in Figure 3C. Before this, we first examined the specificity of the virus, and the immunofluorescence results showed that cells with mCherry signals were observed in the ACC and had a high co-localization with PV-positive cells (Figures 3A,B).
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FIGURE 3. Chemogenetic activation of PV interneurons alleviated anxiety-like behavior in rats with chronic inflammatory pain. (A) A representative figure showing the expression of mCherry in the ACC (whole figure scale bars: 500 μm; local figure scale bars: 20 μm). (B) Representative images of PV interneurons (green) merged with mCherry (red) in the ACC in the model rats (scale bars: 20 μm). (C) A schematic of the experimental design. (D) PWTs changes with chemogenetic activation of PV neurons in the ACC (n = 11 in the model-PV-mCherry-CNO group; n = 12 in the model-PV-hM3D(Gq)-CNO group). (E) The trajectories of rats in the OF. (F) The trajectories of rats in the EZM. (G) Quantification of behavioral parameters in the OF test (n = 8 in the model-PV-mCherry-CNO group; n = 8 in the model-PV-hM3D(Gq)-CNO group). (a) The time spent in the central area, (b) the percentage of distance traveled in the central area, and (c) the total distance traveled throughout the arena. (H) Quantification of behavioral parameters in the EZM test (n = 8 in the model-PV-mCherry-CNO group; n = 8 in the model-PV-hM3D(Gq)-CNO group). (a) The time spent in the open arm and (b) the percentage of distance traveled in the open arm (I) Quantification of behavioral parameters in the NSF test (n = 9 in the model-PV-mCherry-CNO group; n = 10 in the model-PV-hM3D(Gq)-CNO group). (a) The latency to initiate feeding and (b) food consumption. All data represent the mean ± SEM; ∗P < 0.05 compared to the model-PV-mCherry-CNO group.


Paw withdrawal thresholds for the rats in both groups were significantly decreased at 1, 7, 14, 21, and 27 days after CFA injection, and the PWTs in the model-PV-hM3D(Gq)-CNO group were significantly higher than those in the model-PV-mCherry-CNO group after CNO administration (P < 0.05; Figure 3D).

Rats in the model-PV-hM3D(Gq)-CNO group exhibited an increase in the time and percentage of distance in central area relative to the model-PV-mCherry-CNO group in the OF test (P < 0.05; Figures 3E,G). In addition, the model-PV-hM3D(Gq)-CNO rats spent more time in open arm in the EZM test and a greater percentage of distance in open arm than the model-PV-mCherry-CNO rats (P < 0.05; Figures 3F,H). Furthermore, the feeding latency for the model-PV-hM3D(Gq)-CNO group was significantly shorter in the NSF test (P < 0.05; Figure 3I). Importantly, the hM3D(Gq) manipulation had no effect on locomotor activity (P > 0.05; Figure 3Gc). These results suggested that activation of PV interneurons not only relieved chronic inflammatory pain sensation but also ameliorated chronic inflammatory pain-induced anxiety in the model rats.



Chemogenetic Activation of SOM Interneurons Had No Effect on Anxiety-Like Behavior in Rats With Chronic Inflammatory Pain

We then specifically activated SOM interneurons to observe their effects on pain-related anxiety-like behaviors based on the fluorescence results. Before this, we first examined the specificity of the virus, and the immunofluorescence results showed that cells with mCherry signals could be observed in the ACC and had high co-localization with SOM-positive cells (Figures 4A,B). PWTs of rats in both groups were significantly decreased at 1, 7, 14, 21, and 27 days after CFA injection. Unlike the effects observed after activation of PV interneurons, the PWTs in the model-SOM-hM3D(Gq)-CNO group were not significantly increased after CNO administration compared with those in the model-SOM-mCherry-CNO group (P > 0.05; Figure 4D), and activation of SOM interneurons did not affect anxiety-like behaviors in the OF, EZM, and NSF tests, as shown in Figure 4. These results suggested that SOM interneurons are not associated with chronic inflammatory pain or pain-related anxiety.
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FIGURE 4. Chemogenetic activation of SOM interneurons had no effect on anxiety-like behavior in rats with chronic inflammatory pain. (A) A representative figure showing the expression of mCherry in the ACC (whole figure scale bars: 500 μm; local figure scale bars: 20 μm). (B) Representative images of SOM interneurons (green) merged with mCherry (red) in the ACC in the model rats (scale bars: 20 μm). (C) A schematic of the experimental design. (D) PWTs changes with chemogenetic activation of SOM interneurons in the ACC (n = 12 in the model-SOM-mCherry-CNO group; n = 12 in the model-SOM-hM3D(Gq)-CNO group). (E) The trajectories of rats in the OF. (F) The trajectories of rats in the EZM. (G) Quantification of behavioral parameters in the OF test (n = 11 in the model-SOM-mCherry-CNO group; n = 11 in the model-SOM-hM3D(Gq)-CNO group). (a) The time spent in the central area, (b) the percentage of distance traveled in the central area, and (c) the total distance traveled throughout the arena. (H) Quantification of behavioral parameters in the EZM test (n = 9 in the model-SOM-mCherry-CNO group; n = 9 in the model-SOM-hM3D(Gq)-CNO group). (a) The time spent in the open arm, (b) the percentage of distance traveled in the open arm. (I) Quantification of behavioral parameters in the NSF test (n = 10 in the model-SOM-mCherry-CNO group; n = 12 in the model-SOM-hM3D(Gq)-CNO group). (a) The latency to initiate feeding and (b) the food consumption. All data represent the mean ± SEM.




EA Effectively Reduced Anxiety-Like Behaviors in Rats With Chronic Inflammatory Pain

The flow chart of the experimental design is shown in Figure 5A. The ipsilateral PWTs of rats were dynamically detected before CFA injection and 1, 7, and 21 days after CFA injection. Before the CFA injection, there was no significant difference in PWTs among all groups (P > 0.05; Figure 5B). The PWTs in the CFA-injected rats significantly decreased compared with those in the control rats from 1 to 21 days after CFA injection (P < 0.01; Figure 5B). The EA intervention was started at 26 days after CFA injection. Compared with the model group, the EA group had PWTs that significantly increased (P < 0.01; Figure 5B) after continuous intervention for 3 days. After 4–6 days of the EA intervention, we assessed the anxiety-like behaviors of the rats in the OF, EZM, and NSF tests. EA treatment increased the time and percentage of distance spent in central area of the OF test (P < 0.01; Figures 5C,E) and their percentage of distance and time spent in open arm in the EZM test (P < 0.01; Figures 5D,F). In addition, EA animals also had lower feeding latency in the NFS test than the model animals (P < 0.01; Figure 5G). The anxiety-like behaviors of rats in the shamEA group did not significantly change compared with those in the model group. These results demonstrated that EA had analgesic and antianxiety effects.
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FIGURE 5. Electroacupuncture (EA) effectively reduced anxiety-like behaviors in rats with chronic inflammatory pain. (A) The procedure for the EA stimulation experiment and a schematic picture of the locations of acupoints ST36 and BL60 in rats. (B) The analgesic effects of EA stimulation in the model rats. (C) The trajectories of rats in the different groups in the OF. (D) The trajectories of rats in the different groups in the EZM. (E) Quantification of behavioral parameters in the OF test. (a) The time spent in the central zone, (b) the percentage of distance traveled in the central zone, and (c) the total distance traveled throughout the arena. (F) Quantification of behavioral parameters in the EZM test. (a) The time spent in the open arm and (b) the percentage of distance traveled in the open arm (G) Quantification of behavioral parameters in the NSF test. (a) The latency to initiate feeding and (b) food consumption. All data represent the mean ± SEM, n = 8/group. ∗P < 0.05 and ∗∗P < 0.01, control group vs. model group; ##P < 0.01, EA group vs. model group; ▲P < 0.05 and ▲▲P < 0.01, EA group vs. shamEA group.




EA Treatment Increased the Number of PV Interneurons in the Chronic Inflammatory Pain Model

Since EA treatment and activation of PV interneurons in the ACC were shown to have similar effects on alleviating chronic inflammatory pain and pain-related anxiety-like behaviors, the question was whether EA was associated with PV interneurons? To address this question, we detected the number of PV-positive cells in the bilateral ACC after the EA intervention. The number of PV-positive cells in the bilateral ACC were significantly lower in the model group than those in the control group (P < 0.05; Figures 6A,B), and EA treatment increased the reduction in PV-positive cell number in the ACC due to the CFA injection (P < 0.01; Figures 6A,B). There was no significant difference between the shamEA group and the model group (P > 0.05; Figures 6A,B).
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FIGURE 6. Electroacupuncture (EA) treatment increased the number of PV interneurons in the chronic inflammatory pain model. (A) Representative images of PV-positive cells in the bilateral ACC in the different groups of rats. (B) Quantification of the immunofluorescence results for PV-positive cells in the ipsilateral and contralateral ACC in the different groups (whole figure scale bars: 500 μm; local figure scale bars: 50 μm). (C) Representative images of SOM-positive cells in the bilateral ACC in the different groups of rats. (D) Quantification of the immunofluorescence results for SOM-positive cells in the ipsilateral and contralateral ACC in the different groups (whole figure scale bars: 500 μm; local figure scale bars: 50 μm). All data represent the mean ± SEM, n = 3–4/group. ∗P < 0.05 and ∗∗P < 0.01, control group vs. model group; ##P < 0.01, EA group vs. model group; ▲▲P < 0.01, EA group vs. shamEA group.


In addition, we also detected the number of SOM-positive cells in bilateral ACC after EA intervention. We found that EA treatment had no effect on the number of SOM-positive cells in the bilateral ACC (P > 0.05; Figures 6C,D).



Chemogenetic Inhibition of PV Interneurons in the ACC Reversed the Effects of EA

Furthermore, we specifically inhibited PV interneurons in the ACC to assess alterations in the analgesic and antianxiety effects of EA. The location of the virus injection was showed in Figure 7A, and we found that cells with mCherry signals could be observed in the ACC. The flow chart of the experimental design is shown in Figure 7B. The PWTs in the two groups significantly decreased from 1 to 21 days after CFA injection (P < 0.01; Figure 7C). As before, the EA intervention was started on day 26 after CFA injection. Not surprisingly, the PWTs in the two groups of rats significantly increased after the EA intervention. However, the PWTs in the model-PV-hM4D(Gi)-CNO-EA group significantly decreased compared with those in the model-PV-mCherry-CNO-EA group after CNO administration (P < 0.05; Figure 7C).
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FIGURE 7. Chemogenetic inhibition of PV interneurons in the ACC reversed the effects of EA. (A) A representative figure showing expression of mCherry in the bilateral ACC (whole figure scale bars: 500 μm; local figure scale bars: 20 μm). (B) A schematic of the experimental design. (C) PWTs changes of chemogenetic inhibition of PV interneurons in the ACC (n = 12 in the model-PV-mCherry-CNO-EA group; n = 11 in the model-PV-hM4D(Gi)-CNO-EA group). (D) The trajectories of rats in the OF. (E) The trajectories of rats in the EZM. (F) Quantification of behavioral parameters in OF test (n = 8 in the model-PV-mCherry-CNO-EA group; n = 8 in the model-PV-hM4D(Gi)-CNO-EA group). (a) The time in the central zone, (b) the percentage of distance in the central zone, (c) and the total distance traveled throughout the arena. (G) Quantification of behavioral parameters in EZM test (n = 10 in the model-PV-mCherry-CNO-EA group; n = 6 in the model-PV-hM4D(Gi)-CNO-EA group). (a) The time in the open arm, (b) the percentage of distance in the open arm. (H) Quantification of behavioral parameters in NSF test (n = 10 in the model-PV-mCherry-CNO-EA group; n = 10 in the model-PV-hM4D(Gi)-CNO-EA group). (a) The time of latency to feed, (b) and the food consumption. All data represent the mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, compared to the model-PV-mCherry-CNO-EA group.


Moreover, after intraperitoneal injection of CNO in rats, time in central area and percentage of distance in central area in the OF test, the time in open arm and the percentage of distance in open arm in EZM test were significantly reduced (P < 0.05; Figures 7D–G), and the feeding latency in the NSF test were significantly increased in the model-PV-hM4D(Gi)-CNO-EA group relative to those in the model-PV-mCherry-CNO-EA group (P < 0.05; Figure 7H). As expected, the hM4D(Gi) manipulation did not affect locomotor activity. These results showed that chemogenetic inhibition of PV interneurons reversed the effects of EA.




DISCUSSION

In this study, we demonstrated that activation of PV but not SOM interneurons in the ACC alleviated pain sensation and pain-induced anxiety in rats with chronic inflammatory pain. In addition, EA had analgesic and antianxiety effects and increased the expression of PV-positive cells but not SOM-positive cells. Furthermore, inhibition of PV interneurons in the ACC reversed the analgesic and antianxiety effects of EA. Therefore, we determined that EA ameliorated chronic inflammatory pain-related anxiety by upregulating the function of PV interneurons (Figure 8).
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FIGURE 8. Schematic of EA ameliorates chronic inflammatory pain-related anxiety. EA’s effects on chronic inflammatory pain and pain-related anxiety may be mediated by improving the excitability of PV interneurons.


This series of discoveries provides compelling evidence regarding the high comorbidity between chronic inflammatory pain and anxiety, and this high comorbidity greatly affects people’s physical and mental health and quality of life (Parent et al., 2012; Arango-Davila and Rincon-Hoyos, 2018). Many researchers have suggested that chronic inflammatory pain is mediated by central sensitization and neuroplasticity (Latremoliere and Woolf, 2009; Walker et al., 2014). Previous evidence suggested that central sensitization can be caused by peripheral neuroinflammation characterized by the glial cells activation (Ji et al., 2014; Ji et al., 2019). Moreover, microglia and astrocytes activation will release various proinflammatory cytokines (e.g., IL-1β, TNF-α) and chemokines (e.g., CCL2, CXCL5), which can affect the excitatory (facilitation) and inhibitory synapses (dis-inhibition) (Ji et al., 2018; Latremoliere and Woolf, 2009). Human clinical studies have found that multiple areas of the human brain are activated in response to nociceptive stimuli, such as the ACC, prefrontal cortex (PFC), primary somatosensory cortex (S1), and thalamus (Bushnell et al., 2013; Malfliet et al., 2017). Among them, the ACC is thought to play a critical role in pain-induced affective responses, particularly pain-related unpleasant and aversive sensations. A previous study reported that cingulotomy mainly blocks emotions associated with pain (Wilkinson et al., 1999). Another animal study showed that injection of an excitatory glutamate antagonist into the ACC prevented formalin-induced positional aversion without relieving formalin-induced acute inflammatory pain (Johansen and Fields, 2004). In addition, our previous study found that inhibiting glutamatergic neurons in the ACC-thalamic neural circuity can interfere with pain-induced anxiety-related emotions (Shen et al., 2020). There is no doubt that all of this evidence suggests that hyperexcitability of the ACC is involved in pain and pain-related negative emotions.

Activity of ACC neurons is necessary and sufficient for the coding and processing of pain and the accompanying emotional pain, and the balance between neural excitation and inhibition is necessary for the normal function of the ACC (Gong et al., 2010; Zugaib et al., 2014). In chronic pain clinical practice and basic research, changes in neurotransmitters in the central system have been found, which was caused by the dysregulation of GABAergic, glutamatergic, dopaminergic and opioidergic mechanisms (Mhalla et al., 2010; Bannister and Dickenson, 2020; Yang et al., 2020). Dysfunction of GABAergic interneurons, as a major inhibitory system in the central nervous system, was reported to be closely related to the pathogenesis of anxiety-like behavior and chronic pain (Möhler, 2012; Lau and Vaughan, 2014). We focused on the function of GABAergic interneurons in ACC and curious about whether they were altered and involved in the generation of chronic pain-related anxiety in the persistent inflammatory pain rats. PV and SOM interneurons are the two major subtypes of GABAergic interneurons. Our results showed that chronic inflammatory pain induced by CFA led to a loss of bilateral PV- and SOM-positive cells in the ACC. Reductions in PV-positive cells have also been observed in several disease pathologies, including Alzheimer’s disease (Verret et al., 2012), schizophrenia (Marissal et al., 2018), fear learning (Çaliskan et al., 2016), cognitive deficits (Murray et al., 2015), autism (Lauber et al., 2016), and depression (Zhou et al., 2015). It was also found that PV-positive cells were decreased in a neuropathic pain mouse model (Shiers et al., 2018). Optogenetic activation or inhibition of PV interneurons in neuropathic mice causes an increase or decrease, respectively, in mechanical hypersensitivity (Zhang et al., 2015). SOM interneurons in the trigeminal subnucleus caudalis have been implicated in the processing of orofacial pain (Yin et al., 2009). To further assess the role of PV and SOM interneurons in chronic inflammatory pain and pain-related anxiety, we used chemogenetic methods to activate PV and SOM interneurons. Interestingly, anxiety-like behaviors and pain in these rats with chronic inflammatory pain were obviously alleviated by activating PV interneurons. However, chemogenetic activation of SOM interneurons did not have any effect on pain and pain-related anxiety. It had been shown that local interneurons of PV and SOM played different and coordinated functions in orchestrating neuronal oscillations (Chen et al., 2017). A recent study also demonstrated that ventromedial and mediodorsal thalamus interneurons participated in PFC different inhibitory networks by targeting either PV or SOM interneurons (Anastasiades et al., 2021). As reported that PV interneurons in the nucleus accumbens shell (sNAc) exhibited high excitability in anxiety mouse, and activation of SOM interneurons afferents from the anterior dorsal bed nuclei of stria terminalis affected PV interneurons and reduced anxiety-like responses (Xiao et al., 2020). Another a research indicated that type I corticotropin-releasing factor receptors in the BLA regulated fear and anxiety-like behaviors, which were mainly distributed in PV interneurons but less expressed in SOM interneurons (Calakos et al., 2017). Ji et al. (2020) demonstrated a selective reduction in PV but not SOM expression in the medial prefrontal cortex (mPFC) in a lipopolysaccharide (LPS)-induced neuroinflammation model, and overinhibition mediated by PV interneurons plays a distinct role in LPS-induced depression-like behavior. It was previously found that chemogenetic suppression of PV interneurons in the amygdala of naive mice can induce anxiety-like behavior (Luo et al., 2020). Studies have found that activation of PV interneurons but not SOM interneurons alleviated mechanical hypersensitivity in rats with chronic inflammatory pain (Kang et al., 2015). Our results appear to be consistent with these findings: activation of PV interneurons ameliorated chronic inflammatory pain and pain related anxiety. Interesting, SOM positive cells in bilateral ACC were decreased, however, chemogenetic activation of SOM interneurons did not have any effect on pain and pain-related anxiety. We speculated that declining SOM positive cells were not involved in chronic inflammatory pain and pain related anxiety. It is indicated that PV interneurons but not SOM interneurons were involved in chronic inflammatory pain and pain-related anxiety.

Electroacupuncture has been recognized in many countries as a kind of complementary and alternative medicine that can treat a variety of diseases (Han, 2004). Many acupoints were commonly selected for treatment of anxiety neurosis (Table 1). Some studies had confirmed that ST36 and BL60 have good analgesic and anti-inflammatory effects (Chang et al., 2014; Wang et al., 2017). The acupoints of ST36 and BL60 were generally used in our previous research and had been identified to be effective in chronic inflammatory pain (Xiang et al., 2019) and pain-related anxiety (Du et al., 2017). Therefore, we choose the acupoints of ST36 and BL60 in this study. As expected, repeated EA treatments obviously alleviated chronic inflammatory pain and pain-induced anxiety-like behaviors in OF, EZM, and NSF tests. Previous studies have mainly focused on mechanisms related to the sensory dimension of pain, such as EA alleviated the chronic pain through peripheral purinergic signaling, cytokines, opioid, cannabinoid, adenosine, transient receptor potential channels, etc. (Trento et al., 2021; Zhang et al., 2014; Lv et al., 2021), but attention has begun to turn to mechanisms related to the emotional dimension of pain in recent years (Lumley et al., 2011). Several studies have investigated the potential mechanisms by which EA prevents anxiety-like behavior. A study had found that adenosine released by acupuncture can reduce the input to ACC in response to nociceptive stimulation (Goldman et al., 2010). Recent study showed that EA alleviated pain and pain-related anxiety in rats with chronic inflammation by increasing the expression of NPS/NPSR system in the ACC (Du et al., 2020). Another study found that EA suppressed the anxiodepressive-like behavior of rats with neuropathic pain by restoring hippocampal NR1 phosphorylation (Li et al., 2014). This study demonstrated that PV interneurons participated in the regulation of chronic inflammatory pain and pain-induced anxiety. However, there was still no direct evidence on whether the effects of the EA intervention on chronic inflammatory pain and pain-induced anxiety were realized through the PV subtype of GABAergic interneurons. In this study, immunofluorescence results showed that EA treatment increased the number of PV-positive cells in the bilateral ACC, but did not change the number of SOM-positive cells. To further elucidate the underlying mechanisms of EA on chronic inflammatory pain and pain-related anxiety-like behavior, we combined EA treatment with the chemogenetic methods for inhibition of PV interneurons. The results showed that rats in the model-PV-hM4D(Gi)-CNO-EA group displayed higher anxiety-like behaviors in the OF, EZM, and NSF tests and a lower pain withdraw thresholds after CNO intraperitoneal injection than rats in the model-PV-mCherry-CNO-EA group. These results suggested that EA’s effects on chronic inflammatory pain and pain-related anxiety may be mediated by activation of PV interneurons.


TABLE 1. Acupoints with anti-anxiety effect in acupuncture therapeutics.
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CONCLUSION

Electroacupuncture ameliorates chronic inflammatory pain and pain-related anxiety by upregulating PV but not SOM interneurons in the ACC.



DATA AVAILABILITY STATEMENT

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



ETHICS STATEMENT

The animal study was reviewed and approved by the Animal Protection Agency used committee and the Animal Ethics Committee of Zhejiang University of Chinese Medicine.



AUTHOR CONTRIBUTIONS

FS and JFF performed the data analysis and wrote the manuscript. MQ, SW, and DX performed the experiments. XS and XH revised the manuscript. JD and JQF designed the experiment. All authors contributed to the manuscript and approved the publication of the final manuscript.



FUNDING

This work was supported by the Zhejiang Provincial Natural Science Fund of China (LY20H270006, LY19H270003, and LY19H270010), the Zhejiang Medical and Health Science and Technology Program (2021RC098), and the National Natural Science Fund of China (81873360).



ACKNOWLEDGMENTS

This is a short text to acknowledge the contributions of specific colleagues, institutions, or agencies that aided the efforts of the authors.



REFERENCES

Anastasiades, P. G., Collins, D. P., and Carter, A. G. (2021). Mediodorsal and ventromedial thalamus engage distinct L1 circuits in the prefrontal cortex. Neuron 109, 314.e4–330.e4. doi: 10.1016/j.neuron.2020.10.031

Arango-Davila, C. A., and Rincon-Hoyos, H. G. (2018). Depressive disorder, anxiety disorder and chronic pain: multiple manifestations of a common clinical and pathophysiological core. Rev. Colomb. Psiquiatr. 47, 46–55. doi: 10.1016/j.rcp.2016.10.007

Bannister, K., and Dickenson, A. H. (2020). Central nervous system targets: supraspinal mechanisms of analgesia. Neurotherapeutics 17, 839–845. doi: 10.1007/s13311-020-00887-6

Breivik, H., Collett, B., Ventafridda, V., Cohen, R., and Gallacher, D. (2006). Survey of chronic pain in Europe: prevalence, impact on daily life, and treatment. Eur. J. Pain 10, 287–333. doi: 10.1016/j.ejpain.2005.06.009

Bushnell, M. C., Ceko, M., and Low, L. A. (2013). Cognitive and emotional control of pain and its disruption in chronic pain. Nat. Rev. Neurosci. 14, 502–511. doi: 10.1038/nrn3516

Calakos, K. C., Blackman, D., Schulz, A. M., and Bauer, E. P. (2017). Distribution of type I corticotropin-releasing factor (CRF1) receptors on GABAergic neurons within the basolateral amygdala. Synapse 71:e21953. doi: 10.1002/syn.21953

Çaliskan, G., Müller, I., Semtner, M., Winkelmann, A., Raza, A. S., Hollnagel, J. O., et al. (2016). Identification of parvalbumin interneurons as cellular substrate of fear memory persistence. Cereb Cortex 26, 2325–2340. doi: 10.1093/cercor/bhw001

Campos, A. C., Fogaça, M. V., Aguiar, D. C., and Guimarães, F. S. (2013). Animal models of anxiety disorders and stress. Braz. J. Psychiatry 35(Suppl. 2), S101–S111. doi: 10.1590/1516-4446-2013-1139

Chang, K. H., Bai, S. J., Lee, H., and Lee, B. H. (2014). Effects of acupuncture stimulation at different acupoints on formalin-induced pain in rats. Korean J. Physiol. Pharmacol. 18, 121–127. doi: 10.4196/kjpp.2014.18.2.121

Chang, S., Kim, D. H., Jang, E. Y., Yoon, S. S., Gwak, Y. S., Yi, Y. J., et al. (2019). Acupuncture attenuates alcohol dependence through activation of endorphinergic input to the nucleus accumbens from the arcuate nucleus. Sci. Adv. 5:eaax1342. doi: 10.1126/sciadv.aax1342

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

Chen, G., Zhang, Y., Li, X., Zhao, X., Ye, Q., Lin, Y., et al. (2017). Distinct inhibitory circuits orchestrate cortical beta and gamma band oscillations. Neuron 96, 1403.e6–1418.e6. doi: 10.1016/j.neuron.2017.11.033

DeFelipe, J., Lopez-Cruz, P. L., Benavides-Piccione, R., Bielza, C., Larranaga, P., Anderson, S., et al. (2013). New insights into the classification and nomenclature of cortical GABAergic interneurons. Nat. Rev. Neurosci. 14, 202–216. doi: 10.1038/nrn3444

Du, J., Fang, J., Wen, C., Shao, X., Liang, Y., and Fang, J. (2017). The effect of electroacupuncture on PKMzeta in the ACC in regulating anxiety-like behaviors in rats experiencing chronic inflammatory pain. Neural. Plast 2017:3728752. doi: 10.1155/2017/3728752

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

Feingold, D., Brill, S., Goor-Aryeh, I., Delayahu, Y., and Lev-Ran, S. (2017). Depression and anxiety among chronic pain patients receiving prescription opioids and medical marijuana. J. Affect. Disord. 218, 1–7. doi: 10.1016/j.jad.2017.04.026

Ferguson, B. R., and Gao, W. J. (2018). PV interneurons: critical regulators of E/I balance for prefrontal cortex-dependent behavior and psychiatric disorders. Front. Neural. Circuits 12:37. doi: 10.3389/fncir.2018.00037

Goldman, N., Chen, M., Fujita, T., Xu, Q., Peng, W., Liu, W., et al. (2010). Adenosine A1 receptors mediate local anti-nociceptive effects of acupuncture. Nat. Neurosci. 13, 883–888. doi: 10.1038/nn.2562

Gong, K. R., Cao, F. L., He, Y., Gao, C. Y., Wang, D. D., Li, H., et al. (2010). Enhanced excitatory and reduced inhibitory synaptic transmission contribute to persistent pain-induced neuronal hyper-responsiveness in anterior cingulate cortex. Neuroscience 171, 1314–1325. doi: 10.1016/j.neuroscience.2010.10.028

Gungor, N. Z., and Johansen, J. (2019). A chronic pain in the ACC. Neuron 102, 903–905. doi: 10.1016/j.neuron.2019.05.021

Han, J. S. (2004). Acupuncture and endorphins. Neurosci. Lett. 361, 258–261. doi: 10.1016/j.neulet.2003.12.019

Harth, M., and Nielson, W. R. (2019). Pain and affective distress in arthritis: relationship to immunity and inflammation. Expert Rev. Clin. Immunol. 15, 541–552. doi: 10.1080/1744666x.2019.1573675

Jang, J. H., Yeom, M. J., Ahn, S., Oh, J. Y., Ji, S., Kim, T. H., et al. (2020). Acupuncture inhibits neuroinflammation and gut microbial dysbiosis in a mouse model of Parkinson’s disease. Brain Behav. Immun. 89, 641–655. doi: 10.1016/j.bbi.2020.08.015

Ji, M. H., Lei, L., Gao, D. P., Tong, J. H., Wang, Y., and Yang, J. J. (2020). Neural network disturbance in the medial prefrontal cortex might contribute to cognitive impairments induced by neuroinflammation. Brain Behav. Immun. 89, 133–144. doi: 10.1016/j.bbi.2020.06.001

Ji, R. R., Donnelly, C. R., and Nedergaard, M. (2019). Astrocytes in chronic pain and itch. Nat. Rev. Neurosci. 20, 667–685. doi: 10.1038/s41583-019-0218-1

Ji, R. R., Nackley, A., Huh, Y., Terrando, N., and Maixner, W. (2018). Neuroinflammation and central sensitization in chronic and widespread Pain. Anesthesiology 129, 343–366. doi: 10.1097/aln.0000000000002130

Ji, R. R., Xu, Z. Z., and Gao, Y. J. (2014). Emerging targets in neuroinflammation-driven chronic pain. Nat. Rev. Drug Discov. 13, 533–548. doi: 10.1038/nrd4334

Johansen, J. P., and Fields, H. L. (2004). Glutamatergic activation of anterior cingulate cortex produces an aversive teaching signal. Nat. Neurosci. 7, 398–403. doi: 10.1038/nn1207

Juarez-Salinas, D. L., Braz, J. M., Etlin, A., Gee, S., Sohal, V., and Basbaum, A. I. (2019). GABAergic cell transplants in the anterior cingulate cortex reduce neuropathic pain aversiveness. Brain 142, 2655–2669. doi: 10.1093/brain/awz203

Kang, S. J., Kwak, C., Lee, J., Sim, S. E., Shim, J., Choi, T., et al. (2015). Bidirectional modulation of hyperalgesia via the specific control of excitatory and inhibitory neuronal activity in the ACC. Mol. Brain 8:81. doi: 10.1186/s13041-015-0170-6

Koga, K., Shimoyama, S., Yamada, A., Furukawa, T., Nikaido, Y., Furue, H., et al. (2018). Chronic inflammatory pain induced GABAergic synaptic plasticity in the adult mouse anterior cingulate cortex. Mol. Pain 14:1744806918783478. doi: 10.1177/1744806918783478

Latremoliere, A., and Woolf, C. J. (2009). Central sensitization: a generator of pain hypersensitivity by central neural plasticity. J. Pain 10, 895–926. doi: 10.1016/j.jpain.2009.06.012

Lau, B. K., and Vaughan, C. W. (2014). Descending modulation of pain: the GABA disinhibition hypothesis of analgesia. Curr. Opin. Neurobiol. 29, 159–164. doi: 10.1016/j.conb.2014.07.010

Lauber, E., Filice, F., and Schwaller, B. (2016). Prenatal valproate exposure differentially affects parvalbumin-expressing neurons and related circuits in the cortex and striatum of mice. Front. Mol. Neurosci. 9:150. doi: 10.3389/fnmol.2016.00150

Li, Q., Yue, N., Liu, S. B., Wang, Z. F., Mi, W. L., Jiang, J. W., et al. (2014). Effects of chronic electroacupuncture on depression- and anxiety-like behaviors in rats with chronic neuropathic pain. Evid. Based. Complement Alternat. Med. 2014:158987. doi: 10.1155/2014/158987

Lin, L. L., Li, H. P., Yang, J. W., Hao, X. W., Yan, S. Y., Wang, L. Q., et al. (2020). Acupuncture for psychological disorders caused by chronic pain: a review and future directions. Front. Neurosci. 14:626497. doi: 10.3389/fnins.2020.626497

Liu, L., Liu, H., Hou, Y., Shen, J., Qu, X., and Liu, S. (2019). Temporal effect of electroacupuncture on anxiety-like behaviors and c-Fos expression in the anterior cingulate cortex in a rat model of post-traumatic stress disorder. Neurosci. Lett. 711:134432. doi: 10.1016/j.neulet.2019.134432

Lumley, M. A., Cohen, J. L., Borszcz, G. S., Cano, A., Radcliffe, A. M., Porter, L. S., et al. (2011). Pain and emotion: a biopsychosocial review of recent research. J. Clin. Psychol. 67, 942–968. doi: 10.1002/jclp.20816

Luo, Z. Y., Huang, L., Lin, S., Yin, Y. N., Jie, W., Hu, N. Y., et al. (2020). Erbin in amygdala parvalbumin-positive neurons modulates anxiety-like behaviors. Biol. Psychiatry 87, 926–936. doi: 10.1016/j.biopsych.2019.10.021

Lv, Z. Y., Yang, Y. Q., and Yin, L. M. (2021). Role of purinergic signaling in acupuncture therapeutics. Am. J. Chin. Med. 49, 645–659. doi: 10.1142/s0192415x21500294

Malfliet, A., Coppieters, I., Van Wilgen, P., Kregel, J., De Pauw, R., Dolphens, M., et al. (2017). Brain changes associated with cognitive and emotional factors in chronic pain: a systematic review. Eur. J. Pain 21, 769–786. doi: 10.1002/ejp.1003

Marissal, T., Salazar, R. F., Bertollini, C., Mutel, S., De Roo, M., Rodriguez, I., et al. (2018). Restoring wild-type-like CA1 network dynamics and behavior during adulthood in a mouse model of schizophrenia. Nat. Neurosci. 21, 1412–1420. doi: 10.1038/s41593-018-0225-y

Mhalla, A., de Andrade, D. C., Baudic, S., Perrot, S., and Bouhassira, D. (2010). Alteration of cortical excitability in patients with fibromyalgia. Pain 149, 495–500. doi: 10.1016/j.pain.2010.03.009

Möhler, H. (2012). The GABA system in anxiety and depression and its therapeutic potential. Neuropharmacology 62, 42–53. doi: 10.1016/j.neuropharm.2011.08.040

Murray, A. J., Woloszynowska-Fraser, M. U., Ansel-Bollepalli, L., Cole, K. L., Foggetti, A., Crouch, B., et al. (2015). Parvalbumin-positive interneurons of the prefrontal cortex support working memory and cognitive flexibility. Sci. Rep. 5:16778. doi: 10.1038/srep16778

Nie, J., Wei, X., Xu, X., Li, N., Li, Y., Zhao, Y., et al. (2020). Electro-acupuncture alleviates adolescent cocaine exposure-enhanced anxiety-like behaviors in adult mice by attenuating the activities of PV interneurons in PrL. Faseb J. 34, 11913–11924. doi: 10.1096/fj.202000346RR

Parent, A. J., Beaudet, N., Beaudry, H., Bergeron, J., Bérubé, P., Drolet, G., et al. (2012). Increased anxiety-like behaviors in rats experiencing chronic inflammatory pain. Behav. Brain Res. 229, 160–167. doi: 10.1016/j.bbr.2012.01.001

Sarkar, D. (2020). A review of behavioral tests to evaluate different types of anxiety and anti-anxiety effects. Clin. Psychopharmacol. Neurosci. 18, 341–351. doi: 10.9758/cpn.2020.18.3.341

Shao, X. M., Shen, Z., Sun, J., Fang, F., Fang, J. F., Wu, Y. Y., et al. (2015). Strong manual acupuncture stimulation of ”Huantiao” (GB 30) reduces pain-induced anxiety and p-ERK in the anterior cingulate cortex in a rat model of neuropathic pain. Evid. Based. Complement Alternat. Med. 2015:235491. doi: 10.1155/2015/235491

Shen, Z., Zhang, H., Wu, Z., He, Q., Liu, J., Xu, Y., et al. (2020). Electroacupuncture alleviates chronic pain-induced anxiety disorders by regulating the rACC-thalamus circuitry. Front. Neurosci. 14:615395. doi: 10.3389/fnins.2020.615395

Shiers, S., Pradhan, G., Mwirigi, J., Mejia, G., Ahmad, A., Kroener, S., et al. (2018). Neuropathic pain creates an enduring prefrontal cortex dysfunction corrected by the Type II diabetic drug metformin but not by gabapentin. J. Neurosci. 38, 7337–7350. doi: 10.1523/jneurosci.0713-18.2018

Tremblay, R., Lee, S., and Rudy, B. (2016). GABAergic interneurons in the Neocortex: from cellular properties to circuits. Neuron 91, 260–292. doi: 10.1016/j.neuron.2016.06.033

Trento, M. M. S., Moré, A. O. O., Duarte, E. C. W., and Martins, D. F. (2021). Peripheral receptors and neuromediators involved in the antihyperalgesic effects of acupuncture: a state-of-the-art review. Pflugers Arch. 473, 573–593. doi: 10.1007/s00424-020-02503-0

Verret, L., Mann, E. O., Hang, G. B., Barth, A. M., Cobos, I., Ho, K., et al. (2012). Inhibitory interneuron deficit links altered network activity and cognitive dysfunction in Alzheimer model. Cell 149, 708–721. doi: 10.1016/j.cell.2012.02.046

Villemure, C., and Bushnell, M. C. (2009). Mood influences supraspinal pain processing separately from attention. J. Neurosci. 29, 705–715. doi: 10.1523/jneurosci.3822-08.2009

Walker, A. K., Kavelaars, A., Heijnen, C. J., and Dantzer, R. (2014). Neuroinflammation and comorbidity of pain and depression. Pharmacol. Rev. 66, 80–101. doi: 10.1124/pr.113.008144

Wang, Y., Yin, X. Y., He, X., Zhou, C. M., Shen, J. C., and Tong, J. H. (2021). Parvalbumin interneuron-mediated neural disruption in an animal model of postintensive care syndrome: prevention by fluoxetine. Aging (Albany NY) 13, 8720–8736. doi: 10.18632/aging.202684

Wang, Z., Chen, T., Long, M., Chen, L., Wang, L., Yin, N., et al. (2017). Electro-acupuncture at acupoint ST36 ameliorates inflammation and regulates Th1/Th2 balance in delayed-type hypersensitivity. Inflammation 40, 422–434. doi: 10.1007/s10753-016-0487-z

Wilkinson, H. A., Davidson, K. M., and Davidson, R. I. (1999). Bilateral anterior cingulotomy for chronic noncancer pain. Neurosurgery 45, 1129–1134. doi: 10.1097/00006123-199911000-00023 discussion 1134-1126,

Williams, A. C., and Craig, K. D. (2016). Updating the definition of pain. Pain 157, 2420–2423. doi: 10.1097/j.pain.0000000000000613

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

Xiao, Q., Zhou, X., Wei, P., Xie, L., Han, Y., Wang, J., et al. (2020). A new GABAergic somatostatin projection from the BNST onto accumbal parvalbumin neurons controls anxiety. Mol. Psychiatry [Online ahead of prin] doi: 10.1038/s41380-020-0816-3

Xie, J., Bi, Q., Li, W., Shang, W., Yan, M., Yang, Y., et al. (2012). Positive and negative relationship between anxiety and depression of patients in pain: a bifactor model analysis. PLoS One 7:e47577. doi: 10.1371/journal.pone.0047577

Xu, Z., Fang, J., Xiang, X., Sun, H., Wang, S., Fang, J., et al. (2020). Electroacupuncture alleviates pain-related emotion by upregulating the expression of NPS and its receptor NPSR in the anterior cingulate cortex and hypothalamus. Evid. Based Complement Alternat. Med. 2020:8630368. doi: 10.1155/2020/8630368

Yalcin, I., Bohren, Y., Waltisperger, E., Sage-Ciocca, D., Yin, J. C., Freund-Mercier, M. J., et al. (2011). A time-dependent history of mood disorders in a murine model of neuropathic pain. Biol. Psychiatry 70, 946–953. doi: 10.1016/j.biopsych.2011.07.017

Yang, S., Boudier-Revéret, M., Choo, Y. J., and Chang, M. C. (2020). Association between chronic pain and alterations in the mesolimbic dopaminergic system. Brain Sci. 10:701. doi: 10.3390/brainsci10100701

Yin, H., Lee, K. E., Park, S. A., Bhattarai, J. P., Suh, B. J., Jeon, J. G., et al. (2009). Inhibitory effects of somatostatin on the substantia gelatinosa neurons of trigeminal subnucleus caudalis via somatostatin type 2 receptors in juvenile mice. Brain Res. 1304, 49–56. doi: 10.1016/j.brainres.2009.09.070

Yue, J., Wang, X. S., Guo, Y. Y., Zheng, K. Y., Liu, H. Y., Hu, L. N., et al. (2018). Anxiolytic effect of CPEB1 knockdown on the amygdala of a mouse model of inflammatory pain. Brain Res. Bull. 137, 156–165. doi: 10.1016/j.brainresbull.2017.12.002

Yue, N., Li, B., Yang, L., Han, Q. Q., Huang, H. J., Wang, Y. L., et al. (2018). Electro-acupuncture alleviates chronic unpredictable stress-induced depressive- and anxiety-like behavior and hippocampal neuroinflammation in rat model of depression. Front. Mol. Neurosci. 11:149. doi: 10.3389/fnmol.2018.00149

Zhang, R., Lao, L., Ren, K., and Berman, B. M. (2014). Mechanisms of acupuncture-electroacupuncture on persistent pain. Anesthesiology 120, 482–503. doi: 10.1097/aln.0000000000000101

Zhang, X. H., Feng, C. C., Pei, L. J., Zhang, Y. N., Chen, L., Wei, X. Q., et al. (2021). Electroacupuncture attenuates neuropathic pain and comorbid negative behavior: the involvement of the dopamine system in the amygdala. Front. Neurosci. 15:657507. doi: 10.3389/fnins.2021.657507

Zhang, Z., Gadotti, V. M., Chen, L., Souza, I. A., Stemkowski, P. L., and Zamponi, G. W. (2015). Role of prelimbic GABAergic circuits in sensory and emotional aspects of neuropathic pain. Cell Rep. 12, 752–759. doi: 10.1016/j.celrep.2015.07.001

Zhou, Z., Zhang, G., Li, X., Liu, X., Wang, N., Qiu, L., et al. (2015). Loss of phenotype of parvalbumin interneurons in rat prefrontal cortex is involved in antidepressant- and propsychotic-like behaviors following acute and repeated ketamine administration. Mol. Neurobiol. 51, 808–819. doi: 10.1007/s12035-014-8798-2

Zugaib, J., Coutinho, M. R., Ferreira, M. D., and Menescal-de-Oliveira, L. (2014). Glutamate/GABA balance in ACC modulates the nociceptive responses of vocalization: an expression of affective-motivational component of pain in guinea pigs. Physiol. Behav. 126, 8–14. doi: 10.1016/j.physbeh.2013.12.004


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

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











	 
	ORIGINAL RESEARCH
published: 08 July 2021
doi: 10.3389/fnins.2021.687173





[image: image]

Electroacupuncture-Induced Muscular Inflammatory Pain Relief Was Associated With Activation of Low-Threshold Mechanoreceptor Neurons and Inhibition of Wide Dynamic Range Neurons in Spinal Dorsal Horn
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Acupuncture is an effective alternative therapy for pain management. Evidence suggests that acupuncture relieves pain by exciting somatic afferent nerve fibers. However, the mechanism underlying the interaction between neurons in different layers of the spinal dorsal horn induced by electroacupuncture (EA) remains unclear. The aim of this study was to explore the mechanism of EA relieving inflammatory muscle pain, which was associated with activation of the spontaneous firing of low-threshold mechanoreceptor (LTM) neurons and inhibition of wide dynamic range (WDR) neuronal activities in the spinal dorsal horn of rats. Inflammatory muscle pain was induced by injecting complete Freund’s adjuvant into the right biceps femoris muscle. EA with intensity of threshold of A fibers (Ta) in Liangqiu (ST34) muscle considerably inhibited the abnormal spontaneous activities of electromyography (EMG) due to muscle inflammation. While EA with intensity of C-fiber threshold (Tc) increased the abnormal activities of EMG. EA with Ta also ameliorated the imbalance of weight-bearing behavior. A microelectrode array with 750-μm depth covering 32 channels was used to record the neuronal activities of WDR and LTM in different layers of the spinal dorsal horn. The spontaneous firing of LTM neurons was enhanced by EA-Ta, while the spontaneous firing of WDR neurons was inhibited. Moreover, EA-Ta led to a significant inverse correlation between changes in the frequency of WDR and LTM neurons (r = −0.64, p < 0.05). In conclusion, the results indicated that EA could alleviate inflammatory muscle pain, which was associated with facilitation of the spontaneous firing of LTM neurons and inhibition of WDR neuronal activities. This provides a promising evidence that EA-Ta could be applied to relieve muscular inflammatory pain in clinical practice.

Keywords: electroacupuncture, muscular inflammatory pain, complete Freund’s adjuvant, low threshold mechanoreceptor neuron, wide dynamic range neuron


INTRODUCTION

Acupuncture has been widely applied as an effective intervention for pain relief in numerous clinical trials and experimental studies over the last several decades (Hauck et al., 2017; Kwon et al., 2017; Yu et al., 2020). As a mechanical stimulation applied to the body surface, acupuncture activates somatic afferents to generate action potentials that send signals from the peripheral to the central nervous system (CNS) (Kagitani et al., 2010). In fact, neurons in multiple spinal and brain regions associated with pain modulation are responsive to acupuncture stimulation (Zhao, 2008; Guo et al., 2020). It is believed that the analgesic effect of acupuncture, at least partially, results from the integration between nociceptive inputs and acupuncture-induced impulses at different CNS levels.

The spinal dorsal horn serves as the first relay station in the CNS for the transmission, integration, and modulation of both innocuous and nociceptive signals (Wang et al., 2012; Peirs et al., 2015; Cordero-Erausquin et al., 2016; Zhou et al., 2019). Somatosensory inputs are conveyed via primary afferents to the superficial and deep dorsal horn neurons, forming mono- or polysynaptic connections (Woolf and Fitzgerald, 1986; Todd, 2010; Punnakkal et al., 2014). Based on the sensitivity to mechanical stimulation, dorsal horn neurons are classified as low-threshold mechanoreceptive (LTM), nociceptive-specific (NS), and wide-dynamic range (WDR) neurons, which play different roles in the processing of distinct sensory modalities. Accumulating evidence indicated that WDR neurons are an integral component of the ascending nociceptive pathway and appear to be sensitized in models of neuropathic, inflammatory, and osteoarthritic pain (McGaraughty et al., 2018). In complete Freund’s adjuvant (CFA)-treated rats, WDR neurons tended to display greater spontaneous firing and enhanced excitability, which accounted for the mechanical hypersensitivity of the inflamed muscle (McGaraughty et al., 2006; Kiyomoto et al., 2015). Notably, in addition to peripheral input, WDR neurons also receive excitatory or inhibitory input from the intraspinal level (Zain and Bonin, 2019), which provides a neuronal basis for pain modulation in local circuits. LTM neurons mainly receive sensory inputs from A fibers to encode innocuous mechanical signals and may participate in pain modulation as well. A previous study of craniofacial pain revealed that cannabinoid receptor agonist-induced analgesia involved both the inhibition of WDR neurons and the facilitation of LTM neurons (Papanastassiou et al., 2004). Additionally, LTM neurons showed prolonged excitation, whereas WDR neurons exhibited prolonged inhibition following the application of the potent analgesic clonidine (Millar et al., 1993). However, it is still inconclusive whether these analgesic effects are attributed to LTM neuron-induced inhibition of WDR neurons.

The gate control theory of pain proposed by Melzack and Wall (1965) argues that low-threshold Aβ-inputs suppress spinal nociceptive transmission via feed-forward inhibition. Consistently, selective stimulation of primary afferent A-fibers inhibited the C-fiber-evoked activity of deep laminae WDR neurons in the spinal dorsal horn (Mendell, 1966; Woolf and Wall, 1982). Acupuncture analgesia is thought to be partially achieved by A-fiber-mediated “gate” control of noxious inputs (Zhao, 2008). It has been reported that electroacupuncture (EA) could modulate somatic afferents to inhibit the noxious WDR neuronal activity in migraine rats (Qu et al., 2020). Therefore, these findings provide a possibility that EA with low intensity may attenuate WDR neuron-mediated pain transmission by activating LTM neurons. In the present study, by measuring the weight-bearing and EMG activity of the inflamed muscle, we verified the analgesic effect of EA with different intensities in CFA-treated rats firstly. Subsequently, the responses of LTM and WDR neurons to EA stimulation were recorded using a microelectrode array in the spinal dorsal horn. We further performed coherence analysis to determine the interplay between LTM and WDR neurons corresponding to EA stimulation, so as to elucidate a potential spinal neuronal substrate for EA analgesia in CFA-induced inflammatory conditions.



MATERIALS AND METHODS


Animals

Male Sprague–Dawley (SD) rats, weighing 200–250 g, were purchased from the Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences [experimental animal license number: SCXK (Jing) 2017-0013]. The experimental procedures were approved by the Ethics Committee of the Institutional Animal Welfare and Use Committee of Acupuncture and Moxibustion Institute of China Academy of Chinese Medical Sciences (No. D2018-04-13-1). All manipulations were performed in accordance with the recommendations of the Guide for Care and Use of Laboratory Animals issued by the National Institutes of Health. Efforts were made to minimize the number and suffering of the animals used. The animals were maintained under a standard 12-h light–dark cycle with free access to food and water and allowed to acclimate to the housing conditions for 7 days prior to the experiment.



Complete Freund’s Adjuvant Injection

Under anesthesia with 2% isoflurane (0.5 L/min, RWD Life Science, China), the right biceps femoris was injected with 200 μl of CFA (F5881, Sigma, United States) composed of inactivated and dried mycobacteria. CFA was injected slowly into the muscle with no leakage observed. The left (control) biceps femoris received 200 μl of sterile saline.



Measurement of Weight-Bearing

To assess the severity of inflammatory pain, we measured the differences in weight-bearing capacity between the right (experimental) and left (control) hindlimb using a non-invasive pain bipedal balance instrument (IITC Incapacitance Analgesia Meter, IITC Life Science Inc., Canada). Each rat was placed in an individual plexiglass with each hind paw resting on a separate force plate. The weight-bearing capacity (g) of each hindlimb in 10 s was automatically averaged. Each data point was considered as the difference score (g) over the left (control) minus right (experimental) hindlimb. The tests were repeated three times and the mean values were calculated.



Recording of Electromyographic Activity

Electromyographic (EMG) activities were recorded on the fourth day after CFA injection via a pair of needle electrodes inserted into the biceps femoris muscle under anesthesia with isoflurane. EMG signals were captured and amplified online by a bioelectric amplifier (DigitimerNL900D, Digitimer, United Kingdom) and a data acquisition system (PowerlabPL3508, AD Instruments, Australia). After recording stable EMG activity for 5 min, acupuncture stimulation was applied to ST34 and EMG activity was monitored for an additional 5 min. The area under the curve (AUC) and the inter-spike intervals (ISI) of spontaneous EMG activities were calculated through the Spike 2 software (version 7, CED, United Kingdom). EMG activity was determined from the mean AUC and ISI within 1 min before and after EA.



Electroacupuncture Stimulation

Under anesthesia with 2% isoflurane, rats were treated with EA on the fourth day after CFA injection. Liangqiu (ST34) was selected in this study, because it has been widely used in pain relief (Shen et al., 2015). ST34 is located at 5 mm superior and lateral to the knee joint. EA was delivered by an electrical stimulator (PowerlabFE180, AD Instruments, Australia) via a pair of stainless needles (0.18 mm diameter, 13 mm length; Beijing Zhongyan Taihe Medicine Co., China) inserted into ipsilateral ST34 (square waves; frequency: 2/100 Hz) for 1 min in vivo electrophysiological recording. For studying the effect on the imbalance of weight-bearing in CFA rats, EA was performed for 30 min.

The intensities of EA used in this study were identified as the thresholds of the A- and C-fiber activation. The ipsilateral biceps femoris muscle reflex was evoked by electrical stimulation of the A- and C-fibers within the receptive field of the sural nerve (Guirimand et al., 1994; Zhi et al., 2017). Specifically, EMG responses were recorded via a pair of needles inserted into the biceps femoris muscle. Stimulating electrodes were inserted into the lateral part of the fourth and fifth toes within the field of sural nerve innervation. Six single-square waves of 1-ms duration from an electrical stimulator (PowerlabFE180, AD Instruments, Australia) were delivered at a frequency of 0.2 Hz. The threshold of A fibers (Ta) and C-fiber threshold (Tc) were considered as the minimal stimulation intensities required to evoke EMG of A- or C-fiber activities with the conductive velocity of 4–36 or 0.4–2 m/s, respectively (Duanmu et al., 2020).



Recording of the Spinal Dorsal Horn Neurons


Surgery

After being anesthetized with 10% urethane (1.2 g/kg, i.p.), the lumbar enlargement of the spinal cord (L3–L4 level) was exposed by a laminectomy at the T12–L1 vertebrae, and the dura mater of lumbosacral spinal segments was carefully removed. The corresponding vertebral column was tightly fixed in a frame with clamps. All exposed spinal segments were covered with 37°C artificial cerebrospinal fluid (aCSF, CZ0516, Leagene, China) during surgery and recording. Core body temperature was monitored and maintained at 37.0 ± 0.5°C through a feedback-controlled electric blanket (ALC-HTP, Shanghai Alcott Biotech Co., China). A microelectrode array (ASSY, Lotus Biochips, United States) was inserted vertically into L3/4 to a depth of approximately 1,000 μm using a micromanipulator (DMA-1510, Narishige, Japan) (Figures 1A,B). The reference electrode was placed in the nearby muscle. The array was attached to the headstage using a custom connector. Signals were amplified by a preamplifier (LB-0164-1, Blackrock Microsystems, United States) with a bandwidth of 250 Hz–5 kHz. A microelectrode array was used to record neuronal activities, and the signals were captured and amplified online by a data acquisition system (Cerebus-128, Blackrock Microsystems, United States). An overdose of 20% urethane (3 g/kg, i.p.) was used to euthanize the rats following completion of the experiment.
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FIGURE 1. Microelectrode array was performed on the spinal lumbar enlargement to record firing of neurons across the spinal dorsal horn. Panel (A) illustrated a microelectrode array, consisting of two electrodes with 750-μm depth covering 32 channels. Following the removal of the dorsal aspect of the vertebrae and meninges, the microelectrode array was inserted vertically into the L3–4 level to record firing of the neurons in different layers of the spinal dorsal horn (B).




Identification of Receptive Fields and Neuron Classification

The receptive fields (RFs) of the neurons were identified with a mechanical press stimulator (ALMEMO2450, Ahlborn, Germany). Muscular nociceptive neurons in CFA rats were evoked by 200-mN pressure stimulation when there was no response to 60-mN pressure stimulation, as described previously (Fang et al., 2020). Therefore, innocuous stimulation (60 mN) and noxious stimulation (200 mN) were chosen to identify WDR neurons and LTM neurons in the spinal dorsal horn, respectively. To ensure that the RFs were correctly located in the muscle (instead of the skin), we applied the same pressure stimulation to the skin. In neurons that responded to innocuous or noxious pressure stimulation applied to the muscle with no response to brushing and pinching of the covering skin, the RFs were considered to be in the muscle (Hoheisel et al., 2015). Neurons were defined as LTM or WDR based on their response to innocuous (60 mN) or noxious (200 mN) pressure stimulation applied to the receptive field for 10 s. LTM neurons were defined as cells that responded to innocuous stimulation instead of noxious stimulation. WDR neurons responded to both innocuous (60 mN) or noxious (200 mN) stimulation. After the neurons were identified, persistent recording was performed for at least 3 min without any external stimulation. If the spontaneous firing was ongoing, the neurons were defined as spontaneously active. The frequency of spontaneous firing and changes in the frequency in 1 min were analyzed. Changes in the average frequency were calculated according to the following equation: (the value after EA−the value before EA)/the value before EA × 100%. If the changes in the frequency of spontaneous activity after EA were more than 20% of the basal activity, the response was considered to have an excitatory or inhibitory effect.



Statistical Analysis

All data are expressed as mean ± standard error of the mean. Statistical analysis was performed with the SPSS 23 software. The Shapiro–Wilk test was used to evaluate whether these groups fit the normal distributions. Normally distributed groups were analyzed via parametric tests. Differences among multiple groups were analyzed with one-way analysis of variance (ANOVA) test followed by the LSD, SNK, or Dunnett’s T3 post hoc test. Non-normally distributed groups were analyzed with non-parametrical tests. The data obtained before and after EA in the same group were compared statistically with Wilcoxon test. Correlation analysis was performed through Pearson Product-Moment Correlation. p < 0.05 was considered a statistical significance.



RESULTS


Spontaneous EMG Activity and Imbalance of Weight-Bearing Induced by Injection of CFA Into Biceps Femoris

After injection of CFA into the right biceps femoris, severe edema of the ipsilateral hindlimb was observed. The spontaneous EMG activity of the biceps femoris was recorded to confirm the development of muscle pain in the CFA-inflamed hindlimb. It was shown that spontaneous EMG activity occurred in 9/12 of CFA-treated rats during 4–5 days after CFA, whereas no spontaneous EMG activity was observed in control rats (Figure 2A). The incidence of spontaneous EMG activity in CFA-injected rats (n = 12) was significantly higher compared with the control rats (n = 8, p < 0.01, Figure 2B). The weight-bearing was evaluated in unrestrained rats to assess the pain-related guarding behavior. Compared with the control group, the difference score for the weight-bearing (L - R) was increased markedly from the first day after CFA injection (p < 0.01, n = 10, Figure 2C), and it persisted for 9 days (p < 0.01), indicating that CFA-treated rats suffered persistent muscle pain and placed significantly less weight on the ipsilateral CFA-inflamed hindlimb. These data demonstrated that CFA produced reliable inflammatory muscle pain in the affected hindlimb, as indicated by the increased difference score for the weight-bearing and spontaneous EMG activities, which was consistent with previous studies (Duan et al., 2013; Fang et al., 2020).


[image: image]

FIGURE 2. Complete Freund’s adjuvant (CFA) injection induced the imbalance of weight-bearing and spontaneous electromyography (EMG) activities of the biceps femoris. Spontaneous EMG activities of the biceps femoris were observed in the model group, while there was no spontaneous EMG activity in control rats (A,B). The difference score for the weight-bearing (L−R) markedly increased from the first day after CFA injection into the right biceps femoris muscle and persisted for 9 days in comparison with the baseline (day 0) (C). Data are expressed as mean ± SEM (**p < 0.01).




Quantification of the Intensities of EA-Ta and EA-Tc by a C-Fiber Reflex

The intensities of EA stimuli for activating A- or C-fibers were determined according to their corresponding thresholds (Ta or Tc) measured by the evoked A- and C-fiber reflexes as described previously (Falinower et al., 1994; Zhu et al., 2004). The typical reflex of EMG responses elicited by A- and C-fibers is shown in Figure 3, which could be apparently distinguished according to their electrophysiological properties. Generally, A-fiber reflex possessed a shorter latency (24.7 ± 1.74 ms), smaller duration (9.84 ± 1.61 ms), and lower threshold (1.27 ± 0.11 mA), while C-fiber reflex had a relatively longer latency (174.02 ± 8.22 ms), greater duration (199.84 ± 10.86 ms), and higher threshold (3.81 ± 0.27 mA) (Table 1). The conductive velocity of A-fiber and C-fiber in CFA rats was calculated from the distances between the stimulus and recording sites dividing stable latency, respectively (Ta: 6.92 ± 0.71 m/s; Tc: 0.95 ± 0.04 m/s). Based on these characteristics, we defined the current intensities of EA-Ta and EA-Tc as 1.3 and 4 mA, respectively, in the present study.
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FIGURE 3. Representative traces of EMG induced by A-fiber or C-fiber reflex in CFA rats.



TABLE 1. Threshold, latency, and duration of Aδ- and C-fiber reflex in complete Freund’s adjuvant rats (n = 12).

[image: Table 1]A-fiber and C-fiber stimulation induced independent EMG responses. The early (A-fiber reflex) component and late (C-fiber reflex) component responses exhibited a difference in latency. The first component was a single di- or triphasic response with a short duration and low threshold. The second component was generally multiphasic with a longer duration and a higher threshold. Stimuli. A- or C-fiber threshold intensity stimulation.



EA-Ta Inhibited the Spontaneous EMG Activities and Alleviated the Imbalance of Weight-Bearing in CFA Rats

On the fourth day after CFA injection, EA-Ta and EA-Tc at ST34 were applied separately to verify the analgesic effect of EA on CFA-induced inflammatory pain. The AUC and ISI of spontaneous EMG activity were measured before and after EA. Figures 4A,B shows representative traces of spontaneous EMG activities altered by EA-Ta or EA-Tc stimulation in CFA and control rats. EA-Ta applied to ST34 considerably inhibited the spontaneous EMG activities in CFA rats, and the EMG activities showed no obvious change after application of EA-Ta in control rats. However, EA-Tc deteriorated the EMG activities in the control and CFA rats. We found that EA-Ta significantly reduced the AUC and increased the ISI of EMG in CFA rats compared with the baseline (Pre-EA) (post vs. pre: 13.26 ± 2.53 vs. 20.53 ± 5.17 mv.ms, p < 0.05; 1.87 ± 0.18 vs. 1.35 ± 0.14 s, p < 0.01, Figures 4C,D). However, the spontaneous EMG activity was noticeably exacerbated following EA-Tc (post vs. pre: 30.06 ± 2.45 vs. 20.94 ± 3.45 mv.ms, p < 0.05; 0.95 ± 0.11 vs. 1.42 ± 0.16 s, p < 0.05, Figures 4C,D). Moreover, the difference score for the weight-bearing in model rats was significantly higher than that of the control (model group vs. control group: 36.89 ± 9.71 vs. 0.62 ± 4.46 g, p < 0.01), but EA-Ta markedly attenuated the imbalance compared with the model group (EA-Ta vs. model group: 27.09 ± 6.52 vs. 36.89 ± 9.71 g, p < 0.05, Figure 4E). Therefore, these results suggested that EA with lower intensity to activate A-fibers was effective in relieving CFA-induced inflammatory pain, but stronger EA stimulation was likely to exaggerate local pain signaling when activating C-fibers. Therefore, EA-Ta was an appropriate intensity to relieve inflammatory muscle pain.
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FIGURE 4. Electroacupuncture-threshold of A fibers (EA-Ta) applied to ST34 inhibited the spontaneous EMG activities while EA-Tc deteriorated the abnormal EMG activities in CFA rats. Panels (A,B) were the representative traces of spontaneous EMG activities before and after EA-Ta and EA-Tc in CFA and control rats. The area under the curve (AUC) and inter-spike intervals (ISI) of spontaneous EMG activities were elicited obviously before EA in CFA rats. EA-Ta applied to ST34 considerably inhibited the AUC and increased the ISI of spontaneous EMG activities in CFA rats, while EA-Tc deteriorated the EMG activities in CFA rats (A). No spontaneous EMG activity was observed in control rats. The AUC and ISI showed no obvious change after application of EA-Ta. However, EA-Tc elicited the abnormal EMG activities in control rats (B). The AUC was significantly inhibited and ISI were increased in EMG activities after EA-Ta, while EA-Tc noticeably aggravated the abnormal EMG in CFA rats (C,D). EA-Ta obviously ameliorated the imbalance of weight-bearing compared with the CFA rats (E). n = 10 in each group. Data are expressed as mean ± SEM (∗∗p < 0.01; *p < 0.05).




EA-Ta Enhanced the Activity of LTM Neurons and Inhibited WDR Neurons in CFA Rats

To uncover the neuronal substrate of EA-Ta-induced analgesia, microelectrode array recording was performed on the spinal lumbar enlargement to determine the responses of dorsal horn neurons to EA-Ta in CFA-treated rats. We firstly identified neurons in different layers of the spinal dorsal horn with a mechanical press stimulator. WDR neurons were characterized as responding to both innocuous 60-mN and noxious 200-mN mechanical stimulation of the biceps femoris, while LTM neurons only responded to 60-mN stimulus (Figure 5A). The frequency of evoked firing of WDR neurons was significantly higher during response to 60- and 200-mN mechanical stimulation of the biceps femoris compared with the baseline in control and CFA-treated rats, and the evoked firing of LTM neurons was enhanced by 60-mN pressure stimulations (p < 0.01) (Figures 5B,C). A total of 92 neurons were recorded from eight control rats and eight model rats, among which 56 were identified as WDR neurons and 36 were LTM neurons. Figure 5A displayed representative firing traces of LTM and WDR neurons elicited by corresponding stimulation of the biceps femoris (RFs) in control and CFA-treated rats. LTM neurons were predominantly located at a depth of 350–625 mm (laminae III–IV) and WDR neurons were mainly distributed at a depth of 650–925 mm (laminae V) from the surface of the spinal cord (Figure 5D). These distribution patterns were in agreement with previous findings (McGaraughty et al., 2010; Xu et al., 2012; Schuelert et al., 2015). We found that, compared with control, the frequency of spontaneous firing of WDR neurons significantly increased in CFA rats (model group vs. control group: 1.89 ± 0.49 vs. 0.64 ± 0.31 Hz, p < 0.05), whereas LTM neurons showed no obvious change in firing frequency (Figure 5E). The alteration of spontaneous firing of LTM and WDR neurons were recorded before and after EA-Ta. Neurons with more than 20% changes in the frequency of spontaneous firing were considered as the responsive neurons, which showed excitatory or inhibitory response to EA-Ta stimulation. A total of 57 WDR and 72 LTM neurons were recorded in the 30 CFA-treated rats. It turned out that approximately 66.7% (38/57) of WDR neurons were identified as responsive neurons to EA-Ta stimulation, in which 78.9% (30/38) of responsive WDR neurons were significantly suppressed (post vs. pre: 0.90 ± 0.17 vs. 1.60 ± 0.19 Hz, p < 0.01). Only 21.1% (8/38) of responsive WDR neurons were slightly excited following EA-Ta stimulation, but no significant difference was observed (post vs. pre: 2.38 ± 0.59 vs. 1.64 ± 0.40 Hz, p > 0.05). Meanwhile, 50% (36/72) of LTM neurons were responsive to EA-Ta stimulation, among which the spontaneous firings of 55.6% (20/36) of responsive LTM neurons were markedly increased (post vs. pre: 1.08 ± 0.25 vs. 0.51 ± 0.10 Hz, p < 0.01), while 44.4% (16/36) of responsive LTM neurons were slightly depressed, although not statistically significant (post vs. pre: 0.32 ± 0.06 vs. 0.50 ± 0.10 Hz, p > 0.05) (Figures 5F–H). Thus, our data suggested that the enhanced spontaneous firing of LTM neurons and inhibited WDR neurons was involved in pain relief in CFA-treated rats.
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FIGURE 5. Electroacupuncture-threshold of A fibers inhibited the spontaneous firing of wide dynamic range (WDR) neurons and facilitated low-threshold mechanoreceptor (LTM) neurons. Panel (A) displayed the typical traces of LTM and WDR neurons responsible for mechanical stimulation in control and CFA rats. The spontaneous firing of WDR neurons was enhanced by 60- and 200-mN pressure stimulations, while the LTM neuron only responded to 60 mN. The frequency of the evoked firing of WDR and LTM neurons was significantly increased in the control and model group compared with the baseline (B,C). The percentage of WDR and LTM neurons at different depths of the spinal dorsal horn is shown in panel (D). Most of the LTM neurons were located at a depth of 350–625 mm and WDR neurons were mainly distributed at a depth of 650–925 mm from the surface of the spinal cord (D). The frequency of spontaneous firing of WDR neurons significantly increased in the model group compared with the control. However, there was spontaneous firing of LTM neurons in either CFA or control rats (E). EA-Ta produced the spontaneous firing of LTM and WDR neurons enhanced, inhibited, or non-response; 66.7% of WDR neurons and 50% of LTM were excited or inhibited, while others showed non-response to EA-Ta (F). The frequency of spontaneous firing of WDR neurons was enhanced, while LTM neurons were significantly facilitated by EA-Ta (G,H). Data are expressed as mean ± SEM (**p < 0.01; *p < 0.05).




EA-Ta Led to a Significant Inverse Correlation in the Discharge Rate of WDR and LTM Neurons

The heat map and representative traces showed synchronous changes in the WDR and LTM neurons (Figures 6A,B). In order to clarify the interaction between the enhanced LTM neurons and inhibited WDR neurons we observed above, we further performed the coherence analysis to determine the correlation of changes in the frequency of inhibited WDR neurons and excited LTM neurons recorded in the same microelectrode array following EA-Ta stimulation. By evaluating the changes in the frequency of synchronous spontaneous firing of WDR and LTM neurons, an inverse correlation between the changes in the frequency of spontaneous firing was observed in WDR and LTM neurons. Pearson’s correlation coefficient was statistically significant (r = −0.64, p = 0.045) (Figure 6C), indicating that the spontaneous firing of WDR neurons was suppressed along with the excitation of LTM neurons following EA-Ta application. These results implied that EA-Ta was likely to alleviate muscle pain, which was associated with facilitation of the spontaneous firing of LTM neurons and inhibition of WDR neuronal activities in the spinal dorsal horn of CFA-treated rats.
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FIGURE 6. Electroacupuncture-threshold of A fibers led to a significant inverse correlation of the changes in the frequency between LTM and WDR neurons. The heat map and representative traces showed synchronous changes of WDR and LTM neurons before and after EA-Ta. The frequencies of spontaneous firing of WDR and LTM neurons were elicited obviously before EA in CFA rats. EA-Ta applied to ST34 considerably facilitated the spontaneous firing of LTM neurons, while the WDR neurons were suppressed compared with the baseline (Pre-EA) (A,B). The scatter plots displayed the correlation of the discharge rate in spontaneous firing between WDR and LTM neurons (C). Each scatter represented the changes in the frequency for a pair of excited LTM and suppressed WDR neurons recorded synchronously. Pearson’s correlation coefficient of the changes in the frequency between WDR and LTM neurons was statistically significant (r = −0.64, p = 0.045) (C).




DISCUSSION

In the present study, we showed that inflammatory muscle pain was induced by injection of CFA, which was indicated by imbalance of weight-bearing and abnormal spontaneous EMG activities of the inflamed muscle. Intriguingly, EA-Ta inhibited the abnormal EMG activities and the imbalance of weight-bearing, but EA-Tc exacerbated the spontaneous EMG activities, suggesting that activating peripheral A-fibers was essential for EA analgesia, while activating C-fibers amplified local pain signaling. In accordance with the behavioral phenotypes, the spontaneous firing of LTM neurons was facilitated, while WDR neurons were suppressed by EA-Ta. Notably, coherence analysis showed that the inhibited WDR neurons are correlated with the enhanced LTM neurons. To summarize, these results provided a strong evidence that EA could alleviate inflammatory muscle pain, which was associated with facilitation of the spontaneous firing of LTM neurons and inhibition of WDR neuronal activities in the spinal dorsal horn of CFA-treated rats.

Acupuncture stimulation has been reported to excite various afferent fibers, which are composed of thick myelinated Aα- and Aβ-fibers, thin myelinated Aδ-fibers, and unmyelinated C-fibers. In fact, many human and animal studies have shown that EA with different intensities activated different types of peripheral afferent fibers and produce different extents of analgesia (Xu et al., 2003; Zhu et al., 2004; Xin et al., 2016). Some studies have shown that EA with high-intensity stimulation is more effective than low-intensity stimulation of EA (Barlas et al., 2006; Yu et al., 2018; Lv Z. T. et al., 2019). Conversely, some contrary conclusions have also been reported in animal studies (Lee et al., 2005; Ceccherelli et al., 2008), which implies the necessity to explore the appropriate intensity of EA in the treatment of diseases. Previous studies have demonstrated that acupuncture-induced analgesia resulted from the activation of A-fiber and C-fiber inputs in normal animals, which are mediated by segmental and systemic modulating mechanisms, respectively (Zhu et al., 2004). According to the previous study, the EA stimulation intensity with the threshold for the activation of A-fiber reflex and the threshold for the activation of C-fiber reflex was 1.68 ± 0.53 and 4.78 ± 0.45 mA, respectively. Besides, EA with low-intensity current (1 mA) has been demonstrated to mainly excite A-fibers selectively. In contrast, EA with high-intensity current (4.5 mA) excited C-fibers (Liu et al., 2011). However, the appropriate intensity of EA at local acupoints in CFA rats remained unknown. In this study, the high intensity and low intensity of EA were distinguished by calculating the threshold of activating peripheral A-fibers (Ta) and C-fibers (Tc). We first confirmed that EA with Ta intensity appears to be more effective in inhibiting the abnormal activities of EMG and relieving inflammatory muscle pain. The analgesic effect produced by EA-Ta could be explained by the gate control theory, which was proposed by Melzack and Wall (1965). This theory provided a theoretical framework for explaining pain relief by enhancing inputs of A-fibers within the segment to excite SG cells and elicit inhibition of sensory inputs. Recent studies on peripheral analgesia have shown that electrical stimulation with Ta intensity restored the enhanced nociceptive afferents in models of demyelination and axotomy (Zhu et al., 2012; Chen et al., 2019). These findings suggested that EA could alleviate inflammatory muscle pain via activating the A-fiber afferent to close the “gate” and inhibit spinal nociceptive transmission. Additionally, our data demonstrated that nociceptive somatosensory inputs could be suppressed by acupuncture applied to local acupoint, in which the spinal dorsal horn plays a crucial role in proceeding and integrating the inhibitory outcomes (Rong et al., 2005; Lv P. R. et al., 2019).

Dorsal horn neurons receive sensory information from primary afferents and transmit to projection neurons for relay to several brain areas (Todd, 2010). The WDR neurons represent an important component in the network of spinal pain transmission and modulation. These neurons receive a convergence of inputs from the skin, viscera, and muscle (Le Bars, 2002). It was demonstrated that noxious and non-noxious stimuli elicited a progressive increase of WDR neurons response along with the increasing of stimulation intensity. The present study demonstrated that the analgesic effect of EA-Ta may be involved in the inhibition of WDR neurons in the spinal dorsal horn, which is consistent with previous reports (Yu et al., 2019; Wang et al., 2020; Xue et al., 2020).

The neuronal components of the spinal dorsal horn are interconnected by complex synaptic circuits (West et al., 2015; Polgár et al., 2020). In particular, the interlaminar communication is crucial in the processing of nociceptive information (Petitjean et al., 2012; Seibt and Schlichter, 2015). Thus, the discharge activity of a single neuron is insufficient to represent the overall response. Traditional extracellular recordings were performed with a single electrode, which is largely restricted to the observation of individual neuronal properties. In the present study, we recorded neuronal activities in different layers of the spinal dorsal horn simultaneously via microelectrode arrays with 32 channels, which are sensitive enough to detect lamina- and region-specific encoding of innocuous and noxious mechanical stimuli. With this method, the density of recording channels was increased without inducing more tissue damage and the spatial resolution is higher than that of the single electrode (Pancrazio and Cogan, 2019). More importantly, application of microelectrode arrays in the spinal cord allows for recording of several locations simultaneously and comparing neurons in different regions of the spinal dorsal horn.

Generally, neurons located in laminae III–IV of the dorsal horn receive inputs mainly from myelinated afferents, while the majority of unmyelinated C-fibers transport nociceptive information to laminae I–II and lamina V of the dorsal horn. Evidence shows that the processing of nociceptive information in the dorsal horn involves interlaminar synaptic interactions in different laminae (Bráz and Basbaum, 2009). Our study demonstrated that the firing rate of LTM neurons in intermediate laminae was correlated with the WDR neurons, which indicated that WDR neurons may be inhibited by interneurons that are excited by non-noxious inputs in the same segment. Accordingly, EA-Ta could activate the A-fiber afferent to alleviate inflammatory muscle pain, which might be associated with activation of the firing of LTM neurons to close the “gate” and inhibit WDR neuronal activities.

Although there are direct synaptic connections in some primary afferents and projection cells, interneurons are the mainly postsynaptic targets for primary afferents (Ganley et al., 2015). Interneurons are involved in modulating modality-specific circuits to ultimately affect our perception of afferent inputs (Yaksh, 1989; Graham and Hughes, 2020). The firing activities of WDR and LTM neurons are modulated by interneurons, which can be divided into two main classes: excitatory and inhibitory. Normally, inhibitory interneurons continuously release GABA to decrease the excitability of neurons and modulate pain transmission. However, the inhibitory neurotransmission can be lost after nerve injury or inflammation (Moore et al., 2002; Hughes and Todd, 2020). In future studies, we will focus on identifying populations of interneurons in different laminae to verify their roles in innervating WDR and LTM neurons.

In summary, the present study demonstrated that EA-Ta was an appropriate intervention to relieve inflammatory muscle pain, which was associated with activation of the firing of LTM neurons and inhibition of WDR neuronal activities in the spinal dorsal horn.
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Background: The intensity of electrical acupoint stimulation such as electroacupuncture (EA) and transcutaneous electrical nerve stimulation (TENS) is regulated by the observation of skin shivering or the participant’s comfort response. However, the specific intensity and spatial scope following EA or TENS stimulation are unclear.

Objective: This study aimed to test the stimulatory current intensities of lower and upper sensation thresholds in TENS- and EA-based treatment of Bell’s palsy patients. Also, the spatial scope of the stimulation at these current intensities was simulated and measured quantitatively.

Methods: A total of 19 Bell’s palsy patients were recruited. Six acupoints on the affected side of the face were stimulated by TENS and EA successively at 30-min intervals. During the stimulation, the current intensity was regulated gradually from 0 to 20 mA, and we simultaneously measured the lower (sensory) and upper (tolerability) sensations. After the treatment by TENS and EA, the modified Chinese version of the Massachusetts General Hospital Acupuncture Sensation Scales (C-MMASS) was applied to survey the de-qi sensations during stimulation. Additionally, we analyzed the correlation between current intensities and C-MMASS and comfort scores. Finite element models were established to depict the spatial distribution of electric field gradients at the lower and upper thresholds.

Results: The mean sensory and tolerability thresholds of TENS were 3.91–4.37 mA and 12.33–16.35 mA, respectively. The median sensory and tolerability thresholds of EA were 0.2 mA and 2.0–3.2 mA, respectively. We found a significant correlation between total C-MMASS scores and the current intensities at the tolerability threshold of TENS. The finite element model showed that the activated depths of TENS and EA at the lower threshold were 3.8 and 7 mm, respectively, whereas those at the upper threshold were both 13.8 mm. The cross-sectional diameter of the activated area during TENS was 2.5–4 times larger than that during EA.

Conclusion: This pilot study provided a method for exploring the current intensity at which the de-qi sensations can be elicited by TENS or EA. The finite element analysis potentially revealed the spatial scope of the electrical stimulation at a specific current intensity.

Keywords: electroacupuncture, Bell’s palsy, Facial Nerve, finite element model analysis, transcutaneous electrical nerve stimulation


INTRODUCTION

According to the theory of Traditional Chinese Medicine (TCM), the clinical efficacy of acupuncture can only be achieved if the manipulation elicits de-qi, a sensation experienced by both the subject and acupuncturist (Kong et al., 2007; Yang et al., 2013; Zhu et al., 2013). However, the feelings of the acupuncturist are more prone to subjective bias. The current investigations on de-qi sensations are focusing more on the subject’s sensations (Yu et al., 2012). The de-qi sensation experienced by the subject encompasses a series of specific sensations such as heaviness, numbness, soreness, fullness, coolness, warmness, etc. (Kong et al., 2007; Yang et al., 2013). The term “de-qi” is vital in the clinical practice of acupuncture. Numerous studies have explored the characterization, quantification, clinical efficacy, and underlying mechanism of de-qi (Leung et al., 2006; Kou et al., 2007; Zhou et al., 2011; Yu et al., 2012; Park et al., 2013; Wang et al., 2013; Yang et al., 2013; Zhang et al., 2013).

In clinics, patients with Bell’s palsy are, in most cases, managed using acupuncture and electroacupuncture (EA) in China (Chen et al., 2010; Teixeira et al., 2011; Uchino, 2013; Xu et al., 2013; Li et al., 2015; Zhang et al., 2019). In a high-quality randomized controlled trial, strengthened acupuncture stimulation could elicit de-qi sensations and demonstrated a better therapeutic effect than sham acupuncture; the inserting needles remained in place (Xu et al., 2013). However, it is difficult to quantify the intensity of manual acupuncture stimulation since the needles are manipulated through lifting, thrusting, and twirling to achieve the de-qi sensation, which potentially differs among acupuncturists. In contrast, acupuncture combined with electrical stimulation (EA) can achieve continuous, stable, and quantitative stimulation without manual manipulation (Yeh et al., 2020; Zhang et al., 2020). In clinical practice, the paired needles connected to the electrical stimulating system in pairs do not need extra manual manipulation in maintaining the sensation after the de-qi sensation has been elicited. In recent years, several high-quality clinical studies had demonstrated the efficacy of EA in functional constipation (Liu et al., 2016), stress urinary incontinence (Liu et al., 2017), and chronic stable angina (Zhao et al., 2019). Also, EA-treated Bell’s palsy patients were characterized by a better prognosis than manual acupuncture-treated patients (Wang et al., 2020). However, the intensity of EA in these clinical studies remained semiquantitative because the current intensity was regulated based on skin shivering or the participant’s comfort response (Liu et al., 2016, 2017; Fei et al., 2019; Zhao et al., 2019). The current intensity was associated with the physiological and therapeutic effects of EA (Ju et al., 2015; Lv et al., 2019; Yu et al., 2019). Therefore, quantification of the current intensity in clinics will guide investigators to elucidate the physiological mechanisms underlying the clinical effects of EA. Such findings will further demonstrate why a particular current intensity is effective in some case but not others, thereby advancing the efficiency of EA stimulation in the future.

In this study, we aimed to evaluate the range of current intensity at which de-qi sensations can be elicited during EA management of patients with Bell’s palsy. The lower and upper limits of sensations elicited by EA were established based on the recordings of sensory and tolerability thresholds. The paralyzed side of the face was stimulated, and the EA was applied on three pairs of acupoints, including Yangbai (GB14)–Taiyang (EX-HN5), Yingxiang (LI20)–Dicang (ST4), and Jiache (ST6)–Quanliao (SI18), which were selected by an experienced acupuncturist aided by literature reports (Xu et al., 2013; Wang et al., 2020). The current intensities at which de-qi sensations can be elicited were included between the range of sensory threshold and tolerability threshold. The sensation thresholds of transcutaneous electrical nerve stimulation (TENS) were also evaluated in this study. McDonnall et al. revealed that TENS sensory thresholds were 0.4 ± 0.1 V, and about 1.6 V exhibited unbearable stimulation (Mcdonnall et al., 2009). Frigerio et al. (2015) reported that the average current intensities were 5.19–12.2 mA from very low-level pain to intolerable pain. Elsewhere, Ilves et al. (2019) demonstrated that 1 mA induced sensible stimulation, and the tolerable stimulation was nearly 7–8 mA. In this study, both EA and TENS were placed on the same acupoints. The characteristics of these thresholds were statistically analyzed of note because the thresholds and the subjective sensations vary from person to person. We were curious to establish whether the current intensities were related to the intensity of de-qi sensations regardless of the individual differences in their perception. To address this issue, the de-qi sensations of EA and TENS were quantified via the modified Chinese version of Massachusetts General Hospital Acupuncture Sensation Scales (C-MMASS) (Yu et al., 2012). Also, comfort is another important indicator that dictates the current intensity of EA and TENS. Therefore, we surveyed the rating score of comfort.

Additionally, finite element analysis was applied to simulate the spatial distribution of electric field gradients at the current intensities tested in the study (Filipovic et al., 2011; Datta et al., 2013). The depth and cross-sectional diameter of the activated spatial extent were measured quantitatively using the simulating results. The de-qi sensations are associated with the activation of Aδ and C fiber (Wang et al., 1985; Beissner et al., 2010). Therefore, the simulation of electric field gradient can help to determine the target fibers in spatial range.



MATERIALS AND METHODS


Subjects

A total of 19 Bell’s palsy patients (13 males, 6 females, age between 14 and 69) from the outpatient department of the Shenzhen Traditional Chinese Medicine Hospital were enrolled in the study. Thirteen patients were affected on the right side of the face, whereas six patients were affected on the left side. The included subjects had no clinical history of other neuromuscular disorders and diabetes mellitus attacking peripheral nerve function. The Ethical Committee of Shenzhen Traditional Chinese Medicine Hospital approved the study (Approval Number: 2017-05). Each subject signed an informed consent. An experienced doctor (over 10 years of clinical experience) assessed the degree of Bell’s palsy patients using the Facial Nerve Grading Scale 2.0 (FNGS 2.0) (Vrabec et al., 2009). The body mass index (BMI) was also computed. The detailed demographic information of the 19 subjects is shown in Table 1.


TABLE 1. The demographic information of all the subjects.
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Equipment and Electrodes

A commercial current control electrical stimulation system (NT6021, Dundex, Shenzhen Dongdixin Technology Co. Ltd., Shenzhen, China) was used for continuous biphasic rectangular stimulation (equal width and amplitude of the positive and negative phases). The pulse width of a single positive or negative phase was 100 μs with a pulse repetition frequency of 20 Hz. The stimulation parameters were the same with the TENS and EA treatment of Bell’s palsy in the outpatient department. We gradually increased the stimulation current intensity from 0 to 20 mA (0.2-mA intervals).

A commercial hydrogel electrode (diameter, 22 mm) (CM22R, Shanghai Hanjie Medical Technology Co. Ltd., Shanghai, China) was applied as the surface electrode in TENS. A stainless steel acupuncture needle (25-mm long and 0.3-mm diameter) (Suzhou Huanqiu Acupuncture Medical Co. Ltd, Suzhou, China) was used for EA. Both the surface electrode and the acupuncture needle were connected to the same electrical stimulation system.



Experimental Procedure

A digital phone camera was used to record facial behavior, including raising eyebrows, closing eyes, grinning, pouting, and wrinkling nose (maximum of five trials each), for offline FNGS 2.0 assessment. Then subjects were laid facing up for three experimental steps. In the first step, the surface electrode was used for stimulation with a current from 0 mA to the maximum tolerable current (0.2-mA intervals). The following standards were applied:


•Sensory threshold: minimal sensation at the stimulation position.

•Tolerability threshold: unbearable sensation or reaching the maximum stimulation intensity (20 mA).



The skin of the paralyzed side of the face was cleaned using alcohol cotton stickers before applying the surface electrodes. Six acupoints of the paralyzed side were attached with the surface electrodes, including Yangbai (GB14), Taiyang (EX-HN5), Yingxiang (LI20), Dicang (ST4), Jiache (ST6), and Quanliao (SI18). The acupoint Yangbai was paired with Taiyang (Pair 1), Yingxiang with Dicang (Pair 2), and Jiache with Quanliao (Pair 3) during the stimulation. Taiyang, Yingxiang, and Quanliao were connected with positive electrodes, and Yangbai, Dicang, and Jiache were connected with negative electrodes. The illustration of these acupoints is shown in Figure 1. The red acupoints were connected with positive electrodes, and the black acupoints were connected with negative electrodes. Each pair of electrodes was circled with the same color. The sensory and tolerability thresholds of each electrode pair were separately assessed. The subjects were then treated with TENS at the current intensity of tolerability threshold for 10 min. The C-MMASS was used to evaluate the sensations (Yu et al., 2012). The C-MMASS included 12 descriptors: soreness, aching, deep pressure, heaviness, fullness/distension, tingling, numbness, dull pain, warmth, cold, throbbing, and patient perceptions (Yu et al., 2012). The descriptors were scaled from none (point 0) to unbearable (point 10). Besides, a visual analog scale was applied to assess the overall comfort (1, 9, and 5 denoted very uncomfortable, very comfortable, and neither uncomfortable nor comfortable, respectively).
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FIGURE 1. Illustration of the stimulated acupoints. The acupoints colored in red were connected with positive electrodes, and the acupoints colored in black were connected with negative electrodes. Each pair of electrodes was circled with a same color.


In the second step, the surface electrodes were removed from the skin surface, and the subject rested for 30 min without any treatment. In the third step, the subject was stimulated with EA. The acupuncture needles were inserted (5-mm deep) at the same acupoints of surface electrodes. The stainless acupuncture needles were connected to the electrical stimulation system via electric wires. The pairs of acupoints in EA stimulation were the same with the TENS stimulation. We then assessed the sensory and tolerability thresholds of each pair separately. After that, the subject was treated with EA at the tolerability threshold for 10 min. C-MMASS and comfort rating scales were applied to evaluate the sensations and comfort.



Data Analysis

The sensory and tolerability thresholds among different electrode pairs were compared. Shapiro–Wilk test was used for normality analysis of the thresholds. Depending on the distribution whether normal or not, the analysis of variance (ANOVA) and the Kruskal–Wallis H-tests were used, respectively, to compare the significant differences of thresholds among different pairs. Bonferroni method was used to correct the comparisons of each two pairs. The paired t-test (normal distribution) or Wilcoxon signed-sum test (skewed distribution) were used to analyze the difference between sensory and tolerability thresholds of one pair. A value of p < 0.05 was considered statistically significant.

In the analysis of C-MMASS scores, the sum scores of all subjects in each descriptor were plotted in the form of a stack bar. The length of one color in each bar represented the score of one subject’s sensation. In this study, the distribution of C-MMASS scores and comfort scores were skewed. Therefore, the correlation between these scores and current intensities at tolerability threshold was analyzed by Spearman correlation.



Transcutaneous Electrical Nerve Stimulation and Eletroacupuncture Modeling

Here, a three-dimensional finite element model with different electrodes and facial tissues was established via the COMSOL software (COMSOL Multiphysics 4.3a, COMSOL, Stockholm, Sweden) to evaluate the activation spatial scope of TENS and EA at a certain current intensity. The facial tissue model (2 cm × 7 cm) had five horizontal layers: the stratum corneum, epidermis, dermis, fat, and muscle, as illustrated in Figure 2. The hydrogel electrode used in TENS measured 2.2 cm in diameter and 3 mm in thickness. The stainless steel needle used in EA measured 0.3 mm in diameter and a penetration depth of 5 mm. The thickness of each layer and the electrical parameters of the related materials are shown in Table 2. The thicknesses of the facial layers were defined based on a cadaver study (Ha et al., 2005), whereas the electrical conductivity parameters were set based on the previous measurement of the tissue layers and materials (Gabriel et al., 1996; Sha et al., 2008; Doheny et al., 2010). Both the anode and cathode electrodes were placed on the stratum corneum surface with a separation distance of 5 cm, close to the actual distance in a pair of electrodes. The model was simplified to a stationary electrical field; the ground served as the anode electrode, and the stimulation current source served as the cathode electrode. The electrical stimulation waveform was biphasic rectangular with a single positive or negative phase lasting 100 μs (the ground and source electrodes were alternated every 100 μs).
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FIGURE 2. Finite element model of hydrogel electrode (A) and stainless steel needle (B) on the facial tissues.



TABLE 2. The electrical conductivity and thickness of each layer in the finite element model.

[image: Table 2]In the simulation of nerve fiber excitation, an activating mathematical function was often used to approximate extracellular electrical field influence on a specific segment of the nerve fiber (Rattay, 1999). The activating function in the nth compartment of the axon model is expressed as:
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where f_n is the change in transmembrane potential resulting from an applied stimulus, which is referred to as the activating function, c is the membrane capacity, V_n–1, V_n, and V_n+1 are the extracellular voltage outside the adjacent compartment n - 1, n, and n + 1 relative to the ground, R_n–1, R_n, and R_n+1 denote the resistance of compartments n - 1, n, and n + 1, respectively. In the simplifications for long fibers of an ideal internode membrane, in which the node-to-node distance and the node length are approaching 0, the activating function is expressed as:
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where d is the fiber diameter, ρ is the axomplasmatic resistivity, c is the membrane capacity, and x is the spatial differential along the fiber. It can be observed from this equation that the activating function is proportional to the second-order spatial difference of the extracellular potential along the fibers. Therefore, the distribution of second-order electrical field gradient simulated by finite element model was used to represent the probability of nerve activation in this study.



RESULTS


Sensory and Tolerability Thresholds of Transcutaneous Electrical Nerve Stimulation

In the first step, the paralyzed side of the face was stimulated by TENS. The distributions of sensory and tolerability thresholds were normal (p > 0.05) except for tolerability thresholds of Pair 2 and Pair 3 (Figure 3) because some were attained at the maximum current intensity. Nine of 19 subjects attained tolerability thresholds at the maximum current intensity in Pair 2, and eight of 19 subjects in Pair 3. However, one subject attained tolerability thresholds at the maximum current intensity in Pair 1. Yet, the tolerability thresholds should be greater than the maximum current intensity in such cases. Statistically, the sensory and tolerability thresholds of Pair 1 were 3.91 ± 0.99 and 12.33 ± 3.19 mA, respectively, the sensory and tolerability thresholds of Pair 2 were 4.99 ± 1.36 and 16.35 ± 4.71 mA, respectively, the sensory and tolerability thresholds of Pair 3 were 4.37 ± 1.22 and 16.12 ± 4.09 mA, respectively. The tolerability thresholds were significantly greater than the sensory thresholds in each pair. Besides, the sensory and tolerability thresholds were significantly different between the pairs (Table 3). The mean sensory thresholds of Pair 2 were greater significantly than Pair 1 (p = 0.008). Pair 2 and Pair 3 had significantly greater mean tolerability threshold values than Pair 1 (p = 0.003 and p = 0.006, respectively). The results are shown in Figure 4A.
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FIGURE 3. The histogram of sensory and tolerability thresholds of the surface electrode pairs. The P-value of the normality test is shown in each figure. P greater than 0.05 was considered as the normal distribution. (A) Sensory threshold of Pair 1. (B) Tolerability threshold of Pair 1. (C) Sensory threshold of Pair 2. (D) Tolerability threshold of Pair 2. (E) Sensory threshold of Pair 3. (F) Tolerability threshold of Pair 3.



TABLE 3. The statistical sensory and tolerability threshold results of the transcutaneous electrical nerve stimulation (TENS’s) electrode pairs.
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FIGURE 4. The sensory and tolerability threshold comparisons between the pairs. (A) Transcutaneous electrical nerve stimulation (TENS) thresholds, error bars denote the mean and standard deviation of the data, ∗∗(p < 0.01). (B) Electroacupuncture (EA) thresholds, its lower and upper boundary lines are the 25%/75% quantile of the data, outliers are also marked on the plot.




Sensory and Tolerability Thresholds of Electroacupuncture

The subjects rested for 30 min after the TENS stimulation to minimize the influence of sensations elicited in the first step. After that, the paralyzed side of the face was stimulated by EA. In a few cases, the distributions of sensory and tolerability thresholds of EA were skewed (p < 0.05) with substantial differences (Figure 5). The median value of the sensory thresholds was 0.2 mA in each pair of acupoints, and no significant differences were reported among the sensory thresholds of all pairs tested via Kruskal–Wallis H methods. The median values of the tolerability thresholds of Pair 1, Pair 2, and Pair 3 were 3.2, 2, and 2.4 mA, respectively. No significant differences existed among the tolerability thresholds of all pairs tested via the Kruskal–Wallis H methods. Table 4 shows the detailed statistical information of sensory and tolerability thresholds of EA. The tolerability thresholds were significantly greater than the sensory thresholds in each pair. The median, 25% quantile (Q1), 75% quantile (Q3), and outliers of the thresholds are shown in Figure 4B.
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FIGURE 5. The histogram of sensory and tolerability thresholds of acupuncture electrode pairs. The P-value of the normality test is shown in each figure. P greater than 0.05 was considered as the normal distribution. (A) Sensory threshold of Pair 1. (B) Tolerability threshold of Pair 1. (C) Sensory threshold of Pair 2. (D) Tolerability threshold of Pair 2. (E) Sensory threshold of Pair 3. (F) Tolerability threshold of Pair 3.



TABLE 4. The statistical sensory and tolerability threshold results of the electroacupuncture (EA’s) electrode pairs.
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The Correlation Between Current Intensity and Sensations

Since the sensations perceived by the subjects varied from person to person, we applied a stack bar graph to depict the overall distribution of sensations measured by C-MMASS scores. In Figures 6A,B, each color of a bar represented a score of one subject. Figure 6A demonstrates the TENS-induced sensations including deep pressure, fullness, tingling, numbness, and throbbing; notably, throbbing was the most reported sensation during TENS stimulation. Figure 6B demonstrates the EA-induced sensations including aching, fullness, tingling, numbness, and throbbing; notably, throbbing was the most reported sensation during EA stimulation. In the comparison of C-MMASS scores of TENS and EA, aching, fullness, tingling, and numbness were more likely to be elicited by EA than TENS, and TENS-induced throbbing was higher than EA-induced throbbing (Figure 6C). The total scores were the sum of the scores of all descriptors, which quantified the total sensation of de-qi. Figure 6C shows that the total scores of TENS and EA were nearly similar.
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FIGURE 6. The sums of the modified Chinese version of Massachusetts General Hospital Acupuncture Sensation Scales (C-MMASS) scores of all the subjects. Each bar represented the sum scores at a descriptor of all subjects. In (A,B), each color of a bar represented a score of one subject. (A) TENS sum scores. (B) EA sum scores. (C) Comparison of sum scores between TENS and EA.


All the scores were surveyed after the treatment at a tolerability threshold of 10 min. The relationship between tolerability thresholds and sensation scores was further evaluated. The total score of one subject was applied for correlation as it represented the overall de-qi sensation of the subject. The thresholds and total scores were correlated significantly in Pair 1 and Pair 3 (p < 0.05) during TENS stimulation (correlation coefficient, 0.46) (Figure 7A). However, thresholds and total scores were not correlated during EA stimulation (Figure 7B). In the analysis of correlationship between threshold and comfort score, the thresholds were significantly correlated with comfort scores in Pair 1 and Pair 2 (p < 0.05) during TENS stimulation (Figure 7C). However, the thresholds were not correlated with comfort scores during EA stimulation (Figure 7D). This suggested the association between both de-qi sensation and comfort with the current intensities in TENS stimulation.
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FIGURE 7. The scatter plot of scores vs. tolerability threshold. (A) The scatter plot of C-MMASS sum scores vs. TENS current intensities. (B) The scatter plot of C-MMASS sum scores vs. EA current intensities. (C) The scatter plot of comfort scores vs. TENS current intensities. (D) The scatter plot of comfort scores vs. EA current intensities. *P < 0.05.




Finite Element Analysis

The vertical and lateral distribution of electric field gradient was simulated and plotted to establish the possible activated areas of TENS and EA at specific current intensities, as depicted in Figures 8, 9. The color indicated the possibility of nerve activation, the bright color indicated a positive electric field gradient value, the dull color showed a negative electric field gradient. Bright regions showed membrane potential depolarization, and dull regions indicated membrane potential hyperpolarization. Electric field gradient distributions under the sensory and tolerability thresholds were plotted. The sensory threshold represented the minimum activated area, while the tolerability threshold showed the maximum activated area. In this study, we used 4 and 15 mA to represent the sensory and tolerability threshold of TENS, respectively. Besides, 0.2 and 2.5 mA denoted the sensory and tolerability threshold of EA, respectively.
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FIGURE 8. Electric field gradient distribution in TENS at different current intensity. (A) The longitudinal section of electric field gradient at 4 mA; (B) at 15 mA. (C) The cross-section (3 mm depth) of electric field gradient at 4 mA; (D) at 15 mA. Color bar indicates the magnitude of second order electrical field gradient (V/m2).



[image: image]

FIGURE 9. Electric field gradient distribution in EA at different current intensity. (A) The longitudinal section of electric field gradient at 0.2 mA; (B) at 2.5 mA. (C) The cross-section (3 mm depth) of electric field gradient at 0.2 mA; (D) at 2.5 mA. Color bar indicates the magnitude of second order electrical field gradient (V/m2).


The depth and diameter of the activated area were measured on the electric field gradient distribution map to quantitatively establish the activated area in TENS and EA. To define the activated area boundary, we applied a relatively small electric field gradient threshold with 100 V/m2 (Table 5). The activated depths of TENS and EA were similar at the upper threshold (tolerability threshold), whereas the activated depths were deeper in EA than TENS at the lower threshold (sensory threshold). The activated cross-section was larger in TENS than in EA. For instance, the activated cross-sectional diameter at 3-mm depth was over 43.3 mm in TENS and less than 20.3 mm in EA.


TABLE 5. The depth and a cross-sectional diameter of electric field gradient at different sensorial thresholds.
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DISCUSSION

In clinics, the current intensities during EA or TENS stimulation were gradually regulated to the level when skin shivering can be observed by the acupuncturist or at the patient’s maximal tolerable threshold, and the patient should not feel any discomfort (Zhou et al., 2011; Liu et al., 2017). In this study, the tolerability threshold was tested by gradually increasing the current intensity from 0 to 20 mA. Both TENS and EA were evaluated as comfortable since all the comfort rating scores were larger than 4. As such, we gave an exact current intensity during the treatment of Bell’s palsy patients by TENS and EA, which corresponded to the real clinical setting. In addition, the sensory threshold at which minimal sensations were perceived during stimulation was tested. By testing the sensory threshold, we established where the lower limit of the stimulation might be. The characteristics of these thresholds are listed as follows:

First, the thresholds varied significantly among different pairs of acupoints in TENS stimulation, but demonstrated no significant difference among different pairs of acupoints during EA stimulation. During TENS, the sensory and tolerability thresholds were significantly lower in Pair 1 compared with Pair 2 and Pair 3. Notably, electrodes of Pair 1 were located on the frontalis and partes temporalis, while electrodes of Pair 2 and Pair 3 were located on the orbicularis oris and masseter, respectively. The study of Ilves et al. (2019) found that the current intensity at which a forehead movement can be induced was significantly lower than the current intensity inducing the movement of the cheek and mouth, which concur with our findings. Such difference may be attributed to the thickness of the skin and subcutaneous tissues of different facial regions. Kim et al. (2019) measured the regional thickness of facial superficial adipose tissue. They demonstrated that the thickness tended to increase in the following order: forehead, temple, cheek, infraorbital, and perioral regions. Thicker facial adipose was related to a larger electrical conductivity of this tissue. However, this phenomenon cannot be explained by the thickness of the adipose layer fully. As the current controlled stimuli were applied, the compliance voltage can be increased to keep the current unaltered. More studies should be conducted on the distribution of synapses of sensory neurons of the face in the future to help in interpreting the sensory differences between the forehead and other parts of the face.

Second, the distribution forms of thresholds of different types of electrical stimulation were different. The thresholds of TENS were normally distributed, whereas the thresholds of EA were skewed distributed. The sensations elicited by TENS and EA were due to the activation of sensory nerve fibers in muscle (Wang et al., 1985; Beissner et al., 2010). The current spreading area of TENS was much larger than that of EA owing to the different shapes of the electrodes (Stux and Pomeranz, 1998). At the required activating thresholds, more sensory fibers may be activated by TENS. A larger sample size denoted a high probability of the normal distribution of the samples. Therefore, it can be inferred that the numbers of fibers activated by TENS were larger than those activated by EA.

Third, the sensory and tolerability thresholds of EA were substantially smaller than those of TENS. This may be attributed to: (i) The current density of TENS was smaller than EA. The pads used in TENS had a diameter of 22 mm, whereas the needles used in EA had a diameter of 0.3 mm. The current with pad spread to a larger area than the current with needles. The spread area of the electric field can be quantified by the results of our finite element analysis. At the sensory threshold of TENS and EA, the diameter of the electric field of TENS was almost four times the diameter of EA, whereas the depth of the electric field of TENS was almost 0.5 times the diameter of EA. Therefore, the area of the electric field of TENS was about eight times that of EA, and the sensory threshold of TENS was 20 times that of EA. At the tolerability threshold of TENS and EA, the diameter of the electric field of TENS was nearly 2.5 times the diameter of EA, whereas the depth of the electric field of TENS was similar to that of EA. Therefore, the area of electric field of TENS was about six times that of EA. The tolerability threshold of TENS was approximately six times that of EA. (ii) As the needle penetrates the skin, a deeper nerve stimulation was induced (Stux and Pomeranz, 1998). Therefore, the fibers stimulated by EA were different from the fibers stimulated by TENS. This may explain why the sensory threshold of TENS was much larger than that of EA, considering the size of their electric field. In contrast, the penetration depths of TENS and EA were similar at the current intensity of tolerability threshold; also, the tolerability threshold of TENS was similar to that of EA, considering the size of their electric field.

Although we quantitatively tested the current intensity according to the response of patients, the results should be varied if the pulse width and pulse repetition frequency were altered. The pulse width was 200 μs, and the pulse repetition frequency was 20 Hz in this study. In previous studies, Ilves et al. used a positive and negative phase duration of 400 μs and pulse repetition frequency of 250 Hz (Ilves et al., 2019), while Frigerio et al. (2015) used an average pulse width of 700 μs, and pulse repetition frequencies of 100–150 Hz. Of note, the total electrical charge delivered in the previous studies was nearly 25 times the charge delivered in our study under similar current intensity, stimulating time, and the size of the electrodes. Considering reports from the above two studies, the size of surface electrodes was similar to electrodes of TENS used in our study. At the current intensity of 2–4 mA, the range of sensory thresholds in the present study, Ilves et al. observed the facial movements at the forehead, cheek, and mouth regions (Ilves et al., 2019), while Frigerio et al. reported eye blink in acute facial palsy at about 4.6 mA in 55% of the participants (Frigerio et al., 2015). Herein, we found no facial movements during TENS at the tolerability threshold, while Ilves et al. found that the tolerability threshold was 7–8 mA (Ilves et al., 2019). Also, the mean tolerability threshold was about 12–16 mA in our study, which was 1.5–3 times greater than that in the study by Ilves et al. Notably, the results may be influenced by the types of the electrodes. Elsewhere, Zhou reported that (Zhou et al., 2015) the pain threshold of hydrogel electrodes and textile electrodes was different. Therefore, the sensory and tolerability threshold may also vary with different types or sizes of the electrodes.

For many years, the attempt to measure de-qi sensation quantitatively has developed a series of de-qi questionnaires (Kong et al., 2007; Kou et al., 2007; Yu et al., 2012). Some studies had also explored the de-qi sensations during EA or TENS stimulation (Zhou et al., 2011; Wang et al., 2013). However, reports on the relationship between de-qi sensations and the current intensities were rare. In this study, through correlation analysis, we explored whether the sensations were correlated with the stimulating current intensities among different subjects. From the results, the lower current intensities were related to lower total scores of de-qi sensations and higher scores of comforts during TENS treatment. However, this aspect was not significant during EA treatment. In the present study, the current intensities used for correlation analysis was the tolerability threshold. Therefore, two implications may be drawn from the results: First, the tolerable sensory was dependent on the current intensity linearly in TENS stimulation. As such, the de-qi sensations may be controlled quantitatively through regulation of the current intensity of TENS in the future. Second, the dose–effect relationship between the current intensity and de-qi sensations was not significant in EA. Compared with the result of TENS, it was suggested that the characteristic of stimulation by EA was specific and non-linear. The mechanism underlying this may be revealed by identifying which fibers or receptors were activated around the needle.

Finite element analysis refers to the assessment of a problem in engineering or mathematical modeling by establishing via a finite element model. The finite element model is established by dividing the problem domain into a collection of subdomains. Each subdomain is represented by a set of element equations to the original problem. Since it was first developed by Hrennikoff (1941) and Courant (1943), finite element analysis has received wide application in complicated engineering domains, including crash simulation, weather prediction, the simulation of electric fields in the human body, and so on (Blumhardt, 2001; Dutta et al., 2002; Filipovic et al., 2011; Datta et al., 2013). Currently, the finite element model can be established using commercial software such as COMSOL. When the complex problem is divided into small elements, the generated simulation results can accurately predict the distribution of the electric field, which is plotted in a fine map. Therefore, the current spread during the stimulation by TENS or EA can be easily simulated through finite element analysis. The spatial scope of TENS and EA stimulation at different current intensities can be viewed directly according to the simulation. Another potential application of the simulation includes calculation of the current density of electrical stimulation and establish the possible target fibers or receptors during the stimulation.

The quantitative investigation of stimulation current intensity was meaningful to understand the essential of de-qi sensations elicited by EA or TENS. The de-qi sensations, which are experienced as numbness, heaviness, soreness, and fullness are demonstrated to be associated with the activation of Aδ and C fiber (Wang et al., 1985; Beissner et al., 2010). The activation of sensory receptors of small afferent nerve fibers elicits de-qi sensations (Stux and Pomeranz, 1998). The peripheral nerve fibers are classified by size and conduction velocity (Kandel and Schwartz, 2013). The larger the nerve fiber diameter, the more rapid its conduction velocity speed. These different types of fibers are also connected with different sensory receptors (Kandel and Schwartz, 2013). For example, proprioceptors are innervated by large fibers such as Aα fibers, mechanoreceptors by moderate fibers such as Aβ and Aδ fibers, and nociceptors and thermoreceptors by Aδ and C fibers. According to the size principle, the electrical excitability of a nerve fiber is related to its size (Henneman, 1957). The action potential of a thicker nerve is lower than that of a thinner nerve. Therefore, during the stimulation by TENS or EA, the sensory receptors of thick fibers are inevitably activated before the de-qi sensations are experienced. It can be observed from our surveys on de-qi sensations that throbbing was the most frequently reported sensation during electrical stimulation (Figure 6). The sense of throbbing, which may indicate muscle spasm, was associated with the activation of thick motor fibers. As a contrast, the de-qi sensations elicited by manual acupuncture are mainly associated with the activation of small fibers (Aδ and C fibers) and their sensory receptors (Beissner et al., 2010). However, the sensations elicited by electrical stimulation can be altered by changing the type of electrode and stimulating parameters. The current density is influenced by the size of the electrode (Stux and Pomeranz, 1998). In this study, the current with a surface electrode spread a wider area than the current with a needle electrode. Therefore, the current intensity of de-qi sensations elicited by TENS was much larger than the current intensity of de-qi elicited by EA. Also, the magnitude of throbbing sense elicited by EA was relatively less than that elicited by TENS. We speculated that the reduction of throbbing sense that may be due to small fibers were more likely to be activated at the high-density electric filed. Therefore, although the clinical effectiveness of these two types of electrical stimulation was not compared, the de-qi sensations elicited by EA were closer to the manual acupuncture than the sensations elicited by TENS. Another critical parameter affecting de-qi sensations is the pulse frequency (Stux and Pomeranz, 1998). It has been demonstrated that stimulation with a low frequency (2–4 Hz) can release endorphins and cortisol (Groppetti et al., 2011; Brandon et al., 2014), which is critical to the effectivity of acupuncture anesthesia and anti-inflammatory (Stux and Pomeranz, 1998). High frequency (50–200 Hz) stimulation will make muscle spasm and has no time to relax between contractions, thus, preventing the achievement of de-qi sensations (Stux and Pomeranz, 1998). If the low-frequency stimulation is used, a strong stimulating intensity is needed to make sure the charge delivered to the fiber membrane is enough to activate the action potential (Stux and Pomeranz, 1998). However, the muscle contraction often becomes so vigorous if strong intensity is applied on the patients that they may not bear it, especially in the extremely sensitive regions of the body such as the face (Stux and Pomeranz, 1998). Therefore, a moderate stimulating frequency of 20 Hz was applied on the face in this study to balance the need of low frequency and low intensity. The studies on other parts of the body may use low frequency and high intensity to achieve more rigorous de-qi sensations in the future.

The achievement of de-qi is a prerequisite for the clinical effect of acupuncture according to the theory of traditional Chinese medicine (Yang et al., 2013). The studies on the mechanism of acupuncture analgesia had revealed how the activation of small afferent fibers (Aδ and C fiber) inhibits pain sensation (Stux and Pomeranz, 1998). The effect and mechanism of acupuncture on nerve regeneration is still unclear. Lu et al. indicated that a low-frequency (2 Hz) electrical stimulation was better than a high-frequency (10 Hz) electrical stimulation for nerve regeneration in the sciatic nerve of mice (Lu et al., 2008). Besides, the low current intensity (1 mA) was better than the high current intensity (4 mA) for nerve regeneration (Lu et al., 2008). According to these studies, mild stimulation by EA and TENS may be better than strong stimulation with de-qi sensations in the treatment of Bell’s palsy. More studies should be conducted on the effective dose of electrical stimulation on Bell’s palsy patients and the physiological characteristics under this stimulation dose. In our previous study, we had found that the recovery of Bell’s palsy was related to the symmetry of facial blood perfusion (Cui et al., 2016), and the acupuncture treatment with de-qi sensations had been demonstrated to be capable of regulating the blood flow (Pagani et al., 2006; Kim et al., 2016). Therefore, the studies on the effect of blood flow regulation of EA and TENS may be important in the investigation of their impact on nerve regeneration.

In summary, our study provided a new method to quantitatively explore the intensity and spatial scope of TENS and EA stimulation. This method will be helpful in the study of the mechanism on why a certain kind of electrical stimulation or a certain current intensity was effective in the clinic. Based on the sensation testing and finite element analysis methods, combined with the findings of anatomical tissue distribution around the acupoints, the activated neurons or target cells can be found out, and the key neurons or target cells that play an important role in the treatment can be revealed.

Being a pilot study, some limitations should be resolved in subsequent studies. First, we did not enroll healthy subjects, and the sensations may be altered on the paralyzed side of the face in Bell’s palsy patients, the sensory and tolerability thresholds measured may not represent the thresholds of healthy subjects. However, both TENS and EA are mainly applied on patients in clinics, which make our results meaningful in clinical practice. Second, the sample size was not inconclusive. We first reported the distribution of sensory and tolerability thresholds of Bell’s palsy patients stimulated by TENS and EA. The standard deviation of the measured thresholds may provide a basis for sample size calculation in the next study. Third, this was not a clinical study, and no conclusions have been made on the therapeutic effect of TENS and EA. Rigorous designed clinical trials are warranted to explore whether the current intensity at which de-qi sensations were elicited will be more effective than other stimulating intensities.



CONCLUSION

This pilot study provided a new method for exploring the current intensity at which the de-qi sensations can be elicited by TENS or EA. The spatial distributions of electric field gradient at these current intensities were simulated via finite element analysis. The finite element analysis can, therefore, be applied as a simplified visualization tool to show the spatial scope of TENS and EA stimulation, such as stimulating depth and cross-sectional diameter. By modeling of tissues around acupoints comprising anatomical details of afferent nerve fibers, the finite element analysis will be helpful in investigating the stimulating dose at which de-qi sensations can be elicited by TENS and EA and its underlying mechanism. Additionally, the finding of the correlation between current intensity and de-qi intensity in TENS stimulation present a potential application of TENS on controlling de-qi sensations quantitatively. Nevertheless, the application of the method presented here should be conducted on more acupoints and a larger sample of subjects in the future.
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Recent studies have shown that both superficial and deep acupuncture produced clinically relevant and persistent effect on chronic pain, and several subtypes of somatic primary afferents played critical roles in acupuncture and moxibustion analgesia. However, which kind of primary afferents in the superficial and deep tissue of the acupoint is activated by acupuncture or moxibustion to relieve pain persistently remains unclear. The aim of this study is to investigate the roles of distinct peripheral afferents in different layers of the tissue (muscle or skin) in the acupoint for pain relief. Muscular A-fibers activated by deep electroacupuncture (dEA) with lower intensity (approximately 1 mA) persistently alleviated inflammatory muscle pain. Meanwhile, cutaneous C-nociceptors excited by noxious moxibustion-like stimulation (MS) and topical application of capsaicin (CAP) on local acupoint area produced durable analgesic effect. Additionally, spontaneous activity of C-fibers caused by muscular inflammation was also inhibited by dEA and CAP. Furthermore, decreases in pain behavior induced by dEA disappeared after deep A-fibers were demyelinated by cobra venom, whereas CAP failed to relieve pain following cutaneous denervation. Collectively, these results indicate that dEA and MS ameliorate inflammatory muscle pain through distinct primary afferents in different layers of somatic tissue; the former is achieved by activating muscular A-fibers, while the latter is mediated by activating cutaneous C-fibers.

Keywords: electroacupuncture, moxibustion, A-fibers, C-fibers, inflammatory muscle pain


INTRODUCTION

Acupuncture is widely used to modulate chronic pain (Andersson and Lundeberg, 1995; Zhao, 2008). However, numerous high-quality randomized clinical trials (RCTs) of acupuncture analgesia obtained contradictory results. Recently, Vickers et al. (2018) analyzed the original data from 39 RCTs by an individual patient data meta-analysis and found that acupuncture was superior to no acupuncture for chronic pain with standard deviations (SDs) close to 0.5, while the SDs were close to 0.2 compared with the sham (including shallow needle penetration). The results suggested that effect sizes of acupuncture were associated with the type of control, which indicated that sham needle with superficial insertion in the skin was effective for pain and decreased the effect size of real acupuncture. Moreover, another RCT (Zucker et al., 2017) manifested that participants who had higher pain pressure thresholds had greater reduction in clinical pain following real acupuncture, while participants with lower pain pressure thresholds showed better analgesic response to sham acupuncture. Taken together, the evidence suggests that the analgesic effect is closely related to the depth and intensity of acupuncture.

Accumulated studies showed that acupuncture produced a promising analgesic effect via activating different primary fibers. Manual acupuncture (MA) can activate group I, II, III, and IV single afferent fibers in normal rats to relieve evoked pain (Kagitani et al., 2005, 2010; Huo et al., 2020). Moreover, emerging studies uncovered the interaction between A-fibers and C-fibers in the modulation of pathological pain. Stimulating deep nerve with A-fiber strength inhibited nociceptive C-neuron discharges to relieve acute neuropathic pain (Chen et al., 2019; Zhu et al., 2020). Also, continuous A-fiber threshold electric stimuli substantially decreased both antidromic C-fiber spontaneous activity and neurogenic inflammation in chronic neuropathic pain (Zhu et al., 2012). Furthermore, topical irritants such as capsaicin (CAP), mustard oil, and peppermint oil could attenuate inflammatory muscle pain by activating cutaneous C-fiber afferents (Fang et al., 2020). These studies shed light on different layers of somatotopic afferent nerves in relieving chronic pain. However, there is no accepted mechanism by which type of primary afferent fibers is activated by acupuncture and could have persisting effects on chronic pain, such as inflammatory muscle pain.

In this study, we attempted to demonstrate that the analgesic effect of activating non-nociceptive afferents in deep tissue by electroacupuncture (dEA) and cutaneous substance P or calcitonin gene-related peptide immune-reactive (SP-IR or CGRP-IR) fibers by moxibustion-like stimulation (MS). Distinct roles of somatosensory afferent nerves on pain relief were estimated by single-fiber recording in a muscular inflammatory pain model during dEA and MS, as determined in parallel experiments assessing spontaneous muscle pain. Following peripheral nerve blockade, the final experiments were designed to verify the specific peripheral afferents elicited by dEA or MS to relieve pain through inhibiting muscular C-fiber nociceptors.



MATERIALS AND METHODS


Animals

Adult male Sprague–Dawley rats (200 ± 20 g) were provided by the Institute of Laboratory Animal Sciences, China Academy of Medical Sciences [experimental animal license number: SCXK(JING)2017−0005]. Rats were housed in a room temperature of 23°C under 12/12-h light/dark cycle-controlled conditions with free access to food and water. All experimental procedures were permitted by the Institutional Animal Welfare and Use Committee of the Institute of Acupuncture and Moxibustion, China Academy of Chinese Medical Sciences (D2020-09-25-1).



Inflammatory Muscle Pain Model

Complete Freund’s adjuvant (CFA, #F5881, Sigma, United States; 200 μl) was injected into the right gastrocnemius under isoflurane inhalation anesthesia (0.5–1.5%) to induce inflammatory muscle pain. Control rats received an injection of equal volumes of saline.



Electroacupuncture and Moxibustion-Like Stimulation

Acupuncture and MS were performed at right side BL57 (Chengshan) acupoint, which is located at the midpoint between the depression in the middle of the popliteal fossa and the depression posterior to the lateral malleolus of tibiofibula (Kim et al., 2017). Hair around the acupoints was shaved to expose the local skin before intervention. Superficial electroacupuncture (sEA) stimulation was applied with acupuncture needle (0.18 × 13 mm, Zhongyan Taihe, China) insertion into the subcutaneous tissue of BL57 acupoint at a depth of 2 mm for 10 min. Moreover, in order to only stimulate the muscle layer of the local acupoint and to conduct dynamic behavior monitoring under a free-moving condition, surgery was carried out to embed stimulation electrodes for dEA. Double silver wires wrapped with silica gel tube as the stimulation electrodes were embedded into the gastrocnemius at about 5-mm depth, which were led to the back of the neck through the loose connective tissue (Figure 1A). Animals recovered for 1 week before intervention. The electric stimulation parameter (10 Hz, 0.2 ms, 1 mA) output from the stimulator (AM1401 systems, United States) was used to induce muscle vibration.
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FIGURE 1. Deep electroacupuncture (dEA) ameliorated complete Freund’s adjuvant (CFA)-induced inflammatory muscle pain behavior. (A) Setup for dEA at the BL57 acupoint under free-moving condition. (B) The difference score for weight-bearing significantly reduced for 7 days after CFA injection and accumulated four times dEA markedly increased the difference score. ####p < 0.0001 vs. CON, **p < 0.01, or ****p < 0.0001 vs. CFA, significant difference between groups at each time point (Holm–Sidak post-test, n = 6). (C) The difference score for weight-bearing gradually increased and lasted during 40 min dEA stimulation. *p < 0.05, **p < 0.01, or ****p < 0.0001, significant difference between groups at each of the indicated time points (Holm–Sidak post-test, n = 8).


Topical application of CAP (0.2%, 5 μl, Sigma, United States) or 50°C hot water (as noxious MS, for 10 min) on the local BL57 acupoint area was performed. For noxious MS, the bottom of a V-shaped glass tube was gently placed on the acupoint and 50°C water was injected through the V-shaped glass tube by a creep pump (LongerPump, BT300-2J, China). The 50°C water was provided from the thermostat water bath (HHS, Shanghai Medical Instrument Factory, Shanghai, China).



Weight-Bearing Measurement

Weight-bearing measurement, a natural spontaneous pain indicator (Xie et al., 1995; Vermeirsch et al., 2007; Fang et al., 2020; Hill and Bautista, 2020), was carried out to observe inflammatory muscle pain behavior induced by CFA. Generally, rats were positioned with the hindlimbs on force plates in an Incapacitance Tester (Life Science, IITC600, United States). Rats were allowed to habituate the environment for 30 min before testing. The weight-bearing capacity (g) of each hindlimb was automatically averaged over a 5-s period. The difference score (g) was defined as weight-bearing on the right (experimental) hindlimb minus that on the left (control), which was determined as the average of three repetitions.



Single-Fiber Recording

Rats were anesthetized with sodium pentobarbital [50 mg/kg, intraperitoneally (i.p.)]) and the rectal temperature was kept constantly around 37°C by a feedback-controlled heating blanket (DC, United States). Single-fiber recording was performed to detect the excitability of somatosensory afferent fibers as described previously (Hunt, 1954). Generally, the tibial nerve innervating the gastrocnemius or the cutaneous nerve over the gastrocnemius was exposed to the crus, covered by a pool of mineral oil. Firings of the single fibers recorded extracellularly by using silver wire electrodes were fed through an amplifier (AM-1800, A-M Systems, Sequim, WA, United States) with low-frequency filter at 1 Hz and high-frequency filter at 15 KHz. Signals were captured online and analyzed offline using the CED 1401-plus data acquisition system and the Spike 2 package (Cambridge Electronic Devices, Cambridge, United Kingdom). Single electrical pulses were delivered by a pair of bipolar silver stimulating electrodes distal to the recording site to measure the conduction velocity (CV). According to the CV and/or the response to the stretch of muscle, the recorded afferents were generally identified into C-fiber (CV < 1.5 m/s) or A-fiber (CV ≥ 1.5 m/s) (Duan et al., 2013).



Selective Demyelination of Deep A-Fibers by Cobra Venom


Surgery for Intra-Tibial Nerve Injection of Cobra Venom

The tibial nerve was exposed at the middle of the thigh by blunt dissection through the biceps femora under general anesthesia. Cobra venom (0.15 mg/5 μl saline, Naja naja, Sigma, St. Louis, MO, United States) was slowly (1–2 min) injected underneath the epineurium using a Hamilton syringe connected to a 31G syringe tip through a polyethylene tube (PE-10/10, Warner Instruments) (Zhu et al., 2012). The needle was left in place for an additional 5 min before withdrawal in order to prevent leakage. An indication of a successful injection of cobra venom was a brief twitch in the muscle. Saline was injected into the tibial nerve as a control. The intervention was carried out 15 min after injection.



Transmission Electron Microscopy

Firstly, a segment of the tibial nerve including the site of venom injection was isolated and placed in 4% glutaraldehyde (diluted with 0.1 M sodium cacodylate buffer) and stored at 4°C for more than 2 h. The samples were then fixed in 1% osmium tetroxide for 2 h, removed from the fixative, and rinsed three times (5 min/time) with 0.1 M phosphate-buffered saline (PBS, pH 7.4). Secondly, the samples were dehydrated in a graduated series of acetone (50, 70, 95%; SINOPHARM, China), respectively, for 15 min, and then were dried twice in 100% acetone for 10 min. Thirdly, Spon 812 resin (ZB-S0060, SPI, United States) was used to mount the samples. The samples were placed in a 2:1 ratio of dried 100% acetone and Spon 812 resin, then in a 1:2 ratio, followed by 100% acetone to resin for 2 h, respectively. Next, the samples were placed in Spon 812 resin and cured in an oven at 36°C for 12 h, at 48°C for 12 h, and at 60°C for 24 h. Finally, the samples were sectioned into 70-nm-thick slices via using a Leica ultramicrotome (Leica, EM UC6, Germany). Cross-sectional slices of tibial nerves were placed onto a copper wire grid and then stained with 2% aqueous uranyl acetate for 30 min and finally lead citrate for 30 min. The copper wire grids containing tibial nerve sections were inserted into transmission electron microscope (H-7650, Hitachi, Japan). Two or three images were collected from each examined section to photograph.



Denervation of the Skin Over the Gastrocnemius

Cutaneous denervation surgery was conducted 3 days before injection of CFA. Under isoflurane anesthesia, the cutaneous branches of the nerve over the gastrocnemius were bluntly separated and transected. After the surgery, the skin had no response to nociceptive mechanical stimuli of a pinch by tweezers, which indicated successful denervation (Xie et al., 1995). The sham group underwent the same procedure without cutting off cutaneous branches. Additionally, CAP was topically applied by surrounding the denervated skin, and SP/CGRP-IR fibers were used to characterize cutaneous C-fiber for validation of this surgery (Figures 5C–E).



Immunohistochemistry

After stimulation, anesthetized rats (day 5 after CFA injection) were immediately perfused with 250 ml of saline, followed by 250 ml of cold 4% paraformaldehyde in 0.1 M PBS (pH 7.4). Skin tissue in the BL57 area (approximately 2 × 2 × 1 mm3, 9 mg) was dissected. The collected tissues were post-fixed in 4% paraformaldehyde at 4°C for 4 h and cryoprotected in 25% sucrose in 0.1 M PBS at 4°C for 24 h. After post-fixation, the skin was embedded in artificial medium (Shandon Cryomatrix, 120 ml, Thermo Fisher Scientific, United States), frozen, and cut into 20-μm sections on a cryostat (Thermo, Microm International FSE, Germany). The sections were then thaw-mounted on SuperFrost® Plus slides (Thermo Fisher Scientific, United States) and allowed to dry. The sequentially mounted slides were prepared for immunohistochemical staining.

After an initial wash in 0.1 M PBS, the tissues were preincubated in a solution of 3% normal goat serum and 0.5% Triton X-100 (T9284, Sigma) in 0.1 M PBS for 30 min to block non-specific binding. The sections were then incubated with primary antibodies for 24 h at 4°C. The primary antibodies were rabbit polyclonal anti-SP antibody (1:1,000, Abcam) and mouse monoclonal anti-CGRP antibody (1:1,000, Abcam). After washing in 0.1 M PBS for 20 min, goat anti-rabbit Alexa Fluor 488 or goat anti-mouse Alexa Fluor 594 secondary antibody (1:1,000, Molecular Probes, Eugene, Oregon, United States) was used to visualize the corresponding primary antibodies. Following a final wash in 0.1 M PBS, slides were coverslipped with PBS–glycerol. The sections were examined using a laser scanning confocal microscope (FV1200, Olympus) equipped with a digital camera (DP70, Olympus). Fifteen randomized sections from each group were counted for the sum length of SP-IR and CGRP-IR fibers using microimaging software (cellSens Standard 1.11, Olympus). All immunohistochemistry procedures for each staining combination were performed at the same time to ensure staining consistency.



Data Analysis

All data were processed with the statistical analysis software package GraphPad Prism 5.0 and expressed as the mean ± SEM. Differences between two groups were analyzed using Student’s t-test, and differences among multiple groups were analyzed using one-way analysis of variance (ANOVA) followed by Holm–Sidak post-test. Two-way ANOVA with Holm–Sidak post-test was applied to compare repeated measurements at different time points among groups. A statistically significant difference was defined as a two-sided p < 0.05.



RESULTS


Deep Electroacupuncture With A-fiber Strength Ameliorated Complete Freund’s Adjuvant-Induced Muscular Inflammatory Pain Behavior

The effect of dEA with A-fiber strength (1 mA) on muscle pain was continuously observed at days 1, 3, 5, and 7 after CFA injection, and dEA was delivered at the same time points. The difference score of weight-bearing after CFA injection gradually decreased and lasted for 7 days (p < 0.0001; Figure 1B), indicating the aggravation of muscle pain over time. dEA obviously increased the difference score from the second stimulation at day 3 after CFA (p < 0.01; Figure 1B). The dEA was applied every other day, and the analgesia effect was sustained until days 5 and 7 (****p < 0.0001; Figure 1B) as well. The result indicated that dEA not only ameliorated CFA-induced muscular inflammatory pain but also prohibited the development of inflammatory pain. Furthermore, a more detailed measurement of pain behavioral changes was conducted at day 5 to dynamically observe the immediate analgesic effect of dEA. As shown in Figure 1C, dEA for 40 consecutive min could increasingly improve pain behavior. These data suggested that dEA with A-fiber strength produced a relatively long-term suppression of CFA-induced inflammatory pain.



Deep Electroacupuncture Inhibited Spontaneous Activity of C-Fibers in the Inflamed Muscle to Reduce Pain by Activating Muscular A-Fiber Afferents

Single fibers innervating muscle spindle were isolated and recorded, subtypes of which were then categorized by their CV and mechano-responsiveness (Figure 2A). Figure 2B showed a representative firing trace of tonic muscle A-fiber afferents, and it was decreased by muscular stretch. However, 1 mA dEA, which was effective in reducing pain behavior as above, dramatically activated numerous A-fiber afferents (Figure 2C), indicating that muscular A-fibers might play a role in the neural mechanism of dEA analgesia.
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FIGURE 2. Deep electroacupuncture (dEA) activated numerous muscular A-fiber afferents from the gastrocnemius. (A) Schematic of in vivo recording for single fiber teased out from the tibial nerve innervating the gastrocnemius. (B) Representative single A-fiber [conduction velocity (CV) = 15.56 m/s] spontaneous activity originated from muscle spindle, and its robust discharges responded to muscular stretch and dEA. (C) Distribution of afferent fibers evoked by dEA according to CV. dEA activated numerous muscular A-fibers (26.96 ± 6.50 m/s, n = 23 fibers).


We next defined whether pain behavior was related to the abnormal activity of afferents from the tibial nerve innervating the inflamed gastrocnemius (Figure 2A). Lots of C-fibers discharged spontaneously in CFA-treated rats, while no spontaneous firing was observed in control rats (Figures 3A,B). Intriguingly, spontaneous activity of C-fibers sharply decreased, and only sparse discharges remained after dEA intervention (Figures 3A,B). The results suggested that dEA inhibited spontaneous activity of C-fibers derived from the inflamed muscle, which may be the underlying mechanism of the effect of dEA in relieving muscle pain.
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FIGURE 3. Deep electroacupuncture (dEA) reduced pain to inhibit C-fiber discharges by activating muscular A-fibers. (A) Representative traces showed that there was no C-fiber spontaneous activity in control rats, while complete Freund’s adjuvant (CFA) induced spontaneous activity of C-fibers [conduction velocity (CV) = 0.94 m/s]. The spontaneous activity of C-fiber was substantially inhibited by dEA. (B) Spikes of C-fiber were notably inhibited by dEA. *p < 0.05 or ****p < 0.0001 vs. CFA (n = 9 fibers). (C) Representative traces showed the demyelination of A-fiber axon after cobra venom injection into the tibial nerve (n = 2). The axon treated with saline had intact myelin sheath structure (n = 2). Scale bar, 1 μm. (D) Typical recordings of a single muscular C-fiber (CV = 0.63 m/s) had spontaneous activity after venom injection and had no response to dEA. (E) Spikes of C-fiber had no obvious response to dEA after venom injection (n = 10 fibers). (F) Venom completely blocked the effect of dEA on muscular pain. *p < 0.05, **p < 0.01, ***p < 0.001, significant difference between groups at each of the indicated time points (Holm–Sidak post-test, n = 7).


In order to testify whether the inhibitory effect of dEA on C-fiber discharges was mediated by muscular A-fiber activation, cobra venom was used to pharmacologically block the myelinated fibers. Under the transmission electron microscope, we observed that venom caused an axon demyelination manifested as spiraling lamellae of the myelin sheath dissolved to the stray fragments and layers of myelin slackened (Figure 3C). After blocking A-fibers, dEA no longer caused the inhibitory effect on spontaneous activity of C-fibers (p > 0.05; Figures 3D,E) and pain behavior (Figure 3F). Collectively, these results demonstrated that dEA suppressed spontaneous activity of C-fibers to reduce muscle pain via the activation of muscular A-fibers.



Noxious Moxibustion-Like Stimulation but Not Gentle Superficial Electroacupuncture Activated Cutaneous C-Fibers to Attenuate Muscle Pain

Given the convincing role of muscular A-fibers in pain relief, the effect of cutaneous A-fibers by sEA (1 mA) on pain relief was examined. sEA could not relieve muscle pain (p > 0.05), indicating that the stimulation intensity of sEA was too gentle to achieve any analgesic effect. So, we topically applied CAP or noxious MS (50°C) on the local acupoint area to specifically activate cutaneous C-fibers and verify its influence on pain behavior. In particular, the effects lasted over 120 min (Figures 4G,H), which may be related to the relatively large stimulus intensity and area of CAP and noxious MS. In addition, both noxious MS and CAP application elicited discharges of the C-fibers in the skin (Figures 4E,F) and significantly increased the expressions of cutaneous SP-IR and CGRP-IR fibers (Figures 4A–D), which were not observed following sEA (data not shown). The results showed that noxious MS and CAP activated cutaneous C-fibers and attenuated muscle pain behavior, while gentle sEA did not cause any effect.
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FIGURE 4. Both capsaicin (CAP) and moxibustion-like stimulation (MS) activated cutaneous C-fibers and substance P (SP)/calcitonin gene-related peptide (CGRP)-immune-reactive (IR) fibers and produced pain relief. (A–C) Double staining showed cutaneous SP-IR (green) or CGRP-IR (red) fibers in the BL57 in the three groups. MS or CAP intervention activated numerous SP/CGRP-IR fibers. (A1,A2,B1,B2,C1,C2) represented SP (A1,B1,C1 in green) and CGRP (A2,B2,C2 in red) in panels (A–C), respectively. Double labeling of SP-IR and CGRP-IR fibers was in yellow (white arrow). (D) The summed lengths of SP/CGRP-IR fibers were longer after MS. SP: ****p < 0.0001 vs. complete Freund’s adjuvant (CFA); CGRP: ####p < 0.0001 vs. CFA (n = 15 sections selected randomly from 3 to 4 rats). (E) Representative traces of noxious MS activating cutaneous C-fiber afferents [conduction velocity (CV) = 0.77 m/s]. (F) Representative traces of CAP-evoked C-fiber firings. CAP application activated cutaneous C-fiber afferents (CV = 0.89 m/s) after 5 min and lasted for about 120 min. (G,H) The difference score of weight-bearing increased after MS and CAP application, respectively. *p < 0.05, **p < 0.01, ***P < 0.001, or **** p < 0.0001, significant difference between groups at each time point (Holm–Sidak post-test, n = 6).
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FIGURE 5. Topical application of capsaicin (CAP) on the local acupoint area suppressed nerve discharges of C-fibers to attenuate pain behavior by eliciting cutaneous C-fiber afferents. (A) Representative traces of C-fiber spontaneous activity inhibition [conduction velocity (CV) = 0.45 m/s] after CAP application. (B) Spikes of C-fiber were obviously inhibited by CAP. *p < 0.05 (n = 11 fibers). (C) The summed lengths of substance P (SP)/calcitonin gene-related peptide (CGRP)-immune-reactive (IR) fibers had significantly declined after CAP application under cutaneous denervation. SP: ****p < 0.0001 vs. denervation + CAP; CGRP: ####p < 0.0001 vs. denervation + CAP (n = 15 sections selected randomly from 3 to 4 rats). (D,E) Double staining was conducted to label C-fibers with SP-IR (green) or CGRP-IR (red) fibers in dermis of BL57 in the two groups (white arrow). (F) Representative traces of cutaneous denervation abolishing the inhibitory effect of CAP application on C-fiber spontaneous activity (CV = 0.65 m/s). (G) Spikes of C-fiber inhibited by CAP application nearly completely abolished by denervated nerve. p > 0.05 (n = 5 fibers). (H) Cutaneous denervation completely blocked the effect of CAP on pain behavior. *p < 0.05, **p < 0.01, significant difference between groups at each time point (Holm–Sidak post-test, n = 6).




Topical Application of Capsaicin on the Local Acupoint Area Inhibited C-Fiber Spontaneous Activity From the Inflamed Muscle to Alleviate Pain by Activating Cutaneous C-Fibers

Only CAP was representatively chosen to test in this section because our results above showed that CAP and noxious MS likewise activated cutaneous C-fibers of the local acupoint to relieve muscle pain. Consistent with the behavioral results above, as shown in Figures 5A,B, spontaneous firings of C-fibers in the inflamed muscle were dramatically reduced within 10 min after CAP and merely disappeared 15 min after CAP. The denervation of local skin over the inflamed muscle was further carried out to confirm if the analgesic effect of CAP was mediated by activating cutaneous afferents. Three days after cutaneous denervation, CAP-induced increase in cutaneous SP/CGRP expression remarkably declined (Figures 5C–E). At the same time, cutaneous denervation almost completely abolished the inhibitory effect of CAP on C-fiber discharges and pain behavior (Figures 5F–H). Taken together, these data demonstrated that CAP-induced suppression of spontaneous C-fibers and muscle pain behavior was mediated by activating cutaneous C-fibers.



DISCUSSION

In the present study, we demonstrated that innocuous dEA with A-fiber strength in the muscle, noxious MS and CAP application on the skin produced persistent pain relief of CFA-induced inflammatory muscle pain in rats. Specifically, dEA activated muscular A-fibers, while noxious MS and CAP recruited cutaneous C-fibers to alleviate pain behavior via inhibiting spontaneous activity of C-fibers in the inflamed muscle. Consistently, these antinociceptive effects of dEA and CAP were abolished by deep A-fiber demyelination and skin denervation, respectively. The results elucidated that the analgesic effects of acupuncture and moxibustion partially depended on distinct somatic afferents in different tissue layers (Figure 6).
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FIGURE 6. Diagram of distinct primary afferent pathways of deep electroacupuncture (dEA)- and moxibustion-like stimulation (MS)-induced analgesic effects. dEA activates muscular A-fibers at the BL57 acupoint, while noxious MS or capsaicin (CAP) excites cutaneous C-fibers to improve muscle pain behavior via inhibiting spontaneous activity of muscular C-fibers.


The kind of somatic afferents driven by acupuncture and moxibustion is critical to analgesia. Clinical studies reported that deep MA outperformed superficial MA in patients with myofascial pain (Ceccherelli et al., 2002). Moreover, a study also showed that locally transcutaneous electrical nerve stimulation activated joint afferents, but not cutaneous nerves, to generate anti-hyperalgesia in a rat model of inflamed knee joint (Radhakrishnan and Sluka, 2005). These results suggest that deep tissue afferents might be pivotal in acupuncture analgesia. The present study precisely testifies that dEA activates numerous muscle A-fiber afferents to relieve muscle pain.

On the other hand, cutaneous C-fiber afferents mediate the MS effect. Our previous study revealed that noxious MS (> 43°C) was able to drive long-distance neural reflex by activating peptidergic C-fibers (Su et al., 2015), which was in line with the results that noxious MS (about 50°C) activated local SP-IR or CGRP-IR cutaneous terminals in the present study. In addition, cutaneous nerve transection abolished the analgesic effect of C-afferents in the skin over the inflamed muscle (Xie et al., 1995; Fang et al., 2020). In this study, cutaneous nociceptor-mediated noxious MS analgesia was also demonstrated, while it disappeared after skin nerve transection. This result indicates that cutaneous nociceptive nerves play an important role during MS analgesia. Based on the above analysis, we conclude that distinct depth and afferent subtypes are vital determinants of EA and MS analgesia.

It has been identified that acupuncture alleviated pain behavior by releasing local analgesic substances, such as endogenous anandamide (Chen et al., 2009) and adenosine (Goldman et al., 2010). However, there is lack of neurophysiological evidence on these substances during local analgesia, especially explaining the mechanism underlying acupuncture stimulation with different parameters. The present study provides a solid proof that dEA activates muscular A-fibers and MS elicits cutaneous C-fibers to inhibit local C-fiber inputs to relieve chronic pain. Our results strongly support the analgesic effects of acupuncture in clinical practice with superficial and deep stimulation and highlight the precise roles of different afferent subtypes in superficial and deep layers in acupuncture analgesia, respectively.

In addition, the segmental acupuncture analgesia is generally explained by the gate control theory, in which acupuncture evokes homotopic A-fiber afferents to activate inhibitory interneurons in the spinal dorsal horn and subsequently prevent C-fiber inputs to the brain (Melzack and Wall, 1965; Xu et al., 2003; Zhu et al., 2004). However, the somatotopic layers where these A-fibers distribute have not been clearly characterized. Morphological studies proved that there were high-density myelinated nerve fibers innervating muscle (Sakita et al., 2020), which were mainly responsible for transmitting proprioceptive and positional sensation to nuclei of funiculi gracilis and cuneate (Hoheisel et al., 1989). It was also reported that spinal cord stimulation reduced neuropathic pain by activating deep A-fiber afferents in the dorsal column (Guan et al., 2010). Our study specifically shows that dEA activates numerous muscular A-fiber afferents to inhibit local C-fiber inputs and to attenuate pain, while this effect almost disappears after deep A-fiber demyelination. Intriguingly, we also observed that noxious MS exerts an analgesic effect by activating a large area of cutaneous peptidergic C-fibers, while sEA with A-fiber strength does not. It can be inferred that the larger area of noxious MS recruits more cutaneous C-fibers with a sum effect, indicating that the strength of EA and MS greatly relates to peripheral analgesia. For C-fiber-mediated acupuncture analgesia, studies showed that the more C-fiber inputs elicited by noxious stimuli, the stronger inhibition of noxious discharges of medullary subnucleus reticularis dorsalis (SRD) neurons (Xu et al., 2003), confirming that SRD neurons could be activated by the spatial summation of peripheral C-fiber inputs (Jin et al., 1978). Nociceptive transmission could likewise trigger the descending inhibition system to regulate SRD neurons (Pinto et al., 2008). Besides, noxious stimuli on the contralateral side (Fang et al., 2020) or BL57 acupoint area (data not shown) over the inflamed muscle failed to relieve pain behavior, in turn implicating that presynaptic inhibition of C-fiber inputs may be involved. C-fiber-driven inhibition of C-fibers functioned as a feedforward mechanism, by which the homotypic afferents control sensory information flowing into the spinal cord (Zimmerman et al., 2019; Fernandes et al., 2020). Further investigation should be performed to elucidate whether the descending pain inhibitory system or presynaptic inhibition mediates noxious MS analgesia.



CONCLUSION

In summary, dEA activates muscular A-fibers at the BL57 acupoint, while noxious MS excites cutaneous C-fibers to inhibit spontaneous activity of muscular C-fiber and ameliorate pain behavior in rats. Both the depth and strength of EA and MS are critical for their analgesic effects.
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Electroacupuncture Regulates Pain Transition Through Inhibiting PKCε and TRPV1 Expression in Dorsal Root Ganglion
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Many cases of acute pain can be resolved with few side effects. However, some cases of acute pain may persist beyond the time required for tissue injury recovery and transit to chronic pain, which is hard to treat. The mechanisms underlying pain transition are not entirely understood, and treatment strategies are lacking. In this study, the hyperalgesic priming model was established on rats to study pain transition by injection of carrageenan (Car) and prostaglandin E2 (PGE2). The expression levels of protein kinase C epsilon (PKCε) and transient receptor potential vanilloid 1 (TRPV1) in the L4–L6 dorsal root ganglion (DRG) were investigated. Electroacupuncture (EA) is a form of acupuncture in which a small electric current is passed between a pair of acupuncture needles. EA was administrated, and its effect on hyperalgesia and PKCε and TRPV1 expression was investigated. The PKCε–TRPV1 signaling pathway in DRG was implicated in the pain transition. EA increased the pain threshold of model animals and regulated the high expression of PKCε and TRPV1. Moreover, EA also regulated hyperalgesia and high TRPV1 expression induced by selective PKCε activation. We also found that EA partly increased chronic pain threshold, even though it was only administered between the Car and PGE2 injections. These findings suggested that EA could prevent the transition from acute to chronic pain by inhibiting the PKCε and TRPV1 expression in the peripheral nervous system.

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


INTRODUCTION

Pain is a major health problem in the clinical practice. Fortunately, acute pain can be controlled and resolved through a variety of strategies with few psychological problems or side effects (Moore et al., 2015; Derry et al., 2016; Chou et al., 2017; Vilite et al., 2019). However, for some patients, the pain may persist beyond the time required for tissue injury recovery and transition to chronic pain. This type of pain usually lacks an obviously cause and has few effective treatment strategies (Marquie et al., 2003; van Wilgen and Keizer, 2012). The reasons underlying the failure to recover from acute pain are not yet understood.

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

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

Electroacupuncture (EA) is a form of acupuncture in which a small electric current is passed between a pair of acupuncture needles. Many studies have demonstrated that EA can produce an analgesic effect (Hou et al., 2019; Xiang et al., 2019; Xu et al., 2019; Zheng et al., 2019). Our previous studies showed that EA alleviates mechanical hyperalgesia in both inflammatory and neuropathic pain models (Liang et al., 2019; Xiang et al., 2019). These effects are thought to be related to the interference of EA in DRG neuronal function or protein expression. In addition, EA is able to alleviate acute and chronic pain by activating the endogenous opioid peptide system (Cheng et al., 2013; Jiang et al., 2016). Based on its analgesic effect, EA may be a potential and few side-effects treatment option for preventing the transition from acute to chronic pain (Chai et al., 2018). Our previous study found that EA could regulate the pain threshold in a hyperalgesic priming model and down-regulate the expression level of PKCε in DRG (Wang et al., 2018, 2020). However, it is still not completely clear whether EA can intervene in the transition from acute to chronic pain or the mechanisms. Answering these related questions may provide new strategies for the treatment of chronic pain.

In the present study, we tested the role of the PKCε signaling pathway in the transition from acute to chronic pain in the peripheral nervous system and explored the potential role of EA in preventing pain transition using a rat hyperalgesic priming model.



MATERIALS AND METHODS


Animals

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



Drug Preparation

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

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

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



Hyperalgesic Priming Models

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



Drug Administration

Drugs were administered through intraplantar injection. The injection site was first scrubbed with 75% alcohol. In Car+ψεRACK and Car+ψεRACK+EA groups, selected PKCε agonist peptide ψεRACK instead of PGE2 was injected. In the Car+PGE2+PKCεV1-2 group, PKCεV1-2 was injected 5 min before PGE2 injection in this study. In the Car+PGE2+CPZ and Car+PGE2+AMG9810 group, CPZ and AMG9810 were injected 5 min before behavioral testing 48 h after PGE2 injection.



Nociceptive Testing

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

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

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



EA Intervention

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

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

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



Tissue Preparation

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



Immunofluorescence Staining

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

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



Western Blot Analysis

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



Experimental Design and Groups

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

Second, we investigated the effect of EA on pain transition. We investigated the effect of EA on the MWT, the TWL, and PKCε and TRPV1 expression to show that EA not only produced a temporary analgesic effect but also regulated the transition from acute to chronic pain. In this part, the rats were randomly divided into four groups: the NS+PGE2 (n = 12), Car+PGE2 (n = 12), Car+PGE2+EA (Car+PGE2 rats that were treated by EA stimulation) (n = 12), and Car+PGE2+sham EA (Car+PGE2 rats that were given sham EA stimulation) (n = 12) groups. Then, we used ψεRACK to replace PGE2 to block the effect of EA to demonstrate the effect of EA on pain transition by a pharmacological method. In this part, the rats were randomly divided into three groups: the NS+PGE2 (n = 12), Car+ψεRACK (n = 12), and Car+ψεRACK+EA (Car+ψεRACK rats that were treated by EA stimulation) (n = 12) groups. The MWT, the TWL, and PKCε and TRPV1 expression were also investigated in this part. Then, we ip.l injected morphine was used to simulate the analgesic effect of EA and observed morphine’s effect on PKCε and TRPV1 expression. In this part, the rats were randomly divided into two groups: the Car+PGE2 (n = 6) and Car+PGE2+morphine (Car+PGE2 rats that were treated by morphine after PGE2 injection) (n = 6) groups.

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



Statistics

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



RESULTS


Changes in the MWT and TWL in the Hyperalgesic Priming Model

The time of Car and PGE2 injection and of the pain threshold testing was shown in Figure 1A. We first investigated changes in the MWT of Car+PGE2 rats to ensure that the model was successfully established (Figure 1B). Two-way ANOVA was conducted to compare the effect of time on the MWT in the normal, NS+PGE2, and Car+PGE2 groups. The results revealed that there was a significant difference over time (P < 0.01, F(2.085, 31.27) = 63.74) and between groups (P < 0.01, F(2, 15) = 56.69) and there was also a significant interaction effect between time points and groups (P < 0.01, F(18, 137) = 42.27). The post hoc Bonferroni test indicated that Car injection followed by PGE2 injection decreased the MWT in the rats (P < 0.01). However, PGE2 injection failed to change the MWT of rats compared with that of the normal group (P > 0.05). The results also showed that the MWT of NS+PGE2 and Car+PGE2 at 7 days after the first injection was not different from the normal group (P > 0.05).
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FIGURE 1. Carrageenan injection followed by PGE2 injection produces chronic mechanical and thermal pain. The protocol of modeling (A). The mechanical withdrawal threshold (MWT) (B) and thermal withdrawal latency (TWL) (C) of animals that received carrageenan and PGE2 injections. n = 6. **Compared with the normal group, P < 0.01; △△ compared with the NS+PGE2 group, P < 0.01.


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

Then, we observed changes in the TWL (Figure 1C). The results of two-way ANOVA revealed that there was a significant difference over time (P < 0.01, F(4.36, 65.4) = 11.00) and between groups (P < 0.01, F(2, 15) = 167.70) and there was also a significant interaction between time and groups (P < 0.01, F(18, 135) = 10.41). The post hoc Bonferroni test indicated that Car injection followed by PGE2 injection decreased the TWL of the Car+PGE2 rats (P < 0.01). And PGE2 injection failed to change the TWL of the rats compared with that of the normal group (P > 0.05). The results also showed that the TWL of Car+PGE2 group was not different from the normal group TWL 7 days after the first injection (P > 0.05).

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



PKCε Is Involved in Changes in the MWT and TWL

Because previous studies have suggested that PKCε in lumbar DRGs plays a pivotal role in the transition from acute to chronic pain, we tested whether PKCε expression level is changed in L4–L6 DRGs. The Western blotting results showed that the expression level of PKCε in L4–L6 DRGs in the Car+PGE2 group was higher than that in the normal and NS+PGE2 groups 4 and 48 h after the second injection (Figures 2A,B) (P < 0.01, F4 h(2, 15) = 7.71, F48 h(2, 15) = 72.72). The expression level of PKCε in lumbar DRGs of the NS+PGE2 group was not different from that in the normal group at the same time point (P > 0.05). The immunofluorescence results showed that the number of PKCε–IR neurons in the L4–L6 DRGs in the Car+PGE2 group was higher than that in the normal and NS+PGE2 groups 48 h after PGE2 injection (Figures 2C,D) (P < 0.01, F(2,9) = 9.30). There was little difference in the number of PKCε–IR neurons in the lumbar DRGs between the normal and NS+PGE2 groups (P > 0.05).
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FIGURE 2. Protein kinase C epsilon (PKCε) in the dorsal root ganglion (DRG) plays a pivotal role in the transition from acute to chronic pain. (A) The quantification of the Western blot results and a representative Western blot showing PKCε protein isolated from the DRG 4 h after PGE2 injection. (B) The quantification of the Western blots results and a representative Western blot showing PKCε protein isolated from the DRG 48 h after PGE2 injection. (C) PKCε and TRPV1 staining in the peripheral nervous system 48 h after PGE2 injection. Scale bar 100 μm. (D) The quantification of PKCε–IR positive neurons. Mechanical (E) and thermal (F) responses of hyperalgesia model animals that received PKCεV1-2 injection. n = 6. **Compared with the normal group, P < 0.01; △△ compared with the NS+PGE2 group, P < 0.01; #,## compared with the Car+PGE2 group, P < 0.05 and P < 0.01, &,&& compared with the Car+PGE2+vehicle group, P < 0.05, P < 0.01.


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

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

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

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



TRPV1 Is Involved in Changes in the MWT and TWL

Protein kinase C epsilon is a signal molecule and could produce hyperalgesia by regulating the function of its downstream proteins. We tested the expression level of TRPV1, one of the most important downstream protein of PKCε, in the lumbar DRGs. The injection of PGE2 following Car injection significantly increased the protein level of TRPV1 in L4–L6 DRGs 48 h after the second injection (P < 0.01, F(2, 15) = 192.1), but not 4 h after the second injection (P > 0.05, F(2, 15) = 0.27) (Figures 3A,B). The number of TRPV1–IR-positive neurons was also higher than that in the normal group 48 h after PGE2 injection (Figures 2C, 3C) (P < 0.01, F(2, 9) = 28.49). However, only PGE2 injection failed to promote the protein level of TRPV1 and the number of TRPV1–IR-positive neurons in L4–L6 DRGs (P > 0.05). Additionally, the co-localized of PKCε and TRPV1 can be found in L4–L6 DRGs, in the normal rats, NS+PGE2 rats, and Car+PGE2 rats, as shown in Figure 2C. The PGE2 injection following Car significantly up-regulated the proportion of TRPV1 labeled cells that expressing PKCε (Supplementary Figure 1A) (P < 0.01, F(2, 9) = 24.25). However, only injection of PGE2 did not change the proportion of co-localized neurons.
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FIGURE 3. Transient receptor potential vanilloid 1 (TRPV1) in the DRG contributed to the chronic mechanical and thermal pain induced by carrageenan and PGE2 injections. (A) The quantification of the Western blot results and a representative Western blot showing TRPV1 protein isolated from the DRG 4 h after PGE2 injection. (B) The quantification of the Western blot results and a representative Western blot showing TRPV1 protein isolated from the DRG 48 h after PGE2 injection. (C) The quantification of TRPV1–IR positive neurons. Mechanical (D) and thermal (E) responses of hyperalgesia model animals that received capsazepine (CPZ) injection. n = 6. **Compared with the normal group, P < 0.01; △△ compared with the NS+PGE2 group, P < 0.01; ## compared with the Car+PGE2 group, P < 0.01; && compared with the Car+PGE2+vehicle group, P < 0.01.


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



PKCε Promotes TRPV1 Expression in Lumbar DRGs

Because PKCε and TRPV1 are observed in the same neurons, we further investigated whether PKCε regulated the expression of TRPV1 in lumbar DRGs after PGE2 injection. First, we observed the effect of the inhibition of PKCε on the expression level of TRPV1. PKCεV1-2 significantly inhibited the expression of PKCε and downregulated the TRPV1 protein level in L4–L6 DRGs (Figures 4A,B) (P < 0.01, FPKCε (2, 15) = 52.55, FTRPV1(2, 15) = 94.97). The vehicle of PKCεV1-2 did not affect the expression levels of PKCε and TRPV1 (P > 0.05). In addition, the immunofluorescence results showed that the number of TRPV1–IR neurons in the Car+PGE2+PKCεV1-2 group was significantly lower than that in the Car+PGE2 group and Car+PGE2+Vehicle group (Figures 4C,D) (P < 0.01, F(2, 15) = 103.7). Additionally, we investigated whether a TRPV1 antagonist regulates the expression level of PKCε and TRPV1 in lumbar DRGs. The results of Western blot analysis showed that CPZ did not affect the expression levels of PKCε or TRPV1 in lumbar DRGs (Figures 4E,F) (P > 0.05, FPKCε (2, 15) = 0.34, FTRPV1(2,15) = 0.13).
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FIGURE 4. Protein kinase C epsilon (PKCε) regulates TRPV1 expression in the DRG. (A) The quantification of the Western blot results and a representative Western blot showing inhibited PKCε protein isolated from the DRG 48 h after PGE2 injection. (B) The quantification of the Western blot results and a representative Western blot showing decreased TRPV1 protein isolated from the DRG 48 h after PGE2 injection. (C) TRPV1 staining in the peripheral nervous system 48 h after PGE2 injection. Scale bar 100 μm. (D) The quantification of TRPV1–IR positive neurons. (E) The quantification of the Western blot results and a representative Western blot showing PKCε protein isolated from the DRG 4 h after PGE2 injection. (F) The quantification of the Western blot results and a representative Western blot showing TRPV1 protein isolated from DRG 48 h after PGE2 injection. △△ Compared with the NS+PGE2 group, P < 0.01; ## compared with the Car+PGE2 group, P < 0.01.


Then, ψεRACK, a selective agonist peptide of PKCε, was used instead of PGE2. The injection of ψεRACK, similar to that of PGE2, produced a long-lasting decrease in the MWT and TWL (Figures 5A,B) (P > 0.05, FMWT(1, 10) = 0.07, FTWL(1,10) = 0.52, F value of group factor). The Western blot results showed that there was little difference between the Car+PGE2 and Car+ψεRACK groups (Figure 5C) (P > 0.05, t10 = 0.917), which indicated that ψεRACK injection, like PGE2 injection, promoted the expression of PKCε in lumbar DRGs. ψεRACK injection also upregulated the TRPV1 protein level in L4–L6 DRGs (Figure 5D) (P > 0.05, t10 = 0.028). The number of PKCε–IR and TRPV1–IR cells in L4–L6 DRGs in the Car+PGE2 group was similar to that in the Car+ψεRACK group, and there was no significant difference (Figures 5E,F) (P > 0.05, t6 PKCε = 0.50, t6 TRPV1 = 0.69). The results of immunofluorescence also showed that ψεRACK-induced PKCε and TRPV1 expression were co-localized in the same neurons in L4–L6 DRGs (Figure 5G). Furthermore, ψεRACK significantly increased the number of TRPV1 labeled cells that expressed PKCε just as the effect of PGE2 produced (Supplementary Figure 1B) (P > 0.05, t6 = 0.45).
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FIGURE 5. Activation of PKCε contributes to the transition from acute to chronic pain and TRPV1 expression. Mechanical (A) and thermal (B) responses of animals to the injection of a special PKCε activator. n = 6. The quantification of the Western blot results and a representative Western blot showing PKCε (C) and TRPV1 (D) protein isolated from the DRG 48 h after PGE2 and ψεRACK injection. (E) PKCε and TRPV1 staining in the peripheral nervous system 48 h after PGE2 and ψεRACK injection. Scale bar 100 μm. The quantification of PKCε–IR positive (F) and TRPV1–IR positive (G) neurons.




EA Regulates Changes in the MWT and TWL in the Hyperalgesic Priming Model

Electroacupuncture was administered to regulate changes in the MWT and TWL in hyperalgesic priming model rats (Figure 6A), and the results are shown in Figures 6B,C. The results of two-way ANOVA indicated that there was a significant difference over time (P < 0.01, FMWT(3.48, 94.07) = 230.0, FTWL(6.32, 126.4) = 32.95) and between the different groups (P < 0.01, FMWT(3, 27) = 97.18, FTWL(3, 20) = 115.4). There was a significant interaction between time and group (P < 0.01, FMWT(24, 243) = 28.38, FTWL(27, 180) = 8.56) for both the MWT and TWL. The post hoc Bonferroni test indicated that PGE2 injection following Car injection significantly decreased the MWT and TWL (P < 0.01). EA treatment partly increased the MWT (P < 0.01), but the MWT was still lower than that of NS+PGE2 rats (P < 0.01). However, EA administration significantly restored the TWL, and the TWL of the Car+PGE2+EA group was not different from that of the NS+PGE2 group (P > 0.05). Sham EA did not affect the effect of PGE2 and Car on the MWT and TWL (P > 0.05).
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FIGURE 6. Electroacupuncture (EA) regulates the transition from acute to chronic pain and the PKCε activation and TRPV1 expression in the DRG. The protocol of EA administration (A). Mechanical (B) and thermal (C) responses of hyperalgesic priming model animals to EA and sham EA administration. n = 5–6. (D) PKCε and TRPV1 staining in the peripheral nervous system 48 h after PGE2 injection. Scale bar 100 μm. The quantification of PKCε–IR positive (E) and TRPV1–IR positive (F) neurons. The quantification of the ratio of TRPV1 labeled cells expressing PKCε (G). The quantification of the Western blot results and a representative Western blot showing PKCε (H) and TRPV1 (I) protein isolated from the DRG 48 h after PGE2 injection. △, △△ Compared with the NS+PGE2 group, P < 0.05, P < 0.01; #,## compared with the Car+PGE2 group, P < 0.05, P < 0.01.


The results of one-way ANOVA showed that EA significantly regulated the decrease in the MWT induced by Car injection from 24 to 72 h after the first injection (P < 0.05, F24 h = 41.20, F48 h = 66.38, F72 h = 12.40). However, EA failed to modulate the decrease in the MTW 1 h after PGE2 injection (P > 0.05, F = 1.77). Then, EA significantly increased the MWT, and the MWT of the Car+PGE2+EA group was higher than that of the Car+PGE2 group 4, 24, and 48 h after PGE2 injection (P < 0.01, F4 h = 166.57, F24 h = 123.33, F48 h = 93.42). However, the MWT of the Car+PGE2+EA group was still significantly lower than that of the NS+PGE2 group at the final time point observed (P < 0.01). Additionally, sham EA did not affect the MWT of the Car+PGE2 rats at any time point (P > 0.05).

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

Electroacupuncture was also administrated to the bilateral unrelated acupoints “Quchi” (LI 11, radial proximal anterior joint) and “Waiguan” (TE 5, 3 mm above the wrist) on hyperalgesic priming rats. The results of two-way ANOVA indicated that EA on unrelated acupoints would not produce analgesic effect on hyperalgesic priming rats (Supplementary Figure 3) (P > 0.05, FMWT(2, 12) = 118.5, FTWL(2, 12) = 19.97, F value of group factor).



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

Because EA affected the MWT and TWL of hyperalgesic priming model rats, we further investigated whether EA regulated the expression of PKCε and TRPV1 in lumbar L4–L6 DRGs. As shown in Figure 6D, TRPV1 and PKC ε were co-localized in the same neurons in lumbar DRGs. Consistent with previous results, PGE2 injection following Car injection upregulated the number of PKCε–IR and TRPV1–IR neurons of in lumbar DRGs 48 h after the second injection, as well as the number of TRPV1 labeled cells expressing PKCε (Figures 6E–G) (P < 0.01, FPKCε (3, 12) = 53.71, FTRPV1(3, 12) = 66.12, FCO(3, 12) = 19.76). The number of PKCε–IR and TRPV1–IR neurons in the Car+PGE2+EA group was significantly lower than that in the Car+PGE2 group (P < 0.05), which indicated that EA regulated the expression of PKCε and TRPV1 in lumbar DRGs. However, EA only partly decreased the number of TRPV1 labeled cell that expressing PKCε (Figure 6G) (P > 0.05). The Western blot results were similar. The expression levels of PKCε and TPRV1 in the Car+PGE2 group were higher than those in the NS+PGE2 group 48 h after PGE2 injection (Figures 6H,I) (P < 0.01, FPKCε (3, 20) = 8.87, FTRPV1(3, 20) = 17.40), consistent with the results shown in Figures 2, 3. Furthermore, the expression levels of PKCε and TRPV1 in the Car+PGE2+EA group were lower than those in the Car+PGE2 group and higher than those in the NS+PGE2 group (P < 0.01). Finally, there was little difference in the expression levels of PKCε and TRPV1 between the Car+PGE2 and Car+PGE2+sham EA groups (P > 0.05).

Then, we observed whether EA regulates the hyperalgesia induced by ψεRACK and the higher expression of PKCε and TRPV1. ψεRACK injection induced both a persistent reduction in the MWT and TWL (Figures 7A,B) (P < 0.01, FMWT(2, 15) = 49.13, FTWL(2, 15) = 110.5, F value of group factor) and the higher expression of PKCε and TRPV1 (Figure 7C–G) (P < 0.01). As shown in Figure 7, EA significantly increased the MWT and TWL of the rats injected with ψεRACK. The one-way ANOVA results indicated that these effects were observed from 4 to 48 h after the second injection (Figures 7A,B) (P < 0.01, FMWT4 h = 88.69, FMWT24 h = 47.65, FMWT48 h = 22.81, FTWL4 h = 53.42, FTWL24 h = 14.04, FTWL48 h = 9.50). Immunofluorescence showed that the number of PKCε–IR and TRPV1–IR neurons in the Car+ψεRACK+EA group was lower than that in the Car+ψεRACK (use ψεRACK instead of PGE2 for inducing hyperalgesic priming) group (Figures 7C–E) (P < 0.01, FPKCε (2, 9) = 129.3, FTRPV1(2, 9) = 10.37), but was still higher than that in the NS+PGE2 group (P < 0.01). The protein expression levels of PKCε and TRPV1 in the DRG of the Car+ψεRACK+EA group were also lower than those of the Car+ψεRACK group (Figures 7F,G) (P < 0.01, FPKCε (2, 15) = 73.57, FTRPV1(2, 15) = 17.83) but were still higher than those of the NS+PGE2 group (P < 0.01).
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FIGURE 7. Electroacupuncture (EA) regulates the transition from acute to chronic pain induced by ψεRACK injection. Mechanical (A) and thermal (B) responses of Car/ψεRACK-injected animals to EA administration. n = 6. (C) PKCε and TRPV1 staining in the peripheral nervous system 48 h after ψεRACK injection. Scale bar, 100 μm. The quantification of the PKCε–IR positive (D) and TRPV1–IR positive (E) neurons. The quantification of the Western blot results and a representative Western blot showing PKCε (F) and TRPV1 (G) protein isolated from the DRG 48 h after ψεRACK injection. *, **Compared with the NS+PGE2 group, P < 0.05, P < 0.01; △△ compared with the ψεRACK group, P < 0.01.


Electroacupuncture can produce an analgesic effect on various pain through the endogenous opioid system. Morphine has been used to simulate the analgesic effect of EA on the hyperalgesic priming model (Figure 8A). The analgesic effect of morphine has been shown in Figure 8B. Two-way ANOVA reveal a significant difference over time (P < 0.01, F(1, 35) = 102.7) and between groups (P < 0.01, F(6, 35) = 40.58). There was a significant interaction between time and group (P < 0.01, F(6,35) = 25.35). The post hoc Bonferroni test indicated that morphine administered after PGE2 injection successfully regulates the decrease in the MWT (P < 0.01).
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FIGURE 8. Morphine improves the MWT of hyperalgesic priming rats and inhibits the TRPV1 expression in L4–L6 DRG, but not PKCε. The protocol of morphine administration (A). (B) Mechanical responses of hyperalgesic priming model animals to morphine administration. n = 6. Western blot showing PKCε (C) and TRPV1 (D) protein isolated from the DRG 48 h after PGE2 injection. ##Compared with the Car+PGE2 group, P < 0.01.


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



EA Partly Prevents the Transition of Pain and PKCε Expression

Finally, we examine whether EA can prevent the decrease in the MWT induced by PGE2 injection following Car injection if it is not given after the second injection (Figure 6A, EA II). The results are shown in Figure 9A. Two-way repeated measures ANOVA reveal a significant difference over time (P < 0.01, F(4.25, 72.32) = 162.9) and between groups (P < 0.01, F(2, 17) = 162.9). There was a significant interaction between time and group (P < 0.01, F(14, 119) = 38.34). The post hoc Bonferroni test indicated that Car injection followed by PGE2 injection caused a decrease in the MWT of the rats (P < 0.01). EA administered only before PGE2 injection failed to regulate the decrease in the MWT (P > 0.05).
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FIGURE 9. Electroacupuncture (EA) partly prevented the transition from acute to chronic pain. Mechanical (A) responses of hyperalgesia model animals to EA administration only after the first injection. n = 6. The quantification of the Western blot results and a representative Western blot showing PKCε (B) and TRPV1 (C) protein isolated from the DRG 48 h after PGE2 injection. △, △△ Compared with the NS+PGE2 group, P < 0.05, P < 0.01; #,## Compared with the Car+PGE2 group, P < 0.05, P < 0.01.


Then, we used one-way ANOVA to compare the MWT at each time point. The results indicated that EA raised the MWT 72 h after the first injection, and that the MWT of the Car+PGE2+EA II group was significantly higher than that of the Car+PGE2 group (P < 0.01, F = 26.84). The MWT of all the rats recovered to the level of the NS+PGE2 group 7 days after the first injection. There was little difference in the MWT among the three groups 1 h after PGE2 injection (P > 0.05, F = 0.51). The MWT of the NS+PGE2 groups was higher than that of the Car+PGE2 and Car+PGE2+EA II groups from 4 to 48 h after the second injection (P < 0.01, F4 h = 394.76, F24 h = 303.192, F48 h = 179.87). The MWT of the EA II group was higher than that of the Car+PGE2 group, but only 24 h after the second injection (P < 0.05). There was little difference between the MWT of the EA II and Car+PGE2 groups 48 h after injection.

Because EA administration before PGE2 injection partly restores the MWT of the Car+PGE2 rats, we wanted to determine whether it can regulate the expression of PKCε and TRPV1 in lumbar DRGs. The Western blot results are shown in Figure 9B. PKCε expression in the NS+PGE2 group was much lower than that in the Car+PGE2 (P < 0.01, F(2, 15) = 6.54) and Car+PGE2+EAII groups (P < 0.05). EA partly inhibited PKCε expression in L4–L6 DRGs, but the PKCε expression level in this group was not different from that in the Car+PGE2 group (P > 0.05). We also tested the expression level of TRPV1, as shown in Figure 9C. TRPV1 expression in the NS+PGE2 group was lower than that in the Car+PGE2 group (P < 0.05, F(2, 15) = 9.66) and was not significantly different from that in the EAII group (P > 0.05). However, there was only a trend for the TRPV1 expression level in the Car+PGE2+EAII group to be lower than that in the Car+PGE2 group (P > 0.05).



DISCUSSION

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

Electroacupuncture is a modern way of applying acupuncture and is widely used for alleviating various types of pain, such as inflammatory pain, neuropathological pain, and cancer pain (Fang et al., 2018; Liang et al., 2018, 2019). Previous studies have demonstrated that EA can relieve both acute and chronic pain (Seo et al., 2017; Chai et al., 2018). Our team had shown that EA can regulate the PKCε expression in the DRG of hyperalgesic priming rats in the previous study (Wang et al., 2020). However, it is not clear whether EA is able to prevent the transition from acute to chronic pain. Because EA can produce an analgesic effect on chronic pain through various mechanisms, it is challenging to observe the preventive effect of EA on pain transition directly. In the current study, we demonstrated that EA could prevent pain transition through three steps.

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

In contrast to the previous studies, we synchronously observed the thermal pain threshold of a hyperalgesic priming model. Thermal and mechanical stimuli are commonly used in chronic pain studies in animals and humans and cause qualitatively different pain sensations. Previous studies have shown that different pain systems induce different characteristics of chronic pain. For instance, a reduction of mechanical and thermal pain thresholds will occur in the chronic inflammatory pain model induced by CFA (Li et al., 2019). However, there is only a pain response to mechanical stimuli in the neuropathic pain model induced by SNI surgery (Shields et al., 2003). EA is able to regulate both mechanical and thermal pain sensitization (Liao et al., 2017). However, whether the hyperalgesic priming model induces a thermal sensitization is not clear. We showed that PGE2 produced long-time thermal hyperalgesia after transient inflammatory irritation (Figure 1). We further demonstrated that the PKCε–TRPV1 pathway in the peripheral nervous system not only contributed to mechanical sensation but was also involved in thermal hyperalgesia by using pharmacological methods. This is consistent with the function of TRPV1 in mechanical and thermal pain. Furthermore, calmodulin-dependent protein kinase II (CaMKII) and extracellular regulatory protein kinase (ERK) are both downstream signaling molecules of PKCε (Ferrari et al., 2013; Zisopoulou et al., 2013) but are upstream of TRPV1 (Ma et al., 2017). And they are both involved in the pain transition in hyperalgesic priming model (Ferrari et al., 2014). So, the PKCε–CaMKII/ERK–TRPV1 signaling pathway may contribute to the pain transition in DRG.

Second, we showed that EA can alleviate hyperalgesia and regulate the expression levels of PKCε and TRPV1 in the peripheral nervous system. Throughout the entire experiment, EA significantly increased the pain threshold of the model rats (Figure 6). EA not only recovered the mechanical and thermal pain induced by Car but also partly improved the mechanical hyperalgesia from 4 to 48 h after the second injection. Furthermore, the effect of EA on thermal hyperalgesia was much better than that on mechanical hyperalgesia. EA raised the thermal pain threshold to the original level at the 4 h after the second injection. This treatment effect was entirely beyond our expectations. We will further study the cause of these results. To show that EA interferes with the transition from acute to chronic pain, rather than just anesthesia, we examined the effect of EA on PKCε and TRPV1 expression. EA significantly regulated the higher expression of PKCε and TRPV1 in peripheral nervous system. For PKCε–TRPV1 pathway in peripheral nervous system is involved in the hyperalgesia in the Car-induced priming model, the analgesic effect of EA on the hyperalgesic priming model has a positive relationship with its inhibitory effect on the PKCε and TRPV1 expression. Furthermore, we used pharmacological experiments to test the effects of EA on PKCε and TRPV1 expression and hyperalgesia by selective activation of PKCε in peripheral nervous system. EA also regulated ψεRACK-induced hyperalgesia and the higher expression of PKCε and TRPV1 in L4–L6 DRGs. Moreover, morphine has been used to investigate whether EA regulates the pain transition via its analgesic effect. For morphine injection will induce the hyperalgesic priming type II, it has only been used after the PGE2 injection and the number of injections was controlled less than four times (Tumati et al., 2010; Araldi et al., 2016). Morphine significantly inhibited the expression of TRPV1 in L4–L6 DRG, just as previous report (Bao et al., 2015). However, although morphine produces a great analgesic effect on the hyperalgesic priming rats, it failed to inhibit the activation of PKCε in L4–L6 DRGs. These results indicated that the analgesic effects of EA and morphine on hyperalgesic priming rats have different mechanisms, especially on the PKCε activation or expression. However, PKCε is the key molecule of PGE2 induced chronic pain. So, we believed that EA not only produced analgesic effect on the model animal but also prevented the pain transition by inhibiting the PKCε expression. In addition, previous studies demonstrated that CaMKII and ERK were involved in the EA analgesia (Gu et al., 2020; Hu et al., 2020). So, we hypothesized that CaMKII and ERK may also be involved in the regulatory effect of EA on the pain transition according to the role they played in the pain transition and EA analgesia.

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

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



CONCLUSION

Electroacupuncture regulates the transition from acute to chronic pain by inhibiting the PKCε and TRPV1 expression in the peripheral nervous system.
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Inflammatory pain is caused by peripheral tissue injury and inflammation. Inflammation leads to peripheral sensitization, which may further cause central sensitization, resulting in chronic pain and progressive functional disability. Neuroimmune crosstalk plays an essential role in the development and maintenance of inflammatory pain. Studies in recent years have shown that acupuncture can exert anti-inflammatory and analgesic effects by regulating peripheral (i.e., involving local acupoints and inflamed regions) and central neuroimmune interactions. At the local acupoints, acupuncture can activate the TRPV1 and TRPV2 channels of mast cells, thereby promoting degranulation and the release of histamine, adenosine, and other immune mediators, which interact with receptors on nerve endings and initiate neuroimmune regulation. At sites of inflammation, acupuncture enables the recruitment of immune cells, causing the release of opioid peptides, while also exerting direct analgesic effects via nerve endings. Furthermore, acupuncture promotes the balance of immune cells and regulates the release of inflammatory factors, thereby reducing the stimulation of nociceptive receptors in peripheral organs. Acupuncture also alleviates peripheral neurogenic inflammation by inhibiting the release of substance P (SP) and calcitonin gene-related peptide from the dorsal root ganglia. At the central nervous system level, acupuncture inhibits the crosstalk between glial cells and neurons by inhibiting the p38 MAPK, ERK, and JNK signaling pathways and regulating the release of inflammatory mediators. It also reduces the excitability of the pain pathway by reducing the release of excitatory neurotransmitters and promoting the release of inhibitory neurotransmitters from neurons and glial cells. In conclusion, the regulation of neuroimmune crosstalk at the peripheral and central levels mediates the anti-inflammatory and analgesic effects of acupuncture on inflammatory pain in an integrated manner. These findings provide novel insights enabling the clinical application of acupuncture in the treatment of inflammatory diseases.
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INTRODUCTION

Acupuncture, a complementary and alternative therapy, is widely used around the world and has been proven to provide substantial pain relief (Qiao et al., 2020). Of the patients receiving acupuncture treatment for pain relief, 41% have diseases involving inflammatory pain (Wang et al., 2018). Currently, the World Health Organization recommends acupuncture for the treatment of 16 inflammatory pain-related diseases, including rheumatoid arthritis (RA), acute gastritis, chronic gastritis, frozen shoulder, and allergic rhinitis (WHO, 2013). Evidence shows that acupuncture can be a low-cost, low-risk therapy with few and minor adverse effects and it can help in the management of diseases involving inflammatory pain and reduce reliance on analgesics, including morphine (Qin et al., 2016; Wu et al., 2018; A-Wang et al., 2020; Zhang et al., 2020a). In patients with knee osteoarthritis (KOA), acupuncture can significantly relieve pain, attenuate the decline in physical function, and improve quality of life (Corbett et al., 2013). Further, acupuncture appears to be more effective and safe than conventional drug therapy in treating the abdominal pain symptoms associated with ulcerative colitis (UC; A-Wang et al., 2020; Cheng et al., 2020).

Tissue damage or infection can induce an inflammatory response and promote the release of inflammatory mediators from immune cells. These inflammatory mediators activate peripheral nociceptors and nociceptive neurons in the dorsal root ganglion (DRG), causing them to release large amounts of substance P (SP) and calcitonin-gene-related peptide (CGRP; Ronchetti et al., 2017). The release of these signaling molecules aggravates the inflammatory response, mediates peripheral sensitization, and transmits pain signals to the spinal dorsal horn (SDH) via the DRG (Pinho-Ribeiro et al., 2017). Centrally, the stimulation of primary afferent neurons causes the release of inflammatory mediators, which in turn activate central neurons and glial cells. These cells interact with each other, enhancing neuronal function and the circuits involved in pain sensation, and also mediating central sensitization (Muley et al., 2016). Therefore, neuroimmune interactions are crucial for the induction and maintenance of inflammatory pain. Previous studies on the mechanism via which acupuncture relieves inflammatory pain have largely focused on analgesic substances, even though the primary cause of inflammatory pain is the inflammatory response. Recent studies have shown that acupuncture can provide both anti-inflammatory and analgesic effects by regulating neuron and immune cell activity in the central and peripheral systems.

In this review, we first summarize the animal models and acupuncture interventions used for mechanistic studies of acupuncture therapy for inflammatory pain. More importantly, we discuss the neuroimmune crosstalk that is likely involved in these mechanisms at three levels: the local acupoint where acupuncture is performed, the sites of inflammation, and the central nervous system (CNS). Accordingly, we aim to provide a basis for future studies on acupuncture and its application in the treatment of inflammatory pain.



METHODS


Search Strategy

Using the PubMed database, we retrieved studies published between January 2010 and December 2020 using the keywords (“acupuncture” or “electroacupuncture” or “EA” or “manual acupuncture” or “transcutaneous acupoint electrical stimulation” or “TAES”) and (“pain” or “analgesia” or “analgesic”). Only studies in English were included, and 3,206 articles were retrieved in the primary search. Of the identified articles, 69 were excluded due to the absence of an abstract, and the titles and abstracts of the remaining 3,137 articles were screened further to determine whether the studies met the inclusion criteria. At this stage, 2,839 articles were excluded because they were unrelated to acupuncture and inflammatory pain. Of the remaining 298 articles, 97 were basic research articles, 113 were clinical research articles, and 88 were review articles or meta-analyses. The search procedure is depicted in Figure 1.
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FIGURE 1. Flow chart of the search strategy and process.




Data Extraction

The aim of the literature search was to analyze the mechanism underlying the effect of acupuncture on inflammatory pain. Information from the 97 basic research articles is listed in Table 1 and Supplementary Table 1. First, three authors (BD, YL, and JM) jointly created a database of the studies that examined the mechanism underlying the effects of acupuncture on inflammatory pain. Variables such as the models of inflammatory pain, interventions, and outcome measures were added to this database. The data were extracted by three authors (BD, YL, and JM) and checked by the other authors (ZX, XL, and LT).


TABLE 1. Regulation of the anti-inflammatory and analgesic effects of acupuncture.
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ANIMAL MODELS OF INFLAMMATORY PAIN TREATED USING ACUPUNCTURE


Animal Models of Inflammatory Pain Used in Mechanistic Studies of Acupuncture

Multiple animal models have been used to study the mechanism underlying the effect of acupuncture on inflammatory pain. These include Complete Freund’s adjuvant (CFA)-, carrageenan-, monosodium iodoacetate-, formalin- and collagenase-induced inflammatory pain models, an inflammatory bowel disease (IBD) model, incision-induced pain models, and spontaneous senescence-associated osteoarthritis (OA) models. Of these, the CFA-induced adjuvant arthritis model, which mimics RA pathogenesis, is the primary one used to study the mechanistic effects of acupuncture in the treatment of inflammatory pain owing to the simplicity of model development and the stability of acupuncture efficacy in this model. More importantly, CFA models share similarities with human RA in terms of chronic pain and pathological manifestations such as synovial inflammation, bone destruction, and joint dysfunction and pathological findings such as inflammatory cell infiltration, vascular proliferation, and expansion (Weng et al., 2021), making this model popular in studies on inflammatory pain treated by acupuncture.



Parameters Related to Acupuncture Interventions in Animal Studies

Of the reviewed animal studies, 70 used ST36 (Zusanli) as the site of acupuncture intervention, whereas 18 used GB30 (Huantiao) and BL60 (Kunlun), 11 used SP6 (Sanyinjiao), and 10 used GB34 (Yanglingquan). This was consistent with the acupoints typically used for the clinical treatment of OA. Electroacupuncture (EA) was the most frequently used intervention in animal studies, and low-frequency (1, 2, and 10 Hz) or variable-frequency (2/100 Hz) stimulation, a stimulation intensity of 1–2 mA, and a stimulation duration of 30 min were the most commonly used parameters for EA. Further, some studies mentioned that EA inhibits inflammatory pain more effectively at 2–10 Hz than at 100 Hz (Kim et al., 2004; Zhang R. X. et al., 2005). Manual acupuncture (MA) was used in 14 of the included studies. In most MA studies, stimulation was performed 2–3 times per second, and the duration of continuous stimulation was relatively short—generally 1–2 min with an interval of 4–5 min—and the total treatment duration was approximately 30 min. However, few studies compared therapeutic effects between MA and EA, and most of the included studies using EA did not provide detailed descriptions of the wave type and amplitude of electrical stimulation.




MICROENVIRONMENT REGULATION AT THE ACUPOINT AFTER ACUPUNCTURE

The initial effects of acupuncture take place at the acupoint, and mechanical stimulation is converted into chemical signals at these sites (Mingfu et al., 2013; Wu et al., 2014). Acupuncture significantly increases extracellular adenosine levels at the ST36 acupoint. In mouse models of inflammatory pain, MA or a local injection of a specific adenosine A1 receptor (A1R) agonist at ST36 significantly inhibits mechanical allodynia and thermal hyperalgesia (Goldman et al., 2010). In CFA-treated rats, EA at ST36 and BL60 reduces the levels of SP, neurokinin-1 receptor (NK-1R), interleukin-6 (IL-6), IL-1β, and tumor necrosis factor (TNF)-α in the DRG by promoting adenosine release and activating the A1Rs of nerve endings at local acupoints. Therefore, it appears that the acupuncture-activated acupoint–A1R pathway contributes to the anti-inflammatory action of acupuncture (Zhang et al., 2020d). Further, in CFA-induced rat models of pain, MA at ST36 can directly induce neural regulation by activating the mechanically sensitive transient receptor potential ion channel vanilloid 1 (TRPV1) channel receptors expressed on nerve terminals and immune cells and promote adenosine triphosphate (ATP) release via calcium wave propagation across nearby nerve endings. The injection of capsaicin, a TRPV1 agonist, can recapitulate the analgesic effect of acupuncture when injected at ST36 (Wu et al., 2014). In CFA models, EA at ST36 can activate mast cells and promote mast cell degranulation by activating TRPV2 and inducing the release of histamine and adenosine, which increases the levels of β-endorphins (β-ENDs) in the cerebrospinal fluid and results in analgesia (Huang et al., 2018). Meanwhile, acupuncture can also produce immune regulation at local acupoints by recruiting and activating immune cells and activating the nuclear factor kappa B (NFκB) pathway, which then induces the release of immune mediators [monocyte chemoattractant protein-1 (MCP-1) and IL-6] that bind to receptors at adjacent nerve endings, thereby transmitting acupuncture signals (Huang et al., 2018; Zhang et al., 2020b).

The initiation of the effects of acupuncture involves several factors and is dependent on several substances in the local acupoint microenvironment. As demonstrated by the aforementioned evidence, acupuncture may directly activate nociceptive terminals and immune cells, particularly mast cells, via mechanically sensitive channel receptors. This leads to the release of bioactive chemicals such as ATP and its degradation product, adenosine, which activate nociceptive nerve endings (Figure 2). However, the complicated neuroimmune network in the acupoint microenvironment remains to be elucidated.
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FIGURE 2. Role of neuroimmune crosstalk at the acupoint in mediating the anti-inflammatory and analgesic effects of acupuncture on inflammatory pain. The names of immune factors are presented in red and green, respectively. The factors in red are up-regulated by acupuncture, while those in green are down-regulated by acupuncture. NF-κB, nuclear factor kappa-B; TRPV1/2/4, transient receptor potential ion channel vanilloid 1/2/4; MCP-1, monocyte chemoattractant protein-1; IL-16, interleukin- 6.




ACUPUNCTURE-INDUCED INHIBITION OF PERIPHERAL SENSITIVITY IN INFLAMMATORY PAIN MODELS

Inflammation is a hallmark of inflammatory pain. The increased release of inflammatory mediators results in the sensitization of peripheral nociceptors, which is characterized by a lowered activation threshold in these nociceptors (Yu et al., 2020). Activated DRG nociceptor neurons produce and release a large number of neuropeptides, such as SP and CGRP, from their peripheral terminals, which further aggravates local inflammatory responses and peripheral sensitization (Basbaum et al., 2009). Hence, the literature suggests that neuroimmune interactions are crucial in this process. Recently, acupuncture has also been found to alleviate inflammatory pain via neuroimmune crosstalk.


Regulation of the Immune Cell Polarization Balance

T cells can be classified into several sub-populations, including T helper 1 (Th1) cells, Th2 cells, Th17 cells, and T regulatory (Treg) cells. These cells regulate immune responses by producing specific pro- or anti-inflammatory cytokines (Shaw et al., 2018). For instance, Th1 cells release pro-inflammatory factors such as IL-1, IL-2, interferon-γ (IFN-γ), and TNF-α, while Th2 cells produce IL-10, IL-5, IL-13, IL-4, IL-6, and other anti-inflammatory factors. Pro-inflammatory factors bind to their corresponding receptors and stimulate peripheral nerve endings, while anti-inflammatory factors reduce the excitability of peripheral nerves. A significant imbalance in the Th1/Th2 ratio is observed in RA patients and animal models of RA. In CFA-induced rat models of pain, MA at ST36 induces anti-inflammatory and analgesic effects at inflamed joints. Analyses of cell–cell communication networks have shown that Th1 and Th2 cells act as key mediators in the CFA model and are also the main mediators of MA action (Xu et al., 2018). In the inflamed plantar tissues of mice treated with CFA, EA can inhibit inflammatory responses and pain by reducing the levels of IL-2 and INF-γ produced by Th1 cells and increasing the levels of IL-13, IL-4, and IL-5 produced by Th2 cells. Therefore, the maintenance of the Th1–Th2 balance decreases the sensitivity of peripheral nociceptors and mediates the anti-inflammatory and analgesic effects of EA (Wang et al., 2017).

Treg cells are anti-inflammatory, whereas Th17 cells are pro-inflammatory (Benedetti and Miossec, 2014). Multiple studies have confirmed that in collagen-induced arthritis (CIA) and UC models, EA at ST36 and GB39 (Xuanzhong) or RN4 (Guanyuan) induces Treg cell proliferation and simultaneously inhibits Th17 differentiation in the spleen, leading to the increased expression of anti-inflammatory factors like Transforming growth factor (TGF-β), IL-10, and IL-2 and the reduced expression of pro-inflammatory factors like IL-6, IL-17A, and IL-17F, ultimately reducing inflammatory hyperalgesia (Jimeno et al., 2012; Zhu et al., 2015; Sun et al., 2017). Similarly, EA at ST36 and SP6 can promote the activation of Treg cells and decrease the expression of the pro-inflammatory mediators IL-1β, TNF-α, and NOD-like receptor family 3 (NLRP3) in the hind paws of CFA-treated mice, reducing the stimulation of peripheral nociceptors in these animals and thereby relieving inflammatory pain (Yu et al., 2020).

Macrophages are highly heterogeneous and plastic immune cells that can polarize into different phenotypes. The polarization of these cells is dependent on different microenvironmental signals, and the polarized macrophages have specific functions in tissue homeostasis or host defense (Murray, 2017). The balance between pro- and anti-inflammatory macrophages also plays an important role in the regulation of inflammatory pain. In CFA-induced rat models of adjuvant arthritis, MA at ST36 can alleviate joint inflammation and pain by increasing the M2/M1 ratio. Further, such stimulation can decrease the levels of the pro-inflammatory cytokines TNF-α, IL-1α, IL-1β, IL-6, IL-7, and IL-18 and increase the levels of the anti-inflammatory cytokines IL-4 and IL-5 (Fuming et al., 2021). In inflammatory muscle pain models, MA at SP6 induces phenotypic changes in muscle macrophages by reducing the number of M1 macrophages and increasing the number of M2 macrophages (major source of IL-10) in the gastrocnemius muscle, thereby reducing thermal and mechanical hyperalgesia and decreasing avoidance behaviors and edema (da Silva et al., 2015). In the OA model, the activation of the NLRP3 inflammasomes leads to the production of IL-1β and TNF-α, resulting in the promotion of synovial inflammation, cartilage degeneration, and chondrocyte apoptosis (Nasi et al., 2017). In OA models, EA at Ex-LE4 (Neixiyan) and ST35 (Dubi) can significantly inhibit the activation of the NLRP3 inflammasome and the protein expression of matrix metalloproteinase-13, caspase-1, and IL-1β in cartilage tissue, thereby reducing mechanical hyperalgesia, improving the structure of articular cartilage, and reducing cartilage surface fibrillation (B-Wang et al., 2020). Recently studies have shown that EA at ST36 excites the vagus nerve via its dorsal nucleus, activates the α7 nicotinic acetylcholine receptor (α7nAChR)-mediated Janus kinase 2/signal transducer and activator of transcription 3 (JAK2/STAT3) signaling pathway in macrophages, inhibits the expression of the inflammatory factors IL-6 and TNF-α, reduces the local immune responses in the gastrointestinal tract, and promotes the recovery of gastrointestinal motility in mice with postoperative intestinal paralysis (Yang et al., 2021). These pieces of evidence suggest that macrophage polarization and the balance of related cytokines may be the main targets of acupuncture in its regulation of inflammatory pain.

Monocyte- and macrophage-related chemokines are also regulated by acupuncture. The MCP-1/chemokine receptor 2 (CCR2) axis mediates the recruitment of monocytes and macrophages in the early stage of inflammatory pain, causes the secretion of inflammatory factors and nerve growth factors (NGFs), and aggravates OA progression (Raghu et al., 2017). In the KOA model, MA at ST35 and ST36 can inhibit the MCP-1/CCR2 axis, thereby inhibiting the recruitment of monocytes/macrophages and down-regulating IL-1β, TNF-α, and NGFs and alleviating hyperalgesia and cartilage degeneration in the knee joint (Li et al., 2020). In rats treated with CFA, EA at GB30 up-regulates chemokine C-X-C motif chemokine ligand 10 (CXCL10) expression and increases the number of chemokine C-X-C motif receptor 3 (CXCR3)+ (receptor of CXCL10) macrophages containing opioids at sites of inflammation (Wang et al., 2014).

Together, this evidence shows that acupuncture can promote the balance of immune cells by regulating immune mediators, thus reducing the inflammatory response at local nociceptors. However, it remains unclear how acupuncture, as a body distal stimulation, inhibits the inflammatory response. Recent studies have reported that acupuncture can activate distinct sympathetic or parasympathetic nerves that project to immune-related organs and modulate systemic inflammation. Future studies of acupuncture treatment for inflammatory pain will be directed toward mapping the somatosensory pathways that drive distinct autonomic pathways.



Acupuncture-Mediated Promotion of the Release of Analgesic Substances From Immune Cells


Opioid Peptides

Electroacupuncture at GB30 can increase the number of opioid-containing macrophages and therefore increase the release of β-ENDs in the inflamed paw tissue of rats treated with CFA (Zhang G. G. et al., 2005). Interestingly, the long-term analgesic effect of EA is antagonized by β-END and enkephalin (ENK) antagonists, but not by dynorphin A (DYN) antagonists, indicating that the β-ENDs released due to acupuncture stimulation act on μ- and δ-opioid receptors and inhibit peripheral inflammatory pain (Wang et al., 2014). In monosodium urate-induced rat models of acute gouty arthritis, variable frequency EA (2/100 Hz) at ST36 and BL60 can up-regulate the expression of β-END in the local ankle tissue, and this β-END can act on μ- and κ-opioid receptors to exert peripheral analgesic effects (Chai et al., 2018). In addition, in carrageenan-induced rat models of pain, EA at ST36 activates μ-, δ-, and κ-opioid receptors, exerting analgesic effects by reducing the excitability of peripheral neurons and inhibiting the release of pro-inflammatory neuropeptides (such as SP) at peripheral nerve endings (Taguchi et al., 2010). These studies show that acupuncture may promote the aggregation of immune cells containing opioid peptides in inflammatory tissues and promote the release of β-END and ENK, which may act on μ-, δ-, and κ-opioid receptors at peripheral sensory endings to exert peripheral analgesic effects.



Cannabinoids

The endocannabinoid system is a vital neuromodulation system for pain sensation, and it includes two G protein-coupled receptors: cannabinoid receptor 1 (CB1R) and CB2R. EA at GB30 and GB34 enhances the expression of CB2R in immune cells (keratinocytes, macrophages, and T-lymphocytes) in inflamed skin tissue and reduces pain in CFA-treated rats (Chen et al., 2009; Zhang et al., 2010). In the CFA-treated and KOA pain models, EA can inhibit the release of the pro-inflammatory factors TNF-α, IL-1β, and IL-6 by activating CB2R, thereby suppressing peripheral inflammatory pain (Su et al., 2012; Yuan et al., 2018a; Cristino et al., 2020). EA can also exert anti-inflammatory and analgesic effects by reducing the activation of NLRP3 inflammasomes in skin macrophages via the activation of CB2R, and CB2R knockout can reduce NLRP3 inflammasome activation and weaken the analgesic effect of EA (Gao et al., 2018). In addition, cannabinoids and β-ENDs synergistically mediate the anti-inflammatory and analgesic effects of acupuncture. Interestingly, EA at GB30 and GB34 increases the levels of β-END by activating CB2R in keratinocytes, macrophages, and T lymphocytes in inflamed skin tissue to inhibit inflammatory pain (Su et al., 2011).



Adenosine

There are four receptors for adenosine: A1R, A2aR, A2bR, and A3R. Adenosine mainly inhibits inflammatory pain through A1R and A2aR (Andreas et al., 2008; Sawynok, 2016). A2aRs bind to adenosine-activated protein kinase A (PKA), which promotes the production of immunosuppressive cells and increases their infiltration, further inducing an anti-inflammatory response (Lv et al., 2021). EA at BL25 increases the expression of A1R, A2aR, and A3R in the colon of mouse models of IBD. Further, A2bR mediates the acupuncture-induced inhibition of the release of the pro-inflammatory factor IL-1β and reduces visceral pain (Hou et al., 2019). Similarly, EA at ST36 and SP6 can increase A2aR expression and inhibit the release of TNF-α in the ankle joint of CIA mice, thus exerting anti-inflammatory and tissue protection effects (Li et al., 2015). However, the role of A1R in the immune regulation caused by acupuncture has not been explored.




Neuroimmune Regulation in the Dorsal Root Ganglion by Acupuncture

Peripheral nerve fibers and their cell bodies in the DRG relay inflammatory pain-related afferent input to the spinal cord (Lai et al., 2019). In the DRG, nociceptive ion channels (such as TRPV1) on primary sensory neurons open after peripheral noxious stimulation and activate neurons while releasing active substances such as SP and CGRP. Repeated long-term stimulation causes neurogenic inflammation and enhances neuronal excitability and primary afferent input, causing peripheral sensitization (Yoo et al., 2011).

Transient receptor potential ion channel vanilloid 1 is generally considered to be involved in inflammation and perceived thermal pain. Studies have found that acupuncture can down-regulate the expression and sensitivity of TRPV1 by reducing the release and expression of pro-inflammatory neuropeptides (SP and CGRP), pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6), and NGF and reducing the sensitization of sensory neurons (McDonald et al., 2013). For example, TRPV1 is the main downstream target of Mas-associated G protein-coupled receptor C (MrgprC) activation in the acute inflammatory pain signaling pathway (Huang et al., 2006). EA at bilateral ST36 and BL60 in CFA-treated rats can inhibit the phosphorylation of TRPV1 residues by protein kinase C (PKC) via the down-regulation of MrgprC. This could reduce the sensitivity and openness of TRPV1 channels, thereby reducing internal Na+ and K+ flow and inhibiting pain transmission (Liu et al., 2018). EA at bilateral ST36 can inhibit the expression of TRPV1 and its downstream signaling molecules in the DRG in CFA-induced animal models of pain, thus down-regulating the activation of p-PKA, p-extracellular signal-regulated kinases (ERK), p-c-Jun-N-terminal kinase (JNK), p38-mitogen-activated protein kinase (MAPK), several transcription factors, p-cAMP response element binding protein (CREB), p-NFκB, and the noxious ion channel Nav1.7 (Liao et al., 2017; Yang et al., 2017). In TRPV1–/– mice, EA treatment does not produce analgesic effects, indicating that TRPV1 is key for EA-mediated analgesia in cases of inflammatory pain (Lu et al., 2016). EA at ST36 can inhibit the expression of acid sensation ion channels 3 (a sensor of acidic environments and mechanical stimuli) and TRPV4 (a sensor of osmotic pressure and mechanical stimuli) in DRG neurons and relieve inflammatory pain in both carrageenan- and CFA-induced models of pain via the inhibition of peripheral sensitization (Chen et al., 2011, 2012).

Substance P is a neuropeptide released by sensory nerve endings and it is the main mediator of neurogenic inflammation. The combination of SP and NK-1R can increase the secretion of pro-inflammatory cytokines and aggravate inflammatory pain (Yang et al., 2013). EA at ST36 can reduce the levels of SP and NK-1R and the expression of IL-6, TNF-α, and IL-1β in the DRG of CFA-treated rats, abating mechanical sensitivity and thermal pain. Interestingly, when the dorsal nerve root is cut or an SP receptor antagonist is injected, the inhibitory effect of EA on SP, NK-1R, and other downstream inflammatory factors is attenuated, which significantly reduces the analgesic effect of EA. Hence, EA may also prevent the transmission of pain signals to the CNS by inhibiting the expression of SP in the DRG (Zhang et al., 2020d).

The purinergic P2 × 3 receptor (P2 × 3R) is a ligand-gated non-selective cation channel that is selectively expressed in primary sensory neurons. When inflammatory pain occurs, ATP is released from damaged tissues or inflammatory cells and binds to P2 × 3R in DRG neurons to activate nociceptors and transmit pain signals (Bernier et al., 2018). EA at ST36 and BL60 can significantly reduce the number of P2 × 3R-positive neurons in the L4-6 DRG and reduce the expression of the P2 × 3R protein in the L6 DRG. Further, P2 × 3R agonists can reduce EA-mediated analgesia in CFA-treated rats (Fang et al., 2018). In CFA-treated rats, both short- and long-term 100-Hz EA at ST36 can reduce the expression of P2 × 3R in the DRG. Moreover, the inhibition or activation of P2 × 3R in the DRG may contribute to or weaken the analgesic effect of EA, respectively (Xiang et al., 2019). In addition, in rat models of IBD, EA at ST37 and ST25 can down-regulate the expression of P2 × 3R in the colon myenteric plexus and reduce sensitivity to visceral pain (Weng et al., 2015).

Tyrosine hydroxylase (TH) is the rate-limiting enzyme in the synthesis of catecholamines, and it is a key component of the peripheral sympathetic nervous system (Dunkley and Dickson, 2019). When the DRG receives pain signals, sympathetic nerve fibers protrude and invade the region around sensory neurons, participating in pain signal transduction. For example, in trinitrobenzene sulfonic acid (TNBS)-induced rat models of colitis, the germination of TH immunoreactive fibers toward DRG sensory neurons contributes to the maintenance and aggravation of peripheral inflammatory pain. EA at ST36 and ST37 can reduce hyperalgesia and inflammatory damage in the distal colon by inhibiting the expression of TH in the L6 DRG. This may be one mechanism via which EA relieves the symptoms of colitis (Wang et al., 2019).

In summary, the interactions between the peripheral nervous system and immune system that underly the effect of acupuncture on inflammatory pain include the following: (1) Acupuncture can induce the migration of immune cells containing analgesic substances to target organs, where they release opioid peptides, cannabinoids, and other analgesic substances to achieve analgesia by blocking peripheral sensitization. (2) Acupuncture regulates the balance of immune cells and reduces the release of pro-inflammatory factors, thereby reducing the stimulation of peripheral nociceptive nerves by inflammatory factors. (3) Acupuncture inhibits the release of SP, CGRP, and other neuropeptides from nociceptive DRG neurons, inhibits TRPV1 and its downstream signaling pathways, reduces peripheral neurogenic inflammation, and inhibits the transmission of pain signals to the CNS (Figure 3).
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FIGURE 3. Role of neuroimmune crosstalk at the sites of inflammation in mediating the anti-inflammatory and analgesic effects of acupuncture on inflammatory pain. The names of immune factors are presented in red and green, respectively. The factors in red are up-regulated by acupuncture, while those in green are down-regulated by acupuncture. IL-1β/2/4/5/6/10/13/17, interleukin-1β/2/4/5/6/10/13/17; IFN-γ, interferon-γ; TGF-β, transforming growth factor; CXCL10, chemokine (C-X-C motif) ligand 10; NLRP3, NOD-like receptor family 3; MMP13, matrix metalloproteinase-13; A1R, adenosine 1 receptor; CytR, cytokine receptor; OpioidR, opioid receptor; A2aR, adenosine 2a receptor; SP, substance P; CB2R, cannabinoid receptor 2; P2 × 3, Purinergic P2 × 3 receptor; NK-1R, neurokinin-1 receptor; ASIC3, acid sensation ion channels 3; CGRP, calcitonin-gene-related peptide; TRPV1/2, transient receptor potential ion channel vanilloid 1/2; DRG, dorsal root ganglion; SCDH, spinal cord dorsal horn.





ACUPUNCTURE-INDUCED INHIBITION OF CENTRAL SENSITIVITY IN INFLAMMATORY PAIN MODELS


Regulation of Neuron–Glia Interactions by Acupuncture

Emerging clinical and preclinical studies have indicated that neuron–glia interactions in the spinal cord are involved in the pathogenesis of chronic pain (Gwak et al., 2017; Haight et al., 2019). Inflammatory pain signals are transmitted via peripheral afferent nerves. When a nerve impulse arrives, neurotransmitters such as glutamate, ATP, SP, and CGRP are produced and released from primary DRG neurons, and information is transmitted to the spinal cord. These neurotransmitters act on the receptors present on glial cells and neurons, modulating glial and neuronal activity (Wei et al., 2008; Roberts et al., 2009). Glial cells (microglia and astrocytes) respond to increased input from peripheral nerves by changing their morphology, increasing in number, and releasing pronociceptive mediators such as cytokines and chemokines. These gliotransmitters can sensitize neurons by activating their homologous receptors, thereby promoting central sensitivity, which is fundamental for the generation of allodynia, hyperalgesia, and spontaneous pain (Old et al., 2015). The interaction between glial cells and neurons creates an integrated network that coordinates the immune response and modulates the excitability of pain pathways (Han et al., 2015).

Recent studies have shown that acupuncture can relieve inflammatory hyperalgesia by inhibiting the interaction between spinal cord neurons and glial cells. In formalin- and CFA-induced animal models of inflammatory pain, EA can relieve pain by decreasing the expression of the pain-related factors SP, CGRP, IFN-γ, IL-6, IL-1β, and TNF-α and increasing the levels of the anti-inflammatory factors IL-4 and IL-10 in the spinal cord (Liu et al., 2019). Neuron-derived chemokine C-X3-C motif chemokine ligand 1 (CX3CL1) activates C-X3-C chemokine receptor 1 (CX3CR1) on microglia, leading to the phosphorylation of p38 MAPK in microglia (Zhang et al., 2017). EA (2 Hz, 1–2 mA) at ST36 in CFA-induced pain models can reduce pain significantly by decreasing CX3CL1 expression in the spinal cord, inhibiting the activation of the p38 MAPK pathway in microglia, and reducing the release of downstream cytokines (IL-6, IL-1β, and TNF-α) (Li et al., 2019).These cytokines are important messengers that transmit signals between glia and neurons. The reduction in IL-1β and TNF-α attenuates N-methyl-D-aspartate (NMDA) receptor phosphorylation, inhibits the change in synaptic strength, and reduces behavioral hyperalgesia (Zhang et al., 2011a; Li et al., 2019). Purinergic signaling is also involved in the maintenance of pain. After peripheral tissue injury, a significant amount of ATP is released from satellite glial cells. This ATP acts on P2 × 7R and promotes the activation of CX3CR1 in microglia, and the interaction between CX3CL1 and CX3CR1 is initiated by the activation of P2 × 7R (Clark and Malcangio, 2014). The reduction in ATP/P2 × 7R signaling observed after three session of EA inhibits the downstream CX3CL1/CX3CR1 signaling pathway and p38 MAPK phosphorylation in microglia (Gao et al., 2017). Accordingly, EA suppresses ATP/P2 × 7R/CX3CL1/CX3CR1/p38 MAPK-mediated neuroglial crosstalk and thus exerts an analgesic effect.

When pain signals are relayed to the spinal cord, glutamate released from primary neurons activates glutamate receptors on astrocytes, increasing Ca2+ mobilization in these cells. The release of a series of mediators from activated astrocytes in turn modulates neuronal activity. For example, IL-10 can regulate long-term potentiation (LTP) of the synapses between primary afferent C-fibers and secondary neurons in order to prevent long-term mechanical and thermal hyperalgesia (Clark et al., 2015). EA at SP6 and GB34 relieves incision-related pain and suppresses spinal LTP via an increase in IL-10 levels in spinal astrocytes (Clark et al., 2015; Dai et al., 2019). The binding of IL-33 to growth stimulation expressed gene 2 (ST2) can activate downstream MAPK signaling pathways and aggravate inflammation. This activation plays an important role in central sensitization and pain modulation (Crown, 2012). EA reduces the paw lifting time and paw licking time in mouse models of formalin-induced pain, inhibits the expression of IL-33 in astrocytes and that of ST2 in astrocytes and neurons, and further inhibits the phosphorylation of ERK and JNK. Subcutaneous or intrathecal injection of recombinant IL-33 weakens the analgesic effect of EA and reverses the EA-induced suppression of ERK and JNK phosphorylation. Therefore, EA alleviates inflammatory pain by inhibiting IL-33/ST2 signaling and the downstream ERK and JNK pathways (Han et al., 2015). Even one session of EA at ST36 and BL60 can significantly increase the pain thresholds of CFA-treated rats and remarkably suppress ERK1/2 activation and cyclo-oxygenase 2 (COX-2) expression. Three sessions of EA decrease NK-1 expression and the DNA binding activity of CREB, a transcription factor downstream to ERK1/2. Therefore, acupuncture produces an analgesic effect by preventing the activation of the ERK1/2-COX-2 pathway and ERK1/2-CREB-NK-1 pathway at different stages of inflammatory pain progression (Fang et al., 2014).

These studies together show that acupuncture inhibits the communication and interaction between glial cells and neurons by reducing the phosphorylation of p38 MAPK, inhibiting the ERK and JNK pathways, decreasing the levels of pro-inflammatory factors, and increasing the levels of anti-inflammatory factors, thereby relieving inflammatory pain.



Regulation of Neurotransmitters in the Central Nervous System by Acupuncture


Glutamate

Glutamate is an excitatory neurotransmitter that is widely distributed in the CNS, and it plays a key role in the induction of CNS sensitization. Glutamate has three receptors, namely NMDA receptors, α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid receptors, and kainate or metabotropic receptors (Swartjes et al., 2011). IL-1β and TNF-α, which are released from activated glial cells after the induction of inflammatory pain, lead to the phosphorylation of glutamate receptors. This enhances the excitability of spinal neurons and promotes pain transmission via the regulation of glutamate receptor activity and Ca2+-dependent signaling (Zhou et al., 2001; Liu et al., 2015). EA and acupoint catgut embedding (ACE) can inhibit the phosphorylation of the GluN1 subunit and thus inhibit the activation of NMDA receptors in the spinal cord. Further, these treatments can also inhibit Ca2+-dependent signals (calmodulin-dependent protein kinase II, ERK, and CREB) in CFA-treated rats, thus relieving inflammatory pain (Cui et al., 2019). In CFA-induced rat models of inflammatory pain, there is an increase in GluR2 phosphorylation in the ipsilateral SDH. EA (2 Hz, 1 mA) at ST36 and SP6 produces analgesic effects through the down-regulation of GluR2 phosphorylation (Lee et al., 2013). In addition, glutamate transporter (GT-1) in astrocytes prevents excessive activation of postsynaptic glutamate receptors by buffering the glutamate released into synapses (Nie and Weng, 2009). Nevertheless, injuries result in decreased GT-1 expression and an alteration of the glutamate homeostasis in synapses between astrocytes and neurons, leading to increased dorsal horn excitability and the development of inflammatory pain (Sung et al., 2003). In CFA-induced models of inflammatory pain, EA treatment can increase GT-1 expression in astrocytes, resulting in the clearance of excess glutamate in the synaptic cleft and a reduction in pain signals (Kim et al., 2012). Taken together, these data suggest that acupuncture modulates inflammatory pain by reducing neuroglial interactions and inhibiting the expression and phosphorylation of glutamate receptors and that it promotes glutamate reuptake by increasing the expression of glutamate transporters in astrocytes.



Endogenous Opioids

The activation of the endogenous opioid system is the best-understood mechanism underlying acupuncture-induced analgesia. This system mainly involves ENDs, ENKs, and DYNs, and the μ-, δ-, and κ-opioid receptors (Zhang et al., 2016). Different frequencies of EA are known to activate different opioid receptors. Low-frequency (2 Hz) EA promotes the release of ENKs, which binds to μ- and δ-opioid receptors, while high-frequency (100 Hz) EA promotes the release of DYNs, which bind to μ-opioid receptors (Seo et al., 2013; Zhang et al., 2014). Acupuncture can reduce inflammatory pain by activating different opioid receptors in different inflammatory pain models. In CFA- and capsaicin-induced inflammatory pain models, the inhibition of thermal and mechanical hyperalgesia caused by EA is blocked by the intrathecal administration of μ- and δ-opioid receptor antagonists but not by that of κ-opioid receptor antagonists (Zhang et al., 2004; Kim et al., 2009). In carrageenan-induced inflammatory pain models, the analgesic effects of acupuncture are blocked by the intrathecal administration of a μ-opioid receptor antagonist but not by that of a δ- or κ-opioid receptor antagonist (Yang et al., 2011). The differential involvement of opioid receptors might be due to changes in receptor sensitivity during the development of inflammatory pain. Interestingly, EA induces the release of ENDs in CFA-treated rats and inhibits the release of γ-aminobutyrate (GABA) by activating μ-opioid receptors on GABAergic neurons, thus activating serotonergic neurons in the rostral ventromedial medulla and causing them to release 5-hydroxytryptamine (5-HT) and suppress pain (Zhang et al., 2011b). This indicates that opioids and their receptors contribute to the increased release of analgesic transmitters, producing analgesic effects.



Endocannabinoids

The endocannabinoid system is involved in the control of pain transmission and is largely dependent on two ligands: N-arachidonoylethanolamide and 2-arachidonoyl glycerol (2-AG) (Finn et al., 2021). CB1R is a cannabinoid receptor that is widely distributed in the nerve endings of both GABAergic and glutamatergic neurons in the periaqueductal gray (PAG; Hu et al., 2014; Samineni et al., 2017). EA (2 Hz, 1 mA) at Ex-LE4 (Neixiyan) and ST35 relieves the inflammatory pain caused by KOA via an increase in the levels of 2-AG, the induction of CB1R expression on GABAergic neurons (but not on glutamatergic neurons), and a reduction in 5-HT levels. The microinjection of CB1R antagonists in the ventrolateral PAG (vlPAG) can reverse the effects of EA. In GABA-CB1–/– mice, 5-HT levels do not increase after EA stimulation, confirming that EA potentiates the pain-inhibition effects of 5-HT in the descending inhibition pathway via CB1Rs on GABAergic neurons (Yuan et al., 2018b). EA can also simultaneously and bidirectionally inhibit GABAergic neurons and excite glutamatergic neurons by increasing CB1R expression in the vlPAG, thereby allowing serotonergic neurons to be sufficiently excited, resulting in antinociceptive effects (Zhu et al., 2019). Repeated EA at ST36 and BL60 increases the gene expression of CB1R and dopamine D1 and D2 receptors in the striatum. The injection of CB1R antagonists reverses the analgesic effects of repeated EA stimulation, indicating that the endocannabinoid system contributes to acupuncture-induced inflammatory pain reduction via the regulation of dopamine release in the striatum (Shou et al., 2013).

Therefore, endocannabinoid-CB1R-GABAergic/glutamatergic neurons and neurotransmitters (5-HT, dopamine, and norepinephrine) may form a novel pathway that mediates the acupuncture-induced inhibition of inflammatory pain. Future research should focus on the role of the endocannabinoid system in neural circuits and its interactions with other systems.




5-Hydroxytryptamine

Serotonergic neurons in the raphe nucleus release 5-HT, targeting receptors along the descending pain circuit, and participate in the regulation of pain perception (Boadas-Vaello et al., 2017; Tao et al., 2019). Countless studies have shown that 5-HT and 5-HT receptors (5-HTRs) participate in acupuncture-induced analgesia. EA at GB30 in CFA-treated rats can activate serotonergic neurons in the nucleus raphes magnus and cause them to release 5-HT, which binds to spinal 5-HT1ARs and produces analgesic effects. Moreover, serotonin depletion and treatment with a 5-HT1AR antagonist prevent the effects of EA (Li et al., 2007; Zhang et al., 2011c). In collagenase-induced osteoarthritis rat models, EA at ST36 produces analgesic effects, and the analgesic effect of 2-Hz EA is reduced after pretreatment with 5-HT1R and 5-HT3R antagonists, although no such effect is observed when 5-HT2R antagonists are used (Seo et al., 2016). In CFA-induced pain models, 10-Hz EA activates 5-HT1ARs, but not 5-HT2BRs, 5-HT2CRs, or 5-HT3Rs in the spinal cord (Zhang et al., 2012b). Therefore, EA inhibits hyperalgesia by activating serotonergic neurons in the spinal cord and causing them to release 5-HT, which acts on 5-HT1ARs in the spinal cord.

The activation of 5-HT1AR has been reported to block GluN1 phosphorylation (Liu et al., 2011), and EA and ACE also inhibit the activation of GluN1. Importantly, intrathecal injection of a 5-HT1AR antagonist and agonist can block and mimic, respectively, the effects of EA and ACE. EA can alleviate inflammatory pain by activating 5-HT1ARs and preventing the phosphorylation of GluN1 and Ca2+-dependent signaling (Cui et al., 2019). Taken together, the data suggest that 5-HT mediates the effects of acupuncture against inflammatory pain through the activation of various receptor subtypes and the inhibition of glutamate receptor phosphorylation.



Regulation of Emotions and Cognition Associated With Pain by Acupuncture

According to the International Association for the Study of Pain, pain has sensory, emotional, cognitive, and social components. Anxiety, depression, and other negative emotions can be caused by nociceptive stimulation (Williams and Craig, 2016). The main brain region associated with pain-related emotions is the anterior cingulate cortex (ACC; Zeng et al., 2018). NMDARs and μ-opioid receptors are co-expressed in the ACC, and EA at GB30 relieves pain-induced place aversion in CFA-treated rats through the promotion of μ-opioid receptor expression and inhibition of NMDA excitation (Zhang et al., 2012a). Protein kinase M zeta (PKM zeta) and GluR1 are involved in pain and the neuroplasticity induced by pain-related emotions (Adzovic and Domenici, 2014). EA at ST36 and BL60 inhibits the phosphorylation of PKM zeta and its downstream target GluR1 and reduces ACC-mediated LTP, thereby alleviating the anxiety-like behavior induced by inflammatory pain (Du et al., 2017). The neuropeptide S/neuropeptide S receptor (NPS/NPSR) system is involved in the regulation of the anxiety induced by chronic inflammation. EA at ST36 and BL60 enhances ipsilateral NPS and NPSR protein expression in the ACC and reduces the anxiety-like behavior associated with pain (Du et al., 2020).

Pain memory is an endogenous factor in intractable chronic pain. The secondary messenger cAMP, its downstream protein kinase PKA, and the transcription factor CREB regulate pain-related learning and memory and neuroplasticity (Wu et al., 2013). EA can modulate pain memory by inhibiting the cAMP/PKA/CREB signaling pathway (Shao et al., 2016). Therefore, there has been a switch from the conventional notion of a single mode of nociceptive sensation to a multi-dimensional mode of pain–emotion–cognition in studies involving pain research. Acupuncture can not only reduce pain sensation, but can also help manage pain-related emotion and cognition by regulating neurotransmitters and neuroplasticity, thus alleviating pain and related factors in an all-round manner.

In the CNS, neurons and glial cells contribute to the neuroimmune interactions involved in the production and maintenance of inflammatory pain. Acupuncture can reduce the levels of neuropeptides released by primary neurons, reduce the release of immune mediators from activated glial cells, and inhibit the interaction between glial cells and secondary neurons, thus inhibiting the transmission of pain signals. Acupuncture can also inhibit the release of central excitatory neurotransmitters and promote the release of inhibitory neurotransmitters, reduce the interaction between neurotransmitters, and relieve pain and pain-related emotions and cognition (Figure 4). Current evidence has confirmed that acupuncture regulates the glial cell–cytokine–neuron interaction. Most studies on the regulation of neurotransmitters and neuropeptides by acupuncture focus on the interactions between neurotransmitters and neural circuits. There are few studies on the relationship between neurotransmitters and glial cells, and more attention should be paid to this aspect in future studies.


[image: image]

FIGURE 4. Role of neuroimmune crosstalk within the central nervous system in mediating the anti-inflammatory and analgesic effects of acupuncture on inflammatory pain. The names of neurotransmitters, neuropeptides, and immune factors are presented in red, green, and purple, respectively. The factors in red are up-regulated by acupuncture, while those in green are down-regulated by acupuncture. The factors in purple are not regulated by acupuncture. SP, substance P; SPR, substance P receptor; NK1, neurokinin-1; CGRP, calcitonin-gene-related peptide; CRLR, calcitonin-gene-related peptide receptor; ATP, adenosine triphosphate; P2 × 7R, purinergic P2 × 7 receptor; CX3CL1, C-X3-C motif chemokine ligand 1; CX3CR1, C-X3-C chemokine receptor 1; p38 MARK, p38-mitogen-activated protein kinase; COX-2, cyclo-oxygen-ase 2; CREB, cAMP response element binding protein; ERK, extracellular signal-regulated kinases; JNK, c-Jun-N-terminal kinase; AMPAR, α-amino-3-hydroxy-5-methyl-4- isoxazolepropionic acid receptor; NMDAR, N-methyl-D-aspartate receptor; GABA, γ-aminobutyrate; 5-HT, 5-hydroxytryptamine; 5-HTR, 5-hydroxytryptamine receptor; CB1, cannabinoid 1; CB1R, cannabinoid receptor 1; OpioidR, opioid receptor; GABA, γ-aminobutyrate; GABAR, γ-aminobutyrate receptor; 2-AG, 2-arachidonoyl glycerol; IL-1β/4/6/10, interleukin-1β/4/6/10; TNF-α, tumor necrosis factor-α.





CONCLUSION

With in-depth research on the mechanism underlying the effects of acupuncture in treating inflammatory pain, we now fully appreciate the importance of neuroimmune interactions in this process. In peripheral regions, injury and inflammatory responses are the root causes of pain. Acupuncture can reduce the activation of pain pathways by promoting the balance between immune cells and inhibiting inflammatory responses. Acupuncture can also recruit immune cells that secrete analgesic neurotransmitters, which then act on receptors to produce analgesic effects. Long-term stimulation during peripheral inflammation leads to central sensitization. Acupuncture activates local neuroimmune regulation at acupoints and transmits acupuncture signals to the CNS. By regulating the release of neuropeptides and the interaction between glial cells and neurons, acupuncture inhibits neuroimmune crosstalk, which is vital to central sensitization. Meanwhile, acupuncture also promotes the release of analgesic neurotransmitters, inhibits the release of pain-promoting neurotransmitters, reduces the excitability of neurons and synaptic strength, and changes pain sensitivity. Accordingly, the regulation of neuroimmune crosstalk at the peripheral and central levels mediates the anti-inflammatory and analgesic effects of acupuncture on inflammatory pain in an integrated manner.

Although the reviewed studies provide reliable evidence for the application of acupuncture in the treatment of inflammatory pain, they have some limitations. First, the brain mechanisms underpinning the regulation of neuroimmune interactions by acupuncture during the treatment of inflammatory pain are not as well-studied as peripheral and spinal mechanisms. In cases of inflammatory pain, many inflammatory mediators at the inflamed site and in the spinal cord participate in the acupuncture-regulated neuroimmune crosstalk, but whether these mediators play a similar role in the brain remains unclear. Second, the interaction between spinal glial cells and neurons is involved in the acupuncture-mediated reduction in inflammatory pain, but microglia and astrocytes produce different mechanistic effects after acupuncture. It is still unclear which factors influence the timing of their activation and the molecular signal transduction within the cell. Third, some neurotransmitters can also be produced by glial cells, and glial cells also express the homologous receptors of neurotransmitters. However, it is not clear whether any interaction between neurotransmitters and glial cells mediates the effects of acupuncture in the treatment of inflammatory pain. Finally, current animal models have drawbacks because they show an acute inflammatory response and short-lived hyperalgesia, both of which become attenuated over time. Most studies have only examined the protective effect of acupuncture in the initial phase of inflammatory pain. Better models are needed to explore the effectiveness of acupuncture against chronic inflammatory pain.

Overall, this review of studies published over the last decade provides strong evidence for the usefulness of acupuncture in the treatment of inflammatory pain. The elucidation of the mechanisms underlying the effects of acupuncture in the treatment of inflammatory pain will open a variety of opportunities for further applications of acupuncture and a combination of acupuncture and drugs for treating, managing, and controlling inflammation and pain. Therefore, the continuation of research on this topic is extremely important.
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 2-AG, 2-arachidonoyl glycerol; 5-HTRs, 5-HT receptors; 5-HT , 5-hydroxytryptamine; A1R, A1 receptor; ACE, acupoint catgut embedding; ATP, adenosine triphosphate; ACC, anterior cingulate cortex; CGRP, aalcitonin-gene-related peptide; CREB, cAMP response element binding protein; CB1R, cannabinoid receptor 1; CNS, central nervous system; CX3CL1, chemokine C-X 3-C motif chemokine ligand 1; CXCL10, chemokine C-X -C motif chemokine ligand 10; CXCR3, chemokine C-X -C motif receptor 3; CCR2, chemokine receptor 2; CIA, collagen-induced arthritis; CFA, complete Freund’s adjuvant; CX3CR1, C-X 3-C chemokine receptor 1; COX-2, cyclo-oxygenase 2; DRG, dorsal root ganglion; DYN, dynorphin; EA, electroacupuncture; ERK, extracellular signal-regulated kinases; GT-1, glutamate transporter; ST2, growth stimulation expressed gene 2; IBD, inflammatory bowel disease; IFN- γ , interferon- γ; IL-6, interleukin-6; JAK2, Janus kinase 2; JNK, Jun-N-terminal kinase; KOA, knee osteoarthritis; LTP, long-term potentiation; MA, manual acupuncture; MrgprC, Mas-associated G protein-coupled receptor C; ENK, enkephalin; MAPK, mitogen-activated protein kinase; MCP-1, monocyte chemoattractant protein-1; NGFs, nerve growth factors; NK-1R, neurokinin-1 receptor; NPS, neuropeptide S; NPSR, neuropeptide S receptor; NMDA, N-methyl -D-aspartate; NLRP3, NOD-like receptor family 3; NF κ B, nuclear factor kappa B; OA, osteoarthritis; PAG, periaqueductal gray; PKA, protein kinase A; PKC, protein kinase C; PKM zeta, protein kinase M zeta; P2 × 3R, purinergic P2 × 3 receptor; RA, rheumatoid arthritis; STAT3, signal transducer and activator of transcription 3; SDH, spinal dorsal horn; SP, substance P; Th1, T helper 1; Treg, T regulatory; TGF- β , transforming growth factor; TRPV1, transient receptor potential ion channel vanilloid 1; TNBS, trinitrobenzene sulfonic; TNF- α , tumor necrosis factor- α; TH, tyrosine hydroxylase; UC, ulcerative colitis; vlPAG, ventrolateral PAG; α 7nAChR, α 7 nicotinic acetylcholine receptor; β-ENDs , β-endorphins; GABA, γ-aminobutyrate .
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Introduction: In this retrospective study, resting-state functional connectivity (FC) in patients with migraine was analyzed to identify potential pathological pain processing patterns and compared them to those in healthy controls (HCs). The FC patterns in patients between pre- and post-acupuncture sessions were also analyzed to determine how acupuncture affects neurological activity and pain perception during the migraine interictal period.

Methods: In total, 52 patients with migraine without aura (MwoA) and 60 HCs were recruited. Patients with migraine were given acupuncture treatment sessions for 4 weeks. As a primary observation, functional magnetic resonance images were obtained at the beginning and end of the sessions. HCs received no treatment and underwent one functional magnetic resonance imaging (fMRI) scan after enrollment. After the fMRI data were preprocessed, a region of interest (ROI)-to-ROI analysis was performed with predefined ROIs related to pain processing regions.

Results: The first analysis showed significantly different FCs between patients with MwoA and HCs [false discovery rate corrected p-value (p-FDR) < 0.05]. The FCs were found to be mainly between the cingulate gyrus (CG) and the insular gyrus, the CG and the inferior parietal lobule (IPL), the CG and the superior frontal gyrus, and the middle frontal gyrus and the IPL. The second analysis indicated that acupuncture treatment partly restored the different FCs found in the first analysis (p-FDR < 0.05). Furthermore, subgroup analysis found different brain activity patterns in headache-intensity restored condition and headache-frequency restored condition. Lastly, the correlation analysis suggested a potential correlation between FCs and clinical symptoms (p < 0.05).

Conclusion: This study suggests that pain processing is abnormal in migraine, with significantly abnormal FCs in the frontal, parietal, and limbic regions. This finding could be a typical pathological feature of migraine. Acupuncture has been identified to relieve headache symptoms in two ways: it restores the pain processing function and regulates pain perception.

Keywords: acupuncture, fMRI, resting-state, functional connectivity, migraine without aura, pain processing


INTRODUCTION

Migraine is defined as a neurological disorder characterized by a recurrent headache that lasts 4–72 h with nausea, photophobia, and phonophobia (Headache Classification Committee of the International Headache Society (IHS), 2018). Worldwide, more than 3 billion people suffer from migraine. In fact, migraine has been identified as the sixth most prevalent of the 328 diseases and injuries evaluated in 2016 (Stovner et al., 2018). Moreover, it is among the top five Level 4 causes of years of life lived with disability in all five sociodemographic index quintiles of 1990 and 2016. When analyzed as a Level 4 cause, migraine was the second cause of disability after low back pain and ranked among the top 10 causes of a life lived with disability in all 195 countries.

Chronic pain is defined as lasting at least 3 months and not fully responding to treatment (Scholz et al., 2019). The impact on the patient and the transition of pain from acute to chronic are the challenges facing clinicians and policymakers. Pain involves changes in the spinal cord and brain at many levels (Elman and Borsook, 2016). And headache transition from episodic to chronic is the same as painful conditions affecting other parts of the body becoming chronic (Valente et al., 2021). By applying neuroimaging techniques, such as diffusion tensor imaging, and functional magnetic resonance imaging (fMRI), it is possible to identify brain functions that impact the headache experience at complex network levels (Chong et al., 2016). Functional connectivity (FC) analysis with fMRI is based on the temporal correlation of blood oxygen level-dependent (BOLD) signal fluctuations in different brain regions. These continuous low-frequency fluctuations in the BOLD signal have been considered to be functionally connected or functionally communicating (Schwedt et al., 2015). FC analysis assumes that regions are coupled or part of the same network if their functional behaviors are always interrelated. And it reflects part of the brain’s activities. Most of these brain areas include primary and secondary somatosensory cortices, the cingulate cortex, the posterior parietal cortex (PPC), and the prefrontal cortex (PFC) in migraine.

However, there is no separate migraine generator for headaches, and the brain networks interact and affect headache symptoms in a complex way (Colombo et al., 2015). Patients with migraine have different FCs of several resting-state networks compared with healthy controls (HCs), including the salience network (SN), default mode network (DMN), central-executive network (CEN), and frontoparietal attention network (FPN) (Tedeschi et al., 2013; Russo et al., 2019; Skorobogatykh et al., 2019). These networks are triggered together while performing tasks and maintain their functional organization at rest. The slow synchronized oscillations in each network are independent, very powerful, and affect the pathological mechanisms of migraine in different aspects (Shen, 2015).

As an efficacy treatment for migraine (Jiang et al., 2018; Xu et al., 2018), researchers have found that sustained acupuncture treatment could modulate functional networks, including but not limited to the DMN, FPN, limbic system, and descending pain modulatory system (Liu et al., 2021). Based on statistical inferences, these studies in functional brain networks focused on group differences between patients and HCs before and after treatment. Moreover, associations between cluster activity and clinical symptoms of headache were also noted. However, studies have rarely investigated migraine or acupuncture mechanisms from the perspective of pain processing.

This retrospective study aimed to investigate the resting-state brain activities in patients with migraine to find potential pathological pain processing patterns and compare them to those in HCs. Patterns in patients between pre- and post-acupuncture sessions were analyzed to discover how acupuncture regulates the neurological activity and affects pain perception during the migraine interictal period. To this end, this study first compared the differences in FC between patients with migraine without aura (MwoA) and HCs. Pre- and post-acupuncture treatment comparisons followed this comparison in patients with MwoA with region of interest (ROI)-to-ROI FC analysis. Furthermore, this study has also conducted a subgroup analysis by assigning patients with migraine into clinically significant improvement groups (responders) and no significant improvement groups (non-responders) to determine how acupuncture affects pain perception and migraine attacks. Finally, correlations between FCs and clinical symptoms were obtained using linear bivariate correlation.



MATERIALS AND METHODS


Participants

In total, 52 participants with MwoA and 60 HCs were recruited from the third teaching hospital and campus of Chengdu University of Traditional Chinese Medicine.

The inclusion criteria for MwoA patients were as follows: (1) right-handedness, 17–45 years old; (2) meets the MwoA diagnosis criteria of the International Classification of Headache Disorders; (3) has migraine lasting at least 6 months, with at least one attack per month in the last 3 months; (4) has taken no migraine preventive medications for at least 3 months. Participants were excluded when one of the following criteria existed: (1) alcohol or drug abusers; (2) participant was pregnant or breastfeeding; (3) suffering from other severe psychiatric, neurological, cardiovascular, respiratory, or renal disorders; (4) suffering from other chronic pain disorders or having a history of head trauma; (5) suffering a contraindication to MRI scanning, such as claustrophobia; and (6) suffering contraindications to acupuncture, such as coagulation disorders or long-term anticoagulant medication use.

Meanwhile, HCs needed to meet the following inclusion criteria: (1) 17–45 years old; (2) right-handedness; and (3) absence of headache or other chronic pain disorders. The exclusion criteria for HCs were the same as those in patients with migraine.

All participants have undergone clinical assessment, physical examination, and laboratory tests to detect underlying diseases before recruitment. The ethics committee of the First Teaching Hospital of Chengdu University of Traditional Chinese Medicine reviewed and approved the study protocol. The study was registered on www.clinicaltrials.gov (ClinicalTrials.gov Identifier: NCT01152632). The participants provided written informed consent to participate.



Intervention

The intervention reported in this study followed the standards for reporting interventions in clinical trials of acupuncture (MacPherson et al., 2010). Only acupoints of the extremities were used to avoid the manipulation’s influence on local blood flow. Acupoint prescriptions were selected according to the participant’s Traditional Chinese Medicine diagnosis based on previous studies (Li et al., 2012). The prescription of acupoints includes the following three types: (1) Yanglingquan (GB34), Qiuxu (GB40), Waiguan (SJ5); (2) Xiyangguan (GB33), Diwuhui (GB42), Sanyangluo (SJ8); and (3) Zusanli (ST36), Chongyang (ST42), and Pianli (LI6) (Figure 1). All acupoints were punctured bilaterally with a 1.5 cun (diameter 0.25 mm, length 40 mm) filiform acupuncture needle.
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FIGURE 1. Location of acupuncture points. The different prescriptions for acupuncture points are marked using different colors. GB34, Yanglingquan; GB40, Qiuxu; SJ5, Waiguan; GB33, Xiyangguan; GB42, Diwuhui; SJ8, Sanyangluo; ST36, Zusanli; ST42, Chongyang; LI6, Pianli.


Two licensed acupuncturists administered all the acupuncture treatments. The acupuncture manipulation procedure was as follows: (1) the acupuncture needles were inserted perpendicularly 5–15 mm and manipulated to achieve deqi sensation; (2) the needle was retained for 30 min after obtaining deqi sensation. The treatment sessions lasted for 4 weeks, with a total of 20 acupuncture sessions. HCs received no acupuncture treatment.

Patients agreed not to use any regular migraine medications during the study, but ibuprofen (300 mg extended-release capsules) was allowed as a rescue medication when severe pain is experienced.



Clinical Measures

Clinical observations included duration, intensity, and frequency of headache. According to Guidelines for controlled trials of drugs in migraine, headache intensity and headache frequency were recorded using a headache diary (Tfelt-Hansen et al., 2012). Headache intensity was measured using a visual analog scale. Headache frequency values were obtained by recording the number of migraine attacks at least 48 h apart in 1 month after enrollment. Secondary observables included Zung Self-Rating Anxiety Scale (SAS) and the Self-Rating Depression Scale (SDS). Participants with migraine received clinical evaluations after enrollment and at the fifth week (after the 4 weeks of acupuncture sessions). HCs received clinical evaluations only during recruitment.



MRI Scan Protocol

MRI data were collected using a 3.0T MRI scanner (Siemens 3T TrioTim, Munich, Germany) with an eight-channel phased-array head coil at the West China Hospital MRI Center of Sichuan University. The scanning schedule was as follows: HCs underwent one MRI scan after enrollment. Participants with migraine underwent MRI scans before and after the acupuncture treatment sessions (with a 4-week interval). Each scan included T1-weighted imaging and resting-state imaging.

Participants were then asked to stay awake and keep their heads still during the scan, with their eyes closed and ears plugged. The T1 images were obtained using a fast spoiled gradient recalled sequence (slice thickness = 1 mm; repetition time = 1,900 ms; echo time = 2.26 ms; field of view read = 256 mm). The BOLD images were obtained using echo-planar imaging (slice = 30; total volumes: 180; slice thickness = 5 mm; repetition time = 2,000 ms; echo time = 30 ms; field of view read = 240 mm).



Clinical Variables Analysis

All clinical observation data from this study were statistically analyzed using SPSS 25 software (IBM Corp., Armonk, NY, United States). Between-group comparisons were then performed using independent t-test or Chi-square test. All statistical evaluations in this study used two-tailed tests; the significance level was α = 0.05, with a statistical threshold at p < 0.05 to be considered statistically significant.

According to the American Pain Society consensus statement on the clinical importance of treatment outcomes in chronic pain clinical trials, a more significant clinical symptom improvement is considered when there is a 30% improvement in pain (Dworkin et al., 2008; Fishbain et al., 2016). Thus, this study has defined the acupuncture clinically significant improvement groups (responder) as patients with a 30% improvement in headache intensity or headache frequency compared to the pretreatment evaluation.



MRI Data Processing


Preprocessing Pipeline

MRI data were preprocessed with the CONN functional connectivity toolbox (20.b) (Whitfield-Gabrieli and Nieto-Castanon, 2012). The default pipeline process of the CONN toolbox includes functional sequence realignment and unwarp, slice-timing correction, outlier identification, direct segmentation and normalization, and functional smoothing (Nieto-Castanon, 2020). In the preprocessing stage, outlier identification was performed using 97th percentile normalized sampling. Then, segmentation, normalization, and resampling were performed using the default organization probability map with structural phase resolution = 1 mm, functional phase resolution = 2 mm, and half-peak full-width smoothing kernel = 4 mm.

With the CONN toolbox default denoising pipeline, noise components from the cerebral white matter, subject-motion, outlier scans or scrubbing, and constant and first-order linear session effects were regressed. Then, the band beyond 0.008–0.09 Hz was removed after regression using a band-pass filter.



Region of Interest Design

The ROIs selected in this study were based on the pain matrix theory (Garcia-Larrea and Peyron, 2013). Based on our previous studies (Tian et al., 2021), the second-order perceptual matrix and third-order pain memories matrix were selected as ROIs in examining the FC differences in pain and emotional processing-related regions. Due to the activity of somatosensory relevant brain regions that would bring confounding effects to the resting state, specific brain regions, including the primary and secondary somatosensory cortex, were excluded. Thus, the superior frontal gyrus (SFG), the middle frontal gyrus (MFG), the superior parietal lobule, the inferior parietal lobule (IPL), the insular gyrus (INS), the cingulate gyrus (CG), the amygdala (Amyg), the hippocampus (Hipp), and the thalamus (Tha), including the 50 subregions with a total of 100 labels, were selected as ROIs with the Brainnetome Atlas (Fan et al., 2016; Supplementary Table 1).



Functional Connectivity Analysis and Pearson Correlation Test

Weighted ROI-to-ROI FC analysis has characterized the condition-specific FC values among the set of ROIs mentioned above. The analysis proceeded as follows. First, connectivity matrices were computed using a weighted least-squares linear model with predefined temporal weights identifying each condition. Then, all functionally connected data were analyzed at CONN using a general linear model. Conditions and contrasts were then defined as follows:


(1)For the difference between patients with MwoA and HCs: the between-subjects specification was set to HCs + patients with MwoA (1–1), with the first scan set as the between-conditions specification.

(2)For the difference between pre- and post-acupuncture treatments: the between-subjects specification was set to patients with MwoA, with pretreatment + posttreatment (1–1) set as the between-conditions specification.

(3)For the differences between responders and non-responders in headache intensity or frequency compared with post-acupuncture, a multiple regression analysis (joint effects) was conducted; the between-subjects specification was set to patients with MwoA + acupuncture responders + non-responders ([0 1 0; 0 0 1]), with the between-conditions specification set to pretreatment + posttreatment (1–1).



Resting-state FC was considered statistically significant using standard cluster-level inferences: functional connectivity networks, with cluster thresholds defined by the multivoxel pattern analysis omnibus test, were considered statistically significant with false discovery rate corrected p-value (p-FDR) < 0.05 (Jafri et al., 2008). Subsequently, linear bivariate correlations were conducted between FC and headache intensity, headache frequency, and covariate set as gender, age, and duration of headache. The statistical threshold was considered statistically significant at a p-FDR < 0.05.





RESULTS


Demographic and Clinical Data

In total, 52 patients with MwoA and 60 HCs finished the MRI scan. The case-control matching analysis was implemented in SPSS 25.0 to match demographic characteristics between the participants with MwoA and the HCs. After case-control matching analysis, four participants with MwoA were excluded because they could not be matched by age or gender. Thus, 48 participants with MwoA and 48 age- and sex-matched HCs were analyzed. No statistical difference was noted between the HCs and participants with MwoA in terms of gender, age, height, and weight.

Participants with MwoA had a mean headache intensity of 5.58 and a mean headache frequency of 7.00 per month at the pretreatment evaluation. At the end of the acupuncture treatment, participants with MwoA had a mean significant improvement of headache intensity of 3.76 (p < 0.001). Nevertheless, the mean headache frequency improvement was not significant at 6.42 per month (p > 0.05). Furthermore, the SAS score and SDS score were noted to significantly improve (p < 0.01) (Table 1).


TABLE 1. Demographic and clinical data of patients with migraine and healthy controls.
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In total, 24 out of 48 participants with migraine were assigned as headache-intensity responders based on acupuncture responder definition. The demographic and clinical evaluation demonstrated no significant difference between the headache-intensity responders and non-responders before treatment (p > 0.05). Simultaneously, significant differences were observed between the headache-intensity responders and non-responders after treatment (p > 0.05) (Table 2).


TABLE 2. Headache intensity responder, patient with significant headache intensity improvement; non-responder, patient with nonsignificant headache intensity improvement.
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For the headache-frequency responder, 19 out of the 48 participants with migraine were assigned as headache-frequency responders. The results suggested no significant difference with regard to demographic information and headache frequency before treatment (p > 0.05). Nevertheless, a significant difference was found in the duration of headache between responders and non-responders (p < 0.01) (Table 3).


TABLE 3. Headache frequency responder, patient with significant headache frequency improvement; non-responder, patient with nonsignificant headache frequency improvement.

[image: Table 3]


Functional Connectivity Analysis and Pearson Correlation

The quality assurance plot was checked before conducting the FC analyses. No patients with MwoA or HCs were excluded depending on the number of volumes in which the head position was 0.5 mm different from the adjacent volumes, which was more than 20% (Power et al., 2012; Supplementary Table 2).


The Neuroactivity Difference Between Patients With MwoA and HCs

Compared with HCs, patients with MwoA had decreased FCs between CG and IPL, CG and INS, and MFG and IPL (p-FDR < 0.05). Meanwhile, patients with MwoA were found to have increased FCs between CG and SFG than HCs (p-FDR < 0.05) (Figures 2A,B and Supplementary Table 3). Two FCs significantly correlated with headache intensity and frequency (Figure 2C). An FC between the left CG and the left SFG correlated with headache intensity (r = 0.337, p < 0.05) (Figure 2D). Another FC between the right CG and the right SFG correlated with headache frequency (r = –0.303, p < 0.05) (Figure 2E).
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FIGURE 2. The neuro activities difference between patients with MwoA and HCs. (A) Patients with MwoA manifested significantly decreased and increased FCs compared with those in HCs, and the color bar represents the t-value of FC. (B) Patients with MwoA manifested significantly decreased FCs between CG and IPL, CG and INS, MFG and IPL, and within IPL subregions, MFG subregions. Moreover, patients with MwoA had significantly increased FCs between CG and SFG. Red connection lines represent an increased FC of HCs than patients with MwoA, and blue lines vice versa. (C) Two FCs were significantly correlated with headache intensity and frequency, with the red rectangle circling the significantly correlated FCs. The color bar represents the Pearson correlation coefficient, and the closer the absolute value is to 1, the higher the correlation is, and vice versa. (D) The FC between the left CG and the left SFG was significantly correlated with headache intensity (r = 0.337, p < 0.05). (E) The FC between the right CG and the right SFG correlated with headache frequency (r = –0.303, p < 0.05). MwoA, migraine without aura; HC, healthy control; FC, functional connectivity; L, left hemisphere; R, right hemisphere; SFG, superior frontal gyrus; MFG, middle frontal gyrus; SPL, superior parietal lobule; IPL, inferior parietal lobule; INS, insular gyrus; CG, cingulate gyrus; Amyg, amygdala; Hipp, hippocampus; Tha, thalamus.




The Neuroactivity Difference Before and After Acupuncture Treatment

Compared to the pretreatment evaluations, patients with MwoA had decreased FCs between Amyg and INS, Amyg and SFG, CG and SFG, Hipp and SFG, and Tha subregions (p-FDR < 0.05). Also, patients with MwoA had increased FCs between Amyg and MFG, Hipp and MFG, Hipp and INS, IPL and INS, IPL and MFG, IPL and SFG, and Tha subregions than pre-acupuncture (p-FDR < 0.05) (Figures 3A,B and Supplementary Table 4). Among the significantly different FCs, 2 FCs out of 46 were determined to have significantly correlated with the rate of improvement in headache intensity (Figure 3C). The significantly correlated FCs were (1) FC between the left Amyg and left MFG (r = –0.355, p < 0.05) (Figure 3D) and (2) FC between the left Amyg and left SFG (r = 0.361, p < 0.05) (Figure 3E).
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FIGURE 3. The neuro activities difference before and after acupuncture treatment. (A) Patients with MwoA showed significantly decreased and increased FCs between pre- and post-acupuncture, and the color bar represents the t-value of FC. (B) Compared with pre-acupuncture, patients with MwoA had decreased FCs between Amyg and INS, Amyg and SFG, CG and SFG, Hipp and SFG, and Tha subregions. Also, patients with MwoA had increased FCs between Amyg and MFG, Hipp and MFG, Hipp and INS, IPL and INS, IPL and MFG, IPL and SFG, and within Tha subregions compared with pre-acupuncture. Red connection lines represent an increased FC before acupuncture than post-acupuncture patients with MwoA, and blue lines vice versa. (C) Two FCs were significantly correlated with change rate of headache intensity, with the red rectangle circling the significantly correlated FCs. The color bar represents the Pearson correlation coefficient, and the closer the absolute value is to 1, the higher the correlation is, and vice versa. (D) The FC between the left Amyg and the left MFG was significantly correlated with headache intensity change rate (r = –0.355, p < 0.05). (E) The FC between the left Amyg and the right SFG correlated with headache intensity change rate (r = 0.361, p < 0.05). MwoA, migraine without aura; FC, functional connectivity; L, left hemisphere; R, right hemisphere; SFG, superior frontal gyrus; MFG, middle frontal gyrus; SPL, superior parietal lobule; IPL, inferior parietal lobule; INS, insular gyrus; CG, cingulate gyrus; Amyg, amygdala; Hipp, hippocampus; Tha, thalamus.




The Joint Effects Between Headache-Intensity Responders and Non-responders (Between Pre- and Post-acupuncture)

Joint effects were found between the headache-intensity response groups and non-responders. The F-test showed significantly increased FCs between Amyg and MFG, Amyg and INS, IPL and SFG, IPL and MFG, Hipp and SFG, Hipp and MFG, Hipp and INS, and CG and SFG affected acupuncture therapeutic effects compared with posttreatment (p-FDR < 0.05) (Figures 4A,B and Supplementary Table 5). Among these FCs, no FC has significantly correlated with headache intensity (p > 0.05) and the rate of improvement in headache intensity (p > 0.05).
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FIGURE 4. The joint effects between the headache intensity responders, frequency responders, and non-responders (between pre- and post-acupuncture). (A) Significantly decreased and increased FCs were found between the headache intensity responders and non-responders compared with post-acupuncture, and the color bar represents the t-value of FC. (B) Headache intensity responders manifested significantly increased FCs between Amyg and MFG, Amyg and INS, IPL and SFG, IPL and MFG, Hipp and SFG, Hipp and MFG, Hipp and INS, and CG and SFG compared with posttreatment. Red connection lines represent an increased FC before acupuncture than post-acupuncture patients with MwoA. (C) Significantly decreased and increased FCs were found between the headache frequency responders and non-responders compared with post-acupuncture, and the color bar represents the t-value of FC. (D) Headache frequency responders showed significantly increased FC within Tha subregions compared with posttreatment. Red connection lines represent an increased FC before acupuncture than post-acupuncture patients with MwoA. MwoA, migraine without aura; responder, patient with significant clinical improvement; non-responder, patient with nonsignificant clinical improvement; FC, functional connectivity; L, left hemisphere; R, right hemisphere; SFG, superior frontal gyrus; MFG, middle frontal gyrus; SPL, superior parietal lobule; IPL, inferior parietal lobule; INS, insular gyrus; CG, cingulate gyrus; Amyg, amygdala; Hipp, hippocampus; Tha, thalamus.




The Joint Effects Between the Headache-Frequency Responders and Non-responders (Between Pre- and Post-acupuncture)

Unlike the joint effects between the headache-intensity responders and non-responders, the headache-frequency responders had different unique patterns with increased FCs mainly between the Tha subregions compared with posttreatment (p-FDR < 0.05) (Figures 4C,D and Supplementary Table 6). Also, no FC has significantly correlated with headache frequency (p > 0.05) and the rate of improvement in headache frequency (p > 0.05).





DISCUSSION

In this study, we investigated the different FC patterns between patients with migraine and HCs. We have also examined the differences before and after acupuncture treatment and the differences between responders and non-responders. As per our findings, it was demonstrated that FCs were altered in participants with migraine compared to HCs, and these altered FCs were mainly in the CG and INS, CG and IPL, CG and SFG, and MFG and IPL. The analysis found that the FC with significant differences mentioned above was restored after acupuncture treatment. Furthermore, significant differences were noted between responders and non-responders. The different FCs between the headache-intensity responder and the non-responder were mainly determined in the Amyg, INS, IPL, SFG, and MFG. In contrast, the different FCs within Tha subregions were found between the headache-frequency responder and the non-responder. Lastly, the correlation analysis suggested a potential correlation between FCs and clinical symptoms.

To date, a large number of neuroimaging studies have demonstrated the structural and functional alterations in patients with migraine. Most of those regions are associated with multiple aspects of pain processing. Several recent resting-state fMRI studies suggested abnormal FC in SN, which was found to be crucial in stimulus detection and allocation of attentional resources (Chong et al., 2016). Schmitz et al. (2008) found that decreased gray matter density in the frontoparietal lobe of patients with migraine negatively correlated with slower responsiveness in a shifting attentional task. It suggested a potential relationship between cognitive function and gray matter deficits in patients with migraine. Mathur et al. (2015) have also investigated the brain activation patterns during cognitive task performance during simultaneous thermal pain stimulation. Interestingly, patients with migraine showed significantly less deactivation in these regions, indicating a potential abnormal regulation of pain-cognitive pathways in patients with migraine. Mickleborough et al. (2016) used an fMRI visual attention orientation task to study brain activation patterns in patients with interictal migraine and HCs. Although patients with migraine performed as well as HCs on the attention task, patients with migraine were found to have decreased activation of the ventral attention network, a region associated with redirecting attention to salient stimuli and belonging to the second-order perceptual matrix of the pain matrix. Compared to separated FC networks, the pain matrix theory emphasizes that the pain experience is caused by the coordinated activity of multiple brain regions, with no single “pain center.” This finding is consistent with the “no single migraine generator” in migraine research. In other words, patients with migraine showed a wide range of intrinsic neuron activity differences, including but not limited to CEN, DMN, and SN alterations.

Moreover, brain activation features can vary between studies, such as increased FC in the periaqueductal gray (PAG), anterior insula, and anterior cingulate cortex with other regions (Tso and Goadsby, 2015). Because how an individual perceives pain is a dynamic process that continuously reconstructs sensations by combining sensory input with memory and internal representations (Garcia-Larrea and Peyron, 2013), separating the different levels of processing helps understand the mechanism. Unlike visual or other systems, the perception of pain activates multiple cortical areas simultaneously, and each of these areas provides a different aspect to the pain experience. Only when all information is integrated into the frontal cortex, pain and behaviors associated with it then begin to emerge. Thus, each region of the pain matrix provides different but essential aspects of the pain experience, starting with nociception, followed by emotional and cognitive–behavioral aspects (Iannetti and Mouraux, 2010).

In this study, FC analysis showed that patients with migraine had decreased FCs in the left MFG and IPL, IPL and SFG, IPL and MFG, IPL and CG, INS, and CG than those in HCs. Conversely, compared to HCs, patients with migraine were observed to have increased FCs in the CG and SFG, IPL, and INS. The most frequent regions between these increased or decreased FCs were associated with CG, followed by the PPC regions, participating in spatial and attention processing. Again, the PFC and insula relate to higher levels of neural activity, and these related regions construct the basic framework for pain stimulation discrimination.

Classical pain models emphasize the role of primary and secondary somatosensory cortices in the processing of sensory features of noxious stimuli but rarely distinguish between different sensory dimensions. Oshiro et al. (2009) indicated that spatial features of stimuli are processed via dorsal streams involving PPC and dorsolateral prefrontal cortex (dlPFC). The discrimination of pain intensity is described as a non-spatial sensory feature that activates a network of areas, including the anterior insular cortex and PFC. The model by Oshiro et al. (2009) describes an internal neural activity model under the second-order perceptual matrix and refines the specific functions between different regions, which could complement the pain matrix theory. Similarly, the abnormal neural activity found in this study indicates that the pathological information processing flow exists in patients with migraine. It means a manifestation of the imbalance in neural homeostasis that directly leads to the persistence of incomplete processing of pain information.

In the correlation analysis, the results illustrated that there were potential correlations between clinical symptoms and neurological features. From the perspective of neural activity, the frequency of headache attacks will reduce if the synchronization between CG and SFG is elevated, suggesting there are pathological information processing flows in migraine patients, which directly lead to the persistence of incomplete pain information processing. And this incomplete processing flow may have led to potential pain amplification, known as central sensitization, and manifesting as allodynia in patients with migraine (Strassman et al., 1996). It is widespread in patients with migraine and is considered a marker of migraine chronicity (Scher et al., 2017). In terms of FC, the CG plays an important role in pain management and pain anticipation (Xiao and Zhang, 2018), and activation of CG may contribute to the chronic pain state (Bliss et al., 2016). In addition, CG and SFG were found to exhibit top–down modulation of pain in nociceptive input (Seifert et al., 2013). According to the studies mentioned above, the correlation suggested that the CG and SFG participated in pain processing and perception on the one hand and illustrated that the abnormal FC could be a signature in the chronicity of migraine on the other.

After acupuncture treatment, the abnormal FC of the second-order perceptual matrix in patients with migraine had been restored. Besides, FC analysis indicated that the Hipp, Amyg, and Tha subregions contain increased and decreased FCs, which could be related to the non-specific analgesic effect of acupuncture, indicating that acupuncture treatment affects the limbic system. Studies have suggested that acupuncture has a modulatory effect on the limbic system, which is often associated with the Amyg and Hipp (Fang et al., 2009; Hui et al., 2010; Luo et al., 2020). The Amyg and Hipp form a circuit for sensory and emotional processing (Yang and Wang, 2017) and exhibit structural plasticity associated with headache frequency and prognosis of migraine (Liu et al., 2017).

Acupuncture manipulation begins with stimulation of multiple peripheral sensory receptors activating the somatosensory cortex, which is the same as tactile stimulation of somatosensory overlying areas mediated by activation of the limbic system (Hui et al., 2000). Furthermore, unlike pain modulation processing in the limbic system, emotional processing does not modify pain experience by increasing sensory gain, but rather “reassessing” pain perception (Apkarian et al., 2005). Both the medial PFC and lateral PFC were involved (Mohr et al., 2012). In brief, the networks that acupuncture treatment modulated can modify instant sensations driven by the second-order and third-order matrix. The FCs correlated with clinical symptoms mainly contained in the CG, Amyg, and PFC, which are the regions for integrating pain information and emotional modulation – the final step before pain arises.

Of the 48 participants with migraine, 24 were assigned as headache-intensity responders, whereas 19 were headache-frequency responders based on the acupuncture response definition. In contrast to the differences between pre- and post-treatment FC in all patients, the brain activities differed significantly from the headache-intensity responder. It is mainly characterized by SFG, which is consistent with the pre- and post-treatment differences in all patients but does not contain FC changes within the Tha. PFC activation was associated with pain relief after receiving electroacupuncture. Yang et al. (2012) used fluorodeoxyglucose positron emission tomography to find that acupuncture increased PFC metabolism in patients with acute migraine while reducing pain. Electroacupuncture has been shown to modulate functional activity in dopaminergic regions in a time-dependent way (Napadow et al., 2009; Maeda et al., 2013), suggesting that part of the mechanism of acupuncture analgesia is related to modulating pain sensitivity by prefrontal dopamine levels (Dent and Neill, 2012).

The acupuncture modulation of these regions is the specific neural mechanism of acupuncture for patients with migraine, while the involvement of other mechanisms was also found in this study. Because every acupuncture operation is a stimulation or pain signal (Theysohn et al., 2014) inducing the activation of different brain regions (Kufahl et al., 2008; Chae et al., 2013), they closely rely on “acupoints” and “deqi.” Acupuncture has been determined to exhibit significant analgesic effects only when patients experience the sensation of deqi (a sensation of soreness, numbness, heaviness, and distension) (Hui et al., 2000). There is a mainstream view that acupuncture signals ascend to the cerebral cortex mainly through the ventral lateral nerve of the spinal cord because many nuclei are involved in acupuncture signal processing and form a complex network, including but not limited to the Tha. This finding means that pathways integrate afferent pain stimulation and acupuncture stimulation in the central nervous system simultaneously. Also, the results showed that the Tha-related FCs partially fit with the neurological features of headache-frequency responder. Tu et al. (2019) verified that abnormalities in the thalamocortical network could disrupt sensory, cognitive, and motor neural processes in patients with migraine. Recent studies have found that thalamic plasticity correlates with migraine chronicity (Chen et al., 2020) and is associated with the frequency of headaches (Hodkinson et al., 2016). The above study is consistent with our results and suggests an important role of the Tha in influencing the frequency of migraine.

In contrast, brain areas associated with the limbic system were found to be more associated with headache attacks in patients with migraine. In the pain processing networks, pain discrimination processes are controlled by the limbic system processing, which is more related to the neuropathological mechanisms at the beginning of the migraine – indicating that pain discrimination and integration processes are the basis of migraine attacks. As the disease progresses, this function’s allostasis is overloaded before the limbic system, followed by central sensitization (Noseda and Burstein, 2013; Russo et al., 2018). Subsequently, the limbic system allostasis overloads under the influence of long-term repetition, and migraine then enters a shift to chronicity.

Central nervous system alterations in pain processing-related functions were also found in patients with chronic pain, thus representing the non-specific effects of the disease. The pathological basis of these changes includes adaptive remodeling of neural pathways and secondary reactive gliosis in brain regions (Lakhan et al., 2013). FC patterns of migraine change over time in individuals, but these can be assessed by repeated imaging at multiple time points. Liu et al. (2013) studied structural changes in adult patients with migraine over 1 year, with patients exhibiting a loss of gray matter structural volume. Another 3-year follow-up study by Erdelyi-Botor et al. (2015) showed progression of high white matter intensities in patients with migraine. These changes were determined to be more common in patients with high-frequency migraine than with low-frequency migraine (Erdelyi-Botor et al., 2015). These studies reveal structural and functional changes in the brains of patients with migraine over time and that headache attacks are closely related to the progression of brain changes.

Unlike previous studies (Li et al., 2017a,b), this retrospective study intends to investigate the potential modulatory effects of acupuncture in pathological states. This study hypothesized an abnormal pathological pattern in patients with migraine and selected pain processing-related regions as ROIs. Also, for the first time, this study divided the subgroup analysis into two dimensions: improvement in headache intensity and improvement in headache frequency. However, the weak correlation found in this study may be due to insufficient sample size or related to the design of ROIs. In other words, the ROIs used in this study do not evoke pain under direct stimulation but rather produce nociception through the combination of multiple pieces of information (Garcia-Larrea and Peyron, 2013). The correlation between this indirect and complex pain processing progress and clinical symptoms needs to be further explored.

In conclusion, this study has demonstrated that abnormal central neural activity patterns of the pain processing-related regions exist in patients with migraine, and this abnormal activity is primarily in the frontal, parietal, and limbic regions, suggesting that impaired integration of pain spatial and intensity information could be a typical central pathological feature of patients with MwoA. Thus, acupuncture can relieve headache symptoms by regulating the brain regions above as a specific therapeutic effect and modulating neural activity in brain regions related to the nociceptive areas as non-specific analgesics.



LIMITATIONS

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

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

Morphine is an opium-derivative medication, mainly mediated by mu-opioid receptors (MOR), which are coupled to G transducer proteins and negatively coupled to adenylate cyclase (AC)(Law et al., 2000; Ream and Bruchas, 2011). Following chronic exposure to morphine, MOR-associated biased cellular signaling pathways are involved in tolerance (Colvin et al., 2019). Contrary to cAMP reduction induced by acute morphine, chronic morphine was demonstrated to induce an increase in cAMP, called cAMP overshoot or AC superactivation (vidor-Reiss et al., 1995), that activates protein kinase A (PKA) and has been demonstrated to promote morphine induced-tolerance (Smith et al., 2006; Gabra et al., 2008). Activation of cAMP-dependent kinase A results in the phosphorylation of various transcription factors, including CREB, which has been recognized as a major contributor to tolerance acquisition and proved to be responsible for the adaptive response to drug abuse (Valverde et al., 2004). It has been described that MAPKs can participate in a series of biochemical and behavioral changes induced by chronic morphine (Cui et al., 2006; Chen et al., 2008; Ma et al., 2010). Consisting of ERK1/2, JNK, and p38, the MAPKs may be candidate downstream of G-protein-coupled receptors, which transduces extracellular stimuli into intracellular transcriptional and translational responses within various pathophysiological processes (Impey et al., 1999; Widmann et al., 1999; Ji and Woolf, 2001; Ji et al., 2003). Macey et al. (2015) reported that repeated morphine administration may recruit endocytic machinery leading to the internalization and activation of endosomal signaling pathways, such as the ERK pathway, which is involved in the control of cellular responses to stress and rewarding effects (Berhow et al., 1996).

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



MATERIALS AND METHODS


Animals and Group

Male C57BL/6 mice (n = 50, 8 weeks old, SPF grade, weight 18–22 g) were obtained from the Experimental Animal Center of Nanjing University of Chinese Medicine, Nanjing, China. Animals were housed in a temperature-controlled environment on a 12 h light/dark cycle with access to food and water and a standard laboratory diet. All animals’ treatment protocols were seriously following the International ethical guidelines and the National Institute of Health Guide concerning the Care and Use of Laboratory. All experiments were approved by the committee on the Ethics of Laboratory Animal Experiments of Nanjing University of Chinese Medicine (Ethics Certificate NO. 201810A035). Each group contained ten mice. Behavioral experiments were performed from 8:00 to 18:00. The design of our animal experiments is outlined in Figure 1. To observe the effect of EA on morphine-induced tolerance, 50 mice were randomly divided into five groups: vehicle control group (V + Sham group), morphine group that received sham stimulation (M + Sham group), morphine group that received acupuncture without electro-stimulation (M + Sham EA group), morphine group that received EA stimulation (M + EA group), and morphine group that received gabapentin (M + Gaba group). The random assignment was done by the software SPSS (version 16).
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FIGURE 1. Experimental method and flow chart. (A) Schematic illustrating the experimental design of the analgesia tolerance paradigm. Animals were acclimated to the testing environment and investigators for at least 2 weeks. Dose–response curves were determined using a cumulative dosing scheme on day 0 and day 8. The baseline latencies of both two assays were performed at day 1. From the 1st day to the 7th day, the tail-flick test and hot-plate test will be conducted alternately to compare the effects of different treatments on the development of morphine tolerance. (B) The Treatment and drug administration were performed as described above in the section “Materials and Methods”. (C) Schematic diagram of mouse acupuncture points of SP6 and ST36. (D) Different treatments between groups during the 2nd day to the 7th day.




Drugs and Routes of Administration

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



EA Treatment

EA was performed similarly to that described (Liu et al., 2020; Wan et al., 2021; Wu C.X. et al., 2018). The mice remained conscious, immobilized with a home-made binding device but did not struggle violently. EA (2/100Hz, 0.5–1.5 mA) was applied to ipsilateral “Zusanli” (ST36) and “Sanyinjiao” (SP6) for 30 min, once a day for 1 week. The positioning of acupoints follows the standards of experimental acupuncture. The ST36 is located in the tibialis anterior muscle, approximately 3mm below the knee joint. SP6 is located approximately 3 mm proximal to the largest medial eminence of the posterior malleolus and between the Achilles tendon and the distal tibia. Sterile acupuncture needles (size: 0.30 × 5 mm; Beijing Zhongyan Taihe Medical Instrument Co, Ltd., Beijing, China) were inserted perpendicularly to a depth of 1 to 3 mm into the two acupoints. Han’s Acupoint Nerve Stimulator (WQ1002F, Beijing, China) provides an electro-stimulation of 30 min at a frequency of 2/100 Hz and at an intensity level of 0.5-1.0-1.5 mA to produce slight twitches in the limbs. After EA, the mice were allowed to completely free from a self-made binding instrument and further acclimatized in the cage. Mice from the EA group were treated by EA every afternoon for 7 days, whereas mice from the M + Sham group were subjected to sham EA. The animals in the M + Sham group or M + Gaba group were merely bound for 30 min in the similar self-made binding device, while other groups were treated with acupuncture or electroacupuncture. Mice in the M + Sham EA group received needle insertions at bilateral ST 36 and SP 6 acupoints without any electrical stimulation, to compare with the effects of EA on morphine tolerance. In this study, the manual acupuncture is defined as only inserting needles but without any extra handling. The main difference between MA and EA is whether the needles are electrified or not. To reduce the stress as much as possible, the acupuncture or electroacupuncture treatment was performed in a quiet, isolated room with temperature and light control between 2 pm and 4 pm. Besides, only the experimenter and assistant had free access to the room and entered the room 30 min before the treatment to eliminate potential olfactory- or auditory-induced stress. The electrical current of the EA stimulation was gradually increased from 0.5 to 1.5 mA during the treatment to minimize the discomfort of animals.



Thermal Antinociception Assays

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

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

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



Tissue Extraction

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



RNA Sequencing and Bioinformatics Analysis

To investigate the underlying molecular mechanism and signaling pathways associated with EA treatment on morphine-induced tolerance, the brainstem was disserted and prepared for high-throughput sequencing. Totally, five samples per group (M + Sham and M + EA group) were sent for RNA sequencing. According to the manufacturer’s protocol, total RNA was extracted by Trizol (Takara, Japan) from the tissue. Following treatment with an rRNA remover kit (Illumina, United States), ribosomal RNAs (rRNAs) were effectively depleted to enrich pure RNAs. Use TruSeq RNA Sample Preparation Kit (Illumina) to build RNA library. Sequencing was done by Illumina Hiseq 2000 (Illumina, United States). Fold change values of >2 or < 0.05 and P < 0.05 were considered as differentially expressed genes. The data has been uploaded to the repository in public. to the public repository. The BioProject accession number is PRJNA721259, which allow searching in Entrez. Our SRA records is accessible with the following link: https://www.ncbi.nlm.nih.gov/sra/PRJNA721259.



Enzyme-Linked Immunosorbent Assay (ELISA)

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



Western Blot

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

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



RNA Isolation and Quantitative Reverse Transcription (qRT)-PCR

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


TABLE 1. Primer sequences.

[image: Table 1]


Statistical Analysis

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



RESULTS


EA Ameliorated Morphine-Induced Analgesic Tolerance

To confirm the effects of EA on the morphine-induced analgesic tolerance, mice were treated with morphine twice daily for 7 consecutive days and evaluated by hotplate test (An odd number of days) and tail-flick test (in the even days). The experimental process is shown in Figure 1. Mice were treated twice a day with morphine (10 mg/kg, s.c.), antinociception assessed 30 min after the first injection on the days indicated. Following 24h after morphine, significant antinociception were observed both in the tail-flick (Figure 2A) and hot-plate tests (Figure 2B) compared with the group that had received the vehicle. On day 6 or 7, antinociceptive tolerance to morphine had developed in both tests, but no morphine-induced hyperalgesia was observed in either of the tests. On day 6, M + Sham EA, M + EA, and M + Gaba group mice showed a significant analgesic effect in the assay, and the MPE value could reach approximately 75%. However, there was no significant difference between the M + Sham EA group and the M + EA group (Figure 2A, P > 0.05). On day 5, in the hotplate experiment, M + Gaba and M + EA mice showed a significant analgesic effect, and the MPE value could approximately reach 65%. However, there was no significant difference between the M + Sham group and the M + Sham EA group (Figure 2B, P > 0.05).
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FIGURE 2. Morphine-induced chronic tolerance evaluated by (A) tail-flick and (B) hot-plate. Mice were treated daily with morphine (10 mg per kg, s.c.); antinociception was assessed 30 min after the injection on the days indicated. Symbols in graphs on left side represent mean ± SEM maximum possible effect (% MPE) or the time of latency. The data were analyzed with two-way ANOVA followed by Bonferroni post hoc tests. F(6,74) = 1.477, F(6,74) = 1.317. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 compared to M + Sham_After. In hot-plate, day 3: left, F(3,26) = 3.369; right, F(3,26) = 5.410. day 5: left, F(3,25) = 3.538; right, F(3,25) = 7.188. #P < 0.05, ##P < 0.01, M + GABA_After vs. M + Sham_After. (C) Dose-response curves were determined by tail-flick assay using a cumulative dosing scheme on day 0 to day 8. On day 1, mice were treated with 1, 2, 4, 8, and 16 mg per kg morphine (s.c.). On day 8, mice were again challenged with 4, 8, 16, 32, 64, and 96 mg per kg morphine (s.c.). ED50 (50% effective dose) values were calculated by non-linear regression analysis (GraphPad Prism). Each point in graphs represents mean ± SEM maximum possible effect (% MPE). Dotted lines indicate 50% MPE; 95% confidence intervals: day 0: 7.368 (6.859 to 7.894); day 8: M + Sham, 38.17 (30.41 to 47.10); M + Sham EA, 21.18 (15.94 to 28.44); M + EA, 18.00 (13.37 to 24.12); M + Gaba, 14.79 (11.36 to 19.13).


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



EA Changed Gene Expression Profiles of the Brainstem of Morphine Tolerant Mice

We further investigated the potential molecular mechanism after confirming the effects of EA on morphine-induced mice, using the next-generation high-throughput sequencing for RNA-seq of BS. RNA was extracted from the BS, a brain area that is highly associated with tolerance, in the M + Sham, and the M + EA group. Then, unbiased deep sequencing was performed in the two groups. The general analysis results of the sequencing data are shown in Supplementary Material. In order to determine the regulation of mRNA expression, we performed an unsupervised cluster analysis of the significantly regulated genes in BS (Figure 3A). Fifty-three genes were significantly and differentially expressed in M + EA mice relative to M + Sham mice, with 11 upregulated genes and 42 downregulated genes (Figures 3B,C).
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FIGURE 3. Differential expression of genes. (A,B) Heat map of differentially expressed genes regulated by morphine or EA. Each row represents one differentially expressed gene; each column represents one sample. The dendrogram on the left reveals the gene clustering. Green and red spectrum colors indicating downregulated and upregulated expression, respectively. (C) Volcano plot. X-axis: log2(fold change); Y-axis: log10(P-value). The red points represent gene that were significantly up-regulated; the blue points represent gene that were significantly down-regulated. EA, electro-acupuncture.


In order to show the possible cellular functions related to differentially expressed genes, we used gene ontology (GO) to enrich the analysis of differentially expressed genes across three domains, including molecular function (MF), cell composition (CC), and biological process (BP) (Figure 4A). We use all the obtained genes to perform GO function analysis to annotate and infer the function of the gene. The genes involved in cellular process, cellular response to the alkaloid, synaptic transmission, dopaminergic, cellular response to cAMP, excitatory extracellular ligand-gated ion channel activity, neurotransmitter binding, extracellular ligand-gated ion channel activity, 3′,5′-cyclic-AMP phosphodiesterase activity, secondary lysosome, and acetylcholine-gated channel complex have been reported to be related to morphine. The analysis of the Kyoto Encyclopedia of Genes and Genomes (KEGG) indicated that these genes mainly participated in metabolism, Nicotine addiction, Morphine addiction, cGMP-PKG signaling pathway, Tuberculosis, and other human diseases (Figure 4B). Among these pathways, neuroactive ligand-receptor interaction, TNF signaling pathway, Phenylalanine metabolism, Nicotine addiction, IL-17 signaling pathway, Morphine addiction, and Cholinergic synapse are related to morphine-induced tolerance. We used qPCR to verify the up-regulation and down-regulation of the top five genes, and the results were consistent with the test results (Figures 5A,B).
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FIGURE 4. (A) A Gene Ontology (GO) analysis of differentially expressed gene. The enrichment score was calculated as (–log10[P value]). The X-axis is the enrichment score for the GO terms, and the Y-axis depicts the GO terms. Pink represent top 10 enrichment score of biological process. Green represents top 10 enrichment score of cellular component. Blue represents top 10 enrichment score of molecular function. (B) KEGG pathway analysis of differentially expressed with the top 20 enrichment scores. The X-axis represents the gene radio, and the Y-axis shows the name of these pathways.
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FIGURE 5. Effects of EA treatments on the expression of gene in the brainstem. (A) The mRNA expression level of top5 up-regulated gene in the brainstem. (B) The mRNA expression level of top5 down-regulated gene in the brainstem (n = 4). The data were analyzed with unpaired t test. *p < 0.05 and **p < 0.01 compared to M + Sham.




Protein Expression of cAMP-p-PKA Was Regulated in Morphine Tolerant Mice With EA

To verify the effects of EA on BS cAMP-p-PKA expression in morphine tolerant mice, the levels of cAMP were evaluated using ELISA. Compared with the V + Sham group, the levels of cAMP were significantly increased in morphine tolerant mice (M + Sham group) (P < 0.05). However, the level of cAMP was significantly decreased in M + EA group (Figure 6B, P < 0.05). Based upon the Western blot, the expression of p-PKA and PKA in mice BS region was also evaluated. The protein expression of p-PKA in the M + Sham group was significantly higher than V + Sham group, which was significantly reduced in the M + EA group (Figures 6A,C, P < 0.05).
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FIGURE 6. Effects of EA treatments on the protein expression in brainstem. (A) The brainstem tissues were lysed and analyzed by Western blotting using antibodies against PKA, phospho-PKA, ERK1/2, phospho-ERK1/2, CREB, and phospho-CREB. Representative blot was shown. GAPDH serves as loading control. (B) Effects of EA treatments on adenylyl cyclase activity (cAMP) after chronic morphine treatment. cAMP activity was assessed in BS after 5 days of chronic morphine treatment (10 mg/kg, s.c., per day). Data represent the mean ± SEM of experiments performed in six BS from six animals of each group assayed in triplicate in parallel experiments. (C–E) Graphic representation of relative expressions of pPKA/PKA, pCREB/CREB, pERK/tERK, respectively.Data are presented as the mean ± SEM (n = 4). The data were analyzed with one-way ANOVA followed by Bonferroni post hoc tests. *p < 0.05, ***p < 0.01, vs. M + Sham; ##p < 0.01, vs. V + Sham.




Protein Expression of cAMP-p-PKA Was Altered in Morphine Tolerant Mice With EA

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



DISCUSSION

Long-term use of morphine will produce morphine tolerance, which leads to a decrease in analgesic effect. Alternatively, tolerance can be understood as the need to increase the dose of the drug to maintain the response. Clinically, this often is seen over days to weeks, and it is the same in animal models tolerance. Morphine, at analgesic doses, can enhance the inhibitory control of the downward pain regulation pathway derived from the brainstem. Therefore, there is an urgent need to develop strategies that can replace opioid pain management and develop strategies to reduce opioid tolerance. EA has been extensively used for treating various diseases, especially pain.

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

However, the results of the hot-plate and tail-flick are different. According to our research results, on the 3rd day of morphine injection, mice in the M + Sham group and M + Sham EA group both showed obvious and similar tolerance, and the MPE value was only about 55%. At this time, the mice in the M + EA and M + Gaba groups still had a strong analgesic effect, and the MPE value could reach about 85%. By the 5th day, the tolerance of the mice was more obvious, and the MPE values of mice in the M + Sham group and M + Sham EA group were reduced to about 25%. However, although the MPE value of mice in the M + EA and M + Gaba groups was lower than that on the third day, it still reached about 55%. This also proves that the third day of continuous EA treatment can effectively prevent the development of morphine antinociceptive tolerance. The M + Gaba group was equally effective in preventing the development of morphine labor tolerance. On day 7, the analgesic effect of mice in each group was reduced to about 25%. The difference between hot plate latency and tail-flick latency may be because each method mainly reflects different levels of nociception in the central nervous system (Irwin et al., 1951; Dennis et al., 1980; Ramabadran and Bansinath, 1986). It could also be attributed to the different sensitivity of the two methods. It was assumed previously that the hot-plate predominantly reflects supraspinal response (Dennis et al., 1980). The tail-flick is considered a predominantly spinal response and may be less subject to conditioning (Irwin et al., 1951; Dennis et al., 1980). Thence, this difference may be due to the complexity of the hot-plate mechanism. The tail-flick is mainly transmitted to the central nervous system through the peripheral spinal cord, and the mechanism of the hot-plate is far more than this. Therefore, the difference in the pain threshold obtained by the hot plate method and the tail-flick method in our study may be due to the difference in the development of tolerance between the spine and the upper spine.

It is noteworthy that, after receiving chronic morphine treatment, significant analgesic tolerance was observed in mice, but no opioid-induced hyperalgesia (OIH) was observed. OIH is the increased sensitivity to pain following long-term opioid treatment, which may manifest as opioid-induced tolerance since increased sensitivity to pain would counteract the pain-relieving effects of opioids (DeWire et al., 2013). However, opioid-induced hyperalgesia is not a necessary factor for analgesic tolerance. Although both analgesic tolerance and hyperalgesia may coexist in patients who received long-term opioid treatment, it might need higher doses of opioid and longer treatment to induce OIH in uninjured model than tolerance (Liang et al., 2013; Corder et al., 2017; Doyle et al., 2020).

To reveal the potential molecular mechanism of EA-induced tolerance to morphine, RNA-seq was performed on BS. The primary reason why we chose the whole brain stem to do the mechanism analysis is that the brainstem, including the midbrain periaqueductal gray (PAG) and the rostral ventral medulla (RVM), is one of the most classical regions involved in pain transmission and modulation, knowledge of the immunohistochemistry and pharmacology of that has been well expanded since 1978 (Basbaum and Fields, 1984). Containing both high affinity opiate binding sites (Pert et al., 1975) and significant levels of endogenous opioid peptides (Hökfelt et al., 1977) makes it also to be a major research focus of morphine tolerance. In this study, we firstly decided to study the effect of electroacupuncture on the mRNA profile of the whole brainstem in morphine tolerant mice, although it may weaken the difference of gene expression in specific potential targets. Based upon the results of this study, we will further explore the target subregion and neural pathway of electroacupuncture intervention in morphine tolerance in the following research. After sequencing, we identified fifty-three genes significantly and differentially expressed in the brainstem of the two groups. The GO and KEGG analyses were used to annotate and speculate the function of the obtained genes. We found these genes were involved in cellular process, cellular response to alkaloid (Brown et al., 2012), synaptic transmission (Stockton et al., 2015), dopaminergic (Jerabek et al., 2017), cellular response to cAMP, 3′,5′-cyclic-AMP phosphodiesterase activity (Shawlutchman et al., 2002; Ligeza et al., 2008; Parlato et al., 2010), excitatory extracellular ligand-gated ion channel activity, neurotransmitter binding (Popiolek-Barczyk et al., 2018), extracellular ligand-gated ion channel activity (Sorrell and Hauser, 2014), which have been reported to be associated with morphine. Meanwhile, we also found these genes mainly participated in seven categories of pathways, including TNF signaling pathway, IL-17 signaling pathway, neuroactive ligand-receptor interaction, Phenylalanine metabolism, Nicotine addiction, Morphine addiction, and Cholinergic synapse. Among these pathways, the TNF signaling pathway (Wu X.P. et al., 2018), IL-17 signaling pathway (Banerjee et al., 2015), neuroactive ligand-receptor interaction, Nicotine addiction, Morphine addiction have been previously reported to be in connection with morphine.

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

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

Taken together, these data suggested that the modulation of cAMP-PKA/ERK-CREB signaling pathway and the possible cellular functions related to differentially expressed genes may be potentially associated with the effect of EA at ST36 and SP6 on the development of antinociceptive tolerance to morphine. This study also provided a new potential treatment method for clinical intervention of morphine tolerance that EA treatment is supported to be used in patients who need to use long-term opioids, to alleviate the development of tolerance and dose escalation (Figure 7).
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FIGURE 7. Proposed mechanisms of action by which EA ameliorated morphine-induced tolerance in mice. Chronic morphine increased the levels of cAMP, and the levels of phosphorylation levels of protein kinase A (PKA), extracellular regulated protein kinases (ERK) and cAMP response element-binding (CREB) in morphine-induced tolerance. After the treatment of Electro-Acupuncture, the increased of cAMP, p-PKA C, p-ERK, and p-CREB were significantly decreased in morphine-induce tolerance. Simultaneously, RNA sequencing reval the underlying molecular targets of EA treatment on morphine-induced tolerance maybe KO04080 (Neuroactive ligand-receptor interaction) and KO04668 (TNF signaling pathway).
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5-HT7 Receptor Is Involved in Electroacupuncture Inhibition of Chronic Pain in the Spinal Cord
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Knee osteoarthritis (KOA) is a common and disabling condition characterized by attacks of pain around the joints, and it is a typical disease that develops chronic pain. Previous studies have proved that 5-HT1, 5-HT2, and 5-HT3 receptors in the spinal cord are involved in electroacupuncture (EA) analgesia. The 5-HT7 receptor plays antinociceptive role in the spinal cord. However, it is unclear whether the 5-HT7 receptor is involved in EA analgesia. The 5-HT7 receptor is a stimulatory G-protein (Gs)-coupled receptor that activates adenylyl cyclase (AC) to stimulate cyclic adenosine monophosphate (cAMP) formation, which in turn activates protein kinase A (PKA). In the present study, we found that EA significantly increased the tactile threshold and the expression of the 5-HT7 receptor in the dorsal spinal cord. Intrathecal injection of 5-HT7 receptor agonist AS-19 mimicked the analgesic effect of EA, while a selective 5-HT7 receptor antagonist reversed this effect. Moreover, intrathecal injection of AC and PKA antagonists prior to EA intervention prevented its anti-allodynic effect. In addition, GABAA receptor antagonist bicuculline administered (intrathecal, i.t.) prior to EA intervention blocked the EA effect on pain hypersensitivity. Our data suggest that the spinal 5-HT7 receptor activates GABAergic neurons through the Gs–cAMP–PKA pathway and participates in EA-mediated inhibition of chronic pain in a mouse model of KOA.

Keywords: knee osteoarthritis (KOA), 5-HT7 receptor, GABAA receptor, chronic pain, electroacupuncture analgesia (EAA)


INTRODUCTION

Knee osteoarthritis (KOA) is a common degenerative joint disorder, which affects the quality of life of patients. The symptoms of KOA include pain, joint swelling, and limitation in range of motion (Wu et al., 2020). Our previous studies had proved that electroacupuncture (EA) is effective in relieving chronic pain in patients with KOA and animal models of KOA (Yuan et al., 2018a, b; Lv et al., 2019). The serotonergic (5-HT) system has been considered as one of the main neurotransmitter systems that plays a key role in pain transmission, processing, and modulation (Brenchat et al., 2010). Accumulating evidence indicates that 5-HT mediates the analgesic effects of EA in the spinal cord via 5-HT1, 5-HT2, and 5-HT3 receptors, which have been shown to be involved in EA-mediated analgesia (Li et al., 2011; Seo et al., 2016). However, it is still unclear whether the 5-HT7 receptor is involved in EA analgesia.

The 5-HT7 receptor had received much attention among the most recently described members of the 5-HT receptor family as reviewed by Cortes-Altamirano et al. (2018). It is a stimulatory G-protein (Gs)-coupled receptor that activates adenylyl cyclase (AC), which in turn increases the intracellular concentration of cyclic adenosine monophosphate (cAMP) and activates protein kinase A (PKA) (Cortes-Altamirano et al., 2018). A previous study has found a significant increase in the 5-HT7 receptor level in the spinal dorsal horn in the neuropathic pain model (Brenchat et al., 2010). Moreover, administration of 5-HT7 receptor agonist exerts antinociceptive effects in both neuropathic and inflammatory pain models (Brenchat et al., 2010; Yang et al., 2014). These results suggest that the 5-HT7 receptor plays an antinociceptive role in the spinal cord. A previous study has reported co-localization of 5-HT7 receptor with GABAergic neurons in the spinal cord dorsal horn, and intrathecal injection of GABAA receptor antagonist bicuculline into the spinal dorsal horn completely abolished the anti-hyperalgesic effects of 5-HT7 receptor agonist in the chronic constriction injury to the sciatic nerve (CCI-SN) model (Viguier et al., 2012; Lin et al., 2015). It is therefore reasonable to suggest that spinal GABAergic interneurons are involved in 5-HT7 receptor-mediated antinociception.

In the present study, we investigated whether EA activates GABAergic neurons through the 5-HT7–Gs–cAMP–PKA pathway, thereby inhibiting chronic pain in a mouse model of KOA. We first determined the involvement of the 5-HT7 receptor in the analgesic effect of EA and then the roles of the Gs–cAMP–PKA pathway, and GABAA receptor accompanying the chronic pain inhibitory effect of EA was also elucidated in the KOA model of chronic pain in male mice.



MATERIALS AND METHODS


Ethics Statement

The animal study was approved by the Institutional Animal Care Committee of Xi’an Jiaotong University.



Experimental Animals

Eight-week-old male C57BL/6J mice were obtained from the Medical Experimental Animal Center of Xi’an Jiaotong University, Shaanxi Province, China. The experimental protocol was in accordance with the ethical guidelines of the International Association for the Study of Pain (Zimmermann, 1983). The mice were housed in a room with controlled ambient temperature (22 ± 1°C) and under a 12-h light–dark cycle (lights on at 8 a.m.) with access to food and water ad libitum. All efforts were made to minimize the number of animals used, and less distress to the animals was also ensured. Mice were randomly divided into different groups.



Induction of KOA

Knee osteoarthritis was induced by intra-articular injection of monosodium iodoacetate (MIA; Sigma, United Kingdom) into the left knee joint after mice were briefly anesthetized with isoflurane. The knee joint was shaved and flexed at a 90° angle. Five microliters of 5 mg/ml MIA in sterile saline (0.9%) were injected into the joint space of the left knee through the infrapatellar ligament with a 30-gauge needle (La Porta et al., 2013). The choice of MIA concentration was made based on its adequacy to elicit histological changes in the cartilage (Yuan et al., 2018a) and induce joint pain (Harvey and Dickenson, 2009) in mice. Control group mice were made to receive an intra-articular injection of vehicle (5 μl of sterile saline, 0.9%) as placebo.



Electroacupuncture Treatment

The animals were habituated to the restriction bag for 30 min each day for 3 days before KOA induction. In the EA treatment group, mice received EA administration on the left “Neixiyan” (Ex-LE4) and “Dubi” (ST35) once every other day for 4 weeks, starting from 2 or 18 days after MIA injection. EA with operation specifications of 1 mA and 0.1 ms at 2 Hz for 30 min was administered (Yuan et al., 2018b), and the current was delivered with a Han’s Acupoint Nerve Stimulator (LH202; Huawei Co., Ltd., Beijing, China). Two acupuncture needles were inserted into two acupoints corresponding to Ex-LE4 and ST35 in humans. Ex-LE4 is located at the medial cavity of the patella and the patellar ligament, and ST35 lies on the lateral cavity of the patella and patellar ligament. Ex-LE4 and ST35 were chosen, because they are specific acupoints for treating knee problems (Ng et al., 2003; Selfe and Taylor, 2008).

For Sham treatment control, acupuncture needles were inserted bilaterally into Ex-LE4 and ST35 without electrical stimulation and manual needle manipulation, such as lifting, inserting, twisting, etc. This procedure is comparable to actual treatment but produces little therapeutic effect. Our previous study showed that needles inserted into active acupoints, but given no electrical or manual stimulation, do not produce analgesia (Yuan et al., 2018b).



Mechanical Paw Withdrawal Threshold Measurement

Mechanical allodynia was also demonstrated in the hind paw of animals with KOA, using von Frey filaments (Fernihough et al., 2004; La Porta et al., 2013). The behavioral test was performed three times before KOA induction and once every other day, starting from the first day to 4 weeks after KOA induction. The animals were habituated to the testing environment for 30 min.

Mechanical allodynia was assessed by placing mice on an elevated mesh floor, and the tactile threshold was measured by using the “up-down” method (Chaplan et al., 1994). After an acclimation period of 30 min, a series of calibrated von Frey filaments (Stoelting, Kiel, WI, United States) was applied perpendicularly to the plantar surface of the left hind paw with sufficient force to bend the filament for 6 s. Brief withdrawal or paw flinching was considered as a positive response. The test was repeated two times in mice, and the mean value of each mouse was calculated and recorded.



Quantitative Polymerase Chain Reaction

The dorsal spinal cord tissues were removed 4 weeks after vehicle or MIA injection. The tissues were excised from mice immediately after the animals were anesthetized with 10% chloralic hydras and decapitated. Total RNA was isolated from the spinal cord tissues by using RNAeasyTM Animal RNA Isolation Kit with Spin Column (Beyotime Biotechnology, Nanjing, China). Aliquots of 2 μg total RNA were reverse transcribed into cDNA using ReverTraAce-a-TM (Toyobo, Japan). The PCR mixture (10 μl) consisted of 1 μl diluted cDNA, 5 μl SYBR quantitative polymerase chain reaction (qPCR) mix (Takara, Japan), 1 μl of each primer, and 3 μl of water. CFX96 system (Bio-Rad, United Kingdom) was used to perform qPCR, and the relative expression levels were quantified with CFX Manager software. The expression level of each gene was determined by the threshold cycle (CT). The amount of target mRNAs, normalized to the endogenous control (GAPDH), was obtained by 2–ΔΔCT. Results of independent experiments were expressed as the percentage change over mRNA level of the control group. Specific sequence primers are listed as follows: mouse-5-HT7 forward: 5′-GGCCTGAGAGAAGCGAGTTT-3′; reverse: 5′-TCACTCCGTTACCCCAAGGT-3′. Mouse-GAPDH forward: 5′-AGGTCGGTGTGAACGGATTTG-3′; reverse: 5′-TGTAGACCATGTAGTTGAGGTCA-3′.



Western Blotting

The dorsal spinal cord tissues were removed as described above. The tissues were also homogenized in 200 μl RIPA lysis buffer (Beyotime Biotechnology, China) and 2 mM phenylmethylsulfonyl fluoride and then centrifuged at 12,000 × g for 15 min. The pellet was discarded, and protein concentrations of the supernatant were determined by using the BCA Protein Assay Kit (Pioneer Biotechnology, China). Proteins were denatured with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer at 95°C for 5 min and separated on glycine–SDS-PAGE gel. The proteins were transferred onto a polyvinylidene fluoride membrane and blocked for 1 h by 5% non-fat dry milk in Tris-buffered saline (TBS) containing 0.1% Tween-20. The membrane was incubated with rabbit anti-5-HT7 antibody (1:1,000, Novus Biologicals, United States) or mouse anti-β-actin antibody (1:5,000; Proteintech, United States) at 4°C overnight. After they have been washed three times in 0.1% TBS–Tween 20 (pH 7.6), the membranes were then incubated with horseradish peroxidase-conjugated secondary antibodies from Merck Millipore: goat anti-rabbit secondary antibody (1:5,000) or goat anti-mouse secondary antibody (1:5,000) for 2 h at room temperature and also washed three times. The enhanced chemiluminescence method (ECL Plus Western Blotting detection reagents, Merck Millipore, United States) was used to reveal the protein bands captured by the ChampChemi System with SageCapture software (Sagecreation Service for Life Science, Beijing, China). The band intensity was quantified and analyzed by Image J software. β-Actin was used as the internal control. The values of 5-HT7 were expressed as the ratio of the optical density of band to the density of the related β-actin band. The values were further normalized via dividing the average value each of the control group.



Drug Dosing and Administration

Drugs were administered [intrathecal (i.t.), 10 μl] for 30 min before EA treatment. Intrathecal delivery of drugs were performed under isoflurane anesthesia by lumbar puncture. The needle was briefly inserted into the L5 to L6 intervertebral space through the vertebral column. A successful needle insertion was determined by a tail flick response (Hylden and Wilcox, 1980). Each drug was slowly injected over a 10-s period. Then, the needle was carefully removed from the spinal cord. The drug control groups underwent the same procedure to receive an identical injection of vehicle without drug.

Drugs used in this study were purchased from Tocris Cookson (Bristol, United Kingdom) or RBI/Sigma (St. Louis, MO, United States) and include the 5-HT7 receptor agonist AS-19 [(2S)-(+)-5-(1,3,5-trimethylpyrazol-4-yl)-2-(dimethylamino) tetralin, 20 μg], 5-HT7 receptor antagonist SB-269970 [(R)-3-(2-(2-(4-methyl-piperidin-1-yl)ethyl)-pyrrolidine-1-sulphonyl)-phenol, 10 μg], AC inhibitor SQ22536 [9-(tetrahydro-2-furanyl)-9H-purin-6-amine, 2.8 μg], and PKA inhibitor H89 {N-[2-(p-bromocinnamylamino) ethyl]-5-isoquinolinesulfonamide dihydrochloride, 2.5 μg}. The drugs were freshly prepared in saline, 1% dimethyl sulfoxide (DMSO), or 10% DMSO. The doses of drugs were chosen based on their proven effectiveness at that particular doses by other studies (Dogrul et al., 2012; Li et al., 2015; Yesilyurt et al., 2015; Zhou et al., 2015; Feng et al., 2017) and our preliminary experiment. Our previous study has found that saline or 10% DMSO injected into the spinal cord did not influence the nociceptive response of rats. Equal volumes of 1% DMSO or 10% DMSO were injected into the spinal cord as vehicle controls in the present study.



Statistical Analysis

GraphPad Prism 5.0 was used to conduct statistical analyses in this study. To determine the statistical difference in the withdrawal thresholds, we used two-way repeated-measure ANOVA where each factor has a “between subjects” (group) or “repeated measures” factor (time points), followed by a Bonferroni post hoc analysis of multiple comparisons. Other data were analyzed by one-way ANOVA followed by Newman–Keuls post hoc test with two-tailed hypothesis. Data were presented as means ± SEM. A P-value less than 0.05 was considered significant.




RESULTS


EA Effectively Reduces Pain Hypersensitivity in KOA Mice

Four groups of mice [control (CON), KOA, EA, and Sham EA] were used for this series of experiments. There was no significant difference in the baseline withdrawal threshold between different groups before MIA injection. Induction of KOA gradually reduced mechanical withdrawal threshold, and EA significantly increased the tactile threshold after KOA modeling (P < 0.001; Figure 1), consistent with our previous results (Yuan et al., 2018a, b).


[image: image]

FIGURE 1. Time course of the effect of electroacupuncture (EA) on pain hypersensitivity in knee osteoarthritis (KOA) mice. Time course of tactile threshold in response to von Frey filaments in control (CON), KOA, EA, and Sham EA mice. EA was administered for 30 min, once every other day for 4 weeks, starting from 2 days after monosodium iodoacetate (MIA) injection, as indicated by a black arrow. Data are expressed as means ± SME (n = 8 mice in each group). ***P < 0.001, compared with the CON group; #P < 0.05, compared with the KOA group.


As shown in Figure 1, the time course curves (i.e., CON, KOA, EA, and Sham EA-treated groups) were significantly different between treatments [F(3,420) = 2,192.01; P < 0.0001], across times [F(14,420) = 107.18; P < 0.0001], and for their interactions [F(42,420) = 14.20; P < 0.0001]. Further analyses showed that the mechanical thresholds in the KOA group were significantly less than those in the EA-treated group from the 5th to 27th day after MIA injection (P < 0.05; Figure 1). However, no significant difference was observed between the Sham EA-treated group and the KOA group after MIA injection (P > 0.05; Figure 1).



EA Reverses the Reduction of 5-HT7 Receptor Expression in the Dorsal Spinal Cord of KOA Mice

The 5-HT7 receptor protein bands were presented in the dorsal spinal cord tissues (Figure 2A). There was a significant reduction in 5-HT7 receptor protein level in the dorsal spinal cord compared to that of the control group 4 weeks after KOA induction (P < 0.001; Figure 2B). Conversely, there was significant increase in 5-HT7 receptor level in the dorsal spinal cord of the KOA group compared to that of the control group (P < 0.001; Figure 2B) after the EA intervention.
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FIGURE 2. Quantitative analysis of protein and mRNA levels of 5-HT7 receptor in the dorsal spinal cord tissues. (A) Representative gel image shows the protein level of 5-HT7 receptor in dorsal spinal cord tissues obtained from control (CON), KOA, KOA treated with EA, and KOA treated with Sham EA. β-Actin was used as a loading control. The protein band at 54 kDa corresponds to the 5-HT7 receptor. (B) Summary data show the effect of KOA, EA, and Sham EA on the protein level of 5-HT7 receptor in dorsal spinal cord tissues. (C) Effects of KOA, EA, and Sham EA on the mRNA level of 5-HT7 receptor in dorsal spinal cord tissues. Data are expressed as means ± SME (n = 5 mice in each group). **P < 0.01, compared with the CON group; ###P < 0.001, compared with the KOA group.


Similarly, the mRNA level of 5-HT7 receptor in the KOA group was significantly lower than that in the control group 4 weeks after KOA induction (P < 0.001; Figure 2C). EA significantly increased the mRNA level of 5-HT7 receptor compared with that in the KOA group (P < 0.001; Figure 2C). Sham EA had no significant effect on 5-HT7 receptor protein and mRNA levels of KOA mice (P > 0.05; Figures 2B,C).



Intrathecal Administration of a Selective 5-HT7 Receptor Antagonist SB-269970 Reversed the EA Effect on Mechanical Allodynia

Our previous studies have demonstrated that the chronic pain stage started from the 17th day after KOA induction (Yuan et al., 2018b). Therefore, we administered a selective 5-HT7 receptor antagonist SB-269970 (10 μg, i.t.) 30 min before EA treatment on the 18th day after KOA induction, once every other day for five times. It was found that 10% DMSO did not influence the effect of EA on the mechanical thresholds (Figure 3A).
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FIGURE 3. Time course of the effect of 5-HT7 receptor antagonist/agonist on pain hypersensitivity. (A) Time course of tactile threshold in response to von Frey filaments in KOA, 10% dimethyl sulfoxide (DMSO) + EA, and SB-269970 + EA mice. EA was administered for 30 min, once every other day for 4 weeks, starting from 2 days after MIA injection, as indicated by a black arrow. The 5-HT7 receptor antagonist SB-269970 (10 μg) was administered i.t. 30 min before EA starting from 18 days after MIA injection, once every other day for five times, as indicated by a red arrow. (B) Time course of the effect of EA or 5-HT7 receptor agonist AS-19 on tactile withdrawal threshold of KOA mice. The 5-HT7 receptor agonist AS-19 (20 μg) was administered i.t. or EA stimulation starting from 18 days after MIA injection, once every other day for five times, as indicated by a black arrow. Data are expressed as means ± SME (n = 8 mice in each group). *P < 0.05, compared with the KOA group; #P < 0.05, compared with the 10% DMSO + EA (or 1% DMSO + EA) group.


However, SB-269970 (10 μg, i.t.), a selective 5-HT7 receptor antagonist, reversed the EA effect on the tactile withdrawal thresholds. As shown in Figure 3A, the time course curves (i.e., KOA, 10% DMSO plus EA, and SB-269970 plus EA groups) differed significantly from the treatments [F(2,315) = 384.03; P < 0.0001], across times [F(14,315) = 159.05; P < 0.0001], and for their interactions [F(28,315) = 8.17; P < 0.0001]. Further analyses showed that the mechanical thresholds in the SB-269970 plus EA-treated group were significantly less than those in the 10% DMSO plus EA group from the 21st to 27th day after KOA induction (P < 0.05; Figure 3A). Moreover, the mechanical thresholds in the SB-269970 plus EA-treated group were also significantly higher than those in the KOA group from the 1st to 5th day after the first SB-269970 injection (from the 19th to 23rd day after KOA induction) (P < 0.05; Figure 3A).



Intrathecal Administration of a Selective 5-HT7 Receptor Agonist AS-19 Mimicked the EA Effect on Mechanical Allodynia

The 5-HT7 receptor agonist AS-19 (20 μg, i.t.) was administered from the 18th day after KOA induction. Meanwhile, EA stimulation started from the same day. Both interventions were administered once every other day for five times. The AS-19 group markedly increased the mechanical thresholds, as well as the 1% DMSO plus EA-group (P < 0.001).

As shown in Figure 3B, the time course curves for these groups (AS-19, KOA, and 1% DMSO plus EA treated) significantly differed from the treatment group [F(2,315) = 45.81; P < 0.0001], across times [F(14,315) = 269.81; P < 0.0001], and their interactions [F(28,315) = 8.12; P < 0.0001]. Further analyses showed that the mechanical thresholds in the AS-19-treated group were significantly higher than those in the KOA group from the 21st to 27th day after KOA induction (P < 0.001; Figure 3B). Also, the EA treatment significantly increased the mechanical thresholds from the 21st to 27th day after KOA induction (P < 0.01; Figure 3B, 1% DMSO + EA). Moreover, the mechanical thresholds in the AS-19-treated group were significantly higher than those in the 1% DMSO plus EA group on the 21st, 25th, and 27th day after KOA induction (P < 0.01; Figure 3B).



Intrathecal AC Inhibitor SQ22536 Reversed the EA Effect on Mechanical Allodynia

The 5-HT7 receptor stimulates cAMP formation by activation of AC when coupled to Gs, which in turn activates PKA (Cortes-Altamirano et al., 2018). Unpublished data from our laboratory has revealed analgesic behavior of 5-HT7–Gs–cAMP–PKA pathway in neuropathic pain model. Therefore, we use AC and PKA inhibitors to explore the possible involvement of Gs–cAMP–PKA pathway in the EA inhibition of chronic pain in a mouse model of KOA.

Adenylyl cyclase inhibitor SQ22536 (2.8 μg, i.t.) was administered 30 min before EA intervention starting from the 18th day after KOA induction, once every other day for five times. AC inhibitor SQ22536 was found to reverse the EA effect on the tactile withdrawal thresholds (P < 0.001). As shown in Figure 4, the time course curves for these groups (KOA, SQ22536 plus EA, and 10% DMSO plus EA treated) significantly differed from treatments [F(2,315) = 377.77; P < 0.0001], across times [F(14,315) = 184.26; P < 0.0001], and for their interactions [F(28,315) = 9.18; P < 0.0001]. Further analyses showed that the mechanical thresholds in the SQ22536 plus EA-treated group were significantly less than those in the 10% DMSO plus EA-treated group from the 19th to 27th day after KOA induction (P < 0.001; Figure 4). However, there was no significant difference in the mechanical thresholds between the SQ22536 plus EA-treated group and the KOA group after SQ22536 injection (from the 19th to 27th day after KOA induction) (P > 0.05; Figure 4).
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FIGURE 4. The effect of adenylyl cyclase (AC) inhibitor SQ22536 on EA analgesia. Time course of the effect of AC inhibitor SQ22536 on tactile withdrawal threshold of EA mice. EA was administered for 30 min, once every other day for 4 weeks, starting from 2 days after MIA injection, as indicated by a black arrow. The AC inhibitor SQ22536 (2.8 μg) was administered i.t. 30 min before EA starting from 18 days after MIA injection, once every other day for five times, as indicated by a red arrow. Data are expressed as means ± SME (n = 8 mice in each group). ***P < 0.001, compared with the KOA group; ###P < 0.001, compared with the 10% DMSO + EA group.




Intrathecal Application of PKA Inhibitor H89 Reversed the EA Effect on Mechanical Allodynia

The PKA inhibitor H89 (2.5 μg, i.t.) was administered 30 min before EA intervention starting from the 18th day after KOA induction, once every other day for five times. The H89 significantly reversed the EA effect on the tactile withdrawal thresholds (P < 0.001). As shown in Figure 5, the time course curves for these groups (KOA, H89 plus EA, and 10% DMSO plus EA-treated groups) significantly differed from those of the treatment group [F(2,315) = 393.87; P < 0.0001], across times [F(14,315) = 193.27; P < 0.0001], and for their interactions [F(24,315) = 8.08; P < 0.0001]. Further analyses indicated that the mechanical thresholds in the H89 plus EA-treated group were significantly less than those in the 10% DMSO plus EA-treated group from the 19th to 27th day after KOA induction (P < 0.01; Figure 5). Additionally, there was no significant difference in the mechanical thresholds between the SQ22536 plus EA-treated group and the KOA group after H89 injection (from the 19th to 27th day after KOA induction) (P > 0.05; Figure 5).
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FIGURE 5. The effect of protein kinase A (PKA) inhibitor H89 on EA analgesia. Time course of the effect of PKA inhibitor H89 on tactile withdrawal threshold of EA mice. EA was administered for 30 min, once every other day for 4 weeks, starting from 2 days after MIA injection, as indicated by a black arrow. The PKA inhibitor H89 (2.5 μg) was administered i.t. 30 min before EA starting from 18 days after MIA injection, once every other day for five times, as indicated by a red arrow. Data are expressed as means ± SME (n = 8 mice in each group). ***P < 0.001, compared with the KOA group; ###P < 0.001, compared with the 10% DMSO + EA group.




Intrathecal Application of a Selective GABAA Receptor Antagonist Bicuculline Reversed the EA Effect on Mechanical Allodynia

It has been reported that intrathecal injection of the GABAA receptor antagonist bicuculline totally abolishes the anti-hyperalgesic effects of 5-HT7 receptor agonist in the CCI-SN model (Viguier et al., 2012). In order to explore whether GABAA receptor is involved in the analgesic effect of EA, the GABAA receptor antagonist bicuculline (0.1 μg, i.t.) was administered 30 min before EA intervention starting from the 18th day after KOA induction, once every other day for 5 days. We found that the GABAA receptor antagonist bicuculline reversed the EA effect on the tactile withdrawal thresholds (P < 0.001).

As shown in Figure 6, the time course curves for these groups (KOA, bicuculline plus EA, and 10% DMSO plus EA-treated groups) differed significantly from treatments [F(2,315) = 335.60; P < 0.0001], across times [F(14,315) = 159.99; P < 0.0001], and for their interactions [F(28,315) = 6.74; P < 0.0001]. Further analyses revealed significant reduction in the mechanical thresholds in the bicuculline group when compared to those in the 10% DMSO plus EA-treated group from the 21st to 27th day after KOA induction (P < 0.001; Figure 6). Moreover, there was no significant difference in the mechanical thresholds between the bicuculline plus EA-treated group and the KOA group after bicuculline injection (from the 19th to 27th day after KOA induction) (P > 0.05; Figure 6).
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FIGURE 6. The effect of GABAA receptor antagonist bicuculline on EA analgesia. Time course of the effect of GABAA receptor antagonist bicuculline on tactile withdrawal threshold of EA mice. EA was administered for 30 min, once every other day for 4 weeks, starting from 2 days after MIA injection, as indicated by a black arrow. The GABAA receptor antagonist bicuculline (0.1 μg) was administered i.t. 30 min before EA starting from 18 days after MIA injection, once every other day for five times, as indicated by a red arrow. Data are expressed as means ± SME (n = 8 mice in each group). ***P < 0.001, compared with the KOA group; ###P < 0.001, compared with the 10% DMSO + EA group.





DISCUSSION

A large body of evidence has demonstrated 5-HT1, 5-HT2, and 5-HT3 receptors to be involved in EA-mediated analgesia (Li et al., 2011; Seo et al., 2016). However, it is unclear whether the 5-HT7 receptor is also involved in this effect. In the present study, we found that KOA induction gradually reduced mechanical withdrawal threshold, and EA intervention significantly increased the tactile threshold after KOA modeling, which is consistent with our previous results (Yuan et al., 2018a, b). However, Sham EA had no significant effect on mechanical allodynia of KOA mice. Furthermore, results of western blotting revealed a significant increase in 5-HT7 receptor expression in the dorsal spinal cord after the administration of EA intervention. In the same vein, intrathecal administration of 5-HT7 receptor agonist AS-19 mimicked the analgesic effect of EA, while a selective 5-HT7 receptor antagonist reversed this effect. We have also proved that intrathecal injection of AC and PKA antagonists into the spinal dorsal horn prevented the anti-allodynia effect of EA. Similarly, intrathecal administration of GABAA receptor antagonist bicuculline reversed the EA effect on pain hypersensitivity in the experimental mice. This study therefore provides clear evidence and suggests that the spinal 5-HT7 receptor may activate GABAergic neurons through the Gs–cAMP–PKA pathway to elicit pain inhibition and that the 5-HT7 receptor is involved in EA-mediated chronic pain inhibition in a mouse model of KOA.

The 5-HT receptor family is divided into seven subfamilies (5-HT1, 5-HT2, 5-HT3, 5-HT4, 5-HT5, 5-HT6, and 5-HT7), comprising 14 receptor subtypes, of which only 5-HT1, 5-HT2, and 5-HT3 receptors were shown to be involved in EA analgesia (Li et al., 2011; Seo et al., 2016). However, the role of other spinal 5-HT receptors in EA-mediated analgesia is yet to be elucidated. In this study, we have demonstrated that EA treatment reversed the reduced expression of 5-HT7 receptor in the dorsal spinal cord of KOA mice and proposed that spinal 5-HT7 receptor may be involved in EA-mediated analgesia.

Moreover, we have found that intrathecal injection of a selective 5-HT7 receptor antagonist SB-269970 30 min before EA intervention significantly reduced mechanical withdrawal thresholds, while SB-269970 injected alone into the spinal cord did not influence the pain threshold in our preliminary study, suggesting that the 5-HT7 receptor antagonist blocked the analgesic effect of EA in the KOA model. In addition, intrathecal injection of 5-HT7 receptor agonist AS-19 mimicked the analgesic effect of EA. Interestingly, this analgesic effect was more pronounced than that observed with EA treatment in the KOA model of chronic pain in mouse. This data corroborates the findings of Yang et al. (2014) who found that activation of 5-HT7 receptor by i.t. AS-19 exerted a significant antinociceptive effect on formalin-induced inflammatory pain models in rats. It is therefore reasonable to suggest EA pain inhibitory mechanism via activation of a descending serotonergic system that stimulates the release of spinal 5-HT, which in turn activates 5-HT7 receptor with subsequent inhibition of chronic pain.

It is well know that 5-HT7 receptor stimulates cAMP formation by activating AC via G, which also activates PKA and a series of downstream signaling pathways, leading to analgesic effect (Cortes-Altamirano et al., 2018). In the present study, we found that intrathecal administration of AC inhibitor SQ22536 30 min before EA intervention prevented the anti-allodynic effect of EA. Moreover, intrathecal injection of PKA inhibitor H89 30 min before EA reversed the EA effect on the tactile withdrawal thresholds. Our previous and preliminary studies found that AC inhibitor SQ22536 or PKA inhibitor H89 alone has any effect on the pain threshold in the central (Zhang et al., 2020) and spinal cord, which suggested that the AC–cAMP–PKA pathway may lack tonic activity, and the blocking effects of AC and PKA inhibitor on the EA-evoked inhibition were not a result of either compound facilitating nociceptive responses. These data further support that EA activates the spinal 5-HT7 receptor through the Gs–AC–cAMP–PKA pathway to inhibit chronic pain in a mouse model of KOA.

The co-localization of 5-HT7 receptor with spinal dorsal horn GABAergic neuron has been reported in a previous microscopic study (Lin et al., 2015). In support of this findings, an earlier study had reported that injection of GABAA receptor antagonist bicuculline completely abolished the anti-hyperalgesic effect of 5-HT7 receptor agonist in the CCI-SN model (Viguier et al., 2012), which further suggests 5-HT7–GABAergic neuron coexistence. Our study has found that intrathecal injection of GABAA receptor antagonist bicuculline prevented the anti-allodynic effect of EA, while bicuculline intrathecal injection alone did not influence the pain threshold in our preliminary study. Similarly, previous data have demonstrated that EA reduced neuropathic pain by increasing the protein level of GABAA receptor in the dorsal horn of the spinal cord (Jiang et al., 2018). The present study therefore suggests that the spinal 5-HT7 receptor is involved in EA inhibition of chronic pain through activation of spinal GABAergic interneurons in a mouse model of KOA.

In conclusion, our study provided evidence to prove that the spinal 5-HT7 receptor is involved in EA inhibition of chronic pain via activation of GABAergic neurons through the Gs–cAMP–PKA pathway and therefore suggests 5-HT7-GABAergic neuron participation in EA-mediated inhibition of chronic pain in a mouse model of KOA. The present study also reported the 5-HT7–Gs–cAMP–PKA–GABAergic neuron pathway as a novel signaling pathway through which EA intervention leads to chronic pain inhibition in mouse model of KOA.
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Objectives: This study was conducted in order to investigate the study design and main outcomes of acupuncture neuroimaging studies on low back pain (LBP).

Methods: Neuroimaging studies of acupuncture on LBP were collected from three English databases such as PubMed and four Chinese databases such as China National Knowledge Infrastructure (CNKI) from inception to December 31, 2020. Study selection, data extraction, and assessment of risk of bias were performed independently by two investigators. The quality of studies was appraised with the Cochrane's risk of bias tools. Information on basic information, methodology, and brain imaging data were extracted.

Results: The literature search returned 310 potentially eligible studies and 19 articles met inclusion criteria; 78.9% of studies chose manual acupuncture as the intervention, 89.5% of studies evaluated functional changes elicited by acupuncture, and 68.4% of studies used resting-state fMRI as imaging condition. The most frequently reported acupuncture-induced brain alterations of LBP patients were in the prefrontal cortex, insula, cerebellum, primary somatosensory cortex, and anterior cingulate cortex. There was a significant correlation between improved clinical outcomes and changes in the brain.

Conclusions: The results suggested that improving abnormal structure and functional activities in the brain of the LBP patient is an important mechanism of acupuncture treatment for LBP. The brain regions involved in acupuncture analgesia for LBP were mainly located in the pain matrix, default mode network (DMN), salience network (SN), and descending pain modulatory system (DPMS). However, it was difficult to draw a generalized conclusion due to the heterogeneity of study designs. Further well-designed multimodal neuroimaging studies investigating the mechanism of acupuncture on LBP are warranted.

Keywords: acupuncture, neuroimaging, fMRI, low back pain, systematic review


INTRODUCTION

Low back pain (LBP) is a common disorder defined as the pain between the lower rib margins and the buttock creases (Kreiner et al., 2020). The lifetime and mean point prevalence of LBP were around 40 and 20%, respectively (Hoy et al., 2012; Calvo-Muñoz et al., 2013). LBP is the leading cause of disability that accounts for around 60.1 million years lived with disability (YLD) globally, and affects people of all ages (GBD 2016 Disease Injury Incidence Prevalence Collaborators, 2017). As an effective and safe therapy, acupuncture has been widely used for LBP. Many systematic reviews indicate that acupuncture is effective in relieving pain and improving function in LBP patients (Xu et al., 2013; Chou et al., 2017; Fuentes et al., 2020; Su et al., 2021). Since the first acupuncture neuroimaging study for LBP published in 2007 (Ji et al., 2007), there has been a surge of interest in investigating the therapeutic mechanism that underpins acupuncture treatment for LBP with neuroimaging technologies.

In the past 14 years, around 20 acupuncture neuroimaging studies for LBP have been published. These studies provide visualized and real-time evidence for understanding the mechanism of acupuncture treatment for LBP. However, the methodology issues of these studies greatly differed from each other. For example, some studies selected manual acupuncture (MA) as acupuncture modality, while others used electroacupuncture (EA). Some studies were performed with resting-state fMRI (rs-fMRI), while others with the task-state fMRI (ts-fMRI). Some focused on the functional changes elicited by acupuncture, while others centered on the structural alterations resulting from acupuncture. Therefore, this review aimed to (1) analyze the methodology issues of the published acupuncture neuroimaging studies on LBP, (2) summarize the core brain regions involved in acupuncture analgesia for LBP, and (3) provide references for future studies and the application of the neuroimaging results in the clinic.



METHODS


Literature Search

The following seven databases were searched from inception to December 31, 2020: PubMed, EMBASE, Cochrane database, China National Knowledge Infrastructure (CNKI), Chinese Biomedical Literature (CBM), Chongqing VIP Database (VIP, Chinese Database), and Wanfang Database (WF, Chinese Database). The language was restricted to English or Chinese. The keywords were a combination of “low back pain,” “acupuncture,” and “neuroimaging technologies.” The search strategy for each of the electronic databases queried is shown in Supplementary Table 1. Additional studies were found by screening references of included articles and relevant reviews.



Eligibility Criteria

Studies were eligible for inclusion if they (1) were peer-reviewed original research conducted in LBP patients, (2) applied acupuncture as the intervention, and (3) used structural and functional magnetic resonance imaging (sMRI, fMRI), positron emission tomography (PET), electroencephalography (EEG), and functional near-infrared spectroscopy (fNIRS), etc.

We excluded the experimental pain model, conference abstracts, case reports, protocols, animal study, monograph, and reviews.



Study Selection, Data Extraction, and Assessment of Risk of Bias

Study selection, data extraction, and assessment of risk of bias were performed independently by two investigators (XD and YQ). Two Cochrane's risk of bias tools (Sterne et al., 2016, 2019) were utilized for evaluating the risk of bias of included randomized controlled trials (RCTs) and non-RCTs, respectively. Discrepancies were addressed by discussion or consulting a third party (PM).

For the eligible studies, we retrieved the following: (1) basic information: first author's name, year of publication, country, and diagnosis; (2) methodology: characteristics and sample size of participants, study design, acupuncture intervention (treatment courses, acupoints, manipulation modality, and needle sensation), imaging modality, and analysis methods; and (3) brain imaging data.



Synthesis of Results

There is a great difference in the methodology issues of the included studies, and a meta-analysis was considered inappropriate. A descriptive analysis was presented to summarize (1) the brain alterations of LBP patients, (2) acupuncture-induced brain alterations, (3) brain functional alterations induced by MA and EA, and (4) acupuncture-related brain activities in resting-state and task-state fMRI.




RESULTS


Study Selection and Description

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram (Page et al., 2021) of literature search and screening process is shown in Figure 1. A total of 310 results were yielded from the databases. After deduplication and screening phases, 19 studies (Ji et al., 2007; Junhai et al., 2008; Yongsong et al., 2011; Li et al., 2012, 2014; Guoqiang et al., 2014; Jialiang et al., 2014; Tao et al., 2015; Lin and Xianmo, 2017; Yijun et al., 2017; Makary et al., 2018; Lee et al., 2019; Tu et al., 2019; Xiang et al., 2019; Yan et al., 2019; Kim et al., 2020; Lan et al., 2020; Liu et al., 2020; Yu et al., 2020) between 2007 and 2020 were incorporated in this review (Table 1). Among the articles, 14 studies were performed in China (Ji et al., 2007; Junhai et al., 2008; Yongsong et al., 2011; Li et al., 2012, 2014; Guoqiang et al., 2014; Jialiang et al., 2014; Tao et al., 2015; Lin and Xianmo, 2017; Yijun et al., 2017; Xiang et al., 2019; Yan et al., 2019; Lan et al., 2020; Liu et al., 2020), three were conducted in the USA (Tu et al., 2019; Kim et al., 2020; Yu et al., 2020), and two were conducted in South Korea (Makary et al., 2018; Lee et al., 2019). Five kinds of diseases were involved in these studies: chronic low back pain (Li et al., 2014; Tu et al., 2019; Xiang et al., 2019; Yan et al., 2019; Kim et al., 2020; Yu et al., 2020), non-specific low back pain (Makary et al., 2018; Lee et al., 2019), lumbar disc herniation (Yongsong et al., 2011; Guoqiang et al., 2014; Jialiang et al., 2014; Tao et al., 2015; Lin and Xianmo, 2017; Yijun et al., 2017; Lan et al., 2020), sciatica (Ji et al., 2007; Li et al., 2012; Liu et al., 2020), and low back and leg pain (Junhai et al., 2008).
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FIGURE 1. The flow diagram of literature search and screening process.



Table 1. Characteristics of the included studies.
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Details of Methodology


Participants

A total of 613 LBP patients and 120 healthy controls (HC) were investigated. Six studies (Yongsong et al., 2011; Li et al., 2012, 2014; Yan et al., 2019; Kim et al., 2020; Liu et al., 2020) compared LBP patients and HC, while the remaining 13 studies (Ji et al., 2007; Junhai et al., 2008; Guoqiang et al., 2014; Jialiang et al., 2014; Tao et al., 2015; Lin and Xianmo, 2017; Yijun et al., 2017; Makary et al., 2018; Lee et al., 2019; Tu et al., 2019; Xiang et al., 2019; Lan et al., 2020; Yu et al., 2020) only recruited patients. Thirteen studies included LBP patients between 18 and 85 years of age, and the mean age of patients in the other six studies (in which the age range was not reported) ranged from 25.7 to 56.4 years. Eighteen studies described the gender of the patients (289 female and 280 male). One study (Lan et al., 2020) did not mention the gender of the patients. In the six studies that compared LBP patients and HC, the maximum and minimum sample sizes of LBP/HC were 23/50 and 10/10 per group, respectively. The average sample size of LBP/HC was 16/20 per group. In the 13 studies that only recruited patients, the maximum and minimum sample sizes were 50 and 7 per group, respectively. The average sample size of LBP was 20 per group.



Study Design

Nine RCTs and 10 non-RCTs were involved in these studies. The control groups in RCTs mainly included sham acupuncture (Makary et al., 2018; Lee et al., 2019; Tu et al., 2019; Kim et al., 2020; Lan et al., 2020; Yu et al., 2020), different acupoints (Jialiang et al., 2014; Tao et al., 2015; Lin and Xianmo, 2017), and usual care (Kim et al., 2020). Among the studies that compared verum acupuncture with sham acupuncture, the sham acupuncture methods included (1) phantom acupuncture (watched a recorded video clip of a verum stimulation to avoid any somatosensory afference) (Makary et al., 2018; Lee et al., 2019), (2) Streitberger placebo acupuncture needle at sham acupoints (Tu et al., 2019; Yu et al., 2020), (3) Streitberger placebo acupuncture needle at acupoints (Kim et al., 2020), and (4) mock laser acupuncture (Kim et al., 2020). Among the studies that compared different acupoints, LBP patients were randomly assigned into two different acupoints groups (balanced acupuncture/body acupuncture, yaosanzhen acupuncture/body acupuncture) (Jialiang et al., 2014; Tao et al., 2015; Lin and Xianmo, 2017).



Details of Interventions

Fifteen studies used MA, while four trials used EA. Thirteen studies focused on the instant effect of acupuncture, and the duration of stimulation was from 3 to 30 min (Ji et al., 2007; Junhai et al., 2008; Yongsong et al., 2011; Guoqiang et al., 2014; Jialiang et al., 2014; Li et al., 2014; Tao et al., 2015; Lin and Xianmo, 2017; Yijun et al., 2017; Makary et al., 2018; Lee et al., 2019; Xiang et al., 2019; Yu et al., 2020). Six studies focused on the cumulative effect of acupuncture, and the treatment courses were from 1 to 8 weeks (Li et al., 2012; Tu et al., 2019; Yan et al., 2019; Kim et al., 2020; Lan et al., 2020; Liu et al., 2020). Four studies chose single acupoint (Yongsong et al., 2011; Guoqiang et al., 2014; Yijun et al., 2017; Xiang et al., 2019), two studies used two acupoints (Ji et al., 2007; Junhai et al., 2008), nine studies applied a combination of three or more acupoints (Jialiang et al., 2014; Li et al., 2014; Tao et al., 2015; Lin and Xianmo, 2017; Makary et al., 2018; Lee et al., 2019; Tu et al., 2019; Kim et al., 2020; Yu et al., 2020), and four chose acupoints by syndrome differentiation (Li et al., 2012; Yan et al., 2019; Lan et al., 2020; Liu et al., 2020). The most frequently used acupoints were ashi points, BL23, BL40, and BL25 (Supplementary Figure 1). Eleven studies emphasized the needle sensation (Deqi) during acupuncture stimulation (Junhai et al., 2008; Yongsong et al., 2011; Li et al., 2012, 2014; Yijun et al., 2017; Makary et al., 2018; Lee et al., 2019; Tu et al., 2019; Lan et al., 2020; Liu et al., 2020; Yu et al., 2020).



Imaging Condition and Analysis

Magnetic resonance imaging (MRI) was applied in all studies to measure neuronal activity and brain structure in LBP patients treated by acupuncture.

Two studies evaluated structure changes. One study employed the single modality of diffusion tensor imaging (DTI) to investigate fractional anisotropy (FA) and axial diffusivity (AD) (Lan et al., 2020). One study combined DTI and voxel-based morphology to explore both gray matter volume (GMV) and FA (Kim et al., 2020).

Seventeen studies evaluated functional changes. One study combined resting and task-state fMRI (Yijun et al., 2017). Five studies used ts-fMRI (Ji et al., 2007; Junhai et al., 2008; Guoqiang et al., 2014; Yijun et al., 2017; Makary et al., 2018). Three studies were performed with a block design (Li et al., 2014; Sterne et al., 2016, 2019). Two studies were performed with event-related experimental paradigm (Guoqiang et al., 2014; Yijun et al., 2017). The needle is stimulated continuously for a duration from 45 s to 2 min during two to five blocks.

Thirteen studies (Yongsong et al., 2011; Li et al., 2012, 2014; Jialiang et al., 2014; Tao et al., 2015; Lin and Xianmo, 2017; Yijun et al., 2017; Lee et al., 2019; Tu et al., 2019; Xiang et al., 2019; Yan et al., 2019; Liu et al., 2020; Yu et al., 2020) used rs-fMRI to evaluate regional homogeneity (ReHo) (five studies) (Jialiang et al., 2014; Tao et al., 2015; Lin and Xianmo, 2017; Yan et al., 2019; Liu et al., 2020), functional connectivity (FC) (four studies) (Yongsong et al., 2011; Tu et al., 2019; Liu et al., 2020; Yu et al., 2020), independent component analysis (ICA) (three studies) (Li et al., 2012, 2014; Lee et al., 2019), and amplitude of low-frequency fluctuations/fractional amplitude of low-frequency fluctuations (ALFF/fALFF) (one study) (Xiang et al., 2019), one of which used machine learning approaches to predict acupuncture treatment responses (Tu et al., 2019).



Results of Risk-of-Bias Assessments

The results of risk-of-bias assessments are presented in Supplementary Tables 2, 3.

Of the nine RCTs, two studies were rated as “low” overall risks of bias (Tu et al., 2019; Yu et al., 2020), whereas seven studies were rated as “some concerns” of overall risks of bias due to concerns regarding the randomization process (Jialiang et al., 2014; Tao et al., 2015; Lin and Xianmo, 2017; Makary et al., 2018; Lee et al., 2019; Kim et al., 2020; Lan et al., 2020) and missing outcome data (Jialiang et al., 2014; Tao et al., 2015; Lin and Xianmo, 2017).

Of the 10 non-RCTs, nine studies were rated as “low” overall risks of bias (Tu et al., 2019; Yu et al., 2020). However, one study was rated as “no information” of overall risks of bias due to concerns regarding the missing outcome data (Guoqiang et al., 2014).




Brain Imaging Data

Brain imaging data of frequently reported brain regions are summarized in Table 2.


Table 2. Brain imaging data of frequently reported brain regions.
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Brain Alterations of LBP Patients

Five studies reported the functional and structural alterations of LBP patients. Compared with HC, LBP patients mainly showed alterations in PFC (four studies) (Li et al., 2012, 2014; Yan et al., 2019; Liu et al., 2020), ACC (three studies) (Li et al., 2012, 2014; Liu et al., 2020), precuneus (three studies) (Li et al., 2012, 2014; Yan et al., 2019), insula (two studies) (Yan et al., 2019; Liu et al., 2020), and the primary somatosensory cortex (SI) (two studies) (Yan et al., 2019; Kim et al., 2020).

Correlation analyses showed a positive correlation between posterior cingulate cortex (PCC)–right inferior parietal lobule FC and the duration of sciatica (Liu et al., 2020) (Figure 2A).


[image: Figure 2]
FIGURE 2. Correlation analysis in some studies (Xiang et al., 2019; Liu et al., 2020). (A) The PCC-seeded FC was positively correlated with pain duration in the right inferior parietal lobule at baseline in LBP patients. (B) There was a significant correlation between ALFF change in the left insular and VAS change after acupuncture treatment. ALFF, amplitude of low-frequency fluctuation; FC, functional connectivity; LBP, low back pain; PCC, posterior cingulate cortex; VAS, visual analog scale/score.




Acupuncture-Related Brain Alterations in LBP Patients

The most frequently reported acupuncture-related brain functional alterations in LBP patients were in PFC (12 studies) (Junhai et al., 2008; Yongsong et al., 2011; Li et al., 2012, 2014; Guoqiang et al., 2014; Jialiang et al., 2014; Lin and Xianmo, 2017; Makary et al., 2018; Lee et al., 2019; Tu et al., 2019; Yan et al., 2019; Liu et al., 2020), insula (nine studies) (Ji et al., 2007; Junhai et al., 2008; Yongsong et al., 2011; Guoqiang et al., 2014; Makary et al., 2018; Lee et al., 2019; Tu et al., 2019; Xiang et al., 2019; Liu et al., 2020), cerebellum (nine studies) (Ji et al., 2007; Junhai et al., 2008; Yongsong et al., 2011; Guoqiang et al., 2014; Jialiang et al., 2014; Tao et al., 2015; Lin and Xianmo, 2017; Yijun et al., 2017; Liu et al., 2020), SI (eight studies) (Ji et al., 2007; Junhai et al., 2008; Yongsong et al., 2011; Jialiang et al., 2014; Tao et al., 2015; Lin and Xianmo, 2017; Makary et al., 2018; Yan et al., 2019), and ACC (seven studies) (Ji et al., 2007; Junhai et al., 2008; Yongsong et al., 2011; Li et al., 2012, 2014; Makary et al., 2018; Liu et al., 2020).

Two studies found corresponding results regarding regional structural changes in LBP patients after acupuncture treatment. Following a 4-week course of acupuncture, GVM was reduced and white matter FA was increased in the SI–back, and the changes were associated with improvements in tactile acuity over the back (Kim et al., 2020; Lan et al., 2020).

One study found that pretreatment FC between the medial prefrontal cortex (mPFC) and other brain regions can predict treatment responsiveness of acupuncture on LBP patients (Tu et al., 2019). In addition, baseline periaqueductal gray (PAG)–amygdala FC can predict bothersomeness reduction after acupuncture treatments (Yu et al., 2020). There was a significant correlation between mean ALFF change in the left insula, FC of the PFC–insula, and the decreased pain (Lee et al., 2019; Xiang et al., 2019) (Figure 2B).



MA- and EA-Related Brain Alterations in LBP Patients

Of the 15 studies that used MA, the most frequently reported EA-related brain alterations in LBP patients were in the PFC (nine studies) (Yongsong et al., 2011; Guoqiang et al., 2014; Jialiang et al., 2014; Li et al., 2014; Lin and Xianmo, 2017; Makary et al., 2018; Lee et al., 2019; Tu et al., 2019; Liu et al., 2020), cerebellum (seven studies) (Yongsong et al., 2011; Guoqiang et al., 2014; Jialiang et al., 2014; Tao et al., 2015; Lin and Xianmo, 2017; Yijun et al., 2017; Liu et al., 2020), insula (seven studies) (Yongsong et al., 2011; Guoqiang et al., 2014; Makary et al., 2018; Lee et al., 2019; Tu et al., 2019; Xiang et al., 2019; Liu et al., 2020), SI (five studies) (Yongsong et al., 2011; Jialiang et al., 2014; Tao et al., 2015; Lin and Xianmo, 2017; Makary et al., 2018), and ACC (four studies) (Yongsong et al., 2011; Li et al., 2014; Makary et al., 2018; Liu et al., 2020).

Of the four studies that used EA, the most frequently reported EA-related brain alterations in LBP patients were in the PFC (four studies) (Ji et al., 2007; Junhai et al., 2008; Li et al., 2012; Yan et al., 2019), ACC (three studies) (Ji et al., 2007; Junhai et al., 2008; Li et al., 2012), superior temporal gyrus (STG) (three studies) (Ji et al., 2007; Junhai et al., 2008; Yan et al., 2019), SI (three studies) (Ji et al., 2007; Junhai et al., 2008; Yan et al., 2019), and insula (two studies) (Ji et al., 2007; Junhai et al., 2008).



Acupuncture-Related Brain Activities in Resting-State and Task-State fMRI

Of the 13 studies that used resting-state fMRI, the most frequently reported acupuncture-related brain alterations of LBP patients were in the PFC (nine studies) (Yongsong et al., 2011; Li et al., 2012, 2014; Jialiang et al., 2014; Lin and Xianmo, 2017; Lee et al., 2019; Tu et al., 2019; Yan et al., 2019; Liu et al., 2020), cerebellum (five studies) (Yongsong et al., 2011; Jialiang et al., 2014; Tao et al., 2015; Lin and Xianmo, 2017; Liu et al., 2020), insula (five studies) (Yongsong et al., 2011; Lee et al., 2019; Tu et al., 2019; Xiang et al., 2019; Liu et al., 2020), SI (five studies) (Yongsong et al., 2011; Jialiang et al., 2014; Tao et al., 2015; Lin and Xianmo, 2017; Yan et al., 2019), and ACC (four studies) (Yongsong et al., 2011; Li et al., 2012, 2014; Liu et al., 2020).

Of the five studies that used task-state fMRI, the most frequently reported acupuncture-related brain alterations of LBP patients were in the cerebellum (four studies) (Ji et al., 2007; Junhai et al., 2008; Guoqiang et al., 2014; Yijun et al., 2017), insula (four studies) (Ji et al., 2007; Junhai et al., 2008; Guoqiang et al., 2014; Makary et al., 2018), SI (three studies) (Ji et al., 2007; Junhai et al., 2008; Makary et al., 2018), secondary somatosensory cortex (SII) (three studies) (Ji et al., 2007; Junhai et al., 2008; Makary et al., 2018), PFC (three studies) (Junhai et al., 2008; Guoqiang et al., 2014; Makary et al., 2018), and ACC (three studies) (Ji et al., 2007; Junhai et al., 2008; Makary et al., 2018).

Correlation analyses between resting-state brain activity and behavior measurements showed that increased FC in default mode network (DMN) and PAG–amygdala were associated with decreased pain scores in LBP patients after acupuncture (Li et al., 2014; Yu et al., 2020). Moreover, there were significant correlations between the task-state fMRI signal in the left insula, STG, right supramarginal gyrus, SI, and VAS (Makary et al., 2018).





DISCUSSION

Nineteen articles that used MRI to investigate the central mechanism of acupuncture were enrolled in this review. In the past 14 years, using neuroimaging technologies to explore the central mechanism of acupuncture for treating LBP has attracted increasing attention. This review aims to analyze the methodology issues and study results by the systematic review of 19 neuroimaging papers on acupuncture for LBP so as to provide reference to deeply understand the current status and approaches for future studies.


Functional and Structural Abnormalities in the Brain of LBP Patients

In this review, five studies reported that LBP patients showed cerebral functional and structural alterations compared with HC. The structural alterations mainly include the elevated GVM in the SI and reduced FA in SI–back regions. The functional changes usually manifest as reduced functional connectivities of DMN; higher ReHo values in the bilateral inferior temporal gyrus, left STG, and left superior parietal gyrus; and lower ReHo values in bilateral postcentral gyrus, bilateral superior frontal gyrus, and right supplementary motor area. Furthermore, a systematic review on neuroimaging studies of LBP patients indicated that brain regions such as the ACC, insula, mPFC, and cerebellum were involved in the central pathological changes of LBP patients (Kregel et al., 2015). These studies mapped the functional and structural alterations in LBP patients and provided the potential target for exploring the central responses to acupuncture stimulation in LBP patients.



Acupuncture-Induced Brain Alterations in LBP Patients

For LBP patients, acupuncture can elicit widely cerebral responses. These brain regions included the PFC (middle frontal gyrus and superior frontal gyrus), precentral gyrus, ACC, PCC, insula, thalamus, postcentral gyrus, putamen, precuneus, angular gyrus, parahippocampus, PAG, rostral ventral medulla (RVM), posterior inferior parietal lobe, and cerebellum regions and were mainly distributed in the “pain matrix,” DMN, salience network (SN), and descending pain modulatory system (DPMS) (Figure 3). Previous studies have reported the abnormal connectivity in DMN and SN in pain disorders (Zhao et al., 2017; Tu et al., 2020). In this review, several studies found that acupuncture can positively regulate the function of DMN and SN (Li et al., 2012, 2014; Lee et al., 2019; Xiang et al., 2019; Yan et al., 2019). Multiple neuroimaging studies suggested that modulating the activity of DMN is an important mechanism of acupuncture therapy (Deng et al., 2016; Fu et al., 2017; Sun et al., 2021) and regulating the cerebral function of the “pain matrix” is the common characteristic of acupuncture analgesia (Zhao et al., 2014; Shen et al., 2019). Thus, improving abnormal structural and functional activities in the brain of the LBP patient is an important mechanism of acupuncture treatment for LBP. In addition, abundant evidence suggests that modulating the DPMS, comprising the PAG and RVM, is one of the mechanisms of acupuncture analgesia (Chen et al., 2015; Li et al., 2016).
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FIGURE 3. The main reported brain regions induced by acupuncture in LBP patients. The size of the nodes represents the frequency of the brain regions; the different colors of the dashed lines represent the different modulation pathways of acupuncture. The green dashed lines mainly represent the default mode network, the red dashed lines mainly represent the salience network, the blue dashed lines mainly represent the pain matrix, and the yellow dashed lines mainly represent the descending pain modulatory system. ACG, cingulate gyrus, anterior part; ANG, angular gyrus; INS, insula; LBP, low back pain; MFG, middle frontal gyrus; PAG, periaqueductal gray; PCG, cingulate gyrus, posterior part; PCUN, precuneus; PHG, parahippocampus; PoCG, postcentral gyrus; PreCG, precentral gyrus; PUT, putamen; RVM, rostral ventral medulla; SFGdor, superior frontal gyrus, dorsolateral; SFGmed, superior frontal gyrus, medial; THA, thalamus.


Among dozens of brain regions which responded to acupuncture for treating LBP, the PFC, insula, cerebellum, SI, and ACC were the main reported brain regions. The PFC and ACC are not only the main nodes of the “pain matrix” but also the key regions in DMN. They participate in pain modulatory, pain anticipation, affective, and cognitive processing (Tracey and Mantyh, 2007; Qin et al., 2008). It is interesting that Makary et al. reported that activation in ACC was unique to verum acupuncture and that activation in the PFC was observed in the sham acupuncture (Makary et al., 2018) and significantly correlated with the belief in acupuncture effectiveness score (Makary et al., 2018). Actually, the PFC is believed to be linked with expectancy-related modulation of pain processing (Casey, 1999). As a key region in the pain matrix and SN, the insula plays an important role in the cognitive and affective perception of pain (Kong et al., 2006), manifests a significant activation in chronic pain (Ihara et al., 2019) and experimental pain (Peyron and Fauchon, 2019), and is widely involved in acupuncture analgesia (Chae et al., 2013). In this review, nine studies identified the participation of insula in acupuncture for treating LBP. The cerebellum plays an important role in sensorimotor and vestibular control and also participates in cognition, autonomic, and emotional control (Schmahmann, 2019). Hui et al. reported that activation of the cerebellum elicited by pain occurred during the acupuncture stimulations (Hui et al., 2005). The SI cortex is a major component in the pain matrix participating in pain localization and discrimination. Kim et al. found that 4 weeks of acupuncture treatment for LBP can normalize the anatomic alterations of both gray matter (GM) and white matter (WM) in SI including decreasing the GVM and increasing the FA and AD. A similar structural modulation in SI was reported in a neuroimaging study on acupuncture for treating carpal tunnel syndrome (Maeda et al., 2017).

Generally, the majority of acupuncture-neuroimaging studies focus on the functional changes resulting from acupuncture stimulation, while a few studies centered on the structural alteration induced by acupuncture intervention. Among the 19 studies included in this review, only two studies reported the improvements in altered GM/WM of LBP patients. This phenomenon of emphasizing the function over structure in acupuncture-neuroimaging studies is closely related to the characteristic that acupuncture is good at regulating functional abnormalities. The few studies on acupuncture influencing the brain structure provide valuable evidence for the promotion of structural plasticity in the central nervous system (CNS) by acupuncture. Future studies could pay more attention to the structural plasticity in the CNS induced by acupuncture and take the accumulation effect of long-term acupuncture treatment and the cerebral structural changes in physiological period into consideration.



The Brain Functional Alterations Induced by MA and EA

MA and EA are the two main modalities in acupuncture clinic practice. The advantages of MA are traditional and convenient, while the strong point of EA is quantifiable. Some studies hold that EA was more effective than MA in analgesia (Kong et al., 2002), while some studies hold that MA produced a better-sustained effect than EA (Schliessbach et al., 2011). In this review, among the 17 studies on acupuncture regulating the cerebral function in LBP patients, 13 studies selected MA as acupuncture intervention and four studies used EA. Either MA or EA could elicit the cerebral activity changes in the PFC, insula, SI, and ACC. These regions all belong to the “pain matrix” and the high-frequency brain regions in acupuncture-neuroimaging for pain. It is a pity that there was no published study which investigated the similarities and differences in cerebral responses between MA and EA in LBP patients. Some studies on healthy subjects have shown that both EA and MA could activate the PFC and insula (Kong et al., 2002; Jiang et al., 2013), EA produces more widespread fMRI signal changes than MA (Napadow et al., 2005), and EA can produce more activation and less deactivation than MA (Li et al., 2003; Schliessbach et al., 2011). These studies on healthy subjects suggest that different brain mechanisms may be recruited during MA and EA (Li et al., 2003).



Acupuncture-Induced Brain Alterations in Resting-State and Task-State fMRI

Resting state and task state are the two main study designs in fMRI. The advantage of ts-fMRI is that it can directly reflect the effects of an explicit task in the brain, while the lack of tasks makes rs-fMRI quite simple in experimental design and easy to cooperate with patients. In this review, 13 studies used resting-state fMRI, and five studies used task-state fMRI. The common brain regions that were induced by acupuncture in resting-state and task-state fMRI were the PFC, insula, SI, SII, brainstem, and ACC. Generally, ts-fMRI is used to evaluate the instant effect of acupuncture analgesia, and rs-fMRI is applied to evaluate the cumulative effect of acupuncture. Notably, the angular gyrus was altered when evaluating the cumulative effect of acupuncture, but not when evaluating the instant effect. The angular gyrus is located in the anterolateral region of parietal lobe and is an important part of the DMN. Liu et al. (2021) found that there was a significantly greater ReHo value increase in the angular gyrus after the 12th acupuncture sessions compared with after the first acupuncture session in migraine patients, which indicated that the cumulative effect of acupuncture is more extensive and significant than the instant effect. This review showed that in the neuroimaging studies of acupuncture treatment for LBP, researchers not only pay attention to the instant effect of acupuncture but also pay attention to the cumulative effect of acupuncture.

In this review, five out of 13 rs-fMRI studies used ReHo as analytical approach. As an example of functional segregation, Reho has the advantages of simplicity, stability, and repeatability. However, since the brain is an integrated network rather than an isolated cluster, a functional integration approach is more popular nowadays. Therefore, future studies combining functional segregation with functional integration approach will help to better clarify the mechanism of acupuncture treatment for LBP.




CONCLUSION

The neuroimaging studies associated with acupuncture treatment on LBP have been widely conducted. These studies covered the functional and structural changes elicited by acupuncture stimulation, included both EA and MA, and took the resting state and task state into consideration of the study design. The brain regions involved in acupuncture analgesia for LBP were mainly located in the pain matrix, DMN, SN, and DPMS, especially in the PFC, insula, cerebellum, SI, and ACC. However, acupuncture neuroimaging studies for LBP were only performed with MRI. In the future, the combination of multiple imaging technologies might be a new approach to deeply investigate the central mechanism of acupuncture for LBP.
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One of the important characteristic features of clinically significant gastrointestinal disorders is visceral hypersensitivity (VH). Pain sensitization or VH is a big challenge for clinicians and becomes a very thorny work in clinical practices; the therapeutic efficacy for VH results in limited success. A popular second therapy that is being approved for the induction of analgesia and attenuates VH with fewer side effects includes electro-acupuncture (EA). Different peripheral and spinal neurological chemicals, including neurotransmitters, neuropeptides, and cytokines, and different signaling pathways were associated with EA treatment in VH. Despite the higher acceptance of EA, the underlying mechanism still needs to be further explored. In this paper, we review the available literature to find the peripheral and spinal mechanisms involved in EA to relieve VH.
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INTRODUCTION

The definition of visceral hypersensitivity (VH) includes hypersensitive visceral pain perception to colorectal distension (CRD), which is an experience by humans and animals having functional gastrointestinal (GI) disorders, such as inflammatory bowel disease (IBD) and irritable bowel syndrome (IBS) (Shah et al., 2016; Botschuijver et al., 2017). The mechanism involved in the pathogenesis of VH in IBD includes the spontaneous release of inflammatory mediators predominantly under the progression of an inflammatory attack and the recurrence that in turn causes sensitization of peripheral nerves in the enteric wall (Minderhoud et al., 2004; Bielefeldt et al., 2009). One of the most influencing factors causing abdominal pain in IBS is VH that is the contributing cause of triggering pain sensation in the bowel (Barbara et al., 2011). VH is a biological marker for IBS. The occurrence of VH in such long-term intestinal disorders has been known to cause and increase mortality rate and irreparable loss of the quality of life of humans and animals, resulting in a deem loss of economy on the worldwide basis (Zielińska et al., 2019). Hence, the underlying contributing factors include specific inflammatory processes, environmental, psychological, genetic, and microbiological parameters responsible for causing VH in IBD and IBS, but the exact mechanism of the cause of VH in these particular disorders is still unknown.

The clinical help seeking patients having IBS or IBD hold the consistent progression of VH. The pharmacological approach for the treatment of VH includes analgesics (non-steroidal anti-inflammatory drugs), antispasmodics, and antidepressants. Still, the use of such medications has been known to cause certain side effects that include insufficient pain relief, tolerance, and GI and cardiovascular toxicities (Davis, 2012). Some alternative therapies, including acupuncture, have been known to be effective treatment protocols that possess efficient therapeutic effects and minimum side effects compared with pharmacotherapy. As far as acupuncture is concerned, it can be defined as an oldest Chinese healing therapy that has been extensively used treatment protocol for humans and animals for over the last 3,000 years. Now, the modern Western medicine has also been convinced with the similarities as shown by the Chinese medicine (Bivins, 2001). In the present world, acupuncture therapy has been demonstrated to be a significantly popular and effective therapeutic for various diseases showing resistance to the conventional modes of treatment (Xie and Ortiz-Umpierre, 2006; Hutchinson et al., 2012).

Past studies have shown the relief of pain in response to acupuncture therapy as compared with the sham acupuncture or control groups. Acupuncture treatment is being associated with the change in the concentrations of β-endorphin, epinephrine, and serotonin and the levels of c-Fos, substance P, cytokines, P2X3, acetylcholine (Ach), N-methyl-D-aspartate (NMDA) receptors, and serotonin in the gut/spinal cord (Wan et al., 2017; Lee et al., 2019; Tan et al., 2019; Zhang et al., 2020). These studies show that electro-acupuncture (EA) can be used as an effective therapy to relieve VH. It is necessary to find more conclusive information to verify the effectiveness of EA and understand its basic mechanism. This review paper will summarize the effectiveness of EA to attenuate VH and try to find a new era of study in this field. Peripheral and spinal neurobiological mechanisms are involved in the attenuation of VH in different animal models by using acupuncture (Figure 1).
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FIGURE 1. Electroacupuncture (EA) can relieve visceral hypersensitivity (VH) through peripheral and spinal pathways in the brain–gut axis by the regulation of different neurotransmitters and their receptors. Abbreviations: Acetylcholine (Ach), substance P (SP), 5-hydroxytryptamine (5-HT), transient receptor potential vanilloid 1 (TRPV1), tumor necrosis factor-alpha (TNF-α), interlukin-1β (IL-1β), interlukin-6 (IL-6), myeloperoxidase (MPO) enzyme, protease-activated receptor-2 (PAR-2), calcitonin gene-related peptide (CGRP), N-methyl-D-aspartate receptors (NMDAR), Janus kinase-2 (JAK-2)/signal transducer and activator transcription (STAT3).




ELECTRO-ACUPUNCTURE STIMULUS IN SKIN COULD REGULATE NOCICEPTIVE PROCESSING IN INTESTINES AND SPINAL CORD

EA is a modified form of traditional manual acupuncture (MA), in which it applies electrical stimulation to the peripheral nerves through the inserted needles at the acu-points. Most researchers use EA to prevent and treat different disorders because it can be easily standardized by voltage, frequency, and wavelength, it has better effects, and its stimulation can be objectively controlled and quantified. EA with different intensities can excite different types of peripheral afferent fibers and produce different extents of analgesia. The transmission of visceral nociception could be inhibited by EA in an intensity-dependent manner (Yu et al., 2019). EA analgesic effects are mediated through μ- and δ-opioid receptors at the lower frequency (2 Hz) and κ-opioid receptors at the higher frequency (100 Hz). At the two Hz frequencies, EA stimulates the release of β-endorphins, endomorphin, and encephalin. At 100 Hz, it releases dynorphin in the central nervous system (CNS) and binds to their corresponding receptors (Han, 2003, 2004). It is generally established that EA achieves analgesic effects on visceral pain via somatovisceral interactions on convergent neurons at different levels of the CNS (Wang et al., 2014). The wide dynamic range (WDR) neurons of the spinal dorsal horn could play an important role in managing visceral nociception (Zhang et al., 2011). These neurons receive a convergence of inputs from the external environment (the skin) and the internal milieu (the viscera, muscles, etc.) (Le Bars, 2002).



PERIPHERAL MECHANISM OF ELECTRO-ACUPUNCTURE FOR REDUCING VISCERAL HYPERSENSITIVITY

The present studies have shown that one of the promising conditions of visceral GI pain is VH. The peripheral and central mechanisms are involved in the pathogenesis of VH. The past studies have depicted that various harmful stimuli play a key role by affecting the receptors of the enteric mucosal linings resulting in the alertness of mast cells to secrete various inflammatory mediators, such as prostaglandins and bradykinin, thereby acting on the respective receptors of the sensory nerve endings (Mayer and Tillisch, 2011). Thus, nociceptive responses are transmitted to the spinal cord. The basic feature to study the neurological mechanism of EA for the relief of GI visceral pain has involved the study of neurons and the corresponding neurotransmitters and afferent fibers.

Acupuncture regulates the different peripheral neurobiological chemicals, including neurotransmitters, peptides, and cytokines, which cause to attenuate VH. In the intrinsic nervous system, cholinergic neurons of the intestinal myenteric plexus and sub-mucosal nerve plexus released an important neurotransmitter called Ach. Ach is considered as a significant neurotransmitter for regulating GI motility (McConalogue and Furness, 1994) and a powerful mediator of intestinal function (Yoo and Mazmanian, 2017), contributing to the primary afferents of acupuncture analgesic mechanism. Acupuncture may relieve visceral pain response by reducing the Ach level, which increased during inflammatory reactions (Yang et al., 2010).

The expression of substance P significantly lowered after using acupuncture (Liu et al., 2010; Yang et al., 2010). Substance P has also been known to play a key role in the progression of acupuncture analgesia (Karatay et al., 2018). EA at acupoint ST25 and ST37 significantly decreased VH response and mast cells count, substance P, neurokinin, certain vasoactive amines, and peptides in the colon of an IBS rat model induced with mechanical colorectal irritation (Wu et al., 2008; Xiao-Peng et al., 2009).

Another neurotransmitter serotonin [5-hydroxytryptamine (5-HT)] in the CNS and digestive tract regularizes various features of the digestive system. 5-HT and its receptors have been predominantly shown in the myenteric nerve plexus and participate in the different functions of the digestive tract (Huang et al., 2014). Previous research found an increase of 5-HT and its receptors in the intestine of patients suffering VH (Holtmann et al., 2016). 5-HT is involved in the regulation of activation of the transient receptor potential vanilloid 1 (TRPV1) (Winston et al., 2007). Thus, for the effective therapeutic treatment in VH-associated disorders, 5-HT is known to play a key role (Dunlop et al., 2005). EA stimulation decreased the colonic levels of 5-HT and 5-HT3 receptor expression in the brain–gut axis (Zhao et al., 2016). EA bilaterally at acupoint ST36 prominently lowered VH and colon 5-HT3 receptors expression in the IBS model induced by intrarectal acetic acid injection (Chu et al., 2011).

Different cytokines like tumor necrosis factor-alpha (TNF-α), interlukin-1β (IL-1β), and interlukin-6 (IL-6) and disease activity index, histopathological changes scour, and myeloperoxidase (MPO) enzyme expression increase in the inflamed intestine and have an important role in VH (Adam et al., 2013; Shah et al., 2016; Tahir et al., 2016). After acupuncture treatment in the 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis or ileitis model, the level of TNF-α, IL-1β, and IL-6 and disease activity index, microscopic changes scour, and MPO level were decreased and caused to attenuate VH, and weight gain was improved (Tian et al., 2003; Kim et al., 2017; Shah et al., 2020).

A previous study showed that protease-activated receptor-2 (PAR-2) activation in different cells like granulocytes and certain agranulocytic white blood cells could induce the release of different inflammatory mediators, i.e., chemokines and prostaglandins, which promoted the production of neurogenic mediators, i.e., substance P and calcitonin gene-related peptide (CGRP), from the enteric nerve plexus and afferent nerves to ultimately trigger the VH (Cenac et al., 2003; Suckow and Caudle, 2009). Fecal supernatant of IBS patients was injected into the colon of healthy mice that resulted in higher mucosal inflammation and increased intestinal permeability, hence contributing to VH through a PAR-2 activation mechanism (Cenac et al., 2007; Annaházi et al., 2009; Shah et al., 2020). The respective findings have shown that activated PAR-2 in the intestine enhances VH. EA may relieve VH by reducing the mast cells number and the expression of PAR-2, substance P, CGRP, TRPV1, Toll-like receptor 4, and tryptase proteins in the colon tissue of IBS rats (Deng et al., 2018; Yang et al., 2019; Chen et al., 2021).

After the discovery of purinergic receptors by Burnstock, it is experimentally verified that adenosine triphosphate (ATP) is released from the epithelial cells of tubular organs or saclike organs after mechanical distension stimulation; this stimulation acts on the nerve plexus of the purinergic receptor P2X under the epithelial mucosa, thereby causing the transmission of pain signals to the pain center (Burnstock and Kennedy, 2011; Burnstock, 2014a). This assertion has been demonstrated in many GI disorders, such as IBS, IBD, and interstitial cystitis (Burnstock, 2014b). P2X receptors have been widely distributed in the body and are known to be involved in the formation, transduction, and regulation of neuropathic pain, inflammatory pain, and visceral pain or VH. Burnstock suggested that acupuncture mainly acts through purinergic signals (Burnstock, 2011). Purinergic signaling has recently been suggested to constitute the cellular mechanism underlying acupuncture-induced analgesia. By extending the original hypothesis on endogenous opioids being released during acupuncture analgesia, Burnstock and Nedergaard provided evidence for the involvement of purinergic receptors (P2 and P1/A1 receptors) in the beneficial effects of acupuncture-induced analgesia (Tang et al., 2018). This statement provided new ideas for the study of the mechanism involving acupuncture and depicted new challenges (Huang et al., 2021).

A previous study demonstrated that EA could regulate the expression of the P2X3 receptors in the peripheral and central pathways of visceral pain transmission to achieve remission of VH in the IBS rat model (Weng et al., 2015). EA downregulated the increased expression of P2X3 receptors in the colonic myenteric plexus and colon-associated dorsal root ganglion (DRG) neurons and is involved in the attenuation of VH in rats with the IBS model (Zhang et al., 2020). EA can attenuate VH in the IBS rat model by decreasing the expression of P2X4 receptors in the colon (Guo et al., 2013). There is further need to explore the mechanism of EA on the brain–gut neural signal transmission at different levels, including the enteric nervous system in VH, and investigate the other P2X and P2Y receptors. Therefore, it can be said that EA can downregulate different peripheral chemicals to lower the sensitization process of the enteric nerves and have the effect to alleviate VH (Figure 1). Despite that fact, there is a vital need to investigate the new experimental designs that concern the specific agonists, antagonists, and gene knockouts to find more convincing information to understand the peripheral neurobiological mechanism of EA involved in the attenuation of VH.



SPINAL MECHANISM OF ELECTRO-ACUPUNCTURE FOR REDUCING VISCERAL HYPERSENSITIVITY

There is a strong covenant that VH is associated with spinal cord sensitization, which involves different excitatory neurotransmitters (Bueno et al., 1997; Khan et al., 2006; Kapural et al., 2010; Baranidharan et al., 2014). In the spinal cord dorsal horn (SCDH), different vital afferent nerves converge from the periphery, SCDH neurons, and descending nerves from the superior center, thereby forming a neuron network having complex characteristics. The spinal cord is composed of various neurotransmitters and the corresponding receptors, certain neuromodulators, and various ion channels that are involved in the reception and transmission of nociceptive information (Luo et al., 2014; Zhang et al., 2017). Inhibition of central sensitization causes to alleviate visceral pain or VH (Sarkar et al., 2001).

Acupuncture stimulation may inhibit the neural response activated by enteric nociceptive afferents and be responsible for the induction of the attenuation of visceral pain or VH (Yu et al., 2014). A previous study found that neuromodulators, especially some endogenous opioid peptides (endorphin, enkephalin, and dynorphin), have significant contributions in EA analgesia (Przewłocki et al., 1986). EA can boost the release of different opioids, which act on their related receptors to exert an analgesic effect. EA can inhibit the effect of different neurotransmitters involved in pain sensitization by regulating endogenous opioids in the DRG and spinal cord, resulting in the attenuation of visceral pain response (Qi et al., 2016).

c-Fos has been exclusively considered a biological indicator to examine the neuronal activity, as the expression of c-Fos boost in the spinal cord causes the excitement of the CNS. The continuous or subsequent nociceptive stimuli increase spinal cord c-Fos expression, contributing to the generation of a pain state partly because of adaptive spinal response (Qiu et al., 2015). Therefore, c-Fos is providing the active site for evaluating the active substances or treatment in the CNS. Researchers have also established that EA reduced peripheral inflammation and c-Fos expression in the spinal cord (Xu et al., 2010; Qi and Li, 2012; Shah et al., 2020). The c-Fos expression level increased in the SCDH superficial lamina during VH with TNBS-induced ileitis but decreased after EA therapy (Shah et al., 2020). This phenomenon indicating that ileitis-induced VH activated the SCDH superficial lamina was the important site on which EA regulates its effects. This indication shows that EA inhibits the transmission of noxious stimulation at the spinal cord level, which may involve the participation of different neurobiological molecules. EA reduces the expression of c-Fos, p38, and 5-HT receptors and ultimately causes the attenuation of pain sensitization (Wu et al., 2010; Xu et al., 2010). EA can reduce the level of c-Fos and different NMDA excitatory receptors in the spinal cord and attenuate VH (Tian et al., 2008; Wang et al., 2009).

The agonist of PAR-2 enhances the potassium chloride ion and CGRP in the sensory neuron (Steinhoff et al., 2000; Hoogerwerf et al., 2001). The role of CGRP in VH has been confirmed by using CGRP gene knockout and antagonist of CGRP receptor in rodents (Delafoy et al., 2006; Thompson et al., 2008). EA can attenuate VH by reducing the expression of c-Fos, PAR-2, and CGRP in the SCDH in the rats with IBD and IBS models (Sun et al., 2015; Shah et al., 2020).

The Janus kinase (JAK)/signal transducer and activator transcription (STAT) pathway activated by cytokines is the key signaling mechanism in central sensitization. JAK-2 specifically activates the STAT3 in the spinal cord and involves VH (Sriram et al., 2004; Bradesi et al., 2015). IL-6 is one of the important up-streaming pro-inflammatory cytokines of the JAK-2/STAT3 pathway. In goats with TNBS-induced ileitis, TNBS enhanced the visceral motor response (VMR) and pain behavior response to CRD and increased the expression of IL-6, JAK-2, and STAT3 in the SCDH, periaqueductal gray (PAG), and rostral ventromedial medulla (RVM). EA treatment attenuated the VMR and pain behavior response and decreased the IL-6, JAK-2, and STAT3 expression in the SCDH, PAG, and RVM (Wan et al., 2017). EA relieved the VH primarily by inhibiting the JAK-2/STAT3 signaling pathway in the PAG–RVM–SCDH axis (Wan et al., 2017).

It is known that for approximately 50 years, the nucleotides are known to perform a critical role in the induction of nociception and have an essential role in the mechanisms of pain (Burnstock, 2016). Extracellular ATP induces its downregulation signaling through activation of two major P2 purinergic receptors. P2X is the ionotropic, and P2Y is the metabotropic G protein-coupled receptors. As we discussed previously, the purinergic receptors in the peripheral and CNS are involved in the process of visceral hypersensitization in IBS. Acupuncture may attenuate the VH by regulating the purinergic receptors. EA can attenuate VH by reducing purinergic P2X3 receptor expression in the intestine and CNS by regulating brain–gut neural signal transmission (Weng et al., 2015). Still, there is a need to find a more detailed neural mechanism by which EA is involved in the attenuation of VH in the spinal cord under purinergic signaling molecules.



CONCLUSION

EA mechanisms involved in the attenuation of VH have been extensively studied. This review demonstrated the attenuation of VH following EA treatment. The EA treatment causes inhibition of both the sensory and respective affective components of VH via the routes of the peripheral and spinal cord, by the involvement of aggregation of bioactive neurobiological molecules including opioids, cytokines (TNF-α, IL-1β, and IL-6), serotonin, substance P, NK1, PAR-2, CGRP, glutamatergic NMDA receptors, purinergic P2X3 receptor, P38, JAK-2, and STAT3 signaling molecules (Figure 1). How these neurobiological molecules and structures (SCDH and visceral organs) combined work together remains unidentifiable. Purinergic signaling molecules are more recent players in the field of EA analgesia (Tang et al., 2018; He et al., 2020), but only few studies are available about the analgesia effects of EA on visceral organs. Still, there is a need to find a more detailed neural mechanism by which EA is involved in the attenuation of VH in the intestine and spinal cord under the purinergic signaling pathway. There is also a need to investigate the new experimental designs that concern the specific agonists, antagonists, and gene knockouts to find more convincing information to understand the peripheral and spinal neurobiological mechanisms of EA involved in the attenuation of VH. Additionally, the intestinal microbiome is recognized to be responsible for the control of VH (Li et al., 2020; West and Neufeld, 2021). It is very necessary to punch the truth whether the intestinal microbiome or gut–brain–microbiota axis (Yaklai et al., 2021) plays a crucial role in acupuncture reducing VH. Another recent report indicated that inhibiting the activation of astrocytes in the medial thalamus and anterior cingulate cortex would get involved in EA alleviating IBS VH. It implied that the central mechanism should not be neglected in the future research (Zhao et al., 2020).
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Background: Menstrual migraine without aura (MMoA) refers to a specific type of migraine that is associated with the female ovarian cycle. It is particularly serious and has brought huge life pressure and mental burden to female patients. Acupuncture has been commonly used to prevent migraines and relieve concomitant emotional disorders; however, the physiological mechanism underlying this intervention remains unclear. This study aimed to use resting-state functional magnetic resonance imaging (rsfMRI) to investigate whether acupuncture can modulate brain function and if the potential influence on brain activity correlates with improving emotional symptoms in MMoA patients.

Methods: Overall, 44 patients were randomly divided into a true acupuncture (TA) group and the sham acupuncture (SA) group. Patients underwent rsfMRI before and after 3-month treatment, the amplitude of low-frequency fuctuations (ALFF) and regional homogeneity (ReHo) in rsfMRI were calculated. Zung self-rating anxiety scale (SAS), Zung self-rating depression scale (SDS), frequency of migraine attacks, visual analog scale, and intensity of the migraine were used for evaluate the clinical effect. The clinical changes of variables were also used to further assess the correlation with brain activity in MMoA patients.

Results: After acupuncture treatment, the emotional symptoms of both groups of patients improved, and the clinical symptoms of migraine were alleviated. The major finding of our study was that patients with MMoA showed lower ALFF value in the left anterior cingulate and the value was positively correlated with the decreases in the SAS and SDS scores. In the SA group, common brain regions responded both in ALFF and regional homogeneity values mainly in the insula, and no significant correlations were observed between brain regions and clinical variables.

Conclusions: These results indicated that both two acupuncture treatments were helpful in treating migraine and could improve emotion symptoms. TA had a relatively better effect in reducing the frequency of migraine attack than SA. The two therapies have different modulation effects as TA regulates emotional disorders by modulating the frontal-limbic regions, and SA may modulate pain perception through the placebo effect on insula and by indirectly regulating emotional disorders. These findings provided evidence that acupuncture is a complementary and alternative therapy to relieve clinical symptoms in female patients with migraines and could help enhance clinical diagnosis and treatment.

Clinical Trial Registration: [http://www.chictr.org.cn/index.aspx], identifier [ChiCTR-IOR-15006648. Registered 23 June 2015].

Keywords: acupuncture, menstrual migraine without aura, emotional disorders, pain, fMRI


INTRODUCTION

Migraine is a common neurological disorder and is considered to be the second-largest contributor to worldwide disability (Karikari et al., 2018). More than 50% of female patients with migraines report that their symptoms are associated with menstruation, and the proportion of female migraineurs is two to three times that of male migraineurs (Vetvik and MacGregor, 2017). According to the third edition of the International Classification of Headache Disorders (ICHD-3), women who report that their migraines are associated with their menses are said to have menstrual migraine without aura (MMoA) (PavloviÄ‡ et al., 2015). Attacks during menstruation tend to be longer and are accompanied by more severe nausea than attacks that occur outside the menstrual cycle (No Author, 2018).

The high prevalence of migraine-related emotional disorders, such as depression and anxiety, is often overlooked. An epidemiological study suggested that patients with chronic migraine had a higher risk of major depression, anxiety, or suicidal behavior than subjects without migraine (Trejo-Gabriel-Galan et al., 2018). MMoA as a special subtype of migraine is more likely to induce or exacerbate many symptoms associated with various emotional disorders that are affected by the cyclic rise and fall of estrogen (Warnock et al., 2017). The coexistence of emotional disorders and migraines alters the quality of life and increases the burden and disability associated with migraine (Liao et al., 2020). However, specific therapeutic guidelines for depression and anxiety in migraine are unavailable. The use of psychoactive drugs increases headache frequency and susceptibility to medication overuse and disability (Pompili et al., 2009; Peck et al., 2015). Conversely, caution is needed regarding the use of migraine preventive drugs, such as flunarizine and beta-blockers, as they may be contraindicated in the presence of emotional disorders (Asmundson and Katz, 2009). Therefore, using non-pharmacological treatment strategies aimed to manage both migraine and comorbid psychiatric disorders are essential.

Acupuncture, a treatment modality of traditional Chinese medicine (TCM), has a long history in China and is increasingly being adopted in the West as a complementary and alternative preventive treatment for migraine attacks and to relieve pain. The latest randomized clinical trials (RCTs) suggest that acupuncture is an effective therapy for reducing the severity of pain and prevention of frequent attacks in migraineurs (Wang et al., 2015; Zhao et al., 2017; Xu et al., 2020). Furthermore, a systematic review showed that acupuncture is superior to analgesic medications in alleviating average headache intensity in patients with MMoA (Yang et al., 2020). Studies have also shown that acupuncture is efficacious for various types of depressive disorders (Smith et al., 2018). A retrospective cohort study proved that acupuncture could reduce the risk of depression and anxiety during the long-term follow-up period in patients with migraine (Liao et al., 2020). However, the potential regulatory effects behind the beneficial effects of acupuncture on MMoA have not yet been fully elucidated. In light of the risk of comorbid disorders, an investigation of the neural mechanisms behind acupuncture effects may aid in the development of effective treatment options that can be applied clinically.

Neuroimaging approaches, which provide feasible, efficient, and non-invasive tools for investigating the central mechanisms of acupuncture and are a global trend in acupuncture research (Zhao et al., 2014), have been used to measure structural and functional brain changes in patients with migraine (Schwedt and Dodick, 2009). In this study, the amplitude of low-frequency fluctuations (ALFFs) and regional homogeneity (ReHo) methods were used to compare the blood oxygen level-dependent (BOLD) signals in the brains of patients with MMoA during the resting-state. ALFF and ReHo methods are two important methods for depicting the various characteristics of resting-state fMRI signals. ALFF measures the intensity of neural activity at the single-voxel level, while ReHo measures the neural synchronization of a given voxel with its neighboring voxels (Cui et al., 2014). ALFF can directly demonstrate the BOLD signal and reflect spontaneous fluctuations in the voxels under the resting state (Zang et al., 2007). ReHo is based on a data-driven approach and thus requires no prior knowledge and has good test-retest reliability (Zuo et al., 2013). ALFF and ReHo analysis has been used to study migraine in our previous study (Liu et al., 2015), and other diseases like premenstrual syndrome (Pang et al., 2020), Alzheimer’s disease (Li et al., 2020a), and Parkinson’s disease (Shen et al., 2020), among others.

Hence, we hypothesized that, compared to that of sham acupuncture, the true acupuncture modulates emotion-affected dysfunctional brain regions in MMoA patients. In this study, we aimed to use rsfMRI to investigate whether acupuncture can modulate brain function and if the potential influence on brain activity correlates with improving emotional symptoms in MMoA patients.



MATERIALS AND METHODS

This trial was performed at the Hospital of Chengdu University of TCM. The study was registered with the Chinese Clinical Trial Registry (Identifier: ChiCTR-IOR-15006648), performed in accordance with the principles of the Declaration of Helsinki, and approved by the ethics committee at the Hospital of Chengdu University of TCM. The sample size calculation of a neuroimaging study is different from that of a classic randomized controlled clinical trial. Power analyses for neuroimaging studies rely on assumptions about BOLD signal amplitude, smoothness, brain location, and other factors that render principled priori designations difficult (Yu et al., 2020). According to a previous neuroimaging study (Desmond and Glover, 2002), a minimum sample size (n = 20) should be used in order to obtain 80% power with an error threshold of 0.002 at a single-voxel level. Considering a conservative dropout rate of 20% and incomplete data due to severe head movement during the MRI scan, the sample size in this study was increased to 25 participants per group; therefore, a sample size of 50 patients with MMOA was determined.


Participants

Fifty eligible patients were equally allocated into the TA group and SA group (25 in each group). One patient in the TA group and five patients in the SA group dropped out during the study because of non-compliance with treatment schedule or inability to be contacted. In total, 44 patients who received acupuncture therapies were included in the final analysis of clinical outcome measures. All participants provided written, informed consent to participate after the experimental procedures were fully explained, and they were informed that they could stop participating at any time. All patients were enrolled from the outpatient clinic of the Departments of Neurology and Gynecology in two clinical centers: (1) the Hospital of Chengdu University of TCM; and (2) Chengdu Integrated TCM & Western Medicine Hospital. Recruitment took place from July 2015 to August 2018. The diagnosis of MMoA was established according to the ICHD-3 beta criteria (No Author, 2013). Participants who met all the following inclusion criteria were included in the study: (1) female, 18 -50 years of age, right-handed; (2) migraine attacks outside of the menstrual cycle did not exceed six per month; (3) a history MMoA for 6 months or more; (4) a stable 28 (±7)-day menstrual cycle; and (5) Zung self-rating anxiety scale (SAS)/Zung self-rating depression scale (SDS) score >50. Patients with any of the following conditions were excluded: (1) neurological diseases, immunodeficiency, bleeding disorders, or allergies; (2) MRI contraindications, such as claustrophobia; (3) any prophylactic headache medication or any acupuncture treatment during the last 3 months; alcohol or drug abuse; (4) pregnancy, lactation, or plans to become pregnant within 6 months; (5) Zung self-rating anxiety/depression scale score >50; and (6) psychiatric disorders, such as schizoaffective disorder, schizophrenia, organic mental disorder, psychotic features coordinated or uncoordinated with mood or bipolar disorder.



Study Design

The total observation period in this study was three menstrual cycles for each patient. Patients who met the inclusion criteria were randomly assigned to the true acupuncture (TA) and sham acupuncture (SA) groups in a 1:1 ratio. All patients were asked to document their symptoms in headache diaries, and the outcome measurement was completed both for the baseline and 4, 8, and 12 weeks after randomization. Additionally, each patient underwent functional magnetic resonance imaging (fMRI) examinations at the baseline and at end of the treatment period. After scanning, all participants reported that they had not experienced any headaches or migraines and remained awake during the procedure.



Intervention

In this study, traditional Chinese acupuncture was used and treatments were manipulated by two specialized acupuncturists with at least 5 years of training and 3 years of experience. They implemented acupuncture therapy in both groups in turns. The acupoints were selected according to traditional classic and systematic reviews of ancient and modern literature of acupuncture for MMoA upon several consensus meetings with experts based on experiences from our previous study (Wang et al., 2018). Patients in the TA group were given treatments that used the following acupoints: GB20 (Fengchi), GB8 (Shuaigu), PC6 (Neiguan), SP6 (Sanyinjiao), and LR3 (Taichong). The non-acupoints chosen were used in our previous studies for migraine prophylaxis (Zhao et al., 2017; Table 1).


TABLE 1. Details of the acupoint and non-acupoint groups.

[image: Table 1]All acupoints were punctured bilaterally using single-use stainless steel filiform needles (Hwato Needles, Sino-foreign Joint Venture Suzhou Hua Tuo Medical Instruments Co., China), 25–40 mm in length and 0.25–0.30 mm in diameter.

The depths of the inserted needles differed but were approximately 0.5–1.5 cm. Needles were twisted and rotated (90°< amplitude < 180°) at a frequency of 1–2 Hz. Stimulation was repeated one to three times to achieve the Deqi sensation (a sensation of soreness, numbness, distention, or radiating that indicates effective needling) in the TA group; subjects in the SA group did not experience Deqi. Each group’s treatment consisted of 27 or 27 ± 6 sessions according to changes in their menstrual cycle for 28 days or 28 ± 7 days, and each session lasted for 30 min. Interventions were performed 1 week before menses, once every other day for a total of three treatments. A total of two treatments were administered at the onset of menses and twice a week for the rest of the time (Table 2).


TABLE 2. Intervention sessions of the two groups.

[image: Table 2]


Outcome Measures in Clinical Efficacy

The clinical outcomes were measured every 4 weeks, and the measurement parameters included SAS, SDS, the frequency of migraine attacks (defined as the number of migraine separated by pain free intervals of at least 48 h), visual analog scale (VAS) score of 0–10, and the intensity of migraines on a scale of 0–3. All patients were required to keep a headache diary records every 4 weeks after inclusion. The headache diary documented the time of migraine onset, duration, frequency, and severity (evaluated using the VAS).



Functional Magnetic Resonance Imaging Data Acquisition

Magnetic resonance imaging was performed during the periovulatory phase (days 12–16 of the menstrual cycle). All patients with MMoA were migraine-free for at least 72 h at the time of the MRI scan. MRI data were acquired using a GE Discovery MR750 3.0 T system with an eight-channel, phased-array head coil (General Electric, Milwaukee, WI, United States). The functional images were obtained with a single-shot gradient-echo echoplanar imaging sequence with the following parameters: repetition time = 2,000 ms; echo time = 25 ms; flip angle = 90°, field of view = 240 mm × 240 mm, data matrix = 64 × 64, slice thickness = 3 mm, and voxel-size = 3.44 mm × 3.44 mm × 4 mm. During the whole functional scan, all participants were instructed to keep their eyes closed and stay awake during the entire session.



Data Analysis


Clinical Data Analysis

SPSS version 23.0 software (SPSS, Chicago, IL, United States) was used for demographic analysis. The independent-sample t-test was used to compare all demographic characteristics between the two groups. P-values less than 0.05 false discovery rate (FDR) were considered to be statistically significant. Continuous variables were presented as means (standard deviation) with 95% confidence interval (CI). For continuous variables, a paired-t test was applied for within-group comparisons, two-sample t-tests were applied for two-group comparisons. Treatment effects including SAS, SDS, VAS, frequency of migraine attack every 4 weeks, and intensity of migraines every 4 weeks were evaluated using a repeated-measures analysis of variance (ANOVA) model with a between-subjects factor THERAPY (levels: TA and SA) and a within-subjects repeated measures factor TIME (levels: baseline, 1–4, 5–8, and 9–12 weeks). P value < 0.05 was considered as statistically significant.



Magnetic Resonance Imaging Data Preprocessing

The ALFF value for each voxel was calculated by taking the average of the square root of the power spectrum from 0.01–0.08 Hz (Zang et al., 2007). The ReHo value for each voxel was obtained by calculating Kendall’s coefficient of concordance within a cubic cluster size of 27 voxels (Zang et al., 2004). We compared the changes of ALFF and ReHo differences (post-treatment minus pre-treatment) within the group by using paired t-test. Results were assumed to be statistically significant at p < 0.05 after false discovery rate (FDR) correction within the whole brain. fMRI image processing was carried out using Statistical Parametric Mapping 12 (SPM121) and Data Processing and Analysis for Brain Imaging toolbox version 2.3 (DPABI v. 2.32) software (Yan et al., 2016). The first ten volumes of individual fMRI data were discarded, and slice timing and realignment correction were performed for the remaining images. Any participant with maximum head movement greater than 2.0 mm translation or more than 2.0° rotation was not included. The individual fMRI images were then spatially normalized to the standard template and re-sampled to a 3 mm × 3 mm × 3 mm voxel size. Then, in the regression step, we used multiple regression to model the time-varying BOLD signal in each voxel, including the Friston 24 motion parameters (Friston et al., 1996), cerebrospinal and white matter signals. Afterward, the linear trends were regressed and a band-pass filter was applied at 0.01∼0.08 Hz. Finally, given that resting-state activity is sensitive to minor head movement, we calculated the mean frame-wise displacement (FD) to further determine the comparability of head movement across groups (TA: 0.14 ± 0.06; SA: 0.13 ± 0.04; mean ± SD, p = 0.52).



Correlation Between Amplitude of Low-Frequency Fluctuations/Regional Homogeneity Values and Clinical Variables

To investigate the correlation between ALFF/ReHo values and clinical variables, Pearson correlation analyses were performed in a voxel-wise manner using DPABI V2.3 software. The correlation analysis was adjusted for the same covariates as those controlled for in the between-group tests. The demographic characteristics of the patients (including age, height, weight) were used as covariates. The statistical threshold was set at p < 0.05 (FDR corrected) to explore the most significant correlations among MR voxels.



RESULTS


Participants

The demographic characteristics of all subjects are summarized in Table 3. We found no statistical differences between the TA group and the SA group in terms of their age, height, weight, SAS, SDS, frequency of migraine attacks, VAS score, or intensity of the migraine (all p > 0.05).


TABLE 3. Baseline characteristics of the patients.

[image: Table 3]


Clinical Outcomes

Comparison within each group, both the TA and SA group showed significant decreases in the SAS, SDS, and VAS scores and intensity of migraine after 12 weeks of treatment (p < 0.05). And there was no difference between the two groups in the improvement of clinical symptoms. The frequency of attacks was significantly lower in the TA group than in the SA group (p < 0.05). Furthermore, no significant interaction effect was observed between the two groups by analysis of variance for repeated measures in terms of the SAS, SDS, frequency of migraine attack, VAS score every 4 weeks and the intensity of migraines at the end of treatment (all p > 0.05) (Table 4).


TABLE 4. Clinical outcome measures in each group.

[image: Table 4]


Neuroimaging Results

At the baseline, ALFF value in the right precuneus was positively correlated with SDS in the patients with MMoA (r = 0.33, p < 0.05) (Figure 1 and Table 5), and ALFF value in the right middle temporal gyrus (MTG) was negatively correlated with VAS (r = 0.29, p < 0.05) (Figure 2 and Table 5). After TA treatment, MMoA patients showed higher ALFF value in the right middle frontal gyrus (MFG); lower ALFF values were observed in the left anterior cingulate (ACC) and right inferior frontal gyrus (Figure 3 and Table 6). Regarding the ReHo values, we found higher ReHo values in the right superior frontal gyrus, left cuneus, and right MFG, while the right superior temporal gyrus showed a lower ReHo value in MMoA patients (Figure 3 and Table 6). After SA treatment, higher ALFF values were observed in the right lingual gyrus and left insula (Figure 4 and Table 7), and left insula showed a higher ReHo value in patients with MMoA (Figure 4 and Table 7). Furthermore, the correlation result showed that the altered ALFF value in the left ACC was positively correlated with the decreases in the SAS scores (r = 0.49, p < 0.05) and SDS scores in the TA group (r = 0.41, p < 0.05) (Figure 5). And no significant correlations were observed between brain regions and clinical variables in the SA group.


[image: image]

FIGURE 1. Correlation analysis between ALFF value in precuneus and SDS in the MMoA patients (p < 0.05, FDR corrected). (a) Brain region used for the correlation analysis shown. (b) ALFF in the precuneus was positively correlated with SDS. PCUN, precuneus; R, right; SDS, Zung self-rating depression scale.



TABLE 5. Baseline ALFF values in patients with MMoA.
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FIGURE 2. Correlation analysis between ALFF value in MTG and VAS in the MMoA patients (p < 0.05, FDR corrected). (a) Brain region used for the correlation analysis shown. (b) ALFF in the MTG was positively correlated with VAS. MTG, middle temporal gyrus; R, right; VAS, visual analog scale.
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FIGURE 3. Resting state ALFF and ReHo changes of MMoA patients in true acupuncture group (p < 0.05, FDR corrected). (a) Brain regions showed altered ALFF value in MMoA patients after true acupuncture treatment. (b) Brain regions showed altered ReHo value in MMoA patients after true acupuncture treatment. Warm colors indicate ALFF and ReHo increases after true acupuncture group; cool colors indicate ALFF and ReHo decreases after true acupuncture group. A, anterior; ACC, anterior cingulate; Cun, cuneus; IFG, inferior frontal gyrus; L, left; MFG, middle frontal gyrus; P, posterior; R, right; SFG, superior frontal gyrus; STG, superior temporal gyrus; TA, true acupuncture.



TABLE 6. ALFF and ReHo changes in patients with MMoA after TA.
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FIGURE 4. Resting state ALFF and ReHo changes of MMoA patients in sham acupuncture group (p < 0.05, FDR corrected). (a) Brain regions showed altered ALFF value in MMoA patients after sham acupuncture treatment. (b) Brain regions showed altered ReHo value in MMoA patients after sham acupuncture treatment. Warm colors indicate ALFF and ReHo increases after sham acupuncture group; cool colors indicate ALFF and ReHo decreases after sham acupuncture group. A, anterior; INS, insula; LG, lingual gyrus; P, posterior; SA, sham acupuncture.



TABLE 7. ALFF and ReHo changes in patients with MMoA after SA.
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FIGURE 5. Correlation analysis between altered ALFF values in ACC and improvements in the SAS, SDS in the TA group (p < 0.05, FDR corrected). (a) Brain region used for the correlation analysis shown. (b) ALFF in the ACC was positively correlated with SAS. (c) ALFF in the ACC was positively correlated with SDS. ACC, anterior cingulate; L, left; P, posterior; SAS, Zung self-rating anxiety scale; SDS, Zung self-rating depression scale; TA, true acupuncture.




DISCUSSION

In this study, we focused on the regulatory effects of acupuncture in regulating the emotional disorders in patients with MMoA using neuroimaging. At the baseline, we found the ALFF value in the precuneus was positively correlated with SDS scores in the patients with MMoA (p < 0.05). The precuneus is a core region that is responsible for baseline brain activity and participates in functions, such as intrinsic ongoing mental processes and fundamental cognitive social functions (Pereira-Pedro and Bruner, 2016). Furthermore, the precuneus is associated with interoceptive and emotional processing with widely distributed networks sharing connectivity with many brain regions in the frontal, temporal, occipital, and parietal cortices (Kitada et al., 2014). Several neuroimaging studies (Greicius et al., 2007; Sun et al., 2018; Zhu et al., 2018) have reported that depression is associated with abnormalities in precuneus at the resting state. Based on the findings of positive correlation between SDS scores and ALFF in the precuneus, it appears that depressive symptoms may affect the precuneus. The precuneus then enhances its core action on maintaining baseline brain activity, which suggests that the precuneus plays a crucial role in emotional processing of patients with MMoA. The MTG is an associative multisensory area that plays a role in assigning affective tone to short-term memories relating to pain. It also processes visual, olfactory, and auditory sensations (Olson et al., 2007; Asari et al., 2008). These results are in line with those of previous fMRI studies that showed functional alterations in the temporal lobe of patients with migraine (Absinta et al., 2012; Zhao et al., 2013). Our previous fMRI study in female patients with migraine found alterated nodal centrality in the MTG (Liu et al., 2012), and this suggests that long-term and high-frequency headache attacks may lead to pathological cortical network reorganization in female patients with migraine. The correlation analysis results showed that the ALFF values in the MTG were negatively correlated with VAS scores (p < 0.05), and this suggest that MTG excitability in form of sensitization during the resting state may contribute to the severity of headache.

Based on the clinical outcomes of this study, both TA and SA helped treat migraine after 12 weeks of therapy (p < 0.05). Both treatments remarkably improved the emotional states and alleviated the clinical symptoms of migraine (VAS score and intensity of pain). These results are in line with those of our previous RCT report on migraine (Zhao et al., 2017) and those of previous studies (Smith et al., 2018; Liao et al., 2020). Furthermore, TA was more effective than SA in controlling the frequency of migraine attack, and this has been supported by the findings of several other RCTs (Li et al., 2012; Zhao et al., 2014; Wang et al., 2015).

The clinical effects of SA are similar to those of TA in terms of SAS, SDS, VAS score, and intensity of pain; therefore, we inferred that the clinical effects of SA may partly result from non-specific physiological effect experienced during needling or a placebo effect that originates from frequent patient-acupuncture practitioner interactions (Zhao et al., 2017). Non-specific effects are mostly thought to be due to psychobiological processes triggered by the overall therapeutic context (Finniss et al., 2010). Kong et al. (2006) found that after placebo acupuncture treatment, subjective pain-rating reduction on the placebo-treated side was significantly greater than on the control side, and this demonstrated that the non-specific effect or placebo effect may significantly contribute to the analgesic effect observed during acupuncture (Kong et al., 2013). Additionally, the invasive treatment techniques are almost always perceived by patients as profoundly meaningful, and this could contribute to symptom reduction (Kaptchuk et al., 2006). Taken together, acupuncture is an effective treatment that can improve the emotional state and relieve pain in patients with MMoA, and the current study demonstrates that TA has a relatively better effect in reducing the frequency of migraine attack than SA.

Based on the resting-state fMRI results, regions of the brain that usually respond to TA treatment in terms of both ALFF and ReHo values, were mainly in the frontal-limbic regions, that are associated with regulation of emotions. Previous neuroimaging studies (Fournier et al., 2013; Guo et al., 2015; Li et al., 2020b) have amassed substantial evidence regarding functional abnormalities in fronto-limbic structures. These could be a neurobiological basis for the pathophysiology and maintenance of emotional disorders (Phillips and Kupfer, 2013). Dysfunction in the frontal-limbic regions may reflect impaired high-order frontal regulatory effects on the areas of the limbic system that are related to emotions, and this may lead to mood dysregulation in patients with MMoA. Acupuncture can modulate the activity of cortical and subcortical regions involved in emotional processing (Zhang et al., 2012). The altered ALFF values in the ACC were positively correlated with reductions in the SAS and SDS scores (p < 0.05) after TA treatment. ACC is considered to be implicated in both affective and cognitive-attentional dimensions of pain and plays a deterministic role in pain modulation and analgesia (May, 2008).

In our previous neuroimaging studies, we verified that migraineurs showed a significant decrease in ALFF in the ACC (Xue et al., 2013) and showed aberrant functional connectivity involving the ACC (Xue et al., 2012; Yuan et al., 2013). The results of our previous study (Zhao et al., 2014) also suggested that alterations in ReHo values in the ACC might be the mechanism of acupuncture treatment in patients with migraine. In the present study, acupuncture-induced reduction in emotional state was positively associated with decreased average ALFF values in the ACC, which demonstrated that TA treatment could alleviate emotional disorders by modulating emotion-affected dysfunctional regions. Common brain regions that respond to SA treatment both in terms of ALFF and ReHo values are mainly in the insula, and this indicates that SA activates alterations in spontaneous brain activity, resulting in enhanced synchronization. The insula is a major site for processing emotions, and it is also involved in processing sensory discriminative aspects of pain perception (Duerden and Albanese, 2013). Functional imaging experiments have reported that the insular networks were altered in patients with migraine (Maleki et al., 2012), and our team further discovered abnormal patterns of functional connectivity in the insula (Xue et al., 2012; Yuan et al., 2013). However, Wager et al. (2004) found that the placebo effect was achieved through the insula’s regulation of the brain’s sensitivity to pain. Our findings demonstrate that the insula was activated by acupuncture stimulation, and it plays an important role in placebo modulation of pain perception. The insula cortex also plays a reciprocal role in emotions and pain-related emotions. In the current study, the SA group showed significant reductions in the SAS and SDS scores after treatment (p < 0.05). We speculated that SA may modulate the perception of pain in patients with MMoA through the insula and indirectly regulate pain-related emotions.



CONCLUSION

Our findings reveal that dysfunctions in the precuneus and the frontal-limbic regions may lead to mood dysregulation in patients with MMoA. Furthermore, temporal pole excitability as sensitization may contribute to the severity of headaches. Both TA and SA treatments remarkably improved the emotional states and alleviated the clinical symptoms of migraine. Although there was no difference between the two groups in the improvement of clinical symptoms, but we found that TA had a relatively better effect in controlling the frequency of migraine attacks than SA. Moreover, the effects of the two acupuncture methods on brain activity were significantly different. TA treatment might have the potential effect of alleviating emotional disorders by modulating the frontal-limbic regions, and SA may modulate the perception of pain in patients with MMoA through the placebo effect of the insula and by indirectly regulating emotional disorders.



LIMITATION

This study has several limitations. First, because hormonal testing was not carried out, we were unable to compare the hormone levels of patients in the two groups. Considering the important role of hormones in MMoA, hormonal assay should be introduced in future studies to explore the influence of hormones on neuroimaging results. Second, to explore the central mechanisms underlying acupuncture for the treatment of MMoA, we chose not to include a group of healthy subjects as controls at baseline, and this may have prevented us from exploring the pathogenic mechanisms of MMoA in detail. Third, we did not have an index to access and quantify expectations during acupuncture treatment sessions. Further studies need to quantify patients’ expectations and explore the effect of acupuncture on the clinical efficacy and physiological mechanism of some non-specific factors during long-term acupuncture treatment.
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Objective: Recent advances in brain imaging have deepened our knowledge of the neural activity in distinct brain areas associated with acupuncture analgesia. However, there has not been conclusive research into the frequency-specific resting-state functional changes associated with acupuncture analgesia in patients with chronic pain. Here, we aimed to characterize changes across multiple frequencies of resting-state cortical activity associated with ankle acupuncture stimulation (AAS) in patients with chronic low back pain (CLBP) and healthy controls.

Methods: Twenty seven patients with CLBP and Twenty five age- and gender-matched healthy volunteers were enrolled in the study. Participants received tactile sham acupuncture (TSA) and AAS, respectively. The whole-brain amplitude of low-frequency fluctuation (ALFF) in the range 0.01–0.25 Hz was assessed for changes associated with each intervention. Further, a visual analog scale (VAS) was used to collect subjective measures of pain intensity in patients. Linear mixed-effect modeling (LME) was used to examine the mean ALFF values of AAS and TSA between patients and healthy controls.

Results: The ALFF was modulated in the default mode network (an increase in the medial prefrontal cortex, and a decrease in the cerebellum/posterior ingulate/parahippocampus, P < 0.01, corrected) in both patients and controls. Decreased ALFF in the bilateral insular was frequency-dependent. Modulations in the cerebellum and right insular were significantly correlated with VAS pain score after AAS (P < 0.01).

Conclusion: Hence, frequency-specific resting-state activity in the cerebellum and insular was correlated to AAS analgesia. Our frequency-specific analysis of ALFF may provide novel insights related to pain relief from acupuncture.

Keywords: ankle acupuncture stimulation, immediate analgesia, resting-state brain activity, insular, cerebellum


INTRODUCTION

Chronic low back pain (CLBP) affects 60–80% of people at some point in their lifetime and has become one of the most common reasons for visiting a physician (Hoy et al., 2010; Urits et al., 2019). Nearly a third of people who seek treatment for low back pain (LBP) will experience persistent back pain for 1 year after the acute period (Harrisson et al., 2017). Prolonged loss or impairment of function caused by LBP often has an economic impact on the patient, including treatment costs, disability payments, and reduction or loss of productivity. LBP is associated with structural, neurochemical, and functional changes in the brain, in regions such as the thalamus, the anterior insula, and the somatosensory cortex (Gao et al., 2016; Konno and Sekiguchi, 2018). Complex processes induced by peripheral and central sensitization following the experience of pain may be involved in the transition from acute to chronic LBP.

A growing body of evidence supports the use of acupuncture as an effective treatment for acute and chronic pain, including headaches, neck pain, osteoarthritis pain, and LBP (Furlan et al., 2005; Berman et al., 2010; Wang et al., 2021). The efficacy of acupuncture as an analgesic has also been verified using incision pain, and inflammatory and neuropathic pain-related behavioral tests in animal studies (Zhang et al., 2014, 2021). Nevertheless, the neural mechanisms underlying the analgesic effects of acupuncture have not yet been fully investigated. Functional magnetic resonance imaging (fMRI) provides a useful technique to investigate the mechanisms by which processes in the central nervous system are modulated by acupuncture. fMRI studies on acupuncture at commonly used acupoints have demonstrated significant functional response in many brain regions associated with acupuncture analgesia, such as the prefrontal cortex, the limbic system, the paralimbic and subcortical gray structures, and the cerebellum (Hui et al., 2000; Napadow et al., 2005; Wang et al., 2013).

Frequency-specific blood oxygen level dependent (BOLD) signal oscillations measured using resting-state fMRI (rs-fMRI) are of increasing interest, and the nature of this frequency-specificity has many biological interpretations. Studies reporting specific frequencies of BOLD signal oscillations indicated that each different frequency band contributes uniquely to brain network integration in terms of physiological and pathological activities (Hipp and Siegel, 2015; He et al., 2016). Oscillations within the 0.01–0.25 Hz range can be consistently divided into the intrinsic frequency bands, norm-1 (0.01–0.1 Hz), norm-2 (0.01–0.08 Hz), slow-5 (0.01–0.027 Hz), slow-4 (0.027–0.073 Hz), slow-3 (0.073–0.198 Hz), and slow-2 (0.198–0.25 Hz) (Lou et al., 2020). These frequency bands have been shown to be highly reproducible and independent of the fMRI sampling rate. It has been proposed that different frequency bands signify different physiological changes (Yan et al., 2020). For example, BOLD signal oscillations lower than 0.02 Hz were typically observed in the putamen and higher-frequency oscillations (>0.08 Hz) in limbic areas (Zuo et al., 2010). As such, a frequency-specific approach may provide more information than conventional approaches (relying predominantly on oscillations < 0.1 Hz) to help interpret localized BOLD changes associated with acupuncture stimulation in patients with LBP. To our knowledge, no previous study has assessed the frequency-specific resting-state functional changes associated with acupuncture analgesia in LBP patients.

In the present study, we explored the contribution of different frequency bands to changes in resting-state BOLD fMRI associated with the administration of acupuncture in LPB patients. To detect the frequency-specific functional changes that may play an important role in acupuncture analgesia, we assessed BOLD oscillations in frequency bands (0.01–0.1 Hz, 0.01–0.08 Hz, 0.01–0.027 Hz, 0.027–0.073 Hz, 0.073–0.198 Hz, and 0.198–0.25 Hz) to compare resting-state activity in LBP patients with that of healthy controls. A painless acupuncture technique, ankle acupuncture stimulation (AAS), was used as the intervention method. AAS is a type of subcutaneous acupuncture that was developed in the 1970s (Zhang, 1997). It has been shown that AAS not only has a measurable analgesic effect in numerous conditions associated with pathological pain such as low back pain, cancer, and postoperative recovery (Zeng et al., 2014; Zhu et al., 2014), but also significantly improves the pain threshold of healthy individuals (Marra et al., 2011). AAS requires the insertion of a single needle near the ankle without inducing any localized sensation of the needle. Its stimulation is mild and comprises merely a tactile sensation on the skin. Therefore, AAS may be helpful in investigating patterns of brain activity specifically associated with acupuncture analgesia by excluding or minimizing the possibility of confounding factors such as somatosensation induced by Deqi needle manipulation in traditional acupuncture methods.



MATERIALS AND METHODS


Participants

The study protocol was formulated in accordance with the Declaration of Helsinki and approved by the ethical committee of the Center of Cognitive and Brain Disorders of Hangzhou Normal University (20190102). Our present study was registered on www.chictr.org.cn (Identifier: ChiCTR1800020029). Participants gave written informed consent before undergoing screening.

Patients were assessed by an experienced rehabilitation physician according to the following criteria. The inclusion criteria of patients were as follows: (1) right-handed adults of any gender aged 18 to 65 years; (2) a history of low back pain for 6 months or more; (3) an initial self-reported pain intensity evaluated using the visual analog scale (VAS, 0–10) of at least 4 points; (4) able to understand and complete the consent form and clinical assessment questionnaires without assistance. The inclusion criteria of healthy subjects were as follows: (1) right-handed, age- and gender-matched adults; (2) no history of pain or relevant serious disease; (3) able to understand and complete the consent form without assistance.

The exclusion criteria of patients and healthy subjects were as follows: (1) the presence of another cause of pain unrelated to LBP; (2) having taken any medication or undergone physical therapy in the past week; (3) any other serious illnesses or neuropsychiatric diseases; (4) any contraindications for undergoing MRI, including the presence of metal implants, cardiac pacemakers, or claustrophobia; (5) any contraindications for undergoing acupuncture, such as pregnancy or a tendency to bleed easily; (6) a history of sleep deprivation or women who were experiencing their menstrual period; (7) having consumed coffee or alcohol in the 10 h prior to the MRI scan. Participants were free to withdraw at any time. To ensure data quality, any individual who moved their head by more than 1 mm or 2° during the scan was excluded from the analyses.



Randomization and Blinding

The order of AAS and TSA runs was pseudo-randomized across subjects to reduce order effects. In order to maximize washout of acute stimulation effects, these two runs (AAS or TSA) were separated by structural scans which lasted 15 min. In the present study, participants were acupuncture naïve and were informed that there would be “different forms” of acupuncture during fMRI. In addition, the needles used for AAS and TSA were identical. Our preliminary test showed that the sensations of AAS and TSA were similar. The locations of needle stimulation were taped with medical adhesive tape. Participants lay supine in the scanner with their vision of distal body regions blocked by the MRI head coil, preventing them from viewing the intervention occurring at their periphery. Participants could be blinded to the order of AAS and TSA. Blinding success was validated at the end of the study.



Ankle Acupuncture Stimulation Stimulation

AAS and TSA were performed by the same experienced acupuncturist using disposable silver acupuncture needles (0.35 × 40 mm; Zhongyan Taihe Brand, Beijing, China). The left lower 5th AAS zone was selected as the needle insertion point, with the exact location about three-finger widths above the lateral malleolus, near the posterior edge of the fibula and adjacent tendons (Figure 1). The acupuncture method used was based on that described in “Wrist-Ankle Acupuncture” (Zhang, 1997). Briefly, the participant laid in a supine position and exposed the skin of the lateral side of the left leg. After sterilizing the skin and needle, the acupuncturist inserted the needle into the skin at an angle of about 30°. The needle was angled horizontally into the subcutaneous layer and inserted toward the direction of the knee about 35 mm. Participants did not feel any sensation during AAS if this procedure was correctly conducted. The locations of needle stimulation were taped with medical adhesive tape.
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FIGURE 1. AAS was performed at the left lower 5th AAS zone. (A) The acupuncturist inserted the needle into the skin at an angle of about 30°. The needle was angled horizontally into the subcutaneous layer and inserted toward the direction of the knee about 35 mm; (B) the needle insertion point (three-finger widths above the lateral malleolus, near the posterior edge of the fibula and adjacent tendons); (C) the locations of needle stimulation were taped with medical adhesive tape.


During TSA, participants exposed the skin on the lateral side of the left leg, and the stimulus was administered to the same location as in AAS. Instead of inserting a needle into the skin, the needle was gently placed against the skin and held there for 5 s without penetrating the skin. All other procedures were identical to those used in AAS.



Functional Magnetic Resonance Imaging Scanning Procedure

The study was conducted in the MRI room of the Center of Cognitive and Brain Disorders, Hangzhou Normal University. Participants were scanned on a GE-750, 3 T MRI system with an 8-channel head coil. The participants wore earplugs and lay in a supine position on the scanner bed. Sponge padding was used to minimize head movement. During the scanning process, participants were told to keep their eyes closed, stay awake, and try not to think of anything.

The fMRI acquisition used a gradient echo (GRE) echo-planar imaging (EPI) sequence with the following parameters: number of slices = 43, acquired interleaved, matrix size = 64 × 64, repetition time (TR) = 2,000 ms, echo time (TE) = 30 ms, flip angle (FA) = 90°, slice thickness = 3.2 mm, voxel size = 3.4 × 3.4 × 3.2 mm1. A total of 240 whole-brain volumes were obtained. A 3D T1-weighted structural image was acquired using a spoiled gradient echo (SPGR) sequence, as follows: number of slices = 176, matrix size = 256 × 256, TR = 8,100 ms, TE = 3.1 ms, FA = 8°, slice thickness = 1 mm, voxel size = 1 × 1 × 1 mm3, inversion time = 450 ms, and bandwidth = 31.25 Hz. Each participant received one functional image scan following administration of either the TSA or AAS (all participants received both TSA and AAS). The structural image was acquired between the two functional runs.

fMRI scanning paradigm is shown in Figure 2. Similar to the study of Dhond et al. (2008), the order of TSA and AAS runs was pseudo-randomized across subjects. The TSA and AAS portions of the scan session were separated by functional and structure image scan lasting 15 min. 8 min rest run was completed before, and after each stimulation run. During rest runs, subjects were asked to lie quietly, keep their eyes closed and stay awake.
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FIGURE 2. fMRI scanning paradigm. The order of TSA and AAS runs was pseudo-randomized across subjects. After TAS or AAS stimulation run (needles withdrawal), rest runs were conducted. During rest runs, subjects were asked to lie quietly, keep their eyes closed and stay awake. The TSA and AAS portions of the scan session were separated by functional and structure image scan lasting 15 min.




Pain Assessment

A self-reported VAS was used to evaluate the current pain intensity experienced by each participant immediately after the TSA and AAS of the scan session. VAS rating was accomplished by the use of a custom-built MR-compatible handheld rotating knob, which was connected to a visual display projecting an intensity scale. The knob was set to traverse the entire rating range with minimal thumb finger twisting. The device was held in the right arm of participant. The VAS took < 1 min to complete. The scale was comprised of a 10 cm horizontal line, extending from “0” on the left indicating no pain, to “10” on the right indicating the most severe pain imaginable. Participants were instructed to mark a “×” on the line according to the pain intensity they experienced currently. The length (in centimeters) from”0” to the mark was recorded as their pain score.



Functional Magnetic Resonance Imaging Data Analysis

MRI data were processed in MATLAB (R2014), using SPM122 and RESTplus3. The raw data were preprocessed as follows: the first 10 brain volumes were removed, slice timing and head motion correction were applied, functional and structural images were realigned, the structural image was segmented, and all data were spatially normalized into Montreal Neurological Institute (MNI) space, resampled at 3 × 3 × 3 mm, and spatially smoothed using a Gaussian kernel of 6 mm full-width half-maximum (FWHM). Finally, the statistical model included regression of covariates (including Friston-24 head movement parameters, and white matter and cerebrospinal fluid time courses) and removal of the linear trend.

All BOLD signal fluctuations below the Nyquist frequency (0.25 Hz in the present study) were delineated into six frequency bands: norm-1 (0.01–0.1 Hz), norm-2 (0.01–0.08 Hz), slow-5 (0.01–0.027 Hz), slow-4 (0.027–0.073 Hz), slow-3 (0.073–0.198 Hz), and slow-2 (0.198–0.25 Hz) (Buzsáki and Draguhn, 2004). The whole-brain level of Amplitude of Low-Frequency Fluctuation (ALFF) was calculated within each frequency band. These ALFF values were converted to z-score standardized values (zALFF) before statistical analysis.



Statistical Analyses

Demographic data and VAS pain intensity scores were visualized using Graphpad prism 84. Descriptive statistics were presented as mean ± standard deviation. Here we used a linear mixed-effect modeling (LME) to examine the mean ALFF values of AAS and TSA between patients and healthy controls. LME is a flexible modeling approach that handles complex experimental designs and has been widely used in fMRI statistical analysis (Chen et al., 2013; Jo et al., 2021; Yang et al., 2021). The difference in VAS score between TSA and AAS conditions was determined using a two-tailed paired t-test and significance considered at a threshold of 0.05. The main effects of group (patients vs. healthy controls) and condition (AAS vs. TSA), and any interaction between the two were determined using a mixed-effects analysis in DPABI (V4.1)3 toolbox. Results were corrected based on Gaussian random field theory (GRF) (z > 2.3, p < 0.01, cluster > 20 voxels). Post hoc analyses were performed when a significant interaction effect was detected. Associations between zALFF at the cluster peak coordinates and VAS scores were explored by calculating the Pearson correlation coefficient.




RESULTS


Participants

Fifty two participants (27 patients with CLBP and 25 volunteers) were recruited from Zhejiang Integrated Traditional and Western Medicine Hospital. 12 patients dropped out during the experimental period. Three participants could not tolerate the scanning session. Two participants were not imaged during acupuncture stimuli due to claustrophobia. Three participants terminated the study due to excessive fear. One subject was removed for suspected sub-clinical neuropathy. Three participants voluntarily withdrew. A final total of 40 patients (20 in the CLBP and 20 in the healthy subjects group) completed all the clinical assessments and imaging scans. In addition, one patient and one control were excluded because of severe head movement during fMRI. Therefore, data from 19 (n = 12 men) patients and 19 (n = 11 men) healthy subjects comprised the final dataset for analysis. All the participants reported no obvious needle sensation during acupuncture. The basic characteristics of patients with CLBP were as follows (Table 1): age 46 ± 7 years, height 165.4 ± 7.9 cm, weight 64.05 ± 5.63 kg. There were no significant differences in the above demographic measures between the two participant groups (P > 0.05), but duration of lower back pain in patients was 9.0 ± 7.7 years.


TABLE 1. Characteristics of included participants.

[image: Table 1]


Visual Analog Scale Pain Intensity Scores

At a group level, the VAS scores of pain in patients were significantly (t = 6.10, P = 0.001) lower after AAS (3.50 ± 2.23) in comparison to after TSA (5.64 ± 1.98). Duration of experiencing lower back pain was negatively correlated with the degree to which the VAS pain intensity score differed between the two conditions (r = –0.52, P = 0.02). All of healthy subjects were scored with VAS ≤ 1 at the two observation points. There was no significant difference noticed in the VAS scores of pain after AAS in comparison to after TSA (P > 0.05).



Multi-Frequency Band Z-Score Standardized Values

As shown in Figure 3, at a group level, zALFF following AAS showed significant differences in several brain areas compared with that after TSA. These differences showed both similarities and differences when compared between frequency bands.
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FIGURE 3. Whole-brain parameter maps showing the main ALFF effects (AAS-TSA).


As shown in Table 2, zALFF within all frequency bands increased in the medial prefrontal cortex and decreased in the cerebellum, posterior cingulate cortex, and parahippocampal gyrus. For all frequency bands except the slow-5 band, zALFFs decreased in the right insular cortex. Except for the norm-2 and slow-5 bands, zALFF increased in the right superior temporal gyrus. zALFF within norm-2, slow-3, and slow-2 bands decreased in the right precentral and postcentral gyrus, and amygdala. zALFF in the slow-2 band decreased in the left insula, amygdala, and precentral gyrus. Further, zALFF within each frequency band did not show any statistically significant differences with the main effects of participant group or any interaction between group and treatment.


TABLE 2. The ALFF results of main effects (AAS-TSA).

[image: Table 2]
The area over which each zALFF frequency band was present was determined. Following this, the area where all frequency bands overlapped was also determined. The peak coordinates of this area were found in the medial prefrontal cortex (mPFC; x = –6, y = 54, z = –21) and cerebellum/posterior cingulate cortex (PCC) (x = 0, y = –42, z = –15). The peak coordinate of the overlap between all frequency bands except the slow-5 band was found to be in the right insula (x = 39, y = 6, z = –21). Individual zALFF values for all frequency bands in mPFC, cerebellum/PCC, and right and left insula (x = –45, y = –18, z = 3) are presented in Figure 4. We also re-analyzed these data using a voxel level of p < 0.001 at the whole brain level. Clusters with smaller size located in the medial frontal cortex, cerebellum and the right insular cortex passed the correction threshold. The peak MNI coordinates of them were almost the same as that of clusters reported using threshold of a voxel level of p < 0.01 (Supplementary Materials).
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FIGURE 4. Individual and group values of zALFF across frequency bands in mPFC, cerebellum/PCC, right and left insula (TSA, tactile sham acupuncture; AAS, ankle acupuncture stimulation, frequency bands in gray denote no difference in the present comparison).




The Relationship Between Pain and Z-Score Standardized Values

As shown at the top of Figure 5, there was a significant association between the above zALFF effects and VAS pain intensity scores following AAS. Specifically, slow-5 frequency band zALFF in the cerebellum was significantly positively correlated with VAS score after AAS (r = 0.65, P = 0.003), and negatively correlated with the change in VAS score between the two treatments (r = –0.53, P = 0.02). Meanwhile, slow-3 frequency band zALFF in the cerebellum was also positively correlated with VAS score after AAS (r = 0.48, P = 0.04). The zALFF within the norm-2 (r = –0.48, P = 0.04) and slow-4 (r = –0.48, P = 0.04) frequency bands in the right insula showed negative correlations with changes in VAS score after AAS.
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FIGURE 5. The scatter plots between zALFF and pain. Frequency-specific resting-state activity in the cerebellum and insular was correlated to AAS analgesia (the relationship were determined by Pearson coefficient value).





DISCUSSION

AAS is a form of acupuncture therapy that does not produce any needle sensation. Its stimulation is mild and mimics a tactile sensation on the skin. Therefore, AAS may be useful in the investigation of brain responses associated with acupuncture analgesia due to the ability to exclude or minimize the confound from forms of traditional acupuncture that are associated with stimulation from Deqi needle insertion. The current study used rs-fMRI to investigate whole-brain ALFF changes following AAS, and further explored the relationship between these changes and self-reported VAS pain intensity scores. Previous functional brain imaging studies investigating acupuncture have focused its effects either in healthy subjects or in patients with a specific diagnosis. To our knowledge, the present study was the first to collect and analyze functional brain imaging data following AAS in both patients and healthy subjects. The main results showed that in contrast to tactile sham acupuncture (TSA), self-reported pain intensity in patients with CLBP significantly decreased after AAS. Meanwhile, ALFF in sub-band frequencies ranging from 0.01 to 0.25 Hz was consistently modulated within nodes of the DMN (group-level increases in the mPFC, and decreases in the cerebellum/PCC/parahippocampus) in both patients and healthy subjects. Decreased ALFF in the bilateral insular cortex (nodes of the salience network) showed frequency-specific modulations. Furthermore, pain intensity experienced by patients showed a close relationship with the functional responses within specific bands in the right insula and cerebellum.

Acupuncture stimulation induces widespread responses within DMN (Zhang et al., 2019; Zou et al., 2019). Results from studies using a within-group design indicated that the BOLD oscillations in the 0.01–0.1 Hz frequency band in the mPFC and PCC reflect acupuncture stimulation at different acupoints (including Guangming, Kunlun, and Jiaoxin) near the lateral malleolus of healthy subjects (Liu et al., 2009; Qin et al., 2011; Deng et al., 2016; Sun et al., 2019). Zhu et al. (2015) conducted a TSA-controlled (placebo-controlled) study in healthy subjects, reporting that acupuncture administered at the Taixi acupoint resulted in modulating the fractional ALFF (fALFF) in the 0.01–0.1 Hz frequency band in the form of a decrease in the mPFC and cerebellum. Further, a study by Li et al. (2014) reported a significant correlation between the modulation of functional connectivity within the DMN and the analgesic effect of acupuncture in patients with CLBP. The current study not only found similar patterns in the differential modulations of resting-state brain function between AAS and sham acupuncture in DMN but also demonstrated the consistency of the response of DMN oscillations within each frequency band in the range from 0.01 to 0.25 Hz both in healthy subjects and patients with CLBP. It is noteworthy that, compared with previous studies using manual acupuncture and electroacupuncture, which both induce a Deqi sensation, AAS, provides the absolute minimum stimulus sensation, and is still sufficient to regulate DMN function in healthy subjects and patients with chronic pain. Therefore, as argued by Otti and Noll-Hussong (2012), DMN activity involves the transformation of a variety of basic physiological or pathological body states and provides a potential biomarker for use in the study of acupuncture analgesia mechanisms, including that of AAS.

Our study provides the characteristics of multi-band BOLD signal oscillation with ALFF as the index for the central response of AAS analgesia. In present study, frequency-specific resting-state activity correlated to AAS analgesia focused in the cerebellum and insular. It is shown that plasticity changes in the insular cortex have been frequently observed in patients with chronic back pain (Baliki et al., 2012; Kim et al., 2020). Studies using structural magnetic resonance imaging have reported reduced gray matter volumes in many forebrain regions including the insula. Studies using fMRI have reported elevations in the functional synchronization of BOLD signals in the 0.12–0.2 Hz range between the insula and mPFC. A recent rs-fMRI study reported increased norm-2 band ALFF in the insular cortex associated with CLBP compared with that of healthy controls (Baliki et al., 2011; Fritz et al., 2016; Zhou et al., 2018). Results in the present and our previous research have found that decreases in ALFF across multiple frequency bands in the insula correlated with the analgesic effect of AAS (Xiang et al., 2019). This implies that the insular cortex may be an important target brain area related to the regulation of chronic pain by AAS (Xiang et al., 2019). Additionally, BOLD oscillations in the amygdala and somatosensory motor cortex have not yet been shown to correlate with the analgesic effects of AAS.

In present study, we identified frequency-specific resting-state activity in the cerebellum during the AAS stimulation. Notably, we found that norm-1 and norm-2 band ALFF patterns following acupuncture was very similar, but they did not completely overlapping, especially in the cerebellum. Only norm-2 band ALFF correlated to pain-relief effect of acupuncture. ALFF was originally defined based on norm 2 (0.01–0.08 Hz) band BOLD signal oscillation (Zang et al., 2007). However, norm 1 band oscillation was also analyzed in resting-state fMRI studies (Zuo et al., 2010). Both norm-1 and norm-2 bands are significant measures of resting-state brain activity and therefore should be considered in studies on acupuncture analgesia (Li et al., 2017; Bao et al., 2018; Wu et al., 2018). To our knowledge, this was the first study to test the potential similarity and difference between norm 1 and norm 2 in acupuncture analgesia process. The cerebellum is generally considered to be a brain region involved in motor processing. Recent researches suggest that the cerebellum has also been implicated in non-motor, and even a number of integrative functions, including memory, associative learning, motor control (Schmahmann and Pandya, 1997; Ito, 2006). Notably, some fMRI studies show activation in the cerebellum during nociceptive processing (Borsook et al., 2008). Direct evidence from electrophysiological studies indicates that the cerebellum receives nociceptive afferents (Ekerot et al., 1987; Jie and Pei-Xi, 1992). C-fiber nociceptors may act through mossy fibers to reach Purkinje cells in the cerebellum (Jie and Pei-Xi, 1992). Electrical stimulation of the intermediate portion of the anterior cerebellar lobe raised nociceptive thresholds to tail shock in monkeys (Siegel and Wepsic, 1974). Our results, consistent with other studies (Chae et al., 2013; Zheng et al., 2016; Bai et al., 2018), suggested that acupuncture stimulation modulated cerebellar activities during the process of pain relief. Current conceptualizations of pain in humans are multidimensional, mainly including the perception of the noxious stimulus, the affective features of pain, and cognitive components. Possible functional roles for the cerebellum relating to acupuncture modulation should be considered, including emotion, cognition, and motor control. Together with studies indicating a frequency-dependent modulation of BOLD signal oscillations in specific brain regions in patients with chronic pain (Wang et al., 2017; Rogachov et al., 2018; Gu et al., 2019), our study provides a practical rationale and mechanism for studying the frequency-dependence of BOLD oscillations in response to acupuncture analgesia.

In summary, the central mechanism underpinning the effects of AAS requires further explanation. This study has demonstrated a relationship between frequency-specific BOLD oscillations in the brain associated with ankle acupuncture analgesia and pain intensity scores in CLBP patients. The characteristics of BOLD signal oscillations across multiple frequency bands following AAS analgesia were demonstrated. Further work is necessary to further elucidate the mechanisms behind the effects of AAS through a combination of multi-scale, multi-modal neuroimaging, animal models, and electrophysiological techniques.



STUDY LIMITATIONS

With regard to the study design and protocol, there are some limitations that need to be taken into account. Firstly, our results were observed in a small cohort of subjects. Therefore, further testing in clinical populations is warranted. Given that each different frequency band contributes uniquely to brain network integration in terms of physiological and pathological activities, the present studies of smaller size have yielded more information to help interpret localized BOLD changes associated with acupuncture analgesia and provided impetus to further investigations. These preliminary results may be of importance for the design of further confirmative studies. Secondly, washout period for AAS’s effects remains unknown, although stimulus runs were separated by structural scanning for 15 min in present study.
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Rostral Anterior Cingulate Cortex–Ventrolateral Periaqueductal Gray Circuit Underlies Electroacupuncture to Alleviate Hyperalgesia but Not Anxiety-Like Behaviors in Mice With Spared Nerve Injury
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Neuropathic pain is a common cause of chronic pain and is often accompanied by negative emotions, making it complex and difficult to treat. However, the neural circuit mechanisms underlying these symptoms remain unclear. Herein, we present a novel pathway associated with comorbid chronic pain and anxiety. Using chemogenetic methods, we found that activation of glutamatergic projections from the rostral anterior cingulate cortex (rACCGlu) to the ventrolateral periaqueductal gray (vlPAG) induced both hyperalgesia and anxiety-like behaviors in sham mice. Inhibition of the rACCGlu-vlPAG pathway reduced anxiety-like behaviors and hyperalgesia in the spared nerve injury (SNI) mice model; moreover, electroacupuncture (EA) effectively alleviated these symptoms. Investigation of the related mechanisms revealed that the chemogenetic activation of the rACCGlu-vlPAG circuit effectively blocked the analgesic effect of EA in the SNI mice model but did not affect the chronic pain-induced negative emotions. This study revealed a novel pathway, the rACCGlu-vlPAG pathway, that mediates neuropathic pain and pain-induced anxiety.

Keywords: chronic pain, neuropathic pain, anxiety, rostral anterior cingulated cortex, periaqueductal gray, electroacupuncture


INTRODUCTION

Chronic pain is a major public health problem worldwide, with an incidence of 20–25% (López-González et al., 2017). Neuropathic pain caused by a lesion or disease of the somatosensory nervous system is a common cause of chronic pain and is characterized by spontaneous pain, shooting pain, and evoked amplified pain responses after noxious or non-noxious stimuli (Jensen and Finnerup, 2014). Deleterious changes in the central nervous system leads to high rates of comorbid neuropathic pain with psychological conditions, such as anxiety, depression, and sleep disorders (Descalzi et al., 2017; Guimarães et al., 2019). Negative emotions have been reported to exacerbate chronic pain, resulting in refractory diseases (Rhudy and Meagher, 2000; Ericsson et al., 2002). However, the neural circuit mechanisms underlying these symptoms remain unclear. Inadequate treatment of neuropathic pain is a major problem; hence, a better understanding of the mechanisms underlying the interaction between pain and pain-related negative emotions will facilitate the development of more constructive therapies (Baron et al., 2010).

The mechanisms underlying comorbid neuropathic pain and pain-related negative emotions are complicated; these include changes in a myriad of neurotransmitters and related substances, along with long-term maintenance of central sensitization and changes in neuroplasticity (Yang et al., 2018). The brain regions involved in neuropathic pain and emotional disorders, which make it difficult to treat neuropathic pain and pain-related negative emotions, should be studied in more detail (Benedetti et al., 2006; Suarez-Roca et al., 2008). Owing to the central neural anatomical connection, neuropathic pain may share the same neural pathway for pain and pain-related negative emotions (Zhou et al., 2019; Jin et al., 2020).

The rostral anterior cingulate cortex (rACC) is involved in pain aversion (Cao et al., 2009). Researchers have reported that rACC damage can alleviate pain aversion but does not affect mechanical hypersensitivity (Shi et al., 2020). The rACC is involved in the rapid antidepressant effects of ketamine, and its gray matter volume is positively correlated with these effects (Herrera-Melendez et al., 2021). Neurons located in the V-VI layer of the rACC are the main projection neurons (Wu et al., 2009), which primarily consist of pyramidal neurons. Glutamatergic transmission plays a crucial role in processing the affective aspects of pain (Xiao et al., 2013). Therefore, we subsequently focused on the role of glutamatergic neurons in the rACC in the descending pain modulatory system and their relationship with pain and pain-related negative emotions.

Pain transmission is mainly regulated by the ascending and descending pain modulatory systems (Chen and Heinricher, 2019; Zhu et al., 2019; Kang et al., 2020). The midbrain ventrolateral periaqueductal gray (vlPAG), the major component of the descending pain modulatory system, plays a key role in inhibiting the upward nociceptive transmission of the spinal dorsal horn (Lau and Vaughan, 2014; Tobaldini et al., 2019). The activation of glutamatergic neurons in the vlPAG by optogenetic and chemogenetic methods can produce an analgesic effect (Samineni et al., 2017). Therefore, the vlPAG is highly correlated with pain. It is an important midbrain region involved in the suppression and promotion of endogenous pain (Cheriyan and Sheets, 2018) which bidirectionally modulates fear and anxiety, in addition to pain (Tovote et al., 2016; Frontera et al., 2020). Moreover, the vlPAG is a key midbrain structure related to defensive behavior that mediates anxiety and fear responses (Vázquez-León et al., 2018). Thus, both the rACC and vlPAG are highly correlated with pain-related negative emotions. However, it is not clear whether the circuit between the rACC and vlPAG can contribute to the modulation of hyperalgesia and pain-related negative emotions in spared nerve injury (SNI) mice models.

Clinically, in addition to analgesic drugs, antidepressant and anti-anxietic agents are used to treat chronic pain (Gilron et al., 2015). The combined use of these drugs can reduce pain sensation and relieve pain emotion. However, the efficacy of the combination of these drugs is limited, and the recurrence rate is high. The combined use of these drugs is also often associated with significant adverse drug reactions (Rocchio and Ward, 2021) such as drug addiction (Volkow and McLellan, 2016; Gao et al., 2021), adverse gastrointestinal reactions, and hypertension (Le et al., 2021). Electroacupuncture (EA) is widely used as an effective analgesic therapy in clinical practice. Both clinical and experimental studies have shown that EA can effectively relieve pain (Li et al., 2014; Lu et al., 2017), without drug addiction or adverse gastrointestinal reactions. Our previous studies have shown that EA can inhibit chronic inflammatory pain and pain-related anxiety-like behaviors in rats by increasing the expression of the neuropeptide S/neuropeptide S receptor system in the rACC (Du et al., 2020). Other researchers (Zhu et al., 2019) have shown that it can inhibit gamma-aminobutyric acid (GABA) neurons in the vlPAG through cannabinoid receptor 1 of the vlPAG and activate glutamatergic neurons to produce an analgesic effect. However, whether EA plays an analgesic role through the rACCGlu-vlPAG pathway is unclear.

This study aimed to explore whether EA can alleviate SNI-induced neuropathic pain and pain-related anxiety-like behaviors through the rACCGlu-vlPAG circuit. Herein, we used viral tracing and chemogenetic methods, combined with mechanical paw withdrawal thresholds (PWTs) assessment, the elevated plus maze (EPM) test, and the open field test (OFT), to detect the role of the rACCGlu-vlPAG circuit in these symptoms in SNI mice models.



MATERIALS AND METHODS


Animals

All experiments were conducted using C57BL/6J adult male mice aged 8–10 weeks. The animals were obtained from the Laboratory Animal Center of Zhejiang Chinese Medicine University, accredited by the Association for Assessment and Accreditation of Laboratory Animal Care. The male mice were group-housed with five mice per cage that was covered with corn cob padding. Before the experiment, the mice were fed an adaptive diet for 1 week in a stable environment (temperature: 23–25°C, humidity: 40–60%). They were maintained under a 12-h light-dark cycle (lights on from 8:00 to 20:00), with food and water available ad libitum. Ventilation and air filtration systems were used throughout the study period. The experiment was conducted in accordance with the Guiding Opinions on the Ethical Treatment of Laboratory Animals issued by the Ministry of Science and Technology, PRC in 2006.



Animal Models of Neuropathic Pain

All SNI mice models were anesthetized using isoflurane during the surgery. The left hind limb was shaved to expose the skin and sterilized with iodine and alcohol swabs. An incision was created above the midpoint of the line between the greater trochanter of the femur and the head of the tibia. The underlying tissue and muscle were opened via blunt dissection to expose the sciatic nerve trunk and branches. The peroneal and sural branches were tightly ligated with non-absorbent 6-0 sutures and transected below the ligature. Subsequently, a 2-mm section distal to the ligature was removed, while the tibial nerve was left intact. The incision was sutured layer-by-layer and disinfected with iodophor. Sham mice underwent the same surgery but without nerve ligation or severing.



Virus and Trace Injection

The mice requiring stereotaxic brain injection received intraperitoneal anesthesia with 0.3% pentobarbital sodium and were fixed on a stereotaxic frame (RWD, 68025, Shenzhen, China). The temperature of the mice was maintained at 36°C using a heating pad (RWD, 69000, Shenzhen, China) and monitored using a thermostat during the surgery. A volume of 80 nL of virus was injected through glass microelectrodes connected to an infusion pump (WPI, UMC4, Sarasota, FL, United States) at a rate of 60 nL⋅min–1. The pipette remained at the injection site for 8 min at the end of the infusion to avoid virus overflow. The coordinates included the following three elements: dorsal-ventral (DV) from the brain surface, medial-lateral (ML) from the midline, and anterior-posterior (AP) from the bregma. According to Paxinos and Franklin’s The Mouse Brain in Stereotaxic Coordinates (Fifth Edition), the accurate injection location for the rACC (AP, +1.55 mm; ML, ±0.35 mm; DV, –0.85 mm) and the vlPAG (AP, –4.80 mm; ML, ±0.5 mm; DV, –2.15 mm) were determined.

For anterograde tracer virus injection in the rACC, a total of 10 mice received an anterograde tracer virus (AAV2/9-CAG-EGFP, 3.64 × 1012 vg/mL; BrainVTA, China) microinjection in the right rACC. For retrograde monosynaptic tracing, viruses (AAV2/R-CaMKIIα-EGFP, 5.24 × 1012 vg/mL; BrainVTA) were injected into the right vlPAG. After 3 weeks, the mice were anesthetized with an intraperitoneal injection of pentobarbital sodium and transcardially perfused with saline and 4% paraformaldehyde. Brain slices were prepared to record the GFP signals.

To investigate whether the rACCGlu-vlPAG pathway is involved in the regulation of hyperalgesia and anxiety-like behavior, we used chemogenetic techniques to specifically activate or inhibit this pathway. To specifically manipulate the glutamatergic neurons in the rACC output to the vlPAG, we injected AAV2/9-CaMKIIα-DIO-hM3D-mCherry at 3.04 × 1012 vg/mg (BrainVTA) and AAV2/9-CaMKIIα-DIO-mCherry at 5.35 × 1012 vg/ml (BrainVTA) into the right rACC and AAV2/R-CaMKIIα-Cre at 6.65 × 1012 vg/mL (BrainVTA) into the right vlPAG. We also injected AAV2/9-CaMKIIα-DIO-hM4D-mCherry at 3.38 × 1012 vg/mL (BrainVTA) and AAV2/9-CaMKIIα-DIO-mCherry at 5.35 × 1012 vg/mL (BrainVTA) into the bilateral rACC and AAV2/R-CaMKIIα-Cre at 6.65 × 1012 vg/mL (BrainVTA) into the bilateral vlPAG to inhibit the pathway. Clozapine-N-oxide (CNO) (1 mg/mL) (BrainVTA) was injected (2 mg/kg, intraperitoneally) into the mice at 7, 9, 11, 13, and 15 days after SNI. After the behavioral test on day 16, all mice were deeply anesthetized and perfused with 0.9% saline followed by 4% (w/v) paraformaldehyde. The brains were subsequently removed and post-fixed in 4% paraformaldehyde overnight at 4°C, dehydrated in sucrose (15 and 30%), and preserved at –80°C. Images of virus expression were obtained using a virtual slide microscope (VS120-S6-W; Olympus, Japan).



Assessment of Anxiety-Like Behaviors

All behavioral tests were conducted in a dimly lit (∼20 lx) room. The mice were introduced to the behavioral test room where they were habituated for at least 1 day before testing. The experimental environment conditions were as follows: temperature: 23–25°C, humidity: 45–55%, and noise: < 40 dB. After injection with CNO or 0.9% saline for 30 min, the behavioral test was started. All behaviors were videotaped using a video tracking system.


Elevated Plus Maze Test

The EPM test was conducted at 15 days after SNI to evaluate anxiety-like behaviors among the mice. This test consisted of two closed arms (30 × 6 × 15 cm3), two opposing open arms (30 × 6 cm2), and a central platform (6 × 6 cm2). The open and closed arms were placed vertically in a cross. The maze was placed 35 cm above the floor. At the beginning of the experiment, the mice were placed on an open arm with their heads facing the intersection. After 30 s of adaptation, the activity of the mice was recorded for 5 min. After each test, the apparatus was washed with 75% alcohol to prevent olfactory cue bias.



Open Field Test

The OFT was conducted at 16 days after SNI. The open field was a 40 × 40 × 40-cm3 cuboid, uncovered wooden case, and each bottom was evenly divided into four equal parts, with a total of 16 small boxes. The outer 12 boxes were defined as the periphery region, and the middle four boxes were defined as the central region. In the experiment, the mice were placed at the center of the open field. After 30 s of adaptation, the activity of the mice was recorded for 5 min. After each test, the open field was washed with 75% alcohol to prevent olfactory cue bias.




Von Frey Filament Test

The mechanical withdrawal threshold was measured using a von Frey filament in the middle of the left hind paw. The mice were placed individually in a single plexiglass chamber on a wire-mesh platform for detection. After an adaptive time of approximately 1 h, the filament probe was inserted, and the pressure was gradually increased. When the mice suddenly retracted, flinched, or licked their claws, the mechanical withdrawal response was positive. Three positive responses in five stimuli were defined as PWTs, and the interval of each measurement was more than 1 min. The PWTs were measured at baseline and 7 and 14 days after SNI.



Electroacupuncture

Electroacupuncture was performed at 7, 9, 11, 13, and 15 days after SNI. We selected the “Zusanli” (ST36) and “Sanyinjiao” (SP6) acupoints of the bilateral hind limbs for EA. The mice were loosely immobilized and inserted with 0.16 × 7 mm acupuncture needles directly 5 mm into the bilateral Zusanli and Sanyinjiao acupoints. The needles were connected to a HANS acupoint nerve stimulator (HANS-200A Huawei Co., Ltd., Beijing, China). The stimulation parameters were as follows: frequency: 2 Hz, intensity: 0.1 mA, and time: 30 min. Except for the EA group, the sham and SNI groups were loosely immobilized. For sham EA treatment, mice were inserted with needles into the same acupoints (5 mm depth into ST36 and SP6) but without electrical stimulation.



Immunohistochemistry

The mice were anesthetized with an intraperitoneal injection of sodium pentobarbital. They were then perfused with 0.9% saline, followed by 4% paraformaldehyde. The brains were extracted and placed in 4% paraformaldehyde at 4°C overnight and dehydrated using 15% (w/v) and 30% (w/v) sucrose until they sank. Coronal sections (30 μm) were cut using a cryostat frozen microtome (Thermo Fisher Scientific, NX50, United States). For immunofluorescence, the sections were rewarmed at 37°C for 1 h. They were placed on a shaker and washed with TBST six times for 10 min each time. The brain sections were incubated with 10% donkey blocking buffer at 37°C for 1 h. The sections were then incubated with primary antibodies, including rabbit anti-c-Fos (1:1000, ab190289, Abcam, United States), mouse anti-VGLUT1 (1:200, MAB5502, Millipore, United States), and mouse anti-VGLUT2 antibodies (1:200, MAB5504, Millipore, United States) at 4°C overnight. Subsequently, the sections were rewarmed for 1 h at 37°C, washed with TBST six times, and finally incubated with Alexa Fluor 488-conjugated secondary antibodies (715-545-151 and 711-545-152, Jackson Immunoresearch, West Grove, PA, United States) for 1 h at 37°C. The sections were then washed six times with TSBT and incubated with 4,6-diamidino-2-phenylindole (DAPI, ab104139, Abcam, United States) at the last stage. Thereafter, they were imaged and scanned using a digital pathological section scanner.



Statistical Analysis

All experimental data were expressed as means ± standard errors of the means (SEMs). Two-way repeated-measures analysis of variance (rmANOVA), followed by the Tukey post hoc test, was used to statistically analyze the results of the PWTs assessment. One-way analysis of variance (ANOVA), followed by the LSD post hoc test was used to statistically analyze the results of the EPM test and OFT. Independent-sample t-tests were performed to evaluate c-Fos expression. Statistical significance was set at P-values of < 0.05.




RESULTS


Anatomical Connection Between the Rostral Anterior Cingulate Cortex Glutamatergic Neurons and Ventrolateral Periaqueductal Gray

To identify the anatomical connection between the rACC and vlPAG, we infused anterograde tracing viruses (AAV2/9-CAG-EGFP) labeled with neurons into the right rACC of C57 mice (Figure 1A). After 3 weeks, the EGFP-labeled neurons were observed in the right rACC (Figure 1B), while the EGFP-labeled fibers were observed in the right vlPAG (Figure 1C). Furthermore, a retrograde tracer virus (AAV2/R-CaMKIIα-EGFP) was injected into the right vlPAG (Figure 1D). After 3 weeks, the EGFP-labeled fibers were observed in the right vlPAG (Figure 1E), while the EGFP-labeled glutamatergic neurons were observed in the right rACC (Figure 1F). The results indicate a structural connection between the rACCGlu and vlPAG.
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FIGURE 1. Dissection of the rACCGlu–vlPAG circuit. (A) Schematic diagram of AAV2/9-CAG-EGFP injection in the right rACC. (B) Representative images of right vlPAG-projecting neurons in the right rACC after 3 weeks (left) and local magnification of the injection site (right). Scale bar, 200 μm (left), 20 μm (right). (C) Representative images of right vlPAG fibers projecting from the right rACC. Scale bar, 200 μm (left), 10 μm (right). (D) Schematic diagram of AAV2/R-CaMKIIα-EGFP injection in the right vlPAG. (E) Representative images of the retrograde tracer virus injection site in the right vlPAG after 3 weeks (left). Scale bar, 200 μm (left), 10 μm (right). (F) Representative images of the glutamatergic neurons in the right rACC retrograde from the right vlPAG. Scale bar, 200 μm (left), 10 μm (right). rACC, rostral anterior cingulate cortex; vlPAG, ventrolateral periaqueductal gray.




Activation of the rACCGlu-vlPAG Pathway Leads to Hyperalgesia and Anxiety-Like Behaviors in Sham Mice

For the following experiment (schematic diagram of the experimental process was shown in Figure 2A), we manipulated the right vlPAG projecting glutamatergic neurons in the right rACC using a chemogenetic virus labeled with mCherry (Figure 2B). Approximately 85% of the vlPAG-projecting neurons labeled with mCherry in the rACC were immunoreactive for VGLUTs 1/2 (Figures 2C,D), indicating that these cells were glutamatergic neurons. We injected a Cre-dependent chemogenetic excitatory hM3D virus (AAV2/9-CaMKIIα-DIO-hM3D-mCherry) or a Cre-dependent control mCherry virus (AAV2/9-CaMKIIα-DIO-mCherry) into the right rACC and AAV2/R-CaMKIIα-CRE virus into the right vlPAG. Virus expression was detected in the right rACC after 3 weeks (Figure 2E). The excitatory role of the hM3D virus can be determined by comparing the co-localization percentage of the virus-labeled neurons with c-Fos between the control mCherry and hM3D (Figure 2F). Our analysis showed that the hM3D virus significantly activated the vlPAG-projecting glutamatergic neurons in the right rACC (Figure 2G). At 14 days after SNI, the PWTs of the sham + hM3D + CNO group significantly decreased compared with those of the sham + mCherry + CNO and sham + hM3D + saline groups [two-way rmANOVA: group: F(2,66) = 3.941, P < 0.05; time: F(2,66) = 11.98, P < 0.05; group × time: F(4,90) = 4.485, P < 0.05, followed by Tukey post hoc test: P < 0.05, P < 0.05] (Figure 2H). The time spent in the open arms in the sham + hM3D + CNO group significantly decreased compared with that in the sham + mCherry + CNO and sham + hM3D + saline groups [one-way ANOVA: F(2,27) = 12.309, P < 0.05, followed by the LSD post hoc test: P < 0.05, P < 0.05] (Figure 2I). The results of the entries in the open arms were not significantly different among the three groups [one-way ANOVA: F(2,27) = 0.931, P > 0.05] (Figure 2J). Representative movement trajectory diagrams and activity heatmaps of the mice in the EPM test for each group are shown in Figure 2K. In the OFT, the spent time and travel distance in the central area in the sham + hM3D + CNO group significantly decreased compared with those in the sham + mCherry + CNO and sham + hM3D + saline groups [spent time: one-way ANOVA: F(2,25) = 4.886, P < 0.05, followed by the LSD post hoc test: P < 0.05, P < 0.05, Figure 2L; travel distance: one-way ANOVA: F(2,25) = 4.890, P < 0.05, followed by the LSD post hoc test: P < 0.05, P < 0.05, Figure 2M]. Meanwhile, the total distance traveled was not significantly different among the three groups [one-way ANOVA: F(2,25) = 0.850, P > 0.05] (Figure 2N). Representative movement trajectory diagrams and activity heatmaps of the mice in the OFT for each group are shown in Figure 2O. These results show that specific activation of the rACCGlu-vlPAG circuit can lead to hyperalgesia and anxiety-like behaviors in sham mice.
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FIGURE 2. Specific activation of the rACCGlu-vlPAG neural circuit leads to hyperalgesia and anxiety-like behaviors in sham mice. (A) Schematic diagram of the experimental process. (B) Schematic diagram of chemical genetic virus injection (left) and representative image of the mCherry-labeled cells in the rACC after virus injection (right). Scale bar, 200 μm. (C) The mCherry (red) and glutamatergic neuron marker VGLUTs 1/2 (green) were co-localized in the rACC. Scale bar, 20 μm. (D) Percentage of mCherry and VGLUTs 1/2 co-localization (n = 15 slices from three mice). (E) Schematic diagram of chemogenetics (left) and representative image of viral expression within the right rACC (right). Scale bar, 100 μm. (F) Representative images of the glutamatergic neurons (red) in the rACC that co-localized with c-Fos. Scale bar, 20 μm. (G) Percentage of co-localization of glutamate neurons and c-Fos in each group (n = 15 slices from three mice, *P < 0.05). (H) Time course of the changes in the PWTs. (I) Time spent in the open arms in the EPM test. (J) There is no significant difference between the entries in the open arms covered by the mice among the three groups. (K) Representative movement trajectory diagram and activity heatmap of the sham + mCherry + CNO, sham + hM3D + saline, and sham + hM3D + CNO groups in the EPM test. (L) Time spent in the center area in the OFT. (M) Center distance covered by the mice in the OFT. (N) There is no significant difference between the total distance covered by the mice in the OFT among the three groups. (O) Representative movement trajectory diagrams and activity heatmaps in the sham + mCherry + CNO, sham + hM3D + saline, and sham + hM3D + CNO groups in the OFT. Data are presented as means ± standard errors of the means. *P < 0.05 vs. the sham + mCherry + CNO group; #P < 0.05 vs. the sham + hM3D + saline group; NS, not significant. n = 7–13 mice per group in (H–N). PWT, paw withdrawal threshold; EPM, elevated plus maze; OFT, open field test; CNO, clozapine-N-oxide; SNI, spared nerve injury.




Inhibition of the rACCGlu-vlPAG Circuit Reduces Algesia and Anxiety-Like Behaviors in Spared Nerve Injury Mice Models

We next examined whether specific inhibition of the rACCGlu-vlPAG pathway could alleviate hyperalgesia and pain-induced anxiety-like behaviors in SNI mice models. The AAV-CaMKIIα-CRE virus was injected into the vlPAG bilaterally and the CaMKIIα-DIO-hM4D-mCherry virus into the rACC bilaterally. After 3 weeks, viral expression was detected in the rACC region of the brain (Figure 3A). We further examined the co-localization of the glutamatergic neurons and c-Fos (Figure 3B). Our analysis showed that the hM4D virus significantly inhibited the activity of the vlPAG-projecting glutamatergic neurons in the rACC (Figure 3C). As shown in Figure 3D, the SNI mice models displayed a significant reduction in their pain thresholds [two-way rmANOVA: group: F(2,90) = 31.58, P < 0.05; time: F(2,90) = 26.78, P < 0.05; group × time: F(4,90) = 6.715, P < 0.05]. The post hoc analysis revealed no significant difference in the PWTs among the three groups before SNI (Tukey test, P > 0.05) (Figure 3D). On day 7 after SNI, the PWTs in the SNI + mCherry + CNO group significantly decreased compared with those in the sham + mCherry + CNO group (Tukey test, P < 0.05) (Figure 3D). After 14 days of modeling, the PWTs in the sham + mCherry + CNO group remained lower than those in the SNI + mCherry + CNO group (Tukey test, P < 0.05) (Figure 3D). Meanwhile, the PWTs in the SNI + hM4D + CNO group significantly increased compared with those in the SNI + mCherry + CNO group (Tukey test, P < 0.05) (Figure 3D). All groups were subjected to the EPM test. The time spent in the open arms among the SNI + mCherry + CNO group decreased compared with that among the sham + mCherry + CNO group [one-way ANOVA: F(2,30) = 4.316, P < 0.05, followed by the LSD post hoc test: P < 0.05] (Figure 3E). The time spent in the open arms among the SNI + hM4D + CNO group increased compared with that among the SNI + mCherry + CNO group (LSD post hoc test: P < 0.05) (Figure 3E). The results of the entries in the open arms showed no significant differences among the three groups [one-way ANOVA: F(2,30) = 0.044, P > 0.05, Figure 3F]. A representative movement trajectory diagram and an activity heatmap of the mice in the EPM test for each group are shown in Figure 3G.
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FIGURE 3. Specific inhibition of the rACC-vlPAG neural circuit relieves hyperalgesia and anxiety-like behaviors in SNI mice models. (A) The left side shows a schematic diagram of chemogenetics, and the right side shows a representative image of viral expression within the rACC. Scale bar, 100 μm. (B) Representative images of the glutamatergic neurons (red) in the rACC that co-localize with c-Fos. Scale bar, 20 μm. (C) Percentage of co-localization of the glutamatergic neurons and c-Fos in each group (n = 15 slices from three mice, *P < 0.05). (D) Time course of the SNI-induced changes in the PWTs. (E) Time spent in the open arms in the EPM test. (F) The entries in the open arms show no significant difference among the three groups. (G) Representative movement trajectory diagram and activity heatmap of the mice in the EPM test for each group. (H) Time spent in the center of the field by the mice in the OFT. (I) Center distance in the OFT. (J) There is no significant difference in the total distance covered by the mice in the OFT among the three groups. (K) Representative movement trajectory diagram and activity heatmap of the significant mice in the OFT for each group. Data are presented as means ± standard errors of the means. *P < 0.05 vs. the sham + mCherry + CNO group; #P < 0.05 vs. the SNI + mCherry + CNO group; NS, not significant. n = 8–16 mice per group in (D–F); n = 8–14 mice per group in (H–J).


The groups were also subjected to the OFT. The time spent in the center and center distance in the SNI + mCherry + CNO group decreased compared with those in the sham + mCherry + CNO group [one-way ANOVA: F(2,30) = 3.695, P < 0.05, followed by the LSD post hoc test: P < 0.05, Figure 3H; one-way ANOVA: F(2,30) = 6.537, P < 0.05, followed by the LSD post hoc test: P < 0.05, Figure 3I]. The time spent in the center and center distance in the SNI + hM4D + CNO group increased compared with those in the SNI + mCherry + CNO group [one-way ANOVA: F(2,30) = 3.695, P < 0.05, followed by the LSD post hoc test: P < 0.05, Figure 3H; one-way ANOVA: F(2,30) = 6.537, P < 0.05, followed by the LSD post hoc test: P < 0.05, Figure 3I]. There was no significant difference in the total distance of movement among the three groups [one-way ANOVA: F(2,30) = 1.987, P > 0.05] (Figure 3J). Representative movement trajectory diagrams and activity heatmaps of the mice in the OFT for each group are shown in Figure 3K. The results indicate that specific inhibition of the rACCGlu-vlPAG neural circuit relieves hyperalgesia and anxiety-like behaviors in SNI mice models.



Electroacupuncture Effectively Reduces Hyperalgesia and Anxiety-Like Behaviors in Spared Nerve Injury Mice Models

We established a model of SNI-induced neuropathic pain and researched the effect of EA on model mice (schematic diagram of the experimental process and EA treatment were shown in Figures 4A,B). As shown in Figure 4C, the SNI mice model displayed a significant reduction in the pain thresholds [two-way rmANOVA: group: F(3,111) = 61.84, P < 0.05; time: F(2,111) = 155.5, P < 0.05; group × time: F(6,111) = 31.54, P < 0.05]. The post hoc analysis revealed no significant difference in the PWTs among the four groups before SNI (Tukey test, P > 0.05) (Figure 4C). On day 7 after modeling, the PWTs in the SNI and SNI + EA groups significantly decreased compared with those in the sham group (Tukey test, P < 0.05, P < 0.05) (Figure 4C). At 14 days after modeling, the PWTs significantly differed between the SNI and sham groups (Tukey test, P < 0.05) (Figure 4C). The PWTs in the SNI + EA group significantly increased compared with those in the SNI group and SNI + sham EA group (Tukey test, P < 0.05, P < 0.05) (Figure 4C). The analysis showed that hyperalgesia induced by SNI lasted for at least 14 days. The SNI + EA group began to receive EA treatment (2 Hz, 0.1 mA) for 30 min once every 2 days on bilateral ST36 and SP6 acupoints located on the hind limbs of the mice. The SNI + sham EA group, with needles inserted into ST36 and SP6 acupoints but with no current stimulation, was used as a negative control.
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FIGURE 4. Electroacupuncture relieves hyperalgesia and anxiety-like behaviors in SNI mice models. (A) Schematic diagram of the experimental process. (B) Schematic diagram of the EA treatment. (C) Time course of the SNI-induced changes in the PWTs. (D) Time spent in the open arms by the mice in the EPM test. (E) The entries in the open arms show no significant difference among the three groups. (F) Representative movement trajectory diagram and activity heatmap of the mice in the EPM test for each group. (G) Time spent by the mice in the center of the field in the OFT. (H) Center distance in the OFT. (I) Total distance traveled in the OFT. (J) Representative movement trajectory diagram and activity heatmap of the mice in the OFT for each group. Data are presented as means ± standard errors of the means. *P < 0.05 vs. the sham group; #P < 0.05 vs. the SNI group; &P < 0.05 vs. the SNI + sham EA group; NS, not significant. n = 10–11 mice per group in (C–E); n = 9–10 mice per group in (G–I). EA, electroacupuncture.


The PWTs in the SNI + EA group significantly increased on day 14. These results indicate that 2 Hz EA can effectively alleviate hyperalgesia caused by SNI. In the EPM test, the time spent in the open arms among the SNI group decreased compared with that among the sham group [one-way ANOVA: F(3,37) = 9.757, P < 0.05, followed by the LSD post hoc test: P < 0.05]. The time spent in the open arms among the SNI + EA group was longer than that among the SNI group and SNI + sham EA group [one-way ANOVA: F(3,37) = 9.757, P < 0.05, followed by the LSD post hoc test: P < 0.05, P < 0.05, Figure 4D]. Meanwhile, the entries in the open arms in the sham group was longer than that among the SNI group [one-way ANOVA: F(3,37) = 7.901, P < 0.05, followed by the LSD post hoc test: P < 0.05] (Figure 4E). A representative movement trajectory diagram and an activity heatmap of the mice in the EPM test for each group are shown in Figure 4F. In the OFT, the travel distance and time spent in the central area among the SNI group decreased compared with those among the sham group [one-way ANOVA: F(3,34) = 4.088, P < 0.05, followed by the LSD post hoc test: P < 0.05, Figure 4G; one-way ANOVA: F(3,34) = 4.694, P < 0.05, followed by the LSD post hoc test: P < 0.05, Figure 4H]. The time spent in the central area and center distance of the open field among the SNI + EA group were higher than those among the SNI group and SNI + sham EA group [one-way ANOVA: F(3,34) = 4.088, P < 0.05, followed by the LSD post hoc test: P < 0.05, Figure 4G; one-way ANOVA: F(3,34) = 4.694, P < 0.05, followed by the LSD post hoc test: P < 0.05, Figure 4H]. Meanwhile, the total distance traveled did not differ significantly among the four groups [one-way ANOVA: F(3,34) = 1.224, P > 0.05] (Figure 4I). A representative movement trajectory diagram and an activity heatmap of the mice in the OFT for each group are shown in Figure 4J. The results indicate that depressive-like behaviors and hyperalgesia are reliably induced by SNI, and EA significantly relieves hyperalgesia and anxiety-like behaviors in SNI mice models.



The Rostral Anterior Cingulate Cortex-Ventrolateral Periaqueductal Gray Circuit Underlies Electroacupuncture to Alleviate Neuropathic Pain but Not Anxiety-Like Behaviors

The abovementioned experimental results showed that the rACCGlu-vlPAG pathway could regulate the mechanical withdrawal threshold and anxiety-like behaviors of mice in both physiological and pathological states. We demonstrated that activation of the rACCGlu-vlPAG pathway in the physiological state leads to pain and pain-related anxiety in mice. Moreover, we verified that EA could relieve hyperalgesia and anxiety-like behaviors in SNI mice models. Therefore, we specifically activated the rACCGlu-vlPAG pathway in SNI mice models to determine whether this activation would have an antagonistic effect on EA. We first injected the chemogenetic virus into the right rACC and right vlPAG brain regions (schematic diagram of the experimental process and chemogenetics were shown in Figures 5A,B). At 14 days after SNI, the PWTs of the SNI + mCherry + CNO + EA group were higher than those of the SNI + mCherry + CNO and SNI + hM3D + CNO + EA groups [two-way rmANOVA: group: F(2,114) = 296.7, P < 0.05; time: F(3,114) = 8.964, P < 0.05; group × time: F(6,114) = 9.018, P < 0.05, followed by the Tukey post hoc test: P < 0.05, P < 0.05, Figure 5C]. The PWTs did not significantly differ between the SNI + hM3D + CNO group and SNI + hM3D + CNO + EA group (Tukey post hoc test: P > 0.05, Figure 5C).


[image: image]

FIGURE 5. Electroacupuncture relieves pain sensation through the rACCGlu-vlPAG circuit, without ameliorating anxiety-like behaviors in SNI mice models. (A) Schematic diagram of the experimental process. (B) Schematic diagram of chemogenetics. (C) Time course of the SNI-induced changes in the PWTs. (D) Time spent in the open arms by the mice in the EPM test. (E) Entries in the open arms by the mice in the EPM test. (F) Representative movement trajectory diagram and activity heatmap of the SNI + mCherry + CNO, SNI + mCherry + CNO + EA, SNI + hM3D + CNO + EA, and SNI + hM3D + CNO groups in the EPM test. (G) Time spent in the center of the field by the mice in the OFT. (H) Center distance covered by the mice in the OFT. (I) Travel distance in the center area in the OFT. (J) Representative movement trajectory diagram and activity heatmap of the SNI + mCherry + CNO, SNI + mCherry + CNO + EA, SNI + hM3D + CNO + EA, and SNI + hM3D + CNO groups in the OFT. Data are presented as means ± standard errors of the means. *P < 0.05 vs. the SNI + mCherry + CNO group; #P < 0.05 vs. the SNI + hM3D + CNO group; *P < 0.05 vs. the SNI + hM3D + CNO + EA group; NS, not significant. n = 10–12 mice per group in (C–E); n = 9–10 mice per group in (G–I).


The four groups were subjected to the EPM test. Compared with the SNI + mCherry + CNO group, the SNI + mCherry + CNO + EA group showed an increase in the time spent in the open arms and entries in the open arms [one-way ANOVA: F(3,34) = 9.388, P < 0.05, followed by the LSD post hoc test: P < 0.05, Figure 5D; one-way ANOVA: F(3,34) = 3.324, P < 0.05, followed by the LSD post hoc test: P < 0.05, Figure 5E]. Meanwhile, the SNI + hM3D + CNO group showed a decrease in the time spent in the open arms and entries in the open arms than the SNI + hM3D + CNO + EA group (LSD post hoc test: P < 0.05, Figure 5D; LSD post hoc test: P < 0.05, Figure 5E). A representative movement trajectory diagram and an activity heatmap of the mice in the EPM test for each group are shown in Figure 5F. The four groups that underwent the OFT showed similar results. Compared with the SNI + mCherry + CNO group, the SNI + mCherry + CNO + EA group showed an increase in the time spent in the center and center distance [one-way ANOVA: F(3,30) = 3.710, P < 0.05, followed by the LSD post hoc test: P < 0.05, Figure 5G; one-way ANOVA: F(3,30) = 3.689, P < 0.05, followed by the LSD post hoc test: P < 0.05, Figure 5H]. Compared with the SNI + hM3D + CNO group, the SNI + hM3D + CNO + EA group showed an increase in the time spent in the center and center distance (LSD post hoc test: P < 0.05, Figure 5G; LSD post hoc test: P < 0.05, Figure 5H). There was no significant difference in the total distance of the movement between the groups [one-way ANOVA: F(3,30) = 1.302, P > 0.05] (Figure 5I). A representative movement trajectory diagram and an activity heatmap of the mice in the OFT for each group are shown in Figure 5J. The results indicate that specific activation of the rACCGlu-vlPAG pathway under pathological conditions antagonizes the analgesic effect of EA but not the anxiolytic effect of EA.




DISCUSSION

In this study, we found that specific activation of the rACCGlu-vlPAG pathway could lead to hyperalgesia and anxiety-like behaviors in sham mice in relation to changes in the synaptic plasticity of the glutamatergic neurons in the rACC output. Research has shown that changes in synaptic plasticity are closely related to the formation of pain, and synaptic plasticity is also the basis of central sensitization (Niu et al., 2020). Meanwhile, other researchers have pointed out that an increased expression of long-term potentiation in the rACC promotes pain-related anxiety through glutamate transmitter release (Bliss et al., 2016). Optogenetic activation of glutamatergic neurons in the rACC can cause pain-related anxiety-like behaviors (Sellmeijer et al., 2018; Elina et al., 2021).

The medial prefrontal cortex (mPFC) is a higher center of the brain and is involved in the regulation of pain, emotion, memory, and decision-making. In rodents, the mPFC can be divided into multiple regions, including the rACC, prelimbic cortex (PL), and infralimbic cortex (IL) (Porter and Sepulveda-Orengo, 2020). With the use of quinolinic acid to individually damage the rACC, PL, and IL, only bilateral damage to the PL alleviates hyperalgesia and anxiety-like behaviors in the complete Freund’s adjuvant (CFA) model (Wang et al., 2015), suggesting that the functions of these subregions are different. In addition, optogenetic activation of excitatory neurons in the contralateral PL reduces pain and anxiety-like behaviors induced by CFA, whereas inhibition is anxiogenic in naive mice (Wang et al., 2015). Another study showed that activation of the PL-PAG pathway increases the mechanical pain threshold, whereas inhibition decreases the mechanical pain threshold in naive mice. Moreover, activation of the PL-PAG pathway relieves hyperalgesia in tibial nerve transection mouse models (Drake et al., 2021). Another study (Yin et al., 2020) showed that the dorsal mPFC -ventrolateral periaqueductal gray (including the rACC-vlPAG and PL-vlPAG pathways) glutamatergic pathway positively regulates 5-HT neurons in the rostral ventromedial medulla, participating in a descending pain modulatory system from the cortex to the spinal cord. Specific activation of the dmPFC-vlPAG pathway by an optogenetic technique produced analgesic and anxiolytic effects in a common peroneal nerve ligation model. Our results showed that specific inhibition of the rACCGlu-vlPAG pathway alleviated hyperalgesia and anxiety-like behaviors in the SNI mice model. Previous literature and our results suggest that the vlPAG receives inputs from different brain regions and may regulate distinct circuits and downstream mechanisms, resulting in different functions. Furthermore, there are various types of neurons in the vlPAG, including glutamatergic, GABAergic, and 5-HT neurons (Chen et al., 2016). The activity of 5-HT neurons is tonically inhibited by local GABAergic neurons in the vlPAG (Millan, 2002; Chen et al., 2016). Based on our results, the rACC glutamatergic neurons may project to the vlPAG GABAergic neurons, and inhibition of the rACCGlu-vlPAG pathway may yield a feedforward inhibition from the GABAergic neurons to the 5-HT neurons in the vlPAG. This pathway is abnormally activated under pathological conditions, causing hyperalgesia and anxiety-like behaviors in SNI mice models. Under specific inhibition of the rACCGlu-vlPAG pathway, the descending facilitation effect was weakened, and the descending inhibition effect was enhanced, while hyperalgesia and anxiety-like behaviors also improved. We suggest that the PL modulates the vlPAG in the dmPFC-vlPAG pathway system and may play a key role in this pathway.

The therapeutic effect of EA on neuropathic pain has been supported by both clinical and experimental studies. A study showed that 2 Hz bilateral EA at the Zusanli and Sanyinjiao acupoints in SNI mice models significantly reduced SNI-induced chronic neuropathic pain (Xia et al., 2019). Further, EA can reduce the intensity of intractable pain and improve the emotional disturbances caused by pain (Kim et al., 2019). It is a valid treatment for pain and anxiety in clinical settings (Errington-Evans, 2012; Amorim et al., 2018). In prior results, we have found the inhibition of rACCGlu-vlPAG circuit or EA treatment could alleviate pain and related anxiety-like behaviors. To confirm whether EA exerts an analgesic effect and relieves anxiety through inhibiting the rACCGlu-vlPAG circuit, we activated the rACCGlu-vlPAG circuit in SNI mice models and then treated the mice with EA. Our results showed that EA could reduce neuropathic pain sensitization, which was reversed by activating the rACCGlu-vlPAG pathway. While anxiety-like behaviors were relieved by EA, the anxiolytic effect could not be reversed by activating the rACCGlu-vlPAG pathway. In contrast, our previous study has revealed that inhibition of the rACCGlu-thalamus circuit alleviated anxiety-like behaviors in CFA rat models but did not affect the mechanical pain threshold (Shen et al., 2020). Furthermore, activation of the rACCGlu-thalamus pathway specifically reversed the anxiolytic effect of EA in CFA rat models but had no effect on pain sensation. In summary, the analgesic effect of EA can be antagonized by the activated rACCGlu-vlPAG circuit, while the anxiolytic effect can be antagonized by the activated rACCGlu-thalamus circuit. This may be attributed to several factors, including the following: (1) During chronic pain, emotions and pain sensations are separated. EA may produce an analgesic effect through the rACCGlu-vlPAG pathway, rather than by intervening in negative emotions. Even if the rACCGlu-vlPAG circuit is activated, EA may exert an anti-negative emotional effect through other circuits; (2) The rACCGlu-vlPAG pathway is not the key circuit for EA to regulate pain-induced negative emotions in chronic neuropathic pain.

Electroacupuncture is an effective and safe alternative therapy for treating anxiety disorders (Errington-Evans, 2012). Studies have shown that EA at the Zusanli and Sanyinjiao acupoints can reduce the mechanical and thermal pain sensitivities of inflammatory pain induced by CFA in mice models (Wan et al., 2021). Acupuncture of the Zusanli acupoint can improve motor function and anxiety-like behavior in Parkinson’s disease mice models (Jang et al., 2020). Moxibustion at the Sanyinjiao acupoint can improve pain and emotional disorders in patients with primary dysmenorrhea (Liu et al., 2020). Our previous studies have shown that the combination of the Zusanli and Sanyinjiao acupoints is the dominant acupoint combination for the treatment of pain and depression comorbidity (Wu et al., 2015). Pain sensitization and anxiety-like behaviors were reduced in the SNI mice models with the application of EA (Zusanli and Sanyinjiao acupoints) at 2 Hz for 30 min in our study. When the rACCGlu-vlPAG circuit was activated, the analgesic effects of EA and not the anxiolytic effects were antagonized. This suggests that EA can modulate pain sensation by modulating the inhibition of the rACCGlu-vlPAG circuit, but not anxiety-like behaviors.

In conclusion, we demonstrated a novel circuit mechanism in which the rACCGlu-vlPAG circuit plays an important role in pain and anxiety induced by chronic neuropathic pain. Moreover, we found that EA induces analgesic but not anxiolytic effects via the rACCGlu-vlPAG pathway.
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Despite the widespread clinical use of acupuncture in the treatment of pruritus caused by psoriasis, urticaria, uremic, and other diseases, insights into the mechanism of action of acupuncture are still emerging. For the above reasons, a beneficial effect of acupuncture on pruritus was not recommended or reported in recent clinical practice guidelines. Acupuncture is a kind of physical stimulation, which has the characteristics of multi-channel and multi-target effects. The biomechanical stimulation signal of acupuncture needling can be transformed into bioelectric and chemical signals; interfere with kinds of cells and nerve fibers in the skin and muscle; alter signaling pathways and transcriptional activity of cells, mediators, and receptors; and result in inhibition of peripheral and central transmission of pruritus. Available mechanistic data give insights into the biological regulation potency of acupuncture for pruritus and provide a basis for more in-depth and comprehensive mechanism research.
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INTRODUCTION

Pruritus is a sensation that provokes the desire to scratch (2019European S2k Guideline), which remains one of the most agonizing symptoms for affected patients and a clinical challenge for physicians (Weisshaar et al., 2019). Pruritus may be a result of dermatological diseases or systemic diseases (Satoh et al., 2021). The onset of pruritus with underlying dermatological disease usually coincides with the onset of typical skin lesions (Ständer et al., 2015). Pruritus caused by underlying systemic disorder, such as end-stage renal disease, hemodialysis, or primary biliary cirrhosis, is usually persistent or paroxysmal, and the peak itch sensation mainly occurs at night or in the evening (Millington et al., 2018; Satoh et al., 2021). Region, ethnicity, age, underlying diseases, methods of investigation, and access to the regional healthcare system influence the occurrence of pruritus (Weisshaar and Dalgar, 2009), which may explain the reason for the inconsistency of data reported by various countries or regions (Weisshaar et al., 2006; Weisshaar, 2016). A recent European multi-center study found that the incidence of itching in dermatological diseases was 54.5%, while the incidence in healthy people was 8% (Schut et al., 2019). In China, an epidemiological survey showed that 47.8% of patients with dermatological diseases were accompanied by itching symptoms (Zhang, 2014).

In the clinical practice, although the newly developed drugs for various causes have made great progress, it is also difficult to control the clinical symptoms of itching because the underlying biologic mechanism are not confirmed until now. Antihistamines are the most widely used systemic antipruritic drugs in dermatological diseases. They achieve the purpose of antipruritic by selectively blocking histamine H1 receptors and antagonizing the effects of histamine (Leslie et al., 2015; Thurmond et al., 2015). Long-term use of antihistamines not only cannot fundamentally solve the chronic pruritus (CP) in older Asian adults, but also increases their risk of falling (Moosa et al., 2021). Antihistamines are widely used for the treatment of CP associated with various systemic diseases. However, conventional doses of antihistamines in the treatment of pruritus in internal diseases have not proven to be effective (O’Donoghue and Tharp, 2005). About 30–90% of patients suffering from CP with cholestasis are unresponsive to antihistamines (Langedijk et al., 2021). Regarding non-histaminergic drugs, there are different characteristics in different drugs treating different diseases. Systemic glucocorticoids (GCs) are commonly used as a short-term treatment in severe CP associated with dermatological disease or systemic disease due to its serious side effects (Weisshaar et al., 2019). Cholestyramine, the first-line guideline-recommended treatment for cholestatic pruritus (Hirschfield et al., 2017), has a poor clinical effect on patients with excessive pruritus intensity (Düll and Kremer, 2020). Antidepressants are effective particularly in refractory CP, especially in malignant, cholestatic, and chronic kidney disease. However, side effects of antidepressants are common and include drowsiness, fatigue, and headache (Kouwenhoven et al., 2017).

Chronic pruritus has considerable, severe, and detrimental implications on the quality of life because it is difficult to heal (Whang et al., 2021a,b). Several studies by Gil, Yosipovitch and his colleagues found that pruritus seriously plays a great impact on people’s quality of life, including emotions, attention, eating habits, sexual function, and sleep (Yosipovitch et al., 2001, 2010, 2015). The longer the duration and severity of itching, the greater its substantially negative impact on work productivity and day-to-day activities (Chrostowska-Plak et al., 2012; Yano et al., 2013; Carr et al., 2014). Some patients with CP will lead to psychosocial comorbidities, including anxiety, depression, and even suicidal tendencies (Yosipovitch and Bernhard, 2013; Reszke and Szepietowski, 2018; Brenaut et al., 2019; Whang et al., 2020; Hawro et al., 2021; Umehara et al., 2021).



ACUPUNCTURE


The Clinical Effect of Acupuncture

As an important enabling part of Chinese medicine, acupuncture has been used in China for more than 2,500 years in the treatment of itch (van den Berg-Wolf and Burgoon, 2017). Acupuncture is a safe and effective therapy in the treatment of pruritus (Yao et al., 2016). Compared with sham acupuncture, verum acupuncture can significantly reduce the total SCORing Atopic Dermatitis index (SCORAD) (Kang et al., 2018; Park J. G. et al., 2021) and the visual analogue scale (VAS) for itching in patients with atopic dermatitis (Pfab et al., 2012), atopic eczema (Pfab et al., 2010), and hemodialysis (Nahidi et al., 2018). There are three RCTs on uremic pruritus that indicated that acupuncture (Che-Yi et al., 2005), acupressure or transcutaneous electrical acupoint stimulation (TEAS), and auricular acupressure can reduce the VAS for itching in patients with uremic pruritus (Yan et al., 2015; Kılıç Akça and Taşcı, 2016). Che-Yi et al. (2005) have found a significant reduction in pruritus scores of hemodialysis patients with refractory uremic pruritus during the 3-month follow-up after acupuncture. Coincidentally, the relief of pruritus after 4 weeks of acupuncture treatment of patients with mild to moderate atopic dermatitis has been observed (Park J. G. et al., 2021). According to Tables 1, 2, the most commonly used style of acupuncture was manual acupuncture, followed by intradermal acupuncture and acupressure. Electroacupuncture (EA), TEAS, and auricular acupuncture were only used in one study. Antipruritic points included Quchi (LI11), Zusanli (ST36), Xuehai (SP10), and Shaohai (HT3). There are eight RCTs studies that have used Quchi point, which has the functions of dispelling wind to releasing exterior, clearing heat and relieving itching.


TABLE 1. Effects of acupuncture treatment for itching.
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TABLE 2. Acupoints and methods for relieving itching.
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However, the underlying mechanism of these consequences remain largely unknown. An important question is that whether these observed effects share a common mode of action or result from a variety of distinct processes. This review summarizes the physiological basis of acupuncture treatment of pruritus, explores the peripheral and central mechanisms of acupuncture to relieve itching, and proposes existing challenges and future research directions.



Physiological Basis of Acupuncture Relieving Itch

Through opography of the cadavers, it was found that most of the acupoints on the meridians are dominated by peripheral nerves (Wick et al., 2007). Acupuncture points in humans may be excitatory muscle/skin–nerve complexes with high-density nerve endings (Li et al., 2004). The acupoint tissues are rich in various forms of receptors, such as free nerve endings and cyst receptors in the dermis, muscle spindles in muscle tissue, and Rufini bodies near the joint capsule. According to the relationship between meridian acupoints and nerves, the commonly used antipruritic acupoints Quchi, Zusanli, Hegu, etc. (Zhang et al., 2019) are located at the muscle movement points, and the nerve endings on the body surface are particularly dense (Guo, 2016). Because of the appropriate stimulation produced by various forms of acupuncture techniques such as hand acupuncture, electroacupuncture, and transcutaneous electrical stimulation, acting on receptor cells, the external stimulation is transformed into transmembrane electrical signals through channel proteins or membrane-specific receptors with specific sensory structures. For chemically sensitive receptors, the transduction process is related to the release of chemical substances. Chemical substances activate different receptors through direct and indirect effects, depolarizing the receptors to produce afferent impulses. The sensory terminals of itch neurons terminate in the epidermis and form branched free nerve terminals, which contain numerous membrane receptors for various mediators (Zylka et al., 2005; Imamachi et al., 2009; Han et al., 2013).




MECHANISM OF ACUPUNCTURE FOR ACUTE ITCH

Acute itch is defined as the duration of pruritus ≤6 weeks according to a recommendation by the International Forum for the Study of Itch (IFSI). The acute attack of pruritus is a reaction that eliminates the harmful environment of our body, which plays a positive protective effect role in our survival (Wang et al., 2021). As claimed by currently known studies, after allergens, external irritants, or pruritogens interface with the skin, the keratinocytes and local immune cells recruit and release a great deal of chemical mediators (Pasparakis et al., 2014). Mast cells activate and release the elements of cytoplasmic granules. These mediators bind to the membrane receptors of homologous mediators in the itch-sensitive neuron endings (histaminergic neurons and non-histaminergic neurons) (Ikoma et al., 2006) located in the epidermis. Then, the itching signal is generated (Dong and Dong, 2018). The itching signal is transmitted to the dorsal root ganglion (DRG) at the dorsal horn of the spinal cord through the unmyelinated fiber C and a small portion of Aδ nerve fibers for preliminary processing. After that, the processed itching signal is transmitted to multiple brain areas and circuits through the spinothalamic tract for processing (Bourane et al., 2015; Cevikbas and Lerner, 2020). These distinct brain areas are thought to be involved in different aspects of itch signal processing (Chen and Sun, 2020). The primary and secondary somatosensory cortices contribute to the localization, intensity rating, and recognition of and attention to itch (Yosipovitch and Mochizuki, 2015). The midcingulate cortex is activated during itch induction or itch-related behaviors, for it is closely related to the premotor planning and process of affective-motivational in itch (Schneider et al., 2008). The putamen is significantly activated during scratching of itch. The reason is that it is a critical component of the striato-thalamo-cortical circuity related to motivational processing, habitual behavior, and action initiation, which is the basis of scratching (Graybiel, 2008).

An important peripheral target of acupuncture in relieving acute pruritus is 5-HT and receptor, which is an important histamine-independent pruritus mediator (Hachisuka et al., 2010; Bautista et al., 2014). 5-HT can directly activate the 5-HT receptors of sensory neurons (Han and Dong, 2014). After depolarization of the 5-HT receptor, transient voltage receptor cation channel (TRP) family ion channels are activated, resulting in phosphorylation of extracellular regulated protein kinases (ERK). The skin sensory nerve fibers are excited and then itching signal is reduced (Yamaguchi et al., 1999; Zhao et al., 2014). At present, several animal models of acute itch treated by acupuncture have been studied. Electroacupuncture can effectively inhibit the degranulation of mast cells in mice with acute itching induced by compound 48/80 (Wang and Xu, 2014). Zhao et al. (2018) found that acupuncture can reduce the serum content of 5-HT in the mice with histamine-induced acute itching. Park H. J. et al. (2021) found that acupuncture can blockade the expression of 5-HT2 and 5-HT7 receptors in the skin of mice with serotonergic itch. Shao and Chen (2012) found that acupuncture can reduce the serum content of IgE and the concentration of 5-HT2A receptors in the skin of 5-HT-induced itching in rats. The 5-HT neurons in the central nervous system, involved in regulating the itch signal induced by various factors, play an important part of the itch signal transduction pathway (Akiyama et al., 2009, 2017). Related research found that mice lacking 5-HT or serotonergic neurons in the brainstem exhibit remarkably reduced scratching behavior (Zhao et al., 2014). In an animal model, acupuncture downregulated 5-HT neurons in the medulla oblongata, reducing excitability of nerve cells and inhibiting pruritus (Yan, 2017; Zhao et al., 2017). In humans, a recent fMRI result of experimental pruritus induced by histamine showed that the positive functional connectivity of putamen and the pMCC was associated with the antipruritic effects of acupuncture (Min et al., 2019).



MECHANISM OF ACUPUNCTURE FOR CHRONIC ITCH

Chronic itch is defined as pruritus lasting six or more weeks according to a recommendation by the International Forum for the Study of Itch (IFSI) (Ständer et al., 2007; Zhang et al., 2019). In heterogeneous forms of pruritus with dermatological disease accompanied by inflammation of the skin, persistent and continuous immune activation provoke a radical augmentation of histamine and mediators in the affected skin area, resulting in thickening and morphological changes of the epidermis, infiltration of a large number of immune cells, and chronic itching (Dong and Dong, 2018).

Closely related to the mechanism of acupuncture treatment of CP in the periphery is the cytokines released by immune cells, such as interleukin-4 (IL-4), interleukin-2 (IL-2), and interleukin-2 (IL-10). Increased IL-4 signaling was closely related to the development of pruritus with atopic dermatitis (Chan et al., 2001; Bogaczewicz et al., 2016). IL-4 directly promotes itch through the IL-4 receptor on itch-sensing neurons (Chiu et al., 2014; Usoskin et al., 2015). The activation of IL-4 receptor signal elevates the neuronal Ca2+ through the Janus kinase (JAK) pathway as well as both the transient receptor potential vanilloid V1 (TRPV1) and transient receptor potential ankyrin A1 (TRPA1) ion channels, resulting in activating the peripheral sensory nerve fibers and inducing chronic itch (Oetjen et al., 2017; Yosipovitch et al., 2018). By the regulation of cytokines, electroacupuncture reduces the generation of itching signals directly and inhibits the inflammatory response of the skin in the pruritus underlying dermatological disease. In humans, recent research results suggested that electroacupuncture reduced the level of IL-4 and IL-2 in the blood of patients with atopic dermatitis and increased the level of interferon γ (IFN-γ) (Deng, 2018). In patients with CP, electroacupuncture intensified the level of anti-inflammatory cytokine IL-10 in the serum and inhibited the content of inflammatory cytokine TNF-α, bringing about the reduction of inflammatory in the skin (Ni, 2017; Huang et al., 2020). However, serum IL-6 and interferon inducible protein (IP-10) may not be concerned with the antipruritic effect of acupuncture (Wang, 2018). In animals, a study found that electroacupuncture promoted the secretion of IFN-γ in the serum of mice with atopic dermatitis, while there was no sensible change about IL-4 (Jiang et al., 2016a).

Increasing evidence about central mechanism of CP suggested that microglial activity played a momentous role in the pathogenesis of CP evoked by 2,4-dinitrofluorobenzene (DNFB), compound 48/80, and 5′-guanidinonaltrindole (GNTI) (Liu et al., 2015; Ying et al., 2015; Zhang et al., 2015; Xu et al., 2020). Microglia exacerbate itch sensation by facilitating the phosphor-38 (p38) mitogen-activated protein kinase (MAPK) signaling pathway through chemokine CX3C receptor1 (CX3CR1) (Zhang et al., 2015). In addition, the suppression of the microglial-specific protein ionized calcium-binding adapter molecule 1 (lba1) in the spinal cord not only reduced the number of scratches in mice with atopic dermatitis, but repaired the afflicted skin area and improved inflammation of the skin (Torigoe et al., 2016). In Western blot analysis, electroacupuncture repressed the lba1 and phospho-p38 expression increased by s.c. injection of GNTI to the back of the neck in the spinal cord (Lin et al., 2016). A recent study showed a similar result in that manual acupuncture reduces cholestatic pruritus by alleviating spinal microglial activation (Lee et al., 2018).

Moreover, acupuncture in conjunction with the participation of multiple brain regions is one of the central mechanisms to antipruritics. In humans, the fMRI data outcome of patients with AD (Vitaly et al., 2014) showed that the activation of the right anterior insula, nucleus patella, putamen, globus pallidus, caudate nucleus, and nucleus accumbens was inhibited by electroacupuncture during the aggravation of itching. The activation of bilateral primary and right secondary somatosensory/motor cortex, middle frontal gyrus, cuneiform lobe, and left posterior cingulate cortex areas was reduced during the peak period of itching. The reduction of the intensity of itching was consistent with the inhibition of brain activation. Among these brain areas, they found that the reduction in putamen was closely correlated with the itch reduction following acupuncture.



MECHANISM OF ACUPUNCTURE FOR ITCH AND PAIN

Itch and pain are two different unpleasant somatic sensations with different behavioral manifestations. Pain causes the action of shrinking to avoid harmful stimuli, while itch causes the action of scratching to remove harmful substances invading the skin (McMahon and Koltzenburg, 1992). However, the sensations of itch and pain are also regarded as closely related. Itch can be suppressed by scratching and painful stimuli, whereas suppressed pain can elicit itch (Miyamoto and Patapoutian, 2011). One noteworthy reason for this appearance is that there is a broad crosstalk between pain- and itch-related mediators and/or receptors in the periphery and center, such as opioids and cannabinoids (Ikoma et al., 2006).

There are three opioid peptides, namely, β-endorphin (β-EP), enkephalin, and dynorphin (DYN), that are widely distributed in the periphery and the center. They modulate pain and itch by activating their respective opioid receptors. μ-Opioid system is itch-inducible, whereas the κ-opioid system is itch-suppressive (Kenya et al., 2017; Oeda et al., 2018). β-EP act as the agonist of μ opioid receptors to activate cognate morphine receptor-1D (MOR1D), which heterodimerizes with gastrin-releasing peptide receptor (GRPR, the itch-specific neurons) in the spinal cord to relay itch information (Liu et al., 2011). DYN, an endogenous κ-receptor agonist, is known to activate κ-opioid receptors (KORs) on GRPR-positive neurons and inhibit these neurons, resulting in attenuation of chemical itch (Mishra and Hoon, 2013; Yosipovitch et al., 2018; Chen et al., 2020). Moreover, DYN released by BhIhb5-1 neurons in the spinal dorsal horn is a neuromodulator to inhibit itch (Kardon et al., 2014).

An important target for acupuncture treatment of CP is β-EP, DYN, and μ and κ receptor systems. A paradoxical result was noteworthy in that acupuncture reduced the β-EP in the plasma of mice with CP, while it increased the expression of β-EP in the medulla oblongata (Yan, 2017). In the analgesic mechanism, β-EP plays a pivotal role in the central nervous system (Zhao, 2008). Therefore, it is inferred that when acupuncture stimulates mice with CP, the pain of acupuncture itself is also prominent, resulting in irritable upregulation of β-EP in central antinociception for analgesia. In addition, it had been found that electroacupuncture relieved pruritus in mice with atopic dermatitis via enhancing the synthesis and release of DYN at the spinal cord pruritus in rats to activate a large number of κ-receptors (Jung et al., 2014; Jiang et al., 2016b). Interestingly, different frequencies of electroacupuncture stimulated different opioid receptors. High frequency electroacupuncture (120 Hz) achieved the purpose of antipruritics by activating κ receptors. Nor-BNI-hydrochloride (k receptor antagonist) can effectively inhibit the antipruritic effect of 120-Hz electroacupuncture (Han et al., 2008). A stimulating finding showed that naloxone (the peripherally acting μ opioid receptor antagonist) partially reversed the antipruritic effect of low-frequency electroacupuncture (2 Hz), while the Nor-BNI-hydrochloride did not eliminate the antipruritic effect in mice with GNTI-induced pruritus (Chen et al., 2013).

Endogenous cannabinoids regulate pain and itch through specific membrane receptors, the cannabinoid receptors (Di Marzo and Petrocellis, 2006). It may be related to the physical increase of cannabinergic neurotransmitters after the activation of cannabinoid receptor 1 (CB1), which increases the pruritus threshold (Gingold and Bergasa, 2003). In animal models of chronic dry skin pruritus (Li, 2019), the expression of the CB1 in the midbrain tissue of mice was increased. Electroacupuncture reduced the scratching behavior through significantly downregulating the expression level of the cannabinoid receptor CB1. Intraperitoneal injection of CB1 receptor antagonist significantly reversed the effect of electroacupuncture. Li believed that the reason was that the antagonist antagonizes the CB1 receptors on both gamma aminobutyric acid (GABA) neurons and glutamatergic neurons, which may result in the domination of glutamatergic neurons to promote 5-HT release. Therefore, he implied that electroacupuncture participated in the central mechanism of acupuncture to relieve pruritus by regulating the CB1 receptor to inhibit the release of 5-HT. On the contrary, it has been suggested that antipruritic effects of cannabinoids are independent of descending inhibitory serotonergic pathways (Todurga et al., 2016).



CHALLENGES AND FUTURE DIRECTIONS

The development of acupuncture represents a prime example of non-pharmacologic treatment. The currently available acupuncture therapy has shown high response rates and long-term remissions in patients with acute or chronic itch with minimal side effect. In this review, the authors provide an overview of the effect in acupuncture recipients and of the method and acupoint in acupuncture management (Figure 1). Furthermore, relieving itching of acute and chronic mechanisms by acupuncture is discussed.


[image: image]

FIGURE 1. The neurobiological mechanism of acupuncture to relieve itching. The biomechanical stimulation signal of acupuncture can inhibit pruritus via acting on different levels of targets. In the periphery, manual acupuncture downregulates 5-HT (acute pruritus) and blocks its receptor expression. Electroacupuncture regulates cytokines and endocannabinoid receptor CB1 (chronic itch), and opioid peptide receptor is also one of the targets involved in acupuncture to relieve itching. In the center, acupuncture can regulate microglia and DNY in the spinal cord to treat chronic pruritus in animals. 5-HT neurons and β-EP in the medulla oblongata, and CB1 in the midbrain are also its targets. Putamen is a common target of acupuncture treatment for acute and chronic pruritus in humans. As shown in the figure, the red arrow represents the downregulation effect of acupuncture, while the blue arrow represents the upregulation effect of acupuncture. Among them, the purple font represents targets in humans, the yellow font represents both targets in humans and animals, and the rest represent animal research. The gray ellipses represent targets related to acute itch, the green ellipses represent targets related to chronic itch, and the others are both. SII, secondary somatosensory cortex; SI, primary somatosensory cortex; PF, prefrontal area.


The neurobiological mechanism of acupuncture to antipruritics that has made some progress is less in-depth, compared with the already clear mechanism of pruritus. There is a phenomenon of circadian variation of pruritus, and pruritus is usually much severe at night (Millington et al., 2018; Weisshaar et al., 2019). There are many research evidence on the adjustment effect of acupuncture on the circadian rhythm (Kim et al., 2012). For instance, electroacupuncture at different hours produced different effects on leucine-enkephalin contents in rat medulla oblongata regions (Wang and Wang, 1989). It is worthy to explore the mechanism in this area. Chronic pruritus is also often associated with psychopathology, such as anxiety and depression (Gupta and Gupta, 1999). Acupuncture may improve itching by treating related mental illnesses. Unfortunately, research has not yet been conducted.

In conclusion, further application of acupuncture therapy for pruritus will require a better understanding of the peripheral and central, molecular, and cellular mechanisms. Using in vivo calcium imaging, modern genetics, and imaging tools and other technologies, we can expand our understanding of the related circuits in the spinal cord and brain for acupuncture to relieve itching. In addition, cytokines, endocannabinoids and the CB1 receptor, and opioids and their receptors are important targets of acupuncture antipruritic mechanisms worth paying attention to.
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Source Country Study design Patient Sample Size  Treatment Control Primary Primary outcome result
population (T/C), Dropout outcome
(T/C)
Park J. G.  South A randomized, Atopic 36(18/18), VA SA SCORAD The mean difference was
etal, 2021 Korea participant and dermatitis 1(18/17) (Total) —11.83 (7.05) in the VA group
assessor-blinded, and 0.45 (7.77) in the SA group
sham-controlled (P < 0.0001)
trial, 2-arm
Kangetal., South A randomized, Atopic 30(10/10/10),0 VA1NA2 SA SCORAD A significant difference among
2018 Korea controlled, dermatitis (Total) the three groups at week 8
single-blinded (P =0.020), especially in the
study, 3-arm VA1 group compared to the SA
group (P = 0.026).
Pfabetal., Germany Patient - and Atopic 20,1 VAp/VAa PAp/PAa/AC/  VAS for mean Mean itch intensity (SE: 0.31
2012 examiner-blinded, dermatitis PC/NI itch intensity  each) was significantly lower
randomized, following VAa (31.9) compared
placebo-controlled, with all other groups (PAa: 36.5;
crossover, 7-arm VC: 36.8; VAp: 37.6; PC:39.8;
PAp: 39.9; NI: 45.7; P < 0.05)
? United An unblinded pilot  Atopic 15(8/7),3(1/2)  Acupressure Standard of VAS A greater change in the
States RCT, 2-arm dermatitis with standard care (Pruritus), acupressure group than in the
of care IGA, EASI control group in VAS score
(P =0.04), IGA (P =0.03) and
EASI lichenification score
P=008
Pfab et al.,  Germany A double-blind Atopic eczema 30,0 VA PA/NA VAS (Pruritus) Drect effect: 35.7 + 6.4 vs
2010 (patient and 40.4 +5.8vs 459 £7.8VA
observer), and NA(P = 0.009), VA and PA
randomized, (P = 0.022); Preventive effect:
prospective, 343+71vs37.8+56vs
three-arm 44.6 + 6.2, VA and NA
crossover trial (P < 0.001),PA and NA
(P =0.002)
Nahidi Iran A randomized, Pruritus in 30(15/15), VA+gabapentin - SA+gabapentin  VAS (Pruritus) Before: 9.87 + 0.35 vs
etal., 2018 Sham-controlled Hemodialysis 4(15/11) +usual +usual 9.45 £ 0.93, P = 0.18; After:
2-arm Patients treatmentand  treatment and 3.93 £ 2.85vs 8.18 £ 1.40,
care care P < 0.001
Kilig Akgca  Turkey A randomized, Uremic pruritus  75(25/25/25),  Acupressure/ Antihistamine VAS (Pruritus) Before: 6.844+1.70 vs
and Tascl, controlled trial, 1(25/24/25) TEAS tablets+usual 7.37+1.31 vs 6.92+1.41,
2016 3-arm +Antihistamine  treatment and F =0.918, P > 0.05; After:
tablets +usual  care 3.36 £2.37vs3.12+2.15vs
treatment and 5.08 + 1.55, F =6.672,
care P < 0.05; Test value (P value):
t=5.346 (<0.001) vs t = 7.936
(<0.001) vs t = 3.942 (<0.05);
Acupressure vs TEAS VAS:
MD = 0.23, P = 1.000;
Acupressure vs Control
VAS:MD = —1.72, P =0.013;
TEAS vs Control
VAS:MD = —1.95, P=0.004
Yanetal.,,  China A randomized Uremic pruritus  62(32/30),0 Auricular No auricular VAS (Pruritus) 3.844 + 1.687 vs
2015 controlled trial, acupressure, acupressure, 5.567 +2:285, F=22.32,
2-arm tape with tape without P < 0.0001
Vaccaria seeds  Vaccaria seeds,
Che-Yi China A randomized, Refractory 40(20/20),0 VA SA A pruritus Before: 38.2 + 4.8vs
et al., 2005 Sham-controlled uraemic score 38.5 £ 3.2; After: 17.3 £ 5.5 vs
study, 2-arm pruritus questionnaire  37.5 + 3.2; At 3 months:

16.56 £4.9vs 36.5 £4.6
(P < 0.001)

VA, verum acupuncture; SA, sham acupuncture; PA, placebo acupuncture; NA, no acupuncture; VAp, preventive verum acupuncture; VAa, abortive verum acupunc-
ture; PAp, preventive placebo acupuncture; PAa, abortive placebo acupuncture; VC, verum cetirizine; PC, placebo cetirizine; NI, no-intervention control; SCORAD,
SCORing Atopic Dermatitis index score; VAS, visual analogue scale; EASI, Eczema Area and Severity Index; TEAS, transcutaneous electrical acupoint stimulation; IGA,
the Investigator’s Global Assessment.
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Threshold (mA) Latency (ms) Duration (ms)

A-fiber reflex 1.27 £0.11 247 £1.74 9.84 4+ 1.61
C-fiber reflex 3.81 +£0.27 174.02 +8.22 199.84 £+ 10.86
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Group t P value*

RA (n =19) SA (n =15)
Age (years) 25.37 £ 2.41 24.20 + 2.01 151 0141
Height (cm) 160.68 £ 4.10 169.33 £ 4.75 092 0.365
Weight (kg) 51.11 +£4.36 50.50 + 4.38 0.40 0.691
liness duration (months)  98.68 + 45.75 87.53 + 29.26 0.82 0.419
VAS-A 6.20 + 1.06 591 +1.22 0.69 0.493
VAS-B 3.65+1.04 445+129 —-1.89 0.069
VAS(B-A) —2.55+1.32 —1.45+113 -233 0.027
VAS(B-A)/A —0.41+£0.17 -0.25+017 -2.74 0.010

Data are given as mean =+ standard deviation.

*o < 0.05 was considered statistically significant.

RA, real acupuncture; SA, sham acupuncture; VAS, visual analog scale; VSA-A,
VAS score before treatment; VAS-B, VAS score after treatment; VAS(B-A), change
in the VAS score (post- minus pre-treatment); VAS(B-A)/A, ratio of the change in
the VAS score [(post- minus pre-treatment)/pre-treatment].
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Group condition Area (BA) Voxel size MNI coordinates (RAI) Peak Z Score
X y z
RA retention No significant activity
RA twirling B. thalamus 131 0 —-15 g —3.51
RA twirling vs. retention R.SMA(6) 148 18 3 63 —3.49
SA twirling R.SFG(8) 123 15 18 45 —3.80
SA retention R.SFG(8) 114 18 21 45 —3.87
SA twirling vs. retention No significant activity
Retention RA vs.SA ACC(32/24) 66" 3 30 —6 —-3.29
R.PCU(7) 35* 9 —42 69 3.29
R.SMA/SFG(6) 65* 18 21 45 3.33
R.MFG/dIPFC(6) 36" 30 9 51 3.89
Twirling RA vs. SA R.PCU(31) 32" 15 —51 36 827
ACC(24) 38* 0 24 18 —3.03
Twirling/Retention vs. RA/SA rACC(25) 62* -3 21 -9 3.84
R.SMA(6) 246 15 3 60 —4.04

*Calculated using a small volume correction for multiple comparisons using 3dClustSim (voxel level, p < 0.005; cluster level, p < 0.05).
BA, Brodmann area; RA, real acupuncture; SA, sham acupuncture; SMA, supplemental motor area; SFG, superior frontal gyrus; ACC, anterior cingulate cortex; PCU,
precuneus; MFG, middle frontal gyrus; dIPFC, dorsolateral prefrontal cortex; rACC, rostral anterior cingulate cortex.
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Source Acupoints Style of
acupuncture

Park J. G. (1) Fixed points: LI11, ST36, PC6 (bilaterally) MA
etal., 2021

(2) Optional points:up to 10 acupoints. ®ST43,

GB41 for gastric stufness or dyspepsia; @ LI2,

GB41 for tenderness around ST25, diarrhea, or

constipation; ® TE3, SI3 for fullness in the chest

and hypochondrium; @ TES3, TE6 for lower

abdominal pain and tenderness on CV17;®

SI3,GB41 for lower abdominal pain and dry skin;

® SI2, BL66 for lower abdominal pain and heat in

the upper body and cold in the lower body; @

LR3 and SP3 for pain in the hypogastric region

with darkness of the sublingual collateral vessels

(GB41, TES, SI3 can be applied bilaterally)

LI11 (bilaterally), auricular Shenmen 1A

(contralaterally)
Kang et al.,, (1) Fixed points: LI11, ST36, PC6 (bilaterally) MA
2018

(2) Optional points: @ ST43, GB41 for gastric

stuffiness or dyspepsi; @ LI2 and GB41 for

tenderness around ST25, diarrhoea, or

constipation; ® TE3 and SI3 for fullness in the

chest and hypochondrium; @ TE3 and TE6 for

lower abdominal pain plus tenderness on the

chest centre; ® SI3 and GB41 or SI2 and BL66

for lower abdominal pain, dry skin, or heat in the

upper body and cold in the lower body, GB41,

SI2, and BL66 were chosen; ® LR3 and SP3 for

pain in hypogastric region with darkness of the

sublingual collateral vessels (GB41, TE3, SI3 can

be applied bilaterally according to the signs or

symptoms of the patient)

LI11 (bilaterally), Shenmen (the contralateral side) 1A
Pfab et al., VAp:LI11, HT3, ST34, SP10 (dominant side) Electroacupuncture
2012

VAa:LI11, HT3 (dominant side)
Leeetal., L Acupressure
2012
Pfabetal.,  LI11, SP10 (dominant side) MA
2010
Nahidi et al., SP6, SP10, LV3, LI4, LI11 MA
2018
Kilig Akca LIt Acupressure
and Tascl,
2016

TEAS

Yan et al., CO10, CO14, CO15, TF4, CO18, AT4 (unilaterally, Auricular
2015 alternating bilaterally) acupressure
Che-Yi LI11 (unilaterally) MA
etal., 2005

Needle type

Disposable sterile
stainless steel needles
(0.25 mm x 40 mm,
Dongbang Acupuncture
Inc., Bundang,
Seongnam, South
Korea)

A hypoallergic PTN

(1.5 mm,

10mm x 10 mm
adhesive tape, Haeng
Lim Seo Won Medical
Co., South Korea)

A sterilised stainless
steel needle

(0.25 mm x 40 mm,
Dongbang Acupuncture
Inc., Bundang,
Sungnam, South Korea)

A hypoallergenic PTN
(1.5 mm,

10mm x 10 mm
adhesive tape, Haeng
Lim Seo Won Medical
Co., South Korea)
Sterile stainless steel
needles

(0.25 mm x 40 mm)

Using a 1.2 mm titanium
acupellet (Lhasa OMS,
Weymouth, MA,

United States)

Sterile stainless steel
needles

(0.25 mm x 40 mm)

Acupuncture

A portable,
battery-powered TEAS
unit was used (XFT-320;
Shenzhen XFT
Electronics Ltd,
Guangdong, China), 5
and 10 Hz
(dense-dispersed
waveform)

Tape with vaccaria seed
(Runshi Trading, China)

A 1-inch 34-gauge
acupuncture needle

Depth of insertion

5-30 mm, perpendicular
to skin surface

1.5 mm, perpendicular
to skin surface

5-30 mm, perpendicular
to skin surface

1.5 mm, perpendicular
to skin surface

20-30 mm

20-30 mm

10-30 mm

VAp, preventive verum acupuncture; VAa, abortive verum acupuncture; MA, manual acupuncture; IA, intradermal acupuncture.

Response
sought

“de "
sensation

None

“de "
sensation

None

heaviness,
numbness, or
soreness

soreness,
numbness,
heaviness,
swelling, and
warmth

The patients
felt a tolerable
soreness,
numbness,
and heat

Stimulation

Manual stimulation,
needle rotation with
thumb and index fngers
for the frst 10-15 s

Press PTNS at LI11 for
more than 3 min when
they feel severe itching

Manual stimulation,
needle rotation with
thumb and index fingers
for the first 10-15 s

Participants will be
educated to press PTNs
for 3 s when they feel
severe itch

Electrical stimulatione,
100 Hz, 0.2 ms pulse
width, constant-current
AS Super 4 Han device
(Schwa-medico GmbH,
Ehringshausen,
Germany), the intensity
was set to moderately
strong but not painful

/

Manual
stimulation,manipulated
for a 6 s period

A specialist of
acupuncture inserted
needles into acupoints
by using his fingertips
while applying consistent
pressure on the correct
acupoint with small
rotational movements

the therapist used her
fingertips, applying a
consistent pressure on
the correct acupoint with
small rotational
movements. The action
was done rapidly at the
rate of two rotations per
second.The force was
maintained between 3
and 5 kg

The pen provides
massage effects like
thumb pressure and
patting

Pressure was applied to
each ear point for

1-2 min with appropriate
finger force

Manual stimulation

Retention time

15 min

1-2 days until
PTN falls of

15 min

1-2 days or until
PTN falls of

20 min

3 min

11 min

30 min

6-10 min

3 min

1-2 min, 5-8

times a day, with

one mandatory

press before going

to sleep every
night.The tape
was replaced
every other day
and removed

every Sunday as a

break day
60 min

Course of
treatment

twice-weekly
for 4 weeks

VA1: thrice
weekly for 4
weeks (total
12 times);
VA2: twice
weekly for 4
weeks (total
eight times)

Total
experimental
time was

20 min, which
included 27
warm-cool
cycles

thrice weekly
for 4 weeks

Thrice weekly
for 4 weeks

Thrice weekly

for six weeks

Thrice weekly
for 1 month
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Threshold Pair 1 (median  Pair 2 (median  Pair 3 (median P-value
(mA) [Q1, Q3]) [a1, Q3)) [Q1, Q3])

Sensory 0.20[0.20, 0.20] 0.20[0.20,0.20] 0.20[0.20, 0.40] 0.329
Tolerability 3.20 [1.45,3.90] 2.00[1.20,2.75] 2.40[1.85,2.95] 0.456

p-value

<0.001 <0.001 <0.001
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Threshold Pair 1 Pair 2 Pair 3 p-value

(mA) (mean = SD) (mean + SD) (mean + SD)

Sensory 391+£099 499+136 437+1.22 0.028A
Tolerability 1233+£3.19 16.35+4.71 16.12+4.09 0.005¢
p-value <0.001 <0.001 <0.001

Ap =0.008, Pair 1 vs. Pair 2; Bonferroni corrected.
#p =0.003, Pair 1 vs. Pair 2; p = 0.006, Pair 1 vs. Pair 3; Bonferroni corrected.
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Layer Electrical Thickness (mm)
conductivity (S/m)

Stratum 2%10°° 0.029

Epidermis Horizontal: 0.95, 0.060
Vertical: 0.15

Dermis Horizontal: 2.57, 1.3
Vertical: 1.62

Fat 0.04 25

Muscle Horizontal: 0.25, 10
Vertical: 0.75

Hydrogel 46*10°8 Radius: 11, Thickness: 3

Stainless steel needle 1.74* 108 Radius: 0.15
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Ranking Type Counts

1 Aticle 709
2 Review 7
3 Editorial material 12
4 Meeting abstract 1
5 Proceedings paper 11
6 Correction 5
7 Letter 5
8 Book chapter 2
9 Retracted publication 2
10 Early access 1
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Ranking  Country/region

Peoples R China
usA

South Korea
Germany

Japan

L

USA, United States of America.

Frequency

475 (57.4%)

208 (27.5%)

110 (13.3%)
60 (7.2%)
39 (4.7%)

Centrality

0.37
0.56
0.08
0.25
0.04

Institution

KyungHee University

Chinese Academy of Sciences
Xidian University
Massachusetts General Hospital
Harvard University

Abbreviations.

KyungHee Univ
Chinese Acad of Sai
Xidian Univ
Massachusetts Gen Hosp
Harvard Univ

Frequency

70
64
56
51
44

Centrality

0.08
0.08
0.03
0.21
0.14
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Rank Author Frequency Year Country

1 Tian Jie 44 2009 China
2 Kong Jian 40 2007 USA

3 Qin Wei 38 2009 China
4 Bai Lijun 33 2009 China
5 Napadow Vitaly 31 2007 USA

6 Zeng Fang 2 2013 China
7 Kaptchuk ted j 24 2007 USA

8 Huang Yong 24 2011 China
9 Liang Fanrong 23 2012 China
10 Liu Peng 22 2009 China
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Headache frequency Headache frequency p-Value

responder non-responder

Sample size 19 29 -
Age 21.74 +1.88 21.00 + 1.87 0.19
Female/male 15/4 22/7 0.81
Height 160.79 + 8.82 161.00 £ 8.21 0.93
Weight 5292 4+ 7.78 54.38 +9.23 0.57
Headache duration 50.63 + 20.24 75.79 + 36.99 0.01*
Headache intensity 5.63 £ 1.09 5.54 +£1.09 0.09
Headache 292 +£1.43 4.31 £1.56 0.01*
frequency

Headache intensity 62.53 —68.86 -

change rate (%)

Independent-samples t-tests were applied to the comparison of the frequency
of headache between the clinically significant improvement and no significant
improvement groups. Headache frequency responder, frequency of headache in
the clinically significant improvement group; non-responder, frequency of headache
in the no significant improvement group. “Independent-samples t-tests were
significant at the 0.01 level.
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Headache intensity Headache intensity p-Value
responder non-responder

Sample size 24 24 -
Age 21.42 +1.89 21.33 £ 1.26 0.65
Female/male 19/5 18/6 0.74
Height 160.13 £ 7.34 163.80 £+ 7.54 0.52
Weight 5227837 54.54 + 8.15 0.22
Headache duration 69.88 + 36.25 61.79 + 30.88 0.41
Headache intensity 5.60 £1.15 5.65 +£1.03 0.85
Headache 254 +£1.13 4.98 +1.06 0.001**
frequency
Headache intensity 52.30 9.00 -

change rate (%)

Independent-samples t-tests were applied to the comparison of the intensity
of headache between the clinically significant improvement and no significant
improvement groups. Headache intensity responder, intensity of headache in the
clinically significant improvement group; non-responder, intensity of headache
in the no significant improvement group. **Independent-samples t-tests were
significant at the 0.001 level.
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Healthy controls Patients with MwoA before acupuncture Patients with MwoA after acupuncture p-Value
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SDS score - 45.53 + 10.87 41.427 +£10.91 0.002*

Chi-square tests were applied for gender comparison, and independent-samples t-tests were applied to the comparison between patients with MwoA and
healthy controls. MwoA, migraine without aura; SAS, Zung Self-Rating Anxiety Scale; SDS, Zung Self-Rating Depression Scale. *Independent-samples t-tests were
significant at the 0.05 level. **Independent-samples t-tests were significant at the 0.001 level.
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Acupoints

T35, P6.

B

B

T35, T35

==
ExLEq, STas

6830, G834

B
B

5126, BL60

5126, BL60

sTas

sTas

st36

U8, L, PCs,
ST36, G834
ST36,5P6.

5136, 5P6.
G830

st36

G830

BxLE4, STaS
BxLE4, STaS

736,860

736, STa7

G830

736,860

sT36

736,860

s136

136

736,860

136,579,
4, LR

Parameters used for
acupuncture

2/100 Hz at 2 mA for
20min

“Twisting (3 spins per
second) for 2 min, folowed
by a 5-min retention
eriod; otal duraton,
28min

10Hzat 1 mA for 20 min

Toisting (2 spins per
second) for 1 min, fllowed
by d-min retention;
repeated 6 times; total
duration, 30 min

100 Hz at2, 25, and 3mA
for20min
2Hzat 1 mAfor30min

2Hzat 1 mAfor 0 min
2Hzat 1 mAfor 30 min
2Hzat 1 mAfor 15 min
2Hzat | mAfor 20min

2,100, and 2/100 Hz at
05,1.0,and 1.5 mA for
20,30, and 45 min

100 Hz at 0,6/1.5 mA for
30min
Inserion depth of about
2-3 mm, otated siowy for
10min
2Hzat 1 mAfor 15 min

2Hzat 1 mAfor20min

2Hzat 1-2mAfor 30 min

2100 Hz at 1 mAfor
30min
215 Hzat 1 mAfor 30 min

2Hzat 1 mAfor30min
10Hz a1 3 mA for 20 min

2/100 Hz at 0.07 mA for
30min

10/100 Hz at 2 mA for
20min

2/15/100 Hz at 10,1 mA
for 30 min
2Hzat 1 mAfor30min

Square wave 0.2 ms at 1-2
mA (each intensity for 15
min; totalduration, 30 min)
2Hzat | mAfor30min

10Hzat3 mA for 20 min

2100Hzat05-1 5 mAfer
20mn

Tuisting (3 spis per
second, b-drectonaly) or
2 min, followed by a 5-min
retention period: otal
Guration, 28 min
05-15mAfor20min

Tasting (3 spins pec
‘second, bi-diectionaly) for
2 min, folowed by a S-min
etenton period; total
Guration, 28 min

oo tists every 5 min;
totalduration, 30 min
Litthrusting and twisting
manipuation for 305 afer
30-s intenvas of etention;
total duration, 30 min
27100 Hz at 1 mAforthe
st 15 minand at 2 mA for
another 15 min; total
duration, 30 min

27100 Hzat 2 mAfor
20min

Pain measurement

Mecharical alodynia,
themal pain

Thermal pain

Mecharical alochnia,
themal pain

Mecharical alodynia,
themal pain
Mechanical alocynia,
themal pin
Mechanical alodyria,
themal pain
Mecharicalalocyria
Mecharical alodynia,
themal pain
Mechanical alodyria

Mechanical alocynia,
themal pain

Mecharical alocyria

Mecharical alodyria,
themal pain

Mecharical alocyria,
themal pain

Mecharical alocyria,
themal pain

Mecharical alodynia,
themmal pain
Trermal pain
Mesharical alocynia,
themal pain
Thermal pain
Thermal pain

Mechanicalalodynia,
thermal pain

Thermal pain

Mechanical alocynia,
themal pain
Mechanicalalodynia,
themnal pain

Ongoing pain score
‘ovaluation, mechanical
allodynia, thermal pain
Mechanicalalodynia

Conditioned place
avoidanc test

Mechanicalalodynia

“Thermal pain

Mechanical alodynia,
themal pain

“Thermal pain

“Thermal pain

“Thermal pain

Thermal pain

Weight-bearing
behavioral tests

Testsite.
Site + Mechanism

Paw tissueiL-101, 18,
NLRP3}, TNF-a)

Spleen: Macrophages1,
Neutrophis|

Joints: IL-181, 64, TNF-a.
Seumil-at, 11, IL61,
IL71, 1181, TNF-at

TNF-al, L6}, CD45 * CDI1b* |

IL-184, TNF-ay, NGFs)

Infiamed paw: IFN-y1, CXCL1O
Menisci: CB21, IL-1}
Infiamed skintissues: NLRP3}

Colon: SPY, L-194, ATR, A2aRt,
A3RY, A20RY

DRG, SCOH: GFAPY, Iba-11.
S10081, RAGEL, TRPV1|
DRG:ASICaL

DRG: TRPVIY, P2 x 3}

DRG, SODH: P2 x 31

Muscles: L-101, M1
macrophages., M2
macrophages

DRG, spinal cord, and thalamus:
TLR2}, pPI3K{, pA, pmTOR,
PERKL. pp3aJ, NKI. pCREBI,
PNFeBl, Nav1.7., Nav1 &1
Cerebatium Iobes V, Via, and VI
(TRPVIL, Nav1 74, Nav1 8L,
ASIC3), pmTORY, pPI3K., pAKLY,
Perkl, RAGEL, pPKAllal., pPKG
el PNF x B, Poreby, S1008}
Spinal cord: CX3OL1 1, p38
MAPKY, IL-184, 164, TNF-al
Cervical spinal cord: ATPY,

P2 x TRfractalking/CXACR |
Spinal cord:kcat, ICAG91,
1CAB9-PICK11, PICKT-GuR2)
Spinal cord: GluR2Y.

Spinal cord: Use of 57-DHT,

5 HT1AR antagonist and 5-HT2CR
antagonis afects acupuncture
oftect

Use of 5-HT1, 5-HT2, 5-HT3,
muscariic cholnergic eceptor
agonistand 5-HT1, 5.HT2, 5-HT3
and muscarinic cholivergic
receplors antagonits affects
acupuncture effect

AVM: Use of , k-opioid recsptor
antagoristaffects acupuncture
effoct

Midbrain: CB1 receptorst, 2-AGT:
medula; S-HTY

VIPAG: CBI 1, gltamatergic
neuronst, GABAergic neurons)
Local ankle skin tissve:
Bendorphint

DRG: Nav sodium curentsd,
TRRVIY

ACC: Use of a seective k-opioid
receptor antagonit afects
acupuncture ffect

ACC: p-PKMzetay, GUR1|

Acupoint: NFB p-peS1, NFx8
ppsOt

Acupoint: adencsinet;

DRG: substance P, NK1-R1,
TN, IL1B4, IL:64, COBBY.
Acupint: MCP-11, CXCL1,
MP-1at, 161, IL-61,
GM-CSF, Macrophagest

Acupoint: TRPV1, TRPVA,
Ascat

Acupoins: Use of histamine,
histamine H1 receptor antagonist,
mast cel stabiize, affects
acupuncture effect

DRG, SCDH: TRPV11, PKCyL,
PKCel

Acupoints: Uso of opioid,
adrenergic, serotonin, and
‘dopamine receptors antagorists
affects acupuncture effect

MSU, monosodiumurate; GFAR, gl bilary acio protei
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Pubmed database
3206 articles
3137 articles

298 articles

69 articles excluded
No abstract

2839 articles excluded

Not related to acupuncture
and inflammatory pain

201 articles excluded

Clinical research: 113
Review/meta-analysis: 88
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Brain regions

LBP vs. HC PFC ACC Precuneus  Insula S|
Acupuncture-induced brain alterations

Function PFC Insula Cerebellum Sl ACC
Structure si

MAvs. EA

MA PFC Cerebellum  Insula si ACC
EA PFC ACC STG Sl Insula
rs-fMRI vs. ts-fMRI

rs-fMRI PFC Cerebellum  Insula Sl ACC
ts-fMRI Cerebellum  Insula Sl Sli PFC

ACC, anterior cingulate cortex; HC, healthy controls; LBR low back pain; PFC, prefrontal
cortex; rs-IMRI, resting-state IMRI; SI, primary somatosensory cortex; SlI, secondery
somatosensory cortex; STG, superior temporal gyrus; ts-fMRI, task-state IMRL,
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No. Author (year) Diseases Design
country
1 Jietal (2007)China Sciatica Non-RCT
2 Junhaietal (2008) Lowbackand  Non-RCT
China leg pain
3 Yongsong etal Lumbar disc Non-RCT
(2011) China hemiation
4 Lictal (2012)China Chronic sciaica  Non-RCT
5  Lietal (2014)China Chronic low Non-RCT
back pain
6  Jialiangetal. (2014)  Lumbar disc RCT
China heriation
7 Guogang etal Lumbar disc Non-RCT
(2014) China heriation
8  Teoetal (2015) Lumbar disc RCT
China herniation
9 Yiunetal.(2017)  LSnemeroot  Non-RCT
China pain
10 Lin and Xianmo Lumbar disc RCT
(2017) China heriation
11 Makaryetal. (2018)  Non-specificlow RCT
South Korea back pain
12 Tuetal (2019 USA  Chronic low RCT
back pain
13 Xangetal (2019)  Chronic low Non-RCT
China back pain
14 Leeetal Non-specific low  RCT
(2019)South Korea  back pain
15 Yan etal. (2019) Chronic low Non-RCT
China back pain
16 Yuetal. (2020)USA  Chronic low RCT
back pain
17 Liuetal. (2020) Chronic sciatica ~ Non-RCT
China
18 Kim etal. (2020) Chronic low RCT
USA back pain
19 Lan etal. (2020) Lsneveroot  RCT
China pain

N Age Treatment
(intervention/control) courses
12 3245 30min
12 3245 30min
20 (10/10) 35-69 Not depicted
20 (10/10) 3245 22d
30 (20/10) LBP 38.1 30min
+£6.4HC
37751
15 (7/8) 3575 25min
12 56-70 3min 4565
30 (14/16) 30-70 20min
10 20-65 3min
92 (42/50) 25-60 15min
56(33/28)  38.4%127 7min
50(24/26)  Verum39.0 4w
+12.6 Sham
400+ 18.7
12 18-65 8min
56(33/28) 384127 7min
57(16/16/25)  LBP 46.4 4w
£10.0HC
400+ 9.8
54 18-60 15min
(14/13/14/13)
27 (12/15) 35-85 4w
128 18-60 4w
(18/18/19/23/50)
40 (20/20) 18-60 1w

Intervention/
control (acupoints)

Manipulation Needle
modality sensation

Imaging
modality

() Affected leg EA
(B) Healthy leg (GB34, GB39)

(A) Paim EA
temperature increased B)

Palm temperature decreased
(GB34, GB3Y)

(A) Patients MA
(B) HC (the lumbago acupoint)

(A) Patients (acupoint EA
selection by

syndrome differentiation) B)

HC

(A) Patients (BL23, ashi point,  MA
GV3, BL4O and KI3)

B HC

() Balanced acupuncture (the  MA
lumbago acupoint)

(B) Body acupuncture (BL25,

BL26, ashi point)

(A) Acupuncture (GB41) MA

Not Depicted  ts-fMRI

Deqi ts-MRI

Dedi rs-MRI

rs-fMRI

Dedi rs-AMRI

Not depicted  rs-fMRI

Not depicted  ts-fMRI

() Balanced acupuncture the  MA rs-VRI
lumbago acupoint)

(B) Body acupuncture (BL25,

BL26, ashi point)

(A) Acupuncture (gentong2)  MA

Not depicted

rs-fMRI and
ts-IMRI
rs-fMRI

Degi

() Yaosanzhen acupuncture  MA
(BL23, BL25, BLAO)

(B) Body acupuncture (BL25,

BL26, ashi point)

() Verum MA
(B) Phantom acupuncture

(ST36, SP11, SP13)

Not depicted

ts-fMRI

(A) Verum (GV3, BL23, BL4O,  MA
KI3, ashi points)

(B) Sham (non-acupoints

treated by a Streitberger

placebo acupuncture needle)

(A) Verum (ankle zone 5) MA
(B) Sham (tactile stimulation)

rs-fMRI

Not deqi rs-IMRI

(A) Verum MA
(B) Phantom acupuncture

(ST36, SP11, SP13)

(A) Kidney deficiency patients ~ EA
(B) Non-kidney deficiency

patients (acupoint selection by
syndrome differentiation) C)

HC

(A) “Augmented context” MA
(interaction with the

acupuncturist) verum

(B) “Limited context”

(converse with patients as

little as possible) verum (GV3,

BL23, BL40, KI3, ashi points)

(©) “Augmented

context” sham D) “Limited

context” sham (non-acupoints
treated by a Streitberger

placebo acupuncture needle)

(A) Patients (acupoint MA
selection by

syndrome differentiation)

(B HC

(A) Verum (GV3, BL23, BL40,  MA
KI3, ashi points)

(B) Sham (using  Streitberger
placebo acupuncture needle)

(C) Mock laser acupuncture

(D) usual care E) HG

(A) Acupuncture 1 (gentong 2)  MA
(B) Lumber traction +

acupuncture 2 (acupoint

selection by

‘syndrome differentiation)

Dedi rs-MRI

Not depicted ~ rs-MRI

Dedi rs-MRI

Deqj r-IMRI

Not depicted ~ VBM, DTI

Deqi on

Analytical
approaches

Brain activation

Brain activation

Voxel-wise FC

ICA

ICA, correlation
with VAS

ReHo

Brain activation

ReHo

Brain activation

ReHo

Brain activation,
correlation with
ANS response,
belief in
acupuncture
effectiveness,
VAS, and MASS
Index

ROl-wise FC,
MVPA

ALFF/ALFF,
correlation with
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ICA, correlation
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ReHo

ROl-wise FC,
correlation with
VAS

ReHo/Voxel-wise
FC, correlation
between VAS, SBI,
and RDQS

GMV, FA

AD, FA

AD, axiel difusivty; ANS, autonomic nervous system; (JALFF, (functional) amplituce of low-requency fluctuations; d, day; DT, diffusion tensor imaging; EA, electroacupuncture; FA, fractional anisotropy; FC, functional connectivty; HC,
healthy controls; ICA, independent component analysis; LB low back pain; MA, manual acupuncture; MASS, Massachusetts general hospital acupuncture sensation scale; min, minute; MVPA, multivariate pattern analysis; n, number;
RCT: randomized controlled trial: ReHo, regional homogeneity; rs-fMR, resting-state IMRI; s, second; SB, sciatica bothersomeness index; sham, sham acupuncture; ts-fIR), task-state fMAI; VAS, visual analog scale; VBM, voxel-based

morphometry; verum, verum acupuncture; w, week.
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1. MRI
2. fMRI

3.PET-CT

4. Magnetic resonance imaging

5. Functional magnetic resonance imaging

6. Positron Emission Computed Tomography

7. ALFF

8. ReHo

9.1CA

10.FC

11. ROI

12. Amplitude of Low Frequency Fluctuations

13. Regional homogeneity

14. Independent component analysis

15. Functional connectivity

16. Region of interest

17. Blood oxygen level dependent

18. Neuroimaging

19. Brain

20. Acupuncture

21. Needie

22. Electroacupuncture

23. Acupoint

24. Migraine

25. “Neuroimaging-related” terms 1 OR 2 OR 3 OR 4 OR 5 OR 6 OR 7 OR 8 OR
9OR10OR 11 OR 120R 13OR 14 OR 15 OR 16 OR 17 OR 18 OR 19
26. “Acupuncture-related” terms 20 OR 21 OR 22 OR 23

27. FINAL SEARCH TERMS 24 AND 25 AND 26 AND

MBI, magnetic resonance imaging; MR, functional magnetic resonance imaging; PET-CT,
positron emission computed tomography; ALFF, amplitude of low frequency fluctuations;
ReHo, regional homogenety; ICA, independent component analysis; FC, functional
connectivity; ROI, region of interest.
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Healthy control Patient
Gender (M/F) 11/8 12/7 0.11 0.74
Age (years) 38.95 + 15.45 46.61 £ 7.35 1.66 0.1
Weight (kg) 66.18 + 10.18 64.05 + 5.63 0.80 0.43
Height (cm) 168.10 £ 7.33 1656.40 £ 7.86 1.11 0.27

Pain duration

= 9.00 £ 7.72
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Year Journal First author Type of study Diseases sample size (n) Groups Outcomes

2006 Headache Melchart D Epidemiological Headaches 2,002 Acupuncture Depressive symptoms (ADS)
study
2018 Front Jiang Y Systematic Migraine 4947 - MSQ, SDS
Pharmacol Review,
Meta-Analysis
2018 JPain Res Georgouds G RCT Tension-type a4 Acupuncture and HADS-A, HADS-D.
headache Stretching/Acupuncture, Stretching
and Physiotherapy
2005 8w Melchart D RCT Tension-type 270 Acupuncture/Sham ADS
headache ‘acupunclure/Waiting lst
2017 JAMA Intern ZnaoL. RCT Migraine 249 Acupuncture/Sham MSQ, AS, SDS
Med acupuncture/Waiting list
2005 Headache Coeytaux RR RCT Headaches 7 Acupuncture and medical Headache Impact Test, BOI
management/Medical management
2006 Headache Streng A RCT Migraine 114 Acupuncture/Metoprolol A0S
2005 JAMA Linde K RCT Migraine %02 Acupuncture/Sham ADS
acupuncture/Wating list
2001 Cephalaigia KarstM RCT Tension-type 6 Acupuncture/Sham acupuncture Zerssen Depression Scale
headache
2006 Rheumatology Linde K Observational Osteoarthritic 736 Acupuncture CES-D
study pain
2020 Evid Based Di CarloM Open-Label Fibromyalgia % Acupuncture PCS
Complement Pragmatic
Aternat Med Study
2005 Acupunct Med HeD ROT Chvonic neck 2 Electroacupuncture and ear Frequency of tension and iritabilty,
and shoulder ‘acupressure/Sham acupuncture depression
pain and sham ear acupressure
2004 Pain HeD RCT Ghvonic neck 2 Electroacupunciure and ear Frequency of tension and iiabilty,
and shouider ‘acupressure/Sham acupuncture depression
pain and sham ear acupressure
2002 Pain Leibing € RCT Low back pain 181 Acupuncture and HADS
Physiotherapy/Sham and
Physiotherapy/Physiotherapy
2013 Spine ChoYy RCT Low back pain 130 Acupuncture/Sham acupuncture 80l
2008 Ind Health ‘Sawazeki K Observational Low back pain 72 Acupuncture POMS
study
2005 Lancet Wit G RCT Knee 204 Acupuncture/Sham ADS
osteoarthiis acupuncture/Wating list
2016 EurJ Integr Lee GE RCT Shoulder pain 5 Acupuncture/Sham acupuncture 8Dl
Med
2006 Mayo Glin Pro Martin OP RCT Fibromyalgia 50 Acupuncture/Sham acupuncture FIQ, MPI
2007 Rheumatology Wiliamson L RCT Knee 181 Acupuncture/ HADS
ostecarthriis physiotherapy/
standarcized advice
2018 J Cancer Lopez G Retrospective Cancer pain 375 Acupuncture PSS
analysis
2016 Support Care GionPS RCT Gancer pain 48 Acupuncture and 80l
Cancer Kinesiotherapy/Kinesiotherapy
2017 JPain Mehing WE RCT Cancer pain 138 Acupuncture and usual POMS-SF
Symptom care/massage and usual care/usual
Manage care

ADS, Aligemeine Depressionsshkala; MSQ, Migraine-Specific Quality of Life Questionnaire; SDS, Self-rating Depression Scale; RCT, Randomized Controlled Tral; HADS-A, the 7-item Hospital Anxiety and Depression
‘Scale-anxisty; HADS-D, the 7-item Hospital Anxiety and Depression Scale-depression; SAS, Self-rating Anxiety Scale; BDI, the Beck's Depression lnventory; CES-D, German version of the Center for Epidemiological
Studies Depression Scale; PCS, Pain Catastrophizing Scale; PO, the Profile of Mood States; FIQ, Fibromyalgia Impact Questionnaire; MP|, Multcisciplinary Pain Inventory; PSS, Psychological Distress; POMS-SF,
Profile of Mood States Short Form.
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Brainregion Hemi Cluster size Talairach Peak t value BA

voxels X y z
ALFF
Lingual gyrus R 24 9 -79 -4 4.22 18
Insula L 81 -39 —-14 17 3.15 13
ReHo
Insula L 29 —29 9 —16 3.70 13

ALFF, amplitude of low frequency fluctuations; BA, Brodmann Area; Hemi,
Hemisphere; MMoA, menstrual migraine without aura;, ReHo, regional homogene-
ity; SA, sham acupuncture; FDR corrected, p < 0.05.
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Brain region Hemi Cluster size Talairach Peak t value BA
voxels X y z
ALFF
Middle frontal gyrus R 28 33 34 35 3.75 8
Anterior cingulate L 23 -3 18 18 —4.84 33
Inferior frontal gyrus R 78 36 21 -1 —3.98 47
ReHo
Superior frontal gyrus R 23 15 —-11 64 4.67 18
Cuneus L 21 0 -93 13 6.62 =
Middle frontal gyrus R 26 21 33 45 3.47 8
Superior temporal gyrus R 57 48 —-25 15 —-3.25 41

ALFF, amplitude of low frequency fluctuations; BA, Brodmann Area; Hemi,
Hemisphere; MMOoA, menstrual migraine without aura;, ReHo, regional homogene-
ity; TA, true acupuncture; FDR corrected, p < 0.05.
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References Year Strength Begin End 1994-2020

Hui et al. (2005) 2005 24 2007 2020 R
Napadow et al. (2005) 2005 1879 2007 2020 I ———
Hui et al. (2000) 2000 17.22 2001 2020 T
Wu et al. (2002) 2002 14 2003 2020 e
Wu et al. (1999) 1999 1.5 2001 2020 e SR
Cho et al. (1998) 1998 11.25 1999 2020  ——
Yan et al. (2005) 2005 10.87 2007 2020 | ee—
Yoo et al. (2004) 2004 921 2005 2020 =
Biella et al. (2001) 2001 9.19 2002 2020  ———
Hsieh et al. (2001) 2001 8.11 2002 2020 S ——
Liu et al. (2004) 2004 7.44 2007 2020 e
Zhang et al. (2003) 2003 733 2005 2020  ———
Siedentopf et al. (2002) 2002 7.18 2003 2020 R T
Kong et al. (2002) 2002 7.8 2003 2020 | e ——
Parrish et al. (2005) 2005 747 2006 2020 | ————
Napadow et al. (2007) 2007 7.16 2007 2020 R s
Dhond et al. (2007) 2007 7.08 2008 2020 e R
Kong et al. (2006) 2006 7.08 2007 2020 B
Kong et al. (2005) 2005 6.14 2007 2020 e
Wager et al. (2004) 2004 6.02 2008 2020  ——
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Band Area BA Cluster size t-value MNI coordinate

X y z

Norm-1 mPFC 10, 11 1,222 4.99 -6 54 21
Cerebellum, PCC, parahippocampus 27, 30 655 —5.48 3 -39 -15

Right insula 13 421 —5.31 39 -6 21

Norm-2 mPFC 10, 11 1,199 5.21 -6 54 21
Right superior temporal gyrus 38 231 4.88 60 g -0
Cerebellum, PCC, parahippocampus 27, 30 572 —5.71 3 -39 -15

Right insula, precentral gyrus, postcentral gyrus, amygdala 13\ 6\ 24 346 —-5.35 39 -6 21

Slow-5 mPFC 10, 11 1,009 5.06 -30 66 0
Cerebellum, PCC, parahippocampus 27, 30 288 —5.06 21 -33 27

Slow-4 mPFC 10, 11, 34 890 512 -6 54 -21
Right superior temporal gyrus 38, 22 258 5.19 57 9 -9
Cerebellum, PCC, parahippocampus 30, 25 454 —5.44 3 -39 -15

Right insula 13, 6 253 —4.84 39 -6 21
Slow-3 mPFC, Right superior temporal gyrus 10, 11, 38 1,622 6.10 0 39 —24
8,6 301 418 9 24 60
Cerebellum, PCC, parahippocampus 30\ 35 629 —4.75 27 -39 -30

Right insula, precentral gyrus, postcentral gyrus, amygdala 18\ 4,722, 3,834, 6 448 —4.58 51 9 6
Slow-2 mPFC, Right superior temporal gyrus 6, 8-1,138, 46 3,327 5116 12 36 —24
Cerebellum, PCC, parahippocampus 23\ 2,730 1,358 —5.43 15 -36 -15

Right insula, precentral gyrus, postcentral gyrus, amygdala 18\ 4,738, 2,234, 6 764 —-5.12 45 0 3

Left insula, precentral gyrus, amygdala 13, 2,234, 4,144 439 —4.68 -45 -18 3

BA, Brodmann; MNI, Montreal Neurological Institute; mPFC, medial prefrontal cortex; PCC, posterior cingulate cortex.
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Cluster ID size Silhouette Label (TFIDF) Label (LLR) Label (MI) Mean
(Gite Year)

0 228 0.907 Acupuncture Chronic low back pain Central nociceptive coding 2013

2 156 0.892 Acupuncture Sham Various brain area 2007
electroacupuncture
treatment

3 141 0.978 Giinical research on Clinical research Functional connectivity 2000

acupuncture
4 113 0.962 Chronic low back pain Chronic low back pain Structural properties 2015
5 77 0.976 Preliminary experience Gentral nervous pathway Functional connectivity 1997
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Ranking  Journal IF(Q)°2019  Frequency  Co-cited journals Abbreviations Centrality  Frequency

1 Evidence-based 1.813(3) 83 Neurolmage Neurolmage 008 454
Complementary and
Alternative Medicine

2 Journal of Alterative 2.109(2) 35 Journal of Alternative J Altern and Complem 0 334
and Complementary and Complementary Med
Medicine Medicine

3 Neural Regeneration 3471(2) 34 Pain Pain 014 322
Research

4 Acupuncture in 2.129(2) 33 Human Brain Mapping Hum Brain Mapp 005 315
Medicine

5 Neuroscience Letters 2247 (3) 24 Neuroscience Letters Neurosci Lett 0.09 201

8JF and Q in category according to Journal Citation Reports (2019). IF, impact factor; Q, quartile.
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Co-cited author

Hui Kathleen K S
Kong Jian
Napadow Vitaly
Bai Ljun

Wu Mingting

Abbreviations

Hui KKS
Kong J
Napadow V
BaiLJ

Wu MT

Country

USA
USA
USA
China
China

Frequency

280
188
179
122
109

Centrality

02
0.05
0.01
0.02
0.03
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Ranking Frequency Keyword Centrality Ranking Frequency Keyword Centrality

1 392 Acupuncture 0.10 6 70 Activation 0.03
2 262 fMRI 0.03 7 61 Brain 0.02
3 161 Pain 0.14 8 24 Cortex [
4 156 Stimulation 0.07 9 24 Human brain o
5 155 Electroacupuncture 0.08 10 21 Connectivity 0
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Ranking Co-citation counts Co-cited reference References

1 57 Acupuncture modulates resting state connectivity in Dhond et al,, 2008
default and sensorimotor brain networks
2 51 The integrated response of the human Hui et al., 2005

cerebro-cerebellar and limbic systems to acupuncture
stimulation at ST 36 as evidenced by fMRI

3 49 The salient characteristics of the central effects of Fang et ., 2009
acupuncture needling: limbic-paralimbic-neocortical
network modulation

4 49 Acupuncture modulates spontaneous activities in the Bai etal., 2009
anticorrelated resting brain networks
5 45 Effects of electroacupuncture versus manual Napadow et al., 2005

acupuncture on the human brain as measured by IMRI
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TA (n = 24) SA(n=20) pb p°

Outcome Measure Mean + SD Mean + SD
SAS

Baseline 49.95 + 10.82 49.96 +10.72 0.998 p' =0.000
4 weeks 4529+ 7.97 46.68+11.92 0.639 p'C =0.641
8 weeks 4252 +6.94 4564+1019 0639 pC =0.521
12 weeks 4281 £8.28 4516+ 12.28 0.460 -

o2 <0.001 0.016 - -
SDs

Baseline 5119+ 12.32 50.36+12.92 0.826 p' =0.000
4 weeks 4819+ 11.90 48.24 +14.11 0.990 p"CG =0.359
8 weeks 46.09 + 1214 47.04+1045 0778 pC®=0.777
12 weeks 4429 + 1257 46.20 + 11.41 0.591 —

o2 0.003 0.005 = —
Attack frequency (times)

Baseline 3764235 3.29+159 0436 p'=0.002
4 weeks 3.444+218  495+358 0.085 p''cé=0.204
8 weeks 3.00+£2.04 362+312 0424 p®=0.313
12 weeks 2.64+289 329+177 0378 -

o2 0.025 0.149 = =
VAS score

Baseline 6.404+1.55 560+157 0095 p'=0.000
4 weeks 5444163  481+216 0266 p'S=0.590
8 weeks 4524238  4.05+206 0480 p®=0.346
12 weeks 3.164+224  3.33+1.90% 0782 —

o2 <0.001 <0.001 - -
Intensity of the migraine

Baseline 2004054 2.04+067 0829 p'=0.000
4 weeks 1.434+0.926 1.96+0.539 0.019 p'G=0.144
8 weeks 1.38+0.740 1.64+0.995 0.330 p%=0.112
12 weeks 1.38+0.669 1.60+0.913 0.367 -

o2 0.006 0.019 = =

Values are expressed as (Mean + SD).SA, sham acupuncture; SAS, Zung self-
rating anxiety scale; SDS, Zung self-rating depression scale; TA, true acupuncture;

VAS, visual analog scale.

“The p? based on a paired-t test within-group comparisons; The p® based on
t-test between the two groups; p° based on repeated measures; p', values for
comparison between different time points; pT'@ based on Time*Group interaction;
p® based on comparison between different groups.
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Characteristics TA (n = 24)

Age (years) 33.04 + 6.43
Height (cm) 1568.68 £ 5.02
Weight (kg) 53.00 + 6.27
SAS 49.95 + 10.82
SDS 51.19 £ 12.32
Attack frequency (times) 8.29 + 1.59
VAS score 6.40 +£1.55
Intensity of the migraine 2.00+0.54

SA (n = 20)

35.30 £9.43
169.14 £ 3.99
52.90 + 5.59
49.96 + 10.72
50.36 + 12.92
3.76 + 2.35
5.60 &+ 1.57
2.04 +£0.67

p-value

0.173
0.735
0.957
0.998
0.826
0.436
0.095
0.829

Values are expressed as (Mean + SD).SA, sham acupuncture; SAS, Zung self-
rating anxiety scale; SDS, Zung self-rating depression scale; TA, true acupuncture;

VAS, visual analog scale.
*The p value was obtained by two-sample t test.
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Intervention Before menses Onset of menses After menses Total treatments
(One menstrual cycle) (1 week) (1 week) (2 weeks)

Session Once every other day of Twice a week Twice a week 9 £ 2 times
three times/week
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Group Acupoint Manipulation

True Acupuncture (i) Fengchi (GB20) (i) is punctured obliquely 0.8 to 1.2 cm toward to apex nasi

(i) Shuaigu (GB8) (i) is punctured horizontally 0.5 to 0.8 cm

(iii) Neiguan (PC6) (iii) is punctured perpendicularly 0.5 to 1 cm

(iv) Sanyinjiao (SP6) (i

(v) Taichong (LR3) (v) is punctured perpendicularly 0.5 to 1 cm

Sham Acupuncture (i) At the medial arm on the anterior border of the insertion of the deltoid muscle (i) is punctured perpendicularly 0.5 to 1 cm
at the junction of the deltoid and biceps muscles

(i) The inside of the mid-thigh region 2 cm lateral to half the distance from the (ii) is punctured perpendicularly 0.5 to 1 cm
anterior superior iliac spine to the lateral superior corner of the patella on the

rectus femoris

(iii) The edge of the tibia 1 to 2 cm lateral to the Zusanli (ST 36) point horizontally (iii) is punctured perpendicularly 0.5 to 1 cm
(iv) Halfway between the tip of the elbow and the axillae (iv) is punctured perpendicularly 0.5 to 1 cm

(v) Halfway between the epicondylus medialis of the humerus and ulnar side of (v) is punctured perpendicularly 0.5 to 1 cm
the wrist bilaterally

iv) is punctured perpendicularly 0.5 to 1.5 cm
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(a) ALFF changes
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TA group
(post vs. pre)

ReHo changes
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Brain region Hemi Cluster size  Talairach Peak t value BA

voxels X y z

ALFF
Precuneus R 48 24 —70 53 7.03 i
Middle temporal gyrus R 145 59 -58 6 —5.93 21

ALFF, amplitude of low frequency fluctuations; BA, Brodmann Area; Hemi,
Hemisphere; MMOoA, menstrual migraine without aura; FDR corrected, p < 0.05.
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