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Background: Percutaneous balloon compression (PBC) is an effective and well-established surgery for treating trigeminal neuralgia (TN). However, if the initial attempt fails to produce a distinct pear shape, there is no conventional strategy to follow: repeat a few days later or re-puncture?

Aims: This study aimed to analyze the risk and gain of re-puncturation in PBC surgery for TN treatment.

Methods: We reviewed radiographs and medical records from 79 consecutive PBC cases. The complications and surgical outcomes were compared between one-time success pears and multiple re-puncturing pears. Re-puncturing methods included selecting a more appropriate entry point, a more possible entry angle, finding a stretchy spot around the margin of foramen ovale (FO) with a trocar, and exploring the direction with more resistance using a thinner guiding needle.

Results: In 50% of cases, satisfactory pears were obtained after the first puncture, and in 35% of cases, satisfactory pears were obtained following re-puncturation. Except for hemihypogeusia, which was significantly more in multiple punctures cases (p < 0.05), no additional adverse effects were statistically different between the two groups. There are very few rare complications associated with re-puncturation. Log-Rank test of pain-free rate revealed no statistically significant differences between the two groups (p = 0.129).

Conclusion: This study establishes the safety of re-puncturation in PBC surgery for TN treatment. The operation increases pears and does not cause any serious complications. The surgical outcomes of re-puncturation pears are almost identical to those one-time success pears.

KEYWORDS
 percutaneous balloon compression, repuncture, trigeminal neuralgia, repuncture methods, pain


Introduction

Percutaneous balloon compression (PBC) is an effective therapeutic technique for trigeminal neuralgia (TN). In the 1980's, Mullan first introduced and described the percutaneous procedure (1, 2). The treatment modality remains popular nowadays due to its low cost and relative simplicity.

Although a pear-shaped balloon has been considered the gold standard for surgical success since its inception (2–6), the operator may quite often encounter non-optimal pear shapes. To repeat a few days later or re-puncture is a binary choice that many new practitioners of this method may struggle with. Konstantinos suggested that “persistent elliptical balloon shapes should raise consideration of aborting the procedure (5).” However, Asplund's policy was “not to immediately reoperate on a patient if the alleged optimal pear shape was not observed intraoperatively (3).” So far, there is no consensus on this aspect of the procedure.

Does re-puncturation increase the risk rate of postoperative complications? After acquiring an incorrect pear, how many times could the operator attempt before considering aborting the procedure? Previous research has yielded no conclusive solutions to these questions. By analyzing our series, we were able to address these questions. This study aimed to determine the risk and gain of re-puncturation in the outcome in patients treated with percutaneous balloon compression.



Methods


Patient population

Between May 2017 and January 2019, 79 patients underwent PBC operations. The patients in this series were diagnosed with TN, and PBC candidates have typical TN pain characteristics such as intense, electric shock with trigger point, sporadic, a positive response to carbamazepine (early stage), etc. They failed medical therapy and were at a high risk of undertaking a microvascular decompression (MVD) or were still experiencing pain following MVD. Table 1 summarizes the characteristics of cases.


TABLE 1 Characteristics of 79 patients undergoing PBCs.

[image: Table 1]



Puncturing technique

Under general anesthesia, the patient is placed in neutral supine position with head on a radiolucent headrest. After general anesthesia, lateral projections of patients were obtained using a C-arm fluoroscope. The patients' position and C-arm were kept still during the whole process.

We used a blunt-head trocar to percutaneously create a tunnel. Additional cannulations were performed using two longer needles of varying diameters (Figures 1A,B). Härtel's pathway was utilized to perform the puncture, but we slightly lifted the end (not the tip) of needle to increase the entry angle. The process followed De Cordoba et al.'s description (proposed by Henderson) (7, 8).


[image: Figure 1]
FIGURE 1
 Puncture kits. (A) PBC puncture kits. From top to bottom: head-blunted liver-biopsy needle with stylet in, thinner needle with a blunt head, needle with a wider diameter, ruler (for scale). (B) PBC puncture kits with the stylet out.


The entry point is 2 cm from the oral commissure. When puncturing, the foramen ovale (FO) is flet as a soft spot in the bone (Figure 2A). Following stylet withdrawal, the cannulation is performed with a thinner guiding stylet, followed by a larger guiding stylet (Figure 2B). A popping sensation occur during cannulation in most cases. When the cannula tip is positioned at FO, we should avoid pushing it to extend any further, but the guiding stylet should extend slightly further, <1.5 cm (the less the better), and should not extend beyond the clival plane on lateral projection.


[image: Figure 2]
FIGURE 2
 Puncture process. (A) Trocar (with stylet in) goes near the foramen ovale (FO). (B) The tip of the cannula is at the FO (arrow) but does not penetrate. The tip of the wider needle comes across the clivus on the projection (triangle). (C,E) A small 1.5 mL contrast injection to test the proper position, (E) is likely a pear. (D,F) Enlargement of the balloon (C,E). (D) is not a pear. (F) is a perfect pear. (C–F) were from one PBC surgery.


After cannulation, we insert a no. 4 Fogarty catheter into the cannula, extending 1.5 cm out of the tip. Before ensuring that the balloon is in the final position of Meckel's cave (MC), we use a 0.15 to 0.2 mL balloon volume projection to determine the proper position (Figures 2C,E). According to intraoperative pressure and the balloon's shape, the final balloon volume ranges between 0.35 and 0.5 mL (Figures 2D,F), with a mean value of 0.4 mL.



Re-puncturation

If the operation described above failed and no pear shape was observed, we would do re-puncturation. We would choose a more lateral entry point (once only) on the face or a more tilt-up (or otherwise possible) entry angle. Because of the elasticity of the facial skin, the same entry point can use many entry angles. After several re-puncturations, FO may feel like an empty hole; we would try to find a spot around FO's margin with more tension and then push forward the trocar to continue the following procedure.

Another possibility is leaving the cannula at FO and using the thinner guiding needle to investigate the direction with more resistance. Substitution of the operator may also be beneficial. There are three surgeons involved in the procedure. Radiographs should be taken to monitor the whole process. After attempting every possible route and the whole puncturing trajectory may feel like nothing on the way, “persistent elliptical balloon shapes should raise consideration of aborting the procedure (5).”



Image processing

The figures were processed or drawn using Photoshop and Adobe Illustrator. Whether the pears were good or not was re-evaluated by experienced physicians using radiographs.



Follow-up

Following PBC surgery, 71 cases were followed up by telephone interviews or outpatient clinic visits. Pain relief was defined as the absence of trigeminal pain in patients who were not on medication.




Results


Puncturing and pears or not

In chronological sequence, 79 patients underwent PBC procedures. Of those, 50% obtained satisfactory pears in the first puncture, and 35% obtained satisfactory pears after re-puncturation and adjustments (Figure 3). In total, 85% of patients received pears during a single PBC surgery. A total of 68 cases obtained standard pears, of which 40 cases obtained pears upon the first attempt and 28 obtained pears after adjustments.


[image: Figure 3]
FIGURE 3
 A chronological series of PBC surgery. Horizontal axis shows 79 cases. Vertical axis is puncturing times. Pears or not was retrospectively analyzed, so there was case only got once puncture, but not pears (52).




Side effects and complications

Table 2 presents side effects and complications. Of 79 cases, 71 were successfully followed up. Facial numbness was the most prevalent complication. We employed four scales: None, Mild, Moderate, and Bothersome, to quantify the numbness from 0 to 3. The average of post-PBC numbness scales of one-puncture cases (39) and multiple punctures (22) were 1.36 and 1.5, respectively, demonstrating no statistically significant difference (t-test, p = 0.3241). There were limited cases of mastication weakness and hemihypogeusia. The mastication weakness was not significantly different between the two groups, but hemihypogeusia was reported significantly more in multiple punctures cases (p < 0.05).


TABLE 2 Side effects and complications for one puncture and multiple punctures.

[image: Table 2]



Outcome

Of patients who obtained good pears, 61 cases were successfully followed up over 30 months. Figure 4 illustrates Kaplan-Meier of one puncture (39 cases) vs. multiple punctures (22 cases). The pain-free rate after 30 months was 84.6% (n = 33) for one puncture and 68.2% (n = 15) for multiple punctures. Log-Rank test revealed no statistically significant differences between the two groups (p = 0.129).


[image: Figure 4]
FIGURE 4
 Kaplan-Meier plot illustrating survival curves for one puncture and multiple punctures. A statistically significant difference was not obtained (Log-Rank test P = 0.129).





Discussion

Since PBC surgery's inception, neurosurgeons have attempted to generate a pear-shaped balloon (2, 4, 9). Until now, it may have been the only factor influencing the outcome of PBC in TN treatment (5). The percutaneous approach to FO has long been introduced before Mullan's description of PBC technique. As a result, the safety of PBC procedures might not be the priority that PBC surgeons would consider. The successful rate of obtaining a pear shape varies greatly in different centers from 29.5 to 75% (3, 5, 10). While the criteria of a pear shape may differ for different centers, a pear shape balloon is not a guarantee for all PBC surgeries. According to this study, re-puncturation could result in an additional 35% more pear shapes, implying that the procedure's safety should be reconsidered.

Vascular complications are very uncommon in PBC patients. It is not very likely that damage to extracranial vessels causes serious problems. As for the intracranial part, there are few reports on intracranial hemorrhage and even fewer vascular disorders after percutaneous approach to FO (11–15). The injury of blood vessels around MC appears highly likely to result in disasters. There is pericavernous venous plexus that surrounds mandibular nerves in FO region (16). Although the maxillary nerve does not run along the cavernous sinus's lateral wall, the intracranial extension of Hartel's pathway (from FO to porus trigeminus) is extremely close to the cavernous sinus's posterior wall and may intersect with it at porus trigeminus. Nearly 85% of carotid arteries are exposed under some portion of Meckel's cave and the trigeminal nerve, with only dura and no bone, separating the nerve from the artery (16). Although the trajectory of PBC puncture is surrounded by intracranial blood vessels, there have been almost no intracranial hemorrhage cases following PBC, and sporadic cases of carotid-cavernous fistula following PBC, which are typically labeled as “rare”.

The reason for the relatively low risk of intracranial vascular complications remains unknown. The blunted puncture kits may be beneficial in avoiding damage to large blood vessels. Sometimes, after puncturing and withdrawing the stylet, we could observe venous blood coming out of the cannula, but it would always stop automatically following balloon inflation. We hypothesize that mild bleeding will be stopped by the coagulation system, whereas moderate bleeding will be stopped by the pressure supplied by the inflated balloon. Alvernia et al. (15) summarized some of the anatomical risks associated with percutaneous approach to FO. They indicated that FO approach entails risks, but they only emphasized on the risk of the variant course associated with the extracranial maxillary artery. Although the precise route of PBC puncturing appears to avoid critical intracranial vessels, image-guided techniques and detailed anatomical expertise are required. Our case series revealed no intracranial hemorrhage or vascular disorder, corroborating the evidence that percutaneous approach to FO is safe (even repeated on the same patient).

Nearly all PBC complications are mild, and in contrast to pre-PBC devastating pain, post-PBC side effects are far more tolerable for patients. Facial numbness is the most common complication following PBC. Some physicians believe that post-PBC facial numbness is an indicator of a good outcome. There were very few cases of mastication weakness. Hemihypogeusia has not been previously reported. Interestingly, the trigeminal nerve actually does not have any fibers that provide special sensations (taste). Is it possible that sensation of the food's texture enhances its taste? Without a doubt, repeated punctures caused significantly more damage to the third branch.

Urculo et al. demonstrated that a pear shape appears in the lateral radiographic picture only if a distended balloon is placed in a proper position in MC (4). The effort of each re-puncturation and adjustment is to ensure that the balloon end of catheter remains in MC. To obtain a pear shape, the entry point of catheter to MC must be close to the point where the maxillary nerve joins the ganglion; neither halfway of the route (from FO to porus trigeminus) nor close to the porus trigeminus can do.

It is inevitable that the dural structure and connecting tissue will detach from FO, causing FO to feel empty and making pear acquisition more difficult. To accomplish a pear, we attempted to identify a new percutaneous entry point on the skin, a new entry point at FO, or explore the direction using a thinner guiding needle. Additional 35% pears, with no serious complications and the same outcome with one-time success pears, will compensate for the efforts.



Conclusions

After failing to get a distinct pear shape, re-puncturation is a good option in PBC. Re-puncturation and adjustment could obtain additional pears with no serious complications. The outcome of pears from this procedure was the same with one-time success pears.
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Structural and functional changes of the brain occur in many chronic pain conditions, including chronic low back pain (CLBP), and these brain abnormalities can be reversed by effective treatment. Research on the clinical applications of non-invasive brain neuromodulation (NIBS) techniques for chronic pain is increasing. Unfortunately, little is known about the effectiveness of NIBS on CLBP, which limits its application in clinical pain management. Therefore, we summarized the effectiveness and limitations of NIBS techniques on CLBP management and described the effects and mechanisms of NIBS approaches on CLBP in this review. Overall, NIBS may be effective for the treatment of CLBP. And the analgesic mechanisms of NIBS for CLBP may involve the regulation of pain signal pathway, synaptic plasticity, neuroprotective effect, neuroinflammation modulation, and variations in cerebral blood flow and metabolism. Current NIBS studies for CLBP have limitations, such as small sample size, relative low quality of evidence, and lack of mechanistic studies. Further studies on the effect of NIBS are needed, especially randomized controlled trials with high quality and large sample size.
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Introduction

Low back pain, which refers to pain and discomfort in the lumbosacral region, is a highly prevalent condition with high burden worldwide (Balagué et al., 2012; Smith et al., 2022). The point prevalence and lifetime prevalence of low back pain are 7.83% (95% confidence interval [CI]: 7.04–8.64) and 84% (Balagué et al., 2012). Moreover, the prevalence of low back pain and years lived with disability caused by low back pain are expected to increase as a result of population growth and aging (Hartvigsen et al., 2018). In the US, the annual expenditures for low back pain exceed $100 billion (Katz, 2006), and the annual costs for each patient reached $8386 (Gore et al., 2012). Chronic low back pain (CLBP) is defined as low back pain with a course of over 12 weeks or 3 months (Andersson, 1999). Approximately two-thirds of low back pain cases will develop CLBP after the first episode (Morlion, 2013). Although CLBP has been recognized as a crucial global health and socioeconomic problem, its treatment has tremendous potential for improvement (Knezevic et al., 2021).

Alterations exist in the structure and function of several neural networks in patients with CLBP (Kregel et al., 2015; Ng et al., 2018). Brain imaging studies have confirmed the structural changes in gray matter in the thalamus, dorsolateral prefrontal cortex, temporal lobes, insula, and the primary somatosensory cortex in patients with CLBP (Giesecke et al., 2004; Vlaeyen et al., 2018). Moreover, patients with CLBP had increased activities in certain cortical and subcortical regions (such as the prefrontal cortex and cingulate cortex) and reduced activities in pain-relief areas. These neuroanatomical and functional abnormalities in the brain can be reversed by an effective treatment (Seminowicz et al., 2011). Therefore, directly targeting the brain region involved in pain processing may be an effective treatment for CLBP. Non-invasive brain neuromodulation (NIBS) was defined as any brain stimulation technique that directly modulates brain activity and the neural network involved in pain processing but does not require invasive methods (Jenkins and Tepper, 2011; Romanella et al., 2020). Repetitive transcranial magnetic stimulation (rTMS) and transcranial direct current stimulation (tDCS) are the two most commonly used forms of NIBS (O’Connell et al., 2018). Recently, NIBS has been used for the management of chronic pain, including neuropathic pain (Zhang et al., 2021) and chronic headache (Cheng et al., 2022). Many studies also explored the effect of NIBS on patients with CLBP and observed positive results, but the placebo effect should not be ignored (Ambriz-Tututi et al., 2016; Jiang et al., 2020). However, to our best knowledge, only one review summarized the effectiveness of NIBS for chronic non-specific low back pain, and no study summarized its mechanism (Patricio et al., 2021). Therefore, the aim of this review is to outline the effect of NIBS on patients with CLBP and summarize the possible mechanism of action.



Non-invasive brain neuromodulation for chronic low back pain


Repetitive transcranial magnetic stimulation for chronic low back pain

Repetitive transcranial magnetic stimulation, an FDA-approved NIBS technique, alters the excitability of the cerebral cortex by generating strong magnetic and electric fields through the stimulation coil applied over the scalp (Klomjai et al., 2015). Generally, rTMS can be divided into high-frequency rTMS (>1 Hz, HF-rTMS) and low-frequency rTMS (≤1 Hz, LF-rTMS) according to their frequencies (Pascual-Leone et al., 1999; Haraldsson et al., 2004; Guse et al., 2010).

Johnson et al. (2006) recruited 17 patients with CLBP and observed a decrease in brief pain ratings after a single session of HF-rTMS stimulation. They also found a remarkable decrease in the temperature for cold pain thresholds and a significant increase in the temperature for heat pain thresholds after a single session of HF-rTMS stimulation (Johnson et al., 2006; Table 1). And pain intensity was remarkably decreased in CLBP patients after repeated HF-rTMS session stimulation. Besides, rTMS had a greater analgesic effect without evident side effects compared with physical therapy (Ambriz-Tututi et al., 2016). Many lines of evidence suggested that the presence of attendant symptoms, such as depression and sleep disturbance, interferes with CLBP treatment and were associated with worse treatment outcomes (Sullivan et al., 1992; Nijs et al., 2018). Park et al. (2014) attempted to explore the effects of rTMS in treating depression and insomnia with CLBP and observed positive results. Therefore, rTMS maybe yield an optimal result in the concurrent treatment of these symptoms in patients suffering from CLBP and depression.


TABLE 1    Non-invasive brain neuromodulation (NIBS) studies for chronic low back pain.
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These investigations provided preliminary confirmation of the therapeutic effects of rTMS on CLBP. According to the updated guidelines on the therapeutic use of rTMS, level A (definite efficacy) evidence strongly suggested that rTMS is effective for managing neuropathic pain (Lefaucheur et al., 2020; Leung et al., 2020). However, more high-quality and large-scale randomized controlled trial (RCT) studies are needed to further support the benefit of rTMS for CLBP. Besides, no study has compared the effects of different NIBS techniques for CLBP. Whether the use of rTMS may offer more advantages than other NIBS techniques is unknown.



Transcranial direct current stimulation for chronic low back pain

Transcranial direct current stimulation modulates cortical excitability by passing positively or negatively charged currents (a weak current, 0.5–2 mA) using at least two surface electrodes on the scalp (Luedtke et al., 2012b; Chase et al., 2020). In many countries, tDCS can be used as an off-label treatment, and its official regulatory status is under development (Fregni et al., 2015). In the United States, no clinical indications have been approved for the use of tDCS, but tDCS is widely studied for the treatment of chronic pain, and CLBP is not an exception (Pacheco-Barrios et al., 2020).

Some studies used a single session to explore the therapeutic effect of tDCS on CLBP. A single, 20-min session of anodal tDCS stimulation at 2 mA targeting M1 remarkably improved the pain in the tDCS group compared with the sham group (Straudi et al., 2018; Jiang et al., 2020). Schabrun et al. (2014) observed that the analgesic effect of tDCS (a single session, 30 min, 1 mA) was maintained for at least 3 days. But Luedtke et al. (2012a) used a single, 15-min session of M1-tDCS stimulation in CLBP patients, they found that tDCS does not dramatically change the experimentally induced pain. Although they choose the stimulation paradigm most commonly used in most studies on experimentally induced pain in healthy subjects, this stimulation intensity and duration may not be sufficient for patients with chronic pain (Fregni et al., 2006; Soler et al., 2010). Only one meta-analysis summarized the effect of NIBS on CLBP and also found that a single session of NIBS remarkably reduced the pain intensity in patients with CLBP (Patricio et al., 2021). Therefore, these pieces of evidence showed that a single session of tDCS seem to be effective in CBLP treatment.

The effects of multiple sessions of tDCS on CLBP have been investigated, but the immediate changes after intervention are not remarkable (Alwardat et al., 2020; McPhee and Graven-Nielsen, 2021). The therapeutic effect of rTMS could be enhanced by multiple sessions of stimulation (Quesada et al., 2018). Similarly, the effect of tDCS may accumulate over time but may take a longer period to fully manifest (Bikson et al., 2018; Sampaio-Junior et al., 2018). Although Mariano et al. (2019) did not observe an immediate reduction in pain in the tDCS group after 10 sessions of tDCS, there was a remarkable decrease in disability, pain interference, and depression symptoms at 6 weeks of follow-up. Besides, the cognitive function of patients with CLBP appears to have a promotion at 3 days of follow-up after multiple tDCS intervention (O’Connell et al., 2013). This delayed effect also appears in the treatment of depression using rTMS or electroconvulsive therapy. In addition to the delayed effect, the negative results were associated with the less rigid inclusion criteria because of the complexity and heterogeneity of CLBP (Luedtke et al., 2015).

In addition to tDCS as monotherapy, some studies also explored the combined effect of tDCS and other interventions in the treatment of CLBP (Luedtke et al., 2015; Hazime et al., 2017). An increased treatment effect in postural stability, balance, and pain was found by adding tDCS to postural training in patients with CLBP (Jafarzadeh et al., 2019). tDCS remarkably improved the therapeutic effect of group exercises on pain and psychological well-being (particularly depression) in patients with CLBP (Straudi et al., 2018). In addition, a single session of combined tDCS and peripheral electrical stimulation (PES) could significantly increase the pressure pain thresholds and pain-free range of lumbar flexion and decrease the two-point discrimination threshold in CLBP patients compared with PES alone, and the effect was maintained for at least 3 days (Schabrun et al., 2014). Recently, Fregni et al. (2021) proposed that anodal tDCS should be moderately recommended (level B) in reducing chronic pain, such as neuropathic pain, fibromyalgia pain, and migraine pain. But for CLBP, the analgesic effect of tDCS appears to be inadequate. Given the pain relief after a single session of tDCS and the additional effect of tDCS in combination with other therapies on CLBP, the analgesic effect of tDCS for CLBP cannot be entirely denied based on the limited studies (Schabrun et al., 2014; Straudi et al., 2018; Jiang et al., 2020).



Transcranial alternating current stimulation for chronic low back pain

Transcranial alternating current stimulation (tACS) can regulate neural oscillation by applying an alternating current with a sinusoidal pattern to the scalp (Woods et al., 2016). Although it shares basic electrode montage and low-intensity features with tDCS, the functional interpretations of the two electrodes are different (Elyamany et al., 2021). Anodal and cathodal tDCS provide positive and negative currents, respectively. One electrode is an anode, and the other one is a cathode during the half cycle of the tACS oscillation cycle, and this pattern is reversed during the other half of the cycle (Antal and Herrmann, 2016). The use of tACS has a strong theoretical foundation and context for the treatment of chronic pain (Tan et al., 2019; Zhou et al., 2019a). The neural oscillation signals in the alpha and gamma bands during the pre-stimuli period negatively regulate the perception of nociceptive stimuli (Tu et al., 2016). Previous studies suggested a remarkable reduction in the experimental pain induced by pressure pain stimulator in healthy subjects after tACS at alpha frequency (Arendsen et al., 2018). tACS regulates pain intensity by altering neural oscillations (especially in alpha and gamma neural oscillation signals) in patients with chronic pain (Helfrich et al., 2014; Vossen et al., 2015). Although it is appealing, the application of tACS seems to be rare in pain management. Only one study has explored the analgesic effect of tACS on CLBP. Ahn et al. (2019) recruited 20 patients with CLBP and performed a crossover RCT. They observed a substantial pain reduction after a single session of 10 Hz tACS stimulation over the F3 and F4 (10–20 international coordinate system) for 40 min. Moreover, tACS stimulation induced an increase in the intensity of the alpha oscillation signal in the somatosensory area, which was closely associated with pain relief in patients with CLBP (Ahn et al., 2019).




Mechanisms of non-invasive brain neuromodulation for chronic low back pain


Regulation of pain-related signal pathway

Patients with CLBP exhibit changes in brain networks, including pain modulation network, attention network, and default mode network (Kregel et al., 2015; Ng et al., 2018; Vlaeyen et al., 2018). There was a significant difference in functional connectivity in the periaqueductal gray–centered pain modulation network between the patients with CLBP and healthy controls (Yu et al., 2014). This was compatible with the impairments of the descending pain modulation reported in patients with CLBP (Hemington and Coulombe, 2015; Yu et al., 2020). These pieces of evidence indicated the dysfunction in the pain modulatory system in patients with CLBP. Many studies have shown that rTMS and tDCS can modulate neural activity in brain structures associated with pain processing.

HF-rTMS increases cortical excitability in the stimulation site, whereas LF-rTMS stimulation decreases cortical excitability. rTMS can produce a local effect by stimulating neurons directly below the coil and induce distant effects through structural white matter connectivity (Valero-Cabré et al., 2017). Many studies have shown that rTMS can regulate neural activity in certain cortical and subcortical areas (e.g., thalamic and various remote structures) to achieve analgesic effects. In particular, rTMS directly stimulates the thalamus through the corticothalamic projection system to inhibit the transmission of injury information through the spinal thalamic pathway (Bestmann et al., 2004). And the bilateral analgesic effects induced by unilateral rTMS stimulation may be due to the activation of certain structures (e.g., periaqueductal gray) involved in the descending inhibitory controls (Pagano et al., 2012; Moisset et al., 2015).

Cathodal tDCS decreases cortical excitability, whereas anodal tDCS increases cortical excitability; the net effect depends on variations in the overall network balance (Truong and Bikson, 2018). In addition to the modulation of the activity in the stimulated region, tDCS can induce changes in structural and functional connections in unstimulated brain regions (Cummiford et al., 2016; Lin et al., 2017). A single session of M1-anodal tDCS can activate the activity of the left medial prefrontal cortex, right caudate, and pontine nuclei and inhibit the activity of the left precentral gyrus (Meeker et al., 2019). Moreover, pain reduction was related to the decreased functional connectivities of the ventral lateral thalamus to the posterior insula, primary motor cortex, and primary somatosensory cortices (Cummiford et al., 2016). These studies indicated that rTMS and tDCS can induce pain relief by regulating the activity of the primary nociceptive processing and inhibitory regions of the brain (Figure 1).
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FIGURE 1
Neurophysiological mechanisms of NIBS. CLBP, chronic low back pain; LTD, long-term depression; LTP, long-term potentiation; NMDA receptor, N-methyl-D-aspartate receptor; GABA receptor, gamma-aminobutyric acid receptor; BDNF, brain-derived neurotrophic factor; IL, interleukin; TNF, tumor necrosis factor.




Synaptic plasticity

The subsequent effects of rTMS and tDCS beyond the stimulation period have been considered as the result of long-term synaptic plasticity (Hosomi et al., 2013; Agboada et al., 2020; Sudbrack-Oliveira et al., 2021). The mechanisms of synaptic plasticity are very complex, and many factors can induce long-term synaptic plasticity, especially the long-term potentiation (LTP) and long-term depression (LTD) phenomena (Connor and Wang, 2016). Similar to basic synaptic physiology, LTP enhances synaptic strength, whereas LTD results in the reduction of synaptic strength (Duffau, 2006). LTP is usually caused by high-frequency rTMS, whereas LTD is induced by low-frequency rTMS (Stanton and Sejnowski, 1989; Artola and Singer, 1993). rTMS and tDCS interact with a variety of neurotransmitters, such as the glutamatergic and GABAergic agents. N-methyl-D-aspartate (NMDA) receptor is among the major molecular channels controlling synaptic plasticity, and the after-effects of rTMS and tDCS are dependent on the NMDA receptor (Stagg and Nitsche, 2011; Muller et al., 2014). Furthermore, the analgesic effect of rTMS is attenuated by the use of glutamate antagonists (such as ketamine) prior to rTMS stimulation (Ciampi de Andrade et al., 2014). rTMS enhanced and reduced motor cortex excitability after using type A receptors for gamma-aminobutyric acid (GABA) receptor agonist and antagonist, respectively (Hsieh et al., 2012). The enhanced and prolonged effects of tDCS are also observed after the administration of GABA receptor agonist, lorazepam (Nitsche et al., 2004). rTMS/tDCS regulates NMDA expression and GABA release to induce LTP or LTD, leading to synaptic plasticity. In addition, brain-derived neurotrophic factor (BDNF) is believed to be an important driving force behind synaptic plasticity (Kowiański et al., 2018; Zhou et al., 2019b). Animal studies also showed that rTMS and tDCS could modulate BDNF expression to enhance synaptic plasticity (da Silva Moreira et al., 2016; Shang et al., 2016).



Neuroprotective effect

Glial activation is present in various chronic diseases, including CLBP (Grace, 2019; Albrecht et al., 2021). Loggia et al. (2015) found an increased level of glial cell activation marker (translocator protein) in the brains of patients with CLBP. Some studies confirmed that glial cell activation is the key factor in the development of chronic pain (Grace, 2019; Torrado-Carvajal et al., 2021). Activated glial cells (such as microglia and astrocytes) can produce various toxic substances, such as cytokines and nitric oxide, thereby aggravating apoptosis (Watkins et al., 2007). Suppression of microglia and astrocyte activation can reverse or reduce chronic pain (Raghavendra et al., 2003; Zheng et al., 2021). Some studies suggested that rTMS may reduce pain by inhibiting the activity and proliferation of microglia and astrocyte in the L4–L6 dorsal and ventral horns of the spinal cord (Kim et al., 2013; Yang et al., 2018). Besides, the activation level of astrocytes in the cerebrospinal fluid was significantly decreased after a single session of tDCS stimulation (Callai et al., 2022). In addition, tDCS and rTMS improved the B-cell lymphoma-2/Bcl2-associated X ratio and decreased apoptosis (Yoon et al., 2011; Zhang et al., 2020). The above studies suggested that rTMS and tDCS may induce a neuroprotective effect.



Modulation of neuroinflammation

Mounting evidence suggests that neuroinflammation is associated with CLBP (Torrado-Carvajal et al., 2021; Alshelh et al., 2022). Variations in neuroinflammation level were found in tDCS studies (Cioato et al., 2016; Zhang et al., 2020; Callai et al., 2022). Zhang et al. (2020) found a remarkable reduction in the levels of pro-inflammatory cytokines, such as IL-1β, IL-6, and TNF-α, and a substantial increase in the level of anti-inflammatory cytokines, such as IL-10, after tDCS stimulation. Animal studies also revealed an increase in IL-10 in the prefrontal cortex after rTMS stimulation. This variation in neuroinflammation level may be related to the partial reversal of mechanical ectopic pain and hyperalgesia by rTMS (Toledo et al., 2021). These pieces of evidence may be suggested that NIBS can modulate neuroinflammation.



Variations in cerebral blood flow and metabolism

Some studies reported that the analgesic effects of rTMS and tDCS may be correlated to variations in regional cerebral blood flow and metabolism. After M1-rTMS stimulation, cerebral blood flow was remarkably increased in the right anterior cingulate cortex and contralateral premotor area but substantially decreased in the right medial prefrontal cortex. Pain reduction was considerably associated with variations in the cerebral blood flow in the anterior cingulate cortex (Tamura et al., 2004). Similarly, the tDCS also induced changes in regional cerebral blood flow (Zheng et al., 2011). Additionally, compared with sham stimulation, active tDCS caused an increase in metabolism in the subgenual anterior cingulate cortex, insula, and medulla and a reduction in metabolism in the left dorsolateral prefrontal cortex in patients with chronic pain (Yoon et al., 2014).




Conclusion and future directions

This review described the effect of NIBS in patients with CLBP and discussed its possible mechanism of action. Overall, NIBS may be effective for CLBP management, and further studies on the effect of NIBS are needed, particularly RCTs with high quality and large sample size. Relatively few studies have examined the analgesic effect of rTMS on patients with CLBP and found promising results. The analgesic effect of tDCS appears to be suboptimal, but the effect of tDCS on CLBP cannot be entirely denied based on the limited studies. No study has compared the efficacy of different NIBS techniques in patients with CLBP. Further studies are warranted to fill this gap, and more different stimulus paradigms are needed to explore the optimal parameters of tDCS and rTMS. In addition, although the analgesic mechanism of NIBS is not understood, the mechanism of NIBS may involve the regulation of pain signal pathway, synaptic plasticity, neuroprotective effect, neuroinflammation modulation, and variations in cerebral blood flow and metabolism. The mechanisms of NIBS for CLBP can be investigated in the future by combining NIBS with imaging or electrophysiology.
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Chronic pain (CP) is an unpleasant sensory and emotional experience associated with, or resembling that associated with, actual or potential tissue damage lasting longer than 3 months. CP is the main reason why people seek medical care and exerts an enormous economic burden. Genome-wide expression analysis has revealed that diverse essential genetic elements are altered in CP patients. Although many possible mechanisms of CP have been revealed, we are still unable to meet all the analgesic needs of patients. In recent years, non-coding RNAs (ncRNAs) have been shown to play essential roles in peripheral neuropathy and axon regeneration, which is associated with CP occurrence and development. Multiple key ncRNAs have been identified in animal models of CP, such as microRNA-30c-5p, ciRS-7, and lncRNA MRAK009713. This review highlights different kinds of ncRNAs in the regulation of CP, which provides a more comprehensive understanding of the pathogenesis of the disease. It mainly focuses on the contributions of miRNAs, circRNAs, and lncRNAs to CP, specifically peripheral neuropathic pain (NP), diabetic NP, central NP associated with spinal cord injury, complex regional pain syndrome, inflammatory pain, and cancer-induced pain. In addition, we summarize some potential ncRNAs as novel biomarkers for CP and its complications. With an in-depth understanding of the mechanism of CP, ncRNAs may provide novel insight into CP and could become new therapeutic targets in the future.

KEYWORDS
non-coding RNA, microRNA, long non-coding RNA, circular RNA, chronic pain, biomarker


Introduction and chronic pain overview

Chronic pain (CP) is an unpleasant sensory and emotional experience associated with, or resembling that associated with, actual or potential tissue damage lasting longer than 3 months (Treede et al., 2015; Raja et al., 2020). Approximately 20% adults suffer pain and another 10% adults are diagnosed with CP worldwide each year (Goldberg and McGee, 2011). Patients with CP are often characterized as having allodynia (innocuous stimulus causing pain), hyperalgesia (noxious stimulus triggering an amplified response), and spontaneous pain (Woolf and Salter, 2000). Several factors are associated with the severity of CP, mainly including age, gender, genetics, ethnicity, cultural background, smoking, alcohol, physical activity, mental health, surgical and medical interventions, and even other attitudes and beliefs about pain, etc. (Mills et al., 2019). Moreover, comorbidities and complications are two difficult problems of CP. Patients with CP often have an increased co-occurrence of depression, cardiovascular disease, clinical insomnia, etc. (Jank et al., 2017; Macfarlane et al., 2017; van Hecke et al., 2017). Several common types of CP are summarized in this review, such as neuropathic pain (NP), complex regional pain syndrome (CRPS), inflammatory pain (IP), and cancer-induced pain (CIP) (Treede et al., 2019). Thereinto, the etiology of chronic NP can be divided into peripheral nerve lesions [such as peripheral nerve injury (PNI)-induced NP, diabetic NP (DNP), etc.] and central nerve lesions [such as spinal cord injury (SCI)] (Treede et al., 2019).

The mechanisms underlying CP have been explored for several decades, mainly including central sensitization, neuroinflammation, oxidative stress, etc. (Ji et al., 2018; Kaushik et al., 2020). However, the pathogenesis of CP has not been completely elucidated. Although several analgesic treatments are available, they are often hampered by side effects or limited efficacy (Sisignano et al., 2019). Elucidating the pathogenic mechanisms of CP may help seek novel specific biomarkers and efficient therapies for controlling the symptoms of CP. Notably, non-coding RNAs (ncRNAs) are altered greatly in both clinical research and pre-clinical models of CP and constitute a regulatory transcriptome network in the pathogenesis of CP (Ciszek et al., 2015; Peng et al., 2017; Du et al., 2022). Multiple ncRNAs are differentially expressed in the animal models of CP (Li et al., 2021b) and are strongly related to various mechanisms, such as pain-related signaling pathways, receptors, cytokines, cell processes, ion channels, and exosomes in cell-to-cell communications (Wang Z. et al., 2018; Xiang et al., 2019; Ma et al., 2021; Felix et al., 2022; Liu et al., 2022; Figure 1).
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FIGURE 1
Non-coding RNAs (ncRNAs) and their regulatory mechanism in chronic pain: ncRNAs can participate in pain regulation through various mechanisms. Some common and key mechanisms mainly include pain-related signaling pathways; pain-related receptors and targets; regulation of cytokines release; some cell processes (cell migration, autophagy and apoptosis etc.); exosomal ncRNAs crosstalk between cells and ncRNAs targeting ion channels related to chronic pain. Akt, V-akt murine thymoma viral oncogene homolog; Cav, voltage-gated calcium; IL, interleukin; MAPK, mitogen-activated protein kinases; Kv, voltage-gated potassium channel; Nav, voltage-dependent sodium; ncRNAs, Non-coding RNAs; PI3K, phosphatidylinositol-3-kinase; TLRs, toll-like receptors; TNF, tumor necrosis factor; TRPV1, transient receptor potential vanilloid 1.


This review aims to summarize the recent evidence about the potential role of ncRNAs in CP. Understanding their functions may help to reveal the complex pathogenic mechanisms in CP and identify new potential diagnostic biomarkers and therapeutic targets.


General aspects of non-coding RNAs

Non-coding RNAs are defined as RNAs that are unable to translate into proteins (Beermann et al., 2016). Generally, ncRNAs are divided into two categories according to their sequence length: (I) small ncRNAs (few to 200 nt), including microRNA (miRNA), ribosomal, small nuclear, piwi-interacting, and small interfering RNA; and (II) long ncRNA (lncRNA) (longer than 200 nt) (Beermann et al., 2016; Hombach and Kretz, 2016). We mainly introduce some general aspects of the three common types of ncRNAs: miRNA, circular RNA (circRNA), and lncRNA as follows (Esteller, 2011; Westholm and Lai, 2011; Kristensen et al., 2019; Figure 2).
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FIGURE 2
Main functions of three types of non-coding RNAs. (A) General functions of microRNA (miRNA). Unwinding of the miRNA via Argonaute, and transactivation response RNA-binding protein (TRBP)-dependent loading into the RNA-induced silencing complex (RISC). Binding of target mRNAs to miRNAs in RISC can result in translation repression or degradation of the mRNA. MiRNA and RISC can translocate to other cells. The RISC contains RNA-binding proteins including protein kinase RNA activator, TRBP and Dicer. (B) General functions of circular RNA (circRNA). CircRNA can act as miRNA sponge and protein complex stabilization. CircRNAs have other functions (including promoting cell proliferation etc.). (C) General functions of Long non-coding RNA (lncRNA). LncRNA can inhibit miRNA and act as transcriptional regulator. LncRNA participates in scaffolding complexes. The lncRNA possesses different domains that bind distinct effector molecules. The lncRNA can bind its multiple effector partners at the same time, which may have transcriptional activating or repressive activities, together in both time and space. Ago, Argonaute; circRNAs, circular RNAs; lncRNAs, long non-coding RNAs; miRNAs, microRNAs; RISC, RNA-induced silencing complex; TRBP, transactivation response RNA-binding protein.


MicroRNAs, endogenous and single-stranded RNAs ranging between 21 and 25 nucleotides in length, widely regulate gene expression, and more than 60% of genes are targets of miRNAs (Friedman et al., 2009). MiRNA has uridine at its 5′-end and is partially complementary to the 3′-end untranslated regions of the messenger RNA (mRNA). MiRNAs are produced by two RNase III proteins, Drosha and Dicer (Vishnoi and Rani, 2017). Pre-miRNAs are cleaved and processed by Drosha in the nucleus and guided to the cytoplasm (Ma et al., 2008; Westholm and Lai, 2011). Then, the pre-miRNA unwinds and one strand is incorporated into the RNA-induced silencing complex which is composed of Dicer, the double-stranded RNA-binding protein TRBP, and Argonaute2 proteins, ultimately resulting in translation repression or degradation of the mRNA (Gregory et al., 2005; Wu et al., 2006). The critical roles of miRNAs in animal models of CP, such as the severe dysregulation of miRNAs in the dorsal root ganglion (DRG) and the spinal cord regions, have been reported in many studies (Bali et al., 2013; Peng et al., 2017; Sakai et al., 2017).

Circular RNAs are generally produced through back-splicing or exon skipping of pre-mRNAs, while a single genomic location can generate multiple types of circRNAs. CircRNAs are notable for their continuous closed-loop structure, named a “back-splicing” structure, which is primarily formed through the junction of a downstream 3′ splice site with an upstream 5′ splice site (Zhang et al., 2016). Due to these structures, circRNAs are abnormally stable for exonucleases and are widely involved in various life processes such as cell proliferation, differentiation, and apoptosis (Haque and Harries, 2017). CircRNAs play key roles in mRNA stability and function through their activities as miRNA sponges, translation modulators, protein complex stabilization, and biomarkers (Hansen et al., 2013). CircRNAs are stable in the human bloodstream under physiological or pathological conditions and may be a potential biomarker easily obtained for clinical CP patients in the future (Vea et al., 2018).

Long non-coding RNAs have more than 200 nucleotides and can interact with proteins, DNAs, and multiple RNAs (Ulitsky and Bartel, 2013). LncRNAs lack protein-coding potential and often harbor a poly-A tail and can be spliced, which has been shown to play vital roles in a variety of biological processes such as translational inhibition, transcriptional silencing, promoter-specific gene regulation, X-chromosome inactivation, imprinting, maintenance of nuclear architecture and modulation of multiprotein complexes (Lee, 2009; Ponting et al., 2009; Statello et al., 2021). An estimated abundance of 5,400 to more than 10,000 lncRNA transcripts has been reported in humans (Jia et al., 2010; Djebali et al., 2012; Lorenzi et al., 2021) and several studies have shown that lncRNAs contribute to the occurrence of CP in some pre-clinical models by targeting pain-associated genes or other downstream molecules and increasing neuronal excitability in DRG primary sensory neurons (Zhao et al., 2013; Du et al., 2022).

Several factors are associated with expression of ncRNA. Current evidence has demonstrated that common traits, including age, sex, smoking, body mass, and physical activity, can influence circulating small ncRNA expression levels (Rounge et al., 2018), among which aging is a strong factor. For example, a previous study has analyzed miRNAs from the whole blood of 5,221 individuals and found that 127 of 150 miRNAs are affected by age (Huan et al., 2018). In addition, different exercise training programs greatly alter ncRNAs. Researchers have identified 204 differentially expressed lncRNAs (DELs) from untrained young individuals after 12 weeks of high-intensity interval training, whereas 43 DELs are identified after resistance training (Bonilauri and Dallagiovanna, 2020).

In this review, we provide an overview of the recent research progress and specific roles of ncRNAs in CP and focus on the alterations of ncRNAs reported mainly in the blood samples, DRG, spinal cord dorsal horn (SDH), and injured peripheral nerves of animal models and patients suffering CP.



Non-coding RNAs: Insights into the molecular mechanism of chronic pain


Peripheral neuropathic pain-associated with peripheral nerve injury

Neuropathic pain affects 8% of adults worldwide and is commonly caused by somatosensory system lesions or diseases, such as PNI (Colloca et al., 2017; Finnerup et al., 2021). PNI is a major onset cause of NP in adults, characterized by allodynia and pain hypersensitivity, and accompanied by ncRNAs alterations in the DRG or peripheral blood in patients (Arthur-Farraj et al., 2017; Hu et al., 2021). An increasing number of researchers have focused on the potential of ncRNAs as biomarkers in PNI-induced NP (Table 1).


TABLE 1    Non-coding RNAs in periphery neuropathic pain (including PNI and DNP).
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MicroRNAs

Peripheral nerve injury leading to NP is usually accompanied by miRNA alterations in DRG or other tissues, which has been proven to be associated with the severity of pain hypersensitivity (Adilakshmi et al., 2012; Chang et al., 2017; Wang Y. et al., 2021). MiRNAs bind to the 3′-untranslated region of target mRNAs, causing mRNA splicing and destabilization (Bartel, 2009). This is a crucial mechanism by which miRNAs are involved in NP. MiR-124-3p is downregulated in the DRG and SDH in a spared sciatic nerve injury (SNI)-induced NP rat model, leading to upregulation of Egr1 (Jiang et al., 2021). Analogously, miR-206-3p is decreased in the DRG of chronic constriction injury (CCI) rats and histone deacetylase 4 (HDAC4) is identified as a potential target of miR-206-3p. Intrathecal injection a lentivirus encoding miR-206-3p (LV-miR-206-3p mimic) upregulates the level of miR-206-3p in DRG of rat and alleviates NP induced by PNI (Wen et al., 2019). In addition, accumulative studies have shown that miR-223, miR-144, miR-140-3p, miR-122-5p, miR-30b-5p, and miR-340-5p, are highly decreased in the CCI model and verify their roles in the development of NP (Gao et al., 2019; Zhang X. et al., 2020; Cheng et al., 2021; Wan et al., 2021; Zhu et al., 2021; Liao et al., 2022). However, some miRNAs contributed to NP are contrary to the conventional trend. Upregulation of miR-30c-5p is observed in the DRG, spinal cord, plasma, and cerebrospinal fluid (CSF) of SNI rats, and is robustly consistent with the severity of allodynia (Tramullas et al., 2018).

Furthermore, the regulation of voltage-gated channels in DRGs by miRNAs has been considered another critical mechanism in CP in recent years. Following PNI-induced NP in rats, for instance, voltage-dependent sodium (Nav) 1.7 encoded by the SCN9A gene in the afferent fiber is proven to be involved in the development of NP (Xue et al., 2021). Interestingly, intrathecal administration of miR-30b agomir, chemically modified double-strand miR-30b mimic, shows an obvious decrease in Nav1.7 in DRG neurons and alleviates pain behaviors remarkably (Shao et al., 2016). The above evidence has indicated the regulatory effect of miRNAs on voltage-gated sodium channels in DRGs. In addition to miR-30b, upregulation of miR-137 suppresses the expression of voltage-gated potassium channel (Kv) Kv1.2 and increases mechanical allodynia and thermal hyperalgesia in CCI rats (Zhang J. et al., 2021). Downregulation of miR-137 restores the abnormal Kv currents and excitability in DRG neurons and thus attenuating NP. Moreover, voltage-gated calcium channels related to CP are also regulated by miRNA. MiR-34c-5p could bidirectionally regulate voltage-gated calcium (Cav) 1.2 channels, which proves that they can interact with each other to regulate hyperalgesia (Favereaux et al., 2011).

In addition to acting on voltage-gated channels, miRNAs also interact with numerous receptors in PNI-induced NP. Taking toll-like receptors (TLRs) as a common example, the expression of TLR8 is highly increased in IB4+ DRG neurons in a spinal nerve ligation (SNL) model, and inhibition of TLR8 alleviates SNL-induced pain (Zhang et al., 2018). Moreover, miRNAs interact with TLR8 highly associated with NP. Mechanistically, the miR-21-TLR8 signaling axis is identified as an important target in the SNL model (Zhang et al., 2018). TLR5 is also observed to be upregulated in bilateral CCI rats regulated by miR-217 (Jiang et al., 2019). Downregulation of the level of miR-217 exerts an inhibition effect of TLR5 through suppressing neuroinflammation and alleviates NP in vivo ultimately. Additionally, the C-X-C motif chemokine receptor (CXCR) is reported to be involved in the regulation of NP. Dong et al. (2021) have proved that the C-X-C motif chemokine ligand-12 (CXCL12)-CXCR4 pathway is regulated by miR-130a-5p in the development of NP. MiR-130a-5p mimics can attenuate CCI-induced NP in vivo by inhibiting the activation and inflammatory response of astrocytes, as well as inactivating CXCR4 and its downstream targets, such as Rac1 and nuclear factor-κB (NF-κB), etc. (Dong et al., 2021). Further study might be performed to explore more novel receptors contributing to the pathogenesis of PNI related to NP, providing for more strategies to treat NP.

The crosstalk between immune system and nervous system may be a novel pathogenic mechanism (Pinho-Ribeiro et al., 2017). It has been reported that exosomes and its cargos, including miRNAs, mediate the crucial crosstalk between different cells, organs, or systems, and are involved in the regulation of NP (Simeoli et al., 2017; D’Agnelli et al., 2020). Simeoli et al. (2017) have verified that exosomal miR-21-5p, as one of the cargos of sensory neuron-derived exosomes, is released after capsaicin activation of transient receptor potential vanilloid 1 (TRPV1) receptor in cultured DRG. In vivo, intrathecal injection of miR-21-5p antagomir, the inhibitor of miR-21-5p, attenuates neuropathic hypersensitivity and reduces the extent of inflammatory macrophage recruitment in the DRG. In brief, exosomal cargos play critical roles in sensory neuron–macrophage communication after damage to the peripheral nerve, and similar remote communication in the NP deserves further investigation.



Circular RNAs

Accumulative studies have also shown that circRNAs are significantly altered in the SDH in rats with NP. Bioinformatics analysis has shown that the expression levels of three circRNAs, circRNA_013779, circRNA_008008, and circRNA_003724, are increased more than 10 fold in the SDH of the CCI model compared with the control group (Cao et al., 2017), indicating that these three circRNAs are involved in the pathogenesis of NP. In addition, circRNA_008008 and circRNA_013779, as the two largest nodes in the circRNA-miRNA interaction network, can interact with eight miRNAs (Cao et al., 2017).

Mechanistically, current studies have found that circRNAs regulate pain by acting as miRNA sponges and through the circRNA-miRNA-downstream molecular axis. CIRCZNF609 acts as miRNA sponge to inhibit the expression of miR-22-3p, which alleviates mechanical allodynia and thermal hyperalgesia levels through regulation of the expression of Tumor Necrosis Factor-alpha (TNF-α), interleukin-1 (IL-1), and IL-6 in L4-L6 spinal cord tissue of CCI rats (Li et al., 2020). CircRNA.2837 attenuates nerve damage by regulating autophagy by targeting the miR-34 family (including miR-34a, miR-34b, and miR-34c) (Zhou et al., 2018). Besides, some other circRNAs are also involved in PNI through a similar mechanism, such as circ_0005075 as miR-151a-3p sponge in CCI rats (Zhang J. Y. et al., 2021), circ-Ankib1 as miR-423-5p, miR-485-5p, and miR-666-3p sponges in PNI (Mao et al., 2019) and ciRS-7 as the miR-135a-5p sponge in CCI rats (Cai et al., 2020).

In addition, circRNAs play roles in regulation of various pain-related signaling pathways. Several studies have performed Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis, showing that the Hippo signaling pathway, MAPK signaling pathway, and endocytosis are the most key pathways related to NP (Li N. et al., 2013; Chen and Lu, 2017; Huang et al., 2017). CircRNAs alleviate or aggravate pain by controlling signaling pathways, ultimately affecting the associated inflammatory levels. For example, circ_0005075 affects the expression level of Notch2 by inhibiting the level of miR-151a-3p, eventually leading to changes in cyclooxygenase-2 (COX-2), IL-6, TNF-α, and other cytokines in the CCI model (Zhang J. Y. et al., 2021). Previous studies have demonstrated that Notch signaling is activated, mediating mechanical hyperalgesia induction and maintenance in a rat model of NP (Xie et al., 2015). Additionally, circRNA ZRANB1 mediates the Wnt5a/β-catenin signaling pathway to aggravate NP by acting on the miR-24-3p/LPAR3 axis (Wei et al., 2020). However, regulation of circRNAs in the complex signaling pathway network of NP is still very limited, and further studies are needed to elucidate the downstream pathways participating in the regulation of pain.



Long non-coding RNAs

Similar to miRNAs and circRNAs, lncRNAs also play roles in regulating the process of PNI. Since there is abundant evidence that includes lncRNAs in PNI, we mainly focus on the common downstream targets related to PNI regulated by lncRNAs in the latest findings. However, current research on lncRNA with its targets related to NP is not in-depth. Most current research mainly focuses on the mechanism of the lncRNA/miRNA/target axis. LncRNAs can directly bind to several targets, such as many receptors, ligands or enzyme, and participate in the pathogenesis of PNI-induced NP. Although receptors are of various types, they can be roughly divided into ion channel receptors and non-ion channel receptors. The typical ionic receptors are the P2X receptor and EPHB1-NMDA. The other targets mainly include CXCL, Janus kinase (JAK), brain-derived neurotrophic factor (BDNF), high mobility group box-1 (HMGB1), cyclin-dependent kinases (CDKs) and programmed cell death factor-4 (PDCD4), etc.

P2X receptors, members of an ATP-gated ion channels family, are widely involved in CP regulated by ncRNAs (Xiong et al., 2019). LncRNA MRAK009713 is markedly increased and interacts with P2X3 to enhance mechanical and thermal hyperalgesia in CCI rats (Li et al., 2017). LncRNA LOC100911498 plays a key role in the pathophysiological process of NP and LOC100911498 siRNA can block P2X4Rs-mediated p38MAPK activation and BDNF release, attenuating NP in rats (Tang et al., 2021). Additional evidence of ion channel receptors involved in PNI is that overexpression of lncRNA uc.153 in SC increases NP by targeting miR-182-5p and subsequent modulation of EphB1-NMDA receptors (Zhang C. et al., 2020).

On the other hand, some targets related to inflammation and the cell cycle are identified to be related to PNI-induced NP regulated by various lncRNAs. HMGB1, as a critical target in NP, is expressed in multiple cells (Andersson et al., 2002), and can promote neuroinflammation and NP in animal models (Wen et al., 2021). Diverse lncRNAs, such as lncRNA FIRRE, lncRNA NEAT1, and lncRNA MALAT1, can regulate HMGB1 and are involved in PNI-induced NP (Xia et al., 2018; Ma et al., 2020; Wen et al., 2021). Inhibition of lncRNA MALAT1 reverses the abnormal increasing expression level of HMGB1 caused by CCI surgery in rats, which attenuates the development of NP and neuroinflammation (Ma et al., 2020). The LncRNA MALAT1/miR-129-5p/HMGB1 axis is confirmed to play a critical role. Another study has reported that downregulation of lncRNA FIRRE suppresses the secretion of microglial cell-derived proinflammatory cytokines and reduces NP by also suppressing HMGB1 expression (Wen et al., 2021). Additionally, the lncRNA NEAT1/miR-381/HMGB1 axis highly contributes to PNI-induced NP (Xia et al., 2018).

Cyclin-dependent kinases, cell cycle-related proteins, have also been shown to be engaged in pain-related behavior (Yokoyama et al., 2020). The lncRNA PKIA-AS1 directly regulates the expression and function of CDK6 in SNL-induced NP, exerting an effect on maintaining neuroinflammation and NP (Hu et al., 2019). Inhibition of lncRNA PKIA-AS1 decreases the expression of CDK6 and alleviates SNL-induced NP (Hu et al., 2019). The lncRNA SNHG1 induces NP by directly regulating CDK4 levels (Zhang J. Y. et al., 2020). WNT5A, a member of the WNT family, is reported to be related to pain behaviors, and inflammatory responses and could sensibilize spinal nerves in rat models of NP (Simonetti and Kuner, 2020). The lncRNA CRNDE/miR-146a-5p/WNT5A axis plays a central role in rats with CCI-induced NP (Zhang Q. et al., 2021). CXCL has the normal physiological function of inducing directed chemotaxis of nearby reactive cells and is also believed to play a role in peripheral NP (Braga et al., 2020). Knockdown of LncRNA SNHG5 in the DRG of SNL mice alleviates NP and inhibits the activation of astrocytes and microglia by targeting the miR-154-5p/CXCL13 axis (Chen et al., 2020). The JAK-STAT pathway is an original signal transduction pathway shared by multiple cytokines (Dominguez et al., 2008; Wang et al., 2016a) and has been reported to be regulated by lncRNAs in PNI-induced NP. Downregulation of lncRNA DILC in the spinal cord attenuates NP through SOCS3-induced suppression of the JAK2/STAT3 pathway while increasing the viability of primary microglia, suppressing apoptosis and inhibiting the production of interleukin (IL)-6 and IL-1β in microglia (Liu Y. et al., 2020). STAT3 is also regulated by lncRNA XIST. Increasing the lncRNA XIST in the spinal cord can contribute to CCI-induced NP in rats by downregulating miR-544 and upregulating STAT3 (Jin et al., 2018). The lncRNA Linc00052/miR-448/JAK1 axis also plays a key role in SNL-induced NP (Wang L. et al., 2020). PDCD4, a translation factor that binds to eIF4A, is regulated by various lncRNAs under different pathological conditions. For instance, miR-155 regulate the inflammatory response through SOCS1–STAT3–PDCD4 in atherogenesis (Ye et al., 2016) and is recently found its concrete role in NP. Overexpression of lncRNA DGCR5 in the spinal cord attenuates NP by sponging miR-330-3p and targeting PDCD4 in CCI rats (Peng et al., 2019). Zeste homolog 2 (EZH2), a contributor to microglial activation and NP, can bind to lncRNAs. The LncRNA Lncenc1 contribute to NP by targeting EZH2 and downregulating the brain angiogenesis inhibitor 1 (BAI1) gene in mouse microglia (Zhang Z. et al., 2021). Furthermore, upregulation of lncRNA GAS5 in the spinal cord decreases pain behaviors by targeting miR-452-5p/CELF2 (Tian et al., 2020).

In addition to the receptors above, amniotic aquaporins (AQP), special channel proteins with roles in PNI-induced NP, has been reported recently. Knockdown of AQP9 promotes the development of NP, and further investigation have revealed that the lncRNA MALA T1/miR-154-5p/AQP9 axis acts as a novel target for NP (Wu J. et al., 2020). In summary, multiple lncRNAs can bind to the same receptor, while a single lncRNA can target numerous receptors in the development of PNI-induced NP. More research is needed to elucidate the huge network between lncRNAs and their receptors.




Peripheral neuropathic pain-associated with diabetic neuropathic pain

Diabetic neuropathic pain is a general complication of diabetes mellitus (DM), and patients with DNP suffer various degrees of pain (Feldman et al., 2017). Oral treatment is the most frequent topical treatment for DNP, but its use is often limited by systemic side effects (Yang et al., 2019). Since a large population suffers from DM worldwide with a high risk of DNP (Sloan et al., 2018), we must seek better treatment to alleviate DNP. Much evidence has shown that ncRNAs are dysregulated in DNP (Table 1) and have the potential to be a novel strategy (Figure 3).
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FIGURE 3
Distribution of dysregulated non-coding RNAs (ncRNAs) with the respective associated targets in diabetic neuropathic pain (DNP): ncRNAs (including microRNA, circular RNA, and long non-coding RNA) can participate in the development of DNP through various targets and mechanisms. NcRNAs displays different expressions in DRG, spinal cord and sciatic nerve of DNP models in DNP. DRG, dorsal root ganglion; HMGB1, high mobility group box-1; IL, interleukin; MAPK, mitogen-activated protein kinases; Nrf2, nuclear factor erythroid 2-related factor 2; RAP1A, Ras-associated protein-1 A; TNF, tumor necrosis factor; TRPV1, transient receptor potential vanilloid 1.



MicroRNAs

A recent sequencing analysis has found that miRNAs are altered greatly in the spinal cord of a mouse model with streptozotocin (STZ)-induced DNP, while a total of 791 miRNAs are detected (He et al., 2021). Therein, 148 miRNAs, including 68 upregulated and 80 downregulated miRNAs, exhibit remarkably dysregulated expression 42 days after STZ injection in mice compared with those in the control group (He et al., 2021). KEGG signaling pathway analysis indicates that the “Rap1 signaling pathway,” “human T-lymphotropic virus-I infection,” and the “MAPK signaling pathway” are the top three pathways related to the differentially expressed miRNAs. Meanwhile, GO analysis in the category of the biological process shows that “multicellular organism development,” “developmental process,” and “regulation of cellular metabolic process” are the top three enriched processes among the differentially expressed miRNA target genes. Based on the research above, miRNAs exert potential functions in the development of DNP.

MicroRNAs affect diverse progress related to DNP, including inflammation-related cytokines, signaling pathways and interaction with various cells. For example, Yang et al. (2017) have revealed that the expression of miR-190a-5p is decreased and SLC17A6 is increased in the spinal tissue of the DNP model. In addition, reversing the expression of miR-190a-5p and SLC17A6 alleviates the nociceptive response and decreases IL-1β and IL-6 levels in DNP (Yang et al., 2017). Another study has demonstrated that miR-155 suppresses Nrf2 expression level (Chen et al., 2019). Silencing miR-155 alleviates SNI by promoting cell proliferation, inhibiting apoptosis, and decreasing inflammation in DNP (Chen et al., 2019). Also, miR-193a is decreased in the lumbar SDH of STZ-induced diabetic mice (Wu et al., 2019). Overexpression of miR-193a inhibits HMGB1 expression in the lumbar SDH accompanied by suppressing peripheral neuroinflammation to alleviate DNP (Wu et al., 2019).

In addition, miRNAs inhibiting or interfering with cell processes, such as migration, apoptosis, and infiltration may become one of the pathogenic mechanisms of DNP (Gumy et al., 2008; Wang et al., 2014; Feng et al., 2018). Regulation of these miRNAs to improve cell state will be a prospective idea in the treatments of DNP. T cells can migrate into the spinal cord in several pain models, exerting a pro-inflammatory effect, and immune cell infiltration is involved in DNP (Wu Y. et al., 2020). MiR-590-3p inhibit T cell infiltration to alleviate DNP (Wu Y. et al., 2020). Chang et al. (2020) have found that miR-133a-3p is upregulated in the sciatic nerves of DM rats. MiR-133a-3p mimics are transfected into RSC96 Schwann cells, increasing p-p38 MAPK levels in the sciatic nerve and contributing to the development of NP (Chang et al., 2020). In summary, miRNAs could be a new direction for the treatment and diagnosis of DNP and further explorations will be needed to reveal their application and extra functions in DNP.



Circular RNAs

He et al. (2021) have identified 2,118 distinct circRNAs in the spinal cord of STZ-induced DNP mice. Among them, 1,552 circRNAs are <1,000 nt, and the median length is 620 nt. Further analysis has indicated that the majority of circRNAs are derived from exons. Thereinto, mmu_circ_0010794, mmu_circ_0006623, and mmu_circ_0006175 are more significantly upregulated circRNAs, while mmu_circ_0016083 and mmu_circ_0006471 show the opposite trends (He et al., 2021). Specifically, Wang Z. et al. (2018) have explored the role of circHIPK3 in DNP. CircHIPK3 is abundant in serum of diabetes patients who suffer DNP and in DRG from STZ-induced DNP rats (Wang L. et al., 2018). Knockdown of circHIPK3 alleviates DNP by inhibiting IL-1b, IL-6, IL-12, and TNF-α protein expression in the DRG of diabetic rats. Furthermore, they have verified that circHIPK3 interacts with miR-124, decreasing its expression and that overexpression of miR-124 greatly decreases mechanical allodynia and thermal hyperalgesia in vivo. This research provides us with a novel pathway to treat DNP by interfering with the circHIPK3/miR-124 axis. Evidence above shows a strong connection between circRNAs and DNP. However, research on circRNAs and DNP is very limited, and further research is urgently needed.



Long non-coding RNAs

Long non-coding RNAs are involved in the processes of DNP. Clinical evidence that have enrolled 154 patients with DM type 2 reveals an upregulation of lncRNA NONRATT021972 associated with NP scores of DM type 2 (Yu et al., 2017). Animal experiments have demonstrated that lncRNA NONRATT021972 siRNA decreases inflammation by inhibiting TNF-α and attenuates NP in rats of STZ-induced DNP (Liu et al., 2016). Indeed, the expression of lncRNA NONRATT021972 is significantly higher in the DRG of the DM group than in the control group. Wang et al. (2016b) have found that lncRNA uc.48+ is downregulated in DM and further explored their roles in DNP. Upregulation of lncRNA uc.48+ can attenuate DNP by inhibiting the phosphorylation and activation of ERK1/2 and targeting the P2X3 receptor in DRG. In addition to the P2X3 receptor, P2X receptors have been widely identified in DNP (Wang et al., 2016b). P2X7 receptors, as ligand-gated ion channels, are verified in occurrence of CP in both pre-clinical and clinical research (Sorge et al., 2012; Hu et al., 2020) and recently find its role in regulation of DNP hypersensitivity (Liu et al., 2016; Wang A. et al., 2021). Knock-out of the P2X7 receptor decreases mechanical and thermal hypersensitivities in mice and activation of the P2X7 receptor shows an adverse effect (Zhao et al., 2016). Interestingly, both lncRNA BC168687 siRNA and lncRNA NONRATT021972 siRNA are identified to regulate DNP by targeting the P2X7 receptor in DRG (Liu et al., 2016, 2017). LncRNA BC168687 siRNA is also involved in TRPV1-mediated DNP in rats (Liu et al., 2018).

Genome-wide expression patterns of lncRNAs in the SDH of mice with DNP have shown that 1,481 lncRNAs are differentially expressed and 289 neighboring and 57 overlapping lncRNA-mRNA 15 pairs are identified (Du et al., 2019). Researchers have verified that lncRNA-mRNA, such as ENSMUST00000150952-Mbp and AK081017-Usp15, may play a critical role in DNP pathogenesis (Du et al., 2019). In summary, lncRNAs are widely altered in the occurrence of DNP, and more lncRNAs need to be elucidated as potential treatment targets for DNP patients in the future.




Central neuropathic pain associated with spinal cord injury

Spinal cord injury is a kind of general central nervous system trauma accompanied by a common complication: CNP as well as an abnormality of autonomic function (Eldahan and Rabchevsky, 2018; Viswanath et al., 2020). SCI patients with NP find it to be unbearable, and the long-term pain affects their sleep, work, and life (Siddall and Middleton, 2015). NcRNAs are involved in the development of CNP after SCI.


MicroRNAs

Multiple studies have focused on miRNA microarrays or genome-wide miRNA expression profiling screens to confirm their alterations after SCI-induced NP in clinical patients (Zhao et al., 2021), trying to find a new mechanism for this type of pain. A total of 2,367 distinct miRNAs in adults with pain after SCI are identified, and 71 miRNAs are differentially expressed in chronic NP (Ye et al., 2021). Among these, hsa-miR-19a-3p and hsa-miR-19b-3p are remarkably higher in chronic SCI with NP, and their potential clinical value for discriminating between patients with and without pain is verified (Ye et al., 2021). Moreover, miRNA-targeted therapy and its roles in SCI-induced CNP are increasingly studied. Yao et al. (2021) have elucidated that miR-130a-3p is upregulated in the spinal cord lesions of SCI rats. The inhibition of miR-130a-3p represses inflammatory cytokines, such as IL-1β, IL-6, and TNF-α, and upregulates the IGF-1/IGF-1R signaling pathway to alleviate NP caused by SCI (Yao et al., 2021). Upregulation of miR-139-5p improves locomotor functional recovery and attenuates both mechanical and thermal hypersensitivities, as well as promotes neuronal survival in the SCI model (Wang P. et al., 2021). These studies suggest that it would be beneficial to explore the mechanism of miRNAs as a strategy to treat pain following SCI.



Circular RNAs

There are very few studies of circRNAs directly involved in CNP in SCI models. However, circRNAs are proven to be associated with nerve cell inflammation, microglial activation, neuronal death, etc., after SCI (He et al., 2020; Tong et al., 2021). These pathophysiological processes are highly related to CNP, and circRNAs are verified for their direct role in CNP associated with SCI in further exploration. He et al. (2020) have observed that quietness circ 0000962 expression is downregulated in SCI model rats and overexpression of quietness circ 0000962 exerts an effect of inhibiting nerve cell inflammation in an in vitro model of SCI through activation of PI3K/Akt and suppression of NF-κB. Another study has found that circ-Usp10, as a competing endogenous RNA, could promote microglial activation and induce neuronal death by targeting miR-152-5p/CD84 in SCI (Tong et al., 2021). Additionally, circ-HIPK3 sponges miR-558 to inhibit neuronal cell apoptosis after SCI, exerting its neuroprotective effect (Wang L. et al., 2018). Although some of the diverse roles of circRNAs on neurons or microglia after SCI have been elucidated, whether their direct neuroprotective effects and possible mechanisms on sensory neurons in SCI deserve more original research.



Long non-coding RNAs

Spinal cord injury with CNP is a multifactorial pathological process, and lncRNAs have recently been regarded as promising biomarkers for CNP-associated SCI. Zhao et al. (2021) have detected the expression of lncRNAs and mRNAs in peripheral blood samples of patients who suffer from SCI with NP and without NP. Screening results have demonstrated that seven genes and two lncRNAs are directly involved in the pain pathway: E2F1, MAX, MITF, CTNNA1, ADORA2B, GRIK3, OXTR, LINC01119, and LINC02447 (Zhao et al., 2021). LINC01119 and LINC02447 have a positive correlation with these genes (Zhao et al., 2021). The expression of lncRNA NEAT1 is distinctly higher in rats with SCI with CNP (Xian et al., 2021). Mechanistically, overexpression of lncRNA NEAT1 mediates the expression of IL-6, IL-1β, and TNFα and further exploration have indicated that lncRNA NEAT1 is involved in SCI-induced NP progression through the lncRNA NEAT1/miR-128-3p/AQP4 axis (Xian et al., 2021). Another study has found that LncRNA PVT1 depletion significantly alleviates SCI with NP by inhibiting astrocytic activation and reducing the expression of neuroinflammatory factors (Zhang P. et al., 2021). The lncRNAPVT1/miR-186-5p/CXCL13/CXCR5 axis is regarded as a new therapeutic target for NP (Zhang P. et al., 2021). Therefore, it is critical to explore the interaction network between multiple lncRNAs and its targets.




Chronic regional pain syndrome

Complex regional pain syndrome is characterized by megalgia and inflammation, often affecting a single limb and following an injury (Kessler et al., 2020). It is difficult to meet a satisfactory analgesic treatment for CRPS. However, the pathogenesis of CRPS is still unclear. Here we focus on the role of ncRNAs in the development of CRPS, and almost all research concentrated on microRNAs in CRPS.

Circulating miRNAs, most encapsulated in small extracellular vehicles (sEVs) or exosomes, are stable in intercellular communication and may become an original biomarker or risk factor for CRPS (Ramanathan et al., 2019a; Wickman et al., 2021). Wickman et al. (2021) have purified and identified both cytokine and miRNA levels in serum sEVs in a tibia fracture model (TFM) induced-CRPS. The results have shown an unchanged level of cytokines but significantly differential expression of miRNAs. Thereinto, thirty sEV miRNAs are identified and correlated with CRPS clinical patients, which suggests a prospective prediction and diagnosis biomarker for CRPS. Another similar study has shown that miR-939 is robustly upregulation in sEVs from serum of CRPS patients (Ramanathan et al., 2019b). Levels of miR-939 in CRPS patients varies greatly in different immune cell-derived sEVs, especially higher in sEVs derived from B cells, T cells, and NK cells relative to monocytes in controls (Ramanathan et al., 2019b). We speculate that accurate detection of miRNAs in some related cell-derived sEVs is of great clinical significance and requires further research. In addition, Pande et al. (2021) have revealed 22-fold downregulation of the miRNA hsa-miR-605 in the blood of CRPS patients with poor analgesic effects of ketamine. Moreover, the level of serum hsa-miR-605 is highly correlated with CRPS, which regulates the proinflammatory chemokine CXCL5 and plays a critical role in leukocyte recruitment and activation (Pande et al., 2021).

Complex regional pain syndrome is more common in women than men (van Velzen et al., 2019). Interestingly, a recent study has confirmed that miRNAs and their roles can also lead to different gender incidences of CRPS. MiR-34a targets X inactivation-specific transcript (XIST) through the proinflammatory transcription factor Yin–Yang one under inflammation directly (Shenoda et al., 2018). XIST mediating X-chromosome inactivation causes a different incidence of CRPS in sex (Patrat et al., 2020). XIST is critical for dosage compensation in females, and thus downregulating XIST completely or directly could be an infeasible intervention strategy for female patients with CRPS (Shenoda et al., 2018). The findings above suggest that miRNA-mediated downregulation of XIST may be a potential method for pain relief in female patients. Although several studies have explored multiple mechanisms of miRNAs in CRPS, whether some miRNAs can be used as post-treatment efficacy evaluation of CRPS is still worthy of further study and exerts its broad prospects for diagnosis and therapeutic effect prediction.



Inflammatory pain

Inflammatory pain is a very common type of pain, especially in bone and joint diseases, such as osteoarthritis (OA), rheumatoid arthritis (RA), and multiple sclerosis (MS) (Muley et al., 2016; Conaghan et al., 2019; Mailhot et al., 2020). Clinically, we have very limited treatments for this severe type of pain. Recent evidence has shown that ncRNAs play an essential role in IP in both patients and rat models (Cheng et al., 2018; Pan et al., 2019).


MicroRNAs

MicroRNAs have proven to be promising targets for refractory IP (Descalzi et al., 2015). Exosomal miRNAs can mediate pain through communication between sensory neurons and immune cells (Simeoli et al., 2017). MiR-21 deletion in sensory neurons inhibits macrophage infiltration and attenuates pain in mice (Simeoli et al., 2017). This evidence indirectly indicates that miRNAs have a potential effect on pain-related immune response.

MiR-544-3p is markedly reduced in the DRG of RA mouse models and targets neuronal FcgRI to mediate acute joint pain hypersensitivity induced by IgG immune complexes (Liu et al., 2021). Similarly, miR-146a and the miR-183 cluster are also robustly downregulated in the DRG (L4/L5) and spinal cord after experiencing knee joint OA pain in rats (Li X. et al., 2013). Interestingly, miR-146a and the miR-183 cluster could mediate hyperalgesia by regulating diverse factors associated with inflammation in glial cells, such as IL-6, IL-1β, TNFα, NF-κB, TLR-2, and TLR-4. The miR-183 cluster can even affect pain-related ion channel genes (i.e., Nav1.3 and TRPV1) in microglial cells (Li X. et al., 2013). Besides, miR-485-5p (Xu et al., 2020), miR-16 (Chen et al., 2016), miR-211 (Sun et al., 2019), miR-451 (Sun and Zhang, 2018), and miR-34a (Liang et al., 2019) are decreased in IP animal models while miRNA-107 (Zhang L. et al., 2021) is proven to be upregulated in IP.

MicroRNAs can also regulate IP by participating in various signaling pathways. For instance, microRNA-211-5p enhances the analgesic effect of dexmedetomidine on TNBS-induced chronic inflammatory visceral pain in rats through the MEK/ERK/CREB pathway (Sun et al., 2019). Another study has observed that miR-216a-5p is downregulated and HMGB1 is upregulated in a complete Freund’s adjuvant-induced IP model (Zhenzhen et al., 2021). Furthermore, it is proven that miR-216a-5p targets the HMGB1-TLR4-NF-κB pathway and finally alters microglia-mediated neuroinflammation to alleviate inflammatory behavioral hypersensitivity (Zhenzhen et al., 2021). In summary, miRNAs can mediate IP or neuroinflammation through various mechanisms. We mainly review its role in interacting with downstream gene expression and molecules or targeting diverse signaling pathways.



Circular RNAs

Circular RNAs also play an essential role in IP. Pan et al. (2019) have found that circRNA-filip1L is notably increased in the ipsilateral SDH of mice with IP and that miRNA-1224 knockdown or Ago2 overexpression induces nociceptive behaviors in naive mice. Functional evidence has suggested that circRNA-Filip1l regulates IP by targeting Ubr5 in an Ago2-dependent manner (Pan et al., 2019). This study shows a novel epigenetic mechanism of interaction between miRNA and circRNA in chronic IP.

Circular RNAs can be used as biomarkers for many joint diseases. With similar mechanism as above, the role of the circRNF121/miR-665/MYD88 axis becomes a potential target for OA patients through the NF-κB pathway (Wang T. et al., 2020). Other evidence has shown that the levels of hsa_circ_0000175 and hsa_circ_0008410 in peripheral blood monocytes improve the diagnostic accuracy of rheumatoid joints and are associated with the activation, severity, and the amount of joint tenderness of RA (Luo et al., 2020b). Similarly, the expression level of hsa_circ_0079787 is related to the severity of axial spondylarthritis (Luo et al., 2020a). The evidence above has shown that circRNAs may be related to the severity of joint diseases or pain biomarkers. However, whether hsa_circ_0008410 are involved in RA-induced pain or not needs to be further studied.

Additionally, several studies have focused on the circRNAs involved in the pathogenesis of low back pain and intervertebral disc degeneration (Li et al., 2021a). Downregulation of circRNAs such as circRNA-CIDN, circSEMA4B, and circRNA GRB10 promotes low back pain by regulating apoptosis, signaling pathways, and sponging different miRNAs (Guo et al., 2018; Wang X. et al., 2018; Xiang et al., 2020). Circ-FAM169A may act as a competitive endogenous RNA to sponge miR-583 and regulate intervertebral disc degeneration pathological process (Li et al., 2021a). These studies have described circRNAs as novel diagnostic biomarkers of diseases and have showed effective strategies to alleviate the severity of disease and pain.



Long non-coding RNAs

Accumulated studies have indicated the essential role of lncRNAs in IP, such as OA and RA (Budd et al., 2018; Lü et al., 2020). In an experiment on the treatment of OA, Yang et al. (2021) have tried to determine the underlying mechanism of lncRNA H19 secreted by umbilical cord blood mesenchymal stem cells (UCBMSCs) in the treatment of advanced OA-induced pain. LncRNA H19 is enriched in the exosomes of UCBMSCs and lncRNA H19 affects pain and central sensitization of advanced OA through the microRNA-29a-3p/FOS axis (Yang et al., 2021). Another study has shown that the expression of lncRNA SNHG14 and IL-1β mRNA are both upregulated in OA. Downregulation of lncRNA SNHG14 enhances the proliferation of IL-1β-treated chondrocytes and inhibits cell apoptosis (Wang B. et al., 2021). Moreover, knocking down lncRNA SNHG14 decreases the progression of OA in rats by inhibiting inflammatory responses. Downregulation of lncRNA SNHG14 inhibits FSTL-1-mediated activation of NLRP3 and TLR4/NF-κB signaling pathway activation through miR-124-3p to alleviate inflammatory reactions in OA (Wang B. et al., 2021). However, whether lncRNA SNHG14 and its target has an effect on OA-induced pain needs further confirmation.

In addition to OA, researchers have established a rat model of neuroinflammatory pain by human immunodeficiency virus envelope glycoprotein 120 (gp120) treatment (Peng et al., 2021). Downregulation of lncRNA uc.48+ significantly alleviates hyperalgesia in gp120-treated rats (Peng et al., 2021). P2Y12 receptors are finally found to be a downstream molecular target for lncRNA uc.48+ in neurons and heterologous cells (Peng et al., 2021). LncRNA-mediated gene regulation occurs in primary sensory neurons of the DRG during RA-like joint inflammation or RA-induced pain (Bai et al., 2020). A lncRNA-mRNA microarray has shown that 69 lncRNAs (42 up and 27 down) are significantly altered in a rat model of joint inflammation (Bai et al., 2020). Thereinto, the remarkable upregulation lncRNA MRAK163594 and lncRNA uc.247+ are co-expressed with the pain-related gene Scn2a, which contributes to pain conditions, such as inflammatory joint pain (Bai et al., 2020). The evidence above provides us with numerous potential targets for the diagnosis or therapy of diverse IP.




Cancer-induced pain

Cancer-induced pain is caused by primary cancer itself or metastases with moderate to severe pain among 90% of individuals with advanced cancer, which is an increasingly prominent public health problem (Treede et al., 2019). The current therapeutic regimen for CIP could not meet all needs for analgesia. Clinically, bone cancer pain (BCP) is a common type of CIP. We mainly focus on the role of ncRNAs in BCP as well as other types of CIP.


MicroRNAs

Overexpression of miR-300 suppresses expression of its target HMGB1 in rat model of cancer-induced bone pain, which significantly attenuates BCP (Liu C. et al., 2020). In addition to BCP, Zhu et al. (2020) have found that miR-330 is highly expressed in the SDH of nude mice with pancreatic cancer pain and microinjection of miR-330 mimic induces abdominal mechanical hypersensitivity in normal nude mice. MiR-330 robustly suppresses the expression of GABABR2 in the SDH of nude mice with pancreatic cancer pain (Zhu et al., 2020).

Alterations in gene expression, such as miRNAs, play a crucial role and affect the degree of pain. Bali et al. (2013) have found that 57 miRNAs are dysregulated in sensory neurons corresponding to tumor-related areas with genome-wide miRNA screening. Among these, miR-1a-3p could target Clcn3, an important gene encoding the chloride channel in CIP (Bali et al., 2013). Knocking down Clcn3 expression with Clcn3-siRNA enhances tumor-induced mechanical allodynia. Similarly, the effect of miRNA on Cav also plays an important role in the pathogenesis of CIP. For instance, knocking down the expression of Cav2.3 specifically in DRG neurons leads to hypersensitivity in mice (Gandla et al., 2017). Besides, miR-34c-5p and Cav2.3 are co-expressed both in cultured sensory neurons and DRG in mice with CIP. Researchers have concluded that miR-34c-5p target Cav2.3, exerting a pro-nociceptive effect (Gandla et al., 2017). Above all, miR-34c-5p might be a promising strategy to reach a satisfactory effect in further clinical therapy. Moreover, miRNAs can also affect synapses related to algesia conduction. MiR-124 is a specific inhibitor of synaptopodin (Synpo), a key protein for synaptic transmission (Elramah et al., 2017). MiR-124 is decreased and Synpo is increased in the spinal cord under CIP conditions. Elramah et al. (2017) have found that Synpo acts as a crucial component in nociceptive pathways. Intrathecal administration of miR-124 mimics in mice with BCP decreases Synpo expression and completely alleviates CIP in the early phase of cancer (Elramah et al., 2017). In conclusion, the evidence above provides us with broad insight into seeking better analgesia therapy plans for patients who suffer CIP.



Circular RNAs

Limited studies have shown that circRNAs have a potential effect on the pathogenesis of CIP. Chen et al. (2021) have validated eight differentially expressed circRNAs in the rat spinal cord by agarose gel electrophoresis and Sanger sequencing. CircSlc7a11 is selected for further functional study. Overexpression of circSlc7a11 greatly promotes cell proliferation and represses apoptosis of LLC-WRC 256 and UMR-106 cells (Chen et al., 2021). Besides, several signaling pathways, such as the chemokine signaling pathway, are verified to be linked to changes in circSlc7a11. Several potential targets of circSlc7a11, such as Pax8, Isg15, and CxCL10, and a complex circRNA/miRNA/mRNA network are involved in BCP (Chen et al., 2021). The effect of circSlc7a11 on the pathogenesis of BCP could be found through multiple pathways such as tumor cell invasion and proliferation, expression of multiple miRNAs and functional genes, etc. Screening differentially expressed circRNAs in BCP shows that 850 are obviously upregulated whereas 644 are significantly downregulated in the BCP group (Zhang Y. et al., 2020). Specifically focused on the role of circStrn3 in BCP, knockdown of circStrn3 can promote bone cancer cell apoptosis and proliferation (Zhang Y. et al., 2020). CircStrn3 regulates rno-miR-9a-5p to target Nfkb1, and Nfkb1 is found to be positively expressed in BCP rats and associated with the NF-κB pathway, indicating that circStrn3 might be a potential biomarker for BCP (Zhang Y. et al., 2020).



Long non-coding RNAs

Many lncRNAs have been verified to play a crucial role in cancer or cancer metastasis. However, we have ignored the functions of lncRNAs in CIP before and an increasing number of studies have focused on lncRNAs related to the occurrence of CIP. Microarray analysis has identified the differentially expressed lncRNAs and mRNAs in the DRG 14-days post-operation in the BCP rat model (Wei et al., 2021). A total of 73 lncRNAs and 187 mRNAs are dysregulated. The top 30 lncRNA-predicted mRNAs are mainly related to peroxisome, double-stranded RNA-binding, DNA-dependent DNA replication, tuberculosis, and purine metabolism (Wei et al., 2021). These findings suggest a strong correlation between lncRNAs and CIP.

Interestingly, upregulation of lncRNA-NONRATT021203.2 in the DRG contributes to cancer-induced hyperalgesia (Sun et al., 2020). In the underlying mechanism, CXCL9, mainly expressed in CGRP-positive and IB4-positive DRG neurons, is found to act as a target of lncRNA-NONRATT021203.2 by colocalizing with lncRNA-NONRATT021203.2 in DRG neurons (Sun et al., 2020). Moreover, lncRNA-NONRATT009773.2 is also identified to be involved in BCP. Depletion of lncRNA NONRATT009773.2 alleviates BCP and further lncRNA NONRATT009773.2/miR-708-5p/CXCL13 axis is confirmed to be engaged in the initiation and maintenance of neuroinflammation and hyperalgesia of BCP (Chen et al., 2022). The findings above indicate that the lncRNA/miRNA axis will be a novel strategy for the treatment of CIP.






Conclusion and future perspectives

In summary, CP is a major health problem affecting the quality of life because of the lack of understanding of the underlying pathophysiology and effective and safe treatments. CP is a multifactorial disease and multiple mechanisms are involved in its pathogenesis (Cohen et al., 2021). For example, low socioeconomic status, poor working conditions, unstable home life, low education levels, and living in deprived environments are associated with increased pain (van Hecke et al., 2013). NcRNAs are one of the factors that can affect CP and have been studied extensively and are considered to be novel biomarkers and pharmacological applications in CP (Lötsch et al., 2013; Bali and Kuner, 2014; Lopez-Gonzalez et al., 2017). However, there are some limitations in the field of ncRNAs and CP. Most existing studies are confined to the ncRNA/receptor axis or RNA sequencing in DRG or spinal cord tissue in rodent animal models of CP. MiRNAs are the most well studied among the family of ncRNAs, their presence at the forefront of ncRNA-based CP therapeutics is not yet satisfied, and it is difficult to definitively categorize the majority of miRNAs as neither suppressors nor promoters of CP. Additionally, it is still unclear how ncRNAs directly bind to the target and the connection of diverse complex ncRNAs in different CP conditions, which deserves further investigation. Recent technological advancements might not allow a comprehensive assessment of their functional roles in multiple types of CP.

Although ncRNAs are promising for clinical applications in CP, there are still many challenges we face. Concrete issues must be considered, such as the quality, stability, safety of ncRNAs, and even biological activity until reaching the target location. Regarding the quality and stability of ncRNAs, degradation by ubiquitous RNase is an unneglectable problem if ncRNAs are considered to be pharmaceuticals for CP patients. More technological advances are needed to synthesize and manufacture multiple standard ncRNA mimics and inhibitors for clinical use in the future. Secondly, whether exogenous administration of ncRNAs for clinical use will produce unpredictable immune responses is a tricky problem we need to evaluate in advance. In addition, off-target effects are the main reason for side effects and poor healing efficacy in miRNA-based therapy (Jackson and Linsley, 2010). The properties of ncRNAs, including high molecular weight and hydrophilia determine the difficulties of traversing biological membranes if their targets are intracellular or intranuclear. Therefore, ncRNA-based therapeutics require a reliable delivery system across the membrane obstacle and protection from degradation and clearance, such as exosomes, liposomes, lentivirus, etc., as a delivery system (Vickers et al., 2011; El Andaloussi et al., 2013). Additionally, existing studies are limited to cell or animal models, and more pre-clinical studies and clinical trials are needed to verify the potential therapeutic effects of ncRNAs in CP. It is still a challenge to apply ncRNA-based strategies for diagnosis and therapeutics to the human body.
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The research and clinical applications of exercise therapy to the treatment of Parkinson’s disease (PD) are increasing. Pain is among the important symptoms affecting the daily motor function and quality of life of PD patients. This paper reviewed the progress of research on different exercise therapies for the management of pain caused by PD and described the role and mechanism of exercise therapy for pain relief. Aerobic exercise, strength exercise, and mind-body exercise play an effective role in pain management in PD patients. The pain suffered by PD patients is divided into central neuropathic, peripheral neuropathic, and nociceptive pain. Different types of pain may coexist with different mechanistic backgrounds and treatments. The analgesic mechanisms of exercise intervention in PD-induced pain include altered cortical excitability and synaptic plasticity, the attenuation of neuronal apoptosis, and dopaminergic and non-dopaminergic analgesic pathways, as well as the inhibition of oxidative stress. Current studies related to exercise interventions for PD-induced pain suffer from small sample sizes and inadequate research of analgesic mechanisms. The neurophysiological effects of exercise, such as neuroplasticity, attenuation of neuronal apoptosis, and dopaminergic analgesic pathway provide a sound biological mechanism for using exercise in pain management. However, large, well-designed randomized controlled trials with improved methods and reporting are needed to evaluate the long-term efficacy and cost-effectiveness of exercise therapy for PD pain.
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Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disease and is one of the two most common neurodegenerative diseases in the world; the other one is Alzheimer’s disease (Tandon et al., 2021). PD’s incidence increases with age, and it is most common in the elderly population. The average age of onset is about 60 years old, and PD is rare in young people under 40 years old. It is estimated to affect 9 million people worldwide by 2030 (Dorsey et al., 2007). In PD, dopaminergic and non-dopaminergic neural pathways are affected. The initial lesions of vulnerable nuclear grays and cortical areas cause the loss of dopaminergic neurons in the substantia nigra of the basal ganglia, leading to their dysfunction and affecting dopaminergic neural pathways (Braak et al., 2003). In addition, the degeneration of the dorsal motor nucleus of the vagus and olfactory nuclei damages the lower brainstem, basal ganglia, and forebrain production, and such damage extends to the cortex, thereby affecting the non-dopaminergic neural pathway. The damage to different pathways can also cause different effects and symptoms. When dopaminergic and non-dopaminergic neural pathways are affected, motor and non-motor injuries occur, respectively (Allen et al., 2015). Motor injuries include some bradykinesia, dyskinesia, dystonia, tonic, tremor, and postural instability (Hughes et al., 1992). Non-motor injuries include pain, cognitive and emotional disorders, autonomic dysfunction, sleep disorders, and paresthesia.

Parkinson’s pain is a painful non-motor symptom that affects up to 85% (Jankovic, 2008). The three main types of PD are central neuropathic pain (CNP), peripheral neuropathic pain (PNP), and nociceptive pain. CNP is a type of neuropathic pain caused by a lesion of the somatosensory nervous system, with partial damage to the central nervous system or loss of sensation in the corresponding body area innervated by damaged peripheral nerves (Treede et al., 2008). Most CNPs are due to the disease process itself (Ford, 2010). Its main manifestation is stinging, burning, or ejection pain. PNP is associated with pain caused by radiculopathy or peripheral neuropathy and is restricted to a specific skin or cutaneous nerve distribution, producing sharp, shooting, electric shock, and others (Wasner and Deuschl, 2012). Nociceptive pain includes musculoskeletal, dystonia, visceral, and skin pain (Truini et al., 2013). Musculoskeletal pain is usually caused by an actual or threatening injury to the muscles and joints and may manifest as an injury or dysfunction that causes severe pain during movement. Therefore, the pain felt by PD patients may be related to disease processes, sensitization of the nervous system, and structural or biomechanical abnormalities (Allen et al., 2015). Although pain is among the most troubling symptoms in patients with PD, the recognition and management of pain in clinical practice has received little attention (Nègre-Pagès et al., 2008; Broen et al., 2012). At present, treatment and management of pain in PD patients are based on drugs, including dopaminergic drugs and conventional analgesics that may help reduce pain (Perez-Lloret et al., 2012). Different types of exercise are recommended as components of pain management programs (Domingos et al., 2018; Borisovskaya et al., 2020).



Effect of exercise for pain management in Parkinson’s disease

European and Canadian clinical guidelines for PD stated that a regular exercise routine that begins early has proven benefits and that exercise therapy should accompany the entire course of PD. The clear benefits of exercise are currently shown in patients with established disease; moreover, exercise performed as early as possible at the time of diagnosis can slow disease progression (Domingos et al., 2018; Grimes et al., 2019). Exercise is effective in improving motor function and cardiovascular health and reducing falls (Bergen et al., 2002; Ashburn et al., 2007; Allen et al., 2011). Pain is a common and poorly treated symptom of PD that affects motor function, depressive status, and daily life (Mostofi et al., 2021). Although pain is not the primary focus of treatment-seeking in PD patients compared with resting tremor, bradykinesia, and dystonia abnormalities, and it is not the primary intervention indicator in clinical studies, exercise-induced hypoalgesia (i.e., an immediate reduction in pain sensitivity following exercise) is reported in people with PD (Nguy et al., 2019).

Exercise therapies that are commonly used in clinical trials to improve pain symptoms in PD patients include aerobic exercise, strength exercises, aquatic Tai Chi training, and flexibility training. Aerobic exercise can produce measurable protection and improvement in PD progression, both physically and cognitively (Schootemeijer et al., 2020). Atan et al. (2019) conducted a randomized controlled trial of body-weight-supported treadmill training (BWSTT) in PD patients and found that BWSTT improved lower limb joint pain in pain domains in the Nottingham health profile (NHP) compared with pre-training and conventional treadmill training. This finding suggested the potential role for load-controlled aerobic walking training in improving bone and joint pain in PD patients. Appropriate strength training can ameliorate musculoskeletal weakness; it can potentially induce adaptive changes in the associated neuromuscular system and reduce the risk of falls in PD patients (Falvo et al., 2008). Rodrigues De Paula et al. (2006) evaluated the impact of a 12-week exercise program on the different quality of life domains in 20 patients with mild to moderate PD. The exercise sessions were performed thrice a week and included strength training and aerobic exercises (stepping and graded walking). An 8% reduction in pain domains was found in NHP, although this finding was not significant. Tai Chi is an increasingly popular mind-body intervention that can treat a variety of motor and non-motor symptoms associated with PD (Song et al., 2017). It combines balance, flexibility, and neuromuscular coordination training with various cognitive components, including increased body awareness and focused mental attention; this combination may confer benefits over and above regular exercise in PD (Wayne et al., 2013). Aquatic Tai Chi training consists of a series of aquatic exercises, based on the Tai Chi concepts (Kurt et al., 2018). Pérez De La Cruz (2017) recruited 30 patients with PD who had a similar disease course and were equally randomly assigned to either the aquatic Tai Chi group or the control group for a 10-week intervention. Using the visual analog scale (VAS), they found that 10 weeks of aquatic Tai Chi training and a conventional exercise routine that focused on gait, balance, and muscle strength reduced the intensity of neuropathic pain in people with PD. Musculoskeletal pain caused by PD is often due to rigidity, dyskinesia, and dystonia. Moreover, flexibility training can reduce joint stiffness, dystonia, and dyskinesia, thereby improving musculoskeletal pain in the trunk and extremities (Wasner and Deuschl, 2012). Reuter et al. (2011) recruited 90 patients with mild to moderate PD who were randomly and equally assigned to three exercise interventions, namely, flexibility and relaxation training, general walking, and Nordic walking. Pain intensity was scored using VAS, and the intensity of neck, hip, and iliosacral pain decreased in nearly one-third of the patients. Such evidence suggested that flexibility and relaxation training may help treat pain arising in the musculoskeletal system in PD patients. Table 1 provides more details of the research on exercise intervention for pain from PD.


TABLE 1    Major characteristics of studies focused on exercise for pain management in Parkinson’s disease (PD).
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Mechanisms of exercise for pain management in disease

The pain suffered by PD patients is divided into central, peripheral, and nociceptive pain. Both central and peripheral pain are neuropathic (Wasner and Deuschl, 2012). The different types of pain may coexist with different mechanistic backgrounds and treatments. Nociceptive pain involves the trunk and lower back. Neuropathic pain is more common in the upper and lower limbs. For pain evaluation, studies using electroencephalogram positioning pain assessment matrix observation found in the condition of high pain, before and after the thalamus, somatosensory cortex, insula, medial, and lateral prefrontal cortex that cingulate structure frequency specificity of neuron activity increased, and the activation of pain relief in these regions was significantly reduced (Prichep et al., 2011). Therefore, the activity of neurons in these areas is the main indicator of pain. At present, several mechanisms by which exercise improves PD-induced pain exist, including neuroplasticity and neural recovery, attenuation of neuronal apoptosis, dopaminergic analgesic pathway, non-dopaminergic analgesic pathway, and inhibition of oxidative stress (Figure 1).
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FIGURE 1
Mechanisms of exercise for pain management in Parkinson’s disease (PD). The analgesic mechanism of exercise on PD-induced pain, including neuroplasticity and neural recovery, attenuation of neuronal apoptosis, dopaminergic analgesic pathway, non-dopaminergic analgesic pathway, and inhibition of oxidative stress. HSP-70, the 70 kilodalton heat shock proteins.



Neuroplasticity and neural recovery

Exercise can improve the underlying mechanism of signal processing to regenerate the damaged nerve tissue of PD patients and promote physiological and functional reorganization to adapt to environmental changes (Petzinger et al., 2013). Specifically, exercise can increase the levels of brain-derived neurotrophic factor (BDNF) and induce changes in dendritic spines (Mattson, 2014). There is little evidence that progressive resistance exercise, dancing, and high-tempo cycling can improve dyskinesia and relieve pain through exercise. Using transcranial magnetic stimulation and the research method of measurement of changes in the excitability of cortex movement in sports training, the experiment randomly assigned participants to high strength, low intensity, and zero intensity treadmill training. Eight weeks of moderate to severe intensity treadmill training can enhance the function of the cortex and basal ganglia ring and improve the activity. Participants in the study showed significant improvements in stride speed, swing, and postural time, especially in the high-intensity group (Lefaucheur, 2005). In the measured results, the silent period of the cortex was shortened, indicating an increased level of motor system excitability. An animal study showed that dendritic spinal injury in a rodent model of PD was reversed by running on a treadmill (Toy et al., 2014). Further studies in rodent models of diabetes showed that neuropathic pain might be caused by the remodeling of maladaptive dendritic spines (Tan et al., 2012). Exercise could induce changes in dendritic spines that reduced pain in PD patients. In addition, voluntary exercise could increase BDNF levels (Galvan and Wichmann, 2007). BDNF has neuroprotective and neurotrophic properties; it can enhance brain plasticity and promote synapses and neurogenesis to strengthen neurons and mediate the connection between movement and the brain (Cotman and Berchtold, 2002; Cotman et al., 2007). As BDNF increases, nerve recovery becomes more rapid and robust, thereby helping relieve pain. However, it is not clear from this study how long these changes persist after exercise needs to be further explored. In conclusion, neuroplasticity and neural recovery are among the mechanisms by which exercise improves pain in PD patients.



The damping of neuronal apoptosis

Apoptosis is programmed cell death; its features are cellular swelling, film rupture, and random degradation of DNA (Zhu et al., 2022). There are three kinds of apoptosis pathways, which are the endoplasmic reticulum, receptor, and chondriosome pathways (Park et al., 2021). The effect of exercise on apoptosis involves the DNA degradation of chromatin, DNA fragment formation, cytoplasmic foam, and apoptotic body. Among them, the study of the apoptotic body is more detailed. At present, the main cause of PD is the apoptosis of dopamine neurons in the substantia nigra (Braak and Del Tredici, 2008). The method of inhibiting neuronal apoptosis led to better results. Exercise alleviates tissue damage caused by cerebral ischemia, prompting the retention of more surviving neurons in the hippocampus and effectively reducing neuronal death. Physical exercise can play a role in protecting nerves in the clinic, promoting angiogenesis and modulating inflammatory reactions (Eadie et al., 2005). Some studies explored the influence of physical exercise on cell apoptosis and found that exercise could effectively induce cell autophagy and heat shock protein (HSP-70) expression, thus inhibiting apoptosis-inducing factors, increasing the expression of anti-apoptotic proteins, and further attenuating apoptosis (Trejo et al., 2001; Zhang et al., 2011). In addition, the neuroprotective effects of various frequencies on neuronal apoptosis have been studied; performing high strength preconditioning exercise three or more times a week can potentially alleviate the problem of apoptosis and the production of anti-apoptosis-related proteins through preconditioning and other methods. Therefore, future studies need to explore the appropriate exercise intensity, frequency, and time points to better solve the relevant problems.



Dopaminergic pathways for pain relief

The deficiency of folic acid in PD patients increases the level of homocysteine, which damages the DNA of nerve cells in the substantia nigra, affects the production of dopamine, and leads to the dysfunction of nerve cells, thereby resulting in pain. This pathway relies on dopamine-producing cells in the substantia nigra of the basal ganglia to influence pain (Olanow and Schapira, 2013). It inhibits the conduction of nociceptive signals in the dorsal root ganglia and regulates pain through the ventral medulla (Barceló et al., 2012; Galbavy et al., 2013). In a trial that involved 8 weeks of moderate to vigorous treadmill training in patients with PD, the binding potential of dopamine D2 receptors in the striatum increased in patients with PD, suggesting that exercise increases dopamine receptor binding capacity, thereby inhibiting nociceptive and alleviating pain (Fisher et al., 2013). Dopaminergic transmission inhibits nociception and regulates pain. In general, dopaminergic drug use is the most common intervention. Levodopa significantly increased the pain threshold in painless PD patients (Gerdelat-Mas et al., 2007). Positron emission scans, which looked at neuroimaging results during experimental pain stimuli, showed that the hyperactivation of several injury-causing cortical regions in PD patients was reduced by the use of levodopa (Brefel-Courbon et al., 2005). Although the results showed that the objective pain threshold of PD patients was generally lower than that of healthy people, the administration of levodopa increased the objective pain threshold of PD patients and verified the participation of the dopaminergic system (Djaldetti et al., 2004). Pain may be accompanied by other related symptoms, including emotional, cognitive, and reactive levels, due to the involvement of the dopaminergic system. PD patients with pain tend to have more severe depression, and there is a strong correlation between pain and depression (Ehrt et al., 2009). The absence of norepinephrine, dopamine, and other substances in the body can lead to depression. Older patients are at risk of falling. Therefore, the dopaminergic pathway can alleviate the occurrence of other complications while improving pain.

Glutamate is the main excitatory neurotransmitter in the brain (Bleakman et al., 2006). Glutamatergic conduction is closely related to the sensitivity of the central nervous system, which can produce hypersensitive responses to harmful or non-harmful information. Exercise improves dopamine transmission and affects glutamate transmission and availability, thereby improving basal ganglia function (Petzinger et al., 2013).



Non-dopaminergic analgesic pathways

It has been hypothesized that PD pain is caused by neuronal cell loss, formation of Lewy bodies in parabrachial regions, and changes in the periaqueductal gray matter of the spinothalamic pain pathway, which affect affective, cognitive, and autonomic responses (Ford, 2010). However, the effect of exercise on non-dopamine structures is less clear. The breakdown of adenosine triphosphate, which is released during exercise, improves pain primarily by increasing extracellular adenosine (Dworak et al., 2007; Roque et al., 2011). Adenosine has an anti-inflammatory effect, can inhibit the expression of pro-inflammatory cytokines, and increase the expression of anti-inflammatory cytokines. Exercise can stimulate the motor cortex, leading to the inhibition of thalamic sensory neurons and increased activation of the periaqueductal gray, thereby integrating the received nociceptive input to regulate pain (Pagano et al., 2012). According to the study, the inhibition of aerobic exercise is a cause of pain, and the hypersensitivity response is significantly reduced after repeated exercise. Reduced hypersensitivity stabilizes the disordered parts of the body, improving its ability to deal with pain. Another study specifically focused on exercise therapy for PD patients with back pain; the initial evaluation was followed by exercise in the supine position (Rosarion, 2018). In the fifth week of a new exercise session, the patient reported improved exercise recovery and endurance compared with previous training sessions. According to the process and results, exercise can improve bradykinesia and the maintenance of postural balance, as well as enhance the quality of life of patients. During exercise, muscle contractions help strengthen muscles, giving the patient more motor control.



Inhibition of oxidative stress

Another important cause of pain is oxidative stress and free radical damage. Iron produces a large number of toxic hydroxyl radicals in the REDOX process. The nerve cells of the nigra and striatum are highly sensitive to oxidative stress and are easily damaged by accumulated iron. When the body is stimulated, oxidative damage to the mitochondria leads to the increased release of pro-apoptotic mediators, which disrupts the oxidation antioxidant balance and leads to the damage of the oxidation organization (Lushchak et al., 2021). Exercise can promote the production of reactive oxygen species in cells, further eliminating them to maintain body homeostasis (Zhu et al., 2022). Meanwhile, long or short-term pretreatment can improve the levels of antioxidant enzymes in the hippocampus and cortex and inhibit some oxidative stress. When performing physical exercise to prevent cerebral ischemia-reperfusion movement disorders and imbalances in the study of striatum oxidation, the 8-week intervention plan included placing rats on an electric treadmill. Movement disorder was found to be caused by the damage to the striatum; in neurodegenerative diseases, the oxidation of striatum causes imbalance and loss of dopaminergic neurons and neurotoxicity (Brooks and White, 1978; Park et al., 2013). Exercise can effectively avoid or minimize motor defects and oxidative stress in the striatum. Specific types of physical exercise, such as swimming training, inhibit glutamate and promote the release of nitric oxide, which alleviates oxidative damage caused by metabolic stress.




Conclusion

Pain greatly affects daily quality of life of PD patients. It may affect normal walking, going up and down stairs, perception, cognition, and sleep emotion. Therefore, improving pain in PD patients is crucial. Other co-morbidities, such as depression and dyskinesia, should also be treated so that patients can have a good quality of life. Although many studies investigated the improvement of symptoms and quality of life with exercise, few studies focused on the pain relief of patients by means of exercise. High-quality large sample randomized controlled trials are lacking.

At present, most of the studies on the mechanism of exercise to improve pain have expounded on the improvement methods of exercise for pain, which can be achieved through neural recovery, dopamine, non-dopamine, inhibition of oxidative stress, and other ways. However, some shortcomings and questions still need to be addressed, such as how long the improvement in pain will last, as well as the appropriate intensity, frequency, and timing of exercise. In addition, the research volume in the current study is small, and the period is short. So, some interfering factors may not be excluded. In future studies, research needs to focus on specific details on the discussion of the effects and benefits of exercise sustainability, as well as some details on pain relief exercises and data to help symptomatic pain relief.
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Introduction: Migraine is a neurovascular disorder that affects the quality of life of more than 1 billion people worldwide. Repetitive transcranial magnetic stimulation (rTMS) is a neuromodulation tool that uses pulsed magnetic fields to modulate the cerebral cortex. This meta-analysis ascertained the therapeutic or preventive effect of rTMS on chronic migraine.

Methods: We performed a database search of PubMed, Web of Science, Embase, and the Cochrane Library from January 2004 to December 2021. Eligible studies included randomized controlled studies of the analgesic effects of rTMS in patients with chronic migraine.

Results: Eight studies were included. Random effects analysis showed an effect size of −1.13 [95% confidence interval (CI): −1.69 to −0.58] on the frequency of migraine attacks, indicating that rTMS was more effective for decreasing migraine attacks than the sham rTMS.

Conclusions: The meta-analysis revealed that rTMS is an effective approach for reducing migraine attack when the dorsolateral prefrontal cortex was stimulated. However, rTMS may not be suggested as a method to reduce the pain level.

Systematic review registration: http://www.crd.york.ac.uk/PROSPERO/, identifier: CRD42021228344.
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Introduction

Migraine is a neurovascular disorder that affects more than 1 billion people worldwide. Its widespread prevalence and associated disabilities have a range of negative and substantial impacts not only on directly affected patients but also their families, colleagues, employers, and society (1), as well as a high medical burden (2). Despite its widespread prevalence, migraine remains under- diagnosed and under-treated (3). In general, to eliminate the exacerbating factors, some interventions were be used, for example, lifestyle management (4, 5) and pharmacological treatment (6, 7). Of note, pharmacological treatment has been shown to be effective for migraine, but there are still large individual differences (3), and may bring side effects such as a rapid and progressive headache worsening following anti-CGRP monoclonal antibodies treatment suspension (8). A pilot randomized trial found that both botulinum toxin-A (BTX-A) and repetitive transcranial magnetic stimulation (rTMS) were well tolerated and effectively for chronic migraine prophylaxis (9), however, the side effects of BTX-A need to be carefully considered. Therefore, non-pharmacological treatments could serve as a safer and effective method for the management of migraine are needed.

Non-invasive brain stimulation (NiBS) technology has been regarded as an important innovation in neuropsychiatric diseases and chronic pain (including migraine) in recent years and widely used in clinical settings (10–13). Transcranial magnetic stimulation (TMS), which applied a magnetic field to the surface of the scalp and induces current in the subjacent cortex (14), is an effective and safe approach that has been approved by the FDA for migraine treatment (15, 16). As a NiBS method, TMS can excite or depolarize neurons by a fast alternate magnetic field (17), and electrical changes in the brain are believed to regulate neurotransmitters in the brain (14). TMS may reduce pain by modulating the excitability level (14), as patients with migraine tend to show hyperexcitability of the neurons (18). rTMS is a type of TMS, which can deliver a repeated series of magnetic impulses to the cortex (14). Compared to single or paired-pulse TMS, rTMS shows increasing significance as the plastic effect lasts long after the stimulation (19, 20). Chronic migraine patients may also suffer a higher level of central excitability (21). So, the long-lasting effect of rTMS could be appropriate for chronic migraine sufferers.

Several meta-analyses have demonstrated the effect of TMS, rTMS, and tDCS (22–24) on headache, but no review has focused on the effect of rTMS on chronic migraine. As the main effect of rTMS is to modulate the activation level of the cortex, most of the previous evidence showed that rTMS could be mainly used for migraine prophylaxis (25). However, growing evidence has demonstrated the treatment effect of rTMS on migraine in recent years. For instance, Fierro et al. (26) demonstrated that high frequency TMS stimulation on the motor cortex could significantly decrease the pain level of patients with chronic migraine, while the efficacy of the treatment of rTMS on migraine is still under debate. One reason for the uncertain treatment effect could be the different stimulation site. Some studies have shown that stimulation in the motor cortex could reduce pain (27, 28), while others have demonstrated that stimulation on the left dorsal prefrontal cortex (LDLPFC) could decrease the frequency of headache attacks (29, 30). However, no evidence has demonstrated the effect of stimulating different sites on patients with chronic migraine.

Therefore, this meta-analysis explored the effect of rTMS on chronic migraine with or without aura. We first analyzed the treatment and prophylaxis effect of rTMS on chronic migraine indexed by the pain intensity and frequency of headache attacks, respectively. The relationship between the stimulation site and efficacy of rTMS was also analyzed.



Methods

The protocol was registered in the International Prospective Register of Systematic Reviews (https://www.crd.york.ac.uk/PROSPERO) with registration number CRD42021228344.


Literature search

A literature search was conducted for studies published in the past 20 years up to December 25, 2021, of studies indexed in four electronic databases, including PubMed, Embase, Web of Science, and the Cochrane Library. The keywords used for identifying rTMS were “repetitive transcranial magnetic stimulation” and “rTMS,” while the keywords used for identifying migraine were “migraine disorder” and “migraine*.” The language was restricted to English. The detail of searching strategies was provided in Supplementary material.



Inclusion criteria

First, articles from the electronic database were initially screened by title and abstract. Two reviewers (Z.J.G and Z.Z) independently screened the title and abstracts of studies to determine whether they met the selection criteria (Table 1). Any disagreement was solved by consensus or by discussion with the third reviewer (H.X.H). Finally, the full texts were analyzed. The detail inclusion criteria were follows: (1) Human study; (2) Parallel or crossover RCT design; (3) Patients with chronic migraine (with/without aura), diagnosed according the International Classification of Headache Disorders (ICHD, 2nd edition) (31); (4) Types of intervention, including rTMS intervention by single or multiple stimulation; (5) Main outcome indicated that pain level was assessed on a visual analog scale (VAS) or numerical pain rating scale (NPR),and the row data can be extracted from tables or figures. However, the study was excluded that: (1) Did not meet the inclusion criteria; (2) Published without peer review; (3) Treatment paradigm was outside the published safety guidelines.


TABLE 1 Eligibility criteria for considering articles for the review.

[image: Table 1]



Bias risk assessment

The quality of the included studies was examined by S.Y.Y and F.Y.Q using the bias risk assessment standards of the Revman 5.3.5 software. Two levels of low and high risk were used for evaluation. If the method used in this complied with the standard of assessment checklist, the risk was considered low; otherwise, if the method did not comply with that of assessment checklist, the risk was considered high. If no corresponding basis was found in the original text or if it was not reported, it was rated as “unclear.”



Outcome measurement

We considered the outcome measures performed at the end of the follow-up. The primary outcome focused on pain intensity evaluated by VAS or NPRS and frequency of headache attacks (days/month). The VAS and NPRS scale will be uniformly converted to a rating scale of 1–10 if the rating scale is 1–100. To reduce the heterogeneity of the research as much as possible, only the post-treatment results at the 1-month (or 4-week) follow-up were extracted, which was used in most studies, when the research had multiple follow-up time nodes.



Data analysis

Revman 5.3.5 software, which was developed by the Cochrane Collaboration, was used for statistical analyses. This analysis was performed separately by two authors (L.W.T and Y.L.G). Data extraction mainly comprised the sample size (for experiment and control groups), sex, age, area of stimulation, parameters of rTMS application (frequency, duration, interval, pulses times), pain intensity, and frequency of headache attacks (the baseline and following up time). The difference in mean value was calculated by Meanpost – Meanpre, and for the difference in the standard deviation, we used the following formula: SD = √ (SDpre ∧2 + SDpost∧2 – 2*0.04* SDpre *SDpost). The random-effects model was applied and statistically significant heterogeneity was assumed when the P value was < 0.05. The quantity I2 described the degree of heterogeneity with values of 25, 50, and 75% considered low, moderate, and high, respectively. To explore the possible cause of heterogeneity among study results, the subgroup analysis was used.




Results


Inclusion and selection of studies for meta-analysis

The search strategies yielded 585 results. After the removal of duplicates, 384 articles were identified, after reading titles and abstracts, case-reports and articles that had non-randomized sham-controlled designs, incomplete outcomes, and small sample sizes (n < 4) were excluded. Of these, eight were included in the quantitative analysis, with 199 migraine patients and 180 control patients. The details of the study selection are shown in Figure 1. The characteristics of the demographics of the subjects are shown in Table 2. The included studies were published between January 01, 2004 and December 25, 2021. The parameters of rTMS application and the main outcomes of each study are shown in Table 3.


[image: Figure 1]
FIGURE 1
 PRISMA flow diagram.



TABLE 2 Demographic characteristics of subjects.
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TABLE 3 Characterize of rTMS application.
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Quality of the literature

As shown in Figure 2, in eight studies, only one study by Amin et al. (29) reported the clinical identifier, which was considered a rigorous RCT study. Two articles (30, 33) detailed the random assignment method and were double-blinded (subject and evaluator blind), and four articles used randomization but either did not elaborate on the specific method (25, 27, 28) or the random method was inappropriate (34). One article used a placebo control but did not report whether it was randomized (32). Only one study was high quality, two were medium quality, and the remaining five were low-quality studies.


[image: Figure 2]
FIGURE 2
 Quantity of the literature.




rTMS protocols

Of the included studies, the parameters of rTMS application were heterogeneous. First, for the area of stimulation, three out of eight studies were stimulated at the left dorsolateral prefrontal cortex (LDLPFC), and four out of eight were stimulated at the primary motor cortex (M1) or vertex. One study by Todorov et al. selected both the LDLPFC and M1 as locations of stimulation. Second, the frequency use in four of eight papers was 10 Hz (30, 32, 33), 5 Hz was applied by Amin et al. (29) and Sahu et al. (34), 15 Hz was applied by Todorov et al. (27), 1 Hz was applied by Teepker et al. (28), and 20 Hz was applied by Brighina et al. (25); a 600–1,200 pulse was applied in these studies. Third, the duration of treatment were 5 sessions delivered in consecutive days in most studies (27–29, 34), 3 sessions and 12 sessions were delivered on alternate days by Misra et al. (32, 33) and Brighina et al. (25), respectively. Ten sessions were delivered on consecutive days in the study by Kumar et al. (30). The sham rTMS protocols is similar to real rTMS.



Long-term analgesic effects of rTMS on migraine

To quantify the rTMS effects on migraine intensity, we performed an overall meta-analysis considering both the LDLPFC and M1 stimulation location. The results showed no significant difference between the real and sham rTMS groups in either LDLPFC or M1 region stimulation. However, moderate heterogeneity existed [I2 = 73%; P = 0.31; SMD: −0.26; 95% confidence interval (CI): −0.77 to 0.24, Figure 3A]. Additionally, no significant difference was observed after we performed a subgroup analysis on different stimulation locations for LDLPFC (I2: 83%; P = 0.22; SMD: −0.55; 95% CI: −1.42 to 0.33, Figure 3B) nor M1 (I2: 61%; P = 0.95; SMD: 0.02; 95%CI: −0.63 to 0.67, Figure 3C).


[image: Figure 3]
FIGURE 3
 Forest plot of pain intensity. (A) LDLPFC/motor cortex stimulation. (B) LDLPFC stimulation. (C) Motor cortex stimulation.




Prevention effects of rTMS on migraine re-attacks

After analyzing the rTMS effects on the frequency of migraine attacks, the pooled standardized mean difference (SMD) effect showed that real rTMS was significantly more effective for decreasing migraine attacks than the sham rTMS, with a high heterogeneity (I2 = 83%; P < 0.001; SMD: −1.13; 95%CI: −1.69 to −0.58, Figure 4A). Meanwhile, the results of subgroup analysis showed that the rTMS decreased migraine attack frequency when the stimulation was applied to the LDLPFC (I2 = 62%; P = 0.03; SMD: −0.13; 95%CI: −1.62 to −0.64, Figure 4B). However, there was no effect when the stimulation was applied to the M1 cortex (I2 = 92%; P < 0.001; SMD: −1.26; 95%CI: −2.68 to 0.15, Figure 4C).


[image: Figure 4]
FIGURE 4
 Forest plot of the frequency of headache attacks. (A) LDLPFC/motor cortex stimulation. (B) LDLPFC stimulation. (C) Motor cortex stimulation.




rTMS adverse effects

Of eight studies, four reported no adverse effects (29, 30, 32, 35), three reported some adverse effects, such as sleepiness and mild dizziness (28, 33, 34), and only one study reported headache attack during treatment, the stimulation located on the M1 (27). No serious adverse effects were reported.




Discussion

NiBS technology has been regarded as an important innovation in neuropsychiatric diseases and chronic pain including migraine (13). This meta-analysis aimed to explore the effect of rTMS on chronic migraine in different stimulation sites and evaluate the efficacy in terms of pain intensity and headache frequency. Consistent with previous results, we revealed that rTMS is an effective method in migraine prevention and that both the LDLPFC and motor cortex are effective stimulation sites for prevention. When stimulating either one of the two areas, rTMS showed a benefit in the frequency of headache attacks. Some studies have demonstrated that pain was relieved after stimulation in LDLPFC or the motor cortex. However, a combined estimate of effect size indicates that when the LDLPFC or motor cortex is stimulated, rTMS could not improve the pain intensity of chronic migraine.

Based on the results of this study and previous evidence, rTMS could be a beneficial approach to the prevention of migraine re-attack, and stimulation of the left prefrontal cortex was more effective than the motor area. One of the possible reasons for the effectiveness could be modulation of the pain regulation pathway. Previous study suggested that the etiology of migraine is dysfunction of the pain regulation pathway (36), the PET study by Lorenz et al. (37) found that substantial prefrontal cortex activation during heat stimuli on capsaicin-treated skin. Meanwhile, the current fMRI study by Mungoven et al. (38) found that reduced whole scan the dorsolateral prefrontal cortex (DLPFC) connectivity with cortical/subcortical and brainstem regions involved in pain modulation was demonstrated in migraineurs. Furthermore, the functional connection between brain regions that play an important role in regulating pain is significantly weakened, suggesting that migraine could be relieved if the dysfunction of the pain regulation pathway is improved (39). A systematic review showed that areas associated with pain networks can be activated when stimulated by trauma (40), and the DLPFC was believed to be the inhibitory control in pain pathways (41). Therefore, as migraine patients tend to show hyperexcitability of brain cells or cortical dilatation inhibition, rTMS could improve cortical excitability by stimulating the DLPFC and helping to regulate disordered pain neural network connections to prevent migraine.

Previous study has described the effects of rTMS on neurotransmitter systems in rodent (42), but these effects for human being has not been determined until now. In addition to the regulation of the center neural system, another reason by which rTMS improves migraine may be to increase the level of β endorphin (BE) in plasma when stimulated DLPFC. A study revealed that the plasma BE levels of patients with chronic migraine were lower than those in the control group. Three sessions rTMS treatments resulted in remission of migraine and increased plasma BE levels, suggesting that the improved migraine symptoms after rTMS stimulation were associated with increased BE levels (43). However, one of the articles included in this meta-analysis showed that rTMS had no significant effect on improving the frequency of headaches (32). This may be related to the non-double-blinded trial design and the existence of a strong placebo effect. Thus, both the real and sham stimulation groups demonstrated an improvement of the level of BE to reduce the severity and frequency of headaches. So, these results suggested that DLPFC was a key center of pain regulation which may serve as a therapeutic target for migraine.

Another factor that determines the effectiveness of rTMS may depend on the frequency. In this review, high frequency stimulation (≥5 Hz) was used in major studies, except for the study by Teepker et al. (28). In general, high frequency stimulation increases cortical excitability, while low frequency stimulation decreases it (44). This effect seems to contradict with the hyperexcitability of the cortex in migraine patients. Of note, the excitability induced by high-frequency rTMS may be the result of the weakened intracortical or neural network connection inhibition mediated by the gamma-aminobutyric acid (GABA) rather than directly caused by increased excitability (45). The underlying pathophysiological factor of migraine may be low cortical excitability, rather than high excitability (28). From this perspective, high-frequency stimulation may be a better choice for migraine prevention.

rTMS can be used as a preventive treatment for migraine by affecting neurotransmitters and reducing cortical excitability (46, 47). Meanwhile, rTMS stimulation induces synaptic plasticity through long-term enhancement, and repeated stimulation can induce a response for longer than the stimulation period (14). After 5 days of rTMS stimulation, the duration of the strongest analgesic effect is ~1 month, suggesting that repeated stimulation leads to a longer response and obtains a better effect (27).

In total, this meta-analysis adopted the Cochrane systematic review method for research, it provides a direction for future research and clinical treatment. According to this meta-analysis, we preliminary believe that rTMS is of great significance in the prevention of migraine. However, this study still has the following limitations: (1) The efficacy of the rTMS on chronic migraine was preliminary and inconclusive because of the heterogeneity in study designs of rTMS stimulation (including the frequency of stimulation the number of pulse, pulse intensity, and the number of session); (2) The lack of outcomes homogeneity and long-term real world efficacy data, lead to the results do not provide strong evidence to the public; and (3) The sample size is small because of the non-randomized sham-controlled designs, case-reports, had incomplete outcomes, and small sample size (n < 4) were excluded, thus, only eight studies were eligible; (4) As the diagnose criteria used in some studies (25, 28, 33) recruited was ICHD2, the ICHD3 was not adopted in this manuscript, however, from a rigorous perspective, the ICHD third version should be used more in the future study. Finally, none of the eligible trials in this meta-analysis were multicenter trials, and the global reference is therefore limited. So, further high-quality and multicenter trials are needed for confirmation.



Conclusions

The meta-analysis preliminary revealed that rTMS is an effective approach for reducing migraine re-attack when the DLPFC is stimulated. However, rTMS could not be suggested as a method to reduce the pain level.



Data availability statement

The original contributions presented in the study are included in the article (or its Supplementary material), further inquiries can be directed to the corresponding authors.



Author contributions

XH and ZZ designed this study. JZ and ZZ searched literatures, screened the title, and abstracts of studies. YS and YF assessed the quality of the included studies. WL and LY contributed to data analysis. JZ, ZZ, and WL wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the grant from Basic and Applied Basic Research Fund - Regional Joint Fund of Guangdong Province (Grant No. 2021A1515110162), Characteristic Innovation Project of the Education Department of Guangdong Provincial (Grant No. 2016KTSCX070), and Scientific Research Capacity Improvement Project of Key Construction Disciplines of Guangdong Province (Grant No. 2021ZDJS021).



Acknowledgments

We thank LetPub (www.letpub.com) for its linguistic assistance during the preparation of this manuscript.



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.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2022.1050090/full#supplementary-material



References

 1. Ashina M, Katsarava Z, Do TP, Buse DC, Pozo-Rosich P, Özge A, et al. Migraine: epidemiology and systems of care. Lancet. (2021) 397:1485–95. doi: 10.1016/S0140-6736(20)32160-7

 2. Vos T, Abajobir AA, Abate KH, Abbafati C, Abbas KM, Abd-Allah F, et al. Global, regional, and national incidence, prevalence, and years lived with disability for 328 diseases and injuries for 195 countries, 1990–2016: a systematic analysis for the Global Burden of Disease Study 2016. Lancet. (2017) 390:1211–59. doi: 10.1016/S0140-6736(17)32154-2

 3. Eigenbrodt AK, Ashina H, Khan S, Diener HC, Mitsikostas DD, Sinclair AJ, et al. Diagnosis and management of migraine in ten steps. Nat Rev Neurol. (2021) 17:501–14. doi: 10.1038/s41582-021-00509-5

 4. Marmura MJ, Silberstein SD, Schwedt TJ. The acute treatment of migraine in adults: the American Headache Society evidence assessment of migraine pharmacotherapies. Headache. (2015) 55:3–20. doi: 10.1111/head.12499

 5. Orr SL. Diet and nutraceutical interventions for headache management: a review of the evidence. Cephalalgia. (2016) 36:1112–33. doi: 10.1177/0333102415590239

 6. Worthington I, Pringsheim T, Gawel MJ, Gladstone J, Cooper P, Dilli E, et al. Canadian Headache Society Guideline: acute drug therapy for migraine headache. Can J Neurol Sci. (2013) 40(5 Suppl 3):S1–S80. doi: 10.1017/S0317167100017819

 7. Nitsche MA, Doemkes S, Karakose T, Antal A, Liebetanz D, Lang N, et al. Shaping the effects of transcranial direct current stimulation of the human motor cortex. J Neurophysiol. (2007) 97:3109–17. doi: 10.1152/jn.01312.2006

 8. Mascarella D, Matteo E, Favoni V, Cevoli S. The ultimate guide to the anti-CGRP monoclonal antibodies galaxy. Neurol Sci. (2022) 2022:1-13. doi: 10.1007/s10072-022-06199-1

 9. Shehata HS, Esmail EH, Abdelalim A, El-Jaafary S, Elmazny A, Sabbah A, et al. Repetitive transcranial magnetic stimulation versus botulinum toxin injection in chronic migraine prophylaxis: a pilot randomized trial. J Pain Res. (2016) 9:771–7. doi: 10.2147/JPR.S116671

 10. Di Iorio R, Rossi S, Rossini PM. One century of healing currents into the brain from the scalp: From electroconvulsive therapy to repetitive transcranial magnetic stimulation for neuropsychiatric disorders. Clin Neurophysiol. (2022) 133:145–51. doi: 10.1016/j.clinph.2021.10.014

 11. Rossi S, Antal A, Bestmann S, Bikson M, Brewer C, Brockmöller J, et al. Safety and recommendations for TMS use in healthy subjects and patient populations, with updates on training, ethical and regulatory issues: expert guidelines. Clin Neurophysiol. (2021) 132:269–306. doi: 10.1016/j.clinph.2020.10.003

 12. Xiong HY, Zheng JJ, Wang XQ. Non-invasive brain stimulation for chronic pain: state of the art and future directions. Front Mol Neurosci. (2022) 15:888716. doi: 10.3389/fnmol.2022.888716

 13. Calabrò RS, Billeri L, Manuli A, Iacono A, Naro A. Applications of transcranial magnetic stimulation in migraine: evidence from a scoping review. J Integr Neurosci. (2022) 21:110. doi: 10.31083/j.jin2104110

 14. Lipton RB, Pearlman SH. Transcranial magnetic simulation in the treatment of migraine. Neurotherapeutics. (2010) 7:204–12. doi: 10.1016/j.nurt.2010.03.002

 15. Dodick DW, Schembri CT, Helmuth M, Aurora SK. Transcranial magnetic stimulation for migraine: a safety review. Headache. (2010) 50:1153–63. doi: 10.1111/j.1526-4610.2010.01697.x

 16. Anand S, Hotson J. Transcranial magnetic stimulation: neurophysiological applications and safety. Brain Cogn. (2002) 50:366–86. doi: 10.1016/S0278-2626(02)00512-2

 17. Ridding MC, Rothwell JC. Is there a future for therapeutic use of transcranial magnetic stimulation? Nat Rev Neurosci. (2007) 8:559–67. doi: 10.1038/nrn2169

 18. Charles A. The pathophysiology of migraine: implications for clinical management. Lancet Neurol. (2018) 17:174–82. doi: 10.1016/S1474-4422(17)30435-0

 19. Gersner R, Kravetz E, Feil J, Pell G, Zangen A. Long-term effects of repetitive transcranial magnetic stimulation on markers for neuroplasticity: differential outcomes in anesthetized and awake animals. J Neurosci. (2011) 31:7521–6. doi: 10.1523/JNEUROSCI.6751-10.2011

 20. Maeda F, Keenan JP, Tormos JM, Topka H, Pascual-Leone A. Modulation of corticospinal excitability by repetitive transcranial magnetic stimulation. Clin Neurophysiol. (2000) 111:800–5. doi: 10.1016/S1388-2457(99)00323-5

 21. Chen WT, Wang SJ, Fuh JL, Lin CP, Ko YC, Lin YY. Perictal normalization of visual cortex excitability in migraine: an MEG study. Cephalalgia. (2009) 29:1202–11. doi: 10.1111/j.1468-2982.2009.01857.x

 22. Feng Y, Zhang B, Zhang J, Yin Y. Effects of non-invasive brain stimulation on headache intensity and frequency of headache attacks in patients with migraine: a systematic review and meta-analysis. Headache. (2019) 59:1436–47. doi: 10.1111/head.13645

 23. Lan L, Zhang X, Li X, Rong X, Peng Y. The efficacy of transcranial magnetic stimulation on migraine: a meta-analysis of randomized controlled trails. J Headache Pain. (2017) 18:86. doi: 10.1186/s10194-017-0792-4

 24. Shirahige L, Melo L, Nogueira F, Rocha S, Monte-Silva K. Efficacy of noninvasive brain stimulation on pain control in migraine patients: a systematic review and meta-analysis. Headache. (2016) 56:1565–96. doi: 10.1111/head.12981

 25. Brighina F, Piazza A, Vitello G, Aloisio A, Palermo A, Daniele O, et al. rTMS of the prefrontal cortex in the treatment of chronic migraine: a pilot study. J Neurol Sci. (2004) 227:67–71. doi: 10.1016/j.jns.2004.08.008

 26. Fierro B, De Tommaso M, Giglia F, Giglia G, Palermo A, Brighina F. Repetitive transcranial magnetic stimulation (rTMS) of the dorsolateral prefrontal cortex (DLPFC) during capsaicin-induced pain: modulatory effects on motor cortex excitability. Exp Brain Res. (2010) 203:31–8. doi: 10.1007/s00221-010-2206-6

 27. Todorov V, Bogdanova D, Tonchev P, Milanov I. Repetitive transcranial magnetic stimulation over two target areas, sham stimulation and topiramate in the treatment of chronic migraine. Comptes Rendus Acad Bulgare Des Sci. (2020) 73:1298–305. doi: 10.7546/CRABS.2020.09.15 

 28. Teepker M, Hötzel J, Timmesfeld N, Reis J, Mylius V, Haag A, et al. Low-frequency rTMS of the vertex in the prophylactic treatment of migraine. Cephalalgia. (2010) 30:137–44. doi: 10.1111/j.1468-2982.2009.01911.x

 29. Amin R, Emara T, Ashour S, Hemeda M, Salah Eldin N, Hamed S, et al. The role of left prefrontal transcranial magnetic stimulation in episodic migraine prophylaxis. Egypt J Neurol Psychiatry Neurosurg. (2020) 56:1–6. doi: 10.1186/s41983-019-0140-5 

 30. Kumar A, Mattoo B, Bhatia R, Kumaran S, Bhatia R. Neuronavigation based 10 sessions of repetitive transcranial magnetic stimulation therapy in chronic migraine: an exploratory study. Neurol Sci. (2020) 42:131–9. doi: 10.1007/s10072-020-04505-3

 31. Headache Classification Subcommittee of the International Headache Society. The International Classification of Headache Disorders: 2nd edition. Cephalalgia. (2004) 24(Suppl 1):9–160. doi: 10.1111/j.1468-2982.2003.00824.x

 32. Misra UK, Kalita J, Tripathi G, Bhoi SK. Role of β endorphin in pain relief following high rate repetitive transcranial magnetic stimulation in migraine. Brain Stimul. (2017) 10:618–23. doi: 10.1016/j.brs.2017.02.006

 33. Misra UK, Kalita J, Bhoi SK. High-rate repetitive transcranial magnetic stimulation in migraine prophylaxis: a randomized, placebo-controlled study. J Neurol. (2013) 260:2793–801. doi: 10.1007/s00415-013-7072-2

 34. Sahu A, Sinha V, Goyal N. Effect of adjunctive intermittent theta-burst repetitive transcranial magnetic stimulation as a prophylactic treatment in migraine patients: a double-blind sham-controlled study. Indian J Psychiatry. (2019) 61:139–45. doi: 10.4103/psychiatry.IndianJPsychiatry_472_18

 35. Brighina F, Palermo A, Daniele O, Aloisio A, Fierro B. High-frequency transcranial magnetic stimulation on motor cortex of patients affected by migraine with aura: a way to restore normal cortical excitability? Cephalalgia. (2010) 30:46–52. doi: 10.1111/j.1468-2982.2009.01870.x

 36. Mainero C, Boshyan J, Hadjikhani N. Altered functional magnetic resonance imaging resting-state connectivity in periaqueductal gray networks in migraine. Ann Neurol. (2011) 70:838–45. doi: 10.1002/ana.22537

 37. Lorenz J, Cross DJ, Minoshima S, Morrow TJ, Paulson PE, Casey KL, et al. unique representation of heat allodynia in the human brain. Neuron. (2002) 35:383–93. doi: 10.1016/S0896-6273(02)00767-5

 38. Mungoven TJ, Marciszewski KK, Macefield VG, Macey PM, Henderson LA, Meylakh N. Alterations in pain processing circuitries in episodic migraine. J Headache Pain. (2022) 23:9. doi: 10.1186/s10194-021-01381-w

 39. Lim M, Jassar H, Kim DJ, Nascimento TD, DaSilva AF. Differential alteration of fMRI signal variability in the ascending trigeminal somatosensory and pain modulatory pathways in migraine. J Headache Pain. (2021) 22:4. doi: 10.1186/s10194-020-01210-6

 40. Price DD. Psychological and neural mechanisms of the affective dimension of pain. Science. (2000) 288:1769–72. doi: 10.1126/science.288.5472.1769

 41. Lorenz J, Minoshima S, Casey KL. Keeping pain out of mind: the role of the dorsolateral prefrontal cortex in pain modulation. Brain. (2003) 126(Pt 5):1079–91. doi: 10.1093/brain/awg102

 42. Wassermann EM, Lisanby SH. Therapeutic application of repetitive transcranial magnetic stimulation: a review. Clin Neurophysiol. (2001) 112:1367–77. doi: 10.1016/S1388-2457(01)00585-5

 43. Misra UK, Kalita J, Tripathi GM, Bhoi SK. Is β endorphin related to migraine headache and its relief? Cephalalgia. (2013) 33:316–22. doi: 10.1177/0333102412473372

 44. Hoogendam JM, Ramakers GM, Di Lazzaro V. Physiology of repetitive transcranial magnetic stimulation of the human brain. Brain Stimul. (2010) 3:95–118. doi: 10.1016/j.brs.2009.10.005

 45. Ziemann U, TMS. induced plasticity in human cortex. Rev Neurosci. (2004) 15:253–66. doi: 10.1515/REVNEURO.2004.15.4.253

 46. Keck ME, Welt T, Müller MB, Erhardt A, Ohl F, Toschi N, et al. Repetitive transcranial magnetic stimulation increases the release of dopamine in the mesolimbic and mesostriatal system. Neuropharmacology. (2002) 43:101–9. doi: 10.1016/S0028-3908(02)00069-2

 47. Strafella AP, Paus T, Barrett J, Dagher A. Repetitive transcranial magnetic stimulation of the human prefrontal cortex induces dopamine release in the caudate nucleus. J Neurosci. (2001) 21:Rc157. doi: 10.1523/JNEUROSCI.21-15-j0003.2001












	
	TYPE Original Research
PUBLISHED 24 November 2022
DOI 10.3389/fneur.2022.1064976






Anterior cervical decompression and fusion surgery for cervicogenic headache: A multicenter prospective cohort study

Liang Yang1,2†, Yongchao Li2†, Chen Dai2, Xiaodong Pang2, Duanming Li2, Ye Wu3, Xiongsheng Chen4* and Baogan Peng2*


1Department of Orthopeadics, Featured Medical Center of Chinese People's Armed Police Forces, Tianjing, China

2Department of Orthopeadics, The Third Medical Center of Chinese PLA General Hospital, Beijing, China

3Department of Orthopeadics, Beijing 304th Hospital, Beijing, China

4Department of Orthopeadics, Spine Center, Shanghai Changzheng Hospital, Second Affiliated Hospital of Naval Medical University, Shanghai, China

[image: image2]

OPEN ACCESS

EDITED BY
Yan Lu, Fourth Military Medical University, China

REVIEWED BY
Zhengxu Ye, Fourth Military Medical University, China
 Tao Sun, Shandong University, China

*CORRESPONDENCE
 Baogan Peng, pengbaogan76611@163.com
 Xiongsheng Chen, cxspine@smmu.edu.cn

†These authors have contributed equally to this work

SPECIALTY SECTION
 This article was submitted to Headache and Neurogenic Pain, a section of the journal Frontiers in Neurology

RECEIVED 09 October 2022
 ACCEPTED 31 October 2022
 PUBLISHED 24 November 2022

CITATION
 Yang L, Li Y, Dai C, Pang X, Li D, Wu Y, Chen X and Peng B (2022) Anterior cervical decompression and fusion surgery for cervicogenic headache: A multicenter prospective cohort study. Front. Neurol. 13:1064976. doi: 10.3389/fneur.2022.1064976

COPYRIGHT
 © 2022 Yang, Li, Dai, Pang, Li, Wu, Chen and Peng. 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.



Background: Cervicogenic headache (CEH) has long been recognized as a referred pain deriving from pathological changes in the upper cervical nerves. However, previous clinical studies found that anterior lower cervical discectomy for the treatment of cervical myelopathy and/or radiculopathy can also help relieve associated headaches. To date, there is still a lack of large sample and prospective study to investigate the effect of anterior cervical decompression and fusion (ACDF) on CEH associated with cervical spondylosis.

Methods: A total of 656 patients with cervical radiculopathy and/or myelopathy were enrolled in three spinal centers. Among them, 221 patients who were diagnosed with CEH were collected in this study, and 204 completed a 1-year follow-up. The primary endpoint was headache intensity during a 12-month follow-up period measured by the numeric pain rating scale (NPRS). The secondary outcome measures included headache frequency, headache duration, and the neck disability index (NDI).

Results: Among all 204 patients with CEH who completed a 1-year follow-up, 166 received anterior cervical surgery (surgery group) and 38 received conservative treatment (conservative group). There were statistically significant lower NPRS in the surgical group during follow-up. Between-group differences showed that NPRS in the surgery group was significantly greater improvement at 1 month (2.8, 95% CI: 2.0, 3.6), 3 months (2.6, 95% CI: 1.8, 3.4), 6 months (2.4, 95% CI: 1.6, 3.2), and 12 months (1.5, 95% CI: 0.7, 2.4) (p < 0.05 for all). There were statistically significant lower NDI, less frequent headaches, and lower headache duration in the surgery group during follow-up (p < 0.05 for all).

Conclusion: This study indicates that ACDF can effectively relieve CEH associated with cervical myelopathy and/or radiculopathy.
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  anterior cervical decompression and fusion, cervical intervertebral disc degeneration, chronic neck pain, cervicogenic headache, cervical spondylosis


Introduction

Cervicogenic headache (CEH) is a common chronic and recurrent headache (1). It is thought to be painful in the head, but in fact, the lesion is in the neck. In the general population, the prevalence of CHE varies with different diagnostic criteria. It is estimated that 1–4.1% of the population may experience CEH (2). According to the definition of the International Headache Society (IHS) for CEH in 2013 (3) and 2018 (4), CEH is defined as any headache caused by the disturbance of the cervical spine or its components, such as disc, bone, and/or soft tissue elements, usually but not necessarily accompanied by neck pain.

The specific pathogenesis of CEH is poorly understood. It has long been considered a referred pain caused by pathological changes in the upper cervical nerves (C1–C3) (2). However, as we all know, cervical spondylosis occurs mostly in the lower cervical spine (C4–C7) and rarely in the upper cervical spine (5, 6). In reality, Diener et al. (7) and later Persson et al. (8) identified the role of the lower cervical spine as a potential source of CEHs in the early 21st century. Meanwhile, a large number of clinical studies (5, 7, 9–15), including post-hoc analysis from a multicenter randomized clinical trial (14), found that anterior lower cervical discectomy for the treatment of cervical myelopathy and/or radiculopathy also helps to relieve associated headaches, and the effect can be maintained up to a 7-year (14) and 10-year follow-up (13). However, the diagnosis of CEH in the above clinical studies is not based on any pre-existing criteria. Headache related to cervical spondylosis is not equal to “cervicogenic headache” (16). It is uncertain how many patients with cervical spondylosis have headaches that meet the most up-to-date diagnostic criteria for CEH—the International Classification of Headache Disorders, third edition (ICHD-3) (3, 4). According to the previous literature, the prevalence of headaches associated with cervical spondylosis ranges from 86 to 88%, and the prevalence of severe headache is about 52% (5, 9). However, according to a retrospective study (6) and a small sample prospective study (17), the incidence rate of cervical spondylosis patients with CEH (based on ICHD-3 beta version) was only 21.4% (15/70) and 30% (50/166). Therefore, it is difficult to exclude the interference of headache from other causes and determine whether anterior cervical surgery is helpful to improve CEH associated with cervical spondylosis.

Recently, a retrospective study found that anterior lower cervical discectomy can also relieve the accompanying CEH based on the criteria of the ICHD-3 beta version (6). So far, there is a lack of large sample and prospective study to investigate the effect of anterior cervical decompression and fusion (ACDF) surgery on CEH associated with cervical spondylosis. To this end, we conducted a multicenter prospective study to determine whether ACDF for cervical radiculopathy and/or myelopathy can also help relieve related CEH based on the criteria of the ICHD-3 beta version.



Materials and methods


Ethics approval

The study was approved by the Ethics Committee of the Third Medical Center of Chinese PLA General Hospital and written informed consent was obtained from each participant.



Study population

We conducted a multicenter, prospective, cohort clinical trial in three centers from August 2017 to August 2018. This trial was prospectively registered in the Chinese Clinical Trials Registry (ChiCTR-ONC-17012027). Originally, the purpose of our clinical trial was to observe the effect of ACDF on tinnitus in patients with cervical spondylosis. During this period, we simultaneously observed the effect of ACDF on CHE in the same group of patients. A total of 656 patients with cervical radiculopathy and/or myelopathy were enrolled in three spinal centers. They did not respond to conservative treatment for at least 3 months and were candidates for ACDF surgery due to severe neurological dysfunction or intolerable symptoms. Among them, 221 patients who were diagnosed with CEH according to the ICHD-3 beta version criteria (Table 1) (3) were collected in this study. A total of 178 (80.5%) patients underwent ACDF (surgery group). The remaining 43 patients refused surgery due to fear or other reasons and continued to receive conservative treatment (conservative group). In all, 204 (92.3%) patients were followed up for 1 year, including 166 (93.3%) cases in the surgery group and 38 (88.4%) cases in the conservative group.


TABLE 1 The diagnostic criterions recommended by the international classification of headache disorders, ICHD 3rd edition.

[image: Table 1]

The inclusion criteria were patients between the ages of 18 and 55 years with typical signs and symptoms of myelopathy and/or radiculopathy; those with objective signs of the spinal cord and/or nerve root compression as shown on magnetic resonance imaging (MRI); and those having concomitant CEH with or without other symptoms, such as dizziness, tinnitus, blurred vision, and nausea.

Exclusion criteria included patients with a history of neck trauma or surgery; those suffering from neurological disease or any other possible treatable causes for headache; and those with congenital or developmental cervical malformations and those unable to follow the study.



Treatment

Decompression and fusion segments depended on clinical manifestations and corresponding nerve root and/or spinal cord compressions shown on MRI. The choice of surgery levels was determined by a senior spine surgeon at each center (BP, YW, and XC, respectively). Anterior cervical interbody fusion was performed with a cage that was filled up with autogenous bone obtained by local decompression and anterior plate fixation. The operative segments ranged from C2/3 to C7/T1 (Table 2). Conservative treatment included intermittent fixation of the cervical collar, physiotherapy, and oral medications including non-steroidal anti-inflammatory drugs, muscle relaxants, and analgesics.


TABLE 2 Comparison of participant characteristics of the 2 treatment groups at baseline.
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Outcome measures

The primary efficacy endpoint was the mean change in headache intensity from baseline to 12 months in the surgery group, as measured by the Numeric Pain Rating Scale (NPRS), compared with the mean change in the conservative group. At baseline, 1, 3, 6, and 12 months after treatment, patients were asked to use an 11-point scale ranging from 0 (“no pain”) to 10 (“worst pain imaginable”) to express the average headache intensity in the past week (18). The NPRS is a reliable and effective tool for assessing pain intensity (19).

The study was also powered for the assessment of secondary efficacy endpoints: the neck disability index (NDI), headache frequency, and headache duration. The NDI is the most widely used tool to assess self-rated disability in patients with neck pain (20), a self-report questionnaire with 10 items scored from 0 (no disability) to 5 (complete disability) (21). The numeric responses for each item are summed, giving a total score between 0 and 50. Headache frequency was measured as the number of days with headache in the last week, ranging from 0 to 7 days. Headache duration was the total hours of headache in the last week and had six possible ranges, i.e., (1) 0–5 h, (2) 6–10 h, (3) 11–15 h, (4) 16–20 h, (5) 21–25 h, or (6) 26 h or more.

Baseline data included age, gender, NPRS score, NDI score, headache frequency, headache duration, diseased disc segments, and classification of cervical spondylosis were collected before treatment. Re-evaluation was performed at 1, 3, 6, and 12 months, respectively, after treatment.



Statistical analysis

Descriptive statistics, including frequency counts for categorical variables and measures of central tendency and dispersion for continuous variables, were calculated to summarize the data. Comparisons of NPRS score and NDI score between the two groups were at baseline, 1, 3, 6, and 12 months conducted with a one-way analysis of variance. Comparisons of NPRS score and NDI score at baseline, 1, 3, 6, and 12 months within groups were conducted with paired-sample t-test. Separate Mann–Whitney U tests were performed with the headache frequency and headache duration between the two groups at baseline, 1, 3, 6, and 12 months. SPSS version 23.0 (IBM, Quarry Bay, Hong Kong) was used for all analyses. The significance level was set at p < 0.05.




Results

After cervical decompression, NPRS of the surgery group decreased immediately (6.2 ± 1.7 at baseline, 2.1 ± 1.5 at 1 month, p < 0.001) and lasted for 12 months (2.4 ± 1.6 at 12 months, p < 0.001). After conservative treatments, NPRS of the conservative group also decreased (5.9 ± 1.6 at baseline, 4.7 ± 1.5 at 1 month, p = 0.002) and lasted for 12 months (3.6 ± 1.7 at 12 months, p < 0.001). At 1, 3, 6, and 12 months after treatment, NPRS of the surgery group was significantly lower than that of the conservative group (Table 3, p < 0.05). The improvement of NPRS in the surgery group was significantly greater than that in the conservative group. The difference in NPRS improvement between the two groups was 2.8 at 1 month, 2.6 at 3 months, 2.4 at 6 months, and 1.5 at 12 months (Table 3, p < 0.05). Besides, in order to explore the influence of surgical segments on headache improvement, we classified the surgery patients into two subgroups, namely, single segment (n = 80, 48.2%) and multisegment (more than 2 segments, n = 86, 51.8%) and compared the NPRS between the two subgroups at baseline and 12 months. There was no significant difference in NPRS between the two subgroups (6.2 ± 1.7 and 6.2 ± 1.7 at baseline, p = 0.849; 2.3 ± 1.6 and 2.5 ± 1.6 at 12 months, p = 0.644).


TABLE 3 Changes in headache intensity (NPRS) and disability (NDI) with 95% confidence intervals for both groups and between-group differences.
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During the follow-up, the NDI in the surgical group was significantly lower than that in the conservative group (Table 3, p < 0.05). The NDI in the surgical group was 20.9 and 7.2 at baseline and 12 months, respectively, while that in the conservative group was 19.1 and 13.5 at baseline and 12 months, respectively. Between-group differences showed a significantly greater improvement in the NDI at 1 month (6.0, 95% CI: 2.4, 9.6), 3 months (6.5, 95% CI: 3.0, 10.0), 6 months (7.3, 95% CI: 4.1, 10.6), and 12 months (8.1, 95% CI: 4.7, 11.5) in the surgery group (Table 2, p < 0.05).

The Mann–Whitney U test showed that the incidence of headache was lower in the surgery group than in the conservative group at 1, 3, 6, and 12 months (p < 0.001). The duration of headache in the surgery group was significantly lower at 1, 3, 6, and 12 months (Table 4, p < 0.001).


TABLE 4 All outcome measures over 12 months for each treatment group.
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A total of 11 patients had mild dysphagia and nine patients had hoarseness immediately after the operation, but all of the symptoms disappeared within 1 month. Notably, five patients developed C5 nerve root paralysis, and the symptoms disappeared within 3 months after the operation. There were no other surgical complications, such as aggravation of neurological symptoms, implant loosening and loss, and infection.



Discussion

Numerous studies have identified the short-, mid-, and long-term effects of anterior cervical surgery on headaches associated with cervical myelopathy and/or radiculopathy (9, 11, 13, 14); however, headache related to cervical spondylosis is not equal to “cervicogenic headache” (16). As primary headaches are often associated with neck pain, it is difficult to distinguish primary headache from real CEH only according to a single headache score rather than based on systematic diagnostic criteria (16). Rinna et al. (9) reported that the prevalence of headache in a large sample of patients with cervical spondylosis is 86% (865/1,003). Similarly, Schrot et al. (5) reported that the prevalence of headache is 88% (228/260). The high prevalence of headaches in these two reports may be related to the fact that headaches have not been diagnosed according to any ICHD criteria of CEH. According to the ICHD-3 beta criteria, Shimohata et al. (17) reported that the prevalence of CEH with cervical spondylosis is 21.4% (15/70). The low prevalence of headaches may be attributable to the small sample size. In this study, we found that the prevalence of CEH in the patients with cervical radiculopathy and/or myelopathy is 33.7% (221/656). Since we strictly followed the ICHD-3 beta criteria for CEH diagnosis and this was a large-sample, multicenter, prospective study, this prevalence can be more reasonable and credible.

This study has also shown that CEH in patients with cervical radiculopathy and/or myelopathy significantly improved or disappeared after ACDF, which was consistent with previous studies (6, 17, 22). To the best of our knowledge, to date, no large-scale, prospective, multicenter study has examined the efficacy of ACDF to relieve CEH diagnosed based on the ICHD-3 beta version. Although the headache of the conservative treatment group improved after treatment, the curative effect of the surgery group was significantly better than that of the conservative treatment group. Between-group differences showed a statistically significantly greater improvement in the NPRS at 1, 3, 6, and 12 months in the surgery group. There were statistically significant lower NDI, less frequent headaches, and lower headache duration in the surgery group during follow-up. As the patients we selected have severe neurological dysfunction or intolerable symptoms, it is obvious that a randomized controlled trial is not feasible in logic and ethics. However, we compared the effect of patients who did not agree with the surgery (conservative group) with the surgery group, so this conclusion can be more reliable.

Currently, less is known about the pathogenesis of CEHs, and their anatomical pain generators are even more difficult to define (13). Bogduk and Govind (2) found that CEH is a referred pain originating from lesions of the upper cervical nerves. Nociceptive afferents of the C1–C3 nerves and the trigeminal nerve converge on the trigeminocervical nucleus in the superior cervical spinal cord. This convergence mediates the transmission of pain signals from the neck to areas of the head innervated by the cervical or trigeminal nerve (2). However, this theory is difficult to explain the mechanism of headache caused by lower cervical spine pathology (5). The concept of CEH originating from the lower cervical spine was first proposed by Diener et al. (7), who found that CEHs in 80% of patients with lower cervical disc herniation (below C4) improved or disappeared after surgery. Later, Persson et al. (8) analyzed headaches in patients with lower cervical radiculopathy. Selective nerve root block at the pathological level resulted in headache reduction of 50% or more, with 69% of patients reporting complete headache relief. Therefore, Diener and Persson inferred that nociceptive afferent from the lower cervical roots also converged on the trigeminocervical nucleus (7, 8). The nerve distribution of the cervical intervertebral disc is similar to that of the lumbar disc. It is innervated multisegmentally. Fujimoto et al. (23) reported that the C5–C6 disc in rats is innervated multisegmentally by C2–C8 dorsal root ganglia (DRG) neurons, which indicates that the trigeminocervical nucleus may receive not only C1–C3 spinal nerve afferents but also partly C4–C8 nerve afferents by the ways of C2 and C3 DRG. This study found that cervical spondylosis of the lower cervical spine can also cause CEH, and ACDF surgery can significantly improve CEH, suggesting that nociceptive afferents from lower cervical nerves may converge to trigeminocervical nucleus. Bogduk et al. (2) originally depicted a very vivid sketch of the convergence of the upper cervical spine nerves (C1–C3) and the trigeminal nerve in the trigeminocervical nucleus. On the basis of Bogduk et al., we redrew the convergence diagram of the whole cervical nerves (C1–C8) and the trigeminal nerve in the trigeminocervical nucleus in Figure 1. Further anatomical and neurophysiological studies are needed to better define and verify the relationship between the inferior cervical nerve and the trigeminocervical nucleus, as well as the pathogenesis of CEH.


[image: Figure 1]
FIGURE 1
 A sketch of the headache referral from C1 to C8 spinal nerves.


The most typical pathological change in cervical spondylosis is intervertebral disc degeneration (24). Degenerative cervical intervertebral disc has long been recognized as a common source of chronic neck pain (25–29). Recent studies by Yang et al. (30) and Wu et al. (31) found significantly increased numbers of substance P-positive nerve fibers deeply ingrown into the degenerative cervical discs in patients with severe neck pain compared with discs from cervical radiculopathy or myelopathy patients without neck pain or mild neck pain and normal control discs. The convincing evidence of neck pain caused by cervical disc degeneration is that neck pain was significantly reduced or disappeared immediately after the injection of local anesthetics into the degenerative disc (30–32). Therefore, we believe that inflammation caused by cervical disc degeneration may stimulate nociceptors in the cervical intervertebral disc, resulting in neck pain. At the same time, these nociceptive excitabilities are projected into the trigeminocervical nucleus in the upper cervical spinal cord, resulting in CEH. In fact, any irritation or compression of cervical nerve root or spinal cord caused by cervical radiculopathy or myelopathy may also affect the nociceptive afferents of the diseased cervical intervertebral disc and then aggravate headache (10, 22). Therefore, we believe that ACDF may improve CEH by removing the degenerative cervical disc and its internal nociceptors and decompressing the cervical nerve root or spinal cord. In addition, posterior laminoplasty can also relieve CEH by indirectly decompressing the spinal cord (10, 17). However, laminoplasty is less durable than anterior cervical fusion for headache relief (17).

There are other hypotheses in the literature to explain the etiology of CEH in the lower cervical spine. Bogduk and Govind (2) suggested that there is no direct connection between the lower cervical afferents and the trigeminocervical nucleus, but intermediate mechanisms may be involved, such as secondary spinal kinesthesia and muscle tension affecting the upper cervical joints. Headache relief may differ between anterior arthroplasty and fusion if spinal kinesthesia is the specific mechanism (5). A post-hoc analysis of a prospective, multicenter study with a 10-year follow-up conducted by Lombardi et al. (13) found that both arthroplasty and ACDF were effective in relieving headaches associated with cervical radiculopathy and/or myelopathy, but the arthroplasty group had lower headache scores than the ACDF group. This result supports a role for the preservation of spine kinematics in the pathogenesis of CEH. Thind et al. (14) also found the same results as Lombardi et al. in a 7-year follow-up study. However, a similar study by Schrot et al. (5) compared ACDF and arthroplasty in single-level cervical spondylosis with 2-year follow-up data. Similarly, they found significant relief from CEH, but unlike previous studies, there was no significant difference between the surgery groups. Sun et al. (10) also found the same results as Schrot et al. in a retrospective study. Thus, postoperative spinal kinesthetic improvement may be less important in headache relief (5). The key to the above-mentioned controversial results is that the studies have different diagnostic criteria, and none of them are used to diagnose CEH in accordance with the ICHD-3 criteria. At the same time, interference from other causes of headache cannot be ruled out.

Other proposed mechanisms are sinuvertebral nerve (SVN) or sympathetic nerve irritation at the uncovasculoradicular junction, anterior dura mater, or cervical posterior longitudinal ligament (PLL). The cervical dura and PLL have different sympathetic innervation and may induce sympathetic reflexes (33). The activity may pass through the ganglia and the sympathetic trunk to the trigeminocervical nucleus, subsequently inducing CEH (22). In addition, Thind et al. (14) proposed that SVN irritation at the uncovasculoradicular junction and anterior dura may be the cause of CEH. Since the inferior branch of the SVN can reach three segments below its origin, nociception from the lower cervical segment, such as C6, can project to the third cervical nerve and ultimately to the trigeminocervical nucleus, leading to CEH. Indeed, both anterior cervical surgery and posterior decompression can relieve headache (5, 10, 17). Sun et al. (10) found that ACDF, arthroplasty, and laminoplasty can all significantly alleviate headache and believed that the headache associated with cervical spondylosis may be the result of the compression of the spinal cord itself. In addition, innervation of the dorsal dura is relatively sparse compared to the ventral dura (5). Therefore, headache development and relief are more likely to be associated with spinal cord injury rather than stimulation of the SVN or sympathetic nerves on the ventral dura, uncovasculoradicular junction, or PLL.

In addition, Schrot et al. (5) found that headache relief was not related to the level of surgery. These findings are consistent with our research. In the surgical group, only 23 (8.5%) surgical segments were the upper cervical spine (C2–C3 or C3–C4). When the above cases were eliminated, the remaining cases in the surgical group still achieved consistent results.

This study has several limitations. First, in this study, the patients were selected for their radiculopathy and/or myelopathy rather than headaches. Therefore, the results cannot be interpreted as all patients with cervical spondylosis complicated by CEH should be treated with anterior cervical decompression surgery. Second, the pathogenesis of CEH may be multifactorial. Most of the studies related to CEH, including this study, are clinical studies and cannot provide direct and convincing evidence to confirm the pathogenesis of CEH. However, this study provides a direction for relevant basic research. Finally, this study only completed a 1-year follow-up, and further long-term follow-up is needed to confirm the efficacy of ACDF in the treatment of CEH.



Conclusion

This study indicates that both ACDF and conservative treatment can improve CEH associated with cervical myelopathy and/or radiculopathy, but ACDF is better than conservative treatment.
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Background: Herpes zoster (HZ)-associated pain can lead to severe pain and reduced quality of life. Exploring effective treatment and the risk factors of zoster-associated pain has become important.

Methods: Interventions including nerve block, radiofrequency, and thermocoagulation were used for zoster-associated pain. The data of 131 patients with HZ and 230 patients with postherpetic neuralgia (PHN) were collected at baseline, 2 weeks, 3, 6, and 12 months after the intervention. Visual analog scale (VAS) and Brief Pain Inventory (BPI) scores at different time points were analyzed by two-way repeated measures ANOVA with Group as the between-subject variable (different pain durations and areas), Time as the within-subject variable (baseline, 2 weeks, 3 months, 6 months, and 12 months), and Group × Time as the two-way interaction. Besides, the effective rate, adverse effects, and medication were also recorded. The risk factors of PHN were analyzed by logistic regression.

Results: A total of 25 (19.08%) patients with HZ continued to have pain in the initially affected area after 3 months. The VAS scores and the BPI quality of life scores of patients with HZ-associated pain were significantly reduced from baseline to 2 weeks, 3, 6, and 12 months after the interventions. There was no significant difference in VAS and BPI scores in different pain areas and pain durations. No significant Group × Time interaction was observed. Age, diabetes mellitus, and immune-related diseases were risk factors of PHN.

Conclusion: Interventions could significantly improve the pain degree and life quality of patients with zoster-associated pain, and the positive effect of intervention did not change with pain duration and area. Advanced age, diabetes, and immune-related diseases are risk factors of PHN.
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Introduction

Herpes zoster (HZ) is caused by varicella herpes virus infection with an annual incidence of 2–5 per 1,000, which might lead to severe pain (1, 2). As the most common complication of HZ, postherpetic neuralgia (PHN) is defined as pain in the lesion area 3 months after the shingles (3). Once PHN is developed, the treatment is extremely difficult and less effective. Patients with zoster-associated pain suffered from severe physical, occupational, social, and psychological disabilities (4). Therefore, exploring effective treatment and risk factors of zoster-associated pain has become particularly important.

At present, treatment for zoster-associated pain includes medication and interventional treatment. Medication includes gabapentin, pregabalin, nonsteroidal anti-inflammatory drugs (NSAIDs), opioids, antidepressants, and topical treatment. Interventional treatment includes epidural or paravertebral nerve blocks, pulsed radiofrequency (PRF), and thermocoagulation. Nerve block is recommended, while oral medication is ineffective, but evidence of PRF and thermocoagulation for first-line treatment is limited. Furthermore, the risk of PHN may be related to some clinical features of HZ, including prodromal pain, degree of pain, and rash density (5). The incidence of PHN and the difficulty of treatment increase with age (6, 7). Some studies have found that patients with risk factors who did not receive effective intervention are more likely to develop PHN (8–10). However, there are considerable differences among the current studies, and the evidence on risk factors is limited. Therefore, this study was designed to investigate the efficacy of interventions for zoster-associated pain and risk factors of PHN.



Methods


Design and participants

This retrospective study was registered at ChiCTR.org.cn (ChiCTR1800015561, date of registration: April 2018) and was approved by the Ethics Committee of West China Hospital, Sichuan University, Chengdu, China (No. 2018 [25], date of approval: 7 February 2018). The data of patients diagnosed with HZ and PHN were extracted from the department of pain management of West China Hospital of Sichuan University from September 2017 to September 2018. In this study, HZ included the acute stage (1 month after rash onset) and the subacute stage after the acute phase and before PHN was diagnosed (1–3 months), while PHN was diagnosed as pain that persists for more than 3 months after rash onset. An experienced pain physician evaluated neuropathic pain according to the NeuPSIG grading system and assessed the pain intensity by the visual analog scale (VAS) (11). Inclusion criteria were as follows: (1) over 18 years old; (2) diagnosed with HZ or PHN; (3) VAS >3 points before treatment; and (4) accompanied by neuropathic pain in the lesion area. Exclusion criteria were as follows: (1) multiple locations involved; (2) with severe cardiovascular disease, pulmonary disease, or abnormal liver and kidney function; (3) severe pain caused by other diseases; (4) alcohol and drug abuse; and (5) with mental disorders and cannot obtain informed consent.



Data collection based on database system

A database was set up for this study in the clinical research data management system of West China Hospital. The researchers could independently design the clinical case report form (CRF) and filter the information, including the general information, course of the disease, location of pain, clinical intervention, pain degree, quality of life, and other information. Besides, the database provides the features of automatic enrollment, follow-up reminders, authority allocation, and other functions. The researchers collected relevant data as follows:

(1) Clinical data of patients, including demographic data, disease-related data, and medical history.

(2) Pain was measured by VAS and pain relief rate. VAS is a 10-cm straight line that only marks the pain at both ends. One end is 0, indicating no pain; the other end is 10, indicating severe pain. Patients are asked to mark the level of pain on the line. The pain relief rate is ranked as apparent effect (pain relief ≥50% after treatment), effective (pain relief 30–50%), and ineffective (pain relief <30%). The remission rate was calculated (number of apparent and effective effect patients/total number of patients).

(3) Quality of life was measured by the Brief Pain Inventory (BPI) quality of life part, which contains 7 dimensions, including general activity, mood, walking ability, normal work, relation with other people, sleep, and enjoyment of life. Each dimension was measured by scores that ranged from 0 to 10, with higher scores indicating a greater impact on the quality of life.

(4) Adverse reactions include dizziness, nausea, vomiting, puncture injury (pneumothorax, bleeding, and nerve injury), infection, limb movement disorder, incontinence, and respiratory disease.

(5) Medication: The types and doses of drugs.

(6) Follow-up time: baseline, 2 weeks, 3, 6, and 12 months after the intervention.



Interventional treatment
 
HZ

Patients with HZ usually received different nerve block methods (epidural block, semilunar ganglion block, peripheral nerve block, stellate nerve block, etc.). Patients in the subacute stage (1–3 months) received CT-guided PRF nerve regulation twice with an interval of 1 week. Two or three intervertebral foramina of adjacent segments were located and punctured with a radiofrequency catheter under the guidance of CT. After reconfirming the target by sensory-motor electrical stimulation, the PRF mode was administered at 42°C for 15 min, and then 1 ml of the mixture of compound betamethasone and lidocaine was injected for its anti-inflammation and analgesic effect.



PHN

For patients with PHN in the trigeminal nerve distribution region, physicians usually punctured the radiofrequency needle focusing on the foramina of the lesion side under CT guidance. After reaching the foramina, a mixture of 40 mg methylprednisolone and 1 ml of 0.5% ropivacaine was injected into the trigeminal ganglion. If there was no adverse reaction in 5 min, 0.5 ml of 0.5% adriamycin was injected. When PHN occurred in the area of the trunk, CT-guided radiofrequency thermocoagulation and analgesia injection were administered. After locating two or three intervertebral foramina of adjacent segments, the physician punctured the radiofrequency catheter under the guidance of CT and reconfirmed the target by sensory-motor electrical stimulation. Then, standard radiofrequency model has two cycles at 80°C, 2 min per cycle was performed, and after that, 1 ml of the mixture of compound betamethasone and lidocaine was injected into the intervertebral foramen and ipsilateral epidural cavity under CT guidance. If no adverse reactions were observed in 5 min, the physician could inject 1 ml of 0.33% or 0.5% adriamycin at each segment injection. In the area of limbs, radiofrequency was changed from standard radiofrequency to PRF to avoid long-time continuous radiofrequency affecting the motor neurons associated with limb movement, which might influence the quality of life. Besides, 2–3 ml of analgesic fluid was injected in each segment instead of adriamycin.




Statistical analysis

The SPSS version 23.0 software was used for statistical analysis. Descriptive statistics were used to summarize the baseline characteristics of the participants. The measurement data were expressed as mean ± standard deviation, and the ranked data were represented as rate and ratio. VAS and BPI scores in patients with HZ and PHN at different time points were analyzed by two-way repeated measures ANOVA with Group as the between-subject variable (different pain durations and areas), Time as the within-subject variable (baseline, 2 weeks, 3, 6, and 12 months), and Group × Time as the two-way interaction. Linear regression was used to analyze the correlation between age, gender, course, location, complications, and VAS score. Logistic regression analysis was performed in patients with HZ to explore the risk factors of PHN. The dependent variable was whether patients with HZ developed PHN. The independent variables included age (<65 years or ≥65 years), diabetes, immune-related disease, and osteoporosis. These binary variables were assigned “yes” to 1 and “no” to 0 in logistic regression analysis. P < 0.05 was considered statistically significant.




Results


Basic characteristics

The data of 131 patients with HZ and 230 patients with PHN were extracted from the database system from September 2017 to September 2018, with an overall sample loss rate of 6.36%. The basic characteristics of patients are shown in Table 1.


TABLE 1 The basic characteristics of patients.
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Pain

A total of 25 (19.08%) patients with HZ continued to have pain in the initially affected area after 3 months. In Table 2 and Figure 1, the VAS decreased significantly from baseline to 2 weeks, 3, 6, and 12 months after the intervention in patients with HZ and PHN (P < 0.001). There was no significant difference in VAS in different pain areas (P = 0.346 in HZ; P = 0.347 in PHN) and pain durations (P = 0.555 in PHN). No significant Group × Time interaction was observed, which indicated that different groups followed similar trends of VAS over time and the intervention had a positive effect on patients with different pain durations and areas.


TABLE 2 Two-way repeated measures ANOVA for between group and time interactions of VAS scores in patients with HZ and PHN.

[image: Table 2]


[image: Figure 1]
FIGURE 1
 The VAS scores of patients with HZ and PHN. Different colored lines mean different pain areas and durations. The VAS scores decreased significantly from baseline to 2 weeks, 3, 6, and 12 months after interventions in patients with different pain durations and areas.


Besides, there were significant differences between baseline and 2 weeks, 3, 6, and 12 months after the intervention in patients with HZ and PHN in pain relief (P < 0.05) (Table 3).


TABLE 3 Pain relief in patients with HZ and PHN.
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Quality of life

The data of 7 dimensions of BPI at baseline and 2 weeks, 3, 6, and 12 months after the intervention in HZ and PHN groups are shown in Table 4. The total scores of BPI decreased significantly from baseline to 2 weeks, 3, 6, and 12 months after the intervention in patients with HZ and PHN, which confirmed the effect of interventions on quality of life (P < 0.001). There was no significant difference in BPI in different pain areas (P = 0.609 in HZ; P = 0.147 in PHN) and pain durations (P = 0.117 in PHN). There was no significant Group × Time interaction, suggesting that different groups followed similar trends of BPI over time, and the positive effect of intervention did not change with pain duration and area (Figure 2 and Table 5).


TABLE 4 Dimensions of BPI scores of patients with HZ and PHN.
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FIGURE 2
 The BPI scores of patients with HZ and PHN. Different colored lines mean different pain areas and durations. The BPI scores decreased significantly from baseline to 2 weeks, 3, 6, and 12 months after interventions in patients with different pain durations and areas.



TABLE 5 Two-way repeated measures ANOVA for between group and time interactions of BPI scores in patients with HZ and PHN.
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Medication

The most commonly used drugs for patients with HZ were pregabalin, oxycodone and acetaminophen, and tramadol. After the intervention of nerve block and PRF, the drug use gradually decreased with the extension of time, the number of combined drug users decreased significantly, and the decrease was obvious at 3, 6, and 12 months after the intervention.

Pregabalin, gabapentin, oxycodone and acetaminophen, and lidocaine cream were the most commonly used drugs in patients with PHN. After clinical interventions, the use of those drugs gradually decreased with time, as well as the combined drug. At each follow-up time point, the use of pregabalin, gabapentin, and oxycodone and acetaminophen was still higher than that of other drugs, and the use of lidocaine cream and anti-anxiety and anti-depressants decreased significantly (Table 6).


TABLE 6 Medication for patients with HZ and PHN.
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Adverse reaction

The total incidence of adverse reactions for patients with HZ was 9.2%. There were 8 cases of dizziness and nausea, 2 cases of somnolence, and 2 cases of transient pain. No serious adverse reactions occurred.

A total of 18 (7.8%) cases of adverse reaction were reported after intervention in patients with PHN, including 10 cases of dizziness and nausea, 3 cases of palpitation, 4 cases of transient pain after the invasive treatment, and 1 case of urinary disturbance which was relieved after catheterization.



Correlation and regression analysis

Linear regression analysis showed that VAS score in patients with HZ (N = 131) and PHN (n = 230) was positively correlated with age (HZ: r = 0.238, P < 0.001, PHN: r = 0.151, P = 0.023). Notably, 19.08% of patients with HZ developed PHN after the intervention (25/131). Logistic regression analysis found that the risk factors of PHN were advanced age (odds ratio [OR] = 1.17, 95%CI: 1.09–1.26, p = 0.000), diabetes (OR = 5.04, 95%CI: 1.30–19.51, p = 0.019), and immune-related diseases (OR = 18.53, 95%CI: 2.88–118.93, p = 0.002). Osteoporosis was not the risk factor of PHN (OR = 0.081, 95%CI: 0.006–1.061, P = 0.056).




Discussion

In 2019 S2k guidelines for the diagnosis and treatment of HZ and PHN (12), systemic analgesics are recommended for acute HZ-associated pain including antiepileptic agents (gabapentin and pregabalin), NSAIDs, and opioids. Patients with PHN can also be added with topical treatment such as capsaicin 8% patch and lidocaine 5% patch. Besides, epidural or paravertebral local anesthetic and steroid nerve blocks could be an option for HZ-associated pain, while oral medication is ineffective. Although the evidence of PRF for PHN was considered low quality in 2013 Interventional management of neuropathic pain: NeuPSIG recommendations (13), a systematic review suggested PRF as second-line treatment for PHN in 2019 based on the relevant research in recent years (14). Besides, interventional treatments such as PRF and thermocoagulation are recommended in 2016 Chinese expert consensus on the diagnosis and treatment of PHN (15).


Efficacy of intervention

In this study, the data of a total of 131 patients with HZ and 230 patients with PHN were extracted. The VAS scores of patients with HZ were significantly reduced from severe pain (VAS ≥ 7) to mild pain (VAS ≤ 3) after interventions, which was similar to a previous study (16). Patients with significant pain relief (pain relief ≥50%) account for more than 90% of participants, and the reduction in pain was positively correlated with the improvement in quality of life. In the early stage of HZ, medication and nerve block treatment played an important role in pain control, which might be related to relieving the inflammation, promoting blood circulation, and breaking the vicious circle of pain. In the subacute stage (1–3 months), the effect of epidural nerve block on pain relief was decreased compared with that in the acute stage (17). Besides, PRF is more effective than the epidural block in the subacute stage of HZ by reducing the nerve sensitivity which was caused by the continuous transmission of pain signals (18, 19), which is similar to our results.

After active clinical interventions, 25 (19.08%) patients developed PHN, which was less than a previous report (6). We also found that VAS scores and the frequency of pain episodes were lower than baseline. The number of patients with apparent pain relief at each follow-up time point was significantly increased, but the remission rate at 6 months and 12 months was not significantly increased (P > 0.05). With the relief of pain, the total scores of BPI decreased after the intervention, and 7 dimensions including general activity, mood, walking ability, normal work, relation with other people, sleep, and enjoyment of life were improved.

In some pain areas and durations such as trunk, hip, and 7–12 months group, postoperative VAS scores and BPI quality of life scores decreased 2 weeks after the intervention, with a recurrent increase or stabilization in 3 months, and then gradually improved from 6 to 12 months, which might be related to the mechanism of radiofrequency thermocoagulation, adriamycin, and glucocorticoid injection. Radiofrequency relieved the pain by destroying nerve fibers, especially unmyelinated nerve fibers (20). Adriamycin could cause swelling and necrosis in neurons, decrease the Nissl bodies, and increase the pain threshold 2 weeks after injected into the dorsal root ganglion (21). Moreover, glucocorticoid was also injected to reduce inflammation which was caused by nerve damage (22), and the pain was relieved significantly, especially in the early postoperative period (23).

In addition, the decline in the BPI score was greater than the VAS score, which suggested that the improvement in quality of life is superior to the relief of pain. Long-term chronic pain, especially neuropathic pain, is prone to cognitive behavioral disorders such as anxiety and depression. At present, a large number of studies have shown that emotional state has a great impact on chronic pain. Therefore, psychological and behavioral interventions can help patients to accept the impact of pain and establish self-management awareness of chronic pain (24). At the same time, invasive therapy can greatly reduce the use of analgesic drugs; thus, the reduction of side effects also improved the quality of life.



Safety

Adriamycin is used to treat PHN because of its destructive effect on the nerve by reversing axonal transport. As basic studies have confirmed that a high concentration of adriamycin may damage motor neurons (25) and excessive dosage of adriamycin will lead to more risk of cardiac toxicity, there are clear clinical limits on the upper dose of adriamycin (26). In the treatment of PHN, 0.5% of adriamycin is rarely seen to impair motor function and sensory disorders, the therapeutic dose of adriamycin is much lower than the toxic dose, and it is administered by local injection that does not directly enter the blood circulation, so the risk of cardiac toxicity is significantly reduced. In addition, all interventional therapies are guided by CT, which can accurately puncture to the target location, reducing the side effects caused by repeated punctures and overdosed drugs. In this study, the incidence of adverse effects caused by intervention measures was 9.2% and 7.8% in the HZ and PHN groups. The most common complications were nausea, vomiting, and dizziness, which were of low degree and were improved after symptomatic and supportive treatment. One patient in the PHN group had urinary retention and symptoms were relieved after catheterization, which might be related to the entry of adriamycin into the subarachnoid space through the nerve root sleeve in the vicinity of the cauda equina nerve at the lesion stage. Although the current clinical intervention therapy for HZ and PHN was relatively safe in this study, thermocoagulation is an irreversible and destructive procedure, which could potentially have complications such as numbness or even decreased muscle strength, especially since neuropathic pain is already caused by a lesion of the nervous system. As a result, this destructive treatment should be chosen carefully.



Stratified analysis

We found that the degree of pain and the quality of life are less affected in the facial area of patients with PHN, which may be due to the relatively small range of skin lesions in this area and avoiding pain triggers easily.

Considering the repair process of neuropathic injury, PHN was suggested to be classified according to the duration of the disease including stage 1 (3 months), stage 2 (3–6 months), and stage 3 (>6 months), which might be useful for stratified analysis (27). In this study, we found that VAS and BPI scores of patients with a course over 12 months were higher than other groups, so we choose the time points of grouping including 4–6, 7–12, and >12 months in stratified analysis. There was no statistical difference in VAS and BPI scores in different pain durations and areas, which confirmed the positive effect of interventions on patients with HZ and PHN. Current studies have shown that neuroplasticity may be the pathological basis of PHN, in which peripheral axonal injury and degeneration of sensory neurons and spinal dorsal horn neurons are typical characteristics (28). As a result, we suggest treating patients with HZ or PHN as soon as possible.



Risk factors

In a large retrospective study containing 119,413 patients with HZ, the risk factors of PHN included age, women, immune-related diseases, asthma, diabetes, smoking, underweight, and obesity (29). In linear regression analysis, we found that with the increase of age, the pain degree of HZ-associated pain was more severe. It was also found that the average age of the patients with PHN was 67.9 years. Among them, 44% were patients aged 65–80 years, and 40% were older than 80 years. Patients with diabetes mellitus accounted for 40%, and patients with immune-related diseases (rheumatic immune diseases such as tumors) accounted for 20%. Furthermore, by using logistic regression, we found that age, diabetes, and immune-related diseases were risk factors of PHN. The risk of PHN for elderly patients with HZ was 1.18 times higher than others; for patients with diabetes mellitus, it was five times higher than others; and for patients with immune-related diseases, it was 18 times higher than others. Previous studies have also proved that age is one of the main reasons leading to the decline of immune function (30). Diabetes usually causes abnormal metabolism of glycolipids and amino acids in the body, leading to changes in immune function, which mostly affects the metabolic characteristics of the body (31). Therefore, it is suggested the detection of abnormal immune function and metabolism, and the exploration of specific markers related to metabolism may also assist with the screening, prediction, and early intervention of PHN.



Limitation

However, there are some limitations in this study due to the retrospective characteristics of the analysis. First of all, the missing placebo arm might weaken the credibility of the results. Besides, the individual dosage of analgesic medication may have a greater impact on therapeutic effect than the interventions. There are some missing values of the individual dosage of analgesic medication; as a result, we only analyzed the proportion not the dosage of analgesic medication, which could be analyzed in the future study by improving the database system. Furthermore, the comparison between the interventions might not be thorough enough, which could be improved in further study.




Conclusion

Interventions could significantly improve the pain degree and life quality of patients with zoster-associated pain, and the positive effect of intervention did not change with pain duration and area. Besides, advanced age, diabetes, and immune-related diseases are risk factors that could influence the occurrence of PHN.
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Background: Zoster-associated pain (ZAP) is notoriously difficult to treat. Pulsed radiofrequency (PRF) and short-term nerve electrical stimulation (st-NES) have been proven effective treatments for ZAP. However, it is still unclear which technique provides improved analgesia in ZAP. This study is based on a large-scale, long-term follow-up to evaluate the efficacy and safety between st-NES and PRF.

Materials and methods: All eligible ZAP patients treated with st-NES or PRF in our department were enrolled. Cohorts were divided into the st-NES group and the PRF group. A 1:1 ratio propensity score matching (PSM) was used to balance the baseline characteristics. The PS-matched cohort was adopted to investigate the efficacy and safety of the two treatments. The ordinal regression analysis was performed to determine the variables affecting the treatment effect of ZAP.

Results: A total of 226 patients were included after PSM. The numerical rating scale (NRS) scores in st-NES and PRF groups considerably reduced compared to baseline levels after treatment. The NRS scores in the st-NES group were obviously lower than those in the PRF group at discharge, 1, 3, 6, 12, and 24 months. During the follow-up period, the NRS reduction rate remained higher in the st-NES group than in the PRF group (P < 0.01). The dosage of medication, Pittsburgh Sleep Quality Index (PSQI) score, and the number of patients with aggravated pain after discharge in the st-NES group were significantly less than in the PRF group after treatment.

Conclusion: Short-term nerve electrical stimulation has been shown to be more advantageous than PRF for pain relief and quality of life improvement for ZAP patients.

KEYWORDS
acute herpetic neuralgia, postherpetic neuralgia, pulsed radiofrequency, subacute herpetic neuralgia, zoster-associated pain, short-term nerve electrical stimulation


Introduction

Zoster-associated pain (ZAP) is common and difficult to treat (Forbes et al., 2016). Evidence suggested that 15% to –45% of patients with shingles subsequently progress to postherpetic neuralgia (PHN), especially in those over 60 years of age (Gershon et al., 2015; Moshayedi et al., 2018; Salvetti et al., 2019; Zhou J. et al., 2021). The generally accepted classification of ZAP is as follows: (i) acute herpetic neuralgia (AHN) within 30 days of onset, (ii) subacute herpetic neuralgia (SHN), pain recorded between 30 and 90 days, (iii) postherpetic neuralgia (PHN), defined as pain lasting more than 90 days after the presentation (Whitley et al., 2010).

Currently, the treatment for ZAP is primarily based on symptom control (van Wijck et al., 2006; Johnson and Rice, 2014). Medications are the most fundamental and principal management for ZAP, with pregabalin and gabapentin being the most commonly used first-line therapeutic agents (Finnerup et al., 2021). However, complete pain relief cannot be achieved by taking medications, and 20–40% of patients do not respond to the drugs (Binder and Baron, 2016). Conservative treatments such as acupuncture and physical therapy combined with pharmacy have been reported to provide greater pain relief for ZAP (Fleckenstein et al., 2009; Zhou Q. et al., 2021). However, these therapeutic effects are still limited and lack quality supporting evidence. Invasive treatments, including nerve blocks and neuromodulation, provide alternatives for ZAP patients who are not satisfied with the results of drugs and conservative treatments (Makharita and Amr, 2020). It has been reported that local anesthetics and steroids injections could alleviate AHN (van Wijck et al., 2006), while the therapeutic effects of PHN were usually unsatisfactory and disappointing. Neuromodulations, including PRF and NES, have been rapidly developed in the management of chronic pain over the past 20 years (Liu et al., 2020; Knotkova et al., 2021). NES includes st-NES and permanent NES. Although permanent NES can achieve prolonged analgesia, its application is limited by the high costs and high incidence of complications (Kumar et al., 2006; Deer et al., 2014). Hence, st-NES have been increasingly used for intractable pain including ZAP. Recent reports have indicated that PRF and st-NES are effective treatments for ZAP (Johnson and Burchiel, 2004; Yanamoto and Murakawa, 2012; Dong et al., 2017; Kim et al., 2017; Li et al., 2018; Makharita et al., 2018; Huang et al., 2020). However, it is still unclear which technique provides improved analgesia in ZAP. Previously published studies comparing the efficacy of st-NES and PRF for ZAP are inconsistent (Liu et al., 2020; Song, 2021; Sheng et al., 2022).

Therefore, we compared st-NES with PRF in the effectiveness of treatment for ZAP through PSM and investigated the factors that influenced the therapeutic effects of ZAP. We have further explored the efficacy of these two treatments in comparison to each other in terms of disease course and location. NRS score and the NRS reduction rate were selected as the primary endpoints. The secondary endpoints included medication consumption, PSQI score, the aggravation of pain, and side effects.



Materials and methods


Study design

This retrospective study was approved by the Ethics Committee of the Shandong Provincial Hospital. Inclusion criteria were as follows: (1) the patient’s clinical data was integrity, (2) ZAP with a precise diagnosis, (3) pre-operative NRS ≥ 4, (4) resistance to pharmacological treatment or intolerable side effects of drugs, and (5) stimulation treatment for 7–10 days. Exclusion criteria were as follows: (1) companies with other chronic pain in the same site with ZAP, (2) invasive treatment for ZAP within 2 weeks before this admission, (3) stimulation treatment for less than 7 days, and (4) patients with lost follow-up.



Study population

As shown in Figure 1, Between January 2019 and September 2021, 360 consecutive patients with ZAP were hospitalized in our department receiving PRF or st-NES. A total of 254 patients were ultimately enrolled in the current study (st-NES group, n = 130 and PRF group, n = 124). The following were excluded from the study: lost to follow-up (n = 63), accepting invasive treatment within 2 weeks before admission (n = 12), baseline NRS < 4 (n = 26), and died of malignant tumors (n = 1) or heart disease (n = 1), stimulation treatment for less than 7 days (n = 3). After PSM, 113 patients were included in each group. The PS-matched cohort was further divided into different subgroups according to disease duration (19 AHN patients, 50 SHN patients, and 44 PHN patients in the st-NES group and 25 AHN patients, 52 SHN patients, and 36 PHN patients in the PRF group) and sites (st-NES group: cranial dermatome n = 21, cervical dermatome n = 22, thoracic dermatome n = 61, lumbosacral dermatome n = 9. PRF group: cranial dermatome n = 22, cervical dermatome n = 23, thoracic dermatome n = 59, lumbosacral dermatome n = 9).
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FIGURE 1
Study design and procedure.




Surgical procedures

The procedure of st-NES was as follows: Short-term peripheral nerve stimulation (st-PNS) was applied in patients with ZAP in the cranial dermatome, short-term spinal cord stimulation (st-SCS) was applied in the cervical, thoracic or lumbosacral dermatome. In this study, st-PNS included supraorbital nerve and gasserian ganglion stimulation. X-ray guided exposure of the optimal puncture site and locating the target position of the electrode. The electrode was implanted through a puncture needle at a proper physiologic and anatomic position with local or general anesthesia. For supraorbital nerve stimulation, the supraorbital notch and supraorbital rim were located, slowly local infiltrate anesthesia with 1% lidocaine was performed from the medial edge of the contralateral brow arch to the superior edge of the affected brow arch to ensure that the supraorbital nerve was not blocked, then placed the puncture needle and reached the periosteal surface. The anterioposterior film showed that the puncture needle was located approximately 1 cm from the superior orbital rim of the affected side (Vaisman et al., 2012; Wan and Song, 2021). For gasserian ganglion stimulation, the oval foramen on the affected side was exposed as the puncture target, and the puncture needle was inserted in the established direction under general anesthesia. The direction and depth of the needle were adjusted under fluoroscopy. The electrode was placed after the needle tip passed through the oval fossa until the upper end of the electrode was shown to reach the junction between the sella turcica, the clivus, and the petrous part of the temporal bone on the lateral fluoroscopy. For spinal cord electrical stimulation, the puncture point was usually 1–2 segments below the target vertebral segment, and the electrode was located in the epidural space on lateral film (Taub et al., 1997). Then, Electrical stimulation was performed, and the electrode position and parameters (frequency, pulse width, and voltage) were adjusted to ensure adequate paresthesia caused by the stimulus could cover the painful area entirely. Then the position of the electrode was considered appropriate, and a fixation suture was applied to it (Song et al., 2014). The specific parameters were set according to the patient’s sensation, with frequencies mainly in the range of 60–100 Hz and without exceeding 300, pulse width usually between 90 and 300 us and no more than 1,000 us, and a voltage mainly varied from 0.5 to 5.5 V. In addition, the stimulus electrode and electric pulse generator were Medtronic (1*8 compact 3878-75, Medtronic, Minneapolis, MN, United States), and all patients were placed with a single electrode. The stimulation was continuous and performed for 7–10 days, and then the electrode was removed after the treatment. During the treatment, the parameters of the electrode were constantly adjusted to ensure that pain could be replaced entirely by pleasant paresthesia.

The targets of PRF in this study included the supraorbital nerve, the gasserian ganglion, and the dorsal root ganglion. The procedure of PRF is as follows: the anatomical area of the involved nerve was found under X-ray or ultrasound guidance and punctured with a radiofrequency needle with local anesthesia until the tip of the needle reached a satisfactory position. The supraorbital foramen was the puncture point for the supraorbital nerve PRF, the PRF needle was inserted perpendicular to the skin, and after the sense of falling, the PRF needle core was placed (Zhang et al., 2020). Similarly, the foramen ovale was the puncture target of the gasserian ganglion radiofrequency, and the puncture needle was inserted until it reached the foramen ovale. Then the tip of the needle was adjusted while inserting the needle core until the tip of the needle reached the clivus in the lateral fluoroscopy (Ding et al., 2019). For dorsal root ganglion PRF, the target vertebral segment was positioned as the puncture point and punctured under fluoroscopy or ultrasound until the needle tip was above or below the intervertebral foramen. After back drawing without blood or fluid, a stimulation test was performed under local anesthesia (Geurts et al., 2003). Sensory stimulation at a voltage of 0.2–0.6 V and a frequency of 50 Hz was implemented to ensure the needle tip position was closer to the surface of the ganglion or nerve. Subsequently, the parameters and their values were as follows: pulse width 15 or 20 ms, temperature 42°C, frequency 2 Hz, voltage 40–70 V, duration 600 s. Patients were usually treated with PRF 2–3 times during hospitalization, depending on the level of pain relief. If the pain was not relieved within 3 days after the treatment or the result was unsatisfactory, a further PRF treatment would be performed.



Measurements

The primary outcomes include the numerical rating scale (NRS) and NRS reduction rate. NRS reduction rate was calculated as another indicator to assess the pain relief level of the treatment (Excellent: NRS reduction ≥80%, Medium: 50% ≤ NRS reduction <80%, Poor: NRS reduction <50%) (Rigoard et al., 2019, 2021). NRS score and NRS reduction rate were evaluated at baseline (pre-operative), discharge (post-operative), 1, 3, 6, 12, and 24 months after discharge.
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The Pittsburgh Sleep Quality Index (PSQI), analgesic consumption, and the aggravation of pain after discharge were used as secondary outcome indicators. The PSQI was recorded at baseline, discharge, and final follow-up. Analgesic consumption (pregabalin or gabapentin) was recorded at pre-operative, 1, 3, 6, 12, and 24 months after discharge. the aggravation of pain and adverse effects were assessed post-operatively.



Propensity score matching analysis

Propensity score matching (PSM) analysis was utilized to restrain confounding factors and settle possible patient selection bias. The PSM was based on age, side, duration of ZAP, and base NRS. Therefore, rigorous adjustment was implemented using nearest neighbor matching without replacement and the caliper width of 0.1 for significant differences in the underlying characteristics of PSM patients. After PSM, a P-value above 0.05 indicated a significant imbalance between groups.



Statistical analysis

All data were analyzed using IBM SPSS Statistics 26.0 (SPSS IBM Corporation, Chicago, IL, USA). Continuous data are expressed as the mean ± standard error of the mean (x ± SEM), and the enumeration data are presented as numbers and proportions. Comparisons between two groups were performed using the chi-square test, independent samples t-test, and Mann–Whitney U-test, and appropriate statistical methods were selected based on the type of variables and whether they conformed to a normal distribution. Univariate χ2 analysis was first performed in analyzing prognostic factors. Afterward, the factor with P < 0.1 in the results of the univariate analysis was used as an independent variable entered the Ordinal regression analysis. At the same time, the odds ratio (OR) and its 95% confidence interval (CI) were calculated. P < 0.05 was deemed statistically significant.




Results


General characteristics

The general characteristics of the patients are summarized in Table 1. The differences in baseline information between the two groups were statistically significant before PSM (P = 0.008–0.048, Table 1). We matched the two groups according to a sample size of 1:1, and all basic characteristics increased to P > 0.05 between the groups after PSM.


TABLE 1    Patients’ characteristics.
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Comparison of the efficacy of the two groups


Primary endpoints


Pain relief

The baseline average NRS score for the st-NES group was 8.1 ± 0.1, and for the PRF group, it was 7.8 ± 0.2, which were significantly reduced to 2.2 ± 0.3 and 3.7 ± 0.2 at discharge, respectively. Low pain scores were sustained at 1-month to 24-month follow-ups. NRS score in the st-NES group was reported to be significantly lower than in the PRF group at each time point after treatment (P < 0.01, Figure 2A). During the follow-up period, the NRS reduction rate remained higher in the st-NES group than in the PRF group (P < 0.01, Figure 2B). Additionally, 55–84% of patients achieved an NRS score ≤3 during follow-up in the st-NES group (Figure 2C), and it was 29–46% in the PRF group (Figure 2D).
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FIGURE 2
(A,B) Comparison of the efficacy of the two groups on pain relief after propensity score matching (PSM) by numerical rating scale (NRS) score or NRS reduction rate [n = 226, *P < 0.05, **P < 0.01***P < 0.001, indicate pulsed radiofrequency (PRF) group vs. short-term nerve electrical stimulation (st-NES) group, P-values for group comparison by Mann–Whitney U-test]. (C,D) Percentage of patients with different pain levels in the st-NES group or PRF group.




The percentage of patients with different outcomes of pain relief

A total of 91% of patients at discharge, 77, and 67% of patients at 6 and 24 months had excellent and medium outcomes in the st-NES group. In the PRF group, patients with excellent and medium outcomes at discharge, 6 and 24 months were 63, 50, and 42%, respectively (1–6 months P < 0.0001 Figures 3A–D, 12 and 24 months P = 0.002, P = 0.019, Figures 3E,F).
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FIGURE 3
(A–F) The proportion of people with excellent, medium, and poor outcomes of numerical rating scale (NRS) reduction rate in short-term nerve electrical stimulation (st-NES) and pulsed radiofrequency (PRF) group at discharge, 1, 3, 6, 12, and 24 months follow-up (n = 226, *P < 0.05, **P < 0.01, ***P < 0.00, indicate PRF group vs. st-NES group, P-values for group comparison by chi-square test).




Comparison in different disease duration

For AHN and SHN, the pain was significantly relieved with st-NES therapy than PRF therapy within 12 months, as seen by the lower NRS scores and higher NRS reduction rate (P = 0.0001–0.031 Figures 4A–D). No significant difference in NRS scores and NRS reduction rate was observed between the two groups after 12 months. For PHN, the average NRS score in the st-NES group was significantly reduced from 7.8 ± 0.2 to 2.5 ± 0.2 at discharge and remained between 3.3 ± 0.6 and 3.6 ± 0.3 from 1 to 24 months, that in the PRF group reduced from 7.9 ± 0.3 to 3.8 ± 0.3 and remained between 5.6 ± 0.3 and 6.1 ± 0.3 (P < 0.05, Figures 4E–F).
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FIGURE 4
(A–F) Comparison of two treatment modalities for changes of numerical rating scale (NRS) score and NRS reduction rate at each time point during follow-up in acute herpetic neuralgia (AHN), subacute herpetic neuralgia (SHN), and postherpetic neuralgia (PHN), respectively [n = 226, *P < 0.05, **P < 0.01, ***P < 0.001, indicate pulsed radiofrequency (PRF) group vs. short-term nerve electrical stimulation (st-NES) group, P-values for group comparisons by Mann–Whitney U-test].




Comparison in different lesion sites

After treatments, NRS scores significantly declined in both groups at each time for ZAP occurring in the cranial, cervical, thoracic, and lumbosacral dermatome. However, in the cranial dermatome, NRS scores considerably decreased at discharge, 1, 3, and 6 months in the st-NES group compared with the PRF group (P ≤ 0.021, Figure 5A), there was no significant difference at 12 and 24 months. In the cervical dermatome and thoracic dermatome, compared with the NRS scores in the PRF group, the NRS scores in the st-NES group obviously declined at any follow-up interval (P ≤ 0.023, P ≤ 0.035, Figures 5B,C). Additionally, in the lumbosacral dermatome, there was no significant difference in NRS scores at each follow-up time in the two groups (P > 0.05, Figure 5D).
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FIGURE 5
(A–D) Comparison of two groups treatment modalities at different sites [n = 226, *P < 0.05, **P < 0.01, ***P < 0.001, indicate pulsed radiofrequency (PRF) group vs. short-term nerve electrical stimulation (st-NES) group, P-values for group comparisons by Mann–Whitney U-test].


In addition, the operation method of peripheral nerve stimulation and pulsed radiofrequency therapy for herpetic neuralgia in the cranial dermatome will affect the curative effect. We divided the target nerves of peripheral nerve modulation into the supraorbital nerve region and the gasserian ganglion region and compared the efficacy of peripheral nerve electrical stimulation and radiofrequency in the same regions. As shown in Supplementary Figure 1, the NRS scores for supraorbital nerve electrical stimulation were significantly lower than supraorbital nerve radiofrequency within 6 months after discharge (Supplementary Figure 1A), while the efficacy of both was comparable after 6 months. The effects of gasserian ganglion stimulation and gasserian ganglion radiofrequency are always comparable (Supplementary Figure 1B).




Secondary endpoints


Medication consumption

Compared to pre-operative dosages, the average dosages of pregabalin and gabapentin significantly decreased after treatment in the two groups post-operatively (P < 0.05, Figures 6A,B). There was no significant difference in the dosages of pregabalin at any time interval in the two groups, and the dosages of gabapentin obviously declined at 1- and 3-month in the st-NES group compared with the PRF group follow-up (P ≤ 0.033, Figure 6B). During the follow-up period, 54.0% of patients had stopped taking any analgesic within 12 months in the st-NES group and 69.0% in the PRF group (P = 0.067, Figures 6C,D).
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FIGURE 6
(A,B) The dosage of pregabalin and gabapentin before and after treatment [∧P < 0.05 and ∧∧P < 0.0001 indicate pre-operative vs. post-operative dosage in the short-term nerve electrical stimulation (st-NES) group, #P < 0.0001 indicate pre-operative vs. post-operative dosage in the pulsed radiofrequency (PRF) group, *P < 0.05 indicate PRF group vs. st-NES group, P-values for inter- and intra-group comparisons by Mann–Whitney U-test]. (C) Proportion of patients who discontinued medication during the follow-up. (D) Distribution of discontinuation times and number of patients.




Pittsburgh Sleep Quality Index and the aggravation of pain after discharge

As shown in Figure 7A, the average PSQI scores in the two groups declined at discharge, which further declined at the end of follow-up. Compared to baseline, the average scores in the st-NES group decreased by 5.5 points at discharge and 7.0 points at the end of follow-up, which decreased more than those in the PRF group (P ≤ 0.001, Figure 7A). The number of people with pain worse after discharge than at discharge was significantly higher in the PRF group than in the st-NES group (P < 0.0001, Figure 7B). A total of 45.1% of patients in the PRF group and 17.7% in the st-NES group experienced an aggravation of pain within 6 months after discharge (P < 0.0001, Figure 7B).
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FIGURE 7
(A) Pittsburgh Sleep Quality Index (PSQI) scores decreased at discharge and final follow-up period. (B) Aggravation rates of the two groups (n = 226, *P < 0.05, **P < 0.01, ***P < 0.001, P-values for group comparison by Mann–Whitney U-test).





Side effects

One patient developed leakage of cerebrospinal fluid, and two patients developed a local infection of the puncture sites in the st-NES group. These complications resulted in electrodes being removed prematurely for less than 10 days and disappearing after rehydration and administration of antibiotics. No other serious adverse events (including prolonged bleeding, hematoma formation, spinal cord injury, etc.) were found in the two groups.




Influential factors

The cohort before PSM was used for risk factors analysis. Coronary heart disease, therapies, and disease duration may affect the effectiveness of ZAP treatment according to the results of the univariate analysis (P = 0.012, P < 0.0001, P < 0.0001, Table 2). Multivariable analysis showed that the therapeutic effect in the st-NES group was more significant than those in the PRF group (OR:5.417, 95% CI: 3.187–9.207, P < 0.0001, Table 2), and patients with shorter duration of disease were prone to achieve more excellent therapeutic results (AHN vs. PHN OR:8.784, 95% CI: 4.256–18.133, P < 0.0001, SHN vs. PHN OR:3.767, 95% CI: 4.256–18.133, P < 0.0001, Table 2).


TABLE 2    Risk factors for efficacy after minimally invasive neuromodulation (n = 254).

[image: Table 2]




Discussion

Renovative varicella-zoster virus (VZV) leads to extensive necrosis of skin and nerve cells and triggers abnormal action of neurons resulting in ZAP (Wall and Gutnick, 1974; Devor, 1991; Head et al., 1997). Currently, a proportion of patients still turned PHN after performing interventions in the acute and subacute phases. PHN is the most common complication of herpes zoster and has produced moderate to severe pain for years, severely affecting the quality of life of patients and their families (Johnson, 2010). PRF and NES offer alternatives when conservative treatment and medication for intractable and refractory pain are not effective (Kemler et al., 2000; Eyigor et al., 2010; Assaf et al., 2016).

At present, PRF and st-NES, including st-SCS and st-PNS, were reported to be safe and effective for ZAP (Yanamoto and Murakawa, 2012; Ke et al., 2013; Dong et al., 2017; Wu et al., 2020; Wan and Song, 2021). However, there are relatively few studies on st-NES for treating ZAP compared to PRF, and the comparative efficacy between st-NES and PRF for ZAP is unclear. The present study was designed to determine the effect of st-NES and PRF in treating ZAP. We found that both PRF and st-NES could induce pain alleviation, and pain relief reported in patients treated with st-NES is higher than in those treated with PRF at any time interval. A previous study enrolled 91 AHN and SHN patients, followed up to 6 months, then observed that st-SCS achieved better pain relief than PRF for ZAP at 1-and 6-month follow-ups (Song, 2021). In addition, a recent study with a sample size of 70 PHN patients and a follow-up period of 12 months demonstrated that the VAS scores in the st-SCS group were reported notably lower than those in the PRF group at 3, 6, and 12 months after treatment (Sheng et al., 2022). Our findings are consistent with those studies. Furthermore, we observed that at 24 months follow-up, the st-NES group still maintained a lower NRS score and higher NRS reduction rate.

Apart from pain relief, medication consumption, PSQI score, and the aggravation of pain relevant to the quality of life were assessed in our study. We only counted the dosage of pregabalin and gabapentin due to irregular use of opioids, antidepressants, and other medications in patients. Consequently, a significant reduction in the dosage of these two drugs after surgery could be founded in the present study. Moreover, more than 50% of patients had stopped taking analgesic medication in both groups during the follow-up period. Most patients stopped taking medication gradually as the pain could be maintained at a lower level without a tendency to rebound. Lack of continuous sound sleep is widespread concern for patients with ZAP. In this study, PSQI scores decreased in the two groups, which observed in the st-NES group apparently declined compared to the PRF group. Additionally, patients treated with PRF were prone to have worse pain after discharge than at discharge compared to patients treated with st-NES. The results from secondary-endpoint assessments in the two groups further supported the NRS and NRS reduction rate analysis. Therefore, the superior long- and short-term efficacy of st-NES over PRF was derived from this observational study. This result may be explained by the fact that st-NES is continuous for 7–10 days while PRF lasts for 10 min once a time. The difference in the mechanism of these two treatment modalities may also be the cause. Prior studies reported that PRF could alternate the expression of inflammatory cytokines to induce analgesia, such as IL-6, IL-17, IFN-γ, TNFα, and IGF-2 (Das et al., 2018; Sam et al., 2021). Expression of the neurotransmitter GABA and the inhibitory GABAergic interneurons in the dorsal horn of the spinal cord and ganglion have been identified in a rat model as being involved in the mechanism of NES-mediated analgesia (Cui et al., 1997; Daniele and MacDermott, 2009; Takeda et al., 2013; Sun et al., 2018; Meuwissen et al., 2020). In addition, several reports have mentioned that electrical stimulation changes the electrical state of individual neurons, causing neurotransmitter activity, altering neuronal circuits, and leading to changes in pain and function (Gilmore et al., 2019; Sivanesan et al., 2019; Knotkova et al., 2021). Hence, the altered individual neurons and the neurotransmitters can still relieve pain by reducing the excitability of sensory neurons after the electrodes are removed.

Moreover, we further observed the comparative effects of the two treatments in different disease duration and sites, respectively. For AHN and SHN, the long-term efficacy observed in the st-NES group was comparable with the PRF group. However, st-NES was more effective than PRF for PHN in pain relief. A previous study reported no significant difference between the st-SCS and PRF within 24 weeks post-operatively in patients with SHN and PHN (Liu et al., 2020). The differences observed between us and that study may be due to differences in sample size and follow-up time. In the cervical and thoracic dermatome, the long and short-term efficacy of st-NES was greater than PRF. The statistical analysis did not include the NRS scores at 12 and 24 months in the lumbosacral dermatome because of the small sample size.

The influential factors associated with the therapeutic outcome of ZAP were evaluated. Ultimately, treatments and disease duration were influential factors in the efficacy of ZAP, which means that patients with st-NES experienced greater effectiveness than PRF, and the longer the course of the disease, the worse the outcome of the patients. This result differed from a previous study, which showed no effect of disease duration on the efficacy of ZAP (Liu et al., 2020). This inconsistency may result from the different disease duration of included patients between the two studies.

This study is real-world-based, where patients were admitted to the hospital for further treatment only when medication was ineffective or the side effects were intolerable. We have introduced PRF and st-NES to the patients in detail, and they chose the specific method. Therefore, each patient as their own control could indicate that st-NES and PRF were more effective than oral medications. However, several limitations of this study should be addressed in future research. First, this is a retrospective analysis, lacking strict randomized control. Thus we used propensity score matching methods to avoid the impacts of other variables on endpoints, and the obtained results were reviewed by various statistical methods to ensure the reliability of the data. Second, patients enrolled in one pain management center despite the large sample size. Future multiple centers studies are warranted to validate our findings.



Conclusion

This study showed that st-NES and PRF are effective and safe in treating ZAP. St-NES provides better pain relief and sleeps improvement than PRF for ZAP patients. We further found that st-NES is more effective than PRF within 12 months in AHN, SHN patients, and patients with ZAP in the cranial dermatome, but the efficacy of st-NES and PRF is comparable after 12 months. There is no significant difference in the efficacy of the two treatment modalities for ZAP in the lumbosacral dermatome. In addition, the prognosis of ZAP is related to the type of treatment and duration of the disease, with no correlation to gender, age, underlying diseases, BMI, location, or side of the disease.
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Background: Chronic pain is often accompanied by emotional dysfunction. Transcranial direct current stimulation (tDCS) has been used for reducing pain, depressive and anxiety symptoms in chronic pain patients, but its therapeutic effect remains unknown.

Objectives: To ascertain the treatment effect of tDCS on pain, depression, and anxiety symptoms of patients suffering from chronic pain, and potential factors that modulate the effectiveness of tDCS.

Methods: Literature search was performed on PubMed, Embase, Web of Science, and Cochrane Library from inception to July 2022. Randomized controlled trials that reported the effects of tDCS on pain and depression and anxiety symptoms in patients with chronic pain were included.

Results: Twenty-two studies were included in this review. Overall pooled results indicated that the use of tDCS can effectively alleviate short-term pain intensity [standard mean difference (SMD): −0.43, 95% confidence interval (CI): −0.75 to −0.12, P = 0.007] and depressive symptoms (SMD: −0.31, 95% CI, −0.47 to −0.14, P < 0.001), middle-term depressive symptoms (SMD: −0.35, 95% CI: −0.58 to −0.11, P = 0.004), long-term depressive symptoms (ES: −0.38, 95% CI: −0.64 to −0.13, P = 0.003) and anxiety symptoms (SMD: −0.26, 95% CI: −0.51 to −0.02, P = 0.03) compared with the control group.

Conclusion: tDCS may be an effective short-term treatment for the improvement of pain intensity and concomitant depression and anxiety symptoms in chronic pain patients. Stimulation site, stimulation frequency, and type of chronic pain were significant influence factors for the therapeutic effect of tDCS.

Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=297693, identifier: CRD42022297693.
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transcranial direct current stimulation, chronic pain, depression, anxiety, non-invasive brain stimulation, meta-analysis, systematic review


Introduction

Pain is currently defined by the International Association for the Study of Pain as “an unpleasant sensory and emotional experience associated with or resembling that associated with actual or potential tissue damage” (Raja et al., 2020). Pain encompasses sensory, cognitive, and most importantly effective components. As opposed to acute pain, which by definition has <1 month, chronic pain was pain that lasts 3 months or longer (Treede et al., 2019). Chronic pain is a heterogeneous phenomenon caused by multiple pathologies together with chronic somatic tissue degeneration. Different possible strategies for the production of pain may explain various sorts of chronic pain (Ossipov and Porreca, 2007). Under persistent chronic pain, the brain undergoes structural and functional changes, and brain network dynamics are altered (Baliki et al., 2011; Nickel et al., 2012). In adults, the prevalence rate exceeds 50%, and the rate of clinically significant chronic pain is 10–20% (van Hecke et al., 2013). Compared with acute pain, patients with chronic pain are more likely to suffer from dysthymic disorder due to the long course of the disease and its adverse impact on the quality of life of patients. Negative psychological factors, such as depression or anxiety disorders, are usually comorbidities of chronic pain and have morbidity rates of 30–60% and interact to alter disease progression (Walker et al., 2014; Doan et al., 2015). Chronic pain can be a significant risk factor for psychology, and interactively, psychology can exacerbate chronic pain development and disrupt the effectiveness of analgesic therapy. In Europe, 21% of chronic pain patients were diagnosed with depression because of their pain, and most patients with moderate to severe chronic pain do not receive adequate and accurate pain management, which has a serious negative impact on their social work and life (Breivik et al., 2006; van Hecke et al., 2013). Current treatment mainly consists of antidepressants, combined with non-steroidal anti-inflammatory drugs and psychotherapy, etc. Antidepressants and antiepileptics can affect the mental and physical symptoms of depression, pain symptoms of chronic pain, and the overall function of both patients (Reinhold et al., 2011; Bandelow et al., 2012), but only 40–60% of patients have relief from pain and depression and with significant adverse reaction (Zhang and Zhao, 2016). In addition, negative emotions in chronic pain patients were associated with worse opioid outcomes, including decreased pain relief ability and increased likelihood of abuse. These findings underscore the importance of exploring more effective and safer non-pharmacological therapy for pain, anxiety, and depression symptoms in patients with chronic pain.

Transcranial direct current stimulation (tDCS) is a non-invasive brain stimulation method. In clinical practice, tDCS, as a new tool for modulating brain activity (Lefaucheur, 2008), can modulate cortical excitability by delivering a weak constant positive or negative electric current to a target area of the brain via electrodes attached to the scalp. Thus, it can directly modulate a wide neural network involved in pain processing through the transcranial application of electrical field stimulation (Antal et al., 2017; O'Connell et al., 2018). In recent years, tDCS has been explored for the treatment of mental and neurological diseases (Meron et al., 2015) such as anxiety and depression (Palm et al., 2016; Vergallito et al., 2021) and has been employed in the treatment of a range of pathological chronic pain circumstances, such as chronic low back pain (CLBP) (Mariano et al., 2019; McPhee and Graven-Nielsen, 2021b), fibromyalgia (Fagerlund et al., 2015; Khedr et al., 2017), and complex regional pain syndrome (Cruccu et al., 2016; Lagueux et al., 2018). However, these results of studies are mixed. The quality of evidence supporting the benefit of tDCS for chronic pains is poor (Knotkova et al., 2021). Notably, to our knowledge, no systematic review has attempted to investigate the effect of tDCS on anxiety and depressive symptoms in patients with chronic pain to gain a more comprehensive understanding of it as a true non-pharmacological therapy for chronic pain. Only a few reviews have focused on the role of tDCS in the treatment of chronic pain in adults but most of these studies either focused on a single chronic pain condition (Mehta et al., 2015; Hou et al., 2016; Alwardat et al., 2020; Lloyd et al., 2020; Yu et al., 2020; Gao et al., 2022) or did not include measures of anxiety and depression in the scopes of systematic review (O'Connell et al., 2011, 2018; Mehta et al., 2015; Alwardat et al., 2020; Lloyd et al., 2020). Therefore, further review and analysis of available evidence on tDCS-related pain, depression, and anxiety in chronic pain patients are necessary. The results of this systematic review and meta-analysis are expected to help clinicians and future researchers provide more sufficient evidence from multiple dimensions to determine the role of tDCS in the treatment of chronic pain and to select ideal tDCS parameters (such as stimulation site, intensity, and duration).



Methods


Protocol and registration

This systematic review was reported in line with the PRISMA guidelines (Liberati et al., 2009) and the protocols were prospectively registered on the PROSPERO database with registration number CRD42022297693.



Search strategy

Our literature search was performed on PubMed, Embase, Web of Science, and Cochrane Library. Publication dates ranged from the first date of availability to July 2022 in all languages. The following keywords were searched: “transcranial direct current stimulation,” “tDCS,” “chronic pain,” “depression,” “depressive syndrome,” “depressive symptom,” and “anxiety.” The complete search strategies are submitted in Supplementary material 1.



Eligibility criteria

Firstly, studies from four databases were preliminarily selected by their titles and abstracts. If the topic of the article cannot be defined by the title and abstract, we assessed the full text of the article to ascertain whether it could be included in this review. Two evaluators (Y.W. and J.S.) independently assessed studies based on inclusion and exclusion criteria. If the two judges could not reach a consensus, the corresponding author re-evaluated the article and discussed it with them to reach a consensus.

The inclusion criteria were as follows:

• Design of studies: parallel or crossover randomized controlled trials (RCTs)

• Subjects: adults aged more than 18 years old with chronic pain lasting over 3 months

• Types of intervention: transcranial direct current stimulation was used as the main intervention in the experimental group.

• Main outcomes were related to the intensity of pain, and using a validated multi-item scale or structured diagnostic interview for the assessment of depressive symptoms and/or anxiety.

The exclusion criteria were as follows:

• Studies have been published in the form of conference abstracts, dissertations, and books.

• Treatment paradigm did not comply with the published safety guidelines.



Data extraction

Data extraction for each selected study was completed independently by two evaluators (Y.W. and J.S.) and then reviewed and revised by the corresponding author. If RCTs contained more than two arms, we collected data from the separate treatment arms. A standard information extraction form was jointly designed by two evaluators. Details of data extraction for studies are shown in Supplementary material 2.



Risk of bias and GRADE

The Cochrane Risk of Bias Tool (Higgins et al., 2019; Sterne et al., 2019) was used by two authors (Y.L. and Z.H.) to independently assess the quality of methods and the risk of bias of these studies. The Cochrane tool categorized the quality risk into three classes: high, low, and unclear which examined potential performance bias, selection bias, attrition bias, detection bias, reporting bias, and other bias.

Furthermore, the quality of evidence for achievements was appraised using the grading of recommendation assessment, development, and evaluation (GRADE) pathway (Atkins et al., 2004). GRADE may reduce the quality of evidence in the systematic evaluation of intervention: inconsistency, risk of bias, inaccuracy, indirectness, and publication bias. GRADEpro was used in evaluating these factors and classifying the quality of evidence into four grades: very low, low, medium, and high quality.



Data synthesis and analysis

Meta-analysis was executed by employing Stata v16.0 computer program (StataCorp, Texas, USA) with the metan command. The summary effect size (SES) was evaluated by calculating the combined standard mean difference (SMD) of the change score (end-point minus baseline score) and its 95% confidence interval (CI). In the meta-analysis, the SMD was used as a pool-president measure when all studies assessed the same outcome but measured differently (e.g., all studies measured depression but used different psychometric scales). In this case, it was necessary to scale the results to achieve a uniform unit of measure (scale) before combining studies. We interpreted SMD based on previous studies (Varangot-Reille et al., 2022) (0–0.2, trivial; 0.2–0.6, small; 0.6–1.2, moderate; 1.2–2.0, large; 2.0–4.0, very large; >4.0, extremely large). The CI showed the degree to which the true value of this parameter has a certain probability to fall around the measurement result, and it gave credibility to the measured value of the measured parameter. These standardized effect sizes (SES) are separate for the active and sham tDCS interventions. We used the difference obtained by subtracting the baseline values from the short-, medium- and long-term values after the tDCS or sham intervention, respectively, as a comparison of the final SES. At the same time, the heterogeneity was examined using P-value and I2. P > 0.1 and I2 < 50% indicated low heterogeneity, and we selected the fixed effect model. P < 0.1 and I2 > 50% indicated heterogeneity among studies, and the random effect model was adopted. Publication bias was evaluated with a funnel plot. Egger experiment was utilized to appraise whether the degree of asymmetry was significant. Funnel asymmetry due to publication bias was adjusted with the trim and fill method. The reliability of the studies was evaluated through sensitivity assessment, and each investigation was evaluated separately. Three crossover studies were included in this meta-analysis, and these outcomes had no carry-over influences. The generic inverse-variance methods were used to combine the results of the crossover and parallel studies according to Cochrane Handbook for Systematic Reviews of Interventions (Higgins et al., 2019).

A separate meta-analysis was performed to classify the main outcomes into long-term (≥6 weeks post-intervention), medium-term (>1 to 6 weeks post-intervention), and short-term (immediately end of the intervention to ≤1 week post-intervention). In general, when multiple data points were available in different periods, except for short-term results, data closest to the midpoint of the period for extraction was selected. For short-term outcomes, data measured immediately at the end of the intervention had the highest priority.

Three subgroup analyses were set up to investigate factors impacting the result of tDCS on chronic pain with anxiety or depression: type of chronic pain (neuropathic pain vs. non-neuropathic pain vs. visceral pain), stimulation target [M1 vs. dorsolateral prefrontal cortex (DLPFC)], number of sessions (<5 sessions vs. 5–10 sessions vs. >10 sessions).




Results


Search results

A preliminary search of four databases identified 1,396 articles. In the preliminary search results, 297 duplicate articles were removed, and 1,006 articles with titles and abstracts that did not meet the standard criteria of this review were removed. Next, by evaluating the full text of the excess 93 articles, we subtracted 77 of these studies for several reasons, including without full text (n = 1), conference abstracts (n = 18), protocol (n = 20), not outcome of interest (n = 10), not RCT (n = 18) and not chronic pain (n = 10). The systematic review process is shown in Figure 1. At last, twenty-two RCTs (n = 772) met the inclusion criteria, of which eighteen were considered meta-analysis. In all included studies, crossover and parallel investigation designs included 18 parallel investigations and four crossover studies. The fundamental characteristics of all articles are summarized in Table 1.


[image: Figure 1]
FIGURE 1
 Study selection flowchart according to the PRISMA guidelines, preferred reporting items for systematic reviews and meta-analyses. RCT, randomized controlled trials.



TABLE 1 Principal characteristics of included studies.
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Characteristics of the included studies

The considered investigations were published from 2006 to 2022. In all tDCS studies, the sample size ranged from 10 to 130. Studies covered a wide variety of pain types. Most trials enrolled male and female patients except (Fregni et al., 2006b; Forogh et al., 2021) (fibromyalgia); (Divandari et al., 2019) (chronic pelvic pain); (Morin et al., 2017) (provoked vestibulodynia); and (Dutra et al., 2020; Pegado et al., 2020) (chronic abdominal pain), which recruited females only. One study did not present information on gender distribution (Samartin-Veiga et al., 2022). Almost all the included RCTs evaluated chronic pain intensity with self-reported scales (VAS or NRS). We investigated outcomes that unmistakably presented the scores of self-announced depression or anxiety. Detailed descriptions are placed in Supplementary material 3.



Short-term (0–1 week post-intervention)


Pain intensity

Sufficient information was accessible from 16 investigations (n = 683) for short-term assessment. We did not extract data from (Morin et al., 2017; Young et al., 2020) as the necessary chronic pain scores were not available for the short-term analysis. Figure 2A revealed an overall effect of real stimulation (SMD: −0.43, 95% CI: −0.75 to −0.12, P = 0.007), but with considerable heterogeneity (I2 = 76.2%, P < 0.001).
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FIGURE 2
 Forest plot showing overall effect sizes (Hedges' g) of real tDCS on pain intensity within studies. These plots show the pooled SMD (large diamond shape) and I2 resulting from the meta-analysis. (A) Pain scores from short-term data. (B) Pain scores from medium-term data. CI, confidence interval; SMD, standard mean difference; tDCS, transcranial direct current stimulation; a, motor cortex; b, dorsolateral prefrontal cortex; c, operculo-insular cortex.


Subgrouping analysis by painful conditions significantly increased the effect size and decreased heterogeneity in the visceral pain subgroup (SMD: −1.09, 95% CI: −1.69 to −0.50, P < 0.001, I2 = 43.4%, P = 0.17) and neuropathic pain subgroup (SMD: −0.84, 95% CI: −1.34 to −0.35, P = 0.001, I2 = 69.8%, P = 0.003) but did not show effect size in the non-neuropathic pain subgroup (SMD: 0.05, 95% CI: −0.25 to 0.36, P = 0.72, I2 = 51.7%, P = 0.003; Figure 3A).


[image: Figure 3]
FIGURE 3
 Forest plot showing SMDs in pain intensity scores from data of short-term studies. (A) Sub-analysis of pain intensity scores by different types of chronic pain patients. (B) Sub-analysis of pain intensity scores comparing the stimulation of M1 with DLPFC. CI, confidence interval; SMD, standard mean difference; tDCS, transcranial direct current stimulation; M1, motor cortex; DLPFC, dorsolateral prefrontal cortex; a, motor cortex; b, dorsolateral prefrontal cortex; c, operculo-insular cortex.


Analysis limited to comparisons of the M1 stimulation (n = 441) did not reduced heterogeneity substantially (I2 = 77.5%, P < 0.001) and displayed an effect (SMD: −0.68, 95% CI: −1.12 to −0.24, P = 0.003). Analysis limited to comparisons of DLPFC stimulation (n = 217) reduce heterogeneity (I2 = 58.3%, P = 0.035), and no evidence of an influence of DLPFC tDCS on pain severity was obtained (SMD: −0.01, 95% CI: −0.43 to 0.42, P = 0.98; Figure 3B).

Studies were categorized by the number of sessions (<5 sessions vs. 5–10 sessions vs. >10 sessions). In real tDCS group, no evidence of an effect of less than five sessions of tDCS stimulation (SMD: −0.70, 95% CI: −1.68 to 0.28, P = 0.16) and more than 10 sessions of tDCS stimulation (SMD: 0.33, 95% CI: 0.02–0.65, P = 0.04) for pain intensity was obtained. Five to ten sessions of tDCS stimulation revealed an effect (SMD: −0.57, 95% CI: −0.92 to −0.21, P = 0.002). Overall, considerable heterogeneity was observed (see Supplementary Figure S1).



Depression

Adequate short-term information was available from 10 studies for depression analysis (n = 502). The pooled SMD for the aforesaid finding was −0.31 (95% CI: −0.47 to −0.14, P < 0.001; Figure 4A).
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FIGURE 4
 Forest plot showing overall effect sizes (Hedges' g) of real tDCS on depression within studies. These plots show the pooled SMD (large diamond shape) and I2 resulting from the meta-analysis. (A) Depression scores from short-term data. (B) Depression scores from medium-term data. CI, confidence interval; SMD, standard mean difference; tDCS, transcranial direct current stimulation; a, motor cortex; b, dorsolateral prefrontal cortex; c, operculo-insular cortex.




Anxiety

Adequate short-term information was available from six studies for anxiety analysis (n = 230). Figure 5A shows no apparent reduction in anxiety scores (SMD: −0.23, 95% CI: −0.47 to 0.01, P = 0.06). The I2-test revealed heterogeneity of 0% (P = 0.79). More medium-term (1–6 weeks post-intervention) and long-term (>6 weeks post-intervention) results were presented in Supplementary material 3.
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FIGURE 5
 Forest plot showing overall effect sizes (Hedges' g) of real tDCS on anxiety within studies. These plots show the pooled SMD (large diamond shape) and I2 resulting from the meta-analysis. (A) Anxiety scores from short-term data. (B) Anxiety scores from medium-term data. CI, confidence interval; SMD, standard mean difference; tDCS, transcranial direct current stimulation; a, motor cortex; b, dorsolateral prefrontal cortex; c, operculo-insular cortex.





Medium-term (1–6 weeks post-intervention)


Pain intensity

Sufficient data were accessible from 11 studies (n = 324) for medium-term analysis. There was heterogeneity (I2 = 64.8%, P = 0.001) and Figure 2B revealed no significant reduction in pain intensity in active tDCS stimulation (SMD: −0.33, 95% CI: −0.71 to 0.05, P = 0.09).

Subgrouping studies by type of painful condition significantly diminished heterogeneity in the visceral pain subset (I2 = 0%, P = 0.71). Pooling data from these studies in neuropathic pain subgroup showed an effect in favor of the real intervention (SMD: −0.78, 95% CI: −1.48 to −0.08, P = 0.03; Figure 6A). No effect of pain intensity reduction was observed in the visceral pain subgroup (P = 0.17) and non-neuropathic pain subgroup (P = 0.24).


[image: Figure 6]
FIGURE 6
 Forest plot showing SMDs in pain intensity scores from data of medium-term studies. (A) Sub-analysis of pain intensity scores by different types of chronic pain patients. (B) Sub-analysis of pain intensity scores comparing the stimulation of M1 with DLPFC. CI, confidence interval; SMD, standard mean difference; tDCS, transcranial direct current stimulation; M1, motor cortex; DLPFC, dorsolateral prefrontal cortex; a, motor cortex; b, dorsolateral prefrontal cortex.


Assessment confined to comparisons of M1 stimulation (n = 263) did not reduce heterogeneity dramatically (I2 = 65.9%, P = 0.003) and revealed an influence (SMD: −0.48, 95% CI: −0.92 to −0.04, P = 0.03). Analysis was confined to comparisons of DLPFC stimulation (n = 50), and no indication of effect of DLPFC tDCS for analgesic effect was observed (SMD: 0.28, 95% CI: −0.73–1.28, P = 0.60; Figure 6B), and substantial heterogeneity was demonstrated (I2 = 67.5%, P = 0.08).

Studies were categorized by the number of sessions. In this group, no indication of an effect of fewer than five sessions of tDCS stimulation (SMD: 0.76, 95% CI: 0.02–1.51, P = 0.04) for pain intensity was obtained. Five to ten sessions of tDCS stimulation demonstrated an effect (SMD: −0.43, 95% CI: −0.76 to −0.06, P = 0.02), and low heterogeneity was observed (I2 = 37.9%, P = 0.13; Supplementary Figure S1).



Depression

Adequate medium-term data were accessible from nine studies (n = 287) for depression analysis. The pooled SMD for this outcome was −0.35 (95% CI: −0.58 to −0.11, P = 0.004). The I2-test revealed heterogeneity of 44.3% (P = 0.10; Figure 4B).



Anxiety

Adequate medium-term data were accessible from seven studies (n = 213) for anxiety analysis. Meta-analysis showed no substantial reduction in anxiety scores (SMD: −0.04, 95% CI: −0.31–0.24, P = 0.79). The I2-test revealed heterogeneity of 25.1% (P = 0.24; Figure 5B).




Long-term (>6 weeks post-intervention)


Pain intensity

Three investigations (n = 92) provided long-term data for pain analysis (Mendonca et al., 2016; Morin et al., 2017; Forogh et al., 2021). High heterogeneity was observed (I2 = 71.9%, P = 0.03), and no influence for real tDCS was presented (SMD: 0.46, 95% CI: −0.35–1.27, P = 0.27; Supplementary Figure S2).



Depression

Adequate long-term data (n = 193) were available from four studies (Mendonca et al., 2016; Morin et al., 2017; Forogh et al., 2021; Samartin-Veiga et al., 2022) for depression analysis. The pooled SMD for this outcome was −0.38 (95% CI: −0.64 to −0.13, P = 0.003). The I2-test revealed heterogeneity of 38.4% (P = 0.15; Supplementary Figure S3).



Anxiety

Adequate long-term data (n = 213) were accessible from five studies for anxiety analysis. The pooled SMD for this comparison was −0.26 (95% CI: −0.51 to −0.02, P = 0.04). The I2-test revealed no heterogeneity of 28.8% (P = 0.21; Supplementary Figure S4).




Risk of bias and GRADE

A brief description of the risk of bias evaluation for each investigation is presented in Figures 7, 8 and Supplementary material 3. Overall, 10 studies found substantial risk of bias across four of the seven criteria (Kim et al., 2013; Mendonca et al., 2016; Morin et al., 2017; Yoo et al., 2018; Divandari et al., 2019; Shiasy et al., 2020; Young et al., 2020; Forogh et al., 2021; Soler et al., 2021; Samartin-Veiga et al., 2022). The quality of evidence assessed by the GRADE approach is shown in Supplementary material 4.
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FIGURE 7
 Methodological quality summary: review authors' judgements about each methodological quality item for each included study.



[image: Figure 8]
FIGURE 8
 Risk of bias graph: review authors' judgements about each risk of bias item presented as percentages across all included studies.




Sensitivity analysis and publication bias

Removing the literature comparisons one by one did not significantly change the heterogeneity of the pain outcomes. No outliers were found because the total effect size of each investigation was within 2 S.D. of the total average impact size. Additional meta-analysis was conducted to determine whether the exclusion of two high-risk biased trials influences the outcome of a short-term meta-analysis. The other 14 studies maintained statistically meaningful impact estimate of −0.37 (95% CI: −0.70 to −0.04) with heterogeneity of 74.1% (Ayache et al., 2016). The results of publication bias were placed in Supplementary material 3.



Adverse event of intervention

Among the studies, there were 14 minor adverse reactions reported after the intervention. including tingling, itching, and skin redness under the area of stimulation (Fregni et al., 2006a; Kim et al., 2013; Wrigley et al., 2013; Fagerlund et al., 2015; Mendonca et al., 2016; Morin et al., 2017; Dutra et al., 2020; Pegado et al., 2020; Gunduz et al., 2021; McPhee and Graven-Nielsen, 2021a; Soler et al., 2021; Samartin-Veiga et al., 2022); headache (Fregni et al., 2006a,b; Kim et al., 2013; Wrigley et al., 2013; Fagerlund et al., 2015; Ayache et al., 2016; Mendonca et al., 2016; Gunduz et al., 2021; McPhee and Graven-Nielsen, 2021a); nausea (Wrigley et al., 2013; Ayache et al., 2016; McPhee and Graven-Nielsen, 2021a); fatigue (Kim et al., 2013; Wrigley et al., 2013; McPhee and Graven-Nielsen, 2021a); insomnia (Kim et al., 2013; Ayache et al., 2016; McPhee and Graven-Nielsen, 2021a); neck pain (Fagerlund et al., 2015; Mendonca et al., 2016; Gunduz et al., 2021); sleepiness (Fregni et al., 2006b; Gunduz et al., 2021; McPhee and Graven-Nielsen, 2021a); acute mood change (Gunduz et al., 2021); and scalp pain (Fagerlund et al., 2015; Gunduz et al., 2021). However, they were evenly distributed among the real and sham stimulus groups. Three studies showed that no patients experienced adverse effects after the stimulation (Mori et al., 2010; Ibrahim et al., 2018; Divandari et al., 2019) and it was not mentioned in five of the studies (Yoo et al., 2018; Mariano et al., 2019; Shiasy et al., 2020; Young et al., 2020; Forogh et al., 2021).




Discussion


Main findings

In previous studies, a large number of studies on tDCS have, respectively, affirmed its efficacy in chronic pain and mood disorders (especially depression), but we know little about the efficacy of tDCS in the treatment of both symptoms. This is the first systematic review (including 18 studies) on the effects of tDCS on chronic pain, depressive and anxiety symptoms.

Low quality of evidence did show a substantial reduction in pain intensity in comparison with the sham intervention at 0–1 week. However, the results showed heterogeneity. Evidence from medium- and long-term follow-ups did not suggest that tDCS is effective after 1 week. The tDCS showed statistical significance for pain relief in the short-term but no effect was shown in long-term follow-up, a finding consistent with the previous study (O'Connell et al., 2018). O'Connell et al. found that active tDCS is superior to the method used in the control group in the total sample (SMD: −0.43, 95% CI: −0.63 to −0.22, P < 0.001) in the short-term stage, the difference is a 17% alteration in chronic pain, which reached the threshold of clinically essential discrepancy. But no effect was observed in long-term follow-up. Medium-term data showed that the findings of this review and O'Connell et al.'s study contradict each other. The largest factor contributing to this difference may come from the type of subjects included. O'Connell included patients with only chronic pain. By contrast, we included people with chronic pain and dysthymic disorder. It could be seen that depression or anxiety mediates the effect of tDCS on chronic pain.

Most tDCS trials have specifically recruited participants who have not responded to current clinical treatments for pain relief. Therefore, we recognize that this analysis largely reflects the importance of the efficacy of tDCS for refractory chronic pain, but may not accurately reflect their efficacy for all chronic pain. In addition, we find that the short-term influences detected for tDCS on chronic pain with psychological disorders might be overstated through the advantage of small-scale research benefits, heterogeneity of design, uncertain risk of bias, and restrictions of investigation approaches. In long-term data, the incentive to analyze effect sizes also appeared to be insufficient due to the reduced number of studies. Future research may have a substantial impact on the evaluation of the efficacy presented.

For depression improvement in patients with chronic pain, moderate quality evidence suggested that tDCS stimulation had a significant and sustained effect. This result complemented the previous research conclusions of tDCS in a clean sample of patients suffering from depression (Moffa et al., 2020; Zhang et al., 2021), which proves that tDCS still has the effect of improving depression in chronic pain patients. The pooled analysis results from the short to medium term did not show any effect of real tDCS on anxiety. Very poor-quality evidence suggested that tDCS can have long-term influences on anxiety.

Pooled data from all of our studies found that tDCS stimulation of M1 and DLPFC had completely different effect sizes in reducing pain, depression, and anxiety. In the studies done before, DLPFC and M1 were the most regular sites of stimulation, among which M1 was the most abundant. Of the 18 quantitative analyses in our study, 13 studies stimulated M1. Positive stimulation of M1 was directly associated with analgesia and relief of depression. However, the stimulation of DLPFC showed no effect. Four out of six studies (Fregni et al., 2006b; Yoo et al., 2018; Forogh et al., 2021; Samartin-Veiga et al., 2022) that stimulated the DLPFC in tDCS articles had no apparent effect compared to the control group. Fregni et al. (2006b) executed a three-arm investigation comparing the influences of M1 stimulation, DLPFC stimulation, and sham stimulation in cases suffering from fibromyalgia. They found that only anodic stimulation at M1 still had significant analgesic effects after 3 weeks of follow-up, but not at DLPFC.

Our subgroup analysis found that tDCS has a greater therapeutic effect on neuropathic pain but showed no vital enhancements in non-neuropathic and visceral pain. Our study did not find any serious complications of tDCS, and it was well-tolerated.



Effect of tDCS on pain intensity, depression, and anxiety

In this review, chronic pain with depression or anxiety was the focus. Chronic pain, anxiety, and depression can occur together. According to the effective application of tricyclic antidepressants in chronic neuropathic pain, modern research theories propose that chronic pain has a common physiological and pathological mechanism with depression and anxiety (Sacks et al., 2018).

Notably, regulating depression and anxiety is an important reason for the improvement of chronic pain (Marshall et al., 2017). Many studies have shown that tDCS stimulation improves patients' depression symptoms and reduces pain intensity (Lorenz et al., 2003; Khedr et al., 2017; Hassan et al., 2021). Given the connection between pain, depression, and anxiety, we could expect that reduced depression or anxiety may decrease pain. However, the current study did not fully approve of this hypothesis. The improvement of anxiety and analgesia effect is not consistent. Improvements in depression were consistent with improvements in pain intensity in the short term, but not in medium and long-term follow-up. The changes in anxiety and pain intensity were completely discordant. We speculate that depression may have a greater effect on chronic pain. Nevertheless, this finding was difficult to interpret at present and may be related to the complex mechanisms underlying the comorbidity of pain and mood disorders and the uncertainty of long-term follow-up.

Based on previous research findings, the mechanisms of chronic pain comorbidities with emotional disorders may include the following two systems: central nervous system regulation mechanism and endocrine regulation mechanism. The neuromodulatory system includes the midbrain, hypothalamus, peripheral cortex, and brain stem. It participates in emotional and pain regulation activities, thus triggering the co-occurrence of pain and psychological disorder. The view has also been proved by neuroimaging studies which demonstrated the anterior cingulate cortex, prefrontal cortex, nucleus accumbens and amygdala are overlapping brain regions of chronic pain and depression. Meanwhile, neuroimaging results also showed that the shared mechanism of dysregulation between emotion and reward process has something in common (Tappe-Theodor and Kuner, 2019). The endocrine regulatory system is dominated by hypothalamic–pituitary–adrenocortical (HPA) system, and stress response leads to the disorder of endocrine system, which in turn leads to pain and depression. Therefore, the potential mechanisms may be associated with the HPA axis in stress and chronic pain. Notably, chronic pain is positively correlated with widespread anxiety because it is a common condition coexisting with anxiety (Bair et al., 2008; Mundal et al., 2014). In fact, individuals have high baseline anxiety before experiencing chronic pain onset (Gupta et al., 2007). Studies on the relationship between anxiety and chronic pain are much fewer than those on depression and chronic pain. Thus, the role of anxiety in pain may be far ignored. The mechanism between chronic pain and anxiety, like depression, is full of complex factors (Edwards et al., 2006; Campbell and Edwards, 2009; Niederstrasser et al., 2014) which may involve pro-inflammatory immune responses, stress, indices of central sensitization, central nociceptive processing system. However, our confidence in this conclusion may be limited by the small subject numbers. The improvement of anxiety may need a long-term process, because the effectiveness of tDCS on anxiety in chronic pain patients seems to be reflected in follow-up after 6 weeks. In addition, the improvement of anxiety and pain outcomes may be affected by gender. There was research data (Harvie et al., 2021) supported that the relationships between some anxiety and chronic pain are moderated by sex. Thus, subgrouping by status and sex in future studies is recommended to explore psychological factors of chronic pain among individuals.



Target of stimulation

According to the results of this meta-analysis, different target areas stimulated by tDCS could significantly affect pain and emotional outcomes. More and more evidence suggested that there may be different mechanisms for the analgesic effect of tDCS stimulation of M1 and DLPFC (Mhalla et al., 2011). The effects of M1 tDCS were thought to alter pain sensory discrimination by restraining lateral thalamic activity, which may change the function and connection of the thalamus and hypothalamic nucleus through motor disinhibition, and regulate the emotional components of pain. One study demonstrated that ten times of M1-targeted anodal tDCS stimulation can effectively relieve pain severity and depressive disorder in fibromyalgia (Mhalla et al., 2011), similar to the report of Kang et al. (2020). This finding may be related to the relationship between M1 and the thalamus, and the somatosensory cortex can be controlled directly through the cortico-cortical M1-S1 pathways (DosSantos et al., 2016).

A clinical guideline (Fregni et al., 2021) based on a systematic review and meta-analysis pointed out that anodal tDCS placed in L-DLPFC is indeed effective in improving depressive disorder and was listed as a class A recommendation. In clinical research of repetitive transcranial magnetic stimulation in the therapy of refractory depression, O'Reardon et al. (2007) demonstrated that L-DLPFC stimulation demonstrated a favorable effect on pain relief unexpectedly. PFC is an area directly involved in cognitive pain interpretation (Seminowicz and Moayedi, 2017). The L-DLPFC stimulation in healthy participants showed that tDCS can induce increased perfusion in some parts of brain regions, including the insular cortex, cingulate cortex, and periaqueductal gray (Stagg et al., 2013). DLPFC combined with limbic system can regulate the perception of pain. Pain inhibition through descending fibers of the prefrontal cortex as a top-down mechanism has been proposed. In general, tDCS may affect multiple systems, the tonic control of pain through the activity of cortical thalamic pathway or DMN and the emotional control of pain through marginal connection (Keeser et al., 2011; Kucyi et al., 2013; Clarke et al., 2014; Egorova et al., 2015; Flood et al., 2016). A bi-directional association was observed between psychological disorders and chronic pain (Kroenke et al., 2011). Therefore, the tDCS stimulation of DLPFC has great potential for analgesia. Although owing to the small sample size and lack of evidence, recommendations about the stimulation of tDCS in the DLPFC are inconclusive.



Types of pain

Benefits for neuropathic pain have conflicting evidence. Our subgroup analysis found that tDCS has a greater therapeutic effect on neuropathic pain but showed no vital enhancements in non-neuropathic and visceral pain. These results were consistent with previous RCTs showing that tDCS has little or no effect on analgesia, particularly fibromyalgia (Luedtke et al., 2012; Zhu et al., 2017), chronic pelvic pain and CLBP (Alwardat et al., 2020). In a recent meta-analysis that included five investigations of tDCS for chronic non-specific low back pain, the results revealed multiple sessions of tDCS were not statistically better than sham intervention (Alwardat et al., 2020). Leung et al. (2009) noted that tDCS had a greater influence on central pain compared to peripheral neuropathic pain however this was not statistically significant. Nevertheless, O'Connell's review of chronic pain concluded that active stimulation had analgesic effects in non-neuropathic pain but not in neuropathic pain which contradicts our findings. This difference may be due to the different kinds of chronic pain that the patients included in the study suffered. Chronic pain is a heterogenous phenomenon that results from a wide variety of pathologies. Dysthymic disorders may mediate the therapeutic effects of tDCS. It is likely that different mechanisms of pain production underpin these different effects of chronic pain.



Dose-effect response

The analgesic effects of tDCS stimulation may vary from multiple sessions (Cruccu et al., 2016; O'Connell et al., 2018). The tDCS impacts are cumulative, and multiple sessions are purportedly required to achieve clinically useful results (Woods et al., 2016). The minimum and maximum effects of tDCS have not been fully studied. In the present analysis, tDCS stimulation with 5 to 10 sessions seems to show effectiveness in reducing pain in patients with mood disorders, which showed that the duration of treatment for tDCS to produce maximum effect is not as long as possible. McPhee and Graven-Nielsen (2021a) applied 2 mA, three sessions of HD-tDCS stimulation to mPFC targets in CLBP patients. Active HD-tDCS showed no significant effects on anti-nociceptive mechanisms, nor on other psychophysical tests, clinical LBP features, or psychological characteristics. Samartin-Veiga et al. (2022) applied 2 mA, 15 sessions of tDCS stimulation to M1, DLPFC, and operculo-insular cortex in fibromyalgia patients, The results did not show that the analgesic effect of real tDCS was superior to that of the sham control group. In addition, we found that few studies selected tDCS stimulation with more than 10 sessions in cases suffering from chronic pain comorbidities possibly because of the difficulty and complexity of the study design. According to studies of patients with severe depression, the duration of its effects is long. Future studies should focus more on long sessions (15–20) to further determine the positive effects of tDCS on pain improvement following the end of the session and in a long follow-up period (Castillo-Saavedra et al., 2016; Lefaucheur et al., 2017).



Safety and tolerance

Our study did not find any serious complications of tDCS, and it was well-tolerated. Moreover, a recently published review observed no considerable adverse effects of tDCS (Brunoni et al., 2012). However, mild adverse effects of tDCS are comparatively pervasive, for instance, burning, tingling, itching near the electrodes, or paradoxical depression worsening. The current criteria employed in clinical investigations were demonstrated safe in one animal safety study. The reason was that brain lesions were just experimentally induced when mice were subjected to cathode stimulation, almost 100 times higher than those used in hospital trials (Liebetanz et al., 2009). However, clinical utilization of tDCS involves the repetitive and routine application of tDCS. These stimulants may induce side effects associated with successive stimulation. In addition, embedding saline (15–140 mm) solution and anesthetic ointment in the therapeutic sponge electrodes can prevent adverse effects (Brunoni et al., 2012). Therefore, later investigations are required for adverse effects during tDCS intervention.




Strengths and limitations

Regarding study strengths, this study is the first meta-analysis on the effectiveness of tDCS on chronic pain, depressive and anxiety symptoms. We highlighted the psychological factors that deserve attention in cases suffering from chronic pain and the potential efficacy of tDCS in the treatment of comorbidities. Most included studies in our analysis presented low risk of bias. Our results support the associations among many physical and mental symptoms.

Several limitations of this meta-analysis were as follows: (1) The quantity of members in depression and anxiety was moderately little, so caution is required when deciphering the connection between chronic pain and disorder mood, as underpowered RCTs might diminish the possibility of distinguishing a genuine impact and the probability of statistically significant outcomes. (2) We included a sample of patients experiencing fluctuating levels of depression or anxiety in the current research given that we mainly scrutinized changes in pain intensity and keep a homogenous pain intensity at baseline. Psychiatric issues are regularly profoundly comorbid: anxiety and depression often coexist in chronic pain patients. Whether the efficacy of tDCS on chronic pain patients with mood disorders is affected by the degree of mood disorders would be a significant element to address in further tDCS investigations. (3) Similar to chronic pain, acute pain patients are also vulnerable to anxiety and depression comorbidities (Doan et al., 2015; Michaelides and Zis, 2019). Notably, tDCS has also been applied in the management of acute pain (Hamner et al., 2015; Hosseini Amiri et al., 2016). Thus, future studies should consider further exploring the efficacy of tDCS in patients with acute pain associated with anxiety or depression.



Conclusion

The present meta-analytic review proposes that tDCS might be considered a short-term therapy for chronic pain patients experiencing depression or anxiety. It has a reasonable bearableness profile, which would be a powerful option for patients who don't profit from existing pharmacological and additionally mental medicines. Detailed tDCS parameters (e.g., 2-mA intervention over 20 min/session, treatment more than 10 sessions on M1) and clinical characteristics (neuropathic pain) may augment the function of tDCS. We did not recommend involving tDCS as a sole clinical therapy but we propose that it can be a consideration in the relief of short-lasting chronic pain accompanied by a psychological disorder. Persistent pain is considered an illness that cannot be cured but can be managed. Thus, the treatment of chronic pain is aimed at the illness, rather than at the disease. Further investigations of tDCS in comorbid patients with mood disorders and chronic pain are required, particularly those that evaluate large samples and address criteria that influence a methodology's effectivity on clinical information, particularly rates of remission and relapse. Existing evidence does not show that tDCS is effective in mid-to-late follow-up, but future evidence may change this conclusion, and the theoretical and mechanistic basis of tDCS as a pain comorbidity treatment is worthy of careful study.
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One of the common negative effects of a stroke that seriously lowers patients’ quality of life is post-stroke pain (PSP). Thus, exercise in PSP management has become a hot research topic. The main advantages of exercise therapy are affordability and ease of acceptance by patients compared to other treatment methods. Therefore, this article reviews the effectiveness and possible mechanisms of exercise interventions for PSP. Exercise training for patients with PSP not only improves physical function but also effectively reduces pain intensity and attenuates the behavioral response to pain. In addition, exercise therapy can improve brain function and modulate levels of pro-inflammatory and neurotrophic factors to exert specific analgesic effects. Potential mechanisms for exercise intervention include modulation of synaptic plasticity in the anterior cingulate gyrus, modulation of endogenous opioids in vivo, reversal of brain-derived neurotrophic factor overexpression, inhibition of purinergic receptor (P2X4R, P2X7R) expression, and inhibition of microglia activation. However, current research on exercise for PSP remains limited, and the sustainable benefits of exercise interventions for PSP need to be further investigated.
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Introduction

The health and lives of middle-aged and elderly adults are in jeopardy given that stroke is one of the primary causes of chronic impairment (Alawieh et al., 2018). Stroke also contributes to the high cost of treatment. However, a portion of that cost is used to treat secondary problems caused by strokes, such as pain, sensory impairment, cognition, memory, and balance problems (Han et al., 2017). Post-stroke pain (PSP) refers to a syndrome that is commonly associated with post-stroke complications caused by cerebrovascular accidents and corresponding vascular lesions. It mainly includes hemiplegic shoulder pain, central post-stroke pain, pain caused by spasticity, headache, and complex regional pain syndrome (Hansen et al., 2012). The main manifestations of PSP are ectopic pain, nociceptive hyperalgesia, and spontaneous pain. In addition, PSP can lead to anxiety and depression (Alagoz et al., 2018), thus affecting patients’ quality of life. More than half of the patients experienced pain 6 months after the stroke, and 33.6% had a moderate to heavy effect on activities of daily living because of pain (Hansen et al., 2012). Moreover, the pain has been associated with decreasing cognitive ability and increasing dependence on function. However, PSP can often be ignored or not adequately treated by the patient (Harrison and Field, 2015; Paolucci et al., 2016).

The current treatment for PSP includes pharmacological and non-pharmacological therapies. Although the primary treatment for PSP is pharmacological, non-pharmacological approaches have increased in recent years. In particular, the application of exercise interventions in PSP management has received much attention. Compared to other treatments, exercise therapy is affordable and easy to perform, which makes it acceptable to patients. Previous studies have demonstrated that exercise could reduce pain sensitivity and increase pain thresholds (Jones et al., 2014; Belavy et al., 2021; Peng et al., 2022; Wu et al., 2022). For stroke patients, exercise can improve trunk stability, enhance balance and walking ability to reduce the incidence of falls (Lee and Stone, 2020; Jung et al., 2021). It has been shown that exercise can improve cognitive function and activities of daily living in stroke patients (Li et al., 2022; Nindorera et al., 2022). Physical exercise is also effective in improving patients’ quality of life and depressive symptoms after stroke (Ali et al., 2021; Zhang W. et al., 2021). However, there is still a lack of research on the mechanisms of exercise interventions for PSP. Therefore, this review discusses the clinical efficacy and possible mechanisms of exercise on PSP.



Effect of exercise on PSP

Exercise intervention is a simple, cost-effective, and widely applicable treatment for stroke patients. Meanwhile, exercise can improve cardiovascular health and physical function to avoid subsequent strokes (Saunders et al., 2014). Exercise guidelines for stroke also recommend 3–5 days of aerobic activity or 2–3 days of resistance exercise per week for adults with mild to moderate stroke (Kim Y. et al., 2019). However, PSP remains a complex medical problem to solve. It has been reported that the onset of PSP is associated with activity restriction (Atalan et al., 2021). Thus, the presence of pain hinders the rehabilitation process and affects the patient’s daily life. Various types of exercise are effective in relieving stroke pain, including strength training, aerobic exercise, stretching, and flexibility training, among others (Zhang Y. H. et al., 2021). Strength training can improve muscle weakness, increase trunk and lower extremity stability, improve walking ability, and improve overall function and quality of life in stroke patients (Han et al., 2017). Strength training has also been found to have a positive effect on reducing pain by increasing pain thresholds and decreasing pain sensitivity (Assa et al., 2019). The Monkey Chair and Band Exercise System Training for Stroke Patients was a randomized controlled trial performed by Jeon et al. (2016). This exercise system included joint motion, strengthening training, and relaxation. Meanwhile, using the visual analog scale (VAS), they found a progressive and significant improvement in VAS scores over time in the experimental group trained with the exercise intervention comparing the controls. This discovery indicates that exercise interventions are effective in reducing PSP. Aerobic exercise is a major component of stroke rehabilitation and cardiac rehabilitation and is a valuable intervention to promote cardiovascular health in stroke patients. Aerobic exercise can exert analgesic effects by inducing hyperalgesia, reducing musculoskeletal pain, and decreasing pain sensitivity in both healthy and chronic pain populations (Öte Karaca et al., 2017; Wewege and Jones, 2021). Complex regional syndrome (CPRS) is one of the common types of post-stroke pain. It is a diffuse pain, usually with swelling and vasodilatation changes in the limb, which severely affects the patient’s physical movement (Delpont et al., 2018). Topcuoglu et al. (2015) recruited a total of 40 post-stroke CRPS type I patients who were randomized to a training group for the aerobic exercise of the upper extremities and a control group for conventional physical therapy for a 4-week intervention while using the VAS for pain assessment. They found that the training group of patients had significantly lower pain and fewer signs and symptoms of CRPS at the end of treatment. Flexibility training can reduce the pain of musculoskeletal problems from stroke by easing muscle spasms, improving muscle tone, and reducing joint contractures through slow stretching. As one of the flexibility exercises, yoga training can effectively improve fine motor, balance, flexibility, and quality of life in stroke patients (Bastille and Gill-Body, 2004; Lynton et al., 2007; Immink et al., 2014). In addition, yoga training has been shown to be effective in relieving post-stroke pain. Schmid et al. (2014) recruited a total of 47 chronic stroke patients for 8 weeks of therapeutic yoga training. Herein, a PEG was used to assess pain intensity, which is a 3-item physical functional measurement of pain. They discovered that 8 weeks of therapeutic yoga training markedly reduced the intensity of PSP. Thus, this finding suggests that exercise interventions can help treat pain after a stroke. Table 1 provides more details of studies on exercise interventions for PSP.



TABLE 1 General characteristics of studies on exercise for PSP.
[image: Table1]



Mechanisms of exercise for PSP

Exercise can enhance brain function and reduce the degeneration of nerves. Exercise can also alter post-stroke neural networks, neuronal excitability, and neurotrophic factors, thereby affecting neuroplasticity (Penna et al., 2021). Meanwhile, activity can modulate the levels of pro-inflammatory cytokines, reduce nociceptive hypersensitivity, and attenuate behavioral pain responses to exert specific analgesic effects. PSP is associated with both neurological and nociceptive mechanisms. There are several possible mechanisms by which exercise interventions improve PSP, including the regulation of the synaptic plasticity in the anterior cingulate cortex (ACC), regulation of endogenous opioids in vivo, reversal of brain-derived neurotrophic factor (BDNF) overexpression, inhibition of purinergic receptor (P2X4R, P2X7R) expression, and inhibition of microglia activation (Figure 1).
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FIGURE 1
 The involved mechanisms in exercise on post-stroke pain. The analgesic mechanism of exercise for post-stroke pain, involving the regulation of the synaptic plasticity in the anterior cingulate cortex regulation of endogenous opioids in vivo, reversal of brain-derived neurotrophic factor overexpression, inhibition of purinergic receptor (P2X4R, P2X7R) expression, and inhibition of microglia activation. ACC, anterior cingulate cortex; TrkB, tyrosine receptor kinase B; NLRP3, the Nod-like receptor family pyrin domain containing 3 (NLRP3); IL-1β, interleukin-1β.



The regulation of synaptic plasticity in ACC

Numerous studies have shown that the spinal thalamic tract and thalamic cingulate pathway are engaged in the production of PSP, whose damage is caused by stroke pain (Ning and Oaklander, 2008; Sprenger et al., 2012; Lu et al., 2015). The pain information from the soma and viscera is delivered to the anterior cingulate cortex (ACC) primarily through three projection systems (thalamus, amygdala, and other pain-related cortical areas). Long-term inhibition (LTD) and Long-term potentiation (LTP) are formed for synaptic plasticity. LTD and LTP are causally related to chronic pain at the dorsal horn of the spinal cord and cortex regions, including ACC (Bliss et al., 2016). Remarkably, the ACC is an essential portion of the pain pathway and is a critical brain region for processing pain information. Seghier et al. found that the ACC and parietal regions had pain-specific signals altered at different thermal sensory stimuli by functional MRI, thereby suggesting that the ACC is involved in mediating the pain response in PSP patients (Seghier et al., 2005). Various previous studies have confirmed the regulation of ACC by exercise. Meanwhile, Zhou et al. (2022) explored the influence on pain relief of regular aerobic training by recording changes in neuronal activity and synaptic plasticity of ACC using a voluntary running wheel. Thus, the results showed that regular exercise enhanced the release of serotonin and regulated ACC synaptic plasticity, which reduced pain intensity through 5-HT1A and 5-HT7 receptor functions (serotonin may be a pain modulator). Herein, we might consequently surmise that exercise reduces PSP by modulating the ACC’s synaptic plasticity.



The modulation of endogenous opioids

Endogenous opioids are expressed throughout the central and peripheral nervous system while regulating various neuronal pathways and functions, one of the essential functions being the modulation of the pain response. Central stroke pain caused by cerebral infarction is strongly associated with changes in specific central structures and conduction pathways of opioids. Opioid neurogenic mechanisms are involved in the neurotransmission of central pathological pain (Willoch et al., 1999, 2004). Willoch et al. performed a study using the non-selective ligand [11C] diprenorphine (DPN), PET, to measure altered opioid receptor incorporation for patients experiencing PSP while comparing with controls (Willoch et al., 2004). Herein, their findings suggest that central structures associated with pain (including ACC and lateral prefrontal cortex) indicate reduced opioid receptor binding. The periaqueductal gray (PAG) and rostral medial medulla (RVM) are important components of the downstream regulatory pathways of pain. Meanwhile, Nicola et al. carried out research where 5 weeks of running wheel exercise increased endogenous opioid concentrations in mice PAG and RVM, which further suggests that exercise regularly increases endogenous opioid expression and reverses neuropathic pain mediated through the central nervous system (Stagg et al., 2011). In addition, de Oliveira et al. observed that 45 days of long-and short-term training increased the levels of MOR opioid receptors in rat hippocampus structures (de Oliveira et al., 2010). Furthermore, Koltyn et al. showed that exercise produces analgesia primarily by mediating endogenous opioids (Koltyn, 2000). Hence, exercise can increase endogenous opioid levels (Hoffmann et al., 1990; Debruille et al., 1999). Meanwhile, in a survey by Mazzardo-Martins et al., prolonged high-intensity swimming training diminished the pain response in experimental rats through a combination of mechanisms, including activation of opioids and increased release of endogenous opioids from the adrenal glands (Mazzardo-Martins et al., 2010). Thus, exercise can have an analgesic effect by modulating endogenous opioids in the cerebral cortex and associated pain-related transmission pathways.



The modulation of BDNF levels

Brain-derived neurotrophic factor (BDNF) possesses the potential to promote brain plasticity and is a key player in exercise-induced neuroprotection following ischemic stroke, which has become a key facilitator of neuroplasticity in post-stroke recovery (Mang et al., 2013). In addition, BDNF is associated with cognition and memory but can be involved in transmitting pain. The dorsal root ganglion (DRG) produces BDNF, which is then carried to primary sensory afferent centers for release into the dorsal horn of the spinal cord. Whereby, it connects to tyrosine receptor kinase B (TrkB) receptors in the secondary sensory neurons and performs synaptic transmission and nociceptive neuromodulation (Obata and Noguchi, 2006). Following central nerve injury, BDNF release stimulates nociceptive receptors, thereby developing nociceptive hypersensitivity. In pathological states such as CPSP, elevated BDNF levels lead to over-binding with TrkB receptors, thus leading to a high frequency of neuronal bursts along the thalamic cingulate pathway (Kuan et al., 2018).

Mariacristina et al. examined the levels of BDNF in 50 stroke patients and discovered that those with subacute stroke pain had significantly higher levels of BDNF and a considerable overexpression of BDNF (Siotto et al., 2017). It has been shown that exercise could affect the expression of BDNF (Berchtold et al., 2005). Exercise training could reduce the overexpression of BDNF in DRG. Moreover, numerous studies have demonstrated that exercise therapies boost the normalization of neurotrophic growth factors in various diseases, including stroke, cerebrospinal cord injury, major depression, and anxiety disorders (Hutchinson et al., 2004; Ang and Gomez-Pinilla, 2007). Almeida et al. also found that treadmill exercise reduced the expression of BDNF mRNA after neurological damage and promoted neurological recovery; plate exercise reduced hypoxia-induced activation of hippocampal astrocytes and microglia in rats, thereby restoring BDNF levels (Almeida et al., 2015). Therefore, we can conclude that exercise reverses BDNF overexpression, thus resulting in the alleviation of PSP.



The inhibition of purinergic receptors expressions

Numerous earlier investigations have demonstrated the connection between pain and purinergic receptors, which are implicated in the transmission of pain. Burnstock has also proposed a unified purinergic hypothesis for pain initiation (Burnstock, 1996). Purinoceptors are a signaling system prevalent in the human body. Thus, sensory nerve endings can express purinergic receptors in many circumstances. P2X4 and P2X7 receptors have essential modulatory roles in neuropathic pain, and their antagonists may reduce pain. One promising approach to pain treatment could be the modulation of purinergic receptors. Lu et al. found a significant increase in the expression of microglia P2X4 receptors in the tissue surrounding thalamic lesions after cerebral hemorrhage, and mechanical pain in central post-stroke pain rats was reversed by blocking P2X4 receptors (Lu et al., 2021a). Meanwhile, Shih et al. used an intra-thalamic injection of collagenase to induce central stroke pain and found increased expression of P2X4 receptors in mice. This result demonstrates that purinergic P2X4 receptors are associated with stroke pain (Shih et al., 2017). In addition, the activated P2X4R is associated with BDNF release from microglia, which can modulate stroke pain by regulating BDNF.

A common pain phenotype is shared by P2X4 and P2X7 receptors in knockout mice. P2X7 receptors have a strong relationship with the pro-inflammatory cytokine IL-1, which is principally engaged in the transmission of pain and was released. However, low P2X7R expression does not harm the nervous system under normal circumstances, but when P2X7R is activated by pathological situations such as cerebral ischemia, tissue damage increases. Simultaneously, P2X7 receptor overexpression can also cause tissue damage. Zhang et al. discovered that P2X7R was substantially expressed in neurons following middle cerebral artery blockage. Furthermore, P2X7R overexpression stimulated microglia, increased cell membrane permeability, generated proinflammatory factors, and even further exacerbated neuronal damage (Inoue and Tsuda, 2021). There is growing evidence that P2X7 receptors play a particular function in persistent pain. According to research by Chessell et al., inhibiting P2X7 receptors decreased pain perception across animal studies of both acute and persistent neuropathic pain (Chessell et al., 2005). P2X7R and interleukin-1β (IL-1β) expression levels were discovered to be increased in microglia inside the spinal cord’s dorsal horn cord by Zhou et al. in an animal study of pain. In addition, P2X7R antagonists were used to drastically diminish P2X7R and IL-1β expression in its spinal cord and relieve pain (Zhou et al., 2019). This further suggests that selective blockade of P2X7 receptor expression in the body may reduce pain. Thus, we speculated that inhibiting P2X4 and P2X7 receptor expression could alleviate PSP.

Herein, the role of exercise in inhibiting the expression of purinergic receptors (P2X4R, P2X7R) has been studied. Exercise reduces the progression of pain by activating or inhibiting the expression of BDNF, which is achieved by changing extracellular nucleotide profiles along with purinoceptors in the structures of the central nervous system, particularly P2X4 and P2X7 receptors (Sun et al., 2022). Grace et al. conducted research and found that the expression of neuroexcitatory interleukin-1β (IL-1β) in the ipsilateral dorsal horn of the spinal cord was normalized and glutamate transporter (GLT-1) was reduced by voluntary wheeling, whereas the expression of P2X4 receptors was inhibited (Grace et al., 2016). Meanwhile, a study conducted by Chen et al. showed that the upregulation of P2X7 receptor levels was reversed in mice in the exercise group as compared with controls by 12 weeks of treadmill training (Chen et al., 2019). Therefore, we may conclude that exercise produces analgesia for PSP by modulating the expression of purinergic receptors (P2X4R, P2X7R).



Inhibition of microglia activation

Immune cells called microglia are found in the central nervous system. They participate in the development of the nervous system’s angiogenesis, apoptosis induction, phagocytic removal of dead cells, and synaptic remodeling (Eyo and Dailey, 2013). PSP production is also closely linked to microglia activation. Neurological damage activates microglia, thereby leading to enhanced production of pro-inflammatory factors, which cause painful symptoms (He et al., 2021). Damaged neurons and glia may also activate purinergic receptors (P2X4R, P2X7R) in microglia by increasing the release of purines (Eyo and Dailey, 2013). As mentioned above, these purinergic receptors are associated with PSP. It was found that microglia are involved in PSP development. Nagasaka et al. found that microglia and astrocytes around the lesion were activated after 3 months by establishing a stroke pain model in macaques (Nagasaka et al., 2017). In addition, the Nod-like receptor family pyrin domain containing 3 (NLRP3) inflammatory vesicles is associated with neurological diseases such as ischemic stroke. Li et al. summarize numerous previous studies of NLRP3 inflammatory vesicles and PSP, one of the mechanisms is that NLRP3 inflammatory vesicles cause thalamic lesions and reinforce microglia to undergo an inflammatory response. Prolonged inflammation inhibits ventral basal neurons’ function, thereby leading to central stroke pain (Li et al., 2018). Meanwhile, cerebral hemorrhage activates NLRP3 inflammatory vesicles and inflammation, microglia activation mediates the inflammatory response in the brain, and NLRP3 inflammatory vesicles amplify the inflammatory response. Thus, activation through microglia and NLRP3 inflammatory vesicles can eventually lead to PSP.

Exercise is an effective stroke treatment. In addition, exercise can inhibit the activation of microglia through the upregulation of anti-inflammatory cytokine expression (Mee-Inta et al., 2019). Furthermore, Lu et al. found that treadmill exercise increased interleukin 4 (IL-4) expression, decreased markers of pro-inflammatory M1 cells in microglia, and increased characteristics of anti-inflammatory M2 cells to inhibit M1 microglia and promoted M2 microglia activation, thereby suppressing the inflammatory response during the stroke (Lu et al., 2021b). Tamakoshi et al. found that performing ultra-early exercise after cerebral hemorrhage inhibited microglia activation by establishing a rat model of cerebral hemorrhage (Tamakoshi et al., 2022). Meanwhile, Almeida et al. discovered that extending the duration of swimming activity turned back the overactivity of astrocytes and microglia in the post-dorsal horn following nerve injury, thereby resulting in a reduction in pain behavior in mice (Almeida et al., 2015). Other studies have reported the inhibitory effect of exercise on microglia activation (He et al., 2017). Accordingly, we can conclude that exercise can relieve post-stroke pain by inhibiting microglia activation after cerebrovascular accidents.




Conclusion

Most stroke patients suffer from pain, which severely affects the patient’s activities and daily life. Therefore, it is crucial to manage pain in post-stroke patients. Various exercises effectively improve PSP, including strength training, aerobic exercise, and yoga exercises. The alleviating effect of exercise on stroke pain can be achieved through enhanced ACC function of the brain cortex, modulation of endogenous opioids, brain-derived neurotrophic factors, purinergic receptor expression, and microglia activation. Therefore, this article reviews the potential mechanisms of exercise for PSP relief. Hence, it demonstrates the effectiveness and role of exercise interventions in PSP treatment and comfort, which may hopefully be useful for future applications of exercise therapy in stroke pain. Meanwhile, more attention should be paid to the persistent effect of exercise on PSP and the effect of different exercise parameters on pain relief in future studies.
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Post-stroke pain (PSP) is a common complication after stroke and affects patients' quality of life. Currently, drug therapy and non-invasive brain stimulation are common treatments for PSP. Given the poor efficacy of drug therapy and various side effects, non-invasive brain stimulation, such as repetitive transcranial magnetic stimulation (rTMS), has been accepted by many patients and attracted the attention of many researchers because of its non-invasive and painless nature. This article reviews the therapeutic effect of rTMS on PSP and discusses the possible mechanisms. In general, rTMS has a good therapeutic effect on PSP. Possible mechanisms of its analgesia include altering cortical excitability and synaptic plasticity, modulating the release of related neurotransmitters, and affecting the structural and functional connectivity of brain regions involved in pain processing and modulation. At present, studies on the mechanism of rTMS in the treatment of PSP are lacking, so we hope this review can provide a theoretical basis for future mechanism studies.

KEYWORDS
 rTMS, stroke, pain, mechanisms, therapy, review


1. Introduction

Stroke is a disease with high morbidity, disability, and mortality worldwide (Lou et al., 2020). The many sequelae after stroke include motor dysfunction, pain, cognitive dysfunction, and paresthesia. Pain is one of the common sequelae after stroke and affects the quality of life. The incidence of post-stroke pain (PSP) is reported to be 10–45.8% (Yang and Chang, 2021; Zhang et al., 2021). PSP can manifest in many forms, including central PSP (CPSP), painful spasms, hemiplegia, tension headaches, and musculoskeletal pain (Delpont et al., 2018; Torres-Parada et al., 2020; Yang and Chang, 2021). CPSP is a neuropathic pain syndrome with challenging treatment due to vascular lesions of the somatosensory pathways in the brain (Boivie et al., 1989; Jang et al., 2019). The reported incidence of CPSP is 1–12% (Hansen et al., 2012). In most CPSP patients with dysesthesia, hyperalgesia, and paresthesia (Klit et al., 2011), pain can be characterized by spontaneous continuous pain (usually burning pain, squeezing, penetrating, and numbness) or spontaneous intermittent pain (Kumar et al., 2009). Pain severity is variable and involves temperature changes and emotional stress; movement aggravating pain, rest, and distraction can reduce pain (de Oliveira et al., 2012). CPSP has negative effects on mood, sleep, rehabilitation, and quality of life in stroke patients. PSP is often managed with a combination of medications, cognitive behavioral therapy, psychotherapy, and/or other non-pharmacological treatments (repetitive transcranial magnetic stimulation [rTMS] (Chen et al., 2022), electromotor core cortical stimulation [EMCS], and deep brain stimulation [DBS] (Cruccu et al., 2007; Elias et al., 2018)).

The management of CPSP remains challenging, and some evidence-based studies suggest limited pain relief even with high doses of different medications (Scuteri et al., 2020; Choi et al., 2021). Invasive and non-invasive neurostimulation can provide at least moderate chronic pain relief. However, invasive treatment entails risks, and non-invasive transcranial magnetic stimulation is the current treatment option for many patients (Hosomi et al., 2015; Yang et al., 2022).

rTMS provides a non-invasive and non-painful means of central nervous modulation for studying and treating neuropathic pain states. The physical principle of rTMS is electromagnetic induction. Current pulses pass through induction coils on the scalp to generate magnetic pulses and transmit them to the brain. Magnetic pulses delivered by the coil induce an electric field in the cortex, which activates neurons in the cerebral cortex (Ridding and Rothwell, 2007; Afuwape et al., 2021). Transcranial magnetic stimulation activates remote, interconnected parts of the brain in addition to targeted areas (Hallett et al., 2017).

Few reviews have summarized the effect and mechanism of rTMS on PSP. This work reviewed recent studies on rTMS improving PSP and analyzed the analgesic effect and potential mechanism of rTMS on PSP. This review discusses the therapeutic effects of different treatment parameters, hoping to provide help for the formulation of standard rTMS treatment of PSP. It also discusses the possible mechanism of rTMS in the treatment of PSP. We hope to provide more references for future research on the mechanism of rTMS.



2. Effect of rTMS on PSP

Pain is one of the common sequelae after stroke, and pain usually occurs on the opposite side of the central lesion, mainly in the upper extremities. Burning, hurting, tingling, freezing, crushing, shooting, or stabbing sensations are common descriptors. It is often affected by factors such as temperature, psychological stress, fatigue, and physical exercise. In clinical practice, CPSP can be difficult to distinguish from other types of PSP, such as hemiplegic shoulder pain, painful cramps, tension headaches, and other musculoskeletal pain (Klit et al., 2009). CPSP can impair quality of life, disrupt recovery, interfere with sleep, affect mood (produce depression or anxiety), and occasionally lead to suicide. The treatment of refractory CPSP usually adopts comprehensive treatment, but the treatment effect is often not ideal. Non-invasive treatment has received extensive attention in recent years in improving refractory CPSP. rTMS is a safe, non-invasive, tolerable, and effective mode of therapeutic intervention. It delivers many pulses continuously at a constant rate and is widely used clinically (Hosomi et al., 2015; Gu and Chang, 2017). More studies on the effect of rTMS on CPSP are detailed in Table 1.


TABLE 1 Major findings of repetitive transcranial magnetic stimulation in post-stroke pain studies.
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2.1. Analgesic effect of rTMS
 
2.1.1. HF-rTMS has good analgesic effect

At present, there is no unified standard for the treatment parameters of rTMS in the treatment of PSP. Different treatment parameters (stimulation frequency, stimulation site, and treatment duration) have varying analgesic effects. Traditionally, low-frequency (LF) rTMS (defined as stimulation at frequencies below 1 Hz) has been shown to reduce cortical excitability, whereas high-frequency (HF) rTMS (stimulation at frequencies over 1 Hz) has the opposite effect (Wassermann, 1998; Wagner et al., 2007; Bai et al., 2022). Multiple studies have shown that HF-rTMS provides better pain relief than LF stimulation (Cruccu et al., 2007; Borckardt et al., 2011; Pazzaglia et al., 2018). In previous studies on the analgesic effect of rTMS on PSP, HF-rTMS (5–20 Hz) was found to be effective in relieving pain in PSP. Multi-session and longer interventions can produce better analgesic effects than single sessions and short interventions (Ohn et al., 2012; Hosomi et al., 2013; Ramger et al., 2019).



2.1.2. Significant analgesic effect by targeting the M1 site

There are also significant differences in the analgesic effects of different stimulation targets. At present, the stimulation target selected in most studies is the M1 site, and the analgesic effect in this site is more intuitive and significant than that in other sites. Hirayama et al. (2006) applied 90% of RMT rTMS to the premotor cortex (M1), the primary somatosensory cortex (S1), the premotor area (preM), and supplementary motor area. Ten trains of 10 s 5 Hz TMS pulses were applied to each site, with 50's intervals between each train. Visual analog scale and the McGill Pain Questionnaire (SF-MPQ) scores were employed to determine the effect of RMT rTMS on pain, the results showed that stimulation at the M1 site has a more significant analgesic effect than that at other sites. In addition, de Oliveira et al. (2014) selected the premotor cortex/dorsolateral prefrontal cortex (PMC/DLPFC) for stimulation, each stimulation intensity was 120% of RMT, 1,250 pulses per session, stimulation interval 25 s, a total of 10 sessions, VAS score was measured after each session, and the results showed no significant pain relief effect in CPSP. Thus, this result may be related to its small sample size, but the negligible analgesic effect shows that PMC/DLPFC is not a good choice for the treatment of CPSP. However, in a recent randomized controlled trial, some scholars compared the analgesic effect of S2 and M1 on CPSP, after 10 times of stimulation at 10 HZ, each with an intensity of 5,050 pulses, the numerical rating scale (NRS) was used to measure the degree of pain of the patient, the results showed that both targeted S1 and M1 stimulation had short-term analgesic effects, but there was no difference compared to the sham group, suggesting a strong placebo effect (Ojala et al., 2021).



2.1.3. rTMS has analgesic effects on various types of pain

In addition to common neuropathic pain after stroke, HF-rTMS (10 Hz) also has a significant relieving effect on post-stroke shoulder pain, some scholars have applied rTMS with 90% of RMT and pulse 1000 to M1 for 10 consecutive sessions of treatment, the NRS score was measured on the first day, the first week, the second week, and the fourth week. The results showed that rTMS can significantly relieve HSP and maintained it for about 4 weeks, indicating that rTMS also has a certain relieving effect on peripheral pain (Choi and Chang, 2018). Studies on rTMS are mainly aimed at chronic CPSP, which may be caused by cognitive impairment in early-stage patients, leading to difficulty in diagnosis or first-line treatment of CPSP. According to expert consensus, HF-rTMS (>5 Hz) can provides moderate pain relief in chronic CPSP (Leung et al., 2020). But rTMS studies on acute or subacute CPSP are few. In a case study, 10 Hz rTMS was applied to the M1 site of a subacute CPSP patient for 2,000 pulses each time, with an intensity of 90% of RMT, for a total of 10 sessions, and the pain levels were measured before, after stimulation, and 1 month after stimulation. The results showed that the level of post-stimulation was significantly lower than the baseline level, suggesting that rTMS had the same analgesic effect on acute CPSP (Malfitano et al., 2021).

The analgesic effect of rTMS on PSP is positive correlates with frequency and treatment duration, and the M1 site as a stimulation target has a better therapeutic effect than other sites. rTMS has a good analgesic effect on pain, regardless of whether the pain is neuropathic, peripheral, acute or chronic.




2.2. rTMS has antidepressant effects

PSP is often accompanied by depression and anxiety, which aggravates the pain and hinders the recovery process. In many studies, pain relief was accompanied by depression improvement, suggesting that depression, and anxiety may influence the analgesic effect of rTMS. Ohn et al. (2012) applied 10 Hz rTMS (M1) to 22 patients with CPSP, and gave rTMS with an intensity of 90% of RMT and 1000 pulses. After 5 days of continuous treatment, the responders' VAS score and HDRS score decreased significantly. Results showed the lower the HDRS score at baseline, the more significant the analgesic effect, indicating a relationship between the improvement of depressive mood and pain relief. Galhardoni et al. (2019) applied 10 Hz rTMS to the anterior cingulate cortex (Hasan et al., 2014) and posterior superior insula (PSI), a total of 16 sessions lasted for 12 weeks, the stimulation intensity was 90 of RMT, 1,500 pulses, and the results showed that both ACC stimulation and PSI stimulation produced pain relief but no significant difference. In contrast, ACC stimulation had a more significant anxiolytic effect than PSI simulation. However, little research has been conducted in this area, and more studies are needed in the future to demonstrate the relationship between mood improvement and pain relief.




3. Mechanism of rTMS for PSP


3.1. rTMS changes cerebral cortical excitability

Although rTMS has been reported to have a significant analgesic effect on PSP, the underlying mechanism of its therapeutic effect has not been fully defined. The rTMS-promoting recovery of cortical excitability has been reported by many studies. Spontaneous pain in CPSP may be related to hyperexcitability or spontaneous firing of missing neurons in the thalamus or cortex (Vestergaard et al., 1995; Walton and Llinás, 2010), and pain relief after rTMS treatment of stroke is often accompanied by recovery of abnormal cortical excitability. This is considered one of the possible mechanisms for rTMS to treat PSP (Hosomi et al., 2013). It may involve the functional reorganization of various parts of the cerebral cortex, the recovery of abnormal inhibition between the cerebral hemispheres, and the transmission of some neurotransmitters. The mechanism of rTMS in the treatment of PSP is shown in Figure 1.
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FIGURE 1
 The mechanisms of rTMS in the treatment of PSP. Schematic illustration of the underlying mechanism of rTMS in the treatment of PSP. rTMS modulates the abnormal excitability of the cerebral cortex by modulating the pain network, improving interhemispheric inhibition, and increasing the number of GABA receptors, BDNF expression, and the number of NMDA receptors to alter brain plasticity, ultimately relieving PSP. VPL, ventral posterolateral nucleus; S1, primary somatosensory cortex; S2, secondary somatosensory cortex; MD, mediodorsal nucleus; IHI, interhemispheric inhibition; ICI, intracortical inhibition; GABA receptor, gamma-aminobutyric acid receptor; BDNF, brain-derived neurotrophic factor; NMDA receptor, N-methyl-D-aspartate receptor; LTP, long-term potentiation.



3.1.1. rTMS affects functional reorganization of the brain

CPSP typically occurs weeks or months after stroke. This late-onset feature suggests that the mechanism of CPSP development is gradual, possibly through maladaptive pain network reorganization or plastic changes (Hosomi et al., 2015). CPSP is often associated with strokes that occur around somatosensory pathways, including the ventral posterolateral nucleus (VPL) of the thalamus, anterior occipital nucleus, and lateral medulla. CPSP may also involve changes in medial emotional pathways, including the amygdala, anterior cingulate cortex, and insular cortex (Sprenger et al., 2012; Vartiainen et al., 2016). CPSP is thought to be caused by maladaptive reorganization between different regions of the brain, which neuromodulation techniques can normalize and treat (Chen et al., 2022). Evidence from animal studies suggests that CPSP reduces functional connectivity between the VPL and S1 (primary somatosensory cortex)/S2 (secondary somatosensory cortex) (responsible for perceiving pain location, intensity, and duration) and increases functional connectivity (responsible for the attentional, cognitive, and emotional aspects of pain evaluation) between the mediodorsal nucleus (Tarragó et al., 2016) and the amygdala. rTMS therapy relieves this abnormal connection (Kadono et al., 2021), so we speculate that this may be one of the mechanisms of rTMS pain relief.



3.1.2. rTMS affects interhemispheric inhibition

The mechanism of CPSP is unclear, but theories of central disinhibition have been proposed (Head and Holmes, 1911). Damage to the lateral thalamus is hypothesized to free the medial thalamus from control, inducing spontaneous or atopic pain. This is similar to the later proposed model of interhemispheric inhibition (IHI) (Duque et al., 2005), which assumes balanced inhibition between the hemispheres of a healthy brain. Although IHI theory is more commonly used to explain the recovery of dyskinesia after stroke, some scholars believe that IHI may also be involved in the CPSP mechanism (Morishita and Inoue, 2016). On the basis of IHI theory and the fact that M1 transcranial magnetic stimulation inhibits CPSP, we speculate that inhibitory signals from the contralateral hemisphere may suppress the activity of M1 in the ipsilateral hemisphere, and the mechanism of pain suppression in patients with CPSP may malfunction. The presence of post-stroke lesions results in reduced M1 excitability in the affected hemisphere, thereby reducing its neural output, including IHI to M1 in the unaffected hemisphere. This resulted in a relative increase in the excitability of M1 in the contralateral hemisphere and increased neural output, thereby increasing the IHI from M1 in the contralateral hemisphere to M1 in the affected hemisphere and inhibiting the excitability of M1 in the affected hemisphere (Gerges et al., 2022). A recent study found that rTMS induces an Increase in IHI in the affected hemisphere to the contralateral hemisphere, thereby relieving pain (Alhassani et al., 2019). Therefore, LF-rTMS of the unaffected hemisphere may reduce inhibition to the affected hemisphere. In contrast, HF-rTMS of the affected hemisphere increases inhibition to the unaffected hemisphere, normalizing the excitability of the cerebral cortex and finally achieving the effect of pain relief. Discussions of our theory focus more on movement disorders after stroke, and further research and discussion are needed on PSP.



3.1.3. RTMS affects GABAergic neuron transmission

Various experimental studies have highlighted the reduction of GABAergic neurotransmission in the central nervous system as the main reason for chronic neuropathic pain (Neto et al., 2006; Yang et al., 2019). In animal models of neuropathic pain, decreased GABAergic tone was found at the level of the dorsal spinal cord, thalamic sensory nuclei, and somatosensory cortex, which resulted in neuronal hyperactivity in the sensorimotor cortex (Guilbaud et al., 1992; Paz et al., 2010). Intracortical inhibition (ICI) is thought to reflect the function of interneurons within M1; ICI and intracortical facilitation (ICF) may reflect GABAergic inhibitory interneurons, especially GABA function (Ziemann et al., 1996; Reis et al., 2008; Lanza et al., 2020). Previous studies have shown that HF-rTMS can increase ICI and ICF, and this change is associated with PSP relief (Lefaucheur et al., 2006; Hosomi et al., 2013). HF-rTMS has been observed to enhance GABAergic synaptic connections (Lefaucheur et al., 2006); therefore, rTMS can relieve PSP through this mechanism of enhancing GABAergic neuron transmission.




3.2. rTMS induces changes in brain plasticity

Chronic pain states are known to be associated with neuroplastic changes, and the development of neuropathic pain states may involve changes in supraspinal canal function associated with pain perception (Lorenz and Casey, 2005; Maihöfner et al., 2006; Thompson and Neugebauer, 2019). The neurotrophic factor BDNF is closely related to neuronal plasticity, which is important for neuropathic pain recovery. Increased expression of BDNF has been observed in subacute and chronic stroke patients with neuropathic pain, suggesting that BDNF is involved in pain recovery after stroke (Siotto et al., 2017). The effect of rTMS on brain plasticity is mainly through two forms of long-term potentiation (LTP) and long-term depression (LTD) (Hoogendam et al., 2010). LTP can durably enhance synaptic strength from days to months, whereas LTD causes a secular decrease in synaptic strength (Duffau, 2006). The induction of LTP and LTD may be related to NMDA receptors, NMDA receptors contain ion channels that are blocked by resting magnesium ions, but membrane depolarization unblocks this channel, allowing calcium ions to enter the postsynaptic neuron and finally induce LTP (Cooke and Bliss, 2006). NMDA receptor activation is also involved in LTD, but in a different way. Rapid increases in postsynaptic calcium content induce LTP, whereas small and slow flows of calcium induce LTD. Previous studies have also demonstrated that rTMS can increase the number of NMDA receptors in the ventromedial thalamus, amygdala, and parietal cortex (Lisanby and Belmaker, 2000). Accordingly, we speculated that rTMS modifies the plasticity changes of the nervous system by increasing the expression of NMDA receptors. BDNF is a “classical” neurotrophic factor that has been shown to be closely related to neuronal plasticity and neuropathic pain. Many studies have shown that serum BDNF is inversely correlated with pain levels (Zhao et al., 2021). In a previous study (Dall'agnol et al., 2014), patients with CPSP experienced significant increases in serum BDNF levels and less pain after 3 weeks of rTMS treatment. In another experiment (Zhao et al., 2021), 10 HZ rTMS was applied to 40 patients with acute CPSP. After 3 weeks of treatment, the pain was significantly relieved and accompanied by an increase in serum BDNF. This result was consistent with previous findings, suggesting that the pain relief effect of rTMS may be related to an increase in BDNF.




4. Conclusion

rTMS is the preferred non-invasive, non-drug therapy for PSP, which is safer than invasive therapy and more easily accepted by patients. rTMS has good analgesic effects on both neuropathic and peripheral pain after stroke, which may be related to the recovery of cortical excitability, changes in brain plasticity, and pain-related mood and sensory improvement. Most of the current research results show that HF, M1, and multiple courses of rTMS have better therapeutic effects than LF and a single session of rTMS. However, there is currently no standard treatment plan for rTMS treatment of PSP. The mechanism by which rTMS relieves pain has yet to be determined. This review discusses the possible mechanism of rTMS to improve pain, and it is hoped to provide a theoretical basis for future research.
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The Gelsemium elegans plant preparations have shown beneficial activity against common diseases, including chronic pain and anxiety. Nevertheless, their clinical uses are limited by their toxicity. Gelsemine, one of the most abundant alkaloids in the Gelsemium plants, have replicated these therapeutic and toxic actions in experimental behavioral models. However, the molecular targets underlying these biological effects remain unclear. The behavioral activity profile of gelsemine suggests the involvement of GABAA receptors (GABAARs), which are the main biological targets of benzodiazepines (BDZs), a group of drugs with anxiolytic, hypnotic, and analgesic properties. Here, we aim to define the modulation of GABAARs by gelsemine, with a special focus on the subtypes involved in the BDZ actions. The gelsemine actions were determined by electrophysiological recordings of recombinant GABAARs expressed in HEK293 cells, and of native receptors in cortical neurons. Gelsemine inhibited the agonist-evoked currents of recombinant and native receptors. The functional inhibition was not associated with the BDZ binding site. We determined in addition that gelsemine diminished the frequency of GABAergic synaptic events, likely through a presynaptic modulation. Our findings establish gelsemine as a negative modulator of GABAARs and of GABAergic synaptic function. These pharmacological features discard direct anxiolytic or analgesic actions of gelsemine through GABAARs but support a role of GABAARs on the alkaloid induced toxicity. On the other hand, the presynaptic effects of the alkaloid provide an additional mechanism to explain their beneficial effects. Collectively, our results contribute novel information to improve understanding of gelsemine actions in the mammalian nervous system.
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 GABAA receptor, analgesia, anxiolysis, natural alkaloid, gelsemine, toxicology


1. Introduction

Gelsemium elegans extracts have been used to treat various common diseases, including neuralgia, sciatica, rheumatoid arthritis, chronic pain, and anxiety (Rujjanawate et al., 2003; Dutt et al., 2010; Jin et al., 2014; Lin et al., 2021). Nevertheless, Gelsemium elegans preparations have been also classified as strong poisons and its clinical uses are limited by their intrinsic toxicity, which may include body tremors, dyspnea, convulsions, tremors, respiratory arrest, and even death (Zhou et al., 2017; Lin et al., 2021; Qu et al., 2021; Yang et al., 2022). Interestingly, both the beneficial and toxic effects of Gelsemium elegans extracts in humans have been reproduced in experimental models (Dutt et al., 2010; Jin et al., 2014; Lin et al., 2021). Purified alkaloids from Gelsemium plants have replicated several of the actions shown by extracts. Gelsemine, one of the most abundant alkaloids in Gelsemium elegans, has shown analgesic and anxiolytic effects on murine behavioral models (Liu et al., 2013; Meyer et al., 2013; Zhang et al., 2013; Zhang and Wang, 2015) and improved sleep instabilities in mice with neuropathic pain (Wu et al., 2015).

The molecular targets underlying the therapeutic and toxic effects of gelsemine remain unclear. Several studies have reported that some of the beneficial effects of gelsemine are dependent on mechanisms involving the modulation of the enzyme 3α-hydroxysteroid oxide-reductase (3α-HSOR) (Venard et al., 2008; Shoaib et al., 2019) and of glycine receptors (GlyRs) (Lara et al., 2016; Zeilhofer et al., 2021). The proposed mechanism to explain analgesic and anxiolytic actions of gelsemine involves the GlyR-triggered stimulation of the spinal neurosteroid production through 3α-HSOR, which in turn potentiates the activity of spinal GABAA receptors (GABAARs), generating anxiolysis and analgesia (Shoaib et al., 2019). On the other hand, the gelsemine induced toxicity has been related with the functional inhibition of GlyRs (Lara et al., 2016). Despite its potential relevance as a gelsemine target, potential direct actions of the alkaloid on GABAARs and on GABAergic synapses have been minimally studied. Since GABAARs are the main biological targets of benzodiazepines (BDZs), the mainstay group of drugs used to treat anxiety and sleep disorders, and of other clinically relevant drugs, a potentiation of GABAARs by gelsemine has been considered as a potential mechanism of action (Ghit et al., 2021; Knoflach and Bertrand, 2021). In addition, the analgesic effects of classical BDZs (Ralvenius et al., 2015) suggest a contribution of gelsemine to pain control through GABAARs. BDZ sensitive GABAARs are composed of γ2 and α1, α2, α3 or α5 subunits, mostly together with β2 or β3 subunits. Classical BDZs bind to the interface between γ2 and the mentioned α subunits at the extracellular domain of the receptor to potentiate the GABA-activated currents. Conversely, a negative modulation of GABAARs by the alkaloid may contribute to its toxicity. In line with this notion, a recent study showed that the toxicity induced by gelsenicine, another Gelsemium alkaloid, was significantly reverted by the systemic application of diazepam, a classical BDZ, to rats (Li et al., 2022). Therefore, using electrophysiological recordings of recombinant and native receptors, here we intend to define whether a direct modulation of GABAARs by gelsemine exists, Due to their relevance for the effects of BDZs and, in some cases, due to their wide expression at GABAergic synapses, we focus on recombinant γ2-containing GABAARs and on the impact of the alkaloid on native GABAARs and on GABAergic synapses.



2. Materials and methods


2.1. Chemicals

Gelsemine hydrochloride (>99% purity) was obtained from ChemFaces (Wuhan, PRC). All other chemicals were purchased from Tocris (Bristol, UK), Hello-Bio (Bristol, UK), Sigma-Aldrich (St. Louis, MO, USA) or AK Scientific (Union City, CA, USA).



2.2. Cell culture, plasmids, and transfection

HEK293 cells (CRL-1573; ATCC, VA, USA) were cultured using standard methods (Lara et al., 2016). The cells were transfected with GABAAR α subunits (1, 2, 3, 5), α1(H101R), β(2,3) and γ2 expressing plasmids using Lipofectamine (ThermoFisher, Carlsbad, CA, USA). The plasmids encoding the rat α and the β subunits subcloned in the pRK5 vector (Benson et al., 1998; Paul et al., 2014) and the rat γ2 subunit subcloned in the pIRES2-EGFP (Moraga-Cid et al., 2011) were used along the study, using a transfection ratio for of 1:1:5 of α:β:γ2 encoding plasmids.



2.3. Animals and cortical cultures

All animal care and experimental protocols of this study were conducted in accordance with the ethical protocols established by the National Institutes of Health (NIH, USA) and were supervised and approved by the Bioethical Committee of the University of Concepcion. The animal studies were reported as recommended by the ARRIVE guidelines (McGrath and Lilley, 2015). A total of 15 animals were used in this study. The animals were treated humanely with due consideration to the alleviation of distress and discomfort. Cultured cortical neurons were prepared as previously described (Aguayo and Pancetti, 1994; Zemoura et al., 2013). Additional details are available on the Supplementary information.



2.4. Electrophysiology

GABA-evoked currents were recorded from transfected HEK293 cells and from cultured neurons in the whole-cell voltage-clamp configuration at room temperature (20–24°C) using a holding potential of −60 mV (Paul et al., 2014). In brief, patch electrodes (3–4 MΩ) were pulled from borosilicate glasses and were filled with internal solution, which contains (in mM): 120 CsCl, 8 EGTA, 10 HEPES (pH 7.4), 4 MgCl2, 0.5 GTP and 2 ATP. The external solution contained (in mM) 140 NaCl, 5.4 KCl, 2.0 CaCl2, 1.0 MgCl2, 10 HEPES (pH 7.4) and 10 glucose. Whole-cell recordings were performed with an Axoclamp 200B (Molecular Devices, Sunnyvale, CA, USA) or with a HEKA EPC-10 (HEKA Elektronik GmbH, Germany) amplifiers and were acquired using Clampex 10.1 or Patch Master software. Data analysis was performed off-line using Clampfit 10.1 (Axon Instruments, Sunnyvale, CA, USA) and MiniAnalysis 6.0.3 (Synaptosoft, CA, USA). Exogenous GABA-evoked currents were obtained using a manually applied pulse (3–4 s) of the agonist and an outlet tube (200 μm ID) of a gravity-fed micro perfusion system. The EC10-15 values for the recombinant and neuronal receptors were obtained experimentally after the successive application of increasing GABA concentrations (0.01–300 μM). Further details are available in the Supplementary information.



2.5. Statistical analyses

Normality was verified using the Shapiro–Wilk or D’Angostino Pearson tests depending on sample sizes. All results are presented as mean ± SEM. Statistical analysis and graphs were done with Origin (version 6.0–8.0) and GraphPad Prism 6. Values of p < 0.05, p < 0.001, and p < 0.0001 were considered statistically different. Statistical comparisons were performed using paired Student t-tests, unpaired Student t-tests with Welch’s correction and ANOVA followed by Bonferroni post-hoc test. Statistical comparisons of cumulative probability distributions were performed using the Kolmogorov–Smirnov (K-S) test.




3. Results


3.1. Modulation of recombinant GABAARs by gelsemine

To determine whether gelsemine may behave as a positive allosteric modulator of GABAARs, we examined the effects of gelsemine on the BDZ-sensitive GABAARs configurations expressed on mammalian synapses (Fritschy, 2015; Ralvenius et al., 2015; Knoflach and Bertrand, 2021) using whole-cell patch clamp recordings. We first determined the GABA sensitivity of recombinant α1β2γ2, α2β3γ2, α3β3γ2 and α5β2γ2 expressed on HEK 293 cells (Table 1; Figure 1A). Although several of these values resemble those obtained in previous studies (Paul et al., 2014; Sallard et al., 2021), we found a Number of Hill (nH) value for α1β2γ2 receptors close to 2, which is higher than reported values (Benson et al., 1998; Mortensen et al., 2012). The nH is commonly used in pharmacology as a description of ligand cooperativity, and nH values higher than 1 implies a positive cooperative binding. These differences may arise from the expression system, receptor heterogeneity, post-translational modifications, or fast desensitization (Sallard et al., 2021). We next evaluated the potential direct effects of gelsemine on GABAARs in the absence of its natural agonist, GABA. The application of gelsemine (300 μM) in the absence of GABA did not elicit any change on the holding currents, indicating the lack of agonistic activity [α1β2γ2; 1.2 ± 1.2% (n = 6), α2β2γ2; 1.4 ± 1.3% (n = 6), α3β3γ2; 1.6 ± 0.8% (n = 6) and α5β2γ2; −0.2 ± 1.0 (n = 6)] (Figures 1B,C). We then assessed the effects of gelsemine (0.01–300 μM) on the GABA-activated currents activated by a sub-saturating agonist concentration (i.e., EC10-15) (Figures 1D,E). Micromolar concentrations of the alkaloid (>10–25 μM) significantly inhibited the GABA-evoked chloride currents in a concentration-dependent manner. The analysis of concentration-response curves to gelsemine revealed a similar profile of inhibition for the five GABAAR subtypes studied (Figure 1E; Table 1). None of the GABAAR subtypes studied were fully blocked by the alkaloid.



TABLE 1 Sensitivity to GABA and gelsemine of recombinant and native GABAARs.
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FIGURE 1
 Modulation of recombinant BDZ-sensitive GABAARs by gelsemine. (A) Concentration-response curves to GABA of α1β2γ2, α2β3γ2, α3β3γ2, and α5β2γ2 GABAARs expressed in HEK293. Data points are means ± SEM from 6–8 cells. (B) Representative traces illustrating the actions of gelsemine in the absence of GABA on α1β2γ2 GABAARs. (C) The graph summarizes the lack of detectable agonist effects of gelsemine on α1β2γ2, α2β3γ2, α3β3γ2, and α5β2γ2 GABAARs. Data are means ± SEM of 5–6 cells. (D) Representative traces showing the inhibitory effects of gelsemine (300 μM) and the positive effects of diazepam (2 μM) on GABA-evoked currents through α1β2γ2, α2β3γ2, α3β3γ2, and α5β2γ2 GABAARs. (E) The graph summarizes the effects of different gelsemine concentrations (0.1–300 μM) on the GABA-evoked currents of cells expressing α1β2γ2, α2β3γ2, α3β3γ2, and α5β2γ2 GABAARs. (F) The graph shows the effects of diazepam (2 μM) on the GABA-evoked currents. Data are means ± SEM of 5–10 cells. (G) Representative traces illustrating the effects of diazepam (2 μM) and gelsemine (300 μM) on GABA-evoked currents through α1(H101R)β2γ2 and α1β2 GABAARs. (H,I) The graphs summarize the diazepam and gelsemine actions on α1(H101R)β2γ2 and α1β2 GABAARs. For panel (H), ***p < 0.001, **p < 0.01, ANOVA followed by Bonferroni post-hoc test, F(2,14) = 3,860. For panel (I), differences were not significant. ANOVA followed by Bonferroni post-hoc test, F(2,14) = 3.440.


As expected from previous reports (Paul et al., 2014; Ralvenius et al., 2015), diazepam (2 μM) was able to potentiate the function of the five GABAAR subtypes studied [α1β2γ2; 146.1 ± 35.9% (n = 6), α2β2γ2; 172.6 ± 54.9% (n = 6), α3β3γ2; 242.1 ± 32.8% (n = 10) and α5β2γ2; 115.0 ± 35.6 (n = 6) (Figure 1F)], confirming the correct expression of GABAARs of 2α-2β-1γ2 stoichiometry. The negative modulation of the GABAergic currents exerted by gelsemine on these receptor subtypes suggest that its mechanism of action is distinct than the prototypical BDZ, diazepam. However, the alkaloid still may exert its actions on the receptor by inverse agonism on the BDZ site or through molecular sites unrelated to γ2 subunits (Olsen et al., 2019; Ghit et al., 2021; Kim and Hibbs, 2021). Consequently, we evaluated the effects of gelsemine on GABAARs composed of α1(H101R)β2γ2 and of α1β2 subunits. The point-mutated α1GABAAR subunit contains a histidine-to-arginine mutation at the position 101 which disrupts the BDZ binding site, generating GABAARs insensitive to diazepam but normally sensitive to the agonist GABA (Benson et al., 1998; Ralvenius et al., 2015; Knoflach and Bertrand, 2021). We select the α1β2γ2 subtype to assess the relevance of the BDZ binding site because is the most widely expressed GABAAR subtype in the brain (Fritschy, 2015). On the other hand, α1β2 receptors are not sensitive to BDZs due to the absence of the α1-γ2 interphase, but conserve the sensitivity to its agonist, GABA, and to other modulators, such as propofol, neurosteroids and etomidate (Olsen et al., 2019; Kim and Hibbs, 2021; Knoflach and Bertrand, 2021). Our experiments demonstrated that α1(H101R)β2γ2 and α1β2 GABAARs were insensitive to diazepam 2 μM (−2.0 ± 4.7% and 4.0 ± 2.9%, respectively) in comparison with wild-type α1β2γ2 (146.1 ± 35.9%) (Figures 1G,H). Conversely, gelsemine elicited a similar inhibition of the GABA-evoked currents in these receptors (α1(H101R)β2γ2: −50.8 ± 11.8%, α1β2: −44.1 ± 2.5% and wild-type α1β2γ2: −40.1 ± 5.4%) (Figures 1G,I).



3.2. Gelsemine modulation of native GABAARs expressed in cortical neurons

To assess the modulation of native GABAARs by gelsemine, we carried out electrophysiological experiments on mouse cultured cortical neurons. At the point of our electrophysiological experiments (i.e., 9–12 days in culture), these preparations consist of a heterogeneous population of neurons and glial cells. Prior evaluating the gelsemine sensitivity, we assess the expression of BDZ-sensitive GABAARs using RT-qPCR assays and electrophysiological experiments. Our results show that these cultures expressed the necessary subunit repertoire to configure functional GABAARs sensitive to BDZs (Supplementary Figure S1; Ralvenius et al., 2015; Knoflach and Bertrand, 2021). In line with these data, the GABA-evoked currents obtained from these neurons were sensitive to diazepam (64.6 ± 10.9%, n = 7, 2 μM diazepam. Figure 2A).
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FIGURE 2
 Gelsemine modulation of native GABAARs and of GABAergic neurotransmission. (A) Representative traces showing the inhibitory effects of gelsemine (300 μM) and the positive effects of diazepam (2 μM) on GABA-evoked currents (0.5–1 μM) through native GABAARs. (B) The graph summarizes the gelsemine effects (0.1–300 μM) on the GABA-evoked currents. Data are means ± SEM of 8 neurons. (C) GABA concentration-response curves in the absence (black circles) and presence (red squares) of gelsemine (200 μM). Data are means ± SEM of 12 cells per condition. The GABA sensitivity was significantly altered by the alkaloid (Table 1). (D) Representative current traces from native GABAARs using a saturating concentration of GABA (300 μM) in the absence and presence of gelsemine (200 μM). (E) The graphs summarize the effects of gelsemine on the decay time (left panel) and the percentage of desensitized current (right panel) of the GABA-evoked currents. Differences were not significant (n = 12, per condition). (F) Examples of current traces showing the GABAergic synaptic activity before and during the application of 50 μM gelsemine. (G) The scatter graph and the bar plot depicts the effect of 50 μM of gelsemine on the mIPSCs frequency in 8 neurons. The average frequency of GABAergic mIPSCs was significantly diminished by gelsemine. *p < 0.05, paired Student t-test. (H) Cumulative probability distribution of the inter-event intervals of GABAergic mIPSCs in the absence or the presence of 50 μM of gelsemine. The distribution was significantly altered by the alkaloid. p < 0.0001; Kolmogorov–Smirnoff test. (I) The plot summarizes the effects of gelsemine on the average amplitude. Differences were not significant. p = 0.15, paired Student t-test. (J) Cumulative probability of the amplitudes of GABAergic mIPSCs in the absence or the presence of gelsemine. Differences were not significant (Kolmogorov–Smirnoff test). (K) Average GABAergic current traces before and during the application of 50 μM of gelsemine. (L) The bar plots summarize the effects of gelsemine on the rise time and on the decay time of GABAergic mIPSCs. Differences were not significant.


We next evaluated the effect of different concentrations of gelsemine (0.1–300 μM) on GABA-evoked currents using sub-saturating concentration of agonist (0.5–1 μM). The chloride currents through native GABAARs were inhibited by gelsemine in a concentration dependent fashion (Figures 2A,B; Table 1). The IC50 (89.1 ± 16.4 μM) and the maximal inhibition value (−49.6 ± 4.3% with 300 μM) of the gelsemine-induced inhibition obtained from these neurons were comparable with the results obtained from recombinant receptors (Figure 1; Table 1). We then analyzed whether gelsemine may affect the GABA sensitivity or the maximal GABA-evoked current. Analysis of concentration-response curves showed that gelsemine (200 μM) significantly decreased the apparent affinity for GABA of neuronal receptors, shifting the average EC50 value from 2.1 ± 0.5 μM to 7.41 ± 1.0 μM [t(8.9) = 4.714, **, p = 0.0011, unpaired Student t-test] (Figure 2C; Table 1). On the other hand, the alkaloid did not significantly affect the maximal current amplitude elicited by saturating concentrations of GABA (Figure 2D; Table 1). Although these data suggest that gelsemine modulates GABAARs by decreasing the apparent affinity for GABA, the alkaloid may still influence the desensitization rates. To evaluate this possibility, we next examined the kinetic properties of the macroscopic GABA-activated currents stimulated by a saturating agonist concentration (300 μM). These analyses indicated that gelsemine did not modify the fraction of desensitized current or the decay time constant of the GABA-evoked currents (Figures 2D,E).



3.3. Gelsemine effects on the synaptic function of cultured cortical neurons

In previous studies, it has been described that gelsemine is able to diminish the frequency of glycinergic spontaneous miniature post-synaptic currents of spinal neurons, without modify the average amplitude (Lara et al., 2016). Whether GABAergic synapses are also modulated by gelsemine is unknown. Therefore, we analyzed GABAergic spontaneous miniature post-synaptic currents (mIPSCs) on cortical neurons. Although cultured cortical neurons do not display glycinergic synaptic events due to the absence of synaptically-released glycine (Zeilhofer et al., 2021), they express functional GlyRs that could be still activated or modulated through tonic or presynaptic mechanisms (Siebler et al., 1993; Avila et al., 2013; McCracken et al., 2017). Considering this information, we included strychnine in all our experiments to avoid any potential glycinergic actions of gelsemine. Under these conditions, the application of the GABAergic antagonist bicuculline completely blocked the detection of synaptic currents, confirming their GABAergic nature.

The GABAergic mIPSCs from cultured cortical neurons displayed an average frequency of 0.91 ± 0.23 Hz (n = 8). The application of 50 μM of gelsemine reduced the frequency of GABAergic mIPSCs in all the neurons recorded (Figures 2F,G). Gelsemine decreased the average frequency to a value of 0.42 ± 0.16 Hz (n = 8) (p < 0.01, paired Student t-test vs. control condition) (Figure 2G) and altered the cumulative probability of the inter-event intervals (*p < 0.0001; K-S test) (Figure 2H). Despite the reduction of the frequency, all the neurons still displayed several mIPSCs in the presence of the alkaloid. The remaining GABAergic synaptic events showed an unaltered average amplitude (33.3 ± 8.2 pA to 24.8 ± 4.3 pA, p = 0.15, paired Student t-test) (Figures 2I,J; Supplementary Table S1). Likewise, the average rise time and the mean decay time kinetics of GABAergic mIPSCs were not modified by the alkaloid (Figures 2K,L; Supplementary Table S1). To assess whether the alkaloid is active as a modulator of excitatory neurotransmission, we next evaluated glutamatergic miniature excitatory post-synaptic currents (mEPSCs) in the presence of 50 μM of gelsemine (Figure 3; Supplementary Table S1). To avoid any gelsemine-mediated effects related with the modulation of GlyRs or GABAARs, the mEPSCs were pharmacologically isolated by the application of TTX together with strychnine and bicuculline. Our results showed that the application of 50 μM gelsemine significantly diminished the frequency of mEPSCs in all the neurons recorded (Figures 3A,B). The average frequency (Control = 0.72 ± 0.16 Hz; gelsemine = 0.40 ± 0.11 Hz, n = 8; p < 0.01, paired Student t-test) (Figure 3B) and the cumulative probability distribution of the inter-event intervals were also significantly reduced by the alkaloid (*p < 0.0001; K-S test) (Figure 3C). Nevertheless, gelsemine did not modify the average amplitude (28.8 ± 2.9 pA to 26.4 ± 3.1 pA, p = 0.98, paired Student t-test) nor the rise or decay time parameters of glutamatergic mEPSCs (Figures 3D–G; Supplementary Table S1). Further experiments showed that the application of 100 μM of gelsemine abolished the presence of detectable GABAergic and glutamatergic events (not shown).
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FIGURE 3
 Actions of gelsemine on glutamatergic neurotransmission. (A) Examples of current traces showing the glutamatergic synaptic activity before and during the application of 50 μM gelsemine. (B) The scatter graph and the bar plot depict the effect of 50 μM of gelsemine on the frequency of synaptic events in 8 neurons. The average frequency of glutamatergic mEPSC was significantly diminished by gelsemine. *p < 0.05, paired Student t-test. (C) Cumulative probability distribution of the inter-event intervals of mEPSCs in the absence or the presence of 50 μM of gelsemine. The distribution was significantly altered by the alkaloid. p < 0.0001; Kolmogorov–Smirnoff test. (D) The bar plot summarizes the effects of gelsemine on the amplitude. The amplitude was not significantly diminished by gelsemine. p = 0.98, paired Student t-test. (E) Cumulative probability distribution of the amplitudes of mEPSCs in the absence or the presence of 50 μM of gelsemine. Differences were not significant (Kolmogorov–Smirnoff test). (F) Average glutamatergic current traces before and during the application of 50 μM of gelsemine. (G) The bar plot summarizes the effects of gelsemine on rise time and decay time of glutamatergic mEPSCs. Differences were not significant.





4. Discussion

The GABAergic neurotransmission is the main inhibitory control of the central nervous system. The activation of GABAARs regulates critical neurophysiological processes, such as anxiety, muscle tone, memory, pain, among others (Fritschy, 2015; Ghit et al., 2021; Knoflach and Bertrand, 2021). In line with its relevance, the GABAARs pharmacology has been widely developed (Ghit et al., 2021; Knoflach and Bertrand, 2021; Cerne et al., 2022). GABAergic ligands include a large variety of agonists, antagonists, and allosteric modulators coming from diverse origins, including compounds purified from fungi and plants, as well as endogenous molecules and molecules of synthetic design. Therefore, different GABAAR subtypes possesses many acceptor sites for these modulators, which can be located in both intra-subunit and inter-subunit sites within the transmembrane or the extracellular domains of the ion channel complex (Olsen et al., 2019; Kim and Hibbs, 2021). Here, we characterize the modulation of recombinant and native GABAARs by gelsemine, a natural Gelsemium alkaloid. Our results indicate that gelsemine is a negative modulator, but not an agonist, of BDZ-sensitive GABAARs. Native GABAARs expressed in cultured cortical neurons were also inhibited by gelsemine. The frequency of spontaneous miniature GABAergic and glutamatergic synaptic currents was significantly diminished by the alkaloid.

A previous study reported that native GABAARs expressed in cultured spinal neurons were inhibited by gelsemine (Lara et al., 2016). Our results using recombinant receptors of defined composition showed that gelsemine inhibited the GABA-activated chloride currents through GABAARs configurations that are widely expressed in the CNS and that have been associated with the actions of BDZs (Ghit et al., 2021; Knoflach and Bertrand, 2021; Cerne et al., 2022). The inhibitory actions exerted by gelsemine on these GABAARs were similar, implying the absence of subunit-selective effects. In line with these observations, native GABAARs expressed in cultured cortical neurons, which are also BDZ-sensitive, were inhibited by gelsemine. Despite the heterogeneity of GABAAR configurations expressed on these neurons, the IC50 and the maximal current inhibition were comparable with the results from recombinant GABAARs. In a wider context, the results reported here allow us to generate a more complete profile of the gelsemine actions on the two inhibitory neurotransmitter-gated ion channels, GABAARs and GlyRs. Previous findings reported an average IC50 values of ≈40 ± 4 μM and a maximal percentage of inhibition ≈ −87 ± 5% (applying 300 μM gelsemine) for recombinant GlyRs (Lara et al., 2016). Thus, a comparison of the experimental IC50 values and the maximal inhibition of both chloride-permeable channels establish that GlyRs are more sensitive to the gelsemine inhibition than GABAARs. Although we cannot discard other mechanisms, we think that these evidences contribute to provide, at least in part, the neurophysiological bases of the toxicity of gelsemine and of Gelsemium elegans extracts (Lin et al., 2021). The direct inhibitory actions of gelsemine on GABAergic and glycinergic currents correlate well with a general depression of the inhibitory control of the central nervous system and with the symptomatology of these alkaloids in mammals. In agreement with this concept, a recent study in rats found that diazepam reverted the toxicity induced by gelsenicine, another Gelsemium alkaloid (Li et al., 2022). Further studies on inhibitory receptors may generate a rational framework to design targeted pharmacological approaches to treat acute Gelsemium alkaloid toxicity through, for example, positive allosteric modulators of GlyRs or of GABAARs (Lara et al., 2020; Cerne et al., 2022).

The molecular mechanisms underlying the gelsemine inhibition of GABAARs are unknown. Previous studies have shown that gelsemine increased the EC50 for glycine of recombinant GlyRs (Lara et al., 2016). Additional reports showed that gelsemine displaced the binding of 3H-strychnine on spinal cord tissue (Shoaib et al., 2019). Likewise, our results showed that the gelsemine significantly decreased the apparent agonist sensitivity of native GABAARs without significant changes on the maximal currents or on the desensitization rates. Although these data collectively suggest that gelsemine may act as competitive antagonist on both ion channels, molecular or structural corroborations of the gelsemine binding to the orthosteric site of GABAARs or GlyRs has been not reported yet. Our results however have shown that the negative gelsemine effects on GABAARs require only α and β subunits, discarding the participation of γ2 subunits and hinting at a potential binding to the orthosteric site. Nevertheless, GABAARs composed of α and β subunits still have modulatory sites for other ligands (e.g., propofol, neurosteroids, among others) (Olsen et al., 2019; Kim and Hibbs, 2021) and, therefore, the actions of gelsemine through these sites cannot be discarded.

Our analysis of the regulation of GABAergic synapses by gelsemine revealed additional biological actions. Our findings showed that gelsemine significantly decreased the frequency of GABAergic mIPSCs and glutamatergic mEPSCs without changes on the average amplitude nor the kinetics of the synaptic currents, suggesting the participation of a presynaptic target. Based on previous studies (Lara et al., 2016) and the data presented here, one can argue that gelsemine exerted the synaptic modulation through presynaptic inhibitory receptors. The relevance of presynaptic chloride-permeable ion channels has been demonstrated in previous reports (Jang et al., 2006; Schicker et al., 2008; Choi et al., 2013; McCracken et al., 2017). Nevertheless, a role of presynaptic GABAARs or GlyRs on the gelsemine actions is not supported by several lines of evidence. First, our electrophysiological analyses were performed under the presence of strychnine. Second, the isolation of glutamatergic events was done using bicuculline and strychnine. Third, the gelsemine concentration used to assess the synaptic effects (i.e., 50–100 μM) will not be able to generate a strong modulation of post-synaptic GABAARs. Altogether, these observations suggest that gelsemine reduces excitatory and inhibitory transmission by a mechanism not related with inhibitory ion channels. In this context, it is feasible that the function of voltage-gated calcium channels, presynaptic GPCRs, or other proteins involved in the presynaptic calcium regulation could be directly affected by the alkaloid (Zhu and Pan, 2005; Pernía-Andrade et al., 2009; Booker et al., 2020). Further experiments of intracellular calcium dynamics may help to define the molecular nature of additional gelsemine-sensitive synaptic proteins in future projects.

Whether our results help to clarify the medicinal effects of gelsemine and of Gelsemium elegans extracts in mammals is complex to determine. Gelsemine concentrations within the nanomolar range have been reported to stimulate the production of spinal neurosteroids and/or to produce analgesia or anxiolysis (Shoaib et al., 2019). Since the direct effects of gelsemine on GABAARs occurs using concentrations >10–25 μM, a contribution of this type of fast modulation to the beneficial effects is unlikely. Thus, we believe that our findings discard that the anxiolytic (Liu et al., 2013; Meyer et al., 2013), hypnotic (Wu et al., 2015) and analgesic effects (Zhang et al., 2013; Zhang and Wang, 2015; Shoaib et al., 2019) of gelsemine are mediated by the direct potentiation of BDZ-sensitive GABAARs. On the other hand, the regulation of the excitatory and inhibitory synaptic activity mediated by gelsemine may contribute to explain some of its therapeutic actions. Presynaptic attenuation of synaptic activity is a common mechanism of action of clinically relevant drugs (Taylor et al., 2007; Alles et al., 2020) and a fast reduction of neurotransmission may contribute to control neural circuits implicated in anxiety and pain. In this context, it should be noted that the time scales of the beneficial behavioral effects of Gelsemium alkaloids have shown a degree of variability. For example, Venard et al. (2008)) showed that gelsemine enhanced the spinal neurosteroid production after 3 h incubation. Analgesic effects have been detected 10 min after the gelsemine intrathecal injection (Zhang et al., 2013), while anxiolytic effects have been reported after 30 min of subcutaneous administration or after 7 consecutive days of treatment with the alkaloid (Liu et al., 2013; Meyer et al., 2013). Therefore, we believe that further research on the fast effects of gelsemine at the synaptic level will complement the proposed indirect mechanisms centered on the gelsemine-induced stimulation of neurosteroids production and the subsequent modulation of GABAARs, contributing to generate a broader and more detailed mechanistic representation of the gelsemine actions on the CNS.

In summary, our findings establish gelsemine as a negative modulator of the GABAARs subtypes that contribute to the therapeutic BDZ effects. Thus, the functional pharmacological profile of gelsemine reject direct anxiolytic and analgesic actions through BDZ-sensitive GABAARs. However, the reduction of GABAergic currents elicited by gelsemine, together with the previously reported GlyR inhibition (Lara et al., 2016), may explain a significant part of the toxicity profile of gelsemine in mammals. On the other hand, our results showed that the alkaloid diminished the GABAergic synaptic function likely through a presynaptic mechanism. These presynaptic actions of the alkaloid may provide a complementary hypothesis to explain its beneficial effects. Future studies focused on the presynaptic compartment will help to further understand the fast actions elicited by gelsemine on the mammalian central nervous system.
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Adenosine 5′-monophosphate (AMP)-activated protein kinase (AMPK) is a pivotal regulatory protein in energy metabolism. In a pilot study, we found that AMPK-associated energy metabolism imbalance in neurons contributes to the occurrence and maintenance of neuropathic pain (NeP). This study aimed to explore the relationship between genetic polymorphisms of AMPK gene (Rs13361707, rs3792822, and rs10074991) in PRKAA1 and postherpetic neuralgia (PHN) in Chinese individuals. Hundred and thirty two patients with PHN and 118 control individuals were enrolled in this study. All blood samples were shuffled and blinded to the person performing the haplotype analysis. Rs13361707, rs3792822, and rs10074991 PRKAA1 genotypes were identified in all participants. Dominant and recessive models were used for evaluating the association between these nucleotide polymorphisms and PHN susceptibility. A haplotype analysis of PHN patients and healthy controls was performed. Clinical characteristics between the two groups were not significantly different (p > 0.05) except that the ages in control subjects were younger than the PHN patients (p < 0.05). Genotypes and allele frequencies are significantly different between the PHN patients and control subjects for the rs13361707 and rs10074991 polymorphisms (p < 0.05), but not for rs3792822 (p > 0.05). In addition, the CCG haplotype of rs13361707-rs3792822-rs10074991 correlated negatively with PHN occurrence, but TCA was positively correlated with PHN (p < 0.05). Our results indicate that PRKAA1 gene polymorphisms rs13361707 and rs10074991 were associated with a risk of PHN, and that the CCG haplotype of rs13361707-rs3792822-rs10074991 correlated negatively with PHN occurrence in haplotype analysis. TCA was positively associated with PHN in Chinese individuals.
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1. Introduction

Postherpetic neuralgia (PHN) is the most common and serious complication after herpes zoster infection. It is a type of intractable neuropathic pain (NeP) that affects mental state and the daily life of patients in severe cases (Mei et al., 2022). The incidence of PHN is approximately 5–30% in patients with herpes zoster (Kawai et al., 2014). However, the exact mechanism of PHN is unclear, and there is a lack of targeted treatment in clinical practice. Accumulating evidence suggests PHN is maintained in part by central sensitization, a phenomenon of synaptic plasticity, and increased neuronal responsiveness in central pain pathways after Herpes zoster infection and painful insults (Hashizume, 2001). A characteristic feature of central sensitization is the activation of glial cells, such as microglia and astrocytes, in the spinal cord and brain, leading to the release of proinflammatory cytokines and chemokines (Meacham et al., 2017). In a pilot animal study, we found the dysfunction of mitochondria play pivotal role in the activation of glial cells and hyperresponsiveness of neurons in spinal dorsal cord (Mu et al., 2022). Dysfunction of mitochondria induced the inefficacy of energy supply and release of proinflammatory cytokines from glial cells, further induced abnormal membrane potential and synaptic plasticity in the vicinity of neurons. Therefore, to further explore its underlying mechanism will help to elucidate the pathogenesis of PHN and to identify effective treatment options.

Adenosine 5-monophosphate (AMP)-activated protein kinase (AMPK) is regulated by the AMP/ATP ratio, and acts on mitochondria as an energy regulator in eukaryotic cells (Lu et al., 2021; Trefts and Shaw, 2021). The AMPK-mTOR signaling pathway plays an important role in regulating cell metabolism, apoptosis, proliferation, and growth. Mutation and inactivation of AMPK can lead to abnormal activation of the mTOR signaling pathway, thus promoting the occurrence and development of neuropathic pain (Krishan et al., 2014; Chen et al., 2022). The expression of phosphorylated AMPK (pho-AMPK) was significantly increased in the spinal dorsal horn and dorsal root ganglia of NeP rats in a chronic constriction injury of sciatic nerve (CCI) model (Cui et al., 2011). Activation of AMPK can improve the energy supply of CCI-damaged nerves, relieve the release of inflammatory factors, and inhibit oxidative stress in the dorsal horn of the spinal cord, thus reducing neuropathic pain (Mu et al., 2022). Three subunits (α, β, and γ) of AMPK were found and the α subunit is a functional unit (Krishan et al., 2014). The α subunit of AMPK contains α1 and α2 subtypes encoded by PRKAA1 and PRKAA2 in mammalian cells, respectively (Stapleton et al., 1996). Previous studies have found that gene polymorphisms are closely related to drug metabolism and disease occurrence (Wang et al., 2013; Mei et al., 2015; Guo et al., 2021). However, there are few studies on the correlation between AMPK gene polymorphisms and gastric cancer, rectal cancer, diabetes mellitus and Hepatitis B virus infection (Lee et al., 2014; Yuan et al., 2016; Chen et al., 2018; Jiang et al., 2018; Li et al., 2020). Our previous study identified that the PRKAA2 gene polymorphism had a significant effect on PHN susceptibility (Mei et al., 2022). The purpose of this study was to explore the association between genetic polymorphisms in PRKAA1 and PHN in Chinese individuals.



2. Materials and methods


2.1. Study subjects

The study included 132 patients with PHN and 118 control subjects who were enrolled from the Second Affiliated Hospital of Chongqing Medical University, the Southwest Hospital of Army Medical University, and Chongqing Hospital of Traditional Chinese Medicine. The inclusion criteria were patients with PHN (rash persisting for more than 3 months after clinical healing and pain numerical grade ≥ 4). Healthy controls were randomly selected from the same hospital during the same period for routine health examination. Patients with, kidney, nervous system, liver, or neuromuscular disease were excluded. The study was approved by the Ethics Committee of Chongqing Hospital of Traditional Chinese Medicine (2021-ky-67) and was conducted in accordance with the principles of the Declaration of Helsinki. All subjects provided written informed consent.



2.2. Genotyping of PRKAA1 gene polymorphisms

According to the manufacturer’s protocol, we used an SQ blood DNA kit (Omega, Norcross, GA, United States) to isolate the Genomic DNA from peripheral venous blood. Genomic DNA was stored at 4°C (long-term storage at –80°C). All DNA samples were amplified for rs13361707, rs3792822, and rs10074991 by polymerase chain reaction (PCR) using a PCR Amplification Kit (Tsingke Biotechnology, Chongqing, China). The primers for rs13361707 were: forward, 5’-CATTTCAAGCACACCAAGGGC-3′ and reverse, 5’-TGTGTTGCACCATAGATGCTTTT-3′. The primers for rs3792822 were: forward, 5’-GGCTCAAGCCAATTCCGTCA-3′, and reverse: 5’-GGAAGGGTAAGCTGTTCTGC-3′. The primers for rs10074991 were: forward: 5’-CCACACACTCAGTCCCTGAC-3′, and reverse: 5’-AAACCACACGAGCTGGAACA-3′. The PCR products were sequenced by Tsingke Biotechnology Co., Ltd. (Chongqing, China).



2.3. Statistics

The sample size was calculated using PASS15 software (Reachsoft, Beijing, China) before the study began based on our previous study, and setting α = 0.05, power(1-β) = 0.80. Statistical analyses were conducted by SPSS 26.0 (Chicago, IL, United States). The Chi-square test was used to assess the Hardy–Weinberg equilibrium of rs13361707, rs3792822, and rs10074991. The correlation between PHN susceptibility and each single nucleotide polymorphism (SNP), dominant and recessive models, and homozygote and heterozygote comparisons were analyzed by binary logistic regression adjusted for age, BMI, and sex. Linkage disequilibrium and haplotypes were assessed using SHEsis1 (Li et al., 2009). Statistical significance was set at p < 0.05.




3. Results


3.1. Subject characteristics

The clinical characteristics including gender, age, body mass index (BMI), mean blood pressure (BP mean), total cholesterol (TCHO), low-density lipoprotein (LDL), high-density lipoprotein (HDL), triglycerides (TG), and fasting blood glucose (FBG) between the two groups was not significantly different (p > 0.05), while the healthy subjects were younger than the PHN patients (63.92 ± 13.09 vs. 65.76 ± 9.98, p = 0.006; Table 1).



TABLE 1 Basic information of subjects.
[image: Table1]



3.2. Association study

The genotype and allele frequencies of PRKAA1 rs13361707, rs3792822, and rs10074991 polymorphisms in patients with PHN and healthy subjects are shown in Table 2. There were significant differences in genotype and allele frequencies between healthy subjects and PHN patients in PRKAA1 rs13361707 and rs10074991 (p < 0.05), but not for rs3792822 (p > 0.05). All SNPS were consistent with the Hardy–Weinberg equilibrium (p > 0.05).



TABLE 2 Comparisons of genotype and allelic frequencies of PRKAA1 polymorphisms in PHN patients and healthy subjects.
[image: Table2]

The different analysis models of the PRKAA1 rs13361707, rs3792822, and rs10074991 polymorphisms on the risk of PHN are shown in Table 3 (all results were adjusted for BMI, age, and sex). In the analysis of rs13361707, the TT genotype showed an increased risk of PHN (CC vs. TT: AOR = 2.108, 95% CI = 1.040–4.272, PA = 0.039). In the dominant model, using the PRKAA1 rs13361707 CC + CT genotype as a reference, the TT genotype significantly increased the risk of PHN (CC + CT vs. TT: AOR = 1.939, 95% CI = 1.097–3.426, PA = 0.023). When the PRKAA1 rs13361707 CC homozygous genotype was used as a reference, the TT genotype significantly increased the occurrence of PHN (CC vs. TT: AOR = 2.196, 95% CI = 1.066–4.526, PA = 0.033). When the PRKAA1 rs13361707 CC homozygous genotype was used as a reference, the CT genotype was not significantly associated with the occurrence of neuropathic pain (CC vs. CT: AOR = 1.136, 95% CI = 0.5955–2.168, PA = 0.700). There were no significant differences in the recessive model comparison.



TABLE 3 The association between PRKAA1 genetic polymorphisms and the risk of PHN (adjusted for age, gender, and BMI).
[image: Table3]

In the analysis of rs10074991, the AA genotype increased the risk of PHN (GG vs. AA: AOR = 2.601, 95% CI = 1.264–5.352; PA = 0.009). In the dominant model, with the GG + GA genotype as the reference, the AA genotype significantly increased the risk of PHN (GG + GA vs. AA: AOR = 2.086, 95% CI = 1.184–3.672, PA = 0.011). In the recessive model, the GA + AA genotype had no significant difference in the occurrence of PHN as compared with the GG homozygous genotype (GG vs. GA + AA: AOR = 1.763, 95% CI = 0.955–3.258, PA = 0.070). When the rs10074991 GG homozygous genotype was used as a reference, the AA genotype was found to increase the risk of PHN (GG vs. AA: AOR = 2.762, 95% CI = 1.315–5.798, PA = 0.007). When the rs10074991 GG homozygous genotype was used as a reference, there was no significant difference between the GA genotype and PHN occurrence (GG vs. GA: AOR = 1.365, 95% CI = 0.701–2.661, PA = 0.360).

In the analysis of rs3792822, there were no significant differences among genotypes in the recessive model, dominant model, heterozygote comparison, or homozygote comparison (p > 0.05).



3.3. Haplotype analysis

A linkage disequilibrium (LD) was determined for rs13361707, rs3792822, and rs10074991. The results showed that there was a strong LD among the three SNPs (D′ = 0.983, r2 = 0.921). We used haplotype analysis to study the combination of these three polymorphic loci to assess the risk of PHN. The results showed that CCG and TCA were significantly correlated with the occurrence of PHN in the rs13361707-rs3792822-rs10074991 haploid (Pearson’s p = 0.023618). The CCG genotype was associated with a lower risk of PHN [p = 0.007, OR 95% CI = 0.609(0.425–0.872)]. TCA genotypes showed an increased risk of PHN [p = 0.038, OR 95% CI = 1.491 (1.022–2.176)] (Table 4).



TABLE 4 Haplotype analysis of PRKAA1 rs13361707, rs3792822, and rs10074991 with the risk of PHN.
[image: Table4]




4. Discussion

We analyzed the PRKAA1 polymorphic loci rs13361707, rs3792822, and rs10074991. In our study, the variation frequency of rs13361707 in healthy subjects was 72.88%, which was similar to the 71.8% reported by previous research (Li et al., 2020). Otherwise, it was different from the 80.86% reported by Yuan et al. (2016). In our study, the variation frequency of rs3792822 was similar to previous reports (Yuan et al., 2016). The variation frequency of rs10074991 was 72.88% in our study, which differed from the 80.2% reported by Kim et al. (2014). That caused a difference in gene frequency, which might be different from the races that were included in the study. At the same time, gene-region interactions or gene–environment could be another reason for this difference.

In this study, the PRKAA1 rs13361707 polymorphism was investigated. In the dominant model, the TT genotype had a 1.9 times higher risk of PHN than the CC + CT genotype. Compared with the CC homozygous genotypes, the CT genotypes did not increase the risk of PHN, but the TT genotypes increased the risk of PHN by 2.19 times. In the comparison of the recessive models, no correlation was found between each genotype and PHN. The results of this study suggest that the PRKAA1 rs13361707 polymorphism is associated with PHN risk. Chen et al. (2018) also found that the PRKAA1 rs13361707 gene polymorphism was associated with an increased risk of gastric cancer specifically. These results indicated that the PRKAA1 rs13361707 gene polymorphism may be correlated with some disease occurrence. In the analysis of the PRKAA1 rs10074991 gene polymorphism, the risk of PHN in the AA genotype was 2.08 times that of GG + GA in the dominant model. Compared with the GG genotype, the AA genotype had a 2.7 times increased risk of PHN. In the recessive model and heterozygous comparisons, there was no significant correlation between the occurrence of PHN and each genotype. The results of this study suggest that the rs10074991 gene polymorphism is associated with disease occurrence, which is similar to previous studies (Kim et al., 2014; Chen et al., 2018). In this study, the AA genotype increased the risk of disease (PHN). However, Chen et al. (2018) found that the GG genotype increased the incidence of the disease, which was similar to Kim et al. (2014)’s findings.

There was no correlation between PRKAA1 rs3792822 genotypes and PHN occurrence in the dominant model, recessive model, Homozygote comparison, or Heterozygote comparison (p > 0.05). However, a recent study showed that rs3792822 polymorphism analyses in both the allele and genotype were associated with the susceptibility of chronic HBV infection (Yuan et al., 2016). Until now, no other studies have reported on the correlation between rs3792822 polymorphisms and disease, so it may be necessary to further explore with future studies.

Haploid analysis was also performed in this study. Theoretically, there should be eight haploid types; however, seven haploid types were detected in this study. This suggests that these alleles are not inherited randomly, but that there is a linkage disequilibrium. D′ = 1 and r2 = 1 are considered complete linkage disequilibria. There is no unified standard for strong linkage imbalance at present, but the generally accepted ones are D′ > 0.8 and r2 > 0.8. In this study, D′ = 0.983 and r2 = 0.921, so we believe that this result is consistent with linkage disequilibrium. Significant differences were observed between these seven haploid types. The TCA haploid significantly increased the risk of PHN, while the CCG haploid significantly reduced the risk of PHN. After completing a literature review, this is the first disease correlation research on rs13361707-rs3792822-rs10074991 haploid type. In previous studies, haploid CTG and TCA of rs13361707-rs1002424-rs3792822 were associated with chronic hepatitis B virus infection (Yuan et al., 2016). Haploid AAGGA of rs1002424-rs2570091-rs10053664-rs13361707-rs3805486 is associated with the development of gestational diabetes mellitus (Guo et al., 2021). This is the first time to reveal the relationship between the difference of haploid types and occurrence of PHN, although it is only a single subtype of a single gene. As more haploid types of other related gene are found, it is believed that haploid analysis will help us to improve the predictive accuracy of PHN occurrence in the future.

In our study, the age of the control group was significantly younger than that of the PHN group (p < 0.05). We initially speculated that young people were more likely to be accepted as control subjects, and age was an important independent predictive factor for PHN (Kim et al., 2014). However, careful analysis of the data showed that the age difference between healthy subjects and patients was 1.8 years, and our sample size was large enough to suggest that this result may have been due to casual.

This study had several advantages. This is the first study to investigate the relationship between PRKAA1 and PHN in Chinese individuals. The PRKAA1 rs13361707 and rs10074991 polymorphisms were found to be significantly associated with the risk of PHN. Meanwhile, it was found that the haploid TCA and CCG of rs13361707-rs3792822-rs10074991 were closely related to the risk of PHN.

This study had several limitations. First, we studied only the Han Chinese population, and it is not clear that studies in other populations would yield the same results. Second, this study found a close correlation between PRKAA1 and PHN risk. PHN is a typical neuropathic pain, but it is not clear whether this conclusion can be extended to other types of neuropathic pain (such as painful diabetes). Third, only three polymorphic loci in PRKAA1 were discussed in this study. Moreover, comprehensive studies are needed to evaluate the correlation between AMPK pathway genes and PHN risk based on SNP polymorphisms and haploid analysis.

Our results indicate that PRKAA1 gene polymorphisms rs13361707 and rs10074991 were associated with an increased risk of PHN. The CCG haplotype of rs13361707-rs3792822-rs10074991 correlated negatively with PHN occurrence in haplotype analysis, whereas TCA was positively correlated with PHN in Chinese individuals.
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Background: Cough associated headache is the most common symptom in Chiari malformation type 1 (CM1). However, its pathophysiology and treatment are not clear. The aim of this study was to investigate the relationship between optic nerve sheath diameter (ONSD), an indicator of intracranial pressure, and headache and to investigate its predictive value on postoperative outcome.

Methods: In symptomatic CM1 patients, craniovertebral junction morphometric measurements and ONSD measurements were made from preoperative MR images, and headache intensities and characteristics were evaluated. After different surgical procedures, the clinical characteristics of the patients were evaluated according to the Chicago Chiari Outcome Scale, the change in headache intensity was assessed and the relationship with ONSD was evaluated.

Results: Preoperative headache intensity was significantly correlated with ONSD measurement (p < 0.01). Modified clivoaxial angle and ONSD were independent predictors of postoperative clinical outcome (p < 0.01). The procedure that achieved the greatest surgical enlargement of the foramen Magnum stenosis provided the best clinical outcome. Postoperative reduction in headache intensity and ONS diameter were correlated (p < 0.01).

Conclusion: The fact that ONSD is found to be wide in the preoperative period in CM1 patients indicates that the intracranial pressure is permanently high. This diameter increase is correlated with headache and is a valuable guide in the selection of the appropriate treatment method.

KEYWORDS
 Chiari malformation type 1, optic nerve sheath diameter, headache, intracranial pressure, nuchal pain


Introduction

Chiari malformation type 1 (CM 1) is a pathology characterized by herniation of the cerebellar tonsils from the foramen magnum (1). This herniation puts pressure on the spinal cord and brainstem, and causes a blockage of actual or functional cerebrospinal fluid (CSF) (2). With the increase in the number of imaging studies, more patients are diagnosed with CM1, however, only 1% of these patients are symptomatic (3).

Cerebellar tonsil ectopia may interfere with the normal cranio-spinal movement of the CSF, causing increased headache in these individuals with laughing, coughing or tilting the head, or the valsalva maneuver. Also, tonsillar compression on the brain stem and upper cervical spinal cord can cause varying degrees of somatosensory disorders and subtle motor defects, as well as bulbar and lower cranial nerve disorders (4). Various theories have been proposed for CM1-related headache, some of which are; The Oldfield's theory describes pulsatile caudal pressure that occurs with mechanical contact on the spinal cord (5), William's theory describes that increased abdominal pressure occurs as a result of a craniocaudal pressure gradient that cannot diffuse into the subarachnoid space. In Williams' theory, cerebrospinal fluid flow is blocked in the subarachnoid space at the foramen magnum, and a longer-lasting venous pressure wave associated with coughing and straining affects the cord, first to compress it from the outside, then to expand it from the inside. This causes a transient increase in intracranial pressure and headache with cascading stimulation of the trigeminal afferents of the dura (6).

Optic nerve sheath diameter (ONSD) measurement has been studied many times in the literature as an indirect indicator of increased intracranial pressure (7, 8). When all the English literature was reviewed, we could not find a study on the measurement of optic nerve sheath diameter in the evaluation of clinical outcomes of Chiari malformation. However, we think that this measurement will be very important in clinical evaluation. The aim of this study is to investigate whether there is a permanent change in intracranial pressure in CM1-related headache, to examine the effect on headache intensity and duration if there is, and to investigate whether there is a change after different surgical procedures.



Methods


Patients

In this study, 195 patients who were operated for CM1 between 2015 and 2020 years in our clinic were evaluated retrospectively. The study was started after obtaining the approval of the local ethics committee of Atatürk University, Faculty of Medicine (B.30.2.ATA.0.01.00/661). The inclusion criteria were as follows; being older than 18 years, radiologically proven cerebellar tonsil herniation more than 5 mm from the foramen magnum. The exclusion criteria were: presence of secondary causes for headache (intracranial idiopathic hypertension, etc.), presence of intracranial lesion (subdural hematoma, space occupying lesion, etc.), other anomalies of the craniovertebral junction (atlantoaxial dislocation, basilar invagination, etc.) and prominent hydrocephalus (Evans index >3).



Surgical technique

The patient was placed on the surgical table in the prone position with the head fixed. intervention was performed with a classical suboccipital incision and laminectomy was performed with suboccipital craniectomy and removal of the C1 posterior arch (PFD group). In some patients, the dura was opened in a U shape and dural augmentation was performed with a dural graft (PFDwD group). In some patients, the cerebellar tonsils were resected until the foramen Magendie was seen and CSF flow was achieved (CTR group). All surgical procedures were performed by an experienced team under the supervision of a senior author (HHK). The surgical procedure was decided according to the herniation length of the cerebellar tonsil and the stenosis of the occipitocervical junction as a result of morphometric measurements.



Preoperative radiological measurements

Preoperative radiological evaluations were made with MRI taken while the neck was in the neutral position. The morphometric measured values are schematized in Figure 1. Optic nerve sheath diameter was assessed by measuring the thickest part of the optic nerve sheath 3 mm posterior to the globe on T1-weighted axial MRI sections. It was measured for both eyes separately and the average was recorded as the final value. Preoperative MRI and postoperative 6th month MRI images were recorded.


[image: Figure 1]
FIGURE 1
 Schematization of craniovertebral morphometric measurements on sagittal T-2-weighted imaging. ABC, modified clivoaxial angle; ADC, clivoaxial angle; GH, herniated cerebellar tonsil length; AD, clivus length; AIE, clivus angle; DCK, odontoid retroversion; DLM, odontoid retroflexion; DF, McRae line.




Outcome measures and assessment of headache

Postoperative clinical evaluation was done with Chicago Chiari Outcome Scale (CCOS), includes pain, non-pain symptoms, functionality, and complications), and then categorized as improved (score 13–16), unchanged (score 9–12), or worse (4–8) based on the outcome score (9). This evaluation was made at 24 months postoperatively. According to the improvement in postoperative CCOS scores, patients will be grouped according to their preoperative ONSD values (increased intracranial pressure) using the ROC curve.

Preoperative headache was obtained by retrospective review of patient files. Characteristics such as the type of headache (headache increasing with cough), localization, severity, frequency, and the number of days of the month were determined. Postoperative headache assessment was made 1 year or more after surgery, by completing a questionnaire during a telephone interview or hospital visit. In the postoperative evaluation, it was asked to evaluate the severity of pain numerically (0 = no pain, 10 = the most severe pain), and also the localization of the pain, its frequency, and whether medication was taken, pain had changed after the surgical procedure (worsened, not changed, improved). Headache semiology was decided according to the International Classification of Headache Disorders 3rd edition (ICHD-3) (10). Typical headache attributable to CIM (according to the ICHD-3 diagnostic criteria, according to section) was described as a (sub-)occipital headache lasting seconds to a maximum of 5 min, triggered by coughing, laughing, or other Valsalva-type maneuvers.



Statistical analysis

Statistical evaluation was performed with the statistical program (SPSS Statistics, version 22, IBM, Armonk, NY). Wilcoxon's test was used for comparison of pre- and postoperative data, and the Mann–Whitney U test, or Chi-square test were used for comparisons between groups. Dichotomous variables were compared pre- and postoperatively using the McNemar test. Bivariate analysis (Pearson's and Spearman's correlation analysis) and multiple linear regression model were used to analyze the correlation between the preoperative ONSD and other MRI parameters. The correlation between ONSD and postoperative CCOS scores and headache intensity was examined by bivariate analysis, regardless of the surgical method. The receiver operating characteristic curve was used to test the accuracy of preoperative ONSD measurements in predicting CCOS score and identifying optimal thresholds of ONSD. For the same ONSD measurements group, the difference of CCOS score and headache intensity of 3 surgical methods was analyzed by one-way analysis of variance.




Results

A total of 195 patients who were operated on for CM1 were included in this study, 100 of them were female and 95 were male. Mean age of patients was 42 ± 4 years, mean follow-up time was 44 ± 8 months. The mean cerebellar tonsil length that herniated from the foramen magnum was 10.8 + 4.2 mm.

The mean CCOS score of the patients was 12.74 ± 3.1 in general, among them, the symptoms of 117 (60%) patients improved, 68 patients (34.8%) were the unchanged, and 10 patients (5.1%) worsened. In terms of surgical technique, improvement (≥13) from the CCOS score was seen as 50.0% in the PFD group (28 of 56), 59.2% in the PFDwD group (32 of 54), and 78.8% in the CTR group (67 of 85), and mean CCOS scores were 12.24 ± 2.3, 13.1 ± 1.2, and 14.1 ± 1.8, respectively. There was a statistically significant difference in terms of outcome scores between these (p < 0.05). Complications were observed in 28 of these cases, 14 with wound site problems without CSF leak, 10 with CSF leak, 1 deep vein thrombosis, 1 pulmonary embolism, and 2 deaths due to cerebellar infarction (PICA injury).

According to the results of bivariate analysis, ONSD was statistically significantly correlated with; MCAA, clivus length, clivus angle, odontoid retroflexion, odontoid retroversion, pB-C2 distance, tonsillar herniation, and cranial basal angle (p < 0.05) (Table 1). Multiple linear regression analysis showed that MCAA (-), clivus angle (+), pB-C2 distance (–), cranial basal angle (–), and odontoid retroversion (–) correlated independently (p < 0.05) (Table 2).


TABLE 1 Correlation of ONSD with other parameters by bivariate analysis, p < 0.05 is statistically significance.

[image: Table 1]


TABLE 2 Correlation of ONSD with other parameters by multiple linear regression model, p < 0.05 is statistically significance.

[image: Table 2]

When evaluated in terms of postoperative CCOS score, preoperative ONSD, preoperative MCAA, clivus angle, pB-C2 distance, cranial base angle, and odontoid retroflexion were statistically significantly correlated according to the bivariate analysis (p < 0.05) (Table 3), ONSD and MCAA were independently correlated according to multiple linear regression analysis under the dummy variables of surgery type (p < 0.05) (Table 4).


TABLE 3 The bivariate analysis of ONSD and other craniovertebral junction parameters with CCOS.

[image: Table 3]


TABLE 4 The multiple linear regression modal of ONSD and other craniovertebral junction parameters with CCOS (operations used as dumb variable).

[image: Table 4]

Performed to confirm the predictive efficacy of ONSD over CCOS with ROC curve, the results were quite good at predicting CCOS. The results were as follows, for prediction worse: AUC (area under curve) = 0.831, p < 0.01, for prediction improved: AUC = 0.742, p < 0.01. Also according to Youden's index, the optimal threshold value of ONSD was 5.54 and 4.72 mm, respectively (Figure 2).


[image: Figure 2]
FIGURE 2
 The receiver operating characteristic curve of ONSD used to predict clinical outcome. (A) Correlation with clinical worsening. (B) Correlation with clinical improvement.


The patients were divided into three groups according to the optimal threshold value of ONSD to assess preoperative intracranial pressure value; A = severe (ONSD ≥ 5.54) in 39 cases, B = moderate (4.72 ≤ ONSD <5.54) in 78 cases and C = mild (ONSD <4.72) in 78 cases.

The mean CCOS scores of the groups were 11.69 ± 1.2, 12.85 ± 1.4, 13.61 ± 1.7, respectively, and there was a statistically significant difference between the groups. Among these groups, Group C showed the most improvement and there was a statistically significant difference in this respect (Table 5).


TABLE 5 Mean CCOS scores and percentages of change of patients grouped by ONSD scores.
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Headache was the predominant symptom in 120 of 195 patients. The baseline characters of headache are shown in Table 6. Headache was predominantly occipital or nuchal (79.9%) and bilateral (80.0%), and headache quality was mostly pressing (68.3%). The most common accompanying symptom was nausea with 43.3%. Average minimum headache intensity was 4.5 ± 1.4 on the NRS and mean maximum intensity was 7.9 ± 1.5. The number of days the headache persisted in a month was 21.4 ± 9.1 and the number of days on which medication was used for headache was 10.1 ± 7.9. With regard to semiology according to ICHD-3, typical cough headache was seen in 62 patients (51.6%). Headache was present with other (“atypical”) semiology in 58 patients (48.3%). Preoperative headache intensity was found to be highest in the severe ONSD group. The preoperative mean headache intensity was 7.1 ± 1.2 in the severe ONSD group (p < 0.05).


TABLE 6 Baseline headache characteristics (n = 120).
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After surgery, subjective headache relief was noted in 104 patients (86.6%), while headache remained unchanged in 8 cases (6.6%), and worsened in 8 patients (6.6%). When the correlation between postoperative ONSD and decreased headache intensity was examined, it was seen that the lower the ONSD value, the lower the headache intensity. The relationship between surgical technique and headache intensity outcome is shown in Table 7.


TABLE 7 Variation of mean ONSD, headache intensity scores and CCOS scores between groups after 3 different surgical approaches.
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Discussion

The aim of this study is to reveal the unexplained and missing part in the pathophysiology of headache associated with Chiari malformation. The most important inference that can be drawn from the study is that CSF blocks that occur as attacks in CM1 patients cause permanent increases in intracranial pressure. In these patients, ONSD, an indirect marker of intracranial pressure, was found to be increased and directly associated with headache intensity.

CM1 is a hindbrain anomaly and is a mostly congenital pathology characterized by varying degrees of herniation of the cerebellar tonsils from the foramen magnum (11). Clinical signs and symptoms can vary widely depending on the crowding and blockage in the foromen magnum. Tonsillar herniation and various bone and soft tissue defects in the craniovertebral junction cause compression on the spinal cord and brain stem, resulting in clinical manifestations. This crowding at the craniovertebral junction causes functional or actual blockade of the CSF at the level of the foroman Magnum (12).

Many studies show that headache is the most common complaint in CM1 patients (13). Milhorat et al., in their study by observing 364 patients, stated that 86% of these patients had headache and most commonly localized pain in the occipital and nuchal region, exacerbated by valsalva-like maneuvers, and in the form of crushing and pressure (14). Similarly, Thunstedt et al. reported that 63% of CM1 patients had headache, and 80% of this headache was localized in the occipital and nuchal regions (15). In our study, we found that there was a 61% headache and the localization was in a similar region. We also found that the most common accompanying symptom was nausea, as in the Thunstedt's study, and 51% of those with headache had typical cough-related headaches.

Predictive factors for clinical improvement after surgery in symptomatic CM1 patients have been investigated in many studies and continue to be investigated. Morphometric measurements of the craniovertebral junction are used to show the compression of the foromen magnum (16). However, many studies are mostly based on examining bone pathologies. However, the soft tissues in the retroodontidal space cause ventral compression depending on the anatomical position and angulation of the odontoid process (17). The modified clivoaxial angle, which assesses both the relationship of the odontoid process to the brainstem and the pressure created by the soft tissues (transverse ligament and tectorial membrane) in the retroodontoidal space, is very successful in predicting postoperative clinical improvement (18). In our study, we found that MCAA was very successful in predicting the postoperative CCOS score.

It is generally accepted that cough-related headache in CM1 patients is caused by impaired CSF flow between the head and spinal cord due to compression of the foramen Magnum (19). In their study, Williams et al. showed that CSF pressure in the spinal cord increased with increasing intra-thoracic and intra-abdominal pressure at the onset of cough, and this increase in pressure caused CSF flow toward the cranium, and when the cough ended in healthy individuals, the cranial CSF returned to the spinal canal, but this return did not occur in CM1 patients due to the crowding in the foramen magnum (6). However, no study to date has investigated whether this transient CSF flow disturbance causes a change in long-term intracranial pressure. The typical cough-related headache in Chiari patients is explained by the above-mentioned mechanism, but the physiopathology of atypical headache remains unclear. ONSD has been used in many diseases and clinical studies as a very important indicator of increased intracranial pressure; such as shunt dysfunction, hydrocephalus, posttraumatic intracranial pressure monitoring (7, 20–22). When the preoperative MR images of the patients were examined, we found that the ONS diameters were significantly higher than the accepted values in normal healthy individuals and correlated with headache intensity (NRS). When the English literature is reviewed, such a finding has not been studied before, and we think that it will be very important in understanding the pathophysiology of CM1-related headache.

In their study, Fric et al. showed that pulsatile intracranial pressure in CM1 patients was high, just like in patients with idiopathic intracranial hypertension (23). In their study, Fagan et al. found that the symptoms, especially headache and balance disorders, did not improve after posterior fossa decompression, but the symptoms regressed after CSF diversion and named this condition Chiari pseudotumor cerebri syndrome (24). In Fric's study, they mentioned that pulsatile intracranial pressure is a better indicator of intracranial compliance than static intracranial pressure, they found that static intracranial pressure was not as high in CM1 patients as in IIH patients in their cohort study. However, including their own cohort studies, lumbar puncture to measure intracranial pressure is very risky in CM1 patients because of tonsillar herniation in the preoperative period, and measuring pressure via the intraventricular route in the absence of ventriculomegaly is also very risky. The measurement of ONSD is a non-invasive method and a good indicator of intracranial pressure, the results of the study show that not only pulsatile pressure but also static pressure is high in CM1 patients.

In CM1 patients, only posterior fossa decompression does not always provide the desired level of clinical improvement (25). Especially in patients with ventral compression, it is necessary to extend the posterior fossa decompression as far as the CTR to resolve the foramen Magnum crowding and to allow CSF flow to normal limits. When the effect of surgical procedures on clinical outcome was analyzed, it was observed that both CCOS was higher and headache intensity was less in patients who underwent CTR. Although clinical output improves more after CTR, the duration of surgery is prolonged and the risk of postoperative complications increases (26). Giammattia et al. described an 86.9% improvement in headache after surgery in their study (27). In our study, the improvement in symptoms was ~60% and this rate is the average of the results of all three surgical techniques. CTR with visualization of the foramen Magendie and observation of CSF flow showed much better results. As stated in the literature, we think that tonsil resection until the foramen Magendie is seen would have a positive effect on all results (28). In the choice of surgical procedure, knowing the preoperative intracranial pressure level and foramen Magnum stenosis is very valuable in deciding which method to choose. ONSD and MCCA seem to be useful guides in this choice.


Limitations

The most important limitations of this study are the relatively small number of patients, retrospective observation, and the fact that intracranial pressure in CM1 patients was not routinely measured in the preoperative and postoperative periods, which necessitated the assessment of pressure status and variability by indirect methods. A prospective study model with a larger number of patients in which intracranial pressure measurements can be performed may be more useful. An important shortcoming of this study is that syringomyelia was not evaluated. In fact, the reason for not evaluating it was the concern that if too many parameters were included, the article would lose its integrity of meaning. As a continuation of this study, the relationship between ONSD and syringomyelia will be examined.




Conclusion

Chiari malformation type 1 is a developmental disorder involving not only the displacement of the cerebellar tonsils but also the bone and soft tissue of the craniovertebral junction. This crowding in the foramen magnum disrupts the normal circulatory physiology of the CSF, resulting in clinical symptoms such as headache. Increased intracranial pressure in CM1-related headache has been shown by ONSD measurements. We think that routine evaluation of ONS diameter in the preoperative period can be very useful in deciding the surgical method to be chosen and it is also useful in determining whether additional intervention (CSF diversion, etc.) is required in postoperative follow-up.
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Background: Neuropathic pain (NP) is one of intractable complications of spinal cord injury (SCI) and lacks effective treatment. Resveratrol (Res) has been shown to possess potent anti-inflammatory and anti-nociceptive effects. In this study, we investigated the analgesic effect of Res and its underlying mechanism in a rat model of SCI.

Methods: The rat thoracic (T10) spinal cord contusion injury model was established, and mechanical thresholds were evaluated during an observation period of 21 days. Intrathecal administration with Res (300 μg/10 μl) was performed once a day for 7 days after the operation. On postoperative day 7, the expressions of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and interleukin-6 (IL-6) were determined by enzyme-linked immunosorbent assay (ELISA) and Real-time quantitative PCR (RT-qPCR), the expression of Janus kinase 2/signal transducer and activator of transcription 3 (JAK2/STAT3) signaling pathway was determined by western blot and RT-qPCR, and the co-labeled phospho-STAT3 (p-STAT3) with neuronal nuclear antigen (NeuN), glial fibrillary acidic protein (GFAP), and ionized calcium-binding adapter molecule 1 (Iba-1) were explored by double immunofluorescence staining in the lumbar spinal dorsal horns. The temporal changes of p-STAT3 were investigated by western blot on the 1st, 3rd, 7th, 14th, and 21st days after the operation.

Results: Intrathecal administration with Res for 7 successive days alleviated mechanical allodynia of rats during the observation period. Meanwhile, treatment with Res suppressed the production of pro-inflammatory factors TNF-α, IL-1β and IL-6, and inhibited the expressions of phospho-JAK2 and p-STAT3 in the lumbar spinal dorsal horns on postoperative day 7. Additionally, the protein expression of p-STAT3 was significantly increased on the 1st day following the operation and remained elevated during the next 21 days, immunofluorescence suggested that the up-regulated p-STAT3 was co-located with glial cells and neurons.

Conclusion: Our current results indicated that intrathecal administration with Res effectively alleviated mechanical allodynia after SCI in rats, and its analgesic mechanism might be to suppress neuroinflammation by partly inhibiting JAK2/STAT3 signaling pathway.

KEYWORDS
 neuropathic pain, spinal cord injury, resveratrol, Janus kinase 2/signal transducer and activator of transcription 3, neuroinflammation


Introduction

Most individuals with traumatic spinal cord injury (SCI) suffer from different types of pain, among which neuropathic pain (NP) occurs in approximately 58% of patients (Hunt et al., 2021). This NP is severe, agonizing and unremitting (Bryce et al., 2012), which extremely impairs physical and emotional function in individuals after SCI (Kim et al., 2020). Pathogenesis of SCI-NP is complex and multifactorial (Fakhri et al., 2021). Neuroinflammation has been widely demonstrated to be crucial for the generation and maintenance of SCI-NP (Georgieva et al., 2019; Xue et al., 2022). Unfortunately, the SCI-NP is refractory to many existing pharmacological treatments, which can have serious side effects (Hatch et al., 2018). Therefore, it is essential to explore new therapeutic approaches.

Resveratrol (3,4′,5-trihydroxystilbene, Res), a natural phytoalexin polyphenol extracted from many natural plants (Tian and Liu, 2020), exerts widely beneficial health effects, including anti-inflammatory, cardiovascular protective and tumor treatment (Breuss et al., 2019; Meng et al., 2021; Ren et al., 2021), etc. Effects of Res on the relief of NP have also been extensively studied. A number of researches have shown that Res attenuates NP after peripheral nerve injury through balancing pro-inflammatory and anti-inflammatory cytokines release (Tao et al., 2016) or suppressing microglia-mediated neuroinflammation (Wang et al., 2020). In a rat model of oxaliplatin-induced NP, intrathecal administration with Res reduced the expressions of reactive oxygen species, tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) in the spinal cord and attenuated mechanical allodynia (Dong et al., 2022). Also, treatment with Res orally decreased the serum TNF-α levels and whole brain nitric oxide release, attenuated thermal hyperalgesia in a mouse model of diabetic NP (Sharma et al., 2007). Recently, accumulating evidence suggests that Res plays a neuroprotective role through reducing neuroinflammation in nervous system diseases, such as traumatic brain injury, stroke and SCI (Xie et al., 2019; Mota et al., 2020; Zhao et al., 2021). However, literatures that the treatment of SCI with Res focus mostly on functional recovery (Liu et al., 2011; Zhao et al., 2021; He et al., 2022), and few studies have specifically investigated the central analgesic effect of Res in SCI.

The Janus kinase 2/signal transducer and activator of transcription 3 (JAK2/STAT3) signaling pathway plays a major role in many physiological and pathological processes including inflammation reaction (Morris et al., 2018). It has been reported that JAK2/STAT3 signaling pathway is involved in the neuroinflammation reaction of stroke (Zhu et al., 2021) and Alzheimer’s disease (Xue et al., 2021). Res is considered as a natural inhibitor of the STAT3 pathway (Deng et al., 2007). Recent study showed that resveratrol-selenium nanoparticles reduced the protein expression of p-STAT3 as well as IL-1β levels, and suppressed neuroinflammation in Alzheimer’s disease (Abozaid et al., 2022). Under the condition of NP induced by peripheral nerve injury, the JAK2/STAT3 signaling pathway in the lumbar spinal dorsal horns was activated and mediated interleukin-6 (IL-6) induced mechanical allodynia and thermal hyperalgesia (Dominguez et al., 2008). In addition, it was well proven that the JAK2/STAT3 signaling pathway had a rapidly activation at the injury site after SCI (Zheng et al., 2021). However, few studies have explored the expression of JAK2/STAT3 signaling pathway in the remote spinal cord after SCI, and it remains unclear whether Res can relieve SCI-NP by mediating the JAK2/STAT3 signaling pathway.

In this study, we established rat thoracic SCI model, and carried out evaluation of pain behavior and molecular changes to determine the analgesic effect and mechanism of intrathecal administration with Res for treating below-level NP after SCI.



Materials and methods


Animals

Male Sprague–Dawley rats (7 weeks, 260–300 g) were purchased from the Laboratory Animal College of Shandong First Medical University. All experimental rats were fed with a 12 h light/dark cycle at 25°C and had free access to rodent water and food. According to the International Association for the Study of Pain guidelines for pain research in animals, all animal experiments were approved by the Animal Care and Use Committee at the Shandong Provincial Hospital affiliated to Shandong First Medical University. Rats were distributed into sham group, SCI group, vehicle group, and Res group randomly.



Intrathecal catheter implantation and spinal cord contusion injury

Before establishment of SCI model, polyethylene catheters (PE-10) were implanted as described for intrathecal drug administration (Choi et al., 2005). After L5–L6 intervertebral foramen was exposed, PE-10 catheters were inserted into the epidural space and gently advanced caudally to the lumbar enlargement of the spinal cord. Intrathecal catheterization was verified to be successful when the lower limbs of a rat dragged or were paralyzed by intrathecally injecting 2% lidocaine (10 μl). The internalized catheter was fixed with paravertebral muscles, and the externalized catheter was fixed firmly under the skin and sutured at the head. All rats were allowed to recover for 3 days and rats with neurological deficit, infection, or catheter prolapse were excluded from experiments.

SCI model was made using modified Allen’s method (Khan et al., 1999). In short, 2% avertin (300 mg/kg, i.p) was used for general anesthesia. The skin around the T8-T11 segment in the back was disinfected and a longitudinal incision was made. The tendons and muscle tissue were separated to expose the T10 spinous processes and lamina, and the T10 lamina was then removed, which exposes the corresponding spinal cord. A 10 g, 2.0 mm diameter rod was vertically released from a height of 30 mm through a glass tube onto the exposed spinal cord. Sham-operated animals underwent the same laminectomy procedure without contusion injury. After SCI or sham operation, the hemostatic suture was performed using 3–0 silk thread, and antibiotics were then injected subcutaneously. Rats were intramuscularly injected with 20 × 104 U/d penicillin for 5 days and received artificial micturition twice daily until self-voiding was resumed.



Drug administration

Resveratrol (Sigma-Aldrich, United States) was dissolved in 100% dimethyl sulfoxide (DMSO, Med Chem Express, China). With a 25-μl microinjection syringe connected to the intrathecal catheter, the administration Res (300 μg) or vehicle (DMSO) was performed in a volume of 10 μl over a period of 2 min, followed by 5 μl of DMSO for flushing. Drugs and vehicles were injected for 7 successive days since the first day after operation. The doses of Res were selected according to a previous study (Bermúdez-Ocaña et al., 2006; Yin et al., 2013) and our preliminary experiments.



Mechanical hypersensitivity

Assessment of 50% paw withdrawal threshold (PWT) to mechanical stimulus was performed to evaluate the pain-related behavior, as described previously (Chaplan et al., 1994). The investigator was blinded to the medication of rats. Rats (n = 8/group) were habituated to the testing environment for 30 min before the behavioral test. Tests were performed on 1st day before the operation and on the 7th, 10th, 14th, and 21st after the operation.

A total of eight von Frey hairs (0.4, 0.6, 1, 2, 4, 6, 8, and 15.0 g, Stoelting, United States) were used to measure 50% PWT in rat hind paws following the “up-down” method. The filament of 2 g was used first. Then, the intensity of the next filament was decreased when the animal reacted or increased when the animal did not respond. Withdrawal of claws, shaking or licking were considered painful reactions. When the response change was observed for the first time, this procedure was continued for six stimuli. 50% PWT was calculated using the following formula: 50% PWT = 10(Xf + κδ) (Xf is the logarithm value of the last von Frey fiber, and K is the corresponding value of the sequence, δ = 0.224). Bilateral rat hind paws were tested. Finally, the average of 50% PWT of bilateral hind paws was taken.



Tissue sample collection

The lumbar enlargement (L4-L6) of spinal dorsal horns was harvested for various analyses and all rats were sacrificed by 2% avertin anesthesia (300 mg/kg, i.p). To explore effect of Res on the expressions of target molecules, all rats in each group were sacrificed on postoperative day 7. To study the protein of p-STAT3 at different time points after the operation, the rats in the SCI group were sacrificed on the 1st, 3rd, 7th, 14th, and 21st days after the operation. Rats in the sham group were euthanized on postoperative day 21. Before tissue collection, rats were perfused fully with normal saline via the heart until their livers became white. All of those tissues were collected, frozen in liquid nitrogen, and stored at −80°C until further analysis. For double immunofluorescence staining, rats were perfused with freshly prepared 4% paraformaldehyde.



Western blot analysis

Proteins from samples (n = 4/group) were extracted in RIPA lysis buffer (Solarbio, China) with PMSF and a phosphatase inhibitor, and the protein concentration was assessed by BCA protein assay kit (Solarbio, China). Proteins were separated on a 7.5% sodium dodecyl sulfate-polyacrylamide electrophoresis gel (SDS-PAGE) and then transferred onto polyvinylidene fluoride membranes. The membranes were blocked with 5% non-fat milk in TBST for 1 h and incubated overnight at 4°C in primary antibodies: rabbit anti-JAK2 (1:2,000; Cell Signaling Technology, United States), rabbit anti-phospho-JAK2 (Y1007 + 1,008) (1:2,000; Abcam, United States), rabbit anti-STAT3 (1:2,000; Cell Signaling Technology, United States), rabbit anti-phospho-STAT3 (Tyr705) (1:2,000; Cell Signaling Technology, United States), rabbit anti-β-actin (1:4,000; Proteintech Group, China). Later, the membranes were washed in TBST and then cultured with anti-rabbit HRP-conjugated secondary antibody (1:4,000; Proteintech Group, China) for 1 h. Finally, the enhanced chemiluminescence assay kit (Proteintech Group, China) was used to visualize immunoblots, and the densities of the relative target proteins were measured using ImageJ. The β-actin was chosen as the internal reference control.



Enzyme-linked Immunosorbent assay

On postoperative day 7, protein levels of the inflammatory cytokines TNF-α, IL-1β and IL-6 in the spinal dorsal horns (n = 4/group) were detected. Samples were homogenized and centrifuged as described previously (Liu et al., 2016). After the supernatant was collected, the cytokine levels were evaluated using rat ELISA kits (TNF-α: MultiSciences, China; IL-1β: MultiSciences, China; IL-6: MultiSciences, China). Total protein concentrations were determined by BCA protein assay kit (Solarbio, China) and used to adjust results for sample size. Cytokine levels were expressed in picograms per milligram (pg/mg).



Real-time quantitative PCR

Samples (n = 4/group) were collected on postoperative day 7 and total RNAs were extracted using RNAex Pro Reagent (Accurate Biotechnology, China). cDNA was synthesized using Evo M-MLV RT Mix Kit (Accurate Biotechnology, China). Polymerase chain reaction (PCR) amplifications were conducted using SYBR® Green Premix Pro Taq HS qPCR kit (Accurate Biotechnology, China). RT-qPCR was carried out using Light Cycler® 480 II (Roche, Switzerland). GAPDH was served as the internal reference for normalization. The mRNA levels of TNF-α, IL-1β, IL-6, JAK2 and STAT3 were calculated using the 2-ΔΔCT method. The sequences of primers were obtained from Accurate Biotechnology (China) and are shown in Table 1.



TABLE 1 The Primer Sequence for RT-qPCR.
[image: Table1]



Double immunofluorescence staining

Rats of SCI group (n = 3) were deeply anesthetized with avertin and perfused transcardially with 0.9% NaCl supplemented, followed by 4% paraformaldehyde on postoperative day 7. Lumbar enlargement tissues were cut into 20 μm cryostat sections (n = 3/each sample) after fixation (4% paraformaldehyde for 24 h in 4°C) and sucrose gradient dehydration. Next, the sections were treated with citric acid to retrieve antigen and then blocked with 10% donkey serum for 30 min at 37°C. The sections were then incubated in the rabbit anti-phospho-STAT3 (Tyr705) (1:200; Cell Signaling Technology, United States), mouse anti-GFAP (1:500; Servicebio, China), mouse anti-Iba-1(1:500; Servicebio, China), and mouse anti-NeuN (1:100; Servicebio, China) overnight at 4°C. After the primary antibody incubation, the sections were incubated with the corresponding secondary antibodies conjugated with CY3 and FITC for 1 h in dark conditions at 37°C. Finally, an Olympus BX60 microscope (Olympus, Japan) was applied to acquire images of the specimens.



Data analysis and statistics

GraphPad Prism 8.3.0 was used to illustrate all the data analysis. All the data were expressed as mean ± SD. Statistical analysis and multiple comparisons were performed using SPSS 25.0 software. The Kolmogorov–Smirnov test was utilized to check whether data conformed to normal distribution. For behavioral experiments, comparisons between multiple groups were conducted by one-way ANOVA and Tukey’s post hoc analysis. For western blot, ELISA and RT-qPCR, multiple group comparisons were carried out by one-way ANOVA and Tukey’s or Tamhane’s T2 post hoc analysis. p < 0.05 was regarded as statistically significant.




Results


Resveratrol alleviates mechanical allodynia induced by SCI

In order to investigate whether Res could alleviate SCI-NP, we first assessed the pain behavior of rats. As shown in Figure 1, 50% PWT was natural and normal prior to the operation in each group. Compared with the sham group, the 50% PWT in the SCI group was significantly decreased from postoperative day 7 to day 21 (p < 0.05), which indicated that the SCI model was established successfully. There was no significant difference in 50% PWT between the SCI group and the vehicle group at each time point after the operation (p > 0.05). However, compared with the vehicle group, intrathecal administration with Res for 7 successive days alleviated significantly the mechanical allodynia from day 7 to day 21 after the operation (p < 0.05).

[image: Figure 1]

FIGURE 1
 Analgesic effect of resveratrol in the model of spinal cord injury (n = 8/group). 50% paw withdrawal threshold was utilized to determine pain behavior in each group rats. Rats in the SCI group developed mechanical allodynia from day 7 to day 21 after the operation. Intrathecal administration with Res (300 μg/10 μl) for 7 successive days alleviated the mechanical allodynia from day 7 to day 21. All data were calculated as mean ± SD. (i.t.): intrathecal injection. ****p < 0.0001, the SCI group vs. the sham group; ++++p < 0.0001, the vehicle group vs. the sham group; ####p < 0.0001, the vehicle group vs. the Res group.




Resveratrol inhibits the expressions of phospho-JAK2 and phospho-STAT3 in the lumbar spinal dorsal horns

To explore the potential molecular mechanism of the analgesic effect of Res in SCI-NP. The expressions of JAK2/STAT3 signaling pathway related molecules were determined by western blot and RT-qPCR in the lumbar spinal dorsal horns. On postoperative day 7, the protein levels of phospho-JAK2 (p-JAK2) (p < 0.05) and phospho-STAT3 (p-STAT3) (p < 0.05) were remarkably activated in the SCI group compared with those in the sham group. Compared with the vehicle group, intrathecal administration with Res significantly reduced the protein levels of p-JAK2 (p < 0.05) and p-STAT3 (p < 0.05) (Figures 2A–C). Interestingly, there was no significant difference in the mRNA and protein levels of JAK2 (p > 0.05) and STAT3 (p > 0.05) among the groups (Figures 2D–G).

[image: Figure 2]

FIGURE 2
 Resveratrol inhibits the protein expressions of p-JAK2 and p-STAT3 in the lumbar spinal dorsal horns (n = 4/group). (A–C) Western blot bar graphs and quantitative data of relative densities showed that the expressions of p-JAK2 and p-STAT3 were markedly increased in the SCI group on postoperative day 7. Intrathecal administration with Res (300 μg/10 μl) for 7 successive days reduced the protein levels of p-JAK2 and p-STAT3. (D–G) The mRNA and protein levels of JAK2 and STAT3 showed no significant differences between each group. All data were calculated as mean ± SD. ****p < 0.0001, ##p < 0.01, ####p < 0.0001.




Resveratrol reduces the production of pro-inflammatory cytokines in the lumbar spinal dorsal horns

To examine whether Res could suppress the neuroinflammation reaction. RT-qPCR and ELISA were performed to determine the levels of pro-inflammatory cytokines in the lumbar spinal dorsal horns (Figure 3). On postoperative day 7, the mRNA and protein expressions of TNF-α, IL-1β and IL-6 were markedly increased in the SCI group and vehicle group compared with the sham group (p < 0.05). However, compared with the vehicle group, intrathecal administration with Res decreased significantly the mRNA and protein levels of TNF-α, IL-1β and IL-6 (p < 0.05).
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FIGURE 3
 Resveratrol suppresses the inflammatory response in the lumbar spinal dorsal horns (n = 4/group). (A-C) RT-qPCR was employed to measure the mRNA levels of inflammatory cytokines. There was a significant increase in the mRNA levels of TNF-α, IL-1β and IL-6 in the SCI group and vehicle group compared with the sham group on postoperative day 7. Intrathecal administration with Res (300 μg/10 μl) for 7 successive days decreased the mRNA production of TNF-α, IL-1β and IL-6. (D-F) ELISA was employed to measure the protein levels of inflammatory cytokines. There was a significant expression in the protein levels of TNF-α, IL-1β and IL-6 in the SCI group and vehicle group compared with the sham group on postoperative day 7. Intrathecal administration with Res (300 μg/10 μl) for 7 successive days reduced the protein production of TNF-α, IL-1β and IL-6. All data were calculated as mean ± SD. ****p < 0.0001, ##p < 0.01, ####p < 0.0001.




The temporal changes and cellular localization of activated p-STAT3 in the lumbar spinal dorsal horns in SCI-NP

The formation of p-STAT3 is the key to the function of JAK2/STAT3 pathway in signal regulation including inflammation (Morris et al., 2018). So, we further investigate the temporal and spatial changes of activated p-STAT3 in the lumbar spinal dorsal horns in SCI-NP. The temporal changes of p-STAT3 were determined in the sham group (the 21st day after the operation) and SCI group (the day 1 to day 21 after the operation). The results from western blot showed that the protein expression of p-STAT3 was significantly increased in the SCI group at day 1 following the operation and remained elevated during the next 21 days compared with the sham group (p < 0.05) (Figures 4A,B). Moreover, double immunofluorescent staining was performed to detect the cellular localization of up-regulated p-STAT3 in the lumbar spinal dorsal horns (Figures 4C–N). The results revealed that p-STAT3 was localized in the neurons, astrocytes and microglia of the lumbar spinal dorsal horns of SCI rats.
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FIGURE 4
 The activated p-STAT3 accumulates in the neurons and glial cells, and maintains high expression during the observation period in the lumbar spinal dorsal horns. (A,B) The temporal changes of activated p-STAT3 in the sham group (the day 21 after the operation) and SCI group (the day 1 to day 21 after the operation) were measured by western blot (n = 4/each time point). (C–N) The cellular localization of up-regulated p-STAT3 in the lumbar spinal dorsal horns was detected by immunohistochemistry (n = 3/the SCI group). Immunofluorescence staining of p-STAT3 (green) with NeuN (neuronal marker, red); GFAP (astrocyte marker, red); and Iba-1 (microglial marker, red) in the lumbar dorsal horns of SCI rats. Magnification, 200x; Scale bar, 50 μm (C–E,G-I,K–M). Magnification, 400x; Scale bar, 20 μm (F,J,N). All data were calculated as mean ± SD. **p < 0.01, ****p < 0.0001.





Discussion

SCI-NP is one of the most difficult complications to treat due to the complex pathogenesis. The current drug tolerance dose cannot reliably produce satisfactory remission effect for most patients (Finnerup and Baastrup, 2012). Herein, based on the anti-inflammatory and neuroprotective effects of Res, we first discovered that intrathecal Res could alleviate mechanical allodynia of below-level NP in the thoracic SCI rat model. Moreover, treatment with Res inhibited the expressions of pro-inflammatory factors, p-JAK2, and p-STAT3, which suggested that the analgesic effect of Res depended partly on the inhibition of JAK2/STAT3 signaling pathway.

Oral Res has the characteristics of rapid absorption but low bioavailability (Walle et al., 2004). Intrathecal drug delivery has been considered as a highly favorable pharmacologic delivery system given that spinal cord dorsal contains a majority of therapeutic drug target (Karri et al., 2022). Previous research reported that intrathecal administration with Res had higher bioavailability and blood brain penetrability to treat rat intracranial glioblastomas compared to systematic administration (Shu et al., 2015). Moreover, intrathecal Res has been well studied in NP after peripheral nerve injury, however, there is no report on intrathecal Res to treat central NP after SCI (Miguel et al., 2021). So, we applied the treatment mode of intrathecal administration in this research. Res is considered as a safe and nontoxic substance (Juan et al., 2002). In the current study, we also did not observe increased mortality and abnormal behaviors in the Res group rats that received intrathecal Res at a dose of 300 μg for 7 days, which was consistent with previous studies (Bermúdez-Ocaña et al., 2006; Yin et al., 2013).

Neuroinflammation is an essential component of the pathogenesis of SCI-NP (Hulsebosch et al., 2009). The inflammatory cytokines, such as TNF-α, IL-1β and IL-6, release rapidly and perform a vital function in the generation and maintenance of SCI-NP. Previous study showed that TNF-α and IL-1β in the lumbar spinal cord began to increase at an early stage after SCI, while IL-6 increased relatively late, and all of which were negatively related to the reduction of mechanical pain threshold (Detloff et al., 2008). Compared with the “SCI no pain” group, rats of “SCI pain” group had a higher IL-6 levels (Guptarak et al., 2013), and treatment with IL-6 receptor antibody could alleviate mechanical allodynia (Guptarak et al., 2013; Murakami et al., 2013). Moreover, clinical research found that patients with SCI-NP had higher expressions of serum pro-inflammatory cytokines than those without NP (Davies et al., 2007), and targeted reduction of inflammation could improve NP symptoms in SCI (Allison et al., 2016). Therefore, targeted inhibition of inflammatory response may be an effective treatment strategy for SCI-NP.

Res is a kind of polyphenolic substance with multiple beneficial effects, which shows strong anti-inflammatory effect under various pathological conditions including SCI (Fan et al., 2021; Zhao et al., 2021). Furthermore, it has been found that Res serves as a potent analgesic by inhibiting neuroinflammation in several NP models of rats (Tao et al., 2016; Wang et al., 2020; Dong et al., 2022). In the current study, the pro-inflammatory factors were significantly increased in the lumbar spinal dorsal horns after SCI, accompanied by the decrease of mechanical pain threshold in rats. After intrathecal administration with Res, the pro-inflammatory factors TNF-α, IL-1β and IL-6 levels descended significantly, and the mechanical pain of SCI rats was ameliorated. Our data indicated that Res alleviated mechanical allodynia by inhibiting the inflammation reaction of the lumbar spinal dorsal horns in rats.

However, the potential mechanism of Res in anti-inflammatory and analgesic effect is unclear yet. The JAK2/STAT3 signaling pathway exerts an important role on the inflammation reaction (Bousoik and Montazeri Aliabadi, 2018) and may be involved. As a member of non-receptor tyrosine kinase, JAK2 is inactive prior to cytokine exposure. However, binding of cytokine to its receptor induces their auto-activation by transphosphorylation, then, the p-JAK2 can continue to induce STAT3 phosphorylation, and the p-STAT3 enters the nucleus to regulate various cellular reactions (Feng et al., 1997). For example, IL-6, a classical upstream cytokine of JAK2/STAT3 signaling pathway, can bind to its receptors and activate JAK2 and STAT3 phosphorylation, the p-STAT3 translocates to the nucleus where its binding to DNA increases cytokine gene expression to generate more interleukins including TNF-α, IL-1β and IL-6 (Satriotomo et al., 2006). It was found that the expressions of p-JAK2 and p-STAT3 increased at the injured site and mediated the transformation of microglia and astrocytes into neurotoxic phenotype, thus promoting the inflammatory response after SCI (Wang et al., 2021; Zhang et al., 2021). Numerous studies have proved that the activation of microglia and astrocyte is essential for development and maintenance of SCI-NP (Detloff et al., 2008; Chen et al., 2014). Targeted inhibition of p-STAT3 could reduce the expressions of inflammatory factors TNF-α and IL-6, inhibit apoptosis, and promote neuronal differentiation and functional recovery after SCI (Wu et al., 2019; Li et al., 2021). Recently, JAK2 inhibitor was reported to exert therapeutic effects by interfering with numerous pro-inflammatory cytokines via inhibition of the JAK2/STAT3 signaling pathway in COVID-19 patients (La Rosée et al., 2020). Additionally, studies have indicated that JAK2/STAT3 signaling pathway was associated with the development of NP (Dominguez et al., 2008; Ding et al., 2018; Hu et al., 2020; Zhao et al., 2022). Hu et al. (2020) found that the activated p-STAT3 at the peripheral nerve injury site mediated the increase of IL-6 in the dorsal root ganglion by retrograde transportation, and then IL-6 induced microglia activation by activating STAT3 phosphorylation, thereby promoting pain signal transmission from peripheral to central. Res is also found to play an anti-inflammatory role in a variety of pathological states by regulating JAK2/STAT3 signaling pathway. For example, Res inhibited vascular inflammation to improve symptoms of patients with rheumatoid arthritis by inhibiting STAT3 signal (Nazari-Khanamiri and Ghasemnejad-Berenji, 2022). In the current study, we found that the expressions of p-JAK2 and p-STAT3 were markedly increased in lumbar spinal dorsal horns after thoracic SCI, while intrathecal administration with Res significantly decreased the expressions of p-JAK2 and p-STAT3. In addition, we mainly focused on the expression of the terminal effector molecule p-STAT3 in the JAK2/STAT3 signaling pathway. The same method as the previous articles was adopted (Dominguez et al., 2008; Xue et al., 2022). Considering the injury such as bleeding 1 day after the operation in the sham group, we selected the rats in the sham group on the 21st day after the operation as the control. Moreover, previous study showed that the expression of p-STAT3 in the injured site increased immediately after SCI and gradually decreased within 7 days, but it was still significantly higher than that in the control group (Yamauchi et al., 2006), which partly reminded us that the comparison between the SCI group and sham group was more convincing at terminal point of the observation period. The results from immunofluorescence showed that the activated p-STAT3 was expressed in glial cells and neurons. These results indicated that the up-regulated p-STAT3 could contribute to the release of pro-inflammatory factors in glial and neurons. Therefore, we speculated that the analgesic effect of Res might be connected with the reduction of pro-inflammatory cytokines by partly inhibiting the JAK2/STAT3 signaling pathway. Of note, in the NP model of peripheral nerve injury, the activation of p-STAT3 in the spinal dorsal horn is mainly located in microglia (Dominguez et al., 2008; Hu et al., 2020), which suggests that there is a difference in the pathological mechanism between the NP of peripheral nerve injury and SCI-NP.

Previous studies mainly investigated the treatment with Res for the functional recovery of SCI, but few studies paid attention to the SCI-NP. We demonstrated the central analgesic effect of intrathecal Res and preliminary explored its molecular mechanism for the first time in SCI-NP. Our study has some limitations, the therapeutic dose of Res under different pathological conditions is not uniform, we did not further explore the effect of dose change on mechanical allodynia. Additionally, compared with systematic administration (Zhao et al., 2021; Jiang et al., 2022), the intrathecal administration with Res did not observe significant improvement in motor function, and there was no difference in motor function between groups, which requires further study in the future.



Conclusion

In conclusion, our findings showed that intrathecal administration with Res could reduce inflammation to alleviate mechanical allodynia possibly by inhibiting JAK2/STAT3 signaling pathway in rats with SCI. This discovery confirms the central analgesic effect of Res after SCI, which might provide a new promising therapeutic strategy for the clinical treatment of SCI-NP and expand the application of Res in the field of pain.
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Background and goal of study: Patients with zoster-associated pain exhibit a variety of sensory symptoms and forms of pain and complain of different pain patterns. The purpose of this study is to subgroup patients with zoster-associated pain who visited a hospital using painDETECT sensory symptom scores, analyze their respective characteristics and pain-related data, and compare similarities and differences among the groups.

Materials and methods: The characteristics of 1,050 patients complaining of zoster-associated pain and pain-related data were reviewed retrospectively. To identify subgroups of patients with zoster-associated pain according to sensory symptom profiles, a hierarchical cluster analysis was performed based on the responses to a painDETECT questionnaire. Demographics and pain-related data were compared among all subgroups.

Results and discussion: Patients with zoster-associated pain were classified into 5 subgroups according to the distribution of sensory profiles, with each subgroup exhibiting distinct differences in the expression of sensory symptoms. Patients in cluster 1 complained of burning sensations, allodynia, and thermal sensitivity, but felt numbness less strongly. Cluster 2 and 3 patients complained of burning sensations and electric shock-like pain, respectively. Cluster 4 patients complained of most sensory symptoms at similar intensities and reported relatively strong prickling pain. Cluster 5 patients suffered from both burning and shock-like pains. Patient ages and the prevalence of cardiovascular disease were significantly lower in cluster 1. Patients in clusters 1 and 4 reported longer pain duration compared with those in clusters 2 and 3. However, no significant differences were found with respect to sex, body mass index, diabetes mellitus, mental health problems, and sleep disturbance. Pain scores, distribution of dermatomes and gabapentinoid use were also similar among the groups.

Conclusions: Five different subgroups of patients with zoster-associated pain were identified on the basis of sensory symptoms. A subgroup of younger patients with longer pain duration showed specific and distinct symptoms, such as burning sensations and allodynia. Unlike patients with acute or subacute pain, patients with chronic pain were associated with diverse sensory symptom profiles.

KEYWORDS
 zoster-associated pain, herpes zoster, cluster analysis, sensory symptoms, painDETECT


Introduction

Cases of herpes zoster occur in at least 1 million people in the United States every year, and the incidence rate has been increasing worldwide over the past 20 years (1). Approximately one-fifth of herpes zoster patients report some pain at 3 months after the onset of the disease, and the incidence rate of postherpetic neuralgia (PHN) increases dramatically as patients age (2, 3).

Patients with zoster-associated pain, including herpes zoster infection and PHN, complain of diverse patterns of sensory symptoms despite the common cause of the pain. Some patients complain strongly of spontaneous pain, tingling sensations, and electric-shock-like pain, while others suffer from hypersensitivity to light touch or temperature. A simple and validated patient-reported screening questionnaire, painDETECT, can detect these characteristic sensory abnormalities (4, 5). Researchers have attributed this difference in pain patterns to the relative contributions of the peripheral and central mechanisms (6). However, no specific biomarkers have been found with mechanisms of zoster-associated pain. Therefore, subgrouping of patients according to sensory phenotype can be clinically important in patients with zoster-associated pain. Treatments that focus on similar phenotypes would improve individualized pain therapy and future clinical trial design (7, 8). Many investigators have expressed similar thoughts on this subject, and multiple studies have been conducted to identify the differences in the dynamics of the somatosensory system for some peripheral neuropathic pain conditions, including diabetic neuropathy and PHN (9–13). However, few studies have focused on zoster-associated pain from acute, subacute, and chronic pain conditions. We assumed that patients with zoster-associated pain who visit a hospital can be subgrouped into sensory profiles according to the somatosensory mechanism like other neuropathic pain.

The goal of this study is to classify patients with zoster-associated pain into groups that clearly represent each characteristic using a cluster analysis technique and to identify any similarities and differences in the characteristics of each cluster groups.



Materials and methods


Study population

This study was approved by the Institutional Review Board of Yonsei University Health System, Seoul, Republic of Korea (No. 4-2022-0819). As it is a retrospective observational study, the requirement for obtaining informed consent from the patients was waived. This manuscript complies with the STROBE checklists applicable to observational studies. Adult patients who complained of zoster-associated pain at their first visit from January 2016 to August 2021 were enrolled. Patients with incomplete medical records or those who did not complete the painDETECT questionnaire were excluded.



Sensory symptom profiling using the painDETECT questionnaire

Sensory symptom profiles due to herpes zoster were described using the painDETECT questionnaire during the patient's first visit to our clinic. Patients complaining of neuropathic pain caused by herpes zoster freely described their symptoms and filled out the validated Korean version of the painDETECT questionnaire under the supervision of a researcher (14). The questionnaire consisted of 9 questions asking for sensory symptoms, pain course patterns, and radiating pain. Seven of the questions asked respondents to use a 0-to-5 Likert scale to describe pain quality associated with various sensory symptoms: burning sensations, tingling or prickling sensations, pain by light touch, electric shock-like pain, pain on cold/heat sensation, numbness, and pain by slight pressure (0 = never; 1 = hardly noticed; 2 = slightly; 3 = moderately; 4 = strongly; 5 = very strongly). To eliminate differences in individual pain-perception thresholds, an alternative value was obtained by subtracting the average value of all scores for each of the 7 questions. In this alternative score, values above 0 represent stronger sensations than individual average pain perception, and values below 0 represent less-intense sensations compared with individual average pain perception (10).



Patient demographics and pain-related data measures

Patient characteristics and pain-related data were gathered from electronic medical records. Patient characteristics included age, sex, body mass index (BMI), presence of diagnosed comorbidities, and sleep disturbances. Diagnosed comorbidities included cardiovascular disease, diabetes mellitus, and mental health problems that required continuous medical intervention with regular hospital visits. Mental health problems were defined as those requiring psychiatric treatment or medication due to depression, anxiety, and stress over the past year. Average and maximum pain scores using a numeric rating scale (NRS), duration of pain, dermatomes, and the use of a gabapentinoid at the time of visit were identified as pain-related factors. The duration of pain was classified into < 1 month (acute), 1–3 months (subacute), and ≥ 3 months (chronic).



Statistical analysis
 
Descriptive statistical analysis

Continuous variables were shown as mean ± standard deviation (SD), and categorical variables was tabulated using numbers (percentage). The normality of distribution was evaluated using a Shapiro–Wilk test. Differences among the cluster groups were analyzed using one-way analysis of variance and chi-squared tests. A Tukey's post hoc test or a chi-squared post hoc difference was used to determine the intergroup difference between the mean of the groups when significant differences existed. Statistical Package for the Social Sciences, version 26.0 (IBM Corp, Armonk, NY, USA) was used to analyze the data. A P < 0.05 was considered statistically significant.



Cluster analysis

A hierarchical cluster analysis was performed for subgrouping according to relevant sensory symptoms of zoster-associated pain (Figure 1). A hierarchical WARD approach with a squared Euclidean distance measure described previously (9, 10) was applied. Cluster analysis was conducted using the Python program, version 3.8.15 with Scikit-learn version 1.0.2. The cut-off point for the essential clusters was set at ~ 10% of the total cases. We chose to refer to a cut-off point of 5 clusters because solutions with fewer clusters could eliminate significant differences by the agglomerative clustering. A solution with five essential clusters was obtained by hierarchical WARD clustering as an optimal agreement on our decision criteria. To demonstrate the evidence for the solution and to rearrange the cases based on these results, a k-means cluster analysis was performed. This analysis led to equal results, which provides support for our chosen solution.


[image: Figure 1]
FIGURE 1
 Flowchart for statistical methods.


The cluster is represented by a pattern of questionnaire scores, indicating the typical pathological structure of each group. All profiles were given individually adjusted scores (see above). Heuristic interpretations of clusters were provided by experts. Statistical analysis was not performed because this was a heuristic approach.





Results

During the study period, 1,434 patients visited our clinic for zoster-associated pain. Among these patients, 384 met the exclusion criteria, leaving 1,050 patients in the analysis (Figure 2).


[image: Figure 2]
FIGURE 2
 Study flowchart.


Demographic profiles and pain-related data for these patients are shown in Table 1. Women accounted for more than 50% of the patient group, the mean age was 63.86 years, and the average BMI value was 23.55 kg/m2. Cardiovascular disease, diabetes mellitus, and mental health problems were reported for 362, 207, and 166 patients, respectively, and more than 50% of the patients complained of sleep disturbances. The mean average pain score was 5.57 and the maximum pain score was 6.29 on the NRS. A total of 302 patients were assessed at < 1 month after zoster infection, 315 patients had passed 1–3 months, and 433 patients complained of pain for more than 3 months. There were 201 patients with zoster in the trigeminal and facial nerve areas, 167 with zoster in the cervical dermatomes, 546 in the thoracic dermatomes, and 136 in the lumbosacral dermatomes. Approximately 80.6% of patients were taking a gabapentinoid to relieve pain.


TABLE 1 Patient characteristics and pain-related data of 1,050 patients with zoster-associated pain.
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A cluster analysis was performed using the Korean version of painDETECT to identify the subgroups of patients showing typical sensory neuropathic symptoms as 5 distinct clusters (Figure 3). Patients in cluster 1 complained of all three symptoms: burning sensations, allodynia, and thermal sensitivity, although a lack of numbness was also reported. Patients in clusters 2 and 3 complained of severe burning sensation and electric-shock-like pain, respectively. Cluster 4 patients reported relatively strong tingling pain with an intensity similar to that of most sensory symptoms. Cluster 5 patients reported both burning and shock-like pains.


[image: Figure 3]
FIGURE 3
 Distribution of sensory symptom profiles of derived five cluster groups.


A comparison was conducted to determine whether there was a difference in the characteristics and pain-related data of the patient groups between the 5 clusters (Table 2). Patient age (cluster 1 vs. 2, p = 0.001; cluster 1 vs. 3, p = 0.002; cluster 1 vs. 4, p = 0.006; cluster 1 vs. 5, p = 0.009) and the prevalence of cardiovascular disease (cluster 1 vs. 2, p < 0.001; cluster 1 vs. 3, p < 0.001; cluster 1 vs. 4, p = 0.005; cluster 1 vs. 5, p < 0.001) were significantly lower in cluster 1 than those in the other clusters. In addition, clusters 1 and 4 had a relatively high proportion of patients complaining of pain for more than 3 months (chronic) compared to clusters 2 and 3 (cluster 1 vs. 2, p = 0.013; cluster 1 vs. 3, p = 0.044; cluster 4 vs. 2, p = 0.007; cluster 4 vs. 3, p = 0.027). However, there were no significant differences in sex, BMI, medical comorbidities including diabetes mellitus and mental health problems, and sleep disturbance between clusters. Also, the average and maximum pain scores on the NRS, the dermatomes to which the lesion belongs, and the use of gabapentinoids were similar between cluster groups.


TABLE 2 Comparison of demographics, pain-related data, and affected dermatomes among the five cluster group.

[image: Table 2]



Discussion

Patients with zoster-associated pain account for a large proportion of those with neuropathic-like pain symptoms. Despite an increased understanding of the pathophysiological mechanism of neuropathic pain, treatment of zoster-associated pain remains challenging and insufficiently effective. This study was designed to classify patients with zoster-associated pain based on abnormalities in sensory symptoms because it would be ideal and effective to stratify patients according to the pain mechanism (15).

Distinct sensory abnormalities associated with pain perceived by patients can be self-assessed, and they are largely divided into spontaneous sensory sensation (burning, tingling, and electric-shock-like pain), stimulus-evoked positive sensory symptoms (pain evoked by light touch, thermally evoked pain, and pressure-evoked pain), and stimulus-evoked negative sensory symptom (numbness) (7, 16). The variations in the mechanisms of symptom generation are explained by plastic changes in the central nervous system and remaining peripheral nociceptors (6, 17).

An analysis of patients with zoster-associated pain on the basis of sensory phenotype found that patients in cluster 1 suffered primarily from thermally evoked pain and mechanical allodynia, but not numbness. Allodynia is due to central spinal cord sensitization and is induced by activation of touch-sensitive cutaneous Aβ-fibers that terminate in synapses of nociceptive second-order neurons in the central nervous system (18). Thermally evoked pain is due to peripheral sensitization of nociceptive afferents; it is characteristic of hyperactive and sensitized cutaneous nociceptors (19). However, numbness is a sensory symptom that involves a loss of afferent function (11). Cluster 1 patients therefore have irritable nociceptors and their skin innervation is intact (20). In studies of patients with peripheral neuropathic pain, it was possible to predict that thermally evoked pain and allodynia would have an analgesic effect by applying 8% topical capsaicin patches (21) and intracutaneous botulinum toxin (22). Patients in cluster 2, 3, and 5 suffered spontaneous pain without cutaneous hypersensitivity and marked sensory deafferentation, caused by ectopic neuronal firing within the nociceptive pathways and secondary sensitization of central nociceptive neurons (11). Abnormal expression of voltage-gated sodium channels is associated with ectopic nerve activity (23). An animal study has shown increases and changes in voltage-gated ion channels at impaired peripheral nerves in rats with varicellar zoster virus. These sensitized pain behaviors were reversed by sodium channel blockers (24). Peripheral analgesic lidocaine patches selectively block sodium channels of small damaged peripheral nerve fibers without severe systemic adverse effects. Therefore, in this case, applying topical lidocaine is appropriate for the control of localized peripheral neuropathic pain (25). Patients in cluster 4 tended to experience relatively strong tingling sensations, but were also characterized by relatively mild abnormalities due to the overlap of pathophysiological mechanisms. There are two possible causes of these symptom constellations. First, these patients perceived all neuropathic pain at similar frequencies and intensities. The second possibility is that these patients are people who tend to answer in a similar manner. These patients responded similarly to all questions because they could not discriminate between the abnormalities in sensory symptoms. Such patients should be excluded from the clinical trial of a medication that targets specific pathophysiologies.

In the present study, the patients belonging to cluster 1 were younger than those of the other clusters. Although results conflicted depending on the animal model and experimental stimuli, preclinical data suggest that advanced age may be related to increased pain sensitivity (26). However, the relationship between age and pain sensitivity is unclear in zoster-related pain. Moreover, patients in cluster 1 reported experiencing pain for a longer time, although they were younger. Age may therefore not be an independent factor associated with specific sensory symptoms. In the current study, some differences in sensory symptoms according to duration of zoster-associated pain were also observed. In chronic pain conditions, the alteration of central processing of pain is a major contributing factor in pain symptoms (6). While previous studies (11, 12) were conducted primarily on PHN patients, our study included all periods of pain, with more than half of patients reporting acute and subacute periods. Tissue inflammation and destruction, activation of nociceptive neurons, abnormal impulses, and neural injury during the early infection period cause a strong nociceptive barrage, creating acute pain and allodynia (27). Considering the complexity of zoster-associated pain, this study confirms different therapeutic approaches are needed to manage pain according to their pain duration in this population.

This study has several limitations. As a retrospective study conducted in a single center, selective bias or information bias is possible. PainDETECT is a reliable questionnaire to assess differences in sensory perception intensity, but there is a paucity of interpretation of evoked pain and negative symptoms. Also, pain perceptions are subjective and could be confounded by personal factors (7). To minimize these shortcomings, the scores of the questionnaire were adjusted by individual means. A longitudinal study would be necessary to proceed with clustering in an objective psychophysical approach (e.g., Quantitative sensory testing (QST) or morphological data from skin biopsies). In addition, we used an actual clinical practice model in which the majority of attending patients had undergone some interventional treatments or had been prescribed medications, including gabapentinoids. This class of medications modulates pain processing and central sensitization. However, because there was no difference in the ratio of gabapentinoid use for each subgroup, this factor would not have had a significant impact on the interpretation of the results.



Conclusion

In conclusion, despite the common cause of the pain, some differences in the distribution of sensory profiles were evident among patients with zoster-associated pain. In particular, a subgroup with younger patients who experienced longer durations of pain reported specific and distinct positive symptoms, such as burning sensations and allodynia. Unlike patients with acute or subacute pain, patients with chronic pain were associated with diverse sensory symptom profiles. These results indicate that patients can be subgrouped according to patient-reported sensory symptoms of zoster-associated pain, although the central and peripheral mechanisms of pain vary among subjects. This approach may help determine the most appropriate pain treatment for each individual of this population.
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Neuropathic pain (NP) is caused by a lesion or a condition that affects the somatosensory system. Pathophysiologically, NP can be ascribed to peripheral and central sensitization, implicating a wide range of molecular pathways. Current pharmacological and non-pharmacological approaches are not very efficacious, with over half of NP patients failing to attain adequate pain relief. So far, pharmacological and surgical treatments have focused primarily on symptomatic relief by modulating pain transduction and transmission, without treating the underlying pathophysiology. Currently, researchers are trying to use cell therapy as a therapeutic alternative for the treatment of NP. In fact, mounting pre-clinical and clinical studies showed that the cell transplantation-based therapy for NP yielded some encouraging results. In this review, we summarized the use of cell grafts for the treatment of NP caused by nerve injury, synthesized the latest advances and adverse effects, discussed the possible mechanisms to inform pain physicians and neurologists who are endeavoring to develop cell transplant-based therapies for NP and put them into clinical practice.
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1. Introduction

Neuropathic pain (NP) is defined by The International Association for the Study of Pain (IASP) as “pain caused by a lesion or disease of the somatosensory system” (Scholz et al., 2019). The prevalence of NP may stand somewhere at 7–8% in the general public and may be up to 20–25% in patients with chronic pain (Bouhassira, 2019). NP can originate from peripheral or central nerves, and is seen in common diseases, such as peripheral or central nerve injury, trigeminal neuralgia, postherpetic neuralgia, diabetic peripheral neuropathy, and multiple sclerosis. The symptoms associated with NP present as spontaneous pain, hyperalgesia and allodynia, and are usually described in terms of relatively typical pain qualities, such as burning pain, shooting pain, electric shock-like pain, pins-and-needles pain, dysesthesia and brush allodynia, etc (Bouhassira, 2019; Finnerup et al., 2021). In addition, NP exerts a tremendous influence on patients’ sleep, life quality, and causes anxiety and depressive symptoms, and poses great burden on healthcare use. Current treatment for NP consists mainly of pharmacotherapies, with moderate-to-high quality evidence supporting the use of calcium channel action modulators (pregabalin, gabapentin), 5-hydroxytryptamine-norepinephrine reuptake inhibitors (venlafaxine, duloxetine) and tricyclic antidepressants (amitriptyline, nortriptyline). In fact, they are used as the first-line therapeutic regimes for NP (Gierthmuhlen and Baron, 2016; Macone and Otis, 2018). Nonetheless, since the analgesic effect of existing drugs is limited and dose-dependent side effects, their therapeutic effectiveness is far from ideal, and over 50% patients with NP do not attain sufficient pain relief (Basbaum and Braz, 2016). Therefore, new treatment strategies with durable effects are urgently warranted.

Pathophysiologically, peripheral and central sensitization is responsible for NP. Cellular maladaptive structural changes, cell-to-cell interactions, and molecular signaling are pivotal players in the sensitization following nociceptive stimuli (Finnerup et al., 2021). Moreover, a series of changes, such as ion channel alternation, activation of immune cells, glial cell-derived mediators, and epigenetic regulation are also implicated in the process of neural sensitization. In recent years, research effort has been directed on the biochemical and molecular alterations that contribute to peripheral and central sensitization, but few newly identified targets have been translated into clinical application (Basbaum and Braz, 2016). Since NP is mechanistically complicated, its treatment remains a challenge for clinicians. Therefore, to improve the efficacy of NP therapy it is of great significance to understand its underlying mechanisms and to work out treatments that target the mechanisms.

Cell therapy is a potentially effective approach to relieve nerve injury and NP (Huang et al., 2012; Chen et al., 2013; Assinck et al., 2017). Prior studies have shown that cell-based therapeutic modalities are effective against various common chronic pain syndromes, such as discogenic pain, NP, osteoarthritis, musculoskeletal disorders (meniscal lesions, femoral head necrosis), among others (Chakravarthy et al., 2017). Neurorestoratologically, possible neurorestorative mechanisms of cell transplantation might involve neuroprotection, neurotrophy, neuroreparation, neuroregeneration, neuromodulation, or neuroconstruction, as well as immunomodulation and enhancement of the microcirculation.

In this review study, the studies regarding cell therapy for the management of NP induced by nerve injury over the past 10 years were retrieved from Pubmed, Cochrane, and CBM. We synthesized the studies, categorized the types of cellular grafts, discussed the latest advances, adverse effects, and possible mechanisms of the NP therapies, to provide information for pain physicians and neurologists who are endeavoring to develop cell therapy for the treatment of NP.



2. Types of cell grafts


2.1. Neural stem cells

Neural stem cells (NSCs) are a class of pluripotent cells with division potential, self-renewal ability, and capability of differentiating into neurons, astrocytes and oligodendrocytes. NSCs are ubiquitously present in a wide array of tissues, including the cerebral cortex, olfactory bulb, hippocampus, striatum, lateral ventricle ependymal/subventricular zones, and the spinal marrow of embryos, fetuses, and adults (Tuazon et al., 2019).

Initially, the notion of using cell transplantation for the treatment of NP was premised on the fact that stem cells act as a kind of totipotent cells that can replace damaged nerve cells and deliver trophic factors to the site of the lesion. NSCs make a superior candidate cell type for cell therapy since they are highly capable of differentiating into neurons and glial (Franchi et al., 2014).

Previous studies have shown that NSCs can be induced to differentiate into stem cells and promote axonal regeneration. Wang et al. (2017) retrospectively reviewed the role of NSCs in the repair of peripheral nerve injury, and found that, NCSs not only possessed nerve regenerative and neuroprotective effects, but also secreted a variety of factors to enhance the survival of motor and sensory neurons and to promote angiogenesis. Further experiments confirmed that neural stem cells could interact bidirectionally with resident cells in the damaged microenvironment. Du et al. (2019) locally injected NSCs into the injury site of the spinal cord injury (SCI) rat model, and the transplanted NSCs could regulate the expression of P2X receptor and improve the microenvironment after SCI, thereby enhancing neural regeneration and functional movement. A study treated patients with chronic SCI damage by multiple intramedullary injections of human-derived CNS stem cells and found that, after transplantation, an interaction took place between stem cells and the microenvironment (Levi et al., 2018).

In addition to relieving central NP, NSCs transplantation could also effectively ease NP caused by peripheral nerve injury. In a rat sciatic nerve transection (SNT) model, neural crest stem cells attenuated NP and improved motor function (Zhang et al., 2021). Lee et al. (2016) found that NSCs could relieve NP and promote nerve regeneration in a rat model, and a small amount of persistently expressed vascular endothelial growth factor (VEGF) could effectively modulate nerve function. However, uncontrolled overexpression of VEGF might pose the risk of causing tumor formation.

Currently, a great many animal studies confirmed that NSCs provide effective relief of NP. Prior studies showed that NSCs appeared to be more effective for the peripheral NP than for the central one, but the relevant literature is scanty and further comparative studies are needed.

A small number of clinical trials employed human-derived neural stem cells for treating NP due to chronic SCI (Curtis et al., 2018), and their efficacy and safety were experimentally supported, but the sample size was small, and more trials are warranted to support their clinical application.



2.2. Olfactory ensheathing cells

Glial cells that surround and enclose the olfactory nerve bundle and the outer layers of the olfactory bulb, are collectively known as olfactory ensheathing cells (OECs). They possess the unique ability to transgress the peripheral nervous system (PNS) and central nervous system (CNS) environments (Andrews et al., 2016). And OECs have also been shown to have neuro-regenerative functions (Zhang et al., 2020a). Because of this property, olfactory ensheathing cells are also seen as a good choice for treating nerve injury and NP.

Zhang et al. (2019a,b, 2020a,e) in a series of studies, used OECs transplantation for treating NP in chronic constrictive injury (CCI) model rats, and confirmed that OECs transplantation could promote motor recovery and mitigate pain. Their studies found that OECs secreted various neurotrophic factors (e.g., neurotrophic Y, neurotrophic factor 3, enkephalin, and endorphin), inhibited the formation of colloid scar and cavities, and facilitated regeneration and myelination of new axons, and they were effective for the treatment of NP. At the same time, they also found that the inhibition of the P2 purinoceptor family was an important part of the process. Further studies have revealed that OECs transplantation inhibit P2X2 receptor (Zhao et al., 2015; Zhang et al., 2020c), P2X4 receptor (Zheng et al., 2017; Zhang et al., 2019b, 2020b), and P2X7 receptor (Zhang et al., 2019a, 2020a) overexpression mediated NP. Wu et al. (2011) found that delayed OECs transplantation also can effectively inhibit hyperalgesia and allodynia after dorsal root injury.

A meta-analysis published in 2018 (Nakhjavan-Shahraki et al., 2018) reviewed 40 studies related to the effect of OEC transplantation on NP and functional recovery following spinal cord damage, and concluded that OEC transplantation significantly improved post-injury motor function, but had no effect on allodynia and might even lead to a relative exacerbation of nociceptive hyperalgesia, especially 8 weeks after OECs transplantation. Animal experiments by Lang et al. (2013) found that transplantation of olfactory bulb OECs into the rat hemispheric spinal cord caused hyperalgesia, and they observed the activation of ERK and the up-regulation of the brain derived neurotrophic factor (BDNF) following OECs transplantation, which may be related to hyperalgesia. BDNF is an important regulator of pain, and studies have shown that it exerts both anti-nociceptive and anti-inflammatory actions and pro-nociceptive effects (Cao et al., 2020). The BDNF/tyrosine receptor kinase B (TrkB) signaling pathway is closely related to NP. BDNF polymorphisms can interfere with BDNF role in pain perception, resulting in pain relief or exacerbation, and existing researches suggested that genetic factors such as Val66Met are involved (Cappoli et al., 2020). The authors consider that this may be related to the controversial result of relieving NP after OECs transplantation, but no specific studies on this pathway and BDNF genotypes after transplantation have been reported.

However, two studies (Feron et al., 2005; Tabakow et al., 2013) on autologous OECs in the treatment of human SCI failed to observe any hyperalgesia or serious adverse effects. A study by Mackay-Sim et al. (2008) performed OECs transplantation in patients with traumatic injuries to the thoracic spine and observed no adverse effects during 3-year follow-up. These experiments have confirmed the feasibility of olfactory sheath cell transplantation to some extent, but further validation is needed. In order to further address the risk of exacerbated hyperalgesia upon OECs transplantation, some studies used combined transplantation to treat NP. Co-transplantation of NSCs and OECs not only promoted the survival of NSCs, but also reversed the hyperalgesia caused by OECs (Luo et al., 2013).

Due to their source abundance, easy availability, and high viability in ex vivo culture, OECs have good prospect of being used for treating NP in clinical practice. However, experiments with longer observation time are still needed to verify their long-term effects and safety.



2.3. Mesenchymal stem cells

As a kind of adult stem cells, mesenchymal stem cells (MSCs) can be obtained from various sources, such as bone marrow, umbilical cord, adipose tissue and placenta, and can be induced to differentiate into endoderm, mesoderm, and ectoderm cell lines. Mesenchymal stem cells are abundant in source and easy to expand, do not express the major histocompatibility complex class II cell surface receptor HLA-DR, and are characterized by low immunogenicity, high immunomodulation and good phenotypic stability. As a result, they can be used for the treatment of diseases involving neuroinflammatory components, such as immune diseases, NP, etc (Franchi et al., 2014; Jwa et al., 2020) A great number of animal experiments have demonstrated that MSCs have great potential to be used for alleviating NP symptoms, such as allodynia and hyperalgesia. Moreover, most of the trials did not observe MSCs-related adverse reactions (Wang et al., 2020). MSCs can be administered intravenously, intrathecally, and topically at the site of injury, and can be transported and collected at the site of injury regardless of the route of administration, a phenomenon known as post-transplantation homing (Chakravarthy et al., 2017; Han et al., 2019; Xie et al., 2022).


2.3.1. Bone marrow mesenchymal stem cells

Bone marrow mesenchymal stem cells (BM-MSCs), the most representative type of MSCs, are currently widely used in the treatment of experimental NP. A systematic review (Wang et al., 2020) published in 2020 included 17 studies on the transplantation of MSCs in animal models of NP elicited by perineural injury. Of the studies, 14 used MSCs derived from bone marrow. The mechanisms by which BM-MSCs improve NP and facilitate motor recovery included anti-inflammatory regulation, inhibition of phenotypic activation of microglia and astrocytes and improvement of synaptic transmission, and promotion of neuronal network repair (Yamazaki et al., 2021). BM-MSCs are effective against NP in both peripheral and central models of neurogenic animals, but appear to be more effective for NP induced by peripheral approaches. A meta-analysis by Hosseini’s team (Hosseini et al., 2015) further found that BM-MSCs transplantation improved allodynia and exerted no influence on hyperalgesia with the exception of cell transplantation performed in the first 4 days after injury. Schäfer et al. (2014) found that intrathecal injection of BM-MSCs did not have any beneficial impacts on nociceptive pain, such as allodynia and hyperalgesia in female mice with partial sciatic nerve ligation (PSNL). Gender difference in NP is gaining attention and studies (Schäfer et al., 2014; Hsu et al., 2020) showed that BM-MSCs appeared to have no beneficial effect on NP in female mice. Researchers have suggested that this might be ascribed to gender-dependent driven neuroinflammation, with the sex dimorphism involved in microglial activation (Coraggio et al., 2018), but further subgroup analyses are needed for verification.



2.3.2. Adipose tissue-derived mesenchymal stem cells

Adipose tissue-derived mesenchymal stem cells (AD-MSCs) are another kind of cells typical of MSCs, and their greatest advantage lies in that they can be obtained in large quantities from mature subcutaneous adipose tissue by using a low-invasive procedure. AD-MSCs exert analgesic and neuroprotective effects through their anti-inflammatory actions, mainly by regulating pro-inflammatory or anti-inflammatory cytokines and neurotrophic factors (Miyano et al., 2022). However, it is worth noting that AD-MSC grafts do not relieve all types of NP. Jwa et al. (2020) discovered that a single intrathecal injection of AD-MSCs could significantly reduce cold allodynia induced by L5 spinal nerve ligation, but no significant improvement was observed in mechanical allodynia. Furthermore, repeated intrathecal injections of AD-MSCs selectively reduced cold allodynia.



2.3.3. Umbilical cord mesenchymal stem cells

Umbilical cord mesenchymal stem cells (UC-MSCs) can be collected non-invasively by autologous or allogeneic donors, and have a higher expansion capacity than BM-MSCs. Meanwhile, UC-MSCs have strong proliferation ability, low bacterial/viral infection rate, low immunogenicity and good immunosuppressive ability (Franchi et al., 2014; Joshi et al., 2021). The analgesia induced by UC-MSCs is achieved through their anti-inflammatory and remyelination actions, and umbilical cord-derived cells have a tendency to express genes involved in angiogenesis and intracellular matrix renewal, which are conducive to the repair of injured spinal cord tissue (Wu et al., 2020). Yousefifard et al. (2016) used UC-MSCs and BM-MSCs for the treatment of NP in an SCI animal model, and both could promote functional recovery and ease allodynia and nociceptive hyperalgesia, but UC-MSCs outperformed BM-MSCs in terms of both survival and electrophysiological performance at 8 weeks, suggesting that UC-MSCs are a candidate of choice in terms of neurological repair.



2.3.4. Mesenchymal stem cell exosomes

Moreover, some researchers discovered that MSC exosomes also contribute to pain relief, and tried to use them for cell-free treatment of NP. Exosomes are extracellular vesicles of 30–160 nm secreted by endosomal membranes, containing proteins, lipids, and nucleic acids, and are transported to proximal and distant targets through the circulation, to participate in intercellular communication and alter protein expression in target cells (Jean-Toussaint et al., 2020). The particles smaller than 200 nm are defined as small extracellular vesicles (sEV) by the International Society for Extracellular Vesicles, rather than being taken as exosomes. Shiue et al. (2019) intrathecally injected UC-MSCs exosomes into rats with spinal nerve ligated and found that a single intrathecal injection reversed hyperalgesia, and continuous intrathecal administration suppressed the overexpression of c-Fos, CNPase, GFAP and Iba1 in the spinal cord and DRG, achieving good preventive and reversal effects on NP induced by nerve ligation. Moreover, immunofluorescence assay revealed that UCMSC exosomes had homing ability. Hsu et al. (2020) also found that MSCs-derived exosomes had immunotherapeutic activities comparable to MSCs per se, possessed anti-nociceptive, anti-inflammatory and neurotrophic effects, and promise to become a treatment modality for NP. Nevertheless, given that current protocol for isolating and purifying exosomes has yet to be refined (D’Agnelli et al., 2020), the preparation procedures are labor-intensive and costly, and current research is still limited to animal experiments, the treatment strategy is still a long way from its clinical application.




2.4. Bone marrow mononuclear cells

Bone marrow mononuclear cells (BMMCs), a mixed population of cells, include monocytes, lymphocytes, hematopoietic stem cells, and endothelial cell precursors. BMMCs can be isolated from bone marrow by density gradient centrifugation and have been shown to be able to relieve experimental NP. Takamura et al. (2020) found that intrathecal injection of BMMCs attenuated NP in a mice model of spinal nerve transection (SNT). Animal experiments by Klass et al. (2007) and Usach et al. (2017) exhibited that intravenous injection of BMMCs could relieve NP caused by sciatic nerve crush or constriction. In addition to suppressing microglial migration and inflammation associated with nerve injury, a range of angiogenic ligands (basic fibroblast growth factor, angiopoietin-1, VEGF) and cytokines (IL-1b, TNF-a) were secreted by BMMCs to promote local neovascularization and tissue repair (Naruse et al., 2011). BMMCs have unique advantages over bone marrow-derived mesenchymal stem cells in that they are readily available, require no in vitro expansion, facilitate transplantation, and minimize the risk of contamination (Alvarez-Viejo et al., 2013).



2.5. GABAergic cells

γ-aminobutyric acid (GABA) is an important neurotransmitter that inhibits neurotransmission. The nerve cells in the dorsal horn of the spinal cord that can synthesize GABA are referred to as GABAergic neurons. Upon nerve damage, peripheral or central, GABAergic inhibition at the spinal cord level is decreased, and the excitability of neurons is increased in the dorsal horn of the spinal cord, resulting in the development of persistent post-injury NP (Dugan et al., 2020). Therefore, early intervention aimed to restore GABA levels is an efficacious way to preempt NP development. However, the drugs targeting the GABAergic system (e.g., benzodiazepines, gabapentin, etc.) are of limited value and have side effects (Mason et al., 2018).

Transplantation of GABAergic precursor/progenitor cells to enhance central inhibition and reduce pain is a new approach to managing chronic NP. Hwang et al. (2016) intrathecally transplanted embryonic stem cell-derived spinal GABAergic neural precursor cells into the injury area of the spinal cord. They found that the NP was significantly relieved and the cells survived for more than 7 weeks after transplantation. Manion et al. (2020) using pluripotent stem cell-derived GABAergic interneurons transplantation, also confirmed that the GABAergic cells are involved in spinal cord injury-induced NPs, and synaptic integration occurred after the transplantation. A new analysis reviewed 13 studies on the transplantation of GABAergic precursor cells (Askarian-Amiri et al., 2022), and concluded that GABAergic cells can ameliorate allodynia and hyperalgesia in the rat model, but the extrapolation of the conclusion to mice and other large animals and human subjects still requires a higher-grade evidence. In years to come, multi-specie modeling and multi-model studies on the effect of GABAergic cells on NP are warranted to verify their therapeutic effects.



2.6. Genetically-modified cells

While cell transplantation can provide better pain relief than drug therapy, researchers have begun to integrate genetic engineering into stem cell transplantation to improve its efficacy. The neurotrophic factor VEGF introduced into gene-modified neural stem cells can enhance the analgesic effect of NSCs by increasing the expression of VEGF, inducing high-speed migration of NSCs and promoting cell viability (Lee et al., 2016). By transfecting mesenchymal stem cells with fibroblast growth factor (FGF-1; Forouzanfar et al., 2018), glial neurotrophic factor (GDNF; Yu et al., 2015) and sirtuin 1 (SIRT1; Tian et al., 2021) genes, researchers found that the analgesic effect induced by transfected MSCs was better than that of simple mesenchymal stem cells alone. To our knowledge about the mechanism of NP, analgesic peptides, such as inhibitory neurotransmitters (e.g., beta-endorphins), anti-inflammatory peptides (e.g., IL-10), neurotrophic factors (e.g., NT-3, VEGF) and soluble receptors (such as soluble tumor necrosis factor receptor) have potential to serve as targets for genetic engineering (Wang et al., 2020). It is worth mentioning that attention should be paid to the biosafety and the regulation of the gene engineering to avoid the occurrence of occasional tumor-like aggregation caused by overexpression or proliferation of transplanted cells and other possible risks.




3. Mechanisms underlying the analgesic effect of cell transplantation

After peripheral or central nerve injury, immune cells accumulate and release glial and pro-inflammatory mediators (nutritional factors, cytokines, and immune transmitters), as a consequence, increasing pain sensitivity, leading to peripheral and central sensitization and inducing NP. Peripheral sensitization is caused by increased cellular excitability resulting from altered expression of various ion channels. Sodium channels (e.g., Nav1.7, Nav1.8, and Nav1.9), transient receptor potential ion channels (e.g., TRPA1, TRPV1) and voltage-gated calcium channels (e.g., Cav3.2, Cav α2 δ1) are among common ion channels (Berta et al., 2017; Fernandes et al., 2018; Finnerup et al., 2021). Central sensitization is triggered by glial and astrocyte activation and changes in neuroplasticity in descending inhibitory system (Hosseini et al., 2015). Looking into the above post-injury alternations, multiple studies found that transplanted cells could migrate towards the nerve damage areas induced by chemokines, inhibit neuroinflammation, protect nerves via a variety of regulatory mechanisms and promote axonal remyelination (Figure 1).
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FIGURE 1
 Schematic diagram of the mechanism by which cell therapy promotes recovery from neuropathic pain. The mechanisms involved can be classified as follows: (1) Homing of cells; Cells injected intravenously or intrathecally can migrate directionally to the damaged site under chemokine guidance and provide timely and long-lasting analgesia to NP through a bidirectional interaction with resident cells of the damaged microenvironment in a paracrine manner. (2) Anti-inflammatory regulation; Transplanted cells can modulate microglia activation, inhibit the pro-inflammatory phenotype (M1) of microglia, and promote their polarization to an anti-inflammatory phenotype (M2). (3) Neuroprotection and remyelination. By secreting various trophic regulators, they can promote angiogenesis, axonal regeneration and myelination. VEGF, vascular endothelial growth factor; NGF, nerve growth factor; GDNF, glial cell line-derived neurotrophic factor.



3.1. Homing of transplanted cells

Nerve injury can cause morphological, functional, and behavioral changes at the site of nerve damage, resulting in intractable NP. Hwang et al. (2016) found that intrathecally administered GABAergic cells successfully integrated into or around the injured tissue, with analgesic effect persisting up to 7 weeks post-modeling. Wu et al. (2020) marked the transplanted BM-MSCs with GFP and showed that the cells successfully migrated to the injured segment of spinal cord. In addition to intrathecal injection, intravenously transplanted cells (Siniscalco et al., 2011; Li et al., 2017; Usach et al., 2017) also showed directional migration to the damaged site. Chen et al. (2015) found that BM-MSCs that migrated to the border of the dorsal root ganglia survived for more than 2 months, providing sustained pain relief in mice model induced by sciatic nerve contraction. The process by which transplanted cells migrate to the site of injury is dubbed homing of cells. This phenomenon is beneficial to the survival of transplanted cells, and the migrated cells provide timely and long-lasting analgesia for pain relief by interacting bidirectionally with the residing cells in a damaged microenvironment via paracrine secretion (Naruse et al., 2011; Franchi et al., 2014; Du et al., 2019; Kotb et al., 2021).

The homing behavior of transplanted cells has been well described in many studies, but the definitive mechanisms and regulatory processes of their migration process remain unclear (Deak et al., 2010; Liesveld et al., 2020). According to the different transplantation pathways, the homing phenomenon can be divided into systemic homing and non-systemic homing. The directional migration behavior of transplanted cells in the damaged tissue locally or in the adjacent area (e.g., within the sheath) is non-systemic homing. Systemic homing involves multiple steps, including entry of graft cells into circulation, extravasation around the lesion, and interstitial migration toward the injury site (Nitzsche et al., 2017). Although the two processes are different, new advances revealed that the homing of transplanted cells both require chemokine guidance (Siniscalco et al., 2011; Nitzsche et al., 2017; Asgharzade et al., 2020). However, how chemokine receptors such as CCR2 and CXCR4 promote the process of transendothelial extravasation of transplanted cells is not clear, and further clarification of this process will greatly promote the efficiency of homing and overcome one of the existing impediments of cell therapy.



3.2. Anti-inflammatory regulation

Activation of microglia and astrocytes leads to neuroinflammation, which plays a pivotal role in the development and persistence of NP (Zhao et al., 2017; Li et al., 2019). Activated glial cells release inflammatory cytokines, leading to upregulation of glutamate receptors. Glutamate released from A-delta and C-fibers is the main nociceptive excitatory neurotransmitter, and is highly associated with the central sensitization of dorsal horn neurons and the maintenance of hyperexcitability (Siniscalco et al., 2007). Transplanted bone marrow-derived mesenchymal stem cells can modulate microglial activation (Forouzanfar et al., 2018; Joshi et al., 2021). Zhong et al. (2020) found that bone marrow MSCs suppressed the M1 phenotype of microglia by secreting GDNF while promoting their conversion to the M2 phenotype, and that the PI3K/AKT signaling pathway is activated during this process.

Although the mechanism that promotes polarization of glial cells towards an anti-inflammatory phenotype is not fully understood, the researchers found that it is related to the inhibition of MAPK-related pathways (Figure 2). The mammalian mitogen-activated protein kinase (MAPKs) family includes three related pathways, that is, p38 MAPK, extracellular signal-regulated kinase (ERK) and c-Jun N2-terminal kinase (JNK) pathways, and the MAPK cascade is a key signaling pathway governing a wide array of cellular processes, including proliferation, migration, differentiation, apoptosis and responses of cells (Kim and Choi, 2010, 2015). Existing studies have shown that the p38 MAPK pathway and ERK 1/2 channels play a central role in neuroinflammation and pain regulation. Intraspinal injection of BM-MSCs after SCI reportedly inhibited the NF-κ B and p38 MAPK pathways (Zhang et al., 2021). Watanabe et al. (2015) documented that transplantation of MSCs derived from bone marrow inhibited MAPK signaling cascade and inflammatory cell recruitment after spinal cord injury, leading to pain relief. Xie et al. (2019) also found that intrathecally injected BM-MSCs inhibited ERK1/2 up-regulation in the dorsal root ganglia of CCI model rats. However, the exact mechanism by which transplanted stem cells, glial cells and MAPK signaling pathway interact with each other needs further studies at the molecular level.
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FIGURE 2
 Schematic representation of the mechanisms of anti-inflammatory effects of cell therapy in NP. Neuroinflammation caused by activation of microglia takes part in the development and maintenance of NP. The transplanted cells promote glial cell polarization toward an anti-inflammatory phenotype by inhibiting MAPK-related pathways. The p38 MAPK pathways and ERK 1/2 channels play a central role in neuroinflammation and pain regulation.




3.3. Neuroprotection and remyelination

Initially, cell transplantation for NP treatment was meant to substitute injured nerve cells, but several studies have shown that the transplanted cells support and enhance the regeneration and remyelination by secreting various trophic regulators of nerve regeneration, such as VEGF, GDNF and NGF, rather than directly replace the lost or damaged cells. Andrews et al. (2016) and Zhang et al. (2019a, 2020a) found that transplanted OECs not only inhibited formation of colloidal scars and cavities after nerve injury, but also promoted regeneration of new axons and remyelination. Lee et al. (2016) found that VEGF-expressing neural stem cells could enhance cell viability under hypoxic conditions and facilitate remyelination of injured sciatic nerves. Transplanted bone marrow mononuclear cells could migrate to the damaged site and promote neovascularization and tissue repair, electromyogram compound muscle action potential (CMPA) verified the presence of regenerated axons (Usach et al., 2017).




4. Discussion

Neuropathic pain represents a heterogeneous group of disorders with unfavorable clinical outcomes, and developing an effective and long-lasting analgesic modality has been a challenge for clinicians. Cell therapy is an entirely new approach for addressing NP with promising prospects. At present, multiple animal studies have consistently demonstrated the great potential of cell therapy in the treatment of intractable NP. Cells from a variety of sources have been shown to efficaciously relieve NP, but efficacy and limitations vary with different grafts (Table 1). Apart from murine-derived cell grafts, some researchers also experimentally employed human-derived cells in animal models, and found that they could effectively ease NP (Yousefifard et al., 2016; Manion et al., 2020; Tian et al., 2021; Miyano et al., 2022). Although studies are now principally conducted in animal models of NP, some encouraging clinical findings have been obtained (Feron et al., 2005; Tabakow et al., 2013; Andrews et al., 2016; Curtis et al., 2018; Levi et al., 2018; Zhang et al., 2021). Despite the small number of current clinical studies and the lack of systematic evidence, cell therapy, as a treatment alternative for NP, is undoubtedly worth further exploration.



TABLE 1 Advantages and limitations of different types of cell grafts for the treatment of neuropathic pain models.
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Though the current research results are exciting, further research is needed to solve some critical issues, such as optimal transplantation route, transplantation timing, number of transplanted cells, transplantation survival rate, among others.

Cell transplantation can be achieved by a variety of routes, including local injection at the injury area, intravenous, and intrathecal administration. Direct injection into the wounded area saves the migration process after cell transplantation, but may cause needle tract injury, especially NP caused by central nervous system injury and should be used with more caution. Intrathecal transplantation is supposed to be more effective than intravenous transplantation in attaining pain relief and promoting functional recovery by providing sufficient number of cells, but some studies failed to find any statistical difference between the intravenous and intrathecal routes in the improvement of nociceptive hyperalgesia (Yamazaki et al., 2021). Less invasiveness and convenient administration are two advantages of the intravenous route. Although there is a tendency for the transplanted cells to homing to the damaged nerve site, there have been reports that intravenous transplanted cells might be trapped in the lungs, which can cause damage to the transplanted cells and is not conducive to the effect of NP relief (Liu et al., 2017). Intrathecal injection is less damaging than direct targeted injection at the injury site, and the limited intrathecal space and the protection offered by the blood-spinal cord barrier permit a smaller amount of cell fluid to arrive at an effective therapeutic concentration for NP after the intrathecal transplantation (Jwa et al., 2020). With NP due to nerve injury, different grafting modalities may be used for accomplishing optimal effect by taking onto account the differences in the structures surrounding peripheral nerves and central nerves.

With animal models, transplantation roughly falls into acute, subacute, and chronic phases in terms of the timing of transplantation after nerve injury. Watanabe et al. (2015) performed transplantation of BM-MSCs on day 1, 3, 7, and 14 after SCI injury to know whether the timing of transplantation exerted any impact on the improvement of hyperalgesia. They found that transplantation in the acute phase of SCI (especially on the third day after damage) had more favorable result with NP. However, some studies also found that the acute phase of spinal cord injury was not suitable for the survival and differentiation of transplanted BM-MSC due to severe immune inflammatory response, while the scar tissue or cavity formed in the chronic phase was not conducive to axonal growth (Wu et al., 2020). Therefore, 1–2 weeks after nerve injury may be the best time for transplantation. A recent finding was that intravenous transplantation of BM-MSCs 4 days before CCI rat modeling also ameliorated NP (Kotb et al., 2021). This finding may have new implication for the clinical treatment of NP. With the cell therapy for NP, selection of the appropriate timing of transplantation warrants further studies and, over a long time, remains a key issue that has to be addressed for its widespread clinical application.

The optimal volume of transplanted cells is unknown, likely ranging from 1 × 105 to 6 × 106 cell dose/kg with different animal models. A systemic review of MSC transplantation (Wang et al., 2020) found that the number of transplanted cells was seemingly related to animal models and routes of administration. While more studies found that there existed a dose-dependency between the degree of pain relief from cell therapy and the amount of engrafted cells irrespective of central nerve injury or peripheral nerve injury, with a median number of transplanted cells being 3 × 106 cell dose/kg (Hosseini et al., 2015; Han et al., 2019; Askarian-Amiri et al., 2022).

In addition to the transplantation route, transplantation timing and the number of cells, improving the survival rate of transplanted cells is an issue that deserves the attention of cell therapy researchers. Single-cell transplantation has the problems of short cell survival time and low survival rate after transplantation (Franchi et al., 2014). Combination transplantation may be an effective approach. Co-transplantation of NSCs and OECs could promote the survival and proliferation of NSCs, and was beneficial to reverse hyperalgesia (Luo et al., 2013). Gene target modification could also enhance cell viability and improve analgesic effect (Yu et al., 2015; Forouzanfar et al., 2018; Tian et al., 2021), but existing experimental neuralgia models have reported the risk of tumor formation (Yu et al., 2015; Lee et al., 2016). Therefore, more experimentation is needed to regulate the application of genetically modified cells in NP to ensure the biosafety of cell therapy.

Approaches such as scaffolds, microcapsules, and cell sheets have been shown to be beneficial in improving the survival ratio and survival time of transplanted cells. Hsu et al. (2020) found that the analgesic effect of scaffolded stem cells on SNI-induced NP was superior to that of cell transplantation alone, and scaffolds were effective vehicles for the delivery of exosomes because of their good exosome adsorption and slow-releasing nature. Immune rejection after transplantation is one of the factors culpable for the low cell viability. The use of exosomes from MSCs with low immunogenicity can improve cell survival, but the application of exosomes is limited due to the technological restraints and high cost involved in exosome isolation and purification (D’Agnelli et al., 2020). Microcapsules are translucent lipid biofilms with good lipid biocompatibility, wrapped with transplanted cells. The immune barrier prevents inflammatory factors from attacking transplanted cells, improves the survival rate of transplanted cells, and helps relieve NP and repairs nerve damage. Zhang et al. (2020d) found that microencapsulated neural stem cells could better inhibit the overexpression of P2X receptors after nerve injury to relieve NP. In addition, cultured cell sheets were found to express more trophic factors and the cells migrated more easily into the injured area, thereby promoting pain relief and functional rehabilitation (Yamazaki et al., 2021). Although the aforementioned methods can improve the viability of transplanted cells to varying degrees, the related research is still limited to animal experiments, and so far there are no clinical research reports.

Furthermore, while cell therapy is still being actively studied as a treatment alternative for NP, some issues remain to be addressed. First, the current rodent research results cannot be directly extrapolated to humans because rodents and humans differ in species. Optimally, a NP model in non-human primates would provide a higher level of evidence since they have comparable vascular, sensory, and motor systems to humans, but no studies in non-human primate trials have yet been reported. The next issue concerns the gender dichotomy of cellular therapy for NP that has been mentioned in a few animal trials (Schäfer et al., 2014; Coraggio et al., 2018; Hsu et al., 2020). This phenomenon may limit its future clinical application and needs to be verified in further trials. Therefore, these issues have to be resolved to exploit therapeutic potential of cell therapy for NP.



5. Conclusion

By reviewing past studies, we can conclude that cell transplantation therapy is a potentially promising therapeutic option for NP. Mounting pre-clinical and clinical studies have shown the potential of cell transplantation-based therapy for NP, but we still have a great deal to explore further. We hope that this review will inform researchers and physicians and facilitate the translation of cell therapy to the clinic.
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Introduction: Recent research has focused on the local control of articular inflammation through neuronal stimulation to avoid the systemic side effects of conventional pharmacological therapies. Electroacupuncture (EA) has been proven to be useful for inflammation suppressing and pain reduction in knee osteoarthritis (KOA) patients, yet its mechanism remains unclear.

Methods: In the present study, the KOA model was established using the intra-articular injection of sodium monoiodoacetate (MIA) (1 mg/50 μL) into the knee cavity. EA was delivered at the ipsilateral ST36-GB34 acupoints. Hind paw weight-bearing and withdrawl thresholds were measured. On day 9, the histology, dep enrichment proteins, cytokines contents, immune cell population of the synovial membrane of the affected limbs were measured using HE staining, Masson staining, DIA quantitative proteomic analysis, flow cytometry, immunofluorescence staining, ELISA, and Western Blot. The ultrastructure of the saphenous nerve of the affected limb was observed using transmission electron microscopy on the 14th day after modeling.

Results: The result demonstrated that EA intervention during the midterm phase of the articular inflammation alleviated inflammatory pain behaviors and cartilage damage, but not during the early phase. Mid-term EA suppressed the levels of proinflammatory cytokines TNF-α, IL-1β, and IL-6 in the synovium on day 9 after MIA by elevating the level of sympathetic neurotransmitters Norepinephrine (NE) in the synovium but not systemic NE or systemic adrenaline. Selective blocking of the sympathetic function (6-OHDA) and β2-adrenergic receptor (ICI 118,551) prevented the anti-inflammatory effects of EA. EA-induced increment of the NE in the synovium inhibited the CXCL1-CXCR2 dependent overexpression of IL-6 in the synovial macrophages in a β2-adrenergic receptor (AR)-mediated manner.

Discussion: These results revealed that EA activated sympathetic noradrenergic signaling to control local inflammation in KOA rats and contributed to the development of novel therapeutic neurostimulation strategies for inflammatory diseases.

KEYWORDS
 knee osteoarthritis, electroacupuncture, synovitis, macrophage, sympathetic noradrenergic signaling, CXCL1, IL-6


1. Introduction

Knee osteoarthritis (KOA) is a multifactorial joint disease, including joint degeneration, intermittent inflammation, and peripheral neuropathy. Biological anti-rheumatic drug therapies are expensive and likely to increase the risk of systemic immunosuppression, infections, and malignancies. Recent experimental efforts have focused on the local control of articular inflammation to avoid the systemic side effects of conventional pharmacological therapies. Neuronal stimulation, such as vagal stimulation, is an emerging field for regulating organ function and reestablishing physiological homeostasis during illness, in which the regulation of the immune system of the nervous system has been widely studied (Ulloa et al., 2017).

Although the precise mechanisms and processes of KOA pathogenesis are not yet fully understood, cartilage extracellular matrix fragments are observed to induce synovial inflammation by activating resident fibroblasts or macrophages, which in turn release pro-inflammatory cytokines, such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), IL-6, IL-8, and other inflammatory mediators, and further recruit other immune cells, resulting in thickening of the synovial lining layer and synovial hyperplasia (Jenei-Lanzl et al., 2019; Woodell-May and Sommerfeld, 2020). Furthermore, chemokine and its receptors are crucial players in the pathological processes of osteoarthritis (OA), which are well-recognized for their role in the migration of circulating immune cells into injury sites (Sallusto et al., 2000). In the synovial fluid of KOA patients, CCL3 produced in osteoarthritic knees can chemo-attract circulating monocytes to the inflamed synovium through CCR1 (Zhao et al., 2020). In human synovial fibroblasts of OA, chemokine (CXC motif) ligand 1 (CXCL1) contributes to IL-6 expression through the CXCR2, c-Raf, MAPK, and AP-1 pathways (Hou et al., 2020). Macrophages are crucial mediators of OA-related synovial inflammatory activity and cartilage and bone pathologic responses (Griffin and Scanzello, 2019). The number of activated macrophages in knee joints correlated with the severity and symptoms of radiographic OA (Kraus et al., 2016). Depletion of macrophages in OA synovial explants substantially reduced the production of numerous cytokines, including TNF-α, IL-1β, IL-6, and IL-8 (Bondeson et al., 2010).

This low-level inflammation in the joint is believed to contribute to the development of peripheral sensitization and nociceptive pain (Krustev et al., 2015). Synovitis and baseline synovial thickening increase the rate of OA progression and are associated with increased pain and dysfunction in OA patients (Scanzello et al., 2011; Roemer et al., 2016). Moreover, attenuation of early-phase inflammation prevents pain and nerve damage in OA rats (Philpott et al., 2017). Therefore, we must find a strategy for suppressing synovitis to prevent peripheral sensitization and nociceptive pain in KOA patients.

The knee joint is mainly innervated by sensory and sympathetic nerves. Changes in peripheral joint innervation are supposed to be partly responsible for degenerative alterations in joint tissues and the development of OA (Grässel and Muschter, 2017). The loss of sympathetic nerve fibers was observed in the synovial tissue of patients with rheumatoid arthritis (Miller et al., 2000). As an integrative interface between the brain and the immune system, the sympathetic nerve plays a crucial role in inflammation control (Elenkov et al., 2000). The activation of sympathetic function-mediated baroreflex reduced joint inflammatory response in conscious rats (Bassi et al., 2015). A local sympathetic-immune pathway has been demonstrated to regulate arthritic joint inflammation through vagal nerve stimulation (Bassi et al., 2017). LC and RVLM, as the important sympathetic supraspinal centers, also participated in the anti-inflammatory effect in Parkinson’s disease, zymosan-induced inflammatory air pouch, and articular inflammation (Yoon et al., 2007; Neill and Harkin, 2018).

EA has been proven to be useful for pain reduction and inflammation suppression in KOA patients (Cherkin et al., 2009; Li et al., 2018; Liu et al., 2021). However, it is unclear whether the sympathetic function mediates the effect of EA on suppressing synovitis and alleviating referred hind paw pain in KOA rats. In the present study, we demonstrated the effect of EA on suppressing synovitis and referred pain, and its mechanism related to the activation of sympathetic function in MIA-induced KOA rats. We found that EA at the mid-term phase of inflammatory pain suppressed inflammation in the synovium on day 9 after MIA by activating sympathetic function in KOA rats. The EA-induced increase in sympathetic neurotransmitters (NEs) inhibited CXCL1-induced recruitment of circulating monocytes and accumulation of macrophages in synovial tissue, which over-expressed IL-6, in a β2AR-dependent manner. Our study provides evidence that EA can suppress synovitis to relieve inflammatory pain in KOA rats.



2. Materials and methods


2.1. Animals

Healthy adult male Sprague Dawley rats, weighing 180–200 g, were obtained from the National Institutes for Food and Drug Control (medical laboratory animal certificate number: SCXK (JING)2017–0005) and were permitted to acclimate to their environment for at least 1 week. Standard laboratory chow and water were provided ad libitum. The animals were kept in an ambient room with the following conditions: temperature (22 ± 4°C), humidity 60–65%, and light (7:00–19:00). General anesthesia was induced under 4% isoflurane and maintained under 2% isoflurane.



2.2. Intra-articular injection

The animals were deeply anesthetized (2–4% isoflurane; 100% oxygen at 1 l/min) until the cessation of all sensory reflexes. The right knee joint was shaved and swabbed with 100% ethanol. MIA (1 mg/ 50 μL dissolved in sterile saline), 6-OHDA (150 μg/ 50 μL, dissolved in a saline solution containing 0.02% of ascorbic acid; Deng et al., 2016), and ICI 118,551 (1.5 μg/ 50 μL, dissolved in sterile saline) were injected into the joint space, as previously described (Teixeira et al., 2020). The knee was then manually extended and flexed for 30 s to disperse the solution throughout the joint. The right knee of the control rats received sterile saline.



2.3. Electroacupuncture

For EA intervention, one acupuncture needle was inserted into the ipsilateral ST36 acupoint, and another needle was inserted into the ipsilateral GB34 acupoint. ST36 is located posterolateral to the knees and approximately 5 mm below the fibular head. GB34 is located in the depression anterior and inferior to the fibula head, 5 mm from the upper and outer sides of ST36. The selected EA parameters were 1 mA, dense-sparse wave (2/15 Hz), and 30 min per time.



2.4. Pain behavioral tests

The weight-bearing deficit (WBD) was measured as a sign of spontaneous pain (Bove et al., 2003). All rats were acclimated to the test environment for 30 min. The animals were placed in a perspex chamber (model BIO-DWB-AUTO-R; Bioseb, Boulogne, France) to place their hind limbs on an independent force plate (Figure 1B). The weight borne on the ipsilateral hind paw was calculated as a percentage of the total weight borne on the hind limbs. Each value is the mean of three replicates.
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FIGURE 1
 Midterm EA intervention alleviated the inflammatory pain behaviors in MIA-induced KOA rats. (A) The scheme on early EA and midterm EA. The percentage of ipsilateral weight bearing (WB) (B,D) and the 50% hind paw withdrawal threshold (HPWT; C,E) in the model group and the early EA group was decreased from day 1 to day 14 after MIA injection in comparison with that of the control group, yet no significant difference was observed between the model group and the early EA group from day 3 to day 14 after MIA injection (n = 6, p > 0.05). On day 1 after MIA injection, the percentage of ipsilateral WB and the 50% HPWT were even decreased in the early EA group in comparison with the model group. *p < 0.05, **p < 0.01 vs. control. (F) The percentage of ipsilateral WB was increased in the midterm EA group on day 7 and day 9 after the MIA injection in comparison with the model group (n = 10, *p < 0.05, **p < 0.01, ***p < 0.001). (G) The ipsilateral 50% HPWT in the midterm EA group was increased on day 14 after the MIA injection in comparison with that of the model group (n = 10, *p < 0.05, **p < 0.01, ***p < 0.001). (H) On day 9 after MIA injection, hyperplasia and inflammatory cell infiltration of the synovium occurred in the model group, which was alleviated in the midterm EA group. (I) On day 14 after the MIA injection, cartilage damage occurred in the model group, which was alleviated in the midterm EA group (n = 3). (J) The cartilage damage score in the midterm EA group was decreased in comparison with that in the model group on day 14 after the MIA injection (n = 9, *p < 0.05, **p < 0.01, ***p < 0.001).


The tactile hypersensitivity of the plantar of the hind paw was measured using von Frey hairs as a sign of secondary allodynia (Muley et al., 2016). The rats were placed in a Plexiglas chamber and allowed to acclimate for approximately 30 min, or until their exploratory behavior ceased. The withdrawal mechanical threshold of the ipsilateral hind paw was assessed using a modification of the Dixon up-down method (Figure 1C; Chaplan et al., 1994). The 50% withdrawal threshold was determined using the following formula: 50% threshold = (10[Xf + κδ])/10,000; where Xf = value (in log units) of the final von Frey hair used; k = tabular value for the pattern of positive/negative responses, and δ = mean difference (in log units) between stimuli.



2.5. Macroscopic scoring of the articular cartilage lesion

The rats were sacrificed on day 14 after intra-articular injection of MIA. A photograph of knee cartilage was taken with a digital camera (Canon). Two independent observers scored cartilage damage on the knee cartilage surface in a blinded manner (Takeshita et al., 2011), with severity increasing from 0 to 4: 0 = normal appearance, 1 = rough surface, 2 = moderate lesion on the cartilage surface, 3 = severe lesion of subchondral bone, 4 = appearances of osteophyte formation with the severe lesion of subchondral bone (Janusz et al., 2001). The mean score was determined for each group.



2.6. Histopathology of synovial tissue

Anesthetized rats were fixed with saline and 4% paraformaldehyde through transcardial perfusion. Following perfusion–fixation, the collected synovial tissues were post-fixed in 4% paraformaldehyde and then embedded in paraffin wax. To assess the severity of inflammation and structural changes in the synovial tissue, 5-μm-thick sagittal sections of the synovial tissue were prepared and stained with hematoxylin and eosin. The severity of arthritis in the joint was observed according to the intensity of the lining layer hyperplasia and inflammatory cell infiltration, as described previously (Liao et al., 2020).



2.7. Biochemical analysis of blood and synovium

Whole blood was collected from animals through cardiac puncture for hemogram analysis. To obtain serum, whole blood was allowed to clot in a polypropylene tube at room temperature for 120 min. The tubes were centrifuged at 2000 × g for 20 min. To obtain plasma, we collected the blood in an EDTA anticoagulant tube and centrifuged it at 1600 × g for 15 min at 4°C for 30 min. The supernatant serum and plasma were absorbed, packaged separately, and stored at −80°C for testing. The right synovium of the knee joint was homogenized for the quantitative determination of the NE and cytokine levels.

Cytokine levels of CXCL1, IFN-γ, TNF-α, IL-1β, IL-6, IL4, IL-10, and IL-13 in the serum and synovium were measured using the MSD MULTI-SPOT Assay System (Proinflammatory Panel 2 (rat), N05059A-1; Meso Scale Discovery, United States). The levels of plasma NE (KA1877, Abnova, Taiwan), epinephrine (KA1877, Abnova, Taiwan), and CORT (KGE009, R&D Systems, Minnesota, United States) were measured using enzyme immunoassay (EIA) or ELISA kits. The NE levels in the synovium were measured using the ELISA kit (BA E-5200, BioTNT, Germany) according to the manufacturer’s instructions.



2.8. Immunofluorescence staining

Anesthetized rats were fixed with saline and 4% paraformaldehyde via transcardial perfusion. Following perfusion–fixation, the collected synovial tissues were post-fixed in 4% paraformaldehyde, then embedded in an artificial medium (Shandon Cryomatrix™, 120 mL, Thermo Fisher Scientific, United States), frozen, and cut into 20-μm sections on a cryostat (Thermo Fisher Scientific, Microm International FSE, Germany). After an initial wash in 0.1 M PBS (pH 7.4), the tissues were preincubated in a solution of 3% normal goat and 0.5% Triton X-100 in 0.1 M phosphate-buffered solutions (PB, pH 7.4) for 30 min to block non-specific binding. The sections were then incubated with primary antibodies (Anti-TH: Ab112; Anti-C-Fos: Ab208942; Anti-iNOS, Ab15323; Anti-Dopamine beta Hydroxylase: Ab19353; Anti-CRF, Ab8901; Abcam, England) for 24 h at 4°C, followed by goat/donkey anti-rabbit Alexa Fluor 488 secondary antibody or donkey anti-mouse/rabbit/sheep Alexa Fluor 488/594 secondary antibody (1:500; Molecular Probes) for 2 h at room temperature. The tissues were then counterstained with blue fluorescent DAPI nuclei acid (1/40000, D3571, 10 mg, Invitrogen, United States) for 5 min to label cell nuclei. After a final wash in 0.1 M PBS, the slides were covered and slipped with PBS–glycerol. Negative controls were performed by omitting the primary antibodies during the staining procedure. The slides were observed with a confocal imaging system (FV1200, Olympus, Japan) and analyzed using the Olympus Image Processing Software by an investigator who was blinded to the group. Approximately 20 randomized sections from each group were analyzed. All immunohistochemistry for each staining combination was performed simultaneously to ensure staining consistency.



2.9. Western blot analysis

Standard western blot techniques were performed on the knee synovium protein sample. Incubation processed with primary antibody (ADRB2A, YT5048,1:500; ADRA1A YT0354,1:500; ADRA2A YT0298,1:500; p-Erk1/2 #9101,1:1000; Erk1/2 #4695,1:1000; MEK #8727,1:1000; p-MEK1/2 #3958,1:1000; GAPDH #2118/#97,166,1:2000, CST) (CXCR2, bs-4836R,1:1000; β-actin, bs-0061R 1:4000, bioss) was diluted in 1X TBST overnight. We diluted the secondary antibody (HRP-conjugated Affinipure Goat Anti-Rabbit IgG (H + L), 1:1000, SA-00001-2, Proteintech HRP-conjugated Affinipure Goat Anti-Mouse IgG (H + L), 1:1000, SA-00001-1, Proteintech) in 1X TBST and incubated the membrane for 1 h at room temperature or on a shaker. Protein bands were detected with ECL substrate (34,080, Thermo Fisher Scientific) through an imaging system (ChemiDoc Touch V3, BioRad) and analyzed using ImageJ software.



2.10. Flow cytometry

Knee synovium tissues dissected from rats were processed to prepare cell suspensions using the Skeletal Muscle Dissociation Kit (130–098-305, Miltenyi Biotec). The cell surface was stained with phycoerythrin (PE) anti-rat CD86 and FITC anti-rat CD11b (BD Bioscience, United States). After incubation, flow cytometric analysis was performed using flow cytometry (FACS Celesta, BD Bioscience). The data were further analyzed using the FlowJo software.



2.11. DIA quantitative proteomic analysis

Synovial tissue was collected as previously described. Proteomic analysis was conducted at Shanghai Applied Protein Technology Co., Ltd. The synovial tissues of Model group rats (n = 8) and EA group rats (n = 8) were homogenized using an MP FastPrep-24 homogenizer (24 × 2, 6.0 m/s, 60 s, twice), and then SDT buffer (100 mM DTT, 4% SDS, 150 mM Tris–HCl, pH 8.0) was added. The lysates were further sonicated and boiled for 15 min. After centrifugation at 14000 × g for 40 min, the supernatant was quantified with the BCA Protein Assay Kit (Bio-Rad, United States). The aliquots of each sample were mixed into a single sample for quality control and the construction of a data-independent acquisition (DDA) library. Protein digestion was implemented following the filter-aided sample preparation procedure (Shen et al., 2021). DDA analysis was performed with a high-performance liquid chromatography system Easy nLC-1,200 (Thermo Scientific). Buffer A:0.1% formic acid (FA, 06450, Fluka); buffer B:0.1% FA, 84% Acetonitrile (ACN, I592230123, Merck). The column was balanced with 95% buffer A. The peptide was first loaded onto an EASY-Spray TM C18 Trap column (Thermo Fisher Scientific, P/N 164946, 3 μM, 75 μM × 2 cm) and then separated on an EASY-Spray TM C18 LC Analytical Column (Thermo Fisher Scientific, ES802, 2 μM, 75 μM × 25 cm) with a linear gradient of buffer B at a flow rate of 250 nl/min over 90 min. The liquid separation gradient of buffer B is as follows: 0–40 min, the linear gradient is from 8 to 30%; 40–50 min, the linear gradient is from 30 to 100%; 50–65 min, the linear gradient increases to 100% and is maintained. The separated samples were analyzed using the Q-Exactive HFX mass spectrometer (Thermo Fisher Scientific). MS detection method was positive ion, the scan range was 300–1800 m/z, MS1 scan resolution was 60,000 at 200 m/z, the target of automatic gain control (AGC) was 3e6, and the maximum injection time (IT) was 50 ms. Each complete MS–SIM scan was preceded by 20 MS2 scans. The resolution of the MS2 scan was 30,000, the AGC target was 3e6, the maximum IT was 120 ms, and the normalized collision energy was 27 eV. DDA data were directly imported into the Spectronaut software (SpectronautTM 14.4.200727.47784) to construct a spectral library. The database can be downloaded from http://www.uniprot.org. All reported data were based on a protein identification confidence of 99%, as defined through a false discovery rate (FDR) of ≤1%. Each sample was mixed with 2 μg of the iRT standard peptide, and DIA mass spectrometry was performed. Each DIA cycle contained one complete MS–SIM scan, and 30 DIA scans covered a mass range of 350–1,650 m/z with the following settings: SIM full scan resolution was 60,000 at 200 m/z; AGC: 3e6; maximum IT: 50 ms. DIA scans were set at a resolution of 30,000; AGC: 3e6; maximum IT: auto; normalized collision energy was 30 eV. Spectronaut was used to search the pre-existing spectral library against DIA data for analysis. All results were filtered based on FDR < 1%. We used the Wu Kong platform1 for missing-value imputation. Differentially expressed proteins (DEPs) between two groups were selected with a fold change (FC) greater than 1.2 or lower than 0.83 and a p-value less than 0.05 (Student’s t-test). They were annotated with GO, and further bioinformatic analysis was performed.



2.12. Transmission electron microscopy

A segment of the saphenous nerve was isolated proximal to the right knee joint, placed in 4% glutaraldehyde diluted with (0.1 M sodium cacodylate buffer) and stored at 4°C for at least 1 week. The nerve samples were then removed from the fixative and rinsed three times with 0.1 M sodium cacodylate buffer. The samples were fixed in 1% osmium tetroxide for 2 h, rinsed with PBS (3 times, 5 min), and then placed in 0.25% uranyl acetate (4°C) overnight. The samples were then dehydrated in a graduated series of acetone: 50, 70, and 90% for 15 min separately, and finally 100% for 10 min. The samples were then dried in 100% acetone for 10 min. The samples were infiltrated with Epon–Araldite resin and placed in a 2:1 ratio of dried 100% acetone to resin for 2 h, followed by a 1:1 ratio of dried 100% acetone to resin for 2 h. The samples were then placed in 100% Epon–Araldite resin for 2 h and cured in an oven at 36°C for 12 h, 48°C for 12 h, and 60°C for 24 h. Finally, using an LKB Huxley ultramicrotome with a diamond knife, the samples were sectioned into 70-nm thick slices. Cross-sectional slices of nerves were placed into a copper wire grid consisting of 300 individual squares per inch (each square measuring 83 × 3 × 58 mm) and then stained with 2% aqueous uranyl acetate for 10 min, followed by lead citrate for 4 min.



2.13. Statistical analysis

All data are expressed as mean ± standard error of the mean. Statistical analysis was conducted using GraphPad Prism 6 (GraphPad Prism Software Inc., San Diego, United States). Normality was checked for all analyses. Two-way ANOVA followed by Tukey’s multiple comparison tests was performed to evaluate EA’s effects on weight-bearing deficits (WBD) and hind paw pain thresholds. For subsequent experiments, a one-way ANOVA was performed followed by Tukey’s multiple comparison test. A p-value <0.05 was considered statistically significant.




3. Results


3.1. Electroacupuncture at the midterm phase of inflammatory pain alleviated inflammatory pain behaviors and cartilage damage in monoiodoacetate-induced knee osteoarthritis rats

First, we observed the effect of EA during the early phase of the inflammatory pain (abbreviated as early EA), which is performed daily from day 1 to day 3 after MIA injection (Figures 1A–E). In MIA-induced KOA rats, inflammatory pain behaviors, such as the ipsilateral weight bearing deficit (WBD) and the decrease in the hind paw withdrawal threshold (HPWT), began on day 1 after MIA injection, reached the worst on day 3 after MIA injection, and then began to recover in the following days (Figures 1D,E). Therefore, the initial 3 days of the inflammatory pain were considered to be its early phase. However, early EA did not alleviate the WBD and HPWT at any time point of the intervention, which even worsened on day 1 after the MIA injection (Figures 1D,E). These results indicated that early EA is not feasible to alleviate inflammatory pain behaviors in KOA rats.

EA at the midterm phase of the inflammatory pain (abbreviated as midterm EA) was performed every other day from day 5 to day 9 after the MIA injection (Figures 1A,F,G). Midterm EA alleviated the WBD at day 7 and day 9 after MIA injection, whereas there was no significant WBD difference between the model and EA groups at other time points of the intervention (Figure 1F). WBD is a measure of spontaneous pain associated with joint inflammation (Lorton and Bellinger, 2015). We then observed the histopathological alterations of the synovium and found that midterm EA suppressed the hyperplasia of the synovium on day 9 after MIA injection (Figure 1H). The HPWT was used to determine secondary allodynia distal to the injured joint that can be indicative of nerve injury (Malfait, 1999). On day 14 after the MIA injection, the HPWT increased, and the cartilage damage score was decreased in the midterm EA group in comparison with that in the model group (Figures 1G,I,J), implying that EA alleviated the secondary allodynia on day 14 after MIA injection. These findings indicate that midterm EA may be optical to alleviate the spontaneous pain behaviors, and hyperplasia of the synovial membrane on day 9 after MIA injection, and relieve the secondary allodynia and cartilage damage on day 14 after MIA injection in KOA rats.



3.2. Electroacupuncture regulates the inflammatory response in the synovium of knee osteoarthritis rats

We detected the proteomics of the synovium of rats on the 9th day. We screened according to p < 0.05 and foldchange (FC) > 1.2. A total of 222 DEPs were identified, of which 144 were up-regulated and 78 were down-regulated (Figure 2A). GO analysis of these DEPs revealed that they were enriched in terms of response to cytokine, positive regulation of extrinsic apoptotic, signaling pathway, acute-phase response, stress−activated MAPK cascade, positive regulation of Fc-gamma receptor signaling pathway involved in phagocytosis, and negative regulation of cytokine−mediated signaling pathway (Figure 2B). We found that they were enriched in terms related to immune regulation and response. Thus, we analyzed the DEPs in the model group and the Ea group. DEPs were enriched in terms of cellular response to IL-6, negative regulation of interleukin-1 beta production, the production of cytokines and other regulatory factors. The remaining terms include the negative regulation of cytokine-mediated signal pathway, the regulation of innate immune response, leukocyte migration involved in the inflammatory response, positive regulation of inflammatory response, activation of MAPKK activity, and regulation of ERK1 and ERK2\Cascade (Figure 2C). These findings suggest that macrophage-secreted cytokines may be involved in the regulation of EA on synovitis.
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FIGURE 2
 EA regulates the inflammatory response in the synovium of KOA rats. The features of differentially expressed proteins (DEPs) of the synovitis in the model group compared with those of the EA group. (A) DEP profiles were hierarchically clustered and shown as a heatmap wherein 222 proteins were up-regulated (red) or down-regulated (blue). (B) Gene ontology analysis of DEPs: Enriched with terms of response to cytokine, positive regulation of extrinsic apoptotic, signaling pathway, acute-phase response, stress−activated MAPK cascade, positive regulation of Fc-gamma receptor signaling pathway involved in phagocytosis, and negative regulation of cytokine−mediated signaling pathway. (C) Gene ontology analysis of DEPs: Enriched in terms related to immune regulation and response (n = 8): cellular response to IL-6, negative regulation of interleukin-1 beta production, negative regulation of cytokine-mediated signal pathway, the regulation of innate immune response, leukocyte migration involved in the inflammatory response, positive regulation of inflammatory response, activation of MAPKK activity, and regulation of ERK1 and ERK2 Cascade.




3.3. Midterm electroacupuncture suppressed the levels of the proinflammatory cytokines in the synovium of monoiodoacetate-induced knee osteoarthritis rats

To uncover the molecular mechanisms underlying EA’s protective effects, we examined the cytokine levels in the synovium and serum. The results demonstrated that the levels of proinflammatory cytokines CXCL1, IL-6, TNF-α, and IL-1β were increased on day 1 after MIA injection; however, the levels of proinflammatory cytokines CXCL1 and IL-6 were increased more by early EA (Figure 3A), correlating with the behavioral results that early EA was unable to alleviate inflammatory pain behaviors in KOA rats. We then observed the change in cytokines by midterm EA on day 9 after the MIA injection. The results demonstrated that when compared with the control group, the levels of proinflammatory cytokines CXCL1, IL-6, TNF-α, and IL-1β were increased in the model group but decreased in the EA group (Figure 3B). The levels of proinflammatory cytokine IFN-γ and anti-inflammatory cytokines IL-4, IL-10, and IL-13 in the synovium did not differ significantly among the three groups (Figure 3B). Furthermore, the serum levels of all cytokines did not differ significantly among the three groups (Figure 3C). These findings suggest that midterm EA suppressed the levels of proinflammatory cytokines CXCL1, IL-6, TNF-α, and IL-1β in the synovium and that the inflammation in MIA-induced KOA rats is limited to the joint but not systemic.
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FIGURE 3
 Midterm EA suppressed the levels of proinflammatory cytokines CXCL1, IL-6, TNF-α, and IL-1β in the synovium of MIA-induced KOA rats. (A) The levels of proinflammatory cytokine CXCL1, IL-6, TNF-α, and IL-1β were increased on day 1 after MIA injection; however, the levels of proinflammatory cytokine CXCL1, IL-6 in the early EA group were increased more than those in the model group, whereas no significant difference was observed in the levels of proinflammatory cytokine TNF-α and IL-1β between the model group and the early EA group on day 1 after MIA injection (n = 12, *p < 0.05, **p < 0.01, ***p < 0.001). (B) The levels of proinflammatory cytokine CXCL1, IL-6, TNF-α, and IL-1β were increased on day 9 after MIA injection in the model group, whereas they were decreased in the midterm EA group (n = 9, *p < 0.05, **p < 0.01, ***p < 0.001). No statistical difference was observed in the levels of cytokine IFN-γ, IL-4, IL-10, and IL-13 in the synovium among the three groups. (C) No statistical difference was observed in the levels of all cytokines in the serum among the three groups (n = 9, *p < 0.05, **p < 0.01, ***p < 0.001).




3.4. Electroacupuncture-activated sympathetic noradrenergic signaling to suppress the levels of CXCL1 and IL-6 in the synovium in a β2AR-mediated manner

To characterize the role of sympathetic function in the anti-inflammatory effect of midterm EA in MIA-induced KOA rats, we measured the levels of norepinephrine (NE), epinephrine, and corticosterone (CORT) in the plasma among the three groups but no significant differences were observed (Figures 4A–C). We examined the levels of norepinephrine in the synovium and found that the level of NE in the synovium decreased in the model group but increased after EA on day 9 after MIA injection (Figure 4D). Immunohistochemical staining of the synovium also revealed that the expression of dopamine-β-hydroxylase (DBH) positive sympathetic nerve was decreased in the model group and increased in the EA group (Figure 4E). These results indicated that the sympathetic nerve transmitters NE in the synovium played a role in the anti-inflammatory effect of EA. The expressions of α1, α2, and β2-AR in the synovium on day 9 after MIA injection were measured using Western Blot technology. We found that the expression of β2-AR in the synovium was decreased in the model group compared with the control group, but increased after EA treatment (Figure 4F). Furthermore, no significant difference was observed in the expression of α1-AR in the synovium among the three groups (Figure 4G). The expression of α2-AR in the synovium was increased in the model and EA groups, but there was no significant difference between that in the model group and the EA group (Figure 4H). To further identify whether NE and β2-AR participated in the anti-inflammatory effect of EA, we used chemical denervation of noradrenergic fibers (6-OHDA) and the β2-AR antagonists (ICI 118,551) to assess the ipsilateral WB and cytokine levels in the synovium of MIA-induced KOA rats (Figure 4I). The results demonstrated that intra-articular injection 6-OHDA and ICI 118,551 blocked the effect of EA on the WB deficits (Figure 4J). Moreover, 6-OHDA and ICI 118,551 eliminated EA-induced suppression of CXCL1 and IL-6 (Figures 4K,L). These results indicated that EA increased the level of NE to suppress the levels of CXCL1 and IL-6 in the synovium in a β2AR-mediated manner.
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FIGURE 4
 Midterm EA increased sympathetic nerve transmitters NE to suppress the levels of CXCL1 and IL-6 in the synovium in a β2AR-dependent manner on day 9 after MIA injection. (A–C) No significant difference was observed in the levels of NE, epinephrine, and corticosterone in the plasma among the three groups (n = 10–12, *p < 0.05, **p < 0.01, ***p < 0.001). (D) The levels of NE in the synovium were decreased in the model group in comparison with those of the control but were increased in the EA group (n = 10, *p < 0.05, **p < 0.01, ***p < 0.001). (E) Immunohistochemical staining of the synovium revealed that the expression of DBH-positive sympathetic nerve was decreased in the model group and was increased in the EA group (n = 3). (F) The expression of β2-AR in the synovium was decreased in the model group in comparison with the control but was increased in the EA group (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001). (G) No significant difference was observed in the expression of α1-AR in the synovium among the three groups (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001). (H) The expression of α2-AR in the synovium was increased in the model and EA groups, but there was no significant difference between that in the model group and the EA group (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001). (I) Intra-articular injections of 6-OHDA and ICI 118,551 were performed to block neurotransmitters NE and its β2-AR. (J) Intra-articular injection of 6-OHDA and ICI 118,551 blocked the protective effect of EA on the WBD. (K,L) Intra-articular injection of 6-OHDA and ICI 118,551 blocked EA-induced suppression of the levels of CXCL1 and IL-6 (n = 8, *p < 0.05, **p < 0.01, ***p < 0.001).


As LC and RVLM are important sympathetic centers, we observed that EA activated noradrenergic neurons in the LC and RVLM, as indicated by the increase of c-fos + TH positive neurons in the LC, and the RVLM increased after EA (Figures 5A–D). The paraventricular nucleus of the hypothalamus (PVN) is involved in the activation of the sympathetic function. However, consistent with the results of plasma CORT levels, we did not observe activation of the c-fos + CRH positive neurons in the PVN (Figure 5E), indicating that the PVN did not participate in the anti-inflammatory effect of EA in KOA rats.
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FIGURE 5
 EA activated the neurons in the LC and RVLM. (A,B) TH + c-fos positive neurons in the LC increased after EA. (C,D) TH + c-fos positive neurons in the RVLM increased after EA. **p < 0.01. (E) No co-expression of CRF + c-fos positive neurons was observed in the PVN of rats in the two groups. n = 4 in each group.




3.5. Electroacupuncture suppressed the CXCL1-CXCR2-dependent overexpression of IL-6 in macrophages of the synovium in knee osteoarthritis rats

According to the aforementioned results, the chemokine CXCL1 and the cytokine IL-6 were the most important cytokines in the EA-induced anti-inflammatory effect. We performed a correlation analysis of the two cytokines and found that there was a positive correlation between the levels of CXCL1 and IL-6 in the synovium in all groups (Figure 6A) except for the control group (data not shown). The hemogram analysis demonstrated that the number and percentage of the circulating monocytes were increased in the model group but decreased in the EA group (Figures 6B,C). Immunohistochemical staining of the synovium also revealed that the co-expression of IL-6 and CD68 + macrophage was increased in the synovium in the model group, but decreased in the EA group (Figure 6D). Flow Analysis revealed that the number of CD11b + CD86 + M1 macrophages in the synovium was increased in the model group but decreased in the EA group (Figures 6E–H). These results indicated that EA inhibited the CXCL1-CXCR2-dependent overexpression of IL-6 of macrophages in the synovium of MIA-induced KOA rats.
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FIGURE 6
 EA inhibited the CXCL1-dependent overexpression of IL-6 in macrophages of the synovium. (A) All groups except the control group exhibited a positive correlation between the levels of CXCL1 and IL-6 in the synovium (data not shown). (B) The number of circulating monocytes was increased in the model group but decreased in the EA group. (C) The percentage of circulating monocytes increased in the model group but decreased in the EA group. (D) The co-expression of IL-6 and CD68 + macrophage was increased in the synovium in the model group but decreased in the EA group. (E–H) In Flow Analysis, the number of CD11b + CD86 + M1 macrophages in the synovium was increased in the model group but decreased in the EA group. (n = 5, *p < 0.05, **p < 0.01, ***p < 0.001).


We then examined the expression of CXCR2, the receptor of chemokine CXCL1, and observed that the expression of CXCR2 protein was increased in the synovium on day 9 after MIA but decreased after EA (Figure 7A). Immunochemical staining revealed that the CXCR2-positive cells were collated with the CD11b + macrophages, and EA suppressed the increase in CXCR2 expression in the synovium (Figure 7B). C-Raf is a typical signal transducer involved in chemokine receptor activation, including CXCR2, and the MAPK pathway comprises several key signaling components, including ERK. We found that EA also suppressed the phosphorylation of ERK and MEK in the synovium of KOA rats (Figures 7C,D). These findings imply that the anti-inflammatory effect of EA on the synovitis of MIA-induced-KOA rats is mediated by suppressing the CXCL1-CXCR2 axis through the MAPK/ERK signaling pathway.
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FIGURE 7
 The anti-inflammatory effect of EA on synovitis is mediated by suppressing the CXCL1-CXCR2 axis. (A) The expression of CXCR2 protein in the synovium was measured using Western Blotting (n = 3, *p < 0.05, **p < 0.01). (B) The co-expression of CXCR2 and the CD11b + macrophage in the synovium (n = 3). (C) The expression of phosphorylation ERK in the synovium. (D) The expression of phosphorylation MEK in the synovium. n = 4–6 in each group (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001).




3.6. Electroacupuncture alleviated peripheral nerve damage in monoiodoacetate-induced knee osteoarthritis rats

Finally, we observed the peripheral nerve damage which is associated with the referred hind paw pain on day 14 after MIA in KOA rats. Saphenous nerve demyelination was observed on day 14 after MIA, yet EA prevented saphenous nerve demyelination (Figure 8A). These results suggested that peripheral nerve damage occurred on day 14 after MIA in KOA rats, but EA prevented peripheral nerve damage by inhibiting saphenous nerve demyelination.
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FIGURE 8
 Electroacupuncture alleviated peripheral nerve damage and reduced firing rate in MIA-induced KOA rats. Representative sections of electron micrographs of axons found in the saphenous nerves were taken on day 14 after MIA in the control, model, and EA groups. The yellow arrow indicates nerve myelin damage; the red arrow indicates Schwann cell damage. The scale bar is 6 mm (n = 3).





4. Discussion

In the present study, midterm EA suppressed the onset of synovitis on day 9 after MIA injection in KOA rats by activating the sympathetic noradrenergic signaling pathway. EA stimulated the release of the sympathetic NE, which inhibited CXCL1-CXCR2-dependent overexpression of IL-6 in the synovial macrophages in a β2AR-mediated manner, and relieved referred hind paw pain on day 14 after MIA. Our study confirmed that EA suppressed CXCL1-CXCR2-dependent overexpression of IL-6 in the synovial macrophages to relieve referred hind paw pain by activating the sympathetic noradrenergic signaling in MIA-induced KOA rats. Moreover, the inflammation in MIA-induced KOA rats was limited to the joint but not the systemic level. EA only elevated the level of NE in the synovium but not systemic NE or systemic adrenaline, to suppress the levels of the proinflammatory cytokines CXCL1, IL-6, TNF-α and IL-1β in the synovium, thereby exerting a local anti-inflammatory effect.

In recent decades, the role of the sympathetic nervous system (SNS) and, in particular, its major peripheral catecholamine NE in the pathogenesis of OA has attracted growing interest. Understanding the SNS in inflammatory joint disease elucidated various pro and anti-inflammatory perspectives: the early neurogenic proinflammatory role and the immunosuppressive role in later stages (Elenkov et al., 2000). Therefore, the time point of intervention is crucial for controlling joint inflammation. In the present study, early EA (EA from day 1 to day 3 after MIA) neither suppressed the levels of the proinflammatory cytokines nor alleviated the referred hind paw pain, indicating that in the acute phase of inflammatory pain of the MIA-induced KOA rats, EA is ineffective for controlling the joint inflammation. We observed that midterm EA (EA from day 5 to day 13 after MIA) suppressed the levels of proinflammatory cytokine CXCL1, TNF-α, IL-1β, and IL-6 in the synovium, and alleviated the WBD on day 9 after MIA, suggesting that midterm EA is appropriate for suppressing inflammatory pain behaviors and synovitis.

Synovial cells express several ARs, such as α1-AR, α2-AR, and β2-AR, which can respond to varying NE levels (Sohn et al., 2021). The loss of sympathetic nerve fibers is speculated to be accompanied by decreased concentrations of NE, causing this neurotransmitter to bind predominantly to α-adrenoceptors (higher affinity) but not β2-AR (Sohn et al., 2021). The reduction of the NE level and the β2-adrenoceptor signaling in synovial tissues are involved in the inflammatory response of synoviocytes in adjuvant-induced arthritic rats (Wu et al., 2019). Furthermore, NE inhibits TNF-α and IL-8 secretion mediated by β2-ARs in synovial macrophages derived from OA and RA patients (Jenei-Lanzl, 2015). The β2-adrenergic agonist salbutamol has been identified as a potent suppressor of collagen-induced arthritis (Malfait et al., 1999). In the present study, we observed that EA reversed both the decrease in the concentration of NE and the expression of β2-AR after MIA, thereby suppressing the inflammation in the synovium. Despite the increased expression of α2-AR in the model group, no obvious difference was observed between the model group and the EA group. We conclude that EA increases NE levels to suppress synovitis by activating β2-AR.

Inflammatory conditions, such as those present in KOA synovial tissue, lead to the immigration of monocytes and their differentiation into macrophages. In MIA-induced KOA rats, damage-associated molecular patterns (DAMPs) trigger monocyte/macrophage recruitment and activation in the joints as drivers of OA symptoms and pathology (Griffin and Scanzello, 2019). In OA synovium and cartilage, cytokines associated with M1 macrophages (e.g., TNF-α, IL-1β, and IL-6) are well established for their role in stimulating pro-catabolic mediators, such as aggrecanases and MMPs. Mice with a pro-inflammatory M1 bias had developed greater synovial inflammation and cartilage pathology (Zhang et al., 2018). Accordingly, the focus on synovial macrophages as drivers of OA symptoms has led to therapeutic strategies involving the removal of synovial macrophages. Crosstalk between SNS and the immune system is crucial for health and well-being. β2-AR has been proposed to mediate the crosstalk between sympathetic neurons and immune cell trafficking (Lorton and Bellinger, 2015). Activating local colonic sympathetic innervations, but not systemic sympathetic activation attenuates colitis by limiting immune cell extravasation in an β2AR-mediated manner (Schiller et al., 2021). In the present study, EA inhibited circulating monocyte trafficking to synovial macrophages and decreased the levels of M1 macrophage-associated cytokines TNF-α, IL-1β, and IL-6 in an β2AR-mediated manner. These findings indicate that EA-induced inhibition of synovitis is mediated by activating sympathetic noradrenergic signaling to limit monocyte/macrophage cell extravasation in the synovium.

In the present study, a positive correlation was observed between the levels of CXCL1 and IL-6, and antagonists of NE (6-OHDA) and β2-AR (ICI 118,551) blocked the inhibition effect of EA on CXCL and IL-6, indicating that EA-induced increase in NE inhibited CXCL1-dependent overexpression of IL-6 in the synovium by activating β2-AR. Chemokines are well-recognized for their involvement in the migration of circulating cells into inflammatory tissue. CXCL1 acts as an important proinflammatory chemokine by binding specifically to its corresponding G protein-coupled receptor chemokine (CXC motif) receptor 2 (CXCR2) (Hou et al., 2020). CXCL1 levels are low under normal physiological conditions and substantially increase during inflammatory conditions, and CXCL1 expression appears to be increased in OA patients (Borzi et al., 1999). CXCR2 activates multiple signaling pathways, such as the PI3K/Akt, PLC/PKC, MAPK, ERK, P38, and JAK/STAT3 pathways (Cheng et al., 1871; Zhang et al., 2017). MAPK proteins are a family of serine/threonine protein kinases commonly activated by proinflammatory cytokine stimulation, which in turn regulate the production of inflammation mediators (Kaminska, 2005). The chemokine CXCL1 induced the overexpression of cytokine IL-6 in the synovium of KOA patients through the CXCR2, c-Raf, MAPK, and AP-1 pathways (Hou et al., 2020). Our findings indicate that CXCL1/CXCR2 axis triggers the activation of MAPK signaling, including MEK and ERK proteins to promote synovitis, which was inhibited by EA. Moreover, EA reversed the increased expression of the CXCR2 in macrophages. CXCL1 is the master chemokine responsible for the recruitment of macrophages by binding with CXCR2 (Xu et al., 2021). Overall, our study demonstrated that EA inhibited CXCL1-CXCR2-dependent recruitment of macrophage and its overexpression of IL-6 in the synovium by activating the sympathetic noradrenergic signaling pathway (Figure 9).
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FIGURE 9
 Schech map of the anti-inflammatory effect of EA in MIA-induced KOA rats. EA inhibited CXCL1/CXCR2-dependent recruitment of macrophage and its overexpression of IL-6 in the synovium by activating the β2-AR.


Several approaches have been developed to address the relationship between central and peripheral neuroinflammation with LC (Feinstein et al., 2016). Central activation of the LC-NE system leads to the central release of NE throughout the brain, thus inducing the peripherally increasing sympathetic output, which includes the release of NE from the varicose sympathetic nerve terminals and epinephrine from the adrenal medulla. Functionally, two sympathy-excitatory brain areas—the PVN/CRH and LC/NE/sympathetic systems—seem to participate in a positive, reverberatory feedback loop (Elenkov et al., 2000). However, in the present study, no c-fos + CRH positive neuron was observed in the PVN, and no obvious change was observed in the plasma levels of epinephrine and CORT, but increased synovial NE levels were observed after EA. The results suggested that the integrity of the LC descending pathway is crucial for controlling arthritic joint inflammation by EA, consistent with that of a previous study on the anti-inflammatory role of the LC descending pathway in experimental arthritis (Bassi et al., 2017).

Low-level inflammation is believed to contribute to degenerative changes and the development of peripheral sensitization and nociceptive pain. Pro-inflammatory cytokines such as IL-6 and TNF-α have been demonstrated to induce the peripheral sensitization of joint nociceptors and contribute to enhanced pain sensation (Schaible, 2014). A significant correlation between KOA pain and CXCL1, IL-6 has also been reported (Nees et al., 2019; Valiate et al., 2019). The attenuation of early-phase inflammation by cannabidiol has been confirmed to prevent pain and nerve damage in rat OA (Philpott et al., 2017). In the present study, EA suppressed the inflammation in the synovium on day 9 after MIA and alleviated referred hind aw pain on day 14 after MIA. Therefore, EA attenuated the mid-term phase of inflammation to prevent referred pain in the later phase in KOA rats, yet its mechanism requires further investigation.

Overall, our study identifies the effect of EA on the anti-inflammatory effect in KOA rats and uncovers the mechanism related to sympathetic noradrenergic signaling. Our study also helps in the development of novel therapeutic strategies for inflammatory diseases.



5. Conclusion

EA at the midterm phase of inflammatory pain activated the sympathetic transmitter NE and its β2-AR in the synovium without increasing the systemic NE or adrenaline in the circulation, to inhibit CXCL1-CXCR2-dependent overexpression of IL-6 in the synovial macrophages on day 9 after MIA injection and to prevent referred hind paw pain on day 14 after MIA injection, thereby exerting a local effect on the inflammatory pain in MIA-induced KOA rats.
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Background: Acupuncture, a traditional Chinese medicine therapy, is an effective migraine treatment, especially in improving pain. In recent years, many acupuncture brain imaging studies have found significant changes in brain function following acupuncture treatment of migraine, providing a new perspective to elucidate the mechanism of action of acupuncture.

Objective: To analyse and summarize the effects of acupuncture on the modulation of specific patterns of brain region activity changes in migraine patients, thus providing a mechanism for treating migraine by acupuncture.

Methods: Chinese and English articles published up to May 2022 were searched in three English databases (PubMed, Embase and Cochrane) and four Chinese databases (China national knowledge infrastructure, CNKI; Chinese Biomedical Literature database, CBM; the Chongqing VIP database, VIP; and the Wanfang database, WF). A neuroimaging meta-analysis on ALFF, ReHo was performed on the included studies using Seed-based d Mapping with Permutation of Subject Images (SDM-PSI) software. Subgroup analyses were used to compare differences in brain regions between acupuncture and other groups. Meta-regression was used to explore the effect of demographic information and migraine alterations on brain imaging outcomes. Linear models were drawn using MATLAB 2018a, and visual graphs for quality evaluation were produced using R and RStudio software.

Results: A total of 7 studies comprising 236 patients in the treatment group and 173 in the control group were included in the meta-analysis. The results suggest that acupuncture treatment helps to improve pain symptoms in patients with migraine. The left angular gyrus is hyperactivation, and the left superior frontal gyrus and the right superior frontal gyrus are hypoactivated. The migraine group showed hyperactivation in the corpus callosum compared to healthy controls.

Conclusion: Acupuncture can significantly regulate changes in brain regions in migraine patients. However, due to the experimental design of neuroimaging standards are not uniform, the results also have some bias. Therefore, to better understand the potential mechanism of acupuncture on migraine, a large sample, multicenter controlled trial is needed for further study. In addition, the application of machine learning methods in neuroimaging studies could help predict the efficacy of acupuncture and screen migraine patients suitable for acupuncture treatment.

KEYWORDS
migraine, functional magnetic resonance imaging, acupuncture, meta-analysis, brain regions modulation


1. Introduction

Migraine is a chronic, primary, intermittent headache disorder characterized by moderate or severe headache attacks, reversible neurological symptoms, and autonomic changes (1). The most typical symptoms include photophobia, vocal intolerance, hyperalgesia on the skin, gastrointestinal discomforts such as nausea and vomiting (2). In addition, migraine patients may have other neurological symptoms such as dizziness, tinnitus, neck pain, depression, and cognitive impairment. Migraine has been ranked by the WHO as one of the most prevalent and second-most disabling neurological disorders worldwide (3), especially in adults between the ages of 25–50. The annual incidence and lifetime prevalence are higher in women than men, at 18 and 33%, respectively (4). Migraines not only affect the quality of life and work efficiency of patients but also bring a tremendous economic burden to society (5).

With the development of molecular biology, genetics and other technologies, people have gradually deepened their understanding of the pathogenesis of migraine. The main mechanisms related to migraine are vascular theory, trigeminal vascular system, neurogenic inflammation, cortical diffusion inhibition and gene inheritance (6, 7). In recent years, the application of brain imaging technology to reveal the pathogenesis of migraine has gradually become an increasing focus of research. Migraine patients present with progressive brain structure and function damage. A voxel-based brain imaging study found that the cingulate cortex, amygdala, insula, frontal lobe and temporal lobe are closely associated with migraine attacks (8). The development of neuroimaging technology provides a new idea for exploring the central pathogenesis of migraine (9). The overuse of drugs is one of the main reasons for migraine, a hot research topic. Medications now commonly used to treat migraine include non-steroidal anti-inflammatory drugs, acetaminophen, ergotamine, migraines' high global disability rate. Therefore, seeking an effective and safe alternative therapy is in line with the requirements of the Healthy China 2030 Plan (10).

Acupuncture is an integral part of traditional medicine and is one of the most common complementary alternatives worldwide, and is widely used in clinical practice in the treatment of migraines. Acupuncture, a traditional Chinese medicine procedure, has been widely used to alleviate diverse types of pain for over 2000 years. In recent years, a growing number of clinical studies have confirmed that acupuncture is the most effective and safe treatment for migraines (11, 12). A meta-analysis of acupuncture for migraines showed that acupuncture had more significant advantages in improving the head frequency of migraine, Visual Analog Scale (VAS), and response rates compared with sham acupuncture (13). Although the application of acupuncture has shown promising efficacy in the clinic, the mechanism of acupuncture still needs to be explored (14).

Neuroplasticity, also known as brain plasticity, is the ability of neural networks in the brain to reorganize and alter structure and function. One of the techniques used to measure neuroplasticity is resting-state functional MRI (rs-fMRI). Because of its simple and easy operation, good spatial resolution, it can locate neurons with spontaneous activity relatively accurately and objectively and is widely used to evaluate the brain network of subjects in a resting state (15). The main analytical methods in rs-fMRI technology include the amplitude of low-frequency fluctuation (ALFF) and regional homogeneity (ReHo) (12). ALFF mainly reflects the brain's inherently low frequencies, while ReHo is used to assess the temporal homogeneity of regional blood oxygen levels dependent on signals. In order to better reveal the intrinsic neural mechanism of action of acupuncture in the treatment of diseases, more and more studies have applied rs-fMRI technology to clinical trials of acupuncture for the treatment of diseases. Since 2008, nearly 30 studies have provided visual evidence of acupuncture treatment for migraine (16). However, due to the different design purposes of the studies, the selected observation area and the sample size are separate, so the imaging evidence for acupuncture treatment of migraine has not yet reached a consensus, which also affects the clinical application of acupuncture to a certain extent.

In recent years, functional neuroimaging studies on the treatment of migraine with acupuncture have increased significantly. These studies are conducive to exploring the plastic regulation of acupuncture on abnormal brain function and functional networks in migraine patients. Some researchers reviewed the neuroimaging research of acupuncture treatment of migraine in recent 10 years from two aspects of the central mechanism of acupuncture prevention and treatment of acute migraine attack and summarized the neuroimaging research status of acupuncture treatment of migraine from two elements of acute analgesia and prevention (17). Another neuroimaging meta-analysis of acupuncture treatment of migraine summarized the published neuroimaging research results of acupuncture treatment of migraine (16). It is concluded that acupuncture can induce different responses in different brain regions of migraine patients, affecting brain activity mainly through regulating pain-related systems. Previous studies mainly summarized the related brain regions descriptively based on the original data. Although it can be concluded that acupuncture has a regulatory effect on the brain regions of migraine patients, it is relatively subjective. Moreover, whether this regulatory effect is related to the intervention of acupuncture on certain specific cerebral regions in migraine patients remains to be further studied.

Therefore, to more objectively explain the neural mechanism of the specific and non-specific effects of acupuncture in the treatment of migraine and clarify which brain regions play an essential role in the treatment of migraine, we applied signed differential mapping (SDM), a new generation of coordinate-based meta-analysis (CBMA) algorithms for analyzing rs-fMRI data from the included study (18). By using the peak coordinates and t-values in the included studies, it reassigns the values for each study, is as close as possible to the original research results, tests the heterogeneity, selects the model of random effects, and combines the statistics to obtain coordinate points with statistical differences, which can be analyzed and found in many studies, produce objective, credible and influential research results.

This study aims to use the Seed-based d Mapping with Permutation of Subject Images (SDM-PSI) approach to conduct a meta-analysis of the currently published neuroimaging studies of acupuncture for migraines and to reveal the differential effects of acupuncture treatment on brain regions. The main results summarized in this study may provide new insights and understanding for future studies on brain imaging mechanisms in acupuncture for migraine.



2. Materials and methods

We conducted a meta-analysis based on the Cochrane Handbook for Systematic Reviews of Interventions manual. All research procedures follow the recommendations of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) in Supplementary Table S1. This study is already registered in the Systematic Review Prospective Register (CRD42022323647).


2.1. Literature search

Studies included neuroimaging studies about the effect of acupuncture in treating migraine patients. From the inception of the database until May 2022, two independent researchers worked on three English databases (PubMed, Embase and Cochrane) and four Chinese databases (China national knowledge infrastructure, CNKI; Chinese Biomedical Literature database, CBM; the Chongqing VIP database, VIP; and the Wanfang database, WF) for retrieval. The following English search terms were used: “acupuncture,” “fMRI” and “migraine.” The references of all included articles are subjected to secondary examination, and the specific search strategies are supplemented in Supplementary Table S2. The literature search language is limited to Chinese and English, and each database is searched based on its own characteristics.



2.2. Inclusion and exclusion criteria

Two researchers searched the entire literature, screened the titles, abstracts, and full texts of the essays, and the following inclusion criteria are formulated according to the PICO standard: (1) Participants: The study was conducted on migraine patients and healthy people of any age and gender, and migraine patients met the diagnostic criteria for migraine (2); (2) Interventions: Only manual acupuncture or electroacupuncture in the treatment group. We have no restrictions on the intensity, frequency or duration of treatment; (3) Comparison groups: The comparison group can be treated with any non-acupuncture method, including sham acupuncture, placebo, basic medication, etc. Meanwhile, health controls are also included as a basis for comparison. But they should be consistent with the baseline information of the intervention group (e.g., age, gender, etc.); (4) Outcomes: The results include functional imaging of the whole brain (ALFF or ReHo) in the resting functional state; The result are present in three-dimensional coordinates (x, y, z) reported by the standard stereotactic space Talairach or Montreal Neurological Institute (MNI); If the study involves two or more comparable data, all samples are included (5). Original article, clinical randomized controlled trial; Articles on the study of changes in spontaneous brain activity caused by acupuncture, using rs-fMRI as the primary technical means.

Exclusion criteria: (1) Poor research quality, lack of full text, incomplete and inaccurate literature; (2) Irrelevant articles, reviews, case reports, research protocols, meta-analyses, etc; (3) The study was conducted using only the imaging analysis method of the region of interest (ROI); (4) The sample size for each group of studies was <5.



2.3. Data extraction

Extract data from the included literature, form a standard style, mainly containing the year of publication of the document, the name of the first author, the basic information of the participants, For example, migraine type and duration, age and sex, sample size of patients in each group, intervention design (modality of operation and duration of treatment), neuroimaging information (fMRI parameters, coordinates, and t-values), secondary outcomes of the study. For the incomplete provision of literature data, get in touch with the corresponding author by email or phone to obtain the data needed for meta-analysis. Data extraction is carried out independently by two members, needs to be cross-checked, and if there is any disagreement, it can be discussed in a targeted manner or resolved according to the opinion of the third part.



2.4. Quality assessment

Based on those used in previous neuroimaging meta-analyses, a customized checklist was applied to assess the quality of the included studies in Supplementary Table S3 (19, 20). The checklist included 3 categories and evaluated 12 points, mainly focusing on clinical features, the fMRI data collection and analysis techniques, and the quality of the reported results. We also used the Cochrane Bias Risk Tool, with all reports assessed against the following seven criteria: Random sequence generation, allocation concealment, blinding of subjects and participants, blinding of outcome evaluators, incomplete outcome data, selective reporting of findings and other sources of bias. All the steps were independently performed by two authors, and all inconsistencies were resolved by a third author. The study used R software version 4.1.3 and R studio version 2022.02.0 to make visual graphics for quality assessment. Using weighted mean difference (WMD) with 95% CI. The I2 statistic examined heterogeneity. The forest map was used to show the results of hypothesis testing. If necessary, a sensitivity analysis or subgroup analysis will be conducted.



2.5. Data synthesis and meta-analysis

Meta-analysis using Seed-based d Mapping with Permutation of Subject Images (SDM-PSI) (version 6.21, https://www.sdmproject.com/) software, a tutorial on the operation of the division is provided on this website. Firstly, extract the peak coordinates and effect values (t-value or z-value) of the differential brain regions in various studies (treatment group and control group), and the coordinates were uniformly converted to MNI types by software; Reconstruction of images of discrepant brain regions by software reassigns values to each voxel to maximize similarity to the actual study results. Second, meta-analysis consists of calculating the mean of random effects for ReHo values, with the mean plot weighted by the sample size and variance of each study; A homogeneity test was performed on the included studies using software, which could indicate a pooled effect if the test met p > 0.10 and I2 < 50%; After the SDM-PSI plot reconstruction of each included study, a meta-analysis (mean analysis, displacement test, sensitivity analysis, meta-regression analysis) was performed; All results would be reported using the TFCE-based FWE corrected threshold (p < 0.05 and voxel extent ≥10), and obtained voxel clusters with statistically significant differences; Finally, the results were visualized using MRIcronGL software to map the 3D coordinate data to a high-resolution anatomical template. Clinical variables: statistical analyses of continuous data were performed with R software, version 4.1.3 (R Foundation for Statistical Computing, Vienna, Austria), using the Meta and Metafor meta-analysis packages.



2.6. Meta-regression analysis

The potential correlation of clinical variables such as VAS scores, mean age, and head frequency were explored by simple linear regression analysis. Linear regression models were plotted using Matlab 2018a.




3. Results


3.1. Include studies

The database search yielded 274 articles according to the search stategy. 89 duplicates were removed, and 185 articles were excluded after screening titles and abstract. Of the 38 potentially relevant reports, 10 articles were did not use ReHo or ALFF, 16 articles did not have complete data, 5 articles did not use fMRI as the primary method. A total of 7 articles proved eligible after full-text screening. 3 of them belong to a longitudinal study (21–23). Acupuncture intervention was performed on migraine patients to reveal the difference in brain regions pre-and-post acupuncture treatment. Figure 1 represents the PRISMA flow diagram of the article search.


[image: Figure 1]
FIGURE 1
 Flowchart of literature selection.


Trials were published after 2010, each trial enrolled 10–80 patients, which totally including 443 patients (253 migraine patients and 190 healthy controls), fulfilled the inclusion criteria. All of the 7 included studies were patients with migraine without aura (MwoA). There were no significant differences between the two groups in terms of demographic baseline variables such as age, gender, disease status including symptom duration, or secondary outcome measures. All patients in the treatment group underwent 2–8 courses (weeks) of manual acupuncture therapy. All manual acupuncture method in these trials were empirical acupoints, based on the doctors own clinical experience. All seven studies reported fMRI coordinate data, using ReHo and ALFF variables to analyse the effects of brain region activation before and after the acupuncture intervention and its differences with healthy controls. Clinical efficacy was examined by visual analog scale (VAS) (n = 5), self-rating depression scale (SDS) (n = 3), self-rating anxiety (SAS) (n = 3) and head frequency (n = 4). The clinical variables and fMRI data details of the included studies were presented in Tables 1, 2.


TABLE 1 Demographic and clinical characteristics of included studies.

[image: Table 1]


TABLE 2 Scanning methods in the included studies.

[image: Table 2]



3.2. Quality assessment

Quality assessment is based on Quality Assessment Checklist and the Cochrane Bias Risk Assessment Tool. In the Quality Assessment Checklist, we assessed the demographic and clinical characteristics of the studies, sample size, MRI scanner parameters, analytical techniques and the quality of the reported results, with all seven studies scoring >10. In the Cochrane Bias Risk Assessment Tool, only 1 reported the method of generating random sequences (21). All studies have not mentioned the allocation concealment and blind method, and the bias risk is unclear. The evaluation of data for incomplete results depended on whether the baseline data in the studies were clearly shown and all studies included were at low risk. Although none of the studies had a clear study protocol, all expected outcome indicators were reported, including predetermined ones. We prefer to consider studies with two or more secondary outcome indicators reported to be at low risk for selectively reported data (24). Therefore, six studies had a low risk of bias in selective reporting, except Zhao's research (21). In addition, we found no other sources of bias. Overall, the quality of the included studies was poor, mainly in allocation concealment, blinding and blinding of outcome assessment. Figure 2 shows the quality assessment of the 7 included studies.


[image: Figure 2]
FIGURE 2
 Quality assessment of included studies.




3.3. Meta-analysis of brain region changes
 
3.3.1. The effect of acupuncture on the modulation of brain regions in migraine patients

Comparison with pre-acupuncture treatment, patients in post-acupuncture showed hyperactivation in the left angular gyrus (p < 0.05, z = 5.518); And the decreased activity of the right superior frontal gyrus, medial, BA 8 (p < 0.05, z = −3.853). Peak coordinates and cluster breakdowns are shown in Table 3. Differences in the brain regions between pre-and-post acupuncture treatment have been visualized in Figure 3.


TABLE 3 Brain activity changes in patients PRE and POST acupuncture treatment in the coordinate-based meta-analysis.
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[image: Figure 3]
FIGURE 3
 Changes in gray matter regions PRE and POST acupuncture treatment in MCI patients. (A) Left angular gyrus. (B) Right superior frontal gyrus. Important clusters are presented with MRIcron templates.




3.3.2. Differences in brain region between migraine patients and healthy controls

Four cross-sectional studies compared the different brain regions between healthy controls and migraine patients (25–28). The results showed that compared with healthy controls, migraine patients in the treatment group showed hyperactivation in the corpus callosum (p < 0.05, z = 3.665). The right superior temporal gyrus also showed activation. Differences in the brain regions between healthy controls and migraine patients have been shown in Table 4 and Figure 4.


TABLE 4 Brain activity changes in migraine patients vs. healthy controls in a coordinate-based meta-analysis.
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[image: Figure 4]
FIGURE 4
 Regional differences in gray matter between migraine patients and healthy controls before acupuncture treatment.





3.4. Heterogeneity analysis and publication bias

Analysis of heterogeneity revealed variability and diversity among the included studies. Among all 7 studies, the angular gyrus, the left superior frontal gyrus, the right superior frontal gyrus and the corpus callosum showed low between-study heterogeneity of effect size differences in peak coordinate (I2 = 2.54–13.58%). Tables 3, 4 shows the heterogeneity results. In these studies, the Egger tests had insignificant (p = 0.649), and there were no significant publication bias.



3.5. Meta regression analysis

Meta-regression was used to search for the potential correlation between baseline information, subjective scales and brain regions. The meta-regression analysis showed that VAS scores in migraine patients were positive correlated with brain region activity in the left median cingulate/paracingulate gyri in Table 5 and Figure 5. The mean age are associated with the right cortico-spinal projections, right cerebellum, crus II, left cerebellum, crus II and corpus callosum in Table 6 and Figure 6. The head frequency is associated with many regions, including the left superior frontal gyrus, the right cerebellum, crus II, the right cerebellum and the median cingulate/paracingulate gyri in Table 7 and Figure 7. Only one subjective scale showed obvious correlation with brain regions changes. The SAS scores in migraine patients were positive correlated with brain region activity in the left superior frontal gyrus and negative correlated with regional activity in the right cerebellum, the left cerebellum, the corpus callosum and the right superior parietal gyrus in Table 8 and Figure 8. There were no significant correlation between any changes of brain functional regions and gender percentage.


TABLE 5 Meta-regression analysis of VAS scores in treatment group.
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FIGURE 5
 Results of Meta-regression linear model analysis. (A) VAS scores of migraine patients are positive correlated with regional activity in the Left median cingulate/paraxingulate gyri. (B) The effect sizes needed to create this plot were extracted from the peak voxels of the maximum slope difference. All studies are indicated by the empty blue circles. Regression lines (Meta-regression SDM slopes) are shown as straight lines.



TABLE 6 Meta-regression analysis of mean age in treatment group.
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[image: Figure 6]
FIGURE 6
 Results of Meta-regression linear model analysis. Age of migraine patients are positive correlated with regional activity in (A) the right cortico-spinal projections, (B) the right cerebellum, (C) the left cerebellum, and (D) the corpus callosum.



TABLE 7 Meta-regression analysis of head frequency in treatment group.
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[image: Figure 7]
FIGURE 7
 Results of Meta-regression linear model analysis. (A) Head frequency of migraine patients are positive correlated with regional activity in the Left superior frontal gyrus. (B) Head frequency of migraine patients are negative correlated with regional activity in the Right cerebellum, the Right cerebellum, hemispheric lobule and the Left median cingulate/paracingulate gyri.



TABLE 8 Meta-regression analysis of SAS in treatment group.
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[image: Figure 8]
FIGURE 8
 Results of Meta-regression linear model analysis. (A) SAS scores of migraine patients are positive correlated with regional activity in the Left superior frontal gyrus; (B) SAS scores of migraine patients are negative correlated with regional activity in the Right cerebellum, the Left cerebellum, the Corpus callosum and the Right superior parietal gyrus.




3.6. Meta-analysis of secondary outcomes

Manual acupuncture therapy was led to a lower VAS scores when compared to pre-acupuncture (2.44; 95% CI, 2.01–2.88; I2 = 59%), indicating that acupuncture could relieve the patients' painful symptoms. The change in head frequency was also decrease (1.64; 95% CI, 1.26–2.02; I2 = 0%), it has been shown that acupuncture can relieve the frequency of headache attacks in migraine patients. The forest plots are shown in Figures 9A, B.


[image: Figure 9]
FIGURE 9
 Forest plot presenting the study meta-analysis for the (A) VAS scale. (B) head frequency.





4. Discussion

With the widespread use of brain imaging techniques in the field of acupuncture effect mechanisms, there has been an increasing number of studies using fMRI techniques to reveal the central effect mechanisms of acupuncture in the treatment of migraine. In this study, we used the SDM-PSI method to conduct a meta-analysis of the brain imaging data of migraine patients treated with acupuncture and summarized the regulatory effect of acupuncture on migraine brain regions from the neuroimaging perspective. The results of the within-group comparison confirmed the effect of acupuncture on the regulation of brain regions in migraine patients, with activation in the left angular gyrus, left superior frontal gyrus and right superior frontal gyrus after acupuncture treatment. Meanwhile, the comparison between groups showed significant differences in the areas of brain activation in the migraine group after acupuncture treatment compared to healthy controls, mainly in the corpus callosum. In addition, the left cingulate gyrus correlated significantly with VAS scores; the right cortico-spinal projections, left cerebellum, and right cerebellum correlated with the mean age of migraine patients; and the left superior frontal gyrus, right cerebellum, and left cingulate gyrus correlated significantly with headache frequency. Functional features show that these regions are mainly involved in motor, pain, cognitive, control and decision-making. From a neuroimaging perspective, this may provide a possible mechanism for acupuncture in the treatment of migraine.


4.1. Study and experimental design

Of the original studies, we included, only 1 was an RCT. Randomized controlled trials (RCTs) are considered the gold standard for evaluating medical research and allow causal inferences to be made about the effects of the interventions studied (29). Due to sample size limitations in MRI trials, the number of subjects is often limited by practical constraints such as scan time, resulting in a small sample size of subjects included in the study, which in turn prevents a large scale RCT. therefore, larger sample size RCTs should be considered in the design of future clinical trials related to acupuncture. In the original studies, two were task-based fMRI (Tb-fMRI) and five were resting-state fMRI. Rs-fMRI or task-free fMRI requires subjects to be in the “default” or “idle” state as much as possible, whereas Tb-fMRI collects signal changes triggered by pre-designed tasks or passive stimuli (30). Current research on the mechanisms of potential central effects of acupuncture also falls into these two main categories. The rs-fMRI studies of acupuncture usually aim to explore the long-time effects of acupuncture by observing the changes in BOLD before and after a course of acupuncture treatment. Tb-fMRI studies induce precise activation of the brain through a predetermined acupuncture activity or task with the aim of exploring the immediate effects of acupuncture. the most common design of Tb-fMRI is the block design task. Because of the transient nature of pain, Tb-fMRI studies are more relevant than rs-fMRI for exploring the analgesic mechanisms of acupuncture (31). For the data analysis mode of MRI, the included original studies mainly used Reho or Alff for data analysis. Reho mainly describes the similarity of the time series of a given voxel (BOLD signal) with that of its nearest neighbor (BOLD). ALFF, on the other hand, reveals the BOLD signal intensity of regional spontaneous activity. Observing the effects of acupuncture on functional brain activity by combining the results of both analysis methods enables more accurate and comprehensive conclusions to be drawn.

In all included studies, in addition to applying brain imaging techniques to observe the modulation of specific brain regions by acupuncture in migraine patients, subjective scales were likewise used for evaluation. VAS scales is used to measure the intensity of pain perceived by the patient (32). The scale has been proved to be a reliable and effective measurement of pain intensity and is sensitive to clinical changes in pain (33). Of all 7 included studies, except for 2 which did not report secondary outcomes, the VAS scale was used to measure patients' subjective pain. Although the scale is a vital evaluation method in clinical trials, the disadvantage is that patients are too subjective to make the results biased. Therefore, in future studies, we should explore an objective test for the evaluation of migraine, combining the subjective and objective, so that we can better evaluate migraine patients.



4.2. Characteristics of acpoints selection in acupuncture for migraine

Manual acupuncture (MA) was chosen as the primary treatment for migraine in all 7 of the included studies. MA is a standard method of acupuncture used by acupuncturists and is very effective in relieving pain (34). In addition to inserting acupuncture needles into specific acupoints, manual operation of the needle (intermittent rotation and lifting and inserting) can improve its clinical benefit. As can be seen from the main acupuncture points selected for the included studies, most of them are located on the Gallbladder Meridian of Foot-Shaoyang and the Sanjiao Meridian of Hand-Shaoyang. Migraine mainly involves the orbit, forehead and other parts, which is consistent with the route of the Sanjiao Meridian and Gallbladder Meridian in the head. GB40 is located in the front and bottom of the ankle of the foot, and GB34 is located on the lateral side of the lower leg; they both belong to the point on the Gallbladder Meridian of Foot-Shaoyang. SJ5 belongs to the Sanjiao Meridian of Hand-Shaoyang and is located on the wrist two inches above the transverse wrist line, in the space between the ulna and the radius. Recent studies have shown that pain processing is abnormal in the brain's frontal, parietal and limbic regions in migraine patients and that acupuncture of GB34, GB40, and SJ5 can restore pain processing and modulate pain perception (35). Two studies used only one acupuncture point GB41 for treatment, while others combined multiple acupuncture points for migraine. GB41 is an essential acupoint for migraine. Acupuncture GB41 increases the functional connectivity of pain-related brain areas, which are primarily located in the nociceptive transmission pathways and somatosensory cortex, and are the main nociceptive modulation centers (36). Our study found that the duration of acupuncture treatment was inconsistent across studies, which could be related to the experimental design, the acupuncturist's practice and the patient's actual condition. It also suggests that we should follow the Standard Protocol Items: Recommendations for Interventional Trials (SPIRIT) (37) when designing clinical trials in the future to standardize clinical trial practice.



4.3. Modulatory effects of acupuncture on brain regions of migraine

Chronic pain is a serious and common global medical problem and is considered to be a central nervous system disorder associated with the activity of multiple networks of the central nervous system (CNS) (38, 39). As a result of CNS multi-network activation, chronic pain consists of multiple components, including sensory, emotional, cognitive and behavioral elements (40). In recent years, a growing number of brain imaging studies have provided important insights into the brain mechanisms underlying migraine. Migraine appears to be a specific model that is involved in the network and underlying mechanisms of brain processing of pain signals, while being associated with sensory, emotional, autonomic and cognitive (41, 42). For example, abnormalities in pain regulation in brain regions such as hypothalamus, brainstem, periaqueductal gray, and raphe magnus (43, 44). In recent years, numerous studies have demonstrated the clinical efficacy of acupuncture for migraine from a neuroimaging perspective (45–47). Acupuncture has been shown to relieve headache symptoms in two ways: by restoring pain processing function and by modulating pain perception (35).

Our meta-analysis found that patients after acupuncture exhibited hyperactivity of the angular gyrus (AG) compared with those before acupuncture treatment. Migraine patients in the treatment group also showed activation in the supra-callosal and right superior temporal gyrus compared to healthy controls. The AG is located at the junction of the occipital, temporal, and parietal lobes and is thought to be an important interface for transmitting and integrating information between different modalities and processing subsystems (48). The angular gyrus is thought to be a common hub connecting pain networks and has been shown to affect chronic pain (49–51). Previous fMRI studies found a significant increase in gray matter volume in the angular gyrus of migraine patients, which may be related to self-adaptation of the central nervous system, leading to abnormal sensitization of the brain (52). In a previous resting-state MRI study of acupuncture in patients with migraine without aura (MwoA), it was found that after 12 acupuncture sessions, the angular gyrus ReHo values increased significantly in the migraine group, which is consistent with the findings of the present study (17). The above study suggests that long-term acupuncture treatment may alleviate the painful symptoms of migraine by modulating the horn back modulation associated with pain and emotions.

The corpus callosum is the main fiber network connecting the cerebral hemispheres and plays a key role in establishing communication about sensory integration, inhibition and attention. It was found that an increase in the size of the anterior corpus callosum was positively correlated with the ability to control pain (53). A fMRI study on the effects of acupuncture on pain-emotion-related brain regions in patients with cervical spondylosis showed that the functional connectivity of the patient's left corpus callosum to the insula was reduced after acupuncture (47). In contrast, our study found that migraine patients in the treatment group showed hyperactivation of the corpus callosum compared to healthy controls. This may suggest that the modulation of pain by acupuncture may act through the corpus callosum, but more clinical studies are needed to demonstrate this.

Recent preliminary data from the laboratory suggest a role for the encoding of experimental pain memory in the superior temporal gyrus (STG) (54). In a randomized controlled trial of the effects of long-term acupuncture on resting-state brain activity in migraine patients, results showed that migraine patients in the active acupuncture point group exhibited significantly higher temporal superior gyrus (STG) ReHo values, again consistent with the results of the meta-analysis in this study (21). From the above findings, we can conclude that acupuncture points may achieve relief of migraine symptoms and promote the establishment of pain homeostasis by modulating key regions and pain circuits such as angular gyrus, corpus callosum, and right superior temporal gyrus.



4.4. Strengthens and limitations

This review is special and innovative. Our innovative application of SDM-PSI to the rs-fMRI randomized controlled clinical trial of acupuncture for migraine provides new insights into how acupuncture modulates altered brain activity and central brain effects in migraine patients. In addition, this study developed strict inclusion and exclusion criteria to minimize selection bias and finally conducted a comprehensive analysis of 7 studies. These clinical trials have similar participants and research designs, and the results are comparable.

This study also has certain limitations. The main limitation was the small sample size of the included studies. Only 7 clinical trials and 443 participants met the inclusion criteria, resulting in no publication bias and subgroup analysis of secondary outcome indicators. The lack of high-quality controlled clinical trials makes it difficult to accurately analyse the interaction between acupuncture efficacy and central neuroplasticity in the brain of migraine patients. Therefore, to better understand the potential impact of acupuncture on the plasticity of the migraine brain, it is necessary to organize multi-center, large samples and design a complete randomized clinical trial of acupuncture brain imaging. In addition, different acupuncture parameters, including the choice of acupuncture points, duration of acupuncture treatment, needle manipulation, frequency of needling, and whether or not De qi is obtained, can lead to subtle changes in the structural and functional activity of the brain. Therefore, there may be some heterogeneity in the acupuncture treatments between the included studies. Due to the specificity and diversity of acupuncture treatment, a comprehensive study of the factors influencing acupuncture manipulation and manipulation practices is of great importance.



4.5. Future outlook

FMRI is a non-invasive, high-resolution test that indirectly reflects the state of neural activity in the brain based on changes in blood oxygen levels. The advantage is that in vivo detection of brain activity is possible, and the construction of complete functional imaging of brain activity (55). In recent years, the combination of acupuncture interventions and neuroimaging has provided objective and visual evidence to reveal the pathogenesis and treatment of migraine (56). In addition to fMRI, positron emission tomography (PET) is also commonly used to identify brain metabolic levels in migraine patients. A voxel-based Fludeoxyglucose PET shows differences in brain metabolism between migraine patients and healthy people. These differential brain regions may have abnormal brain metabolism at the beginning of a migraine attack and corresponding changes after repeated attacks (57). Recently, fMRI-based functional brain connectomics, which includes the entire human brain, has shown that the brain is highly organized with a network of interacting and connected regions and is emerging as a hot spot for research on acupuncture mechanisms (58). These studies have led to a better understanding of the specific changes between the brain and disease, providing new insights into the mechanisms of acupuncture action. Tu et al. conducted a connectome-based fMRI study to identify and validate markers of imaging function for MwoA (59). This marker not only has the potential to diagnose migraine but also to help establish objective and personalized treatment protocols. Recently, Yang et al. developed a model for predicting the efficacy of acupuncture in migraine patients based on pre-processed gray matter structures using a machine learning approach. The model was 83% accurate in distinguishing between those who responded and those who did not respond to acupuncture (60). The above studies suggest that neuroimaging techniques can evaluate and predict clinical efficacy. In future research, we need multimodal neuroimaging studies that combine multiple data analysis methods such as big data, artificial intelligence and machine learning to comprehensively analyse and cross-validate neuroimaging results to reveal the neuroimaging mechanisms of acupuncture for migraine.




5. Conclusion

A meta-analysis of the results of 7 rs-fMRI clinical studies of acupuncture for migraine showed that, compared to pre-treatment baseline, the left angular gyrus, left superior frontal gyrus and right superior frontal gyrus may be the precise brain region response targets of acupuncture for migraine. The migraine group showed hyperactivation in the corpus callosum after acupuncture treatment compared to healthy controls. The changes in these brain regions were significantly associated with pain, cognition, vestibular and visual network functions. Our findings will help reveal the central nervous mechanism of acupuncture in the treatment of migraine, provide new insights into the effectiveness of acupuncture, and enable the development of individualized treatment plans for migraine patients.
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Background: Neuropathic pain (NeP) is a pathological condition arising from a lesion or disease affecting the somatosensory system. Accumulating evidence has shown that circular RNAs (circRNAs) exert critical functions in neurodegenerative diseases by sponging microRNAs (miRNAs). However, the functions and regulatory mechanisms of circRNAs as competitive endogenous RNAs (ceRNAs) in NeP remain to be determined.

Methods: The sequencing dataset GSE96051 was obtained from the public Gene Expression Omnibus (GEO) database. First, we conducted a comparison of gene expression profiles in the L3/L4 dorsal root ganglion (DRG) of sciatic nerve transection (SNT) mice (n = 5) and uninjured mice (Control) (n = 4) to define the differentially expressed genes (DEGs). Then, critical hub genes were screened by exploring protein–protein interaction (PPI) networks with Cytoscape software, and the miRNAs bound to them were predicted and selected and then validated by qRT-PCR. Furthermore, key circRNAs were predicted and filtered, and the network of circRNA-miRNA-mRNA in NeP was constructed.

Results: A total of 421 DEGs were identified, including 332 upregulated genes and 89 downregulated genes. Ten hub genes, including IL6, Jun, Cd44, Timp1, and Csf1, were identified. Two miRNAs, mmu-miR-181a-5p and mmu-miR-223-3p, were preliminarily verified as key regulators of NeP development. In addition, circARHGAP5 and circLPHN3 were identified as key circRNAs. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis demonstrated that these differentially expressed mRNAs and targeting miRNAs were involved in signal transduction, positive regulation of receptor-mediated endocytosis and regulation of neuronal synaptic plasticity. These findings have useful implications for the exploration of new mechanisms and therapeutic targets for NeP.

Conclusion: These newly identified miRNAs and circRNAs in networks reveal potential diagnostic or therapeutic targets for NeP.

KEYWORDS
 neuropathic pain, microRNA, circRNA, ceRNA, dorsal root ganglia, miR-181a-5p, miR-223-3p


1. Introduction

Neuropathic pain (NeP) is defined as chronic pain that arises from a lesion or disease that affects the somatosensory system by the International Association for the Study of Pain (IASP). NeP manifests as hyperalgesia, allodynia, and spontaneous pain, which have serious impacts on people’s daily lives. The most common clinical NeP diseases include trigeminal neuralgia, postherpetic neuralgia, and painful radiculopathy (Scholz et al., 2019). The common critical mechanism of different NeP diseases involves peripheral and central sensitization. Specific pathophysiological changes are involved in the pathogenesis of NeP, such as alterations in ion channel activity, activation of microglia and epigenetic modulation of nerve cells (Penas and Navarro, 2018).

It has been well accepted that the dorsal root ganglion (DRG) plays an important role in nociceptive transmission and modulation. In particular, the DRG receives peripheral nociceptive information and transmits signaling to the central nervous system (CNS) (Ma et al., 2022). Structural and functional disorders of the DRG, such as synaptic reorganization and alteration of voltage-gated sodium channels, are important for the progression of NeP. Considering the anatomical accessibility and functional specificity of DRG in NeP (Berger et al., 2021), further research on the pathogenesis of NeP at the level of the DRG would be of considerable significance to the development of novel treatments.

In recent years, there has been an increase in research on the regulation of NeP-related transcriptional genes. A transcription analysis of microRNAs (miRNAs), circular RNAs (circRNAs), and mRNAs in the DRG suggested that the circRNA-miRNA regulatory network is involved in paclitaxel-induced NeP (Mao et al., 2022). Other clinical and basic research has shown that circHIPK3 is highly abundant in serum from diabetes patients who suffered from NeP and in DRG from streptozocin-induced diabetic NeP rats (Wang et al., 2018). Advanced research has further applied single-cell transcriptomic analysis of somatosensory neurons in the DRG of spared nerve injury (SNI) rats, uncovering the temporal development of the NeP (Wang H. et al., 2021). These studies revealed that related miRNAs and circRNAs underlie the molecular mechanism of NeP genesis and development. However, the involvement of ceRNAs in the pathogenesis of NeP has not yet been studied in depth.

The purpose of this study was to explore the regulatory circRNA-miRNA-mRNA network in the DRG of mice induced by sciatic nerve transection (SNT). Finally, 2 circRNAs, 2 miRNAs and 10 mRNAs were used to construct a circRNA-miRNA-mRNA regulatory network, which may reveal new etiopathogenesis of NeP.



2. Materials and methods


2.1. Data source and DEGs definition

The public GSE96051 dataset was obtained from the Gene Expression Omnibus (GEO) database.1 The dataset contains 9 samples, including DRGs of sciatic nerve transection (SNT) mice (n = 5) and uninjured mice (Control) (n = 4). First, gene expression data quality was analyzed and visualized for each set of samples using the ggplot2 package of R software, which is an open-source software package for statistical computing and graphics.2 Then, differential expression genes (DEGs) analysis was performed for the “SNT” group versus the “Control” group with the use of the limma R package. |log2FC| > 1 and P-adjusted <0.05 were set as the cutoff criteria. Finally, the R language was utilized for result visualization. Heatmaps are graphical representations of data that represent each value as a color. Here, we used a heatmap to show the DEGs in NeP.



2.2. KEGG and GO enrichment analysis

The KEGG and GO functional enrichment analysis were performed using the online tool Metascape (Zhou et al., 2019). The GO analysis included analyses of biological processes, cellular components, and molecular functions. The top 20 enriched entries were displayed, and the results were visualized with the R language. The p value indicates the significance of the enriched entries under the corresponding conditions. The pathway is more significant if the p value is lower.



2.3. Protein–protein interaction network analysis and screening of hub genes

To evaluate the interrelationships among DEGs, we mapped the DEGs to String v11.5 (Szklarczyk et al., 2021). PPI networks were constructed using proteins encoded by the 421 differentially expressed mRNAs (DEmRNAs), which represent genes as nodes and interactions as lines. The disconnected nodes in the network were hidden. The key PPI network was screened using a plug-in, cytoHubba (Chin et al., 2014), in Cytoscape 3.9.0 software3 (Shannon et al., 2003). The top 10 nodes ranked by the MCC method were considered key PPI network nodes.



2.4. Construction of miRNA-mRNA network and functional annotation

The miRNAs potentially binding to the top 5 hub genes in the key PPI network were predicted by three databases (TargetScan, miRWalk, and miRDB) (Agarwal et al., 2015; Sticht et al., 2018; Chen and Wang, 2020). The total miRNAs were then enriched for function to screen for key miRNAs, and experimental validation was performed. The network connecting target genes and differentially expressed miRNAs was visualized using the Cytoscape 3.9.0 tool.



2.5. Construction of the circRNA-miRNA-mRNA ceRNA network

Considering the potential regulatory function of circRNAs in achieving the regulation of target gene expression by recruiting miRNAs, we predicted the potential targeting circRNAs of differentially expressed miRNAs using the online database starBase 3.0 (Li et al., 2014). The intersection of the prediction results of two key miRNAs was selected as key circRNA. Eventually, the circRNA-miRNA-mRNA network in NeP was established.



2.6. Animals

A total of 9 Adult male C57BL/6 mice (7–9 weeks old) were utilized in this study. Mice were caged at a temperature of 25 ± 1°C and followed a standard light/dark cycle of 12/12 h, with water and food available ad libitum. All procedures involving animals were approved by the Experimental Animal Welfare Ethics Committee of Fujian Medical University. All efforts were made to reduce suffering as well as the number of experimental animals. All investigators conducting the experiments were blinded to the grouping of the experimental animals.



2.7. Animal model of SNT

The SNT procedure was carried out as previously described (Hu et al., 2016). Briefly, mice were anesthetized using 1% pentobarbital sodium (50 mg/kg), and the right sciatic nerve was exposed at the mid-thigh level and sectioned distally. Once the modeling was complete, each layer opened was carefully closed with sutures. After three days, the ipsilateral L3 and L4 DRGs, as well as the contralateral uninjured DRGs as controls, were harvested for subsequent processing (Larhammar et al., 2017).



2.8. Behavioral tests

The paw mechanical withdrawal threshold (PMWT) was measured preoperatively and 3 days postoperatively. Mice were put in separate Plexiglas cells on a wire mesh floor and acclimated for 30 min prior to testing. Following the previous instructions (Dixon, 1980), Von Frey (Stoelting, Wood Dale, IL, United States) was applied to the ipsilateral and contralateral hind paw with the up-and-down method. The measurements of PMWT were undertaken according to a previously described approach (Chaplan et al., 1994). All behavioral studies were performed by an experimenter who was blinded to the group assignment.



2.9. Validation of the hub genes and miRNAs by quantitative real-time PCR

After the behavioral test, the mice were euthanized by decapitation under deep anesthesia on the third day after the operation. The L3/L4 DRGs were separated and immediately frozen in liquid nitrogen. A 10 mg tissue sample was mixed in TRIzol Reagent (Takara, Kusatsu, Japan) to isolate total RNA from tissues. A Primer Script RT reagent kit (TaKaRa, Code No. RR047A, No. 638313) was used to reverse transcribe the RNA into cDNA using a PCR instrument (2,720 Thermal Cycler, ThermoFisher), which was then subjected to qPCR using the TB Green® Premix Ex Taq™ II (Tli RNase H Plus) and Mir-X TM miRNA First-Strand Synthesis Kit (TaKaRa, Code No. RR420A, No. RR820A) on a Roche LightCycler480 real-time PCR system. Five hub genes and two key miRNAs were selected for expression validation. Normalization of mRNA was achieved using GAPDH (Sangon, Shanghai, China) as an endogenous control gene, and U6 (Takara, No. 638313) was used as the internal reference gene of miRNA. The primer sequences were designed by Sangon Biotech (Sangon) and are listed in Table 1. The relative expression was calculated by the 2−ΔΔCT method.



TABLE 1 Quantitative real-time polymerase chain reaction (RT-PCR) primer sequences.
[image: Table1]



2.10. Western blotting

On the 3rd day after SNT, the L3/L4 DRGs were collected and immediately frozen after the mice were sacrificed. The tissue was lysed in RIPA buffer containing phosphatase and protease inhibitors (Beyotime, Shanghai, China). A BCA protein assay kit (Beyotime) was used to determine the concentration of protein. The proteins were transferred to polyvinylidene fluoride membranes after gel electrophoresis and then incubated with primary antibodies at 4°C overnight after blocking with 5% nonfat dry milk in TBS + Tween. The primary antibodies were as follows: rabbit anti-IL-6 (1:1000, ab6672, Abcam), rabbit anti-c-Jun (1:1000, Cat. No. D151652, Sangon), rabbit anti-Cd44 (1:500, ab51037, Abcam), rabbit anti-Timp1 (1:1000, ab109125, Abcam), rabbit anti-Csf1 (1:1000, ab233387, Abcam), and β-actin rabbit mAb (1:1000, AC026, Abclonal, Wuhan, Hubei, China), and were processed with goat anti-rabbit IgG (1:4000, AS014, Abclonal) at room temperature for 1 h. The signals of target proteins and β-actin were detected by a chemiluminescence detection system (Tanon4600, Shanghai, China). Relative protein expression levels were normalized using β-actin as an internal reference, and the band intensity was analyzed using ImageJ software (National Institutes of Health, Bethesda, MD, United States).



2.11. Transmission electron microscopy analysis

On the 3rd day after SNT, the right injured and contralateral undamaged L3/L4 DRGs of mice were extracted. The samples were fixed in 2% glutaraldehyde, washed 3 times (15 min each time) in phosphate buffer (pH 7.4), postfixed in 1% osmium tetroxide in phosphate buffer (pH 7.4) for 2 h, and dehydrated under increasing alcohol concentrations. After embedding in epoxy resin medium, tissue was sliced into semithin sections (approximately 2 μm), stained with azure methylene blue, cut into ultrathin slices (approximately 60 nm), and stained with osmic acid. The morphology of the DRG neuron cell body and myelin were observed by transmission electron microscopy (HT7700, Hitachi, Japan). The ultrastructural assessment of nerve fiber myelin is consistent with the previously reported grading system (Table 2; Kaptanoglu et al., 2002). Ten myelinated axons in three samples per group were evaluated by this grading system. Besides, three views were randomly selected in each case, and the number of autophagosomes in the DRG was recorded for statistical analysis.



TABLE 2 Ultrastructural grading system of myelinated axons.
[image: Table2]



2.12. Statistical analysis

Statistical analyses were performed using SPSS 21.0 (SPSS, Chicago, IL, United States) and GraphPad Prism 9 (GraphPad Software Inc., San Diego, CA, United States). Quantitative data are expressed as the mean ± SD. Student’s t test was used to analyze the comparison between two groups. The grade of myelin sheath damage was statistically analyzed using a chi-square test. A two-sided p value less than 0.05 was considered statistically significant.




3. Results


3.1. Identification of DEGs in NeP

The boxplot automatically generated by GEO shows the normalized data, and the distribution of values in the GSE96051 dataset is relatively consistent across all samples, indicating that the location and dispersion of the data meet the quality requirements (Figure 1A). Samples from the SNT group displayed a green color, and samples from the control group displayed a purple color. The expression density plots complement the boxplot in examining data normalization by visually depicting the distribution of gene expression in each sample before performing DEGs analysis. The intensity of genes was mainly between-2 and 2 with little variation between samples, indicating their consistency in respective datasets and ideal sample data quality (Figure 1B). Uniform manifold approximation and projection (UMAP) is a dimensionality reduction technique that can be used to visualize how samples are related to each other. The distance between points (sample to sample) can reflect the obvious difference between groups and the consistency within the group (Figure 1C). The volcano map shows DEGs in the two groups, with upregulated genes and downregulated genes marked in red and blue, respectively (Figure 1D). These DEGs are displayed in Supplementary Table S1. Heatmap shows hierarchical cluster analysis of DEmRNAs, including 332 upregulated genes and 89 downregulated genes. The color of genes from blue to red indicates a low or high level of gene expression (Figure 1E).
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FIGURE 1
 Differentially expressed profile of mRNAs and characterization between the SNT group and the control. (A) Boxplot shows the distribution of the values of the DRG samples, abscissa represents sample name and ordinate represents the normalized intensity values, the upper and lower sides of the rectangular box mean minimum and maximum values, the upper and lower lines of the error bars mean interquartile range, the line inside the rectangular box means median value. (B) The density map of GSE96051 shows the expression of each sample. (C) The UMAP shows the distribution relationships between the samples. (D) Volcano plot of DEmRNAs. The vertical lines correspond to twice the fold changes in upregulation or downregulation; the horizontal line represents p-adjusted = 0.05; red points indicate mRNAs with upregulation and blue points indicate mRNAs with downregulation. (E) Hierarchical cluster analysis of DEmRNAs. Blue and red color indicate down-regulation and up-regulation of gene expression, respectively.




3.2. KEGG and GO enrichment analyses

KEGG functional analysis of DEmRNAs showed the top 17 representative enrichment pathways, including the MAPK signaling pathway, calcium signaling pathway, p53 signaling pathway, HIF-1 signaling pathway, and cytokine-cytokine receptor interaction (Figure 2A; Supplementary Table S2).
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FIGURE 2
 Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses for DEmRNAs. (A) KEGG pathway analysis shows the significantly enriched pathways and their gene counts. (B–D) The GO enrichment results of DEmRNAs, including GO-BP (B), GO-CC (C), and GO-MF (D).


Furthermore, we performed GO analysis of DEGs, and the enriched results were highly significant, including 131 entries enriched in biological process (BP), 36 entries in cellular component (CC) and 34 entries in molecular function (MF) (Figures 2B–D; Supplementary Table S2). For BP, DEmRNAs were mainly enriched in inflammatory and immune processes as well as endocrine metabolism processes. The inflammatory and immune processes included inflammatory response (GO:0006954), neutrophil chemotaxis (GO:0030593), cellular response to interleukin-1 (GO:0071347), macrophage chemotaxis (GO:0048246), cytokine-mediated signaling pathway (GO:0019221), positive regulation of tumor necrosis factor production (GO:0032760), immune system process (GO:0002376), etc. The metabolic processes included positive regulation of apoptotic process (GO:0043065), negative regulation of neuron death (GO:1901215), regulation of angiogenesis (GO:0045765), positive regulation of calcium ion import (GO:0090280), positive regulation of receptor-mediated endocytosis (GO:0048260), positive regulation of serotonin secretion (GO:0014064), positive regulation of chemokine production (GO:0032722), etc. For CC, almost all of the enriched terms were related to cellular metabolic processes, intracellular organelles and signal transmission, such as neuronal cell body (GO:0043025), glial cell projection (GO:0097386), neuron projection (GO:0043005), glutamatergic synapse (GO:0098978), Golgi apparatus (GO:0005794), axon cytoplasm (GO:1904115), and postsynaptic density (GO:0014069). Regarding MF, the enriched terms were almost all associated with protein binding, sequence-specific binding and ion channel activity, including chemokine receptor binding (GO:0048020), neuropeptide hormone activity (GO:0005184), calmodulin binding (GO:0005516), transcription factor activity (GO:0003700), sequence-specific DNA binding (GO:0043565), transmembrane transporter activity (GO:0022857), extracellular-glutamate-gated ion channel activity (GO:0005234), and ligand-gated ion channel activity (GO:0015276).

In summary, the involvement of intracellular and extracellular signaling pathways in immune, inflammatory and oxidative stress processes as well as endocrine metabolic processes may be closely related to the onset and development of NeP.



3.3. Establishment of the protein–protein interaction network and identification of hub genes

The 421 DEGs (log2FC > 1) in NeP form a PPI network (Figure 3A) based on the STRING database, including 332 upregulated genes and 89 downregulated genes. The critical PPI network was established using Cytoscape, and the top 10 nodes ranked by the MCC algorithm were screened as hub genes: IL6, Jun, Cd44, Timp1, Csf1, Serpine1, Ccl7, Atf3, Lgals3, and Fcgr1 (Figure 3B). Figure 3C presents the interaction relationships of the 10 hub genes in the STRING database and the structures of the proteins they encode. Given that highly connected hub nodes have important functions in biological networks, the 10 hub genes were likely to play important roles in NeP, and the top 5 hub genes were selected for subsequent analysis and validation.
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FIGURE 3
 The construction of protein–protein interaction network and identification of hub genes. (A) PPI network is established by 421 DEmRNA-encoded proteins using the STRING website. (B) Relationship network diagram of hub genes from PPI network using cytoscape. (C) Relationship network of 10 hub genes that extracted from the PPI network and the structure of proteins they encoded.




3.4. Western blot analyses of hub genes in the PPI network

The top five DEGs in the PPI network were selected to check their expression levels by Western blot, including IL-6, Jun, Cd44, Timp1, and Csf1. The results showed that the protein expression levels of IL-6, Jun, Csf1, Timp1, and Cd44 in the SNT group were significantly upregulated compared with those in the control group (all p < 0.05) (Figure 4). The result of Western blot is broadly in line with that of sequencing.

[image: Figure 4]

FIGURE 4
 Verification of the top 5 hub genes. (A) The expression of the IL6, Jun, Cd44, Timp1 and Csf1 in DRG tissues of mice induced by SNT and the control by Western blot. (B–F) The expression analysis of the IL6, Jun, Cd44, Timp1 and Csf1. Data are presented as means ± SD (n = 3; *p < 0.05).




3.5. Construction of the miRNA-mRNA-binding protein network and biological functional analysis

The miRNAs binding to the top 5 hub genes were predicted by three public databases (TargetScan, miRWalk and miRDB), and the intersections were used to determine the key miRNAs (Figure 5). In total, 7, 18, 43, 3, and 71 target miRNAs for IL6, Jun, Cd44, Timp1, and Csf1, respectively, were predicted (Figure 5; Supplementary Table S3). The miRNA Enrichment Analysis and Annotation Tool (miEAA) contributes to the functional analysis of target miRNAs (Kern et al., 2020). The results of KEGG analysis showed that these miRNAs were primarily enriched in pathways related to immune inflammation, oxidative stress, endocrine metabolism and neural signaling, including the chemokine signaling pathway, Toll-like receptor signaling pathway, IL-17 signaling pathway, MAPK signaling pathway, neurotrophin signaling pathway, long-term potentiation and long-term depression. Notably, numerous autophagy-related entries were enriched, such as autophagy, endocytosis, lysosome, phagosome, and protein processing in endoplasmic reticulum (Figure 6A; Supplementary Table S4). Additionally, the results of GO functional enrichment indicate that these miRNAs are involved in the cyclic nucleotide biosynthetic process (GO0009190), mRNA binding (GO0003729), protein complex assembly (GO0006461), regulation of dopamine secretion (GO0014059), regulation of myelination (GO0031641), and regulation of axonogenesis (GO0050770), especially in the autophagic vacuole (GO0005776), phagocytosis (GO0006909), cytoplasmic vesicle membrane (GO0030659), and endoplasmic reticulum Golgi intermediate compartment (GO0005793) (Figure 6B; Supplementary Table S5).

[image: Figure 5]

FIGURE 5
 Construction of miRNA-mRNA network. (A–E) Overlap analysis for the miRNAs binding to the IL6, Jun, Cd44, Timp1, and Csf1 from the TargetScan, miRWalk, and miRDB database. (F) The miRNAs-hub genes network.


[image: Figure 6]

FIGURE 6
 Functional enrichment analysis of miRNAs. (A) KEGG pathways enriched by the shared miRNAs between 3 different databases, TargetScan, miRWalk, and miRDB. (B) The GO enrichment analysis shows the top 15 significant items and their gene counts.


In summary, the strong correlation between the KEGG pathway and GO enrichment analysis suggests that potential DEmRNA-miRNA interactions may play a role in the development of NeP. Based on the remarkable prominence of mmu-miR-181a-5p and mmu-miR-223-3p in the functional enrichment results, we selected them for subsequent analysis and verification.



3.6. Changes in pain threshold and DRG ultrastructure after SNT

As shown in the illustration (Figure 7A), the right sciatic nerve of the mice was exposed and cut off, resulting in hyperalgesia (Zhang et al., 2021). The baseline PMWT was measured preoperatively and at 3 days after the surgery (Figure 7B). Compared with the contralateral, ipsilateral hind paw showed a significantly lower pain threshold at 3 days after surgery (p < 0.05) (Figure 7C). The results suggested that mice undergoing SNT surgery exhibited NeP behaviors.

[image: Figure 7]

FIGURE 7
 Changes of pain threshold and DRG ultrastructure after SNT. (A) The right sciatic nerve of mice was exposed and transected. (B) Behavioral test of mice using Von Frey. (C) SNT induced reduction of PMWT in mice. (D) Electron microscope analysis of the ultrastructural changes in L3/L4 DRGs on the 3rd day after SNT in different groups. The morphology of neuronal somata and myelin sheaths of DRG neurons in two groups. The neuron nucleus is indicated by the black arrow, Scale bar = 10 μm; magnification ×1,000; The myelin sheath is indicated by the white arrow, Scale bar = 5 μm; magnification ×2,000. (E) Representative electron microscope views of autophagosomes (yellow arrow) in DRG of the two groups. Scale bar = 1 μm; magnification ×12,000. (F) The number of autophagosomes of the two groups in per vision was determined on the 3rd day after SNT. Data are presented as means ±SD (n = 3; *p < 0.05).


Further observation of the ultrastructure of the myelin sheath and cell body by electron microscopy revealed that SNT induced degeneration of a proportion of nerve fibers in the DRG. Compared to those of the control, myelin damage grading scores were significantly higher in the SNT group (Table 3) (p < 0.05), accompanied by structural abnormalities of the cell body (Figure 7D). In particular, DRG neuronal soma was regular with homogeneous cytoplasm and uniform and loose chromatin in the control group. The myelin sheath of nerve fibers was arranged in concentric circles with distinct layers. In the SNT group, the soma and myelin sheath of DRG were severely damaged with nerve demyelination, and partial myelin lamellar structures were completely destroyed on the 3rd day after SNT. Specifically, the neuronal soma displayed cytoplasmic shrinkage or swelling, nuclear pyknosis and displacement, and heterochromatin aggregation, and the membrane of cells was obscure with slightly enlarged space. The nerve medullary sheath had an unclear layer structure characterized by axis cylinder destruction even with a honeycomb-like appearance and fractured loose layers. The above results suggested that SNT does not cause axonal degeneration in the contralateral DRG, whereas it induces axonal injury in the ipsilateral DRG.



TABLE 3 Ultrastructural grading scores of all groups on the 3rd day after SNT.
[image: Table3]

Considering that in addition to axon-related entries, autophagy-related entries were also abundantly enriched in GO and KEGG, we further observed alterations in DRG autophagy after SNT by electron microscopy and discovered that the number of autophagosomes in DRG was increased significantly in the SNT group compared to the control group (Figures 7E,F) (p < 0.05).

These results not only suggest that the biological process of autophagy and DRG ultrastructural damage are involved in NeP but also illustrate the accuracy of the analysis at the ultrastructural level.



3.7. Confirmation of differentially expressed mRNAs and miRNAs by qRT-PCR

The top 5 hub genes and 2 key miRNAs were selected to conduct qRT-PCR on independent samples to check the reliability of the RNA-sequencing data (n = 3 per group, Figure 8). The results showed that the expression of both targeting miRNAs was significantly lower in the SNT group than in the control group (Figure 8) (all p < 0.05). The quantitative PCR findings matched the results of RNA sequencing (Table 4).

[image: Figure 8]

FIGURE 8
 Amplification and identification of differentially expressed mRNAs and miRNAs. (A–I) The melt curves of the identified mRNAs and miRNAs. (J–P) The results of qRT-PCR show the expression levels of DEGs between the two groups. Data are presented as means ± SD (n = 3; *p < 0.05).




TABLE 4 The comparison information of the RNA-Seq and qRT-PCR data of the SNT mice vs. the control.
[image: Table4]



3.8. Prediction of differentially expressed miRNAs

Potential target circRNAs were identified based on predictive analysis of circRNA-miRNA interactions, and relevant ceRNA regulatory networks were constructed (Figure 9A; Supplementary Table S6). Noticeably, the prediction results showed that circLPHN3 and circARHGAP5 could target key DEmiRNAs mmu-miR-181a-5p and mmu-miR-223-3p. Accordingly, circLPHN3 and circARHGAP5 were identified as important circRNAs. The structural pattern graphs of the 2 significant circRNAs in the ceRNA network were drawn by the CSCD database (Xia et al., 2018), and they can be used to predict miRNA response elements, RNA binding proteins, and open reading frames to further investigate the potential functions of the circRNAs (Figure 9B).

[image: Figure 9]

FIGURE 9
 The analysis of circRNA-miRNA networks. (A) The competing endogenous RNA networks of DEmiRNAs. (B) Structural patterns of circLPHN3 and circARHGAP5. The colored circle represents the circRNAs that consist of exons. The numbers on the circRNAs mean the exon number. The red,blue, and green regions inside the circRNA molecule, respectively represent MRE (microRNA response element), RBP (RNA binding protein), and ORF (open reading frame).




3.9. Construction of the circRNA-miRNA-mRNA ceRNA network

By intersecting the predicted results of two miRNAs, mmu-miR-181a-5p and mmu-miR-223-3p, both circLPHN3 and circARHGAP5 were found to be able to target the two miRNAs and they were identified as essential circRNAs accordingly. Among the 5 DEmRNAs, only IL6 was predicted by the databases to target both mmu-miR-181a-5p and mmu-miR-223-3p. As a result, 2 miRNAs target a key DEmRNA (IL6), and 2 circRNAs further target 2 DEmiRNAs, forming a circRNA-miRNA-mRNA network (Figure 10A). The binding sequence between target circRNAs and miRNAs was obtained by downloading from the starBase3.0 database (Figure 10B).

[image: Figure 10]

FIGURE 10
 The analysis of circRNA-miRNA-mRNA network. (A) The circRNA–miRNA-hub gene network. (B) The interaction of novel circRNAs/DEmiRNAs.





4. Discussion

As a widespread chronic disease, NeP has a complex clinical presentation and a long course and is often combined with sleep disorders, anxiety and depression. NeP severely reduces the quality life of patients and imposes a significant economic burden on society (Wu et al., 2019). The exact mechanism underlying the role of ceRNAs in NeP is not yet clear. Analysis of the circRNA-miRNA-mRNA expression profile may provide new insights into the pathophysiology of NeP. In previous studies, several research groups have identified dysregulated miRNAs or long noncoding RNAs (lncRNAs) in the DRGs of mice with different NeP models using deep RNA-seq analysis (Mao et al., 2018; Jia et al., 2020). However, little is known about the systematic study of circRNAs, especially the role of the circRNA-miRNA-mRNA regulatory network in NeP.

At present, the DRG is considered to be a key structure in sensory transmission and modulation, including pain transmission and maintenance of a persistent neuropathic pain state. The unique properties of the DRG, including selective somatic cell organization, specific membrane properties and an easily accessible and consistent location, make it an ideal target for neuromodulation (Esposito et al., 2019). In this study, we used bioinformatics to identify potential DRG biomarkers for NeP by constructing related ceRNA networks to explore their possible molecular regulatory mechanisms. We identified 421 DEmRNAs (log2FC > 1) and 2 miRNAs (mmu-miR-181a-5p and mmu-miR-223-3p) in response to SNT model building. A few studies have reported the involvement of miR-181a-5p in several neurological disorders. Mechanistically, miR-181a-5p inhibition regulates cell survival in neurons and astrocytes after forebrain ischemia and stroke (Arvola et al., 2019), and lncRNA SNHG1 promotes neuronal injury in a Parkinson’s disease cell model via the miR-181a-5p/CXCL12 axis (Wang K. et al., 2021). However, the involvement of miR-181a-5p in the pathogenesis of NeP has not yet been reported. Encouragingly, limited research has preliminarily revealed the involvement of miR-223-3p in NeP. For example, trigeminal NeP can be alleviated by miR-223-3p targeting MKNK2 and MAPK/ERK signals in male mice (Huang et al., 2022). Another study also reported that electroacupuncture inhibits autophagy in neuronal cells by increasing the expression of miR-223-3p in postherpetic neuralgia (Zou et al., 2021). In addition, one clinical study identified that miR-223-3p in cerebrospinal fluid was significantly lower in fibromyalgia patients than in healthy controls (Bjersing et al., 2013). Notably, the analysis of this study revealed that the target miRNAs and IL6 and their strong correlations may play a role in NeP, which is consistent with the results of a previous study (Hori et al., 2016). For example, intrathecal injection of miR-214-3p can reverse enhanced CSF1 expression and astrocyte overactivity and alleviate the IL-6 upregulation and pain behavior in in rats with spinal nerve ligation (Liu et al., 2020). Besides, another key DEG, Jun, is an oncogene that can activate the cAMP pathway, has been demonstrated that Jun complex promoted the progression of NeP via JNK pathway (Xu C. et al., 2022). These results suggest that the miRNA-mRNA network may play an important regulatory role in NeP.

CircRNAs are a type of noncoding, regulatory RNAs that exhibit tissue-specific and disease-specific expression. An increasing number of studies have reported that circRNAs may play pivotal roles in the development of NeP (Xu D. et al., 2021). Therefore, we further constructed circRNA-miRNA ceRNA networks to demonstrate their interactions, and circRNAs (circLPHN3 and circARHGAP5) predicted by both mmu-miR-181a-5p and mmu-miR-223-3p may play an essential role in the regulatory networks. Here, we suggest that the role and function of circRNAs as ceRNAs in the DRG of the NeP model are worth further investigation.

KEGG and GO analysis based on the above DEmRNAs and corresponding potential binding miRNAs showed similar results. The enriched KEGG pathways were related to immune inflammation, oxidative stress, endocrine metabolism and neural signaling. Immune inflammation reactions (Hu et al., 2020), oxidative stress (Xu J. et al., 2021), genomic metabolic analysis (Xu Z. et al., 2022) and neural signaling (Chen et al., 2021) in the DRG have previously been associated with pathogenesis in NeP. Similar to KEGG, the results of the GO analysis focused on cellular processes and bioregulation, including regulation of axonogenesis (GO0050770), autophagic vacuole (GO0005776), nucleotide biosynthetic process (GO0009190), mRNA binding (GO0003729), ligand-gated ion channel activity (GO:0015276), etc. These results further confirm the regulatory role of miRNA-mRNA networks in NeP.

Considering that the above DEmRNAs and corresponding potential binding miRNAs for KEGG and GO functional analysis were abundantly and significantly enriched in the entries related to autophagy and axons. We further observed the changes in DRG ultrastructure and autophagosomes after SNT by electron microscopy. The results imply that the SNT could induce a certain degree of nerve fiber demyelination (Dun and Parkinson, 2018), which not only demonstrates the accuracy of functional enrichment analysis but also provides credibility to the modeling. In addition, behavioral observation is consistent with a previous study showing that the SNT induces mechanical hyperalgesia (Manassero et al., 2012). Autophagy has been proved to participate in various biological processes of diseases, including NeP. In recent years, increasing evidence has shown that ceRNAs influence the course of a disease by regulating many genes involved in autophagy, suggesting that autophagy is involved in the onset and progression of various diseases and can affect drug resistance (Cai W. et al., 2020; Cai L. et al., 2020; Zou et al., 2021; Wang et al., 2022). In this study, a significant increase in the number of autophagosomes was observed in the SNT-induced NeP mice, which may indicate that the mechanism of ceRNA involvement in NeP may be associated with the autophagic pathway.

Most of the previous studies on the mechanism of NeP were based on animal models, however, these studies did not systematically describe the changes in DRG that occur in NeP, which may be an important obstacle for DRG-related treatment and research. To the best of our knowledge, this is one of the few studies to reveal the potential mechanism of NeP by integrating the analysis of mRNA, miRNA and circRNA in DRG. The circRNA-miRNA-mRNA regulatory network constructed in this study will contribute to further understanding of the involvement of DRG in the pathogenesis of NeP. This study still has some limitations. First, we only used the sequencing results of 1 dataset due to limited data, and it may be possible to reduce the variation in sequencing results and make the analysis more convincing if multiple sequencing results were applied and intersected. Second, we only observed the SNT as a NeP model, and whether there are inconsistencies in the ceRNA regulatory network for different model conditions needs further investigation. Finally, the expression level of circRNA was not determined, and the regulatory analysis of the ceRNA network can be further verified and comprehensively explored by experimental methods such as gene overexpression, gene knock-out and dual-luciferase reporter assays in the future.

In conclusion, we constructed a ceRNA network associated with miRNAs and circRNAs to identify potential mechanisms of NeP. Our findings suggest that specific miRNAs and circRNAs may help explore candidate targets and new molecular biomarkers for NeP therapy. The results of this study provide preliminary confirmation that the novel circLPHN3/circARHGAP5_mmu-miR-223-3p/mmu-miR-181a-5p_IL6 networks may regulate the pathophysiology of NeP by affecting multiple signaling pathways. These newly identified networks and genes in the signaling pathway reveal potential diagnostic and therapeutic targets for NeP. However, whether these associations contribute to the development of NeP remains to be further studied.
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Introduction: Dorsal root ganglia (DRG) are anatomically well-defined structures that contain all primary sensory neurons and are distension nodules of the dorsal root in the spinal cord near the medial surface of each foramen. Therefore, DRG is considered to be a desirable target for injection to manage chronic pain. But it presents a limitation in probing deep into it without in vivo injection technology.

Methods: Here, we described a technique for administering intraganglionic injections of lumbar DRG under direct vision. We use partial osteotomy rather than laminectomy, which removes more bone, to preserve spinal structures while gaining adequate DRG access. To monitor the intraoperative progress of the DRG injection, a non-toxic dye was utilized. The effectiveness of the injection on the diffusion of AAV (adeno-associated virus) within the ganglion was assessed by histopathology at postoperative day 21.

Results: Behavioral tests showed that neither motor nor sensory abilities were affected by saline or AAV injections. Meanwhile, the decreased pain threshold of SNI (spared nerve injury) was considerably restored by pharmacological inhibition of DRG neurons.

Discussion: Our research achieved a new minimally invasive and intuitive intra-ganglionic injection in mice. In addition, the present protocol may serve as a valuable resource for planning preclinical studies of DRG injection.

KEYWORDS
 DRG injection, dorsal root ganglia, intraganglionic injections, neuropathic pain, chronic pain, SNI


Introduction

The dorsal root ganglion (DRG) is a bilateral structure that is bundle-shaped, entering dorsally from the spinal cord symmetrically from left to right within fixed bony vertebral structures (neuroforamen) (1, 2) (Figures 1A,B). At the segmental levels that innervate the limbs, each DRG has up to 15,000 neurons (3). The DRG, which is an extension of the dorsal root, is where primary sensory neurons’ somata are situated (4). The DRG is an essential structure for modulating and transducing sensory information, including the transmission of pain (1). Nerve injury-related pain is typically persistent and difficult to treat (5), and physiological modifications in the spinal cord and brain activity occur along with neuropathic pain (6). Meanwhile, numerous studies have demonstrated that damage to the primary sensory neurons and their somata in the DRG are significant sites for the development of pain (7–9). The DRG exhibits notable phenotypic and functional changes after injury, and these plastic alterations in the DRG as the primary source of pain signals delivered to the brain (7). Additionally, rodent DRG neurons have been used to investigate sensory nerve development, regeneration, and function to support medical research and explain the mechanism of peripheral nerve disorders such Charcot–Marie–Tooth disease and diabetic neuropathy (10, 11).

[image: Figure 1]

FIGURE 1
 Peripheral anatomy of the dorsal root ganglion (DRG). (A) The DRG is a cluster of sensory neuron cell bodies located in the dorsal roots of the spine. The schematic portrays a transverse section of the spine. (B) The bony structures surrounding the DRG (lumbar segments, anterior view). The transverse process has been exaggerated to make it easier to understand. (C,D) Posterior and left side view of spine. The DRG is seen in the foramina. It is difficult to see the transverse processes in the posterior view due to the short transverse process in mice. The image depicts a large one for better understanding.


Direct injections into the DRG offer the chance to alter sensory neuron function at a segmental level in order to investigate the pathophysiology of nociceptive diseases. Intrathecal injection has been a widespread way to deliver medications to sensory neurons in recent years, but it is impossible to confine the solution to a certain longitudinal length on one side or at the vertebral level (12, 13). According to Moore et al.’ research, agents can be injected into peripheral nerves to reach the DRG, but it could injure the spinal cord and surrounding nerves and induce the agents to spread (14, 15). Manipulating the neuron of one or more DRGs can increase therapeutic effectiveness while minimizing side effects and avoiding the negative effects of systemic medications (3, 16). Laminotomy is currently the most popular technique for DRG injection with direct access to the DRG, but this may damage a segment of the spinal nerve and the DRG (17). Furthermore, due to the absence of vertebral plate, the impact on spinal motor function and the consequent secondary injuries are inevitable (18).

Here, we describe an easy and rapid microinjection technique that enables direct injection of the agents into the DRG under direct observation. We remove the inferior articular eminence of the upper conus and the superior articular eminence of the next conus at the injection site, determine the minimum extent and best execution of the partial bone removal approach, and directly expose the DRG at the target location for local microinjection. At the same time, we tested the stability of this injection approach using dye and viral staining, the DRG could be targeted without leaking. Additionally, we observed that blocking DRG neurons substantially reversed the SNI mice’s decreased pain threshold. Our study revealed a safe and effective microinjection method that, combined with neuroscience techniques, may provide a new intervention for the clinical treatment of neurological disorders.



Materials and methods


Animal subjects

Male C57 (6–8 weeks, 20–25 g) mice were supplied from Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, Hubei, China. All animals were raised under controlled conditions (22–25°C, 12-h alternate circadian rhythm, free access to food and water, 3–4 mice per cage). All experiments received approval from the Experimental Animal Care and Use Committee of Tongji Medical College, Huazhong University of Science and Technology, and were in agreement with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals.



Injection

The DRG injection was performed using a prone position anesthetized with pentobarbital (Figure 2). The skin was shaved and disinfected, and a longitudinal, approximately 1 cm incision was made over the middle above the posterior superior iliac spine to expose the subcutaneous muscles (Figure 2A). Identify the first junction of the spinous process and silvery white aponeurosis as the location marker (L1 spinous process) [Figure 2C. A muscle incision is made immediately adjacent to the spinous process on the left side and the paravertebral muscles are bluntly separated to expose the cone, where the left intervertebral joint and left vertebral plate are visible (Figures 2D–G)]. The DRG is located below the intervertebral joint when the mouse is in prone position. The inferior articular eminence was amputated with a cranial drill and ophthalmic scissors along the line from the lumbar to the inferior edge of the previous cone (Figure 2H), and the superior articular eminence of the next cone was intercepted in a horizontal direction (Figure 2I). The accessory process is visible after the osteotomy, and the DRG is in its axilla (Figures 2J–L). The surrounding connective tissue is carefully and bluntly separated.

[image: Figure 2]

FIGURE 2
 Paravertebral surgical exposure for ganglionic injection. Images show as the operative field (top panel), cleaned vertebral bones (middle panel), and reference diagram (bottom panel). (A,B) Preliminary soft tissue dissection at the level of the L4–L5 facet joint shows the spinous processes (sp), inferior articular process(iap), and superior articular processes (sap), as well as the laminar bone (lam) and accessory process(ap) on L4. The dorsal root ganglia are covered by a facet joint. (C) Removal of the facet joint bone above the foramen reveals the distal dorsal ganglion, which is much larger in diameter and located under the arm of L4 accessory process.


All injections were performed using a microprocessor-controlled injection system employing a stereotaxic holder (Item: 68030, RWD, Shenzhen, China), equipped with a pulled glass capillary injection tip (Figures 2M,N). Fine tune the needle path until the needle lumen was aligned with the center of the DRG and moved vertically downward until the tip begins to retract into the DRG. The tip was advanced further in small increments until the tip pierced the DRG (the surface depression of the DRG was restored at the moment). Slowly and gradually withdraw so that the tip was submersed in the three-dimensional center of the DRG. A quantity of agent (dye, saline or AAV) was injected through a calibrated glass microelectrode connected to an infusion pump (Hamilton CMA 400) at a rate of 20 nl/s. At the end of the injection, the pipette was left at the injection site for 5 min to avoid virus. Finally, the incision was sutured and disinfected with iodophor.



Induction of neuropathic pain

The neuropathic pain was performed according to the procedures previously described (19). After a mouse was given a pentobarbital sodium anesthetic (50 mg/kg, intraperitoneally), the left sciatic nerve, which has three branches (the common peroneal, tibial, and sural nerves), was visible. The common peroneal nerve and the tibial nerve, the two branches of the sciatic nerve, were sectioned distally to the ligation and tightly bound with a 5.0 silk thread (or suture), removing 2–4 mm of the distal nerve stump. The intact sural nerve was carefully avoided by preventing any contact or tension. The skin was then shut.



Basso-Beattie-Bresnahan motor function scores

Basso-Beattie-Bresnahan score was used to evaluate hindlimb motor function (20). Mice were placed on a circular platform with a diameter of 2 m. Scores for hindlimb walking and limb activity were calculated and evaluated. In the initial stage, the hindlimb joint activity received a score (0–7 points). The second stage (8–13 points) evaluated gait and coordination of the hindlimbs. The third level (14–21 points) assessed the minute paw motions made while moving. The three phases combined for a total score of 21. We performed the Basso-Beattie-Bresnahan (BBB) on day 0, 1, 3, 7, 14, and 21 after surgery.



Punctate mechanical stimulation (von Frey)

The mechanical paw withdrawal threshold (MPWT) of the ipsilateral hind paw was determined using Von Frey filament, which simulated the mechanical allodynia as previously described (21). All behavioral evaluations were performed from 8: 30 am to 4:30 pm. Briefly, mice were placed into individual plastic containers on a metal mesh floor and acclimated to their environment for 30 min. Positive responses included shaking, licking, and rapid paw withdrawal. The minimum amount of force required to elicit a positive response or MPWT was assessed as previously discussed (in grams). An independent researcher who was unaware of the study design performed all behavioral tests.



Open-field test

The open-field test (OFT) was used to evaluate the exploratory locomotor ability of mice. Mice were placed in the center of a grey polyethylene box (50 × 50 × 40 cm) and allowed to explore freely for 5 min. An automatic video tracking system (AVTAS v3.3; AniLab Software and Instruments Co., Ltd., Ningbo, China). Between each test, the surface of the arena was cleaned with 75% alcohol to avoid the appearance of olfactory cues.



Immunofluorescence staining

The spinal cord and DRG tissues were taken after sodium pentobarbital anesthesia (50 mg/kg, intraperitoneal) in mice, which perfused intracardially with saline followed by 4% ice-cold paraformaldehyde in 0.1 M phosphate-buffered saline (22). The samples were then dehydrated in a 30% sucrose solution overnight at 4°C after being postfixed in 4 percent paraformaldehyde for 4 h at 4°C. Using a cryostat microtome (Thermo Fisher, NX50, Waltham, MA), the fixed spinal cord was cut into 20 μm thick coronal slices. Sections were stained for 10 min at room temperature with DAPI, followed by a PBS wash (three times, 10 min each). Finally, a virtual microscope slide scanning system (Olympus, VS 120, Tokyo, Japan) was used to see the immunostained sections. Photographs of sections containing the region of interest (ROI) were cropped in ImageJ (National Institutes of Health, Bethesda, MD). The quantity of cells and neurons in the DRG were measured with ImageJ. The DAPI stained nucleus was counted as total cells.



Virus injections and chemogenetics

Briefly, mice were anesthetized with sodium pentobarbital anesthesia (50 mg/kg, intraperitoneal). For cell-type-specific in situ labeling, 200 nl rAAV-EF1α-EGFP-WPRE-pA was injected with the L4 DRG and detected by expression staining 3 weeks after AAV expression. For chemical inhibition, we used the virus rAAV-hSyn-hM4D (Gi)-mCherry to inhibit neuronal activity in the DRG. Mice were injected 200 nl of rAAV-hSyn-hM4D(Gi)-mCherry into the DRG. SNI surgery was performed 7 days after AAV virus injection. 14 days later, mice were given von Frey tests before and 1 h after CNO (Clozapine N-oxide, a human muscarinic designed receptor agonist; 5 mg/kg) administration intraperitoneally. The MPWT was measured 1 day after the CNO injection. Then, mice were perfused to examine viral infection in the DRG.



Experimental designs treatment

The design of this study is shown in Figures 3A, 4A, 5A. First, we examined the intraoperative progress of the DRG injection with a non-toxic dye. Then, AAV was used to determine the success of injection. Meanwhile, three dosing regimens were also designed for the control, saline (200 nl), and AAV (200 nl) groups to explore the effects of the injection operation on movement and sensation. Finally, chemogenetic approach was used to inhibit DRG neurons (23). CNO (Sigma-Aldrich, dissolved in 0.1% DMSO in saline 5 mg/kg) or saline was injected intraperitoneally after 3 weeks of injection of AAV-hM4Di at the end of the virus incubation period.
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FIGURE 3
 Procedure of DRG injection under direct vision. (A) After anesthesia, a small incision is made in the dorsal skin at the level superior to posterior superior iliac spine. (B) The incision is enlarged for better visualization (for display only, not part of the operation steps). (C) The first junction of the spinous process and the silvery white aponeurosis is identified as a positional marker (L1 spinous process). (D) A deep muscle incision is made along the lateral surface of the spinous process. (E–G) Expose the left intervertebral joint and the left vertebral plate. (H) Excision of the inferior articular eminence. (I) Excision of the superior articular eminence. (J) Exposure of the DRG. (The distal end is fixed with forceps because the display causes the wound to widen, resulting in distal fixation failure). (K,L) Visual field during in vivo injection. (The DRG is filled with dye). (M) Diagram of the experimental equipment set-up. (N) Injection using a glass needle containing mineral oil and a trace of viral solution. ap, accessory process.


[image: Figure 4]

FIGURE 4
 Virus expression 21 days after the DRG injection. (A) AAV is injected at the L4 DRG. (B) The virus is expressed at the injection site, in the contralateral DRG and in the spinal cord. The virus was confined to the DRG without leakage (n = 5 mice per group).


[image: Figure 5]

FIGURE 5
 Changes in sensory and motor function after surgery and injection. (A) The schedule of administrating AAV or saline, BBB test, MPWT and OFT. (B) Compared to the control group, no effect is observed on the sensory function after saline or AAV administration (p > 0.05, n = 5 mice per group). (C) The scores of the control, saline and AAV groups are similar at the corresponding time points (p > 0.05, n = 5 mice per group). The manipulation had no effect on motor function. (D,E) In the OFT, there are no significant differences in the distance and maximum velocity among the three groups (p > 0.05, n = 5 mice per group).




Statistical analysis

All results are shown as mean ± SEM. In analyses, an unpaired Student’s t-test was applied for comparing two groups. Two-way ANOVA (Analysis of Variance) was used for group comparisons, followed by the Bonferroni post hoc test. Applying Pearson coefficients allowed us to statistically convey relevance. GraphPad Prism 7.0 was used for statistical analysis, and p < 0.05 was considered statistically significant in this study.




Results


Partial bone removal allowed good exposure of the DRG and injection

The anatomical location of the lumbar lateral dorsal root ganglion is under the facet joint and under the transverse axilla when the mice were in prone position (Figure 1). The DRG was exposed by removing the upper and lower articular processes corresponding to the target DRG, as shown in Figure 6. The DRG under the transverse axillary fossa after partial osteotomy could be seen directly through the microscope (Figure 2). The drawn glass capillary was adjusted above the target DRG, and the height of the capillary was adjusted vertically down through the DRG and successfully submerged under direct vision. Afterwards, 1 μl of dye was injected directly into the DRG, which showed no extra-DRG dye leakage and no DRG rupture or damage under microscopy (Figures 2H,I).

[image: Figure 6]

FIGURE 6
 DRG may serve as a target for chemogenetic reversal allodynia induced by SNI. (A) The schedule of administrating AAV, saline or CNO, MPWT. (B) AAV virus expressed in the DRG (n = 5 mice per group). (C) Compared to the saline group, CNO effect reverse allodynia induced by SNI (****p < 0.0001, n = 5 mice per group), with effect disappearing after 1 day (p > 0.05, n = 5 mice per group).




Conventional doses of virus were injected into the DRG without leakage

To detect the modulation of neuronal function in the target DRG using this method can be achieved with less damage. We injected AAV virus into the target DRG and tested the viral expression after 3 weeks of viral transfection (Figure 3A). The results of immunofluorescence showed that the virus was expressed only in the ipsilateral DRG and did not spread to the contralateral and spinal cord (Figure 3B). And the rate of positive cells, as a percentage of all cells, is 2.3516233% ± 0.3783797% (n = 3 mice).



Motor and sensory functions were not affected after virus injection into the DRG of mice

mechanical paw withdrawal threshold was used to detect mechanical allodynia. BBB and FCT were performed to evaluate the motor function after virus injection. The behavioral tests were performed on days 0, 1, 3, 7, 14, and 21 (Figure 4A). Compared to the control group, there was no significant difference in MPWT after injection of saline or AAV (Figure 4B, group: F(2, 72) = 0.2632, p = 0.7694; time: F(5, 72) = 0.2695, p = 0.9284; interaction: F(10, 72) = 0.8821, p = 0.5538). BBB score showed that there was no decrease in motor ability of hind limb after the operation (Figure 4C, group: F(2, 72) = 0.5652, p = 0.5707; time: F(5, 72) = 0.5652, p = 0.7263; interaction: F(10, 72) = 0.09565, p = 0.9998). In OFT, no significant difference was found in the distance (Figure 4D, group: F(2, 72) = 0.741, p = 0.4802; time: F(5, 72) =1.121, p = 0.3573; interaction: F(10, 72) = 0.5286, p = 0.8645) and max speed (Figure 4E, group: F(2, 72) = 0.2902, p = 0.7490; time: F(5, 72) = 0.8515, p = 0.5180; interaction: F(10, 72) = 0.2137, p = 0.9943) among the control, saline and AAV groups. These results suggest that there was no dysfunction of motor or sensory after injection in long or short periods.



Application of chemical inhibitors in DRG effectively inhibited hyperalgesia induced by SNI

A pharmacologic inhibitor of the virus CNO was used to test whether selective inhibition of mice DRG neurons suppressed SNI-induced behavioral responses (Figure 5A). The results of immunofluorescence showed that AAV-hM4Di injection was expressed in the DRG and the rate of positive cells is 3.8515644% ± 1.8687406% (Figures 5B, n = 3 mice). Notably, the mechanical allodynia induced by SNI was reversed on day 14 after administration of CNO (Figures 5C, t = 6.248, P < 0.0001). However, compare to the saline group, there was no significant difference in MPWT 1 day after administration of CNO (Figures 5C, t = 0.1116, p > 0.9999). These results further support that local injection of DRG modulated the development of chronic pain.




Discussion

The present study has defined a method for selective injection of drugs or viruses into the target DRG. Our research achieved a new minimally invasive and intuitive intra-ganglionic injection in mice. Intra-DRG injection does not cause sensory or motor function. In addition, injection of chemical inhibitors in L4 DRG of SNI mice effectively alleviated mechanical hypersensitivity caused by surgery, which confirmed that our improved technique offers additional possibilities for studying sensory mechanisms and treating chronic neuropathic pain.

Various methods have been used to deliver agents to the DRG for application study (24). Although the basic method of alternative injection sites for DRG treatment, intrathecal injection by lumbar puncture, is simple to perform, agent diffusion is unavoidable due to the high doses of medications utilized (25, 26). In contrast to direct injection into the DRG, sciatic nerve injection harms peripheral nerves and targets numerous DRGs (27). Due to the severe vertebra impairments, direct injection laminectomy causes spinal cord instability and sensory and motor dysfunction (28). Partial laminectomy mentioned by Gregory Fischer requires a shallow angle of incidence to the nerve surface (29). Our research had several benefits for the delivery of agents to the DRG. First, injection is carried out utilizing a Hamilton syringe and a Small Animal Stereotactic Frame with the Microinjection Adaptor, potentially causing less damage to the DRG and offering a solid platform for injection. Second, a moderate amount of bone removal maintains the spine’s stiffness, allowing to better preserve neurological function and improving the accuracy and repeatability of following studies by preventing further damage from spinal instability in the late postoperative period. Thirdly, after removal of the articular eminence, the DRG is located in the axilla of the anapophysis which attached to a silver-white tendon. This simple dissection procedure can be easily completed in 20–30 min per mice due to the clear positioning markings, from animal anesthesia to injection. Finally, there is no need to adjust the angle of injection, and direct vision under the microscope reduces the risk of missing the target and completely penetrate the DRG and reach the ventral root. Meanwhile, small incisions were required under direct vision to avoid hyperalgesia induced by surgical exposure of the ganglion.

DRG-targeted injections may serve as an important means of modulating sensory function (2), so it is critical to ascertain the effect of the injection. In contrast to the control group, our data showed that there was no hyperalgesia following surgical exposure and ganglion injection. DRG segmental injection has a potential future in the field of viral vector-mediated gene therapy. Our findings demonstrated that by directing DRG injections to modulate neuronal activity, significant transduction can be accomplished. The use of neuron-specific viruses in our study could achieve an infection rate (The proportion of positive cells in the total number of cells) of approximately 2% (rAAV-EF1α-EGFP-WPRE-pA) and 4% (rAAV-hSyn-hM4D(Gi)-mCherry). Mecklenburg ‘s research estimated that the overall percentage of sensory neurons among all mice DRG cells is about 3–5% (30, 31). And in the current study, we discovered that in SNI rats, inhibiting the DRG neurons can significantly reduce mechanical allodynia. The mechanical allodynia caused by SNI was shown to be effectively reduced by inhibiting the DRG neuronal activity, but the relief was only temporary. This may be because CNO binds to hM4Di to hyperpolarize the cell membrane and inhibit the action potential of neurons, and CNO typically takes 2 h to clear from the membrane after being applied to the neuron. (32). Thus, by combining anatomically selective drug delivery mechanisms with novel molecularly selective drugs, along with other neuroscientific tools, this protocol may promote new strategies for treating chronic pain. The dissection technique described in this study does have its limitations. Firstly, the method is primarily applicable to the lumbar DRGs and is unlikely to be applied at other places. Secondly, reinjection is impossible, but the use of indwelling tubes within the DRG could be considered. Finally, the advantages of this strategy over other ways need to be further investigated because our study did not compare it to previous ones. However, this option would support preclinical studies of injectable solutions administered intralaryngeally to advance previous findings in rodent studies.



Conclusion

Techniques for in vivo injection can make it easier to explain the correlation between behavior and underlying mechanism. Our research provided a quick, efficient, and visible method for single intra-DRG injection. The results of the current investigation demonstrated that no motor or sensory deficits developed throughout the injection procedure. Chemical inhibition of DRG neuron alleviated hyperpathia induced by SNI. Therefore, DRG may be a promising target for neuropathic pain researches, and in vivo injection of DRG under direct vision provide an effective method for the further exploration of the nervous system.
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Purpose: To explore the potential therapeutic strategies of different types of neuropathic pain (NP) and to summarize the cutting-edge novel approaches for NP treatment based on the clinical trials registered on ClinicalTrials.gov.

Methods: The relevant clinical trials were searched using ClinicalTrials.gov Dec 08, 2022. NP is defined as a painful condition caused by neurological lesions or diseases. All data were obtained and reviewed by the investigators to confirm whether they were related to the current topic.

Results: A total of 914 trials were included in this study. They were divided into painful diabetic neuropathy (PDN), postherpetic neuralgia (PHN), sciatica (SC), peripheral nerve injury-related NP (PNI), trigeminal neuralgia (TN), chemotherapy-induced NP (CINP), general peripheral NP (GPNP) and spinal cord injury NP (SCI-NP). Potential novel therapeutic strategies, such as novel drug targets and physical means, were discussed for each type of NP.

Conclusion: NP treatment is mainly dominated by drug therapy, and physical means have become increasingly popular. It is worth noting that novel drug targets, new implications of conventional medicine, and novel physical means can serve as promising strategies for the treatment of NP. However, more attention needs to be paid to the challenges of translating research findings into clinical practice.

KEYWORDS
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1. Introduction

Neuropathic pain (NP) is a significant contributor to the global burden of disease. Its prevalence varies between 6.9 and 10% in the general population, and is expected to increase by 2–3% annually, as the older population grows and the incidence of diabetes and cancer increases (Van Hecke et al., 2014). NP leads to a substantial economic burden on healthcare resources and societal costs. It is estimated that the direct medical costs of NP would exceed 635 billion per year in the United States (Gaskin and Richard, 2012). Most patients with NP complain of persistent or intermittent spontaneous pain (Finnerup et al., 2021). Lesions or diseases involving the somatosensory nervous system not only lead to a loss of function, but also increase pain sensitivity and spontaneous pain (Scholz et al., 2019). Moreover, NP patients are usually associated with severe anxiety, depression, sleep disturbances, and even suicide. However, the treatment of NP remains unsatisfied and challenging.

The current recommendations for the pharmacological treatment of NP were published by NP Special Interest group (NeuPSIG) of the International Association for the Study of Pain (IASP). Drugs with moderate-to-high quality of evidence and strong recommendation include tricyclic antidepressants (TCA), gabapentin, pregabalin, and serotonin noradrenaline reuptake inhibitors (SNRIs; duloxetine and venlafaxine), which are recommended as first-line therapies. The less recommended drugs include capsaicin 8% patches and lidocaine patches (Finnerup et al., 2015). Opioids and subcutaneous injections of botulinum-toxin type A for peripheral NP are weakly graded and recommended for third-line therapies (Finnerup et al., 2021). Opioids should be reserved for patients who do not respond to other treatment options and are at low risk of adverse reactions. Besides, the efficacy of analgesics (e.g., NSAIDs) in NP patients is still unclear (Scholz et al., 2019).

Although the guidelines recommend multiple therapeutic interventions, the first-line drugs provide unsatisfactory pain relief in the clinic (Finnerup et al., 2015). Gabapentin and pregabalin, which target voltage-dependent calcium channels α2δ1 subunit (Li et al., 2019), perform well for postherpetic neuralgia (PHN) and painful diabetic neuropathy, but not for sciatica and migraine (Finnerup et al., 2015). The common side effects of gabapentin and pregabalin include dizziness, drowsiness, euphoria, peripheral edema and weight gain (Finnerup et al., 2021). TCA and SNRIs inhibit presynaptic reuptake of serotonin and norepinephrine (Kremer et al., 2016). The common side effects of TCA include dry mouth, drowsiness and cardiovascular related effects, while SNRIs have side effects of nausea, insomnia and hyperhidrosis at an early stage (Kremer et al., 2016; Attal and Bouhassira, 2021). Lidocaine acts through a dependent voltage-gated blockade of sodium channels (Devor et al., 1992). The absorption of lidocaine into plasma leads to a potential risk of systemic adverse reactions. Capsaicin binds to TRPV1, and repeated or single application of high concentrations can cause reversible effects of intraepidermal nerve fiber density and pain receptor desensitization (Anand and Bley, 2011). The application of a capsaicin patch can lead to local skin redness or itching (Backonja et al., 2008). Hence, it is of great importance to develop novel therapeutic strategies for the clinical treatment of NP.

To achieve this goal, researchers are exploring new ways. With the rapid development of science and technology, scientists and clinicians explored deeper understandings of the mechanism of NP. Besides, several novel therapeutic strategies are invented and tested based on these mechanisms. For example, methadone is now being tested for the clinical management of NP (NCT05235191). Transcutaneous pulsed radiofrequency therapy is applied to test its effectiveness in the alleviation of PDN symptoms (NCT05480527). In this review, we searched the currently ongoing or completed clinical trials on NP treatment through ClinicalTrials.gov, which is the largest resource of the clinical research website of the US National Library of Medicine. This review aimed to explore new therapeutic strategies for different types of NP and to summarize the cutting-edge novel potential approaches for NP treatment.



2. Materials and methods


2.1. Data collection and processing

ClinicalTrials.gov was used to search the relevant clinical trials. The search was done on December 08, 2022 by ZL Du and J Z. NP is defined as a painful condition caused by neurological lesions or diseases. All trials were downloaded as a.tsv file, and then reviewed by WF Yu and XY Gu to confirm whether they were related to the current topic. Several diseases, such as complex regional pain syndrome type 1, low back pain without radicular pain, fibromyalgia and atypical facial pain, were not included because they did not meet the current definition of NP (Finnerup et al., 2016). The inclusion criteria of key trials were as follows: (1) completed within 2 years; (2) recruiting or not yet recruiting; (3) did not include drugs which were recommended as first-line therapy.

The classification of NP was defined as peripheral neuropathic pain (PNP) or central neuropathic pain (CNP) according to ICD-11 (Table 1). The trials related to NP treatment were further collected and summarized. The intervention was systemic or topical treatment for at least 3 weeks.



TABLE 1 Classification of chronic neuropathic pain in ICD-11.
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3. Results


3.1. Overview of the included clinical trials

A total of 1,369 clinical trials related to NP were identified. After reviewing, there were 11 duplicated trials, 34 trials did not meet the NP definition, 3 were no longer available, 39 were retired, and 122 were terminated. Meanwhile, 246 trials focused on the risk factors, objective measures and economic burden of NP, as well as its effect on other functions. As a result, 914 trials were included in this study (Figure 1). Among them, 793 trials were focused on peripheral NP (PNP), including 132 painful diabetic neuropathy (PDN), 123 postherpetic neuralgia (PHN), 125 sciatica (SC), 76 peripheral nerve injury-related NP (PNI), 64 trigeminal neuralgia (TN), 25 chemotherapy-induced NP (CINP), 154 general PNP (GPNP) and others (including pudendal neuralgia, post-amputation NP, HIV-related NP). The remaining 121 trials were focused on central NP (CPN). Almost half of them (54 of 121) were concentrated on spinal cord injury NP (SCI-NP; Figure 2). The potential therapeutic strategies for NP are summarized as follows.

[image: Figure 1]

FIGURE 1
 Flow chart of the current study.
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FIGURE 2
 The proportion of different type of neuropathic pain in clinical trials.





4. Peripheral neuropathic pain


4.1. Painful diabetic neuropathy

PDN is a frequent subtype of PNP, which is defined as “pain as a direct consequence of abnormalities in the peripheral somatosensory system of diabetes patients” (Jensen et al., 2011). PDN is one of the painful polyneuropathy. The prevalence of PDN ranged from 13 to 35% in patients with diabetes mellitus (Ponirakis et al., 2021). PDN is a frequent complication of long-term diabetes, and one of the leading causes of morbidity and disability (Rosenberger et al., 2020). Due to the improvement in living standards and increased prevalence of diabetes, PDN has attracted considerable attention, with the second most trials (132/914, 14.4%) until now. Pregabalin and duloxetine, together with tapentadol as a supplement, is the current first-line therapy for PDN according to the FDA recommendation (Rosenberger et al., 2020). Unwanted side effects are the main issue. The ongoing trials for PDN treatment are mainly focused on novel molecular targets and physical means.


4.1.1. Potential drugs

In NCT05219812, a new drug BAY 2395840 that blocks bradykinin receptor B1 (BDKRB1) is being tested (Table 2, Line 1). BDKRB1 was upregulated on sensory C-fibers, astrocytes and microglia in the spinal cord of streptozotocin (STZ)-induced diabetic rats, and peripheral blockade of BDKRB1 reversed tactile and cold allodynia at 3–6 h post-treatment in diabetic rats (Talbot et al., 2010). Inhibiting BDKRB1/RAS/MEK signaling pathway exhibited a better outcome in NP (Xie et al., 2021). The current trial by Bayer aimed to test the effectiveness and safety of BAY2395840 on participants who suffered from PDN.



TABLE 2 Clinical Trials of different type of neuropathic pain.
[image: Table2]

NCT03176472 is a phase II trial of ricolinostat (ACY-1215), a histone deacetylase 6 (HDAC6) inhibitor developed by Regenacy Pharmaceuticals LLC for treating PDN (Table 2, Line 2). Mechanical allodynia, cognitive impairment, and depressive-like behavior caused by spared nerve ligation (SNL) model were attenuated by continuous intraperitoneal injection of ricolinostat (ACY-1215). Moreover, ACY-1215 administration could suppress SNL-induced neuroinflammatory responses in the ipsilateral spinal dorsal horn, hippocampus and prefrontal cortex (Chen et al., 2022). It is worth noting that cytoplasmic HDAC6 regulates the acetylation of various non-histone proteins in healthy neurons (LoPresti, 2020). Hence, the side effects of ricolinostat (ACY-1215) should not be ignored.

NCT04146896 has completed a novel small molecule called NYX-2925 that modulates the N-methyl-D-aspartate receptor (NMDAR) (Table 2, Line 3). Blocking NMDAR could affect the central pain processing, thereby reducing chronic pain and other associated symptoms (Houck et al., 2019). NYX-2925 modulates NMDARs in a highly specific and selective manner to normalize NMDAR-dependent plasticity, which is a possible mechanism for the long-duration effects observed in these pain models. Notably, NYX-2925 is varying from ketamine (an NMDAR antagonist), rather than fully turning the receptor “on” (agonist) or “off” (antagonist). It is more likely to normalize NMDAR function, thus enhancing communication between neural cells and avoiding the issues associated with overactivation (pain sensitivity) or excessive inhibition (loss of protective reflexes) of NMDAR that have plagued NMDAR-targeted drug development historically. Since no drugs targeting NMDAR have been applied clinically and NMDAR plays an important role in NP, NYX-2925 is expected to be a new direction for NP treatment.



4.1.2. Potential physical means

NCT05322746 is mainly concentrated on focal muscle vibration (FMV), a technique that applies a vibratory stimulus to a specific muscle or its tendon using a mechanical device (Table 2, Line 4). FMV is an innovative form of vibration with non-invasive intervention, which promotes neuroplasticity and durable motor recovery (Murillo et al., 2014). The vibration of a specific muscle can increase the motor-evoked potential, enhance the changes in corticospinal excitability, and produce involuntary contraction in the vibrated muscle (Chandrashekhar et al., 2021). FMV is expected to be a better approach than whole body vibration (WBV), which is effective for reducing PDN-associated pain over the two-and four-week intervals and has persistence in pain reduction beyond the day of treatment (Kessler et al., 2020). Chandrashekhar and colleagues’ pilot work demonstrated a significant improvement in average pain by wearable FMV applied to individuals with PDN (Chandrashekhar et al., 2021). The above preliminary results of wearable FMV are fascinating. Such type of FMV device is simple to wear and easy to use, which may change the management of PDN.

Other potential treatments for PDN include transcranial direct current stimulation (tDCS) (NCT05469074), repetitive transcranial magnetic stimulation (rTMS) (NCT 04833660), moxibustion (NCT05104047), LX9211 (NCT04455633, this drug will be explained below) (Table 2, Line 5–8) and so on. Drug therapy remains the main way to treat PDN, and physiotherapy is of great significance for PDN treatment. However, there is a lack of evidence on the use of combination therapies in combating PDN. The largest combination trial, COMBO-DN, compared the combination of pregabalin and duloxetine at moderate doses with high-dose monotherapy, and found neither approach to be statistically superior (Tesfaye et al., 2013).




4.2. Postherpetic neuralgia

PHN is defined as pain persisting for 3 months after the onset or healing from herpes zoster (HZ), a condition caused by Varizella-Zooster virus (VZV). The disease is caused by reactivation of a latent VZV infection in the sensory ganglia. Pain is the most prominent symptom in 90% of HZ patients (Zhang et al., 2022). The incidence of PHN continues to rise steadily, especially in older patients, possibly due to weakened immunity. PHN is considered as a chronic pain syndrome, which may be attributed to its persistence in a subset of patients over a long period of time (Pappagallo et al., 2000). The standard treatment is a combination of antivirals and pain medications. The commonly used painkillers include topical lidocaine patches, pregabalin, gabapentin and antidepressants (Cui et al., 2018). Although various treatments are available, patients, especially those with chronic PHN, are perpetually disappointed with the effectiveness of pain management and had to endure adverse drug reactions. Therefore, higher requirements for the treatment of PHN need to be put forward. The current trials working on PHN are summarized as follows.


4.2.1. Potential drugs

In NCT04662281, a highly potent and selective adaptor-associated kinase 1 (AAK1) inhibitor, LX9211, is being tested (Table 2, Line 9). AAK1 belongs to the class of numb-associated family of protein kinases (NAKs), including BMP-2-inducible kinase (BIKE/BMP2K) and cyclin G-associated kinase (GAK). AAK1 is widely expressed in the brain, spinal cord, and dorsal root ganglia. LX-9211 demonstrated good efficacy in the STZ-induced diabetic PNP model and CCI model at oral doses of 0.3–1 mg/kg (Luo et al., 2022). The antinociceptive effects of AAK1 inhibitors were induced by the impaired endocytosis of the cell surface levels of μ2-containing GABAA channels. LX-9211 had completed phase I clinical trials and obtained a favorable safety and pharmacokinetics profile supportive of once-daily dosing. This compound received fast track designation by the FDA, and is currently in phase II trials for PDN (NCT04455633) and PHN (NCT04662281). More encouragingly, LX-9211 has significant and consistent benefits in the treatment of PDN, as reported by Lexicon pharmaceuticals Inc. at the 16th annual pain therapeutics summit.

NCT04664530 is a recruiting trial that works on esketamine, a well-known NMDA receptor inhibitor (Table 2, Line 10). Esketamine has both analgesic and antidepressant effects with few incidences of respiratory depression, delirium, hallucinations, nausea and vomiting (Riggs and Gould, 2021). Esketamine has an anti-depressant effect by increasing extracellular glutamate and mTORC1-dependent synapse formation (Shinohara et al., 2021). Anticonvulsants and antidepressants are clinically first-line drugs for the treatment of PHN, which are effective to treat PHN and alleviate patients’ depressive mood due to pain (Anosike et al., 2022). It should be taken into account that the long-term use of esketamine is addictive, limiting its application in treating chronic PHN. Esketamine is more effective against the acute-phase PHN (Riggs and Gould, 2021).

NCT04313335 is a prospective, randomized, open-label, endpoint-blinded study to investigate the preventive efficacy of the prophylactic use of duloxetine during acute herpes zoster (no complication, presents with vesicles within 72 h) on PHN in Beijing Tiantan Hospital (Table 2, Line 11). Duloxetine is a first-line drug for NP by inhibiting the reuptake of serotonin and norepinephrine (Marks et al., 2009). However, preventive intervention on PHN is still rare. A retrospective study revealed that the administration of gabapentin during the acute HZ period significantly decreased the incidence of PHN (Ghanavatian et al., 2019). Prophylactic medication is a novel choice and direction for relieving PHN.



4.2.2. Potential physical means

Electroacupuncture (EA) is a traditional therapy for pain relief via stimulating related acupuncture points (Heo et al., 2021). NCT04560361 was conducted by Nanjing University of Chinese Medicine to explore the effect of EA on PHN (Table 2, Line 12). Another trial NCT03584061 is a pilot study to investigate autologous fat grafting on chronic PHN (Table 2, Line 13). A clinical observation study reported that autologous fat grafting might relieve chronic pain resulting from HZ (Sollie et al., 2021).

In recent years, considerable attention has been paid to the treatment of PHN. Except for those mentioned above, some clinical trials demonstrated that the new calcium channel blocker HSK16149 (NCT05140863) might have a better therapeutic effect (Table 2, Line 14). Efforts to prevent VZV infection at source in different populations will be essential to improve the current poor outcomes associated with HZ infection (Zhang et al., 2022). Prophylactic medication is the current direction for the treatment of PHN, including HZ vaccines for elder people (Lang and Aspinall, 2021). Nevertheless, more drugs warrant further investigations in the near future.




4.3. Sciatica

SC is clinically diagnosed based on the symptoms of radiating pain in one leg with or without associated neurological deficits. SC can lead to severe discomfort and functional limitation with a prevalence of approximately 2–5% (Younes et al., 2006). Patients with SC usually reported aching and a sharp leg pain radiating below the knee and into the foot and toes, or coexisting with low back pain. The pain was described as a sudden or slow onset and varied in severity (Ropper et al., 2015). Inflammation or compression of the lumbosacral nerve roots (L4-S1) forming the sciatic nerve is accounted for SC (Valat et al., 2010). Disk herniation resulting from age-related degenerative changes is the most common cause (Konstantinou et al., 2015). Most patients improved over time with conservative treatment, including exercise, manual therapy and pain management (Jensen et al., 2019). Surgery was performed on serious or progressive neurologic deficits such as motor weakness or bladder dysfunction (Deyo and Mirza, 2016). However, pain medications had uncertain benefit for SC and might have adverse effects (Jensen et al., 2019), while surgery methods had unsatisfactory locating and injection issues. Novel potential treatments on SC are being tested in several clinical trials.


4.3.1. Potential drugs

In NCT03347929, a traditional non-selective NSAID, naproxen, is being tested, which has been approved for the treatment of inflammatory rheumatic conditions, osteoarthritis, primary dysmenorrhea, and musculoskeletal pain (Grøvle et al., 2022; Table 2, Line 15). However, the application of NSAIDs on SC remains a debate. Cochrane review of the existing trials found that NSAIDs were no more effective for pain reduction in SC patients compared with placebo or other drugs (Rasmussen-Barr et al., 2016). However, a survey indicated that 80% American physicians would recommend NSAIDs for the initial management of SC (Webster et al., 2005). The actual effect of NSAIDs on SC needs to be investigated further.

NCT05000658 is recruiting subjects for testing the efficacy of soluble dexamethasone in refractory SC (Table 2, Line 16). Dexamethasone is a synthetic corticosteroid with anti-inflammatory and immunosuppressive properties. National Institute for Health and Care Excellence (NICE) guidelines recommended the epidural injection of local anesthetic and steroid in the lumbar nerve root area for patients with acute and severe SC, where they would otherwise be considered for surgery (Jensen et al., 2019). The current trial is a phase III prospective randomized double-blind trial, which measures the efficacy of soluble dexamethasone by echo-guided infiltration through the sacro-coccygeal hiatus in intractable SC. This is an innovative operation, but its effectiveness may depend on the injection site.

In NCT05196503, the preventive effect of platelet-rich fibrin (PRF) on postsurgical NP after disk herniation surgery is being explored (Table 2, Line 17). PRF was isolated from venous blood without anticoagulant (Choukroun and Ghanaati, 2018). It is a natural fibrin matrix containing cytokines, platelet-derived growth factor (PDGF), bone morphogenetic protein (BMP), insulin-like growth factor-1 (IGF-1), transforming growth factor-β1 (TGF-β1), and vascular endothelial growth factor (VEGF) (Wu et al., 2016). PRF has increasingly been used in regenerative medicine and oral medicine due to its anti-inflammatory and analgesic properties. This effort may be a beneficial trial for preventing postsurgical NP.



4.3.2. Potential physical means

NCT04875741 demonstrates the comparative effects of Neural Mobilization (NM) and Muscle Energy Technique (MET) on SC (Table 2, Line 18). MET was developed by Fred Mitchell. It is a type of physical therapy, and is classified as a common conservative treatment for SC and other pathologies of the spine (Santos et al., 2022). MET is a form of manual or ‘hands-on’ therapy used by osteopathic physicians, chiropractors, and physical therapists. In this treatment type, the muscles of a patient are contracted by pushing against resistance provided by the therapist. The therapist then assists the patient in stretching, strengthening and relaxing those muscles. The goal of MET is to help restore normal muscle and joint mobility (Franke et al., 2015). A meta-analysis indicated that MET was unlikely to improve lumbar dysfunction, but might help reduce the intensity of low back pain, with moderate efficacy in subacute SC (Franke et al., 2015). NM is a movement-based treatment modality used in treating pathologies of the nervous system, which includes both slider and tensioner maneuvers (Plaza-Manzano et al., 2020). The underlying mechanisms of neural mobilization interventions include the restoration of homeostasis in and around the nerves and attenuation of intraneural edema through intraneural fluid dispersion in the nerve root and axon (Boudier-Revéret et al., 2017). Neurodynamic treatment demonstrated a significant reduction in leg pain intensity and improved function after 4 weeks of intervention in patients with chronic SC (Ferreira et al., 2016). The current trial provides strong evidence for the effectiveness of these two methods on SC.

In NCT05129540, whether the foot orthoses can alleviate SC is being evaluated (Table 2, Line 19). This is based on the idea that chronic SC may be related to abnormal stresses applied to the musculoskeletal system during the gait cycle due to foot alterations (Attal and Bouhassira, 2021). However, the trial is not yet recruiting participants.

It is helpful for patients to understand the natural course of SC to relieve symptoms such as pain (Jensen et al., 2019). Treatment of SC is still dominated by physical therapy and supplemented by surgery, but the effectiveness of these medications remains uncertain. Therefore, SC patients may require more effective treatments, including new physiotherapy approaches, advanced surgical methods and novel drug therapies.




4.4. Peripheral nerve injury-related neuropathic pain

PNI-NP is a heterogeneous group of NP conditions caused by a peripheral nerve lesion, e.g., during surgery or trauma (Finnerup et al., 2021). There was a significant correlation between the risk of nerve damage during surgery and the risk of developing chronic NP (Haroutiunian et al., 2013), while the severity of injury and the type (transecting, stretching, crushing) of nerve damage were not significantly associated with the development of NP (Andersen et al., 2014). However, it remains unclear that most patients with nerve damage would develop pain while others did not. The percentage of those patients who experienced pain ranged from 67 to 95% (Teixeira et al., 2015). PNI-NP treatment is subjected to the standards of NP therapy and has special features. A follow-up with an experienced psychotherapist is strongly recommended (Mathews, 2014). Drug treatment, such as tricyclic antidepressants and calcium channel ligands (Teixeira et al., 2015), should be initiated early, which can be either aggressive or progressive. Surgical treatment is another option. Decompression, reconstruction, ablation and modulation are the four basic options for the surgical management of PNI-NP. The most optimal methods and means have been investigated by several researchers in order to better mitigate PNI.


4.4.1. Potential drugs

NCT04967664 was performed to confirm the efficacy and safety of the repeated topical application of Qutenza (capsaicin 8% topical system) versus low-dose capsaicin control (capsaicin 0.04% topical system) in subjects with moderate-to-severe postsurgical NP (Table 2, Line 20). Capsaicin 8% patches are recommended as a second-line therapy for NP, which can be applied for 30–60 min and repeated every 3 months (Finnerup et al., 2021). The possible mechanism underlying this analgesic effect is that capsaicin binds to TRPV1, which is important for pain signal transduction, and both single and repeated application of high capsaicin doses can lead to the desensitization and dysfunction of TRPV1. The most commonly reported adverse events are application site reactions, including dryness, erythema, oedema, pain, papules and pruritus. The analgesic effect of 8% capsaicin patch was better than that of 0.04% capsaicin patch in PHN patients, but the adverse event rates were higher (Backonja et al., 2008). However, it remains unclear how the capsaicin 8% topical system works with PNI-NP.



4.4.2. Potential physical means

In NCT05432973, the efficacy of transcutaneous electrical nerve stimulation (TENS) versus passive-assisted neurodynamics for pain relief in brachial plexus neuropathy is compared (Table 2, Line 21). TENS intervention was defined as pulsed electrical currents generated by a ‘standard TENS device’ administered across the intact surface of the skin using surface electrodes at the site of pain or over nerve bundles proximal (or near) to the site of pain, with the intention of stimulating peripheral nerves to alleviate pain (Johnson, 2021). TENS is a neuromodulation therapy, which has been widely used for symptomatic relief of pain. Physiological evidence suggests that TENS could inhibit the activity and excitability of central nociceptive transmission neurons (Johnson et al., 2022). A meta-TENS study provides moderate-certainty evidence that pain intensity is lower during or immediately after TENS compared with placebo, and without any serious adverse events (Johnson et al., 2022). Hence, TENS is a potential alternative for the treatment of PNI-NP.

The first-line therapy for PNI-NP is etiology treatment. Repair of peripheral nerve injury should be considered, such as reconnecting the damaged nerve through surgery, as well as medication or physical therapy to promote nerve repair. A variety of drugs have been used to relieve PNI-NP, while the nerve damage is hard to repair. The above trial might provide us with more possibility of providing adjuvant treatment on PNI-NP.




4.5. Trigeminal neuralgia

TN is the most common form of craniofacial NP disorder characterized by spontaneous and elicited paroxysms of electric shock–like or stabbing pain affecting one side of the face. Triggered paroxysmal pain is specific to TN, and is reported in 91–99% of NP patients (Di Stefano et al., 2018), indicating that this feature may be pathognomonic of TN. Intracranial vascular compression of the trigeminal nerve root is the main cause of TN (Cruccu et al., 2020). Carbamazepine and oxcarbazepine are recommended as first-line therapies for TN (Cruccu et al., 2008). Surgery is performed only if the standard doses of medications are not sufficient to control the symptoms or the side effects prevent their continuous use (Cruccu et al., 2020). Nonetheless, the first-line drugs have serious side effects, including dizziness, diplopia, ataxia and elevated transaminase levels, resulting in 23% of patients discontinuing medications (Cruccu et al., 2014). Thus, it is necessary to develop new treatment modalities for TN.


4.5.1. Potential drugs

NCT05217628 is a phase II/III trial to test the efficacy and safety of basimglurant (Table 2, Line 22). Basimglurant is a potent, selective, and safe metabotropic glutamate subtype 5 (mGlu5)-negative allosteric modulator with good oral bioavailability and long half-life supportive of once-daily administration in humans (Quiroz et al., 2016). mGluR5 is vital for the release of neurotransmitters and regulating the postsynaptic response of neurotransmitters in the central and peripheral nervous systems. mGlu5 at synaptic and extrasynaptic locations can enhance the activity of NMDA receptors with increasing NMDA currents. Inhibiting the downstream effects of mGlu5 receptor could down-regulate the function of NMDA (Tebano et al., 2005). Basimglurant might achieve positive results for the treatment of TN, except for its previous application on major depression.

In NCT05142228, the TN pain-related outcomes after injection of aimovig under the skin are being evaluated (Table 2, Line 23). Aimovig (erenumab) is the first antibody therapy targeting the calcitonin gene-related peptide (CGRP) receptor with FDA approval for migraine prevention with well tolerated and good safety profile (Wang et al., 2021). CGRP plays a pivotal role in the formation and maintenance of NP (Xie et al., 2017; Wang et al., 2021). This trial is an expanded application of aimovig (erenumab) on TN.



4.5.2. Potential physical means

NCT04505280 was conducted to investigate the efficacy of greater occipital nerve block and cervical injections with lidocaine (Table 2, Line 24). The pharmacological block of the greater occipital nerve has been proven to be effective in numerous headache and facial pain syndromes (Hoffmann et al., 2021). Nociceptive signals induced by stimulation of peripheral trigeminal afferents are transmitted along the trigeminal nerve passing the trigeminal ganglion and enter the brainstem into the trigeminocervical complex (TCC) (Goadsby et al., 2017). Nociceptive information originating in the occipital region of the head is transmitted through the occipital nerve into the TCC (Angus-Leppan et al., 1997). Previous animal studies suggest that neuronal signals originating from trigeminal and occipital neurons converge in the TCC, and within the TCC, around two-thirds of neurons receive afferent input from trigeminal and occipital neurons (Angus-Leppan et al., 1997). An occipital nerve block may inhibit neurons in TCC and relieve TN.




4.6. Chemotherapy-induced neuropathic pain

CINP in cancer patients is usually caused by neurotoxic chemotherapeutic agents that lead to peripheral neuropathies (Staff et al., 2017). CINP is one of the painful polyneuropathies, and is a severe adverse reaction that affects up to 80% of patients during cancer treatment (Sisignano et al., 2016). To date, there are no FDA-approved drugs for preventing or treating CINP, with emerging debate on its underlying mechanisms and therapeutic targets (Bae et al., 2021).

NCT04468230 was performed to assess the efficacy of short-term nicotine transdermal patch administration for the treatment of CINP in cancer stable or remission patients (Table 2, Line 25). Nicotine, the main stimulant in cigarette smoke, was found to have antinociceptive effects in animal and clinical studies (Rowley et al., 2008). A nicotine patch allows less variability in plasma nicotine with a slow steady level delivered through the skin over time. A systematic review and meta-analysis indicated that nicotine patches had an opioid-sparing effect in non-smokers who underwent surgery after general anesthesia, but did not significantly reduce the pain scores (Mishriky and Habib, 2014). Landim et al. found that nicotine patch was effective at controlling pain following third molar surgery (Landim et al., 2020). Nevetheless, the current clinical trial is a meaningful attempt under the condition of local anesthesia, rather than that of general anesthesia.

In NCT05322889, the effectiveness of telmisartan, an angiotensin AT1 receptor blocker, in CINP patients is being tested (Table 2, Line 26). Treatment with telmisartan in mice could lead to a strong reduction of CINP. Interestingly, its analgesic effect was associated with the inhibition of cytochrome P450 oxidase 2 J (CYP2J) rather than angiotensin AT1 receptor (Sisignano et al., 2016). Telmisartan has been on the market for a long time and has a good risk profile, low occurrence of side effects, and is generally well tolerated in patients. Hence, telmisartan may be a promising pharmacological treatment option for CINP patients.



4.7. Others

Numerous clinical trials are not focused on a particular type of PNP, thus, we classified them as GPNP.

NCT04431778 is a phase II trial that assesses the efficacy and tolerance of low ethosuximide (ETX) doses in GPNP patients (Table 2, Line 27). ETX is a low voltage-activated (LVA) calcium channel blocker, which completely removes painful neuropathic symptoms induced by sciatic and spinal nerve ligation in mice (Dogrul et al., 2003; Kerckhove et al., 2019). However, a proof-of-concept, randomized, double-blind and controlled trial (NCT02100046) showed that although ETX had an analgesic effect on NP in vivo, it was not effective for NP patients at a certain dose (30 ml (1,500 mg) per day) (Kerckhove et al., 2018). The current trial aims at testing the effect of low ETX doses on NP patients, which can further strengthen the clinical application of LVA calcium channel blockers.

In NCT04480164, the safety and efficacy of N-desmethylclobazam (NDMC) in GPNP patients are being evaluated (Table 2, Line 28). NDMC is the main metabolite of clobazam (CBZ), and may act as a GABAA receptor inhibitor (Ralvenius et al., 2016). CBZ is a family of benzodiazepine (BDZ), which has a sedative, anti-convulsive, analgesic and antianxiety effect. Previous studies demonstrated that classical BDZ activated α1-subtype GABAA receptors (Ralvenius et al., 2015) and α2-subtype GABAA receptors (Paul et al., 2014), leading to severe side effects (e.g., sedation, addiction and motor impairment). Moreover, the data from transgenic mice also supported that the beneficial effects of antipain could be induced by selective allosteric regulation of GABAA receptors without any cognitive and calming effects (Knabl et al., 2008). NMDC has a high selectivity profile with an obvious preference for GABAA α2-subtypes receptors rather than α1 receptors, which is mainly responsible for its sedative effects (Ralvenius et al., 2016). Since NDMC naturally occurs as the metabolite of CBZ, together with the safety profile known from its parent drug CBZ, it is very unlikely that NDMC has unexpected adverse reactions. Thus, GABA is not a common target for NP treatment, and its possible interaction with NDMC is worthy of further investigation.

In NCT04981925, the predictors of pain relief for mindfulness-based stress reduction (MBSR) are identified (Table 2, Line 29). MBSR is one of the mindfulness-based interventions, and individuals primarily have a non-judgmental attitude toward all experiences (Majeed et al., 2018). MBSR exhibited beneficial effects on the physical and mental health of patients with chronic pain compared to cognitive behavioral therapy (CBT) (Veehof et al., 2011). MBSR treatment had a greater improvement at 26 weeks in low back pain compared with usual care (NCT01467843) (Cherkin et al., 2016). Additionally, MBSR is effective against pain reduction, as well as improvements in physical function, mood and sleep disturbance in patients with chronic pain (Burns et al., 2022). MBSR is a potential therapeutic modality for chronic NP without any side effects. The current trial (NCT04981925) is helpful for the identification of potential molecular/physical targets in NP patients.




5. Central neuropathic pain


5.1. Spinal cord injury-related neuropathic pain

SCI-NP is defined as pain associated with a lesion or disease of the somatosensory nervous system, and remains difficult to treat (Finnerup et al., 2016). SCI-NP is typically experienced at or below the zone of injury, and is classified as sharp, burning or electric (Bryce et al., 2012). Principles of SCI-NP treatments include self-management, psychological interventions, pharmacological treatment, neuromodulation, and personalized medicine (Attal, 2021). SCI-NP is minimally responsive to the existing pharmacological interventions (Boldt et al., 2014), which may have serious adverse events. The intractable nature of SCI-NP is a strong impetus to explore alternative therapeutic approaches.

In NCT04379011, whether brivaracetam can reduce SCI-NP is being explored (Table 2, Line 30). Brivaracetam (an antiepileptic drug) is a synaptic vesicle protein 2 (SVP2) ligand, which displays similar selectivity, but higher affinity than its parent compound levetiracetam (Kenda et al., 2004). Tsymbalyuk et al. reported that brivaracetam significantly reduced microglial activation, TNF expression, and leukocyte infiltration into the dorsal horn, in conjunction with reduced NP behaviors in a murine sciatic nerve injury model (Tsymbalyuk et al., 2019). In real-world clinical practice, brivaracetam is sometimes used to relieve TN, either as monotherapy or in combination (Pergolizzi et al., 2022). Since brivaracetam is a ligand of SVP2, and the latter is a potential target of NP (Kenda et al., 2004), it can serve as a mechanism-based pharmacological intervention for SCI-NP.

NCT04700033 showed that immersive interactive virtual walking could reduce NP, leading to a significant decline in depressive symptomatology among patients with SCI (Trost et al., 2022; Table 2, Line 31). Immersive virtual reality (IVR) provides a completely immersive experience for participants and gives users the feeling of being in a virtual world. However, the mechanism of action is still unclear. The study’s sample size was small, and participants were not randomly assigned to study conditions, thus introducing a potential bias. IVR acts as a new type of wearable device, and may be a promising treatment for SCI-NP.

SCI-NP has lifelong impacts on health and well-being. Therefore, improving the management of this complicated pain condition is an important goal. The translation of knowledge between basic and clinical research, as well as the clinical management of NP after SCI can be realized by uncovering the reliable and valid clinical NP phenotypes (e.g., pain type, pain symptoms, sensory function and dysfunction, and psychosocial factors), translatable biomarkers, and therapeutic targets (Widerstrom-Noga, 2017).




6. Discussion

In this review, we briefly summarize the existing clinical trials on the treatment of NP to enrich the knowledge of potential novel therapeutic strategies, including drug targets, new implications of conventional medicine and physical means. NP treatment is mainly dominated by drug therapy, and physical means have become increasingly popular. These potential strategies offer new hope for NP treatment and encourage us to uncover the mechanisms of NP heterogeneity.

Drug therapy remains the dominant mode of NP therapy. With the development of basic science and technology, there have been increasing numbers of novel molecular targets and molecular compounds of NP being discovered and synthesized, respectively. The AAK1 inhibitor LX9211, which is effective against NP relief in rats, has great potential for PHN treatment (NCT04662281). More importantly, uncovering the mechanisms of NP helps the clinicians to explore the new implications of conventional drugs for pain relief. For example, NDMC is the first drug used to treat NP by targeting GABAARs (NCT04480164). Erenumab might treat TN like its application on migraine since they share the same CRGP pathway (NCT05142228). Optimizing the dosage and duration of conventional drugs might also work well. The current trials have compared the effects of different concentrations of capsaicin patches on various types of NP (NCT04967664), or prophylactic use of duloxetine to reduce PHN (NCT04313335). With a deeper understanding of the mechanisms of NP, we believe that there is great potential for the application of new medicines in the clinical setting.

The inevitable problems with medication are adverse events and possible analgesic effects on different types of NP. Adverse reactions of gabapentin and pregabalin include dizziness, drowsiness, confusion and fatigue, and they are ineffective for SC. Local injection of botulinum toxin A has a beneficial effect on PNI, but a detrimental effect on other types of NP. A large-scale study found that the combination of nortriptyline with morphine at moderate doses was more effective than monotherapy at higher doses for the treatment of PNP (Gilron et al., 2015). The combination of different drugs may reduce potential side effects without diminishing the analgesic effect. Several clinical trials are under way on the combinations of different drugs, which may be a future direction to eliminate or reduce the side effects to a bearable level.

In addition to drug therapies, physical means are getting popular. Patients who enhance their strength and endurance through physical therapy for general health often report a reduction in pain compared with before treatment (Mathews, 2014). Neuromodulation therapy is one of the successful means for NP by promoting neuroplasticity (Knotkova et al., 2021), which includes deep brain and motor cortex stimulation, peripheral nerve stimulation, and the non-invasive treatments of repetitive transcranial magnetic stimulation, transcranial direct current stimulation and TENS. A meta-analysis revealed the analgesic effect of noninvasive brain stimulation (NIBS) on patients with NP, and recommended its clinical application (Gao et al., 2022). Another systematic review and meta-analysis proved the analgesic effect of rTMS on NP and stimulus sites. The combination of stimulus frequency and site as well as the location of pain are critical modulators of the rTMS effect (Jiang et al., 2022). However, the placebo effect of neuromodulation could not be neglected (Knotkova et al., 2021).

With the advancement of technology, several novel physical approaches are shown to be effective in preventing NP, including VR and Sana Pain Reliever (Sana PR). VR could improve patients’ mental state and reduce patients’ anxiety (Trost et al., 2022). The movement of SCI-NP patients could be simulated with the aid of VR. Sana PR is another device to provide Audio Visual Stimulation (AVS), which enhances performance stability and symptom management. These novel devices might help clinicians to have multiple choices in treating NP patients individually.

The current study has some limitations. Firstly, we only searched clinical trials on ClinicalTrials.gov and might miss out potential trials in other databases. Secondly, we did not consider trials completed over 5 years as the inclusion criteria. Thirdly, the current search was done on December 8, 2022 to avoid frequent updates of the database. Practitioner could update the current knowledge on ClinicalTrials.gov with the search term “Neuropathic Pain” in the “Condition or disease” dialog. Those who are interested in a specific pain sub-type or treatment type could apply an advanced search with the search terms of a specific pain sub-type in “Other terms” dialog or choose the “Study type” (Interventional or Observational) below. Fourthly, less attention has been paid to multimodal pain management programs, drug combination therapy, dietary therapy and psychological intervention. Several of them proved their effectiveness for chronic pain. For example, dietary supplementation of gingerols–and shogaols-enriched ginger root extract could attenuate pain-associated behaviors (Shen et al., 2022). Omega-3 fatty acids may be of great benefit in the management of NP patients (Ko et al., 2010). It is worth noting that the combined approaches have become increasingly important in treating complex NP. We paid less attention to those combination treatment, as most of the trials were related to gabapentin or pregabalin, the first-line therapies for patients with NP. Additionally, only a few trials (51/914, 5.6%) reported on the combined therapy on NP. In the future, it is important to consider conducting basic studies to uncover the potential mechanisms of combined therapy, as well as mechanism-based clinical studies. Fifthly, the reasons for retired or terminated trials might provide valuable information for further guidance on NP treatment. However, this information could not be found directly through ClinicalTrials.gov. Trial design, small sample size, failure to achieve the endpoint of outcome, and potential toxic effects in both animal and human experiments could be the reasons behind a retired or terminated trial. Thus, is imperative to consider the potential biases in the study design when interpreting the results. Finally, CNP was seldom discussed and some rare types of NP were not covered, such as occipital neuralgia, pudendal neuralgia and NP in Parkinson’s disease. Despite these limitations, the current review provides researchers and clinicians with new hopes for the treatment of NP and encourages us to invent more therapeutic approaches.



7. Conclusion

NP remains difficult to treat and represents a huge unmet medical need. NP treatment is mainly dominated by drug therapy, and physical means have become increasingly popular. It should be highlighted that novel drug targets, new implications of conventional medicine, and novel physical means are the promising strategies for NP treatment. Nevertheless, more attention needs to be paid to the challenges of translating research findings into clinical practice.
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Introduction: Trigeminal neuralgia is a debilitating condition that can significantly impair the quality of life of affected individuals. Percutaneous balloon compression (PBC) has been established as an effective treatment for this condition. However, the use of general anesthesia during the procedure poses challenges to achieving the desired degree of nerve damage without causing excessive numbness. In this study, we aimed to evaluate the feasibility and efficacy of performing PBC under conscious sedation of local anesthesia.

Methods: We improved the surgical procedure for PBC by administering intraganglionic lidocaine 0.2% with fine needle aspiration to achieve conscious sedation. This allowed the operator to determine the degree of nerve damage in real time through the tactile test. We conducted a clinical observation of 87 patients who underwent PBC under conscious sedation of local anesthesia. We evaluated the intraoperative blood pressure and heart rate changes, postoperative facial pain relief, and occurrence of complications such as severe facial numbness, irreversible keratitis, vision loss, and masticatory muscle weakness.

Results: All 87 patients achieved immediate relief of facial pain after undergoing PBC under conscious sedation of local anesthesia. The intraoperative blood pressure and heart rate changes were < 20% of the baseline value. No patient experienced severe facial numbness or developed irreversible keratitis, vision loss, or masticatory muscle weakness.

Discussion: Our findings suggest that PBC under wide-awake local anesthesia is a safe and effective treatment for trigeminal neuralgia. The use of conscious sedation of local anesthesia during the procedure allows the operator to achieve the desired degree of nerve damage without causing excessive numbness. This can lead to long-term pain relief and improved quality of life for patients with trigeminal neuralgia.
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Introduction

Trigeminal neuralgia (TN) is a medical condition characterized by a sudden, severe, stabbing pain that is usually confined to one side of the face and occurs in the distribution of one or more branches of the fifth cranial nerve. This definition is recognized by the International Association for the Study of Pain (IASP) (1). Balloon compression, a classic treatment method for TN, was first employed in clinical practice by Mullan and Lichtor in 1978. Related articles on the subject were subsequently published in 1983 (2).

As puncture and balloon compression during surgery for trigeminal neuralgia can lead to severe hemodynamic fluctuations, general anesthesia is commonly used to ensure patient safety. However, under general anesthesia, the surgeon is unable to receive feedback from the patient on the degree of hypoesthesia, leaving him to rely solely on experience to set balloon pressure and compression time. This often results in patients experiencing more numbness than intended (excessive nerve damage) or recurrence after surgery (insufficient nerve damage).

Huang et al. reported performing balloon compression surgery on patients under procedural sedation and analgesia using fentanyl and midazolam. This approach enables patients to remain moderately or lightly sedated during the procedure, resulting in a more appropriate degree of nerve damage (3). However, we believe that this method may not necessarily reduce the risk of trigemino-cardiac reflex (TCR) compared to general anesthesia.

Recent studies conducted by Tibano et al. (4) and Ararwal et al. (5) have shown that combining the trigeminal ganglion block with general anesthesia can significantly inhibit the TCR during balloon compression, thus reducing circulation fluctuations. Moreover, no significant complications associated with local anesthesia have been observed. This suggests that local anesthesia, which involves blocking sensory afferents of the trigeminal nerve, can reduce a patient's stress response more effectively than general anesthesia. Therefore, we believe that complete local anesthesia is sufficient to meet the analgesic needs of this surgery.

Based on the case series study, we conclude that percutaneous balloon compression of the trigeminal ganglion under conscious sedation local anesthesia is both effective and safe for the treatment of trigeminal neuralgia.



Methods


Patient population

This study was conducted with the approval of the Institution's Ethics Examining Committee of Human Research. Between August 2020 and September 2021, percutaneous balloon compression with local anesthesia was performed on 87 patients with trigeminal neuralgia. The age of the patients ranged from 39 to 86 years old, and the duration/diagnosis of TN ranged from 1 to 21 years.

The following were the inclusion criteria of the respondents: (1) those who met the diagnostic criteria for primary trigeminal neuralgia in accordance with the International Classification of Headache Disorders (6); (2) those who had a pain visual analog scale (VAS) score of ≥4; (3) those who had the duration of TN ≥ 6 months; and (4) those who had poor response to drug therapy or intolerable side effects.

Patients with the following conditions were excluded (7): (1) patients with severe systemic diseases who were intolerable to surgery and anesthesia, (2) coagulation dysfunction or local infection in the puncture area before surgery, (3) patients with mental illness, who were unable to express subjective feelings clearly, (4) patients who had undergone previous trigeminal nerve-related surgeries including microvascular decompression and nerve lesion, and (5) patients with reduced or abnormal superficial sensation in the affected facial area.



Percutaneous balloon compression procedure

Patients were placed in a supine position with a 10 cm cushion placed under the shoulder, allowing for a slight neck extension. The initial fluoroscope intensifier (General Electric OEC 9900 Elite C-Arm; Bluestone Diagnostics) was positioned with 15° of lateral rotation from the midline toward the ipsilateral side and 15° of caudal tilt. The H-figure method was used to identify foramen ovale (8) (Figure 1).


[image: Figure 1]
FIGURE 1
 The fluoroscopic landmark of the H-figure to identify foramen ovale.


After localization of foramen ovale, a 10 cm 22-G needle was inserted through the sterilized skin in the “Haertel” approach (9) after local tissue infiltration with 5–10 mL 0.5% lidocaine and intravenous injection of 5 μg sufentanil and 0.5 mg atropine. Under fluoroscopic guidance, the needle tip was advanced through the medial half of the foramen ovale (Figure 2A). Thereafter, 1 mL of 0.25% lidocaine was injected into Meckel's cave to complete the local block of the trigeminal ganglion. The successful completion of local anesthesia of the gasserian ganglion is indicated by the subjective numbness in the distribution area of the affected trigeminal nerve and mild reduction of superficial sensation. When the needle was withdrawn, 2–3 mL of lidocaine was injected around the edge of the foramen ovale to reduce the pain associated with subsequent cannulation. After infusing local anesthesia, a 14-G cannula was inserted into the foramen ovale from the same path as the anesthesia needle used before (Figure 2B). After cannulation, a balloon catheter (Shenzhen Qingyuan Medical Equipment Co., Ltd, China) was inserted into the trigeminal cistern and inflated with a contrast agent to compress the trigeminal nerve (Figure 2C). The final balloon volume ranged between 0.35 and 0.8 mL and was adjusted based on the pressure and shape of the balloon. Local anesthesia was administered during the procedure to ensure patient comfort and safety. To assess the degree of nerve compression in real time, the surgeon interacted with the patient. Additionally, a sterile cotton ball was used to gently touch the skin of the patient's face to evaluate the degree of superficial sensory impairment. When the patient reported a complete loss of sensation to light touch on the affected side but could still perceive slightly stronger stimuli, the balloon compression was stopped. This ensured that an appropriate level of nerve compression had been achieved.


[image: Figure 2]
FIGURE 2
 Percutaneous balloon compression procedure. (A) Local anesthesia of trigeminal ganglion with a 22-G needle. (B) Cannulation with a 14-G cannula. (C) Balloon compression with a No. 4 Fogarty catheter.


Mean arterial pressure (MAP), heart rate (HR), and VAS were measured by nursing staff in the operation room six times perioperatively, namely, during skin infiltration anesthesia (T0), local anesthesia needle puncture to foramen ovale (T1), at the time of injection of local anesthetics into trigeminal ganglion (T2), cannula insertion into foramen ovale (T3), balloon compression (T4), and surgery completion (T5). Each patient will undergo pain and numbness assessment, as well as a physical examination to evaluate the degree of hypoesthesia and other complications at discharge (2 days after surgery).

Long-term follow-up was carried out at 1, 3, 6, and 12 months by telephone interviews or outpatient clinic visits. Pain intensity was assessed using a VAS score from 0 to 10 (0 rated as no severity and 10 as worst severity). Pain relief was considered when the VAS score was < 4. For facial numbness, the degree of facial numbness was assessed by the Barrow Neurological Institute (BNI) facial hypesthesia scale (10): Class I, no facial numbness; Class II, mild facial numbness and not bothersome; Class III, facial numbness and somewhat bothersome; and Class IV, facial numbness and very bothersome. The Patient Satisfaction Index (PSI) score is divided into four levels, ranging from 1 to 4. 1 = surgery/therapy met my expectation; 2 = I did not improve as much as I had hoped, but I would undergo the same operation/ therapy for the same results; 3 = surgery/therapy helped, but I would not undergo the same operation/therapy for the same outcome; and 4 = I am the same or worse compared to before surgery/therapy.



Statistical analysis

All data were processed with statistical analyses performed using SPSS software, version 23.0 (IBM SPSS, New York, NY, USA), and statistical significance was declared at the level of P-value of < 0.05 (two-tailed). Normally distributed continuous data on patient demographics and TN characteristics were reported as the mean and standard deviation, and non-normally distributed continuous data were reported as a median (25th quartile to 75th quartile). One-way repeated-measures analysis of variance was used to compare the VAS score HR, and MAP at different time points. The Kruskal–Wallis test was used to evaluate the rating of facial numbness in 12 months of follow-up.




Results

A total of 87 patients underwent percutaneous balloon compression of the trigeminal ganglion with local anesthesia. The baseline characteristics of the patients are summarized in Table 1.


TABLE 1 Demographic characteristics.

[image: Table 1]

The intraoperative VAS (pain associated with surgical procedures) demonstrated a statistically significant increase from T1 to T2 and a decrease from T2 to T3, T4, and T5 (p < 0.001) (Figure 3A). The most intense pain occurs at the time of injection of local anesthetics into the trigeminal ganglion (5.62 ± 3.58). The perioperative MAP and HR are displayed in Figures 3B, C. The results of the repeated measures ANOVA showed significant differences in MAP and HR among the six time points during the surgery (F = 4.51, P < 0.001). Pairwise comparisons revealed that the MAP during the puncture and balloon compression (T1-T4) was significantly higher than that during the infiltration anesthesia (T0). The MAP during balloon compression (T4) was significantly higher than that at other time points (P < 0.001). The analysis of HR showed similar results, with HR during balloon compression (T4) being significantly higher than at other time points (P < 0.05). However, throughout the entire surgery, the fluctuations of MAP and HR were within 20% of the baseline value (T0), and there was no circulation inhibition caused by the trigeminal reflex.
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FIGURE 3
 (A–C) Graphs showing the perioperative changes in VAS, mean arterial pressure (MAP), and heart rate.


VAS scores of TN were significantly lower at discharge and 1-, 3-, 6-, and 12-month follow-up compared with pre-surgery (P < 0.001) (Table 2).


TABLE 2 Different time of VAS scores.
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The rating of postoperative facial numbness (BNI I-IV) is shown in Figure 4A. After 1 year of surgery, the proportion of moderate to severe numbness was only 17.24%. While at postoperative 12 months, according to the PSI score, the number of patients who reported scores 1, 2, 3, and 4 was 12 (13.3%), 35 (40.8%), 27 (31.6%), and 13 (14.3%), respectively (Figure 4B).
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FIGURE 4
 The outcomes after balloon compression. (A) The distribution of facial numbness BNI rating in 12 months follow-up. (B) The percentage of Patient Satisfaction Index (PSI) at postoperative 12 months (1 = surgery/therapy met my expectation; 2 = I did not improve as much as I had hoped, but I would undergo the same operation/therapy for the same results; 3 = surgery/therapy helped, but I would not undergo the same operation/therapy for the same outcome; and 4 = I am the same or worse compared to before surgery/therapy).


A total of seven patients experienced ecchymoma at the needle insertion site, four patients complained of weakness of the masticatory muscles, and two patients developed herpes simplex 1 week after surgery. All patients fully recovered by postoperative week two.



Discussion

As compared to MVD surgery, percutaneous minimally invasive procedures such as percutaneous trigeminal nerve ganglion radiofrequency thermocoagulation and percutaneous balloon compression can result in sensory nerve loss. However, these procedures provide an effective and relatively safe option for the management of trigeminal neuralgia, making it a preferred choice for both patients and healthcare professionals (11, 12).

A typical “pear” shape of balloon is a crucial imaging indication to ensure the efficacy of PBC. The accurate placement of the balloon in Meckel's cave can be achieved using imaging guidance under either general anesthesia or local anesthesia. General anesthesia can undoubtedly improve the patient's intraoperative experience and provide better operating conditions for the surgeon (13). Therefore, in the past, the majority of PBC surgeries were performed under general anesthesia with endotracheal intubation or laryngeal mask placement (14).

As patients with trigeminal neuralgia are often elderly and have underlying diseases, general anesthesia can be contraindicated. Additionally, trigeminal ganglion compression under general anesthesia can trigger a life-threatening trigeminal-cardiac reflex, resulting in a significant decrease in blood pressure, heart rate, and even cardiac arrest. Stimulation of the trigeminal ganglion sends afferent signals to the sensory nucleus of the trigeminal nerve near the floor of the fourth ventricle. Small internuncial nerve fibers in the reticular formation connect afferent to efferent premotor neurons primarily located in the nucleus ambiguous and the dorsal motor nucleus of the vagus. The reflex pathway then activates cardioinhibitory parasympathetic vagal neurons, thereby completing the reflex arc (15).

Recent studies have demonstrated that local anesthetic infiltration or nerve block of the afferent pathway may prevent TCR (4, 16). Tibano et al. conducted a study in which patients were divided into a deep sedation plus trigeminal ganglion block anesthesia group (injection of 2% lidocaine 0.8 ml) and a deep sedation plus trigeminal ganglion injection of the same volume of the saline control group for balloon compression (4). The results showed that the changes in blood pressure and heart rate were more stable in the trigeminal ganglion block group than in the control group. In our study, we found that although the VAS score for surgery-related pain was significantly higher during the puncture process than before surgery, the heart rate and blood pressure did not fluctuate significantly compared with the preoperative values. Additionally, during the operation, no patient requested to switch to general anesthesia due to severe pain.

In this study, we investigated facial numbness as a primary evaluation indicator for balloon compression, as it can significantly impact a patient's quality of life, especially in the case of neurectomy-related facial numbness such as in trigeminal neuralgia. Furthermore, in addition to balloon shape, balloon pressure and compression time are important factors affecting postoperative efficacy, which cannot be customized under general anesthesia (17). As a result, many patients are unable to achieve the desired level of nerve damage, which is crucial for long-term pain relief without excessive numbness.

Operating with the patient awake enables the surgeon to assess the degree of nerve damage in real time and helps to avoid excessive facial numbness after surgery and complications such as corneal ulcers. Our study demonstrated that none of the patients developed severe facial numbness, irreversible keratitis, decreased vision, or weakness of the masticatory muscles. Furthermore, the majority of patients reported satisfaction with the treatment.

There are some limitations that should be acknowledged. First, we did not conduct neuroelectrophysiological tests, such as evoked potentials, after the procedure. As a result, our evaluation of postoperative numbness relied mostly on subjective patient descriptions and lacked objective data. Second, randomized clinical controlled trials would be more suitable than our case series study for evaluating the outcomes of balloon compression under conscious sedation of local anesthesia for trigeminal neuralgia as they can provide more accurate results.



Conclusion

Our study demonstrates that percutaneous balloon compression of trigeminal ganglion under conscious sedation local anesthesia is an effective minimally invasive procedure for the treatment of primary trigeminal neuralgia.
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Introduction: In children, erythromelalgia is a rare chronic pain syndrome characterized by erythema, severe burning pain, and itching of affected feet. Unfortunately, there is no definitive therapy available currently.

Case report: Here, we report a case of primary erythromelalgia and the treatment response in a 10-year-old boy, whose genetic findings for mutations in the SCN9A gene were positive and skin biopsy results were diagnosed as small fiber neuropathy, while he has suffered from excruciating burning pain, itching, erythema, and recurrent infections over the past 3 years. He did not respond well to conventional treatment, and the only way to receive minimal relief was to immerse his feet in ice water. After a successful trial of spinal cord stimulation (SCS), the implantable pulse generator (IPG) was successfully implanted without complications, and it proved partial response to therapy.

Conclusion: There is no specific, efficient treatment for pediatric erythromelalgia currently, but this case demonstrates neuromodulation serves as part of the multimodal regimen to treat pediatric erythromelalgia.
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Introduction

Erythromelalgia was first named in 1878 by Mitchell (1), and later categorized as a primary (which may be sporadic or familial) or secondary form with different etiology by Smith and Allen in 1938 (2). Symptoms of primary erythromelalgia (PE) typically start in childhood and it may develop and last with age. It is characterized by intense burning pain that is accompanied by erythema, itchiness, and swelling. Standing, exercise or localized heat exposure can make it worse, while cooling down or immersion in ice water can make it better (3). Although the exact etiology of PE remains unknown, genetic research has identified it is primarily brought on by gain-of-function mutations in the SCN9A gene coding for the subtype Nav1.7 voltage-gated sodium channel (4, 5). It is mainly manifested in expressed in the sympathetic and nociceptive small-diameter sensory neurons of the dorsal root ganglion that contribute to the pain. A series of research on PE have elucidated that the site of mutation can influence both the abnormality of Nav1.7 channel function, age of onset and severity of symptoms (6–9): There are polymorphisms of the gene mutation that increase the severity of more complex pain phenotypes. Changes in sympathetic neuron function result in microvascular symptoms, and nociceptive neuron function led to severe burning pain, characterizing erythromelalgia (10). Secondary erythromelalgia is not associated with any specific genetic mutations but is associated with various underlying conditions including hematological diseases, myeloproliferative disorders, infections, neoplastic diseases, metabolic diseases and medications (11). Unlike the primary type, secondary type pathophysiology is poorly understood and thought to be due to neuropathological and microvascular functional changes caused by the underlying condition. Thus, the reasons for the poor treatment status are multiple, mainly due to the complex etiology and unknown mechanism of action of erythromelalgia.

Additionally, there are no vivid clinical guidelines or consensus on the management of pain in PE, as well as the unclear mechanism, which makes the clinical treatment of PE fraught with difficulties, and highly variable responses to therapy. Even though multiple approaches have been explored with varying degrees of success, previous studies have revealed that most cases are refractory to traditional pharmacologic therapy (12), including gabapentinoids, tricyclic antidepressants, serotonin-norepinephrine reuptake inhibitors, calcium channel blockers, opioids, and topical drugs. Similarly, interventional procedures such as sympathetic blocks and epidural infusion may only be partially effective. As a result, the treatment regimen of this channelopathy with resultant neuropathic pain should follow a multidisciplinary approach.

As we all know, SCS has been widely adopted for various intractable pain syndromes, such as failed back surgery syndrome, herpetic neuralgia, complex regional pain syndrome, and refractory radiculopathy (13–15). The first instance of SCS being used to effectively manage pain in a patient with erythromelalgia was reported in 1993 (16). However, a few cases have been published to assess the effectiveness of neuromodulation to treat this disorder over the past 30 years. Recently, studies have demonstrated that SCS may have a critical role in successful treatment (17–20). It's possible to undervalue the therapeutic benefits of SCS in PE. Here, we present the case of a 10-year-old PE patient who responded favorably to SCS treatment.



Case report

This case is reported with the written consent of the patient and his guardian. A 10-year-old, 45-kg Asia boy was diagnosed with small fiber neuropathy and erythromelalgia at the age of 7. The patient recalled that he experienced a sudden onset of pain in both feet, while the pain was aggravated by heat, exercise, and walking. The whole blood samples from the patient and his parents have performed the gene detection at that time, the sequencing results of the patient showed the presence of heterozygous variation of SCN9A gene C.706G>T (p.G236W), while no related variation was detected in his parents, suggesting this variation may be de novo mutation. Further skin biopsy was utilized to confirm the diagnosis of small fiber neuropathy. He had undergone treatment from a dermatologist and a neurologist for pain that had initially been restricted to his feet over the previous 3 years. Although he had been taking medications regularly for a year, such as Mexiletine, Oxcarbazepine, Gabapentin, mecobalamin and Carbamazepine, they had a significant negative impact on his liver function and caused an illness to develop and worsen for the previous two years. He described the pain as a “burning pain,” “hot sensation,” and “itching sensation,” while the pain located in his feet was measured using a visual analog scale (VAS) with a score of 6. It is difficult for patients to wear socks or shoes and to attend school or socialize with friends. He needs to rub his feet repeatedly and need to submerge his feet in ice water multiple times to get relief. Consequently, these behaviors impair skin integrity and exacerbate microcirculatory abnormalities, leading to bullae, erosions, painful ulcers, and recurrent infections (Figure 1).


[image: Figure 1]
FIGURE 1
 Erythromelalgia complicated by immersion foot syndrome and infection: bullae, erosions, painful ulcers, and infection on the patient's feet and ankles.


A pain consultation was obtained during his hospitalization in the dermatology department of the children's hospital for lower extremity infections and severe burning pain (Figure 2). The patient had attempted several analgesic treatments, including sufentanil and another intravenous analgesia (tramadol, morphine) infusion, carbamazepine (400 mg twice per day), gabapentin (200 mg three times per day), mexiletine (100 mg twice per day), amitriptyline (25 mg daily), neurotrophin (200 mg twice per day), mecobalamin (0.5 mg twice per day), aspirin (50 mg once a day), lidocaine cream, befuxin and amikacin, which proved no significant improvement. Therefore, he was transferred to our pain management department (Figure 2). After a discussion with her parents, an epidural catheter was placed at the L2–L3 level under local anesthesia. Five milliliters of 0.3% lidocaine were administered via bolus injection, followed by an infusion of 0.15% Lidocaine at 2 mL/h for 5 days. On the VAS score, the patient scored 0 for pain. He no longer needed to immerse his feet in cold water. The mexiletine was gradually withdrawn, the carbamazepine was adjusted from 400 mg bid to 200 mg tid, and gabapentin 200 mg tid was reduced to 100 mg tid.


[image: Figure 2]
FIGURE 2
 The appearance of lower extremities at the first hospitalization.


However, the duration of the curative effect only lasted for about a month, and the symptoms began to recur and grew worse. The alternation of strong itching and insupportable pain causes emotional upset, as well as sleep disturbances. During his second hospitalization, combined with multi-disciplinary consultations, we tried to help the patient to establish an appropriate cooling strategy and adjusted pharmacologic treatments. Based on the consultation of the pharmacy, amitriptyline was changed to doxepin hydrochloride (25 mg) and cyproheptadine cream to relieve the refractory pruritus; fentanyl transdermal patches were given to suppress the pain, besides, multiple nerve-blocking treatments including tibiofibular nerve block and lumbar epidural nerve block were performed, but his symptom did not obtain a satisfactory improvement. Lidocaine (50 mg, i.v., qd) was gradually increased to 90 mg for pain control. Concerning the consultation of neurology, the nerve growth factor, gabapentin and mexiletine were applied. Besides, the alprazolam hydrate 1.344 g was utilized to improve sleep quality, with psychological counseling and health education based on the consultation of psychiatry. According to the consultation of dermatology, glycyrrhizin 25 mg was used to ameliorate the pruritus, and polymyxin B was used as the external application for wound treatment. We also consulted the burns department, and the wound crusting removal and external application of fibroblast growth factors were given. However, the therapeutic approaches did not reach a satisfactory outcome. Given his refractory case, SCS was offered to him. The SCS therapy was approved and recorded by the ethics committee of hospital. The patient and his parents agreed to a trial. SCS electrodes were placed in the epidural space at the level of the 11 (right) and 9 (left) vertebral body under the guidance of digital subtraction angiography (Figure 3), which provided complete coverage of the patient's feet and calves during the operation and post-operative days. The trial lasted 13 days, the patient's VAS score decreased from 2 to 3 out of 10 during this period, the number of paroxysms was gradually reduced from the initially more than 10 times to 1–3 times, and the duration of pain has been inhibited from 30 to 10–20 min. Besides, the itching sensation has largely been alleviated, accompanied by the remarkable improvement of emotional upset and sleep disturbances. His functional status was ameliorated as well. As the patient's symptoms and function continued to improve significantly, we successfully implanted a permanent Medtronic intellis neurostimulator (Medtronic, 97716) with no complications. After 6 days of neurostimulator implantation, the appearance of the skin gradually recovered (Figure 4). In the process of setting the electrical stimulation parameters, we found it interesting that different frequencies affected the patient differently (Table 1). We subsequently tried to set various stimulation parameters with the range from 60 to 1,200 Hz. The results showed that the itching, pain, and burning sensation were alleviated to varying degrees, however, it cannot completely improve all his symptoms (Figure 5). The patient was discharged with only a small dose of medication.


[image: Figure 3]
FIGURE 3
 Inoperative digital subtraction angiography imaging for the placement of the dual-lead spinal cord stimulator placement. The tip of the 2 spinal cord electrical stimulation electrodes were placed in the epidural space near the upper edge of the T11 and T9 vertebral body.



[image: Figure 4]
FIGURE 4
 Implanted a permanent Medtronic intellis neurostimulator (A1, A2). Appearance of lower extremities after dorsal column stimulation (B).



TABLE 1 Effect of the different SCS stimulation frequencies on symptoms.

[image: Table 1]


[image: Figure 5]
FIGURE 5
 Line chart of symptom scoring and episodes of this patient during hospitalization. Among these days, he received stage I implant operation at day 1, and stage II implant operation at day 14.


At the 2-month follow-up, because of the continuous high temperature, the patient developed a skin infection and ulcers after soaking his feet in ice water, resulting in recurrent pain. Through skin treatment, rehabilitative education, drug adjustment, and continuous SCS therapy, the frequency of foot pain in the latest follow-up was relieved compared with the previous condition. The patient has no significant episodes of pain during the day and has one or two episodes of increased pain at night. After soaking both feet in cold water for about 30 min, the pain was relieved. SCS did not reduce the itching although it relieved his pain. We will continue to follow the progress.



Discussion and conclusion

PE is a challenging, difficult-to-control disease that is largely based on a small number of cases and unclear mechanisms, as is the case in this report. Several factors limit the systematic approach to the management of the disease. First, erythermalgia is a rare disorder, estimated to affect 0.36–2 per 100,000 people per year in the USA and Europe (21, 22), making it a difficult Research Topic. Second, the underlying pathophysiology remains unclear, thereby limiting the intentional treatment of pain. Third, there is no guidance or expert consensus on this disease for reference. The long-term prognosis of patients whose treatment was ultimately effective in the case reports is unknown. Fourth, different patients may have various curative effects on the same treatment, which may be related to the sites of SCN9A gene mutation. For instance, carbamazepine and mexiletine both show efficacy in the context of specific mutations (22). Therefore, the response to treatment is dependent on the specific type of Nav1.7 mutation. There is a varying response to pharmacotherapy in this clinical population, resulting in a stepwise trial-and-error approach (23). Finally, it's logical to use medications with known broad activity against voltage-gated sodium channels, such as anticonvulsants and local anesthetics. Due to adverse effects on the cardiac and central nervous system, the therapeutic window is narrow. The development of selective blockers of Nav1.7 sodium channels is in the clinical trial stage (24). Unfortunately, many patients continue to see little benefit from the treatments that are currently available, despite promising studies that may shed light on potential future interventions.

SCS is often used for refractory chronic pain diseases in clinical practice (25). Although few cases have been reported on the treatment of erythermalgia by SCS, the treatment results in these reports are consistent in that SCS can cure or partially improve those symptoms, especially painful sensations. Although it has been not clear why there are such differences in treatment at present, we found that different frequencies of stimulation to the boy will produce various clinical effects. Without the patient's knowledge, we set a constant pulse width and voltage (pulse width 180–200 us, voltage 2.0–4.0 V) with different frequency parameters. Set to 1,200 Hz: Only unilateral electrical stimulation was used. After walking, the pain on the open electrical stimulation side was significantly improved; Set to 600 Hz: no obvious itching on both feet, but obvious heat sensation on both feet; Set to 500 Hz: more consistent with peripheral vascular dilation; Set to the 300 Hz: weakened heat sensation with significant itching; Set to 50 Hz: obvious itching (Table 1). However, we failed to find a suitable stimulus parameter to improve all his symptoms. When electrical stimulation is used to treat other diseases, it also has different therapeutic effects at different frequencies. For example, Li et al. (13) displayed that 60–80 Hz may be useful for axial symptoms (e.g., gait, freezing, and speech) when electrical stimulation is used to treat Parkinson's disease, while high frequency (>100 Hz) can significantly improve the cardinal motor symptoms (i.e., tremor, rigidity, and bradykinesia). It is well-accepted that sensory fibers have different diameters depending on the type of sensory information they encode (26, 27). For instance, pain fibers transmitting burning sensation (c-fiber type) exhibit the smallest diameter, while A-delta fibers transmitting itching sensations have a larger diameter compared to the C-fibers. We speculated that there might be a relationship between the diameter of the nerve fibers and the SCS frequency, generally, larger-diameter sensory fibers transmit information more quickly than smaller-diameter fibers (28). This phenomenon is known as frequency-dependent recruitment. Additionally, the itch sensation is primarily transmitted by unmyelinated type C and thinly myelinated type A-delta nerve fibers in the skin. The cell bodies of these nerves reside in dorsal root ganglia with axons innervating the skin and dendrites synapsing in the dorsal horn of the spinal cord. There is a complex interplay between these nerve fibers and receptors on these sensory nerve endings, which activate Nav1.7 and Navl.8 sodium channels (29), propagating the action potential of the itch signal. It is well-confirmed that PE is related to the abnormality of Nav1.7 channel function, which may be caused by the site of mutation, hence, the typical clinical manifestation of itching in this patient could be explained by this hypothesis, and neuro-modulation can improve this symptom. Collectively, neuromodulation plays a potentially key role in the treatment of PE, while future exploration of additional stimulation modalities may offer new hope for the treatment of erythromelalgia.

Furthermore, it is crucial to engage the patient and family in physical and psychological therapies to optimize function, as well as pain reduction. Substantial education was necessary to produce a behavior change. There is a central reason that impaired skin integrity and microcirculatory abnormalities from overexposure to water and cold can result in ulceration, maceration, and infections (30). In this case, the patient also suffered repeated foot infections since he did not establish proper cooling strategies. Therefore, patients need to be counseled on the appropriate use of cooling strategies, balancing tolerance of pain, and functional activities.

Although SCS did not completely improve all symptoms of patients as we expected in this case, it is superior to conventional medical management for several similarly difficult-to-treat pain conditions. Interestingly, this study also found that different frequencies may have improved different symptoms in this boy, and future exploration of additional stimulation modalities may offer new hope for the treatment of erythromelalgia. This case spurs interest in future research in neuromodulation as part of the multimodal regimen to treat pediatric erythromelalgia.
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Objective: This study aimed to systematically assess the efficacy and complications of radiofrequency thermocoagulation (RFT) and percutaneous balloon compression (PBC) for treating trigeminal neuralgia (TN).

Methods: Chinese and English studies on RFT and PBC in the treatment of TN were systematically searched using CNKI, Wanfang Data, VIP, PubMed, EMBASE, Cochrane Library, and until December 31, 2022. Further, the literature was strictly screened using specific inclusion and exclusion criteria. The RevMan 5.4 software was used for data processing and meta-analysis.

Results: Overall, 16 studies with 3,326 patients were included. The results of meta-analysis revealed that no significant difference was present between the two groups in terms of the rate of efficacy immediately after surgery, 1 month after surgery, and 3 months after surgery (odds ratio [OR] = 0.73, 95% confidence interval [CI] 0.35–1.54, p = 0.41; OR = 0.41, 95% CI 0.13–1.32, p = 0.13; OR = 0.40, 95% CI 0.10–1.60, p = 0.20); however, at 12 months after surgery, the difference was statistically significant (OR = 0.27, 95% CI 0.10–0.75, p = 0.01). Notably, there was no significant difference in the postoperative sleep quality index between the two groups immediately after surgery and 1 month after surgery (SMD = −0.01, 95% CI −2.47 to 2.44, p = 0.99; SMD = 0.14, 95% CI −3.95 to 4.22, p = 0.95). Further, statistically significant differences were observed between the two groups in the incidence of postoperative masticatory muscle strength decline and oral herpes (OR = 0.37; 95% CI 0.21–0.63, p = 0.0003; OR = 0.25, 95% CI 0.10–0.61, p = 0.003). In addition, a statistically significant difference was found in the recurrence rate at 1-year follow-up (OR = 2.23, 95% CI 1.03–4.81, p = 0.04); however, no statistically significant differences were found in the recurrence rate at the 2-year follow-up (OR = 1.95, 95% CI 0.33–11.59, p = 0.46).

Conclusion: In the treatment of TN, both RFT and PBC can achieve good short-term efficacy, and no significant differences were noted between the outcomes of the two approaches. Compared with RFT, PBC may result in a lower pain score and recurrence rate in the medium and long terms, but it is a higher incidence of cold sores, and the decrease of masticatory muscle strength is more obvious.

KEYWORDS
 trigeminal neuralgia, radiofrequency thermocoagulation, percutaneous balloon compression, curative effect, meta-analysis


1. Introduction

Trigeminal neuralgia (TN) refers to chronic neuropathic pain that manifests as spontaneous, electric shock-like, or pins-and-needles-type paroxysmal pain on the face. It is recognized as a common cause of maxillofacial headache (1). Further, depending on the cause, TN can be classified into the following types: classic (primary), secondary, or idiopathic. According to Maarbjerg et al. (2), the etiology of primary TN is currently unknown, but it may be attributed to ectopic pulses and tactile crosstalk caused by the demyelination of primary sensory neurons of the afferent trigeminal nerve. Sahoo and Perez (3, 4) reported that vascular compression leading to microvascular injury initiating focal demyelination may be linked to local changes that lower the excitability threshold of affected nerve fibers and facilitate inappropriate synaptic propagation to adjacent fibers. Further, Mannerak et al. (5) reported that the occurrence of TN may be linked to genetic factors. According to Lambru et al. (6), the lifetime prevalence of TN ranges from 0.16 to 0.3%, with an annual incidence ranging from 4 to 29/100,000 person years. The incidence of TN increases with increasing age, and the average age of onset in adults is 53–57 years. Carbamazepine—an antiepileptic drug—is the drug of choice for the treatment of TN and can provide satisfactory results. Moreover, this drug can block voltage-gated sodium channels, stabilizing the overexcited neuronal membrane and inhibiting competitive firing (7, 8). Liu Chong et al. (9) introduced surgical treatment for TN, which included microvascular decompression and radiofrequency thermocoagulation (RFT). Furthermore, percutaneous balloon compression (PBC), stereotactic radiotherapy, and RFT are the most widely used treatment options for TN. The efficacy of RFT and PBC in the treatment of TN is debatable. For example, according to Zhang Jian and Yu Liang (10, 11), RFT is more effective than PBC in the immediate postoperative period. Conversely, according to Chen Yanru, Maiira Mamaidi, and Meglio et al. (12–14), PBC is more effective than RFT in the immediate postoperative period. However, to the best of our knowledge, there are no large-sample multicenter studies comparing the efficacy of the two procedures. Thus, this study aimed to propose evidence-based clinical treatment by systematically evaluating the effectiveness, recurrence, and complications of RFT and PMC in the treatment of TN.



2. Materials and methods

This systematic review and meta-analysis was conducted in accordance with the Preferred Reporting Items for Systematic reviews and Meta-Analyses guidelines (CRD42023387069).


2.1. Search strategy and selection criteria

The search was conducted by two independent investigators (Wu, Fan). Any disagreements or discrepancies were resolved by consensus. Computer search of CNKI, Wanfang data, VIP, PubMed, EMbase, CochraneLibrary and other Chinese and English database, The time is from the establishment of the database to December 31, 2022.Chinese search terms: “trigeminal neuralgia,” “radiofrequency thermocoagulation,” “microballoon compression” and their respective synonyms and synonyms. English search words: ((((((((((Radiofrequency Ablation) OR (Ablation, Radiofrequency)) OR (Radio Frequency Ablation)) OR (Ablation, Radio Frequency)) OR (Radio-Frequency Ablation)) OR (Ablation, Radio-Frequency)) OR (radiofrequency thermocoagulation)) OR (RF thermocoagulation)) OR (Thermocoagulation)) AND ((((((microballoon compression) OR (balloon compression)) OR (PBC)) OR (PBC)) OR (percutaneous balloon compression)) OR (percutaneous microballoon compression))) AND (((((((((((((((((((((trigeminal neuralgia) OR (Neuralgia, Trigeminal)) OR (Trigeminal Neuralgias)) OR (Tic Doloureux)) OR (Fothergill Disease)) OR (Disease, Fothergill)) OR (Trifacial Neuralgia)) OR (Neuralgia, Trifacial)) OR (Trifacial Neuralgias)) OR (Tic Douloureux)) OR (Epileptiform Neuralgia)) OR (Epileptiform Neuralgias)) OR (Neuralgia, Epileptiform)) OR (Trigeminal Neuralgia, Idiopathic)) OR (Idiopathic Trigeminal Neuralgia)) OR (Idiopathic Trigeminal Neuralgias)) OR (Neuralgia, Idiopathic Trigeminal)).



2.2. Inclusion and exclusion criteria

Inclusion criteria were as follows: clinical trials of RFT and PBC in the treatment of TN published before December 31, 2022 in the United States and abroad; studies of patients with a clinical diagnosis of primary TN or secondary recurrence after surgery; studies in which the intervention measures were only RFT and PBC; and studies in which outcome measures included pain relief, postoperative recurrence, and complications.

Exclusion criteria were as follows: studies of patients with secondary TN (tumor and multiple sclerosis); relevant papers without clear data (such as reviews, case reports, and conference papers); papers in which outcome measures did not include effective rate, recurrence rate, or complication rate; studies with unclearly reported follow-up time and results; and studies involving other intervention measures.



2.3. Outcome evaluation index

We compared the safety and efficacy of RFT and PBC in the treatment of TN using the following primary outcomes: digitally measured pain intensity scale (NRS) or visual analog scale (VAS) score, rate of efficiency, rate of complications (such as numbness, decreased masticatory muscle strength, cold sores, and corneal discomfort), rate of recurrence, and sleep quality score. If the definition of the results differed, we categorized the authors’ original results according to the specific criteria.



2.4. Literature quality evaluation

After thoroughly reading the full text, two researchers with relevant knowledge strictly screened the literature according to the specific inclusion and exclusion criteria and extracted the relevant data. In cases of disagreement, the entire research team discussed and made the decision as a group. The improved Jadad scale was used to assess the quality of randomized controlled trials, with scores ranging from 0 to 7 and scores ranging from 4 to 7 as high quality literature, respectively. To assess the quality of case–control and cohort studies, the Newcastle–Ottawa scale (NOS) was used, with the total score was 10 and the scores of ≥5 indicating high-quality literature.



2.5. Statistical methods

The RevMan 5.4 software was used for data processing and analysis. The M–H method was used for statistical analysis. When the p-value was >0.05, I2 of <50% was used for statistical analysis; otherwise, random effect model analysis was selected, and subgroup or sensitivity analysis was performed to determine the source of heterogeneity. The effect size was calculated using the odds ratio (OR), and the judgment index was calculated using 95% confidence interval (CI) of the effect size. A p-value of <0.05 was considered statistically significant.




3. Results


3.1. Literature screening results

Initially, 258 studies were examined. The Endnote X9 software was used to resend these studies, after which the titles and abstracts were screened before reading the full text. Finally, 16 studies with 3,326 patients were included—12 in Chinese and 4 in English (Figure 1).

[image: Figure 1]

FIGURE 1
 PRISMA flow chart for study identification and inclusion/exclusion.


The RFT and PBC groups included 1,966 and 1,360 cases, respectively. The following data were extracted: first author, publication year, patient age, onset course, onset location, pain score, operation, and outcome index. Overall, 12 observational studies had the NOS scores of ≥5. Further, four randomized controlled trials had the Jadad scores of ≥4, and all of them were of high quality (Table 1).



TABLE 1 Basic characteristics of the included literature for RFT versus PBC for TN.
[image: Table1]



3.2. Efficiency comparison

An effective rate of 790 cases was reported in 11 articles (12–14, 17–21, 24). Heterogeneity analysis revealed that the included studies did not have good homogeneity. Further, a random effect model was used and subgroup analysis was performed (for immediate postoperative effective rates at 3, 6, and 12 months after surgery). No significant differences were observed in the effective rate between the two groups immediately (OR = 0.73, 95% CI 0.35–1.54, p = 0.41), 1 month (OR = 0.41, 95% CI 0.13–1.32, p = 0.13), and 3 months (OR = 0.40, 95% CI 0.10–1.60, p = 0.20) after surgery; however, 12 months after surgery, the difference was statistically significant (OR = 0.27, 95% CI 0.10–0.75, p = 0.01) (Figure 2).

[image: Figure 2]

FIGURE 2
 The effective rates were compared between the two groups immediately, 3 months, 6 months and 12 months after surgery.




3.3. Comparison of recurrence rates

In total, 613 cases of pain recurrence at discharge were reported in 8 articles (10, 11, 13–15, 18, 21, 24). Heterogeneity analysis revealed that the included studies did not have good homogeneity. Subgroup analysis was performed (for recurrence rates within 3 months, 6 months, 1 year, and 2 years after surgery) using a random effect model. A statistically significant difference was found in the recurrence rate between the two groups at 1-year follow-up after surgery (OR = 2.23, 95% CI 1.03–4.81, p = 0.04); however, no statistically significant differences were observed in the recurrence rate at 3-month (OR = 1.09, 95% CI 0.42–2.84, p = 0.32), 6-month (OR = 1.91, 95% CI 0.22–16.82, p = 0.13), and 2-year follow-ups after surgery (OR = 1.95, 95% CI 0.33–11.59, p = 0.46) (Figure 3).

[image: Figure 3]

FIGURE 3
 The recurrence rates of the two groups at 3 months, 6 months, 1 year and 2 years after surgery were compared.




3.4. Comparison of complication rates

Postoperative complications were reported in 14 articles (12, 14–23, 25) with 3,231 cases. Heterogeneity analysis revealed that the included studies did not have good homogeneity. A random effect model was used and subgroup analysis was performed (for facial numbness, masticatory muscle weakness, oral and labial herpes, and corneal discomfort). There were statistically significant differences in the incidence of decreased masticatory muscle strength and oral herpes postoperatively. However, no significant difference was found in the incidence of postoperative facial numbness (OR = 0.66; 95% CI 0.0.39–1.11, p = 0.11) and corneal discomfort (OR = 0.78; 95% CI 0.24–2.49, p = 0.67) (Figure 4).

[image: Figure 4]

FIGURE 4
 The incidence of complications was compared between the two groups.




3.5. Comparison of postoperative pain scores (NRS)

Four articles (12, 15, 16, 19) reported 246 cases of postoperative NRS. Heterogeneity analysis indicated that the included studies did not have good homogeneity. Subgroup analysis was performed (for NRS scores immediately, 3 days, 1 week, 1 month, and 3 months after surgery) using a random effect model. The scores of the two groups were significantly different immediately (SMD = 0.79, 95% CI 0.40–1.18, p < 0.0001), 3 days (SMD = 0.70, 95% CI 0.34–1.07, p = 0.0001), 1 week (SMD = 0.95, 95% CI 0.77–1.33, p < 0.0001), and 3 months (SMD = 1.58, 95% CI 0.40–2.75, p = 0.008) after surgery. Notably, no statistically significant difference was found in the NRS score at 1 month after surgery (SMD = 0.58, 95% CI −0.24–1.40, p = 0.17) (Figure 5).

[image: Figure 5]

FIGURE 5
 Comparison of postoperative pain scores (NRS) in the two groups.




3.6. Comparison of postoperative pain scores (VAS)

In total, 3 articles (10, 13, 17) on postoperative VAS reported 258 cases. Heterogeneity analysis revealed that the included studies did not have good homogeneity. A random effect model was used, and the results of subgroup analysis (for VAS scores immediately and 1 month after surgery) indicated no significant differences in the VAS scores immediately (SMD = −0.70, 95% CI −1.80 to 0.39, p = 0.21) and 1 month (SMD = −1.76, 95% CI −3.90 to 0.37, p = 0.11) after surgery (Figure 6).

[image: Figure 6]

FIGURE 6
 Comparison of postoperative pain scores (VAS) in the two groups.




3.7. Score for postoperative sleep quality index (PSQI)

Two articles (15, 17) on PSQI reported 177 postoperative cases. Heterogeneity analysis revealed that the included studies did not have good homogeneity. Subgroup analysis (for PSQI scores 3 days [SMD = −0.01, 95% CI 2.47–2.44, p = 0.99] and 1 month [SMD = 0.14, 95% CI 3.95–4.22, p = 0.95] after surgery) revealed no statistically significant differences between the two groups (Figure 7).

[image: Figure 7]

FIGURE 7
 The postoperative sleep quality index (PSQI) scores of the two groups were compared.




3.8. Sensitivity analysis

A funnel plot was created using the postoperative numbness index. The plot was found to be symmetrical, indicating that the likelihood of publication bias was low (Figure 8).

[image: Figure 8]

FIGURE 8
 Study publication bias analysis.





4. Discussion

Recently, the treatment options for TN have become increasingly diverse. In addition, there are no uniform selection criteria for the treatment indications for TM, and the postoperative effective, complication, and recurrence rates vary greatly. Zheng (26) introduced two common surgical methods: (1) microvascular decompression using Teflon spacers to isolate the responsible blood vessels and (2) full release and decompression of the trigeminal nerve to achieve the therapeutic purpose. Notably, full release and decompression of the trigeminal nerve has the characteristics of a definite curative effect and a low recurrence rate. Conversely, microvascular decompression should be performed under general anesthesia, which has stringent requirements for both patients and operators and is not the best option for all patients with TN. According to Guo (27), stereotactic radiotherapy is an effective and minimally invasive procedure for the treatment of TN, with accurate position, good safety and effectiveness, and a few side effects. However, this method does not provide immediate pain relief and needs to be performed again after surgery, which itself has some limitations. Notably, RFT and PBC have rapid effect, little trauma, high safety factor, high pain relief rate, and few postoperative complications, and these methods are being performed by an increasing number of hospitals.

Radiofrequency thermocoagulation is used to achieve pain relief by destroying the fine fibers that conduct the sensation of facial pain in the semilunar ganglion and preserving the coarse fibers that conduct the sensation of touch and movement, which are more resistant to heat (28, 29). This procedure is often used in patients who cannot undergo craniotomy. Numbness of the face is the most common complication of RFT, but when heat coagulation is applied to the first branch of the trigeminal nerve, the end of the ophthalmic branch may be damaged, leading to corneal ulcers. Deng et al. (30) examined 70 patients with pain in the ophthalmic branch of trigeminal nerve and found that compared with RFT alone, RFT used in combination with pulse radiofrequency for corneal ulcers (17.1%, 6/35) is associated with a lower rate of complications (40.0%, 14/35). Because RFT is only performed under local anesthesia, it is highly selective for some patients with TN who cannot tolerate anesthesia. Notably, mechanical compression damages the thick myelinated nerve fibers while leaving the small myelinated nerve fibers and unmyelinated nerve fibers unaffected. To achieve the goal of pain relief, PMC can be used to block the pain conduction pathway and relieve the possible local compression of the trigeminal nerves Gasseric ganglion (31). Du et al. (32) reported that the balloon shape was an independent prognostic factor affecting the immediate disappearance of postoperative pain in 200 patients with TN following PBC treatment, and the location of the balloon should be adjusted to the maximum possible appearance of the pear shape. However, notably, a previous history of surgery may cause local adhesion of Meckel’s cavity, making it impossible to achieve the ideal pear shape, thereby affecting the surgical effect. Furthermore, Yu et al. (33) reported that the effect of PBC surgery was influenced by the balloon compression time as well as whether the balloon was pear-shaped. He Ruelin et al. (34) examined the short- and long-term effects and complications of different compression durations on patients with TN, and they found that the compression time of 120 s ensured effective treatment as well as reduced the incidence of facial numbness and masseter muscle asthenia. Furthermore, PBC may selectively damage pain-sensing nerve fibers while retaining unmyelinated nerve fibers that mediate the corneal reflex. In addition, PBC provides some benefits for the pain in the first branch of the trigeminal nerve.

Because the efficacy of the two surgical methods is controversial, therefore, this meta-analysis was conducted to discuss this situation. Eleven articles compared the effectiveness of the two surgical methods at various time points, including immediately after surgery and 3, 6, and 12 months after surgery. The results revealed no significant differences in the effective rate between the two groups immediately (OR = 0.73, 95% CI 0.35–1.54, p = 0.41), 1 month (OR = 0.41, 95% CI 0.13–1.32, p = 0.13), and 3 months (OR = 0.40, 95% CI 0.10–1.60, p = 0.20) after surgery; however, at 12 months after surgery, the difference was statistically significant (OR = 0.27, 95% CI 0.10–0.75, p = 0.01). In the short term (<12 months), no significant difference was found in the effective rate between the two groups. Both of these procedures have high efficiency after surgery. It is considered to achieve the purpose of analgesia by destroying the trigeminal nerve and destroying the pain perception conduction fibers. However, after ≥12-months, the effective rate of PBC was higher than that of RFT, It can be speculated that the long-term efficacy of PBC is superior than RFT, consistent with most studies (20, 35). The two surgical methods of the treatment of TN (i.e., PBC and RFT) are associated with different degrees of recurrence at follow-up; moreover, the recurrence rate is one of the reasons why patients choose surgery. Notably, the recurrence rate obtained by comparing eight articles and the results of the heterogeneity test revealed that the included studies did not have good homogeneity. The random effect model was used, and subgroup analysis was performed (for recurrence rates within 3 months, 6 months, 1 year, and 2 years after surgery). The results revealed a significant difference in the recurrence rate between the two groups at 1 year after surgery (OR = 2.23, 95% CI 1.03–4.81, p = 0.04), whereas no significant difference was noted in the recurrence rate at 3 months (OR = 1.09, 95% CI 0.42–2.84, p = 0.32), 6 months (OR = 1.91, 95% CI 0.22–16.82, p = 0.13), and 2 years (OR = 1.95, 95% CI 0.33–11.59, p = 0.46) after surgery between the two groups. Considering that the sample size of the two groups was small and there was certain heterogeneity in the 2-year comparison, the possibility of pain recurrence in the long term was lower in the group that underwent PBC than in the group that underwent RFT. This may be attributed to the fact that RFT causes nerve fiber damage, which may be incomplete, thereby inducing partial nerve cell regeneration and leading to a high long-term recurrence rate. Conversely, mechanical compression of PBC causes cell apoptosis, resulting in a low recurrence rate (15). Li et al. (36) used RFT to treat 438 patients with TN and followed up the curative effect of this treatment. They found that the causes of pain recurrence may be atypical pain, long course of disease, previous history of microvascular decompression or gamma knife treatment, and Barrow Neurological Institute Pain Intensity Score of grade V (severe pain that could not be controlled by medication). Shen et al. (37) reported that differences in sensitivity of patients to intraoperative balloon filling size and compression time may be related to the cause of postoperative pain recurrence following PBC.

In patients with TN, postoperative complications, such as facial numbness and decreased masticatory muscle strength, are common. The incidence of numbness following RFT was higher in four articles (11, 12, 14, 22), whereas the incidence of numbness following PBC was higher in seven studies (10, 15, 17–19, 21, 25); therefore, this meta-analysis was performed to further verify the results. Subgroup analysis was performed for 14 articles that reported complications (in terms of the incidence of postoperative numbness, decreased masticatory muscle strength, the occurrence of oral and labial herpes, and corneal discomfort). Statistically significant differences were observed in the incidence of decreased masticatory muscle strength (OR = 0.37, 95% CI 0.21–0.63, p = 0.0003) and oral and labial herpes (OR = 0.25, 95% CI 0.10–0.61, p = 0.003). However, no statistically significant difference was noted between the two groups in terms of postoperative numbness (OR = 0.66, 95% CI 0.0.39–1.11, p = 0.11) and corneal discomfort (OR = 0.78, 95% CI 0.24–2.49, p = 0.67). This could be attributed to the fact that the sensory nerve fibers are damaged in a short period in both methods, thereby resulting in a similar incidence of facial numbness. Owing to of the eye branch of the trigeminal nerve leaning up, PRF causes less direct damage to this branch, whereas PBC mainly mechanically compresses conduction nociception of large myelinated nerve fibers, does not damage myelinated or unmyelinated nerve fibers, thereby reducing the risk of postoperative ocular complications (38, 39). Thus, no statistically significant difference was noted in the prevalence of corneal discomfort. This study found that compared with RFT, PBC is associated with a higher incidence of decreased masticatory muscle strength and orolabial herpes. As PRT destroys nerve fibers while retaining motor nerve fibers, the mechanical compression of PBC may damage motor nerves to varying degrees, thereby increasing the rate of decreased masticatory muscle strength. Herpes simplex is closely related to the compression and activation of the herpes virus that lurks in the semilunar node of the trigeminal nerve. The most common complication in both groups was postoperative numbness (RFT: 796/1,787 patients; PBC: 743/1,221 patients). Wang et al. (40–42) reported that the main complications of RFT were moderate facial hypesthesia, pain sensory loss, masticatory muscle weakness, facial swelling, corneal ulcer, and abducens nerve palsy. Excessive radiofrequency temperature, incorrect positioning, multiple punctures, and punctures to the peripheral cranial nerves can cause various complications, and most of these complications resolve over time. Among them, the too high temperature is the main reason, studies have shown that, Inappropriately elevated temperature during RFT not only impairs Aδ and C unmyelinated nerve fibers, And also damage the Aα and Aβ fibers in a non-selective manner, Thus inducing serious complications, As in the Severe facial numbness, permanent masticatory atonia, and corneal hypoesthesia (43), For example, diplopia, hearing loss and ptosis may occur at 85°C (44), and abducens nerve damage and visual loss at 95°C (45). Therefore, currently recommended low-temperature RFT (60–75°C) for treatment of TN (46). In the study by Wang Bin et al. (47), the most common complications in the PBC treatment of 1,263 patients with TN were hypesthesia with paresthesia, ipsilateral masticatory muscle weakness, and keratitis. Further, Li et al. (48) reported that the complications can be caused by an incorrect balloon position, insufficient balloon compression time and filling pressure, simultaneous compression of the balloon to the trigeminal ganglion and motor branch, deviation of the needle from the planned puncture direction, and anatomical variation of the skull base. In addition to the compression time, the shape of the balloon is also important, Until now, a pear-shaped balloon may have been the only factor influencing the outcome of PBC in TN treatment (34, 49, 50).

NRS and VAS are quantitative indicators used to assess postoperative pain among patients. Three studies have reported postoperative VAS scores, and subgroup analysis was performed. No significant difference was found in the VAS scores between the two groups immediately and/or 1 month after surgery. The NRS scores at discharge were reported in four articles, and subgroup analysis was performed. The NRS scores of the two groups were significantly different immediately after surgery and 3 days, 1 week, and 3 months after surgery; however, no significant difference was noted at 1 month after surgery. PSQI is a sleep quality score that indicates pain relief among patients. Subgroup analysis of two articles that reported PSQI at discharge was performed. No significant differences were observed in the pain and sleep scores within 1 month after surgery, whereas the pain score of the PBC group was lower than that of the RFT group 3 months after surgery, indicating that the medium- and long-term efficacy of PBC may be better than that of RFT. Both procedures are believed to produce analgesia by destroying the structure of nerve fibers, and their efficacy is dependent on the degree of nerve fiber destruction. PBC mechanical compression following balloon filling causes more direct damage, with a more definite long-term effect, Part of the nerve fibers after RF were regenerated, so the pain occurred again, and the pain score gradually increased.

There is no definite answer to the question of which type of treatment is the most effective. To the best of our knowledge, this is the first meta-analysis comparing balloon compression with RFT for TN treatment. However, this study has some limitations. First, because the number of studies was limited, errors associated with the chance were unavoidable and may have introduced bias in the results. Second, the meta-analysis included some low-quality and small-sample studies, and these studies were mostly retrospective in nature, which may have introduced bias in the results. Third, the RFT radiofrequency time, thermal coagulation temperature, and puncture method were not entirely consistent across all patient groups in the present study. Moreover, the balloon compression time and filling pressure in PBC were different, and the evaluation criteria were not the same; therefore, the results of this analysis may be affected. Finally, we must objectively assess heterogeneity and publication bias; therefore, larger well-designed randomized controlled trials are needed to confirm our findings.



5. Conclusion

The results of the present study indicated that RFT and PBC have good medium-term efficacy in the treatment of TN, with no significant differences in pain relief rate, comprehensive pain score, or recurrence rate between the two groups within 3 months after surgery. PBC may have a lower pain score and recurrence rate than RFT in the long term. Conversely, RFT is associated with fewer postoperative complications, including decreased masticatory muscle strength and oral and labial herpes. Finally, after completely evaluating the indications and contraindications, appropriate treatment can be selected for patients with TN who have poor drug effects and cannot tolerate craniotomy based on the advantages and disadvantages of the two surgical methods.
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Objective: This study explored the impact of different doeses of doxorubicin in CT-guided transvertebral foraminal injections for postherpetic neuralgia (PHN) treatment and the impact of 0.5% doxorubicin treatment on patients with different disease courses and lesion locations.

Methods: This retrospective study included 291 patients with PHN who received CT-guided doxorubicin injection at West China Hospital between April 2014 and February 2020.

Results: A total of 228 patients received 0.5% doxorubicin treatment and 63 received 0.33% doxorubicin. Both groups showed significantly improvement in visual analogue scale (VAS) and Brief Pain Inventory (BPI) scores. The 0.5% doxorubicin group demonstrated significant lower VAS scores at 6 and 12 months after surgery (all p < 0.001) and a significant lower score on the BPI at 6 and 12 months than the 0.33% doxorubicin group (all p < 0.05). Stratified analysis of 0.5% doxorubicin demonstrated a significant reduction in VAS score at 1 week, 3 months, 6 months, and 12 months after treatment compared to baseline (all p < 0.05) and significant improvements in BPI score after treatment compared to baseline (p < 0.05). The VAS score of the chest group was significant higher than facial, neck and upper limbs and abdomen groupsin groups 1 week after surgery (all p < 0.05). Various aspects of quality of life, including daily life, enjoyment of life, sleep, relationships, work, walking ability, and emotions, significantly decreased after surgery (p < 0.05). Especially in sleep duration, there was an increase in patients reporting intermediate sleep (4–7 h) and a proportion achieving a normal sleep duration of ≥7 h. And no significant differences of BPI were observed among different affected locations. The incidence of adverse events in the 0.5% doxorubicin group and 0.33% doxorubicin group was 8.78 and 6.34%, respectively.

Conclusion: CT-guided doxorubicin injection therapy has the potential to alleviate pain and enhance the quality of life in patients with PHN. Notably, the use of a 0.5% doxorubicin concentration yields more pronounced pain relief compared to a 0.33% concentration. While longer durations of PHN and specific affected sites may influence the response to treatment, the overall improvements in quality of life remain consistent.

KEYWORDS
 postherpetic neuralgia, doxorubicin, pain measurement, quality of life, retrospective study


Introduction

Postherpetic neuralgia (PHN) is a chronic and recurrent neuropathic pain condition that occurs after the healing of herpes zoster (HZ) lesions (1).It affects approximately 5–30% of individuals who have experienced HZ, with 30–50% enduring persistent pain for at least 1 year (2). PHN significantly compromises patients’ quality of life, often resulting in sleep disturbances, mental fatigue, cognitive decline, and depression (3). In severe cases, PHN can even contribute to suicidal tendencies, particularly among the elderly population (4). Hence, it is imperative to explore effective therapies to alleviate the chronic pain associated with PHN. However, the current systemic drug treatments for neuropathic pain, as recommended by guidelines (5–7), have not yielded satisfactory outcomes (8). Despite continuous multi-drug treatments, approximately 66.4% of elderly PHN patients continue to suffer from persistent pain (9).

Doxorubicin is a widely employed chemotherapeutic agent that inhibits DNA replication and induces cell death in cancer treatment (10). It has also shown potential in managing neuropathic pain conditions (11, 12). It is reported that it has been used in conditions like trigeminal neuralgia, intercostal neuralgia, and PHN (11, 13). CT-guided injections, which accurately deliver medication to the affected area, have been used in PHN treatment (11). Nevertheless, the optimal concentration of doxorubicin for CT-guided injections in PHN treatment remains uncertain. Commonly employed concentrations range from 0.25 to 1%; however, higher concentrations pose an increased risk of sensory and motor impairments (11, 14). Long-term efficacy data and large-scale studies are lacking, and further investigation is required to explore the sensitivity of patients with different dermatomes and disease durations to doxorubicin treatment.

Therefore, this study aimed to evaluate the impact of different doses of doxorubicin in CT-guided injections for PHN treatment and the impact of 0.5% doxorubicin treatment on patients with varying disease courses and lesion locations.



Methods


Study design and patients

This retrospective study collected data from inpatients with PHN who received CT-guided doxorubicin injection treatment. The data was obtained from the clinical study database management system for PHN at West China Hospital, Sichuan University, spanning the period between April 2014 and February 2020. The study received approval from the Institutional Review Board, and informed consent was waived due to the retrospective nature of the study.

The inclusion criteria were as follows: (1) Age > 18 years; (2) Persistence of pain after the resolution of herpes zoster rash for at least 1 month; (3) Presence of rashes distributed in any region of the body; (4) Baseline pain assessed using the visual analogue scale (VAS) with a score of 4 or higher; (5) Patients who underwent CT-guided injection of doxorubicin into the paravertebral or trigeminal semilunar ganglia. The exclusion criteria were as follows: (1) Patients with PHN resulting from multiple episodes of herpes zoster; (2) Patients who underwent other neuromodulation surgeries, such as radiofrequency modulation of the dorsal root ganglion or absolute alcohol block of the intercostal nerve; (3) Individuals experiencing severe pain due to conditions other than PHN, such as secondary neuralgia caused by tumor invasion of the corresponding nerve segment, primary intercostal neuralgia without a history of herpes zoster, or primary trigeminal neuralgia.



Procedure

Our department’s pain specialists are responsible for conducting thorough pain assessments, providing analgesic treatments, performing interventional procedures, and ensuring the ongoing health surveillance. In this context, patients with PHN underwent an initial pain evaluation to establish their baseline condition, and subsequently, they were assigned to receive doxorubicin injections following careful preoperative preparation. For spinal PHN, the CT guidance was used to locate three adjacent intervertebral foramina in the corresponding segment. A 21G, 10 cm puncture needle was then inserted, and upon reaching the target, a mixture of diprospan and lidocaine was injected. 1 mL of 0.33% or 0.5% doxorubicin was injected into each segment after drug diffusion confirmation. In trigeminal cases, foramen oval localization using a 21G, 15 cm needle under CT guidance was done, and doxorubicin was administered after observing the patient for 5 min without any adverse reactions. Throughout the follow-up and data recording processes, the nurse specialist assessed specific parameters at regular intervals, including pain levels using the VAS, pain characteristics using the DN4 questionnaire, analgesic usage, and the impact of pain on the patient’s quality of life as measured by BPI.



Data collection and definition

Patient data related to PHN were retrieved from an existing study database by two physicians uninvolved in surgical procedures or follow-up evaluations. The collected information included gender, age, disease duration, lesion location, as well as preoperative and postoperative pain assessment, sleep quality, quality of life (QOL), occurrence of adverse reactions, and medication usage at 1 week, 3 months, 6 months, and 12 months after treatment. However, for the 0.33% doxorubicin group, due to incomplete information in the database, we were only able to obtain data for postoperative 6 months and 12 months regarding the BPI scores.

Pain assessment included VAS for pain intensity and DN4 questionnaire (15) for pain nature (neuropathic pain ≥4). Pain frequency was categorized as persistent, > 20 episodes/day, 10–20 episodes/day, < 10 episodes/day, or none. Postoperative pain area change was categorized as expansion, unchanged, < 50% reduction, or ≥ 50% reduction compared to pre-treatment. Sleep duration was recorded and categorized as short sleep (≤ 4 h), intermediate sleep (> 4 and < 7 h), or normal sleep (≥ 7 h) (16–19). The QOL assessment utilized the BPI scale (20), which consists of 7 items. Each item was rated on a scale from 0 to 10. The total score on the scale ranges from 0 to 70 points. Analgesics consumption, postoperative adverse reactions, complications, and medication status were documented. In cases where two or more medications were used concurrently, it was considered as combination medication. Patients receiving 0.5% doxorubicin injection were stratified based on disease duration: ≤ 3, 4–6, 7–12, or > 12 months (21–25) and affected site: facial (trigeminal nerve); neck and upper limbs (C2-8); chest (T1-6); abdomen (T7-12); and lower limbs (L1-5; S1-5).



Statistical analysis

Statistical analysis was performed using SPSS 26.0 software (IBM Corp., Armonk, NY, United States). The continuous variables were presented as mean ± standard deviation (SD) and analyzed using Student’s t-test or paired sample t-test if meeting a normal distribution or using rank sum test if skewed distributed. The categorical variables were expressed as number and percentage [n (%)] and analyzed using the chi-square test. Paired rank sum tests were used to analyze changes within the same group at different follow-up time points for count data and ranked data. Two-sided value of p of less than 0.05 was considered statistically significant.




Results


Baseline data of patients

Between April 2014 and February 2020, a cohort of 309 PHN patients underwent doxorubicin injection with database documentation. Two patients were excluded due to recurrent herpes zoster episodes post-initiation of injection. Additionally, thirteen patients who underwent neuromodulation procedures during follow-up and three with other neuropathic disorders were not included in the analysis. Consequently, the final dataset comprised 291 patients (150 males and 141 females) (Figure 1). Among them, 228 patients received 0.5% doxorubicin treatment while 63 patients received 0.33% doxorubicin treatment. Although the 0.5% doxorubicin group had a slightly longer duration of disease (14.32 vs. 10.4, p = 0.048), there was no significant difference in age, gender and the proportion of duration of disease between the 0.5% doxorubicin and 0.33% doxorubicin groups (all p > 0.05). The majority of patients in both treatment groups had a disease course of ≤3 months, and the most common disease site was the chest (Table 1).

[image: Figure 1]

FIGURE 1
 Flowchart of the subject selection.




TABLE 1 Baseline Information.
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Pain assessment


Comparison between 0.5 and 0.33% doxorubicin

The 0.5% group demonstrated significant lower VAS scores than the 0.33% group at 6 and 12 months after surgery (Figure 2A, 3.12 ± 1.48 vs. 4.25 ± 1.98, p < 0.001; 2.18 ± 1.44 vs. 3.10 ± 1.97, p < 0.001, respectively).

[image: Figure 2]

FIGURE 2
 (A) Comparison of postoperative VAS scores of different concentrations of doxorubicin. (B) Changes in average VAS and DN4 scores in the 0.5% doxorubicin treatment group. ap < 0.05, compared with the preoperative group; bp < 0.05, compared with the 1-week postoperative group. (C) Comparison of total quality of life scores for postoperative BPI with different concentrations of doxorubicin. (D) Changes in total BPI scores in the 0.5% doxorubicin group. ap < 0.05, compare the postoperative time groups with the preoperative group; bp < 0.05, compared with the 3-month postoperative group and the 1-week postoperative group.




Stratified analysis of 0.5% doxorubicin

In terms of pain intensity, the baseline VAS score was 8.37 ± 1.31. At 1 week, 3 months, 6 months, and 12 months after treatment, the VAS scores were 2.95 ± 1.16, 3.74 ± 1.53, 3.12 ± 1.48, and 2.18 ± 1.44, respectively (Figure 2B, p < 0.05 compared to the preoperative group). The baseline DN4 score was 4.61 ± 0.98, which decreased to 0.88 ± 0.90, 1.71 ± 1.36, 1.30 ± 1.29, and 0.86 ± 1.01 at 1 week, 3 months, 6 months, and 12 months after surgery, respectively (Figure 2B, p< 0.05 compared to the preoperative group). The scores were lowest at 1 week after surgery, gradually increased at 3 months, and then showed a gradual decrease over time. Regarding the pain attacks, approximately 71% of patients experienced persistent or more than 20 episodes pain attacks per day at baseline (Table 2, 36.8% persistent existence; 34.2% >20 times/day). From 1 week to 12 months after surgery, the proportion of patients experiencing pain attacks less than 10 episodes per day increased to 61.8, 64.5, 78.1, and 72.4%, respectively. The proportion of patients with zero pain attack gradually increased from 3 months after surgery, reaching 10.1, 12.7, and 19.7%, respectively (Table 2). In addition, the most common characteristics before surgery were acupuncture sensation (93.0%), tactile-induced pain (87.3%), burning pain (83.8%), and electric shock-like pain (83.8%). We observed that the incidence of postoperative numbness did not significantly decrease at 3 months (24.1%) and 6 months (22.8%) compared to preoperative values (Table 2).



TABLE 2 Pain status of patients in the 0.5% doxorubicin group.
[image: Table2]

Regarding pain area, three patients reported an enlargement of the pain area 1 week after surgery. The proportion of patients with a pain area reduction of 50% or more was highest from 6 months to 1 year after surgery (62.3 and 79.8% respectively) (Table 2). In the dermatome stratification analysis, the VAS score of the chest group was significantly higher than the facial, neck, and upper limbs group at 1w but lower than the neck and upper limbs group at 6 m after surgery (p < 0.05) (Table 3). Patients with a duration of ≤3 months had significantly higher baseline VAS scores compared to those with a duration of >12 months (8.58 ± 1.39 vs. 8.07 ± 1.40, p < 0.05). However, at 3 months after 0.5% doxorubicin injection, patients with a duration of ≤3 months showed significantly lower VAS scores compared to those with a duration of >12 months (3.48 ± 1.52 vs. 4.24 ± 1.66, p < 0.05). At 12 months, patients with a duration of 4–6 months (2.19 ± 1.38) and 7–12 months (2.30 ± 1.50) also had significantly lower VAS scores compared to those with a duration of >12 months (3.07 ± 2.12, p < 0.05) (Table 3).



TABLE 3 Changes in VAS scores for different disease duration and dermatomes in the 0.5% doxorubicin group.
[image: Table3]




QOL assessment


Comparison between 0.5 and 0.33% doxorubicin

The BPI in the 0.5% doxorubicin group was lower compared to the 0.33% doxorubicin group at 6 and 12 months after surgery (12.71 ± 6.29 vs. 7.88 ± 6.70; 7.88 ± 6.70 vs. 12.12 ± 8.16), and this difference was statistically significant (p < 0.05) (Figure 2C).



Stratified analysis of 0.5% doxorubicin

The baseline BPI was 38.99 ± 9.17. Following 0.5% doxorubicin treatment, the BPI scores at 1 week, 3 months, 6 months, and 12 months were 10.37 ± 5.86, 18.59 ± 8.54, 12.12 ± 8.16, and 7.88 ± 6.70, respectively (Figure 2D). Significant differences were observed between the postoperative and preoperative time points (p < 0.05). Specifically, the BPI score at 3 months was significantly higher than at 1 week post-surgery (p < 0.05). Various aspects of quality of life, including daily life, enjoyment of life, sleep, relationships with others, normal work, walking ability, and emotions, significantly declined after surgery (Table 4, p < 0.05). Regarding sleep duration, there was a significant increase in the proportion of patients with intermediate sleep duration (4–7 h). This proportion remained consistent at 61.0–64.0% during the 3–12 months post-surgery. Additionally, the proportion of patients achieving a normal sleep duration (≥7 h) at each follow-up time point after surgery improved, with values of 39.4, 30.7, 22.4, and 30.7% (Table 4).



TABLE 4 Changes in BPI quality of life indicators and sleep duration in patients in the 0.5% doxorubicin group.
[image: Table4]

A stratified analysis based on disease course and affected location was performed to assess the impact of 0.5% doxorubicin treatment on quality of life (Table 5). The total BPI score increased with the progression of the disease. Among patients with a disease course exceeding 12 months, the total BPI score was significantly higher than in other groups at various follow-up time points after surgery (p < 0.05).When stratifying by dermatome, the total BPI scores in the neck and upper limb groups were higher than in other groups at 6 and 12 months after surgery, with values of 16.36 ± 13.28 and 11.07 ± 10.63, respectively. However, no statistical difference was observed (Table 5, p > 0.05).



TABLE 5 Changes in BPI score for different disease duration and dermatomes in the 0.5% doxorubicin group.
[image: Table5]



Medication usage of 0.5% doxorubicin

Before surgery, the most commonly used drugs among PHN patients were pregabalin (86.4%), oxycodone aminophen (70.2%) and lidocaine cream (35.1%). After the treatment of 0.5% doxorubicin, there was a significant reduction in the proportion of combined medication compared to the pre-surgery period (p < 0.05). The percentage of patients using combined medication at each follow-up time point after surgery was 55.7, 33.8, 19.3, and 5.7%, respectively (Table 6). There was an increase in the proportion of patients using alprazolam, carbamazepine, oxcarbazepine, and non-steroidal analgesics at 3 months after surgery compared to 1 week after the procedure. Furthermore, at 6 and 12 months after the operation, the usage of pregabalin (25.4 and 14.0%) and oxycodone (17.5 and 9.6%) remained higher than that of other drugs (Table 6).



TABLE 6 Medication usage in the 0.5% doxorubicin group.
[image: Table6]




Adverse events

Among the 228 patients with 0.5% doxorubicin treatment, the total incidence of adverse reactions was 8.78%, including 12 cases of postoperative dizziness and nausea, 4 cases of palpitations, and 4 cases of local pain. Additionally, among the 63 patients with the 0.33% doxorubicin treatment, the total incidence of adverse reactions was 6.34%, including 2 cases of dizziness and 2 cases of pain at the puncture site.




Discussion

The results showed that both the 0.5% doxorubicin and 0.33% doxorubicin groups exhibited significant improvements in VAS and BPI scores following surgery. Moreover, the 0.5% doxorubicin group had significantly lower VAS scores compared to the 0.33% doxorubicin group at 6 and 12 months post-surgery. Notably, the 0.5% doxorubicin group demonstrated a greater reduction in VAS scores while maintaining similar safety profiles. Within the 0.5% doxorubicin group, the lowest scores were observed 1 week after treatment, followed by a slight increase at 3 months, and subsequent decreases over time. Patients with longer disease durations (≥ 12 months) exhibited higher scores. These findings provide evidence of the effectiveness of 0.5% doxorubicin in pain reduction, underscore the importance of early intervention in pain management, and emphasize the need for individualized treatment approaches based on the anatomical location of pain.

This study demonstrated significant improvements in both pain levels and quality of life following CT-guided doxorubicin injection for PHN. The sensation of pain in PHN may be attributed to abnormal firing in nociceptors and low-threshold afferents. Previous research has indicated substantial cellular, axonal, and myelin loss, accompanied by fibrosis, in the sensory ganglia of individuals with severe PHN. By selectively targeting the affected area, doxorubicin has the potential to disrupt the associated signaling pathway and provide pain relief (26). These findings are consistent with a randomized controlled trial investigating the efficacy of doxorubicin in alleviating pain among PHN patients by dorsal root ganglia ablation. Notably, this treatment approach has shown both safety and efficacy, with no reported adverse reactions or significant complications (27).

It is important to note that while 0.33 and 0.5% concentrations are commonly used in doxorubicin injections for PHN (28), limited research has compared their effects. In our study, we observed that patients in the 0.5% doxorubicin group had a longer disease duration and higher VAS scores before treatment. However, despite these initial differences, the 0.5% doxorubicin group exhibited a greater reduction in VAS and BPI scores compared to the 0.33% group. This suggests that 0.5% doxorubicin may have a more pronounced therapeutic effect in relieving pain and improving PHN symptoms.

While a high concentration of doxorubicin has been associated with potential motor neuron damage (29) and an increased risk of cardiac toxicity (30), our study observed a low and comparable incidence of adverse reactions in the 0.5 and 0.33% doxorubicin groups for treating postherpetic neuralgia (PHN) (8.78% vs. 6.34%), which aligns with previous research (28). Importantly, no cases of impaired motor function or sensory disorders were detected. It is crucial to emphasize that the doxorubicin dosage used in PHN treatment was significantly lower than the reported toxic dose, with a maximum dosage of 500 mg/m2 (body surface area) implemented to minimize the risk of cardiac toxicity in clinical practice (31). Furthermore, the utilization of CT-guided visualization puncture ensured accurate drug administration to the target location, reducing the possibility of direct bloodstream entry and further decreasing the risk of cardiac toxicity. Therefore, our findings indicate that 0.5% doxorubicin is associated with similar safety compared to 0.33% doxorubicin in the treatment of PHN.

Patients experiencing PHN for more than 12 months showed reduced treatment effectiveness, indicating the challenges posed by persistent neuralgia in PHN. The pathophysiological changes in PHN involve peripheral axonal injury, degeneration of sensory neurons, and atrophy in the spinal dorsal horn (32). These changes occur during the transition from herpes scabbing to the development of PHN. Central sensitization within the central nervous system also plays a crucial role in neuropathic pain (33). As a result, peripheral administration of doxorubicin has limited efficacy in addressing the complex central pain mechanisms associated with long-term PHN. Additional strategies, such as drug therapies, metabolic regulation, pain education, and psychological and behavioral interventions, are necessary to target central sensitization (34). Early administration of doxorubicin has demonstrated positive therapeutic outcomes in PHN, but comprehensive approaches are required for long-term patients. Further research is needed to explore effective strategies for patients with longer durations of PHN.

The effectiveness of doxorubicin injection therapy in relieving pain was found to be less pronounced in the chest group compared to other affected areas. Similarly, patients with involvement in the neck and upper limbs showed less improvement in their quality of life, although this difference was not statistically significant. These findings can be attributed to the frequent involvement of thoracic nerves (T1-T12) in PHN, which affects up to 50% of cases (35). The higher baseline pain intensity and lower quality of life observed in these patients align with previous studies (28). This may be due to heightened attention and sensitivity in these areas, as well as increased friction and tactile pain resulting from upper body activity and respiratory movements. Further research is needed to investigate whether higher doxorubicin doses or alternative methods like Pulsed Radiofrequency Modulation can safely and effectively treat PHN in the chest and back regions.

The study has several limitations. Firstly, its retrospective design introduces inherent limitations, including potential selection bias and lack of control over confounding variables. Secondly, although the sample size was adequate for a single-center study, the generalizability of the results to a broader population may be limited. Additionally, the study duration and follow-up period were relatively short. Future studies with larger, multicenter cohorts and longer follow-up periods are warranted. Lastly, the assessment of pain and quality of life relied on subjective measures, which can be influenced by individual perception and reporting bias. Including objective outcome measures and employing blinding techniques would enhance the validity of the findings. Despite these limitations, the study provides valuable insights into the effectiveness of CT-guided doxorubicin injection therapy in treating PHN, highlighting the need for further investigation and improvements in study design.



Conclusion

CT-guided paravertebral doxorubicin injection improves pain relief and quality of life in patients with PHN. The effectiveness of 0.5% doxorubicin is superior to 0.33% while ensuring a similar level of safety. Although patients with longer durations and chest affected sites may experience a lower pain relief response, the overall improvement in quality of life remains consistent across treatment segments.
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Pain quality
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Accompanying symptoms
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Phonophobia 20 (16.6)
Migraine aura 18 (15.0)
Hypacusis 9(7.5)
Visual impairment 28(23.3)
Headache semiology (according to ICHD-3)
“Typical” cough headache 62 (51.6)
“Atypical” headache semiology 58 (48.3)






OPS/images/fneur-14-1127279/fneur-14-1127279-g002.gif





OPS/images/fneur-14-1127279/fneur-14-1127279-i001.gif





OPS/images/fneur-14-1127279/fneur-14-1127279-t001.jpg
Variable Value olr p-value
ONSD 5424027 1.00 NA
MCAA® 13433 £10.27 —037 <0.01
PpB-C2 distance 8.63% 1.15 —0.47 <0.01
(mm)

Cranial base angle 12242 £7.41 —0.78 <0.01
©)

Clivus length 43.03 £2.46 0.39 <0.01
(mm)

Clivus angle 4524 £8.32 0.46 1.37
©)

Tonsillar herniation 1231520 —0.15 0.03
(mm)

Odontoid retroversion 93.08 £5.63 —0.32 <0.01
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Baseline 1week 3months nths 12 months
Types of drugs
Non-steroidal analgesics 20 (8.8%) 8(3.5%) 11(48%) 0(0%) 0(0%)
Pregabalin 197 (86.4%) 104 (45.6%) 79(34.6%) 58 (25.4%) 32(14.0%)
Gabapentin 35 (15.4%) 49(21.5%) 22(9.6%) 22(9.6%) 15 (6.6%)
Carbamazepine 20 (8.8%) 13 (5.7%) 19.(8:3%) 10 (4.4%) 3(13%)
Oxcarbazepine 10 (4.4%) 0(0%) 4(18%) 0(0%) 2(09%)
Oxycodone and
acetaminophen 160 (70.2%) 62 (27.2%) 43 (18.9%) 40(17.5%) 22(9.6%)
Tramadol 10 (4.4%) 7(3.1%) 401.8%) 15 (6.6%) 6(26%)
Lidocaine cream 80(35.1%) 10 (4.4%) 0(0%) 0(0%) 0(0%)
Antidepressants 16 (7.0%) 0(0%) 0(0%) 0(0%) 0(0%)
Alprazolam 73 (32.0%) 13 (5.7%) 23 (10.1%) 10 (4.4%) 6(26%)
Combination drug users 215 (94.3%) 127 (55.7%)" 77 (33.8%)" 44.(19.3%)" 13.(5.7%)"

'p <0.05, comparison between postoperative time groups and preoperative groups.
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Baseline
Course of disease
<3months 38.8349.96
4-6months 348746.54"
7-12months 42024448
> 12months 41624938
Pain dermatome
Facial 339541086
Neck and upper limbs 410921029
Chest 41022826
Abdomen 3851484
Lower limbs 366741172

1week

9474596
1035524
9.41£3.63

1254633

1042817
10.20£7.20
1139524
9.49£491

15.00£9.54

Comparison betsveen groups with *p <0.05 and disease course > 12 months.

1689£7.3°

14326409
19.09+3.82

23641045

13374489
18071251
20784776
19.09£8.35

17.67£2.08

months

1016 4.6
806364
12674575

174121171

8324440
16361328
11354683
13584756

12674643

nths.

674£491°
5458452
843414

12314959

3.68£361

1107£10.63
8114621
828£5.09

8.67+1.16
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BPI Indicator
Daily life
Emotion

Walking

y

Normal operation
Relationship with others
Sleep

Joy of Life

Sleep duration

Short sleep
Intermediate sleep

Normal slecp

Baseline

5844136
6574184
3934191
4884170
4894190
5914179

6964187

196 (86.0%)
32(14.0%)

0.(0%)

1week

1554115
191£1.05
0.96£1.09
L14£1.06
133£1.00
164£1.09

1832117

35 (15.4%)
103 (45.2%)

90 (39.4%)

2794139

3294172
171 118b
2224149
2324143
3.094167b

31741670

19(8.3%)
139 (61.0%)
70 (30.7%)

1974139

2074157
109£1.00
159+ 1.40
1498125
1874131

205£161

31(13.6%)
146 (64.0%)

51(22.4%)

12 months

1332126
1512133
053079
0794120
0894113
130£115

1534126

18 (7.9%)
140 (61.0%)

70 (30.7%)
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Baseline

Duration of discase

< 3months 8.58£139
4-6months 8194133
7-12months 8114110
>12months 8074140

Pain dermatome

Facial 821190
Neck and upper limbs 832125
Chest 8562114
Abdomen 806+ 113
Lower limbs 7.67£2.08

p <0.05, Compare with disease duration > 12 months group.

'p <0.05, Comparison with the chest group.

1week

289£1.14
3235138
2915146

2974095

2474102
257£0.66"
335£1.23
281117

3334058

3months

3484152
361£126
380£115

424£166

279£132
336+183"
4142134
3735149

3674153

6 months

2904138
2774138
311099

371£170

2585112
3804201
2934127
3304149

2674058

nths.

2214147
2194138
230£150°

3074212

18421340
2394173
2954215
2224136

2674058
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Gene
GAPDH

TNF-a
1L-1p
116
JAK2

STAT3

Forward primer
5-TGATTCTACCCACGGCAAGTT-¥'
5-ATGGGCTCCCTCTCATCAGT-¥
5-GGGATGATGACGACCTGCTA-¥'
5-TTTCTCTCCGCAAGAGACTTCC 3
5-GAAGGGTGCCCAGACGAGATT-3

5-GGGCCATCCTAAGCACAAAGC-3

Reverse primer
5-TGATGGGTTTCCCATTGATGA-3
5-GCTTGGTGGTTTGCTACGACY'
5-ACAGCACGAGGCATTTTTGT-3'
5-TGTGGGTGGTATCCTCTGTGAS
5-TGTCCCGGATTTGATCCACCC-Y

5-CTGGATCTGGGTCTTGCCACT-3
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Surgical technique p-value
PFD PFDwD CTR
Mean ONSD (mm) 6211 5413 ‘ 44% 11 <001
Headache intensity 67+12 58+13 49+12 <0.01
(NRS)
CCOS score 122423 | 13112 | 141£18 <001
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Study type PSP type Sample rTMS site Frequency/ ation Pulses Intertrain Analgesic

(size, Intensity interval  effect
sex, age)
de Oliveira et al. Brazil RCT ALL CPSP 21,10M,11 F PMC/DLPEC | 10 HZ/120% 10 sessions 1,250 255 No effect
(2014) Real 55 % 9.67 of RMT pain relief
Sham by VAS
57.8+11.86
Hosomi et al. Japan Cross-over ALL CPsp 21,12M,9F Ml 5hz/90% of 10 sessions 500 505 Pain relief
(2013) 59.6 % 9.0 RMT by VAS
Malfitano et al. Italy Case series Ischemic stroke | CPSP 1,1E32 M1 10Hz/90% of | 10 sessions 2,000 5s Pain relief
(2021) RMT by NRS
Zhao etal. (2021) | China RCT ALL Cpsp 38,21 M,7F Ml 10 Hz/80% of | 18 days 1,500 3s Pain relief
Real: RMT by NRS
50.1 % 11.34, and MPQ
Sham:
48941151
Choi-Kwonetal. | Korea RCT ALL HSP 24,13M,11F | M1 10 Hz/90% of | 10 sessions 1,000 555 Pain relief
(2017) 59.0 8.0 RMT by NRS
Kobayashi et al. Japan Cross-over ALL Pain in the 18, 12M, 6F, Ml 5Hz/90%RMT | 12 weeks 500 505 Pain relief
(2015) paretic 630499 by VAS
extremities
Hasan etal. UK Cross-over ALL CPsP 14,10M,4F Ml 10 Hz/80%— 5 sessions 2,000 60s Pain relief
(2014) 57median 90%RMT by NRS
Ohnetal 2012) | RepublicofKorea | Case series ALL CPsp 22,13M,9F Ml 10Hz/90% of | 5 sessions 1,000 555 Pain relief
549490 RMT by VAS
Ojalaetal. 2021) | Finland RCT ALL CPsp 17 M1/52 10Hz/90% of | 10 sessions 5,050 50 Pain relief
RMT by NRS

CPSP, central PSP; PSP, Post-stroke pain; HSP, hemiplegic shoulder pain; M, male; F, female; RMT, resting motor threshold; M1, primary motor cortex; DLPFC, dorsolateral prefrontal cortex; PMC, premotor cortex; VAS, visual analog scale; NRS,
numerical rating scale; S2, secondary somatosensory cortex.
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Study Participants

Population Sample size
Costantino etal.  Patients with N=32
(2017) chronic post-stroke

Jeon etal. (2016)  Patients with post-

stroke Hemiparesis

Wei etal. (2019)  Patients with

hemiplegic shoulder

pain
Kim M. S. etal Patients with
2019) Hemiplegic

shoulder pain

Lee and Kim Patients with stroke N=7

(2013)

Schmid et al Patients with N=47

(2014) Chronic stroke E37
ci10

Patients with CRPS N=40

(2015) Lafter stroke

Mean
age(years)

E:58.0
C:505

E:63.85
C:6555

65.3
E65.9
C:647

68.1
63.1
E:63.9

C:602

65.95
C675

Exercise intervention

Exercise type

Local muscle
vibration during

voluntary isometric

contraction
“The Monkey Chair

and Band exercise

Acupuncture
combined with
neuromuscular joint
facilitation
Robotic-assisted joint
‘mobilization and

stretching exercises

Self-directed exercise
with the task board
Group therapeuts

yoga

Upper-extremity

aerobic exercise

Exercise duration

30min 3 times per

week, 12 sessions

30min per session; 3
times per
week;12weeks

Once a day and 6 times

per week over 3weeks

30min per day, 5 times

per week for 4weeks

Once a week for
10weeks
1h per time, twice a

week for Sweeks

30minS times per weck

over dweeks

Pain
outcomes

VNRS

VAS

VAS

VAS

vPS

Result

Significant
improvement in

pain

The significant
difference in pain
VAS scores
Significant
improvement in
VAS scores

VAS scores
improved more in
the intervention
group than control
group

The scores of the
VAS were improved
Pain scores
significantly
improved after
Sweeks of yoga
Pain reduction and
significant
improvement in
CRPS signs and

symptoms

C. control groups CPRS 1, complex regional pain syndrome type I; E exercise group; PEG, P, mean pain intensity, E, disturbance to enjoy lfe, G, disturbance to general practice; VAS,

il Analog Scale; VNRS, Verbal Numerical Rating Scale of pain; VPS, Vi

sl Pain Scale.
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Country

Spain

Iran

Denmark

USA

Spain

ITran

Australia

Brazil

Brazil

Iran

USA

USA

Egypt

Canada

Brazil

France

Norway

Korea

Australia

Italy

USA

USA

Clinical Study
condition, design
sample size

(F/M)

Fibromyalgia, RAN-PA-DB-
130 e
Fibromyalgia, RAN-PA-SB
30/0

Low back pain, RAN-CO-DB-
18/6 sc
Neuropathic RAN-PA-DB-
pain, 44/68 sc
Neuropathic RAN-PA-SB
pain, 91/39

Low back pain, RAN-PA-SB-
60 sc
Neuropathic RAN-PA-SB-
pain, 24/6 sc

Primary RAN-PA-DB-
dysmenorrhea, sc

24/0

Primary RAN-PA-DB-
dysmenorrhea, sC

22/0

Chronic pelvic RAN-CO-DB-
pain, 16 SC

Low back pain, RAN-PA-DB-
18/3 sc
Fibromyalgia, RAN-PA-SB-
3/55 sC

Visceral pain, RAN-PA-DB-
27/13 sc
Vestibulodynia, RAN-PA-DB-
39 sC
Fibromyalgia, RAN-PA-DB-
44/1 Ne
Neuropathic RAN-CO-DB-
pain, 13/3 sc
Fibromyalgia, RAN-PA-DB-
45/3 sc
Neuropathic RAN-PA-DB-
pain, 35/25 Ne
Neuropathic RAN-CO-DB-
pain, 2/8 sc
Neuropathic RAN-PA-DB-
pain, 11/8 Ne
Neuropathic RAN-PA-DB-
pain, 14/3 sc
Fibromyalgia, RAN-PA-DB-
32/0 sc

Age, mean

(years)

50.37

28.6

44.23

48.5

32.65

50.53

23.55

20.82

NA

63.08

46.53
57.87
22
47.6
489
48.6
61.57

56.1

35.75

52.73

Outcome measures

NRS/HADS

VAS/DASS-21

VAS/BDI

VAS/BDI/BAI

NPSI/BPI/PHQ-9

BPI/DASS

VAS/DASS

NRS/HAS

NRS/HAMA

VAS/BDI

DVPRS/PASS-20

NRS/BDI

VAS/HAMD

NRS/BDI/PASS-20

VNS/BDI

VAS/HADS

NRS/HADS

VAS/BDI

NRS/BDI

VAS/BDI

VAS/BDI

VAS/BDI

Baseline pain intensity:
mean

tDCS (M1): 7.43/tDCS (DLPEC): 7
tDCS (OIC): 6.71/sham: 7.49

tDCS: 8.80/rTMS: 7.93

All: 3.0

tDCS + MT: 6.18/sham + MT:
6.03

tDCS: 0.34/sham: 0.31

ABM + tDCS: 56.13/ABM +
sham: 42.86

tDCS: 6.3/sham: 5

tDCS: 5.07/sham: 4.54

tDCS: 7.81/sham: 4.54

tDCS: 6.12/sham: 4.93

tDCS: 5.4/sham: 5.5

tDCS: 6.75/sham: 7.19

tDCS: 6.5/sham: 6.85

tDCS: 6.5/sham: 7

DCS + AE: 7.3/sham + AE: 6.8
tDCS: 51.2/sham: 52.1

DCS: 4.93/sham: 5.31

DCS (M1): 5.75/tDCS (DLPEC):
5.70/sham: 5.55

All:5.6

tDCS: 55.5/sham: 57.7

tDCS: 6.2/sham: 6

tDCS (M1): 8.5/tDCS (DLPFC):
8/sham : 7.5

Baseline
depression/anxiety: mean

tDCS (M1) (d): 21.28/tDCS
(DLPEC) (d): 21.76

DCS (OIC) (d): 22.12/sham (d): 20
DCS (d): 25.87/FTMS (d): 23.33
tDCS (a): 22.13/rTMS (a): 1653
All (BDI): 8.7

tDCS + MT (d): 8.17/sham + MT
(d): 1168

tDCS + MT (a): 10.51/sham + MT
(a): 13.60

tDCS (d): 7.05/sham (d): 6.22

ABM + tDCS (d): 7.21/ABM +
sham (d): 8.61

ABM + tDCS (a): 6.14/ABM +
sham (a): 5.69

tDCS (d): 6.9/sham (d): 12.8
tDCS (a): 7.9 /sham (a): 12.1
tDCS (a): 19.46/sham (a): 19.45

tDCS (a): 21.9/sham (a): 19.4

tDCS (d): 10.43/sham (d): 8.62

tDCS (d): 11/sham (d): 8.1
DCS (a): 34.4/sham (a): 37.5

tDCS (d): 21.75/sham (d): 19.9

tDCS (d): 17/sham (d): 16.85

tDCS (d): 7.1/sham (d): 6.2
tDCS (a): 42.7/sham (a): 33.9
tDCS + AE (d): 20.8/sham + AE
(d):21.0

tDCS (d): 6.4/Sham (d): 6.3
DCS (a): 7.7 /Sham (a): 8.1
tDCS (d): 4.94/sham (d): 5.71
tDCS (a): 7.00/sham (a): 5.76
tDCS (M1) (d): 10.60/tDCS
(DLPEC) (d): 8.75/sham (d): 11.10
All(d): 8.4

tDCS (d): 11.1/Sham (d): 8.79
tDCS (a): 37.7/Sham (a): 38.7
tDCS (d): 8.9/sham (d): 12.6

DCS (M1) (d): 19.9/DCS
(DLPEC) (d): 17.8/sham (d): 20.7

M, Male; E, Female; d, Depression; a, Anxiety; VAS, Visual Analogue Scale; NRS, Numeric Rating Scale; BPI, Brief Pain Inventory; DVPRS: Defense and Veterans Pain Rating Scale; VNS, Visual Numeric Scale; NPSI, Neuropathic Pain Symptom Inventory;
BDI, Beck depression inventory; DASS-21, Depression Anxiety Stress Scale-21; HAM-D, Hamilton rating scale for depression; HAM-A, Hamilton rating scale for anxiety; HAS, Hamilton Anxiety Scale; PHQ-9: Patient Health Questionnaire 9-item;

PASS-20, Pain Anxiety Symptoms Scale; HADS, Hospital Anxiety and Depression Scale; RAN, randomized; CO, cross-over; PA, parallel; DB, double-blind; SB, single-blind; SC, sham-controlled; NA, not available.
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Mode

Anodal

Anodal
Anodal

Anodal

Anodal
Anodal
Anodal
Anodal
Anodal
Anodal

Cathodal

Cathodal/anodal
Anodal

Anodal
Anodal

Anodal
Anodal

Anodal
Anodal

Anodal
Anodal
Anodal

Site

MI1/DLPEC/OIC

DLPFC
mPFC

M1

M1

M1

M1

DLPFC

M1
M1/DLPFC

dAcc

DLPFC
M1

M1
M1

DLPFC
M1

M1/DLPFC
M1

M1
M1
MI1/DLPFC

Inten

2mA

2mA
2mA

2mA

2mA
2mA
2mA
2mA
2mA
0.3mA

2mA

2mA
2mA

2mA
2mA

2mA
2mA

2mA
2mA

2mA
2mA
2mA

sity

Duration

20 min/15 sessions

20 min/3 sessions

20 min/3 sessions

20 min/10 sessions

20 min/10 sessions
20 min/5 sessions
20 min/5 sessions
20 min/5 sessions
20 min/5 sessions

20 min/1 session

20 min/10 sessions

20 min/5 sessions

30 min/10 sessions

20 min/10 sessions

20 min/5 sessions

20 min/3 sessions

20 min/5 sessions

20 min/5 sessions

20 min/5 sessions.

20 min/5 sessions.
20 min/5 sessions

20 min/5 sessions

Intervention/control

tDCS/sham tDCS

tDCS/rTMS
tDCS/sham tDCS

MT + tDCS/MT + sham tDCS

VI + tDCS/VI + sham tDCS
ABM + tDCS/ABM + sham tDCS
tDCS/sham tDCS

tDCS/sham tDCS

tDCS/sham tDCS

tDCS/sham tDCS

tDCS/sham tDCS

tDCS/sham tDCS
tDCS/sham tDCS

tDCS/sham tDCS
AE + tDCS/ AE + sham tDCS

tDCS/sham tDCS
tDCS/sham tDCS

tDCS/sham tDCS
tDCS/sham tDCS

tDCS/sham tDCS
tDCS/sham tDCS
tDCS/sham tDCS

Adverse effects

Tickling/itching

NA
Skin redness/headache/nausea

fatigue/insomnia/slecpiness

Sleepiness/neck
pain/tingling/headache/scalp pain/acute
mood change/skin redness

Tingling

NA

NA

Tingling

Tingling

NO

NA

NA
NO

Tingling/skin redness

Headache/neck pain/tingling/skin
redness

Insomnia/nausea/headache
Headache/neck pain/scalp
pain/Tingling/Itching
Tingling/fatigue/itching/headache/insomnia
Tingling/headache/fatigue/nausea/skin
redness

No

Headache/itching

Sleepiness/headache

DLPFC, dorsolateral prefrontal cortex; M1, primary motor cortex; mPFC, medial prefrontal cortex; OIC, operculo-insular cortex; dACC, dorsal anterior cingulate cortex; NA, not available; VI, visual illusion; MT, mirror therapy; AE, aerobic exercise;

ABM, attention bias modification.
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Case(freq) Control(freq) Oddsratio Pearson's

[95% ClI P
C 10104 (0383) 12400 (0.525) 0,609 0.007
c [0.425~0.72]
G
T 9688 (0367) 70.00 (0.297) L491 0.038
c (1.022-2.176]
A
T 5299(0.201) 4200 (0.178) 1237 0355
T 0.788~1.941]
A
C 4080015 0.00(0.000) - -
c
A
C 4050015 0.00(0.000) = =
T
A
c 282001 0.00(0.000) - -
T
G
T 214(0008) 0.00 0.000) - -
T
G

Data were analyzed by online software, SHEsis (Li e al 2009). Total control =236.0, total
case =264.0, Global chi*is 7491477 while df =2 (frequency <0.03 in both control and case has
been dropped). Pearson's p-value is 0.023615. Significant results (value of p<0.05) were shown
in bold type.
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Healthy PHN patients p-value

controls (n=132)

(n=118)
Gender (Female/ | 72146 (156.52%) 76/54 (140.74%) 0125
male)
Age (years) 639241309 65.76£9.98 0.006
BMI (kg/m2) 23824313 23504246 0525
BP mean 95,67+ 15.66 933321030 0385
(mmHg)
TCHO (mmol/L) 487£1.21 469093 0353
LDL (mmol/L) 2892183 264078 0.100
HDL (mmol/L) 1212028 1226037 0785
TG (mmol/L) 216£202 168073 0079
FBG (mmol/L) 7.15£2.40 7208272 0917

information of enrolled subjects. Data are given as mean & SD and were analyzed by
dependent sample T test. BMI, body mass index; BP mean, mean blood pressure; TCHO,
total cholesterol; LDL, low-density lipoprotein; HDL, high-density lipoprotein; TG,
riglycerides; FBG, fasting blood glucose. Significant resuls (value of p< 0.05) were shown in
bold type.






OPS/images/fnmol-16-1128429/fnmol-16-1128429-t002.jpg
Genotype Healthy PHN P-value

controls patients
(n=118) (n=132)
1513361707
cC 32(27.1%) 28(21.2%)
cr 60 (50.8%) 56 (42.4%) 0.045
T 26(22.1%) 48 (36.4%)
Alleles
c 124 (52.5%) 112 (42.4%) 0.024
T 112(47.5%) 152 (57.6%)
HWEP 0831 0131
133792822
cc 80 (67.8%) 78 (59.1%)
cr 34(28.8%) 46 (34.8%) 0.304
TT 4(3.4%) 8(6.1%)
Alleles
c 194 (822%) 202 (76.5%) 0118
T 42(17.8%) 62(23.5%)
HWEP 0.869 0727
1510074991
GG 32(27.1%) 24 (18.2%)
GA 60 (50.8%) 58 (43.9%) 0.018
AA 26(22.1%) 50 (37.9%)
Alleles
G 124 (525%) 106 (40.2%) 0.006
A 112 (47.5%) 158 (59.8%)
HWEP 0831 0325

Data were analyzed by chi-square (7" test. HWE, Hardy-Weinberg equilibrium. Significant
results (value of p<0.05) were shown in bold type.
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Comparisons AOR (95% = P*values

Cl)
1513361707(C>T) cc 1000
(Reference)
cr 1135 (0.601- 0695
2143)
2108 (1.040- 0.039
4272)
CC/CTvs. TT 1939 (1,097 0.023
(Dominant model) 3.426)
CCvs.CT/TT 1439 (0.795- 0229
(Recessive model) 2604)
CCvs. TT 2,196 (1066~ 0.033
(Homozygote 4526)
comparison)
cCw.CT 1136 (0.595~ 0700
(Heterozygote 2.168)
comparison)
13792822(C>T) cc 1000
(Reference)
cr 1454 (0.834- 0.187
2535)
™ 1333 (0545~ 0311
6.721)
CCICTvs. T 1698 (0.491- 0403
(Dominant model) 5.874)
CCvs. CT/TT 1.506 (0885~ 0131
(Recessive model) 2562)
CCvs. TT 1.746 (0476~ 0400
(Homozygote 6397)
comparison)
cCws.CT 1415 (0813 0220
(Heterozygote 2415)
comparison)
$10074991(G>A) | GG 1000
(Reference)
GA 1382 (0719~ 0332
2658)
AA 2601 (1264~ 0.009
5.352)
GGIGA vs. AA 2086 (1.184- 0011
(Dominant model) 3.672)
GGvs. AA/GA 1763 (0,955~ 0070
(Recessive model) 3.258)
GGvs. AR 2762(1315- 0.007
(Homozygote 5.798)
comparison)
GGvs. GA 1365 (0.701- 0360
(Heterozygote 2661)

comparison)

Data were analyzed via binary logistic regression. AOR, adjusted odds ratio (adjusted for age,
gender and BMI); 95%CI, 95% confidence interval. P* adjusted for age, gender and BMI,
ignificant results (value of p <0.05) were shown in bold type.
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GABA sensitivity Gelsemine sensitivity

GABAR ECso (1M) Imax(PA) ICso (1M) ny Maximal
modulation (%)

wlp2r2 32202 18202 37922257 6 6684160 19207 ~443£99 6
wp3p2 298+10.1 06£0.1 19584371 7 5522137 12205 ~56.5+49 6
wp3r2 124255 05£0.1 22274475 6 556+12.1 12405 ~635£50 10
asp2r2 5403 L1201 1428302 il 721479 07403 ~611£38 6
«l(HI01R)2y2 23201 15+02 1,946 266 5 - - - -
wip2 21201 1602 16412271 6 - - = -
Native 21205 10201 24922568 12 8912164 12201 —496£43 s
+Gels. 74£10% 12202 19954434 12 - - - =

Values of the concentration-response curve parameters (ECs, and Hill coeffcients, nH) were obtained from the curve fits of normalized concentration-response data points from the indicated
number of cells. The maximal current modulation was obtained using 300 of gelsemine. Results are presented as mean  SEM. *p< 0.01, unpaired Student -test, native versus gelsemine treated
(+ Gels., 200 uM).
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Neural stem cells
(NSCs)

Olfactory ensheathing
cells (OECs)

Mesenchymal stem cell
(MSCs)

Bone marrow
‘mononuclear cells
(BMMCs)

GABAergic cells

Genetically modified

cells

Advantages

Extensive self-

regeneration capacity

Easily available; high cell
viability in vitro; promote
axonal regeneration and

myelination
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Exosomes:a cell-free
approach to
transplantation

No need for in vitro
expansion; facilitate blood
vessel formation and
tissue repair

High survival rate and.
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Enhance cell viability;

improve analgesic effect
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Low transplant efficiency;
malignant transformation
possible

Limited analgesic effect,

even causing hyperalgesia

Gender

morpl
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Cluster label Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5

(n=171) (n = 228) (n = 296) (n = 203) (n =152)

Patient characteristics

Age, yearsk 60.25 £ 14222345 65.37 & 14.61" 6426 £13.12" 64.25 £ 13.57" 64.32 £ 13.66"
Female sex 88 (51.5) 132 (57.9) 184 (62.2) 114(56.2) 98 (64.5)
Body mass index, kg/m® 23814286 2352+3.07 23.68 % 3.37 23.69 % 3.02 23.03 % 3.01
Cardiovascular diseases 35 (20.5)2345 89(39.0)! 110 (37.2)! 68 (33.5)! 60 (39.5)!
Diabetes mellitus 29(17.0) 53(23.2) 56 (18.9) 38 (18.7) 31(20.4)
Mental health problems 20(11.7) 40(17.5) 56 (18.9) 22(10.8) 28 (18.4)
Sleep disturbance 95 (55.6) 116 (509) 157 (53.0) 107 (52.7) 88 (57.9)

Pain-related data

Pain score, numeric rating scale, 0-10

Average 5234254 5.46 % 2.43 5.82+239 5.51£2.40 5734242

Maximum 6.05£2.55 6.35+£2.45 6.41£232 6.06 +2.41 6.57 £2.35

Pain durations

< 1 month 49 (28.7) 70 (30.7) 99 (33.4) 45(22.2) 39(25.7)
1-3 months 41 (24.0) 78 (34.2) 85 (28.7) 61 (30.0) 50 (32.9)
> 3 monthssx 81 (47.4)%° 80 (35.1)" 112 (37.8) 97 (47.8)* 63 (41.4)
Dermatomes

Trigeminal, facial 39 (22.8) 47 (20.6) 55 (18.6) 33(16.3) 27(17.8)
Cervical 29(17.0) 40 (17.5) 35 (11.8) 38 (18.7) 25(16.4)
Thoracic 83 (48.5) 115 (50.4) 162 (54.7) 108 (53.2) 78 (51.3)
Lumbosacrum 20(11.7) 26 (11.4) 44 (14.9) 24 (11.8) 22(14.5)
Gabapentinoid use 141 (82.5) 183 (80.3) 227 (76.7) 164 (80.8) 131(86.2)

Values are presented as mean  standard deviation (SD) or number of patients (%). *Tukey’s multiple comparison test (p < 0.05); **Chi-square post hoc difference (p < 0.05). 1, vs. cluster 152,
vs. cluster 2; 3, vs. cluster 3; 4, vs. cluster 4; 5, vs. cluster 5.
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Variables otal (n (0150)]
Patient characteristics
Age, years 63.86 %+ 13.87
Female sex 616 (58.7)
Body mass index, kg/m* 2355+3.13
Cardiovascular disease 362 (34.5)
Diabetes mellitus 207 (19.7)
Mental health problems 166 (15.8)
Sleep disturbance 563 (53.6)
Pain-related data
Pain score, numeric rating scale 0-10
Average 557+244
Maximum 6.29+241
Pain duration
< 1 month 302 (28.8)
1-3 months 315 (30.0)
> 3 months 433 (412)
Dermatomes
Trigeminal, facial 201 (19.1)
Cervical 167 (15.9)
Thoracic 546 (52.0)
Lumbosacrum 136 (13.0)
Gabapentinoid use 846 (80.6)

Values are presented as mean = standard deviation (SD) or number of patients (%).
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Scanner Threshold Software QOutcome measures Quality

score
Analysis Coordinate  Secondary
of fMRI outcomes
Han Xiao 3.0T Unknown | p < 0.05, monte SPM8 ReHo Talairach Not reported 10.5
carlo
Ning Yanzhe 3.0T 4 p < 0.05, monte Rest, DPARSF ALFF MNI Not reported 115
carlo
Jia Jingnan 3.0T Unknown | p < 0.05, GRF DPARSF ReHo MNI VAS, MSQ, SAS, 11
SDS
Tao Yin 3.0T 6 p <005 SPM12 ALFF MNI VAS, MMDs 11
Ling Zhao 3.0T 4 p <005 FDR SPM5 ReHo “Talairach VAS, HIT-6 12
Zhengjie Li' 3.0T 6 p <0001, SPM12 ALFF MNI VAS, SAS, SDS 12
uncorrected; p <
0.05, FWE
Zhengjie Li? 3.0T 8 p < 0.001, SPM12 ALFF MNI VAS, SAS, SDS 12
uncorrected; p <
0.05, FWE

ReHo, regional homogeneity; ALFE, amplitude of low-frequency fluctuations; MNI, montreal neurological institute; FDR, false discovery rate; FEW, family-wise error; FWHM, full width at
half maximum; VAS, visual analog scale; MSQ, Minnesota satisfaction questionnaire; SAS, self-rating anxiety scale; SDS, self-rating depression scale; MMDs, monthly migraine days; HIT-6,
headache impact test version.
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Subtype Sample size Gender (male/female) Age Intervention Comparison
O

migraine
Migraine = Healthy = Migraine  Healthy Migraine  Healthy Main Regimen Migraine Healthy Participant
control control control  acupoints control  duration
Han Xiao | Episodic MwoA 10 10 2/8 2/8 317 317 MA: Not reported Acu Con Not reported
GB41(2)
Ning Episodic or MwoA 19 18 3/16 4/14 28.23 27.16 MA: Not reported Acu Con A:77.68 % 57.
Yanzhe chronic GB41(2) 57
Jia Episodic or MwoA 15 None 5/10 None 393 None MA: 3/week, for 4 Acu None Not reported
Jingnan chronic GB44(2), weeks
ST45(2),
BL67(2),
LR1(2)
Tao Yin Episodic or MwoA 40 40 10130 10/30 217 211 MA:SJ(5), | S/week, for 4 Acu Con A:5375%
chronic GB34(2), weeks 2845
GB40(2)
Ling Episodic MwoA 20 20 6/14 8/12 32.90 3725 MA:SJ5(2), | for8weeks | Acuactive) = Acu(inactive) A:10.58
Zhao GB20(2),
GB34(2),
GB40(2)
Zhengjie | Chronic MwoA 62 2 14/48 8/34 2121 2129 MA: 5/week, for 4 Acu Con A:6291
Li ST36(2), weeks
ST42(2),
L16(2)
Zhengjie | Episodic MwoA 70 13 14/56 9/34 2151 2123 MA: 5/week, for 4 Acu Con A:6167
Li GB34(2), weeks
GB40(2),
J5(2)

MA, manual acupuncture; Acu, acupuncture; Con, Control; GB41, Zulingi; GB44, Zugiaoyin; ST45, Lidui; BL67, Zhiyins LR1, Dadun; SJ5, Waiguan; GB34, Yanglingquan; GBA0, Qiuxu; ST36, Zusanli; ST42, Chongyang; LI6, Pianli.
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Article, year Country/
Region

Rodrigues De Paula Brazil

et al.,, 2006

Reuter et al., 2011 Germany

Pérez-De La Cruz Spain

etal, 2016

Pérez De La Cruz, Spain

2017

Atanetal., 2019 Turkey

Cochen De Cock France

etal., 2021

Population
sample size
study design

20 subjects
1 group
M=14,F=6

90 subjects
3 groups
M=45F=45

15 subjects

1 group
M=6,F=9
30 subjects

2 groups
M=13,F=17

30 subjects
3 groups
M=11,F=19

45 subjects
1 group
M=25F=20

Age (years)

Gl(n=20):61.5y
9.8)

Gl(n=30):62.1y
(2.5)
G2(n =30):63
y((3.1)

G3(n =30):62y
(3.2)
Gl(n=15):65.87y
(7.09)

Gl(n=15):66.8y
(5.87)
G2(n=15):67.53y
(9.89)
G1(n=10):69.7 y
(8.0)
G2(n=10):72.2y
(7.9)
G3(n=10):68.6y
(8.2)

Gl(n =45):65y
(9.0)

Intervention

(1) 15-min warm-up;
(2) 20-min of strength
training;

(3) 30-min of aerobic
exercises, consisting of
stepping and graded
walking;

(4) a cool-down period.
G1: Flexibility,
coordination, and
relaxation exercises
G2: Walking

G3: Nordic walking

G1: Aquatic Tai Chi

G1: Aquatic Tai Chi
G2: Therapy on dry land
(strength training and

aerobic exercises)

G1: control group
(unsupported TT)
G2:10% supported
BWSTT

G3:20% supported
BWSTT

Outdoor, uncontrolled
gait rehabilitation
program using the
BeatWalk application

Duration of
trial period

Three 75-min
sessions per week for
12 weeks

Three 70-min
sessions per week for
24 weeks

Two 30-min to
45-min sessions per
week for 10 weeks

Two 45-min sessions
per week for
10 weeks

Five 60-min sessions

per week for 6 weeks

Five 30-min sessions

per week for 4 weeks

Pain
outcomes

Pain domains in
NHP

VAS

VAS

VAS

Pain domains in
NHP

Pain with visual

sliding scales

M, male; E, female; G, group; y, year; NHP, Nottingham health profile; VAS, visual analog scale; TT, treadmill training; BWSTT, body-weight-supported treadmill training.

Outcome
assessment

After 12-week
intervention

After 24-week

intervention

After 10-week
intervention at

1-month follow-up

After 10-week
intervention at

1-month follow-up

After 6-week
intervention

After 4-week

intervention

Result

A non-significant 8%
reduction in the pain
domain of the NHP

Up to 30% of patients
became free of pain, and
the intensity of pain
decreased in patients
after training

A significant
improvement in scores
for pain perception

Both Aquatic Tai Chi and
strength training and
aerobic exercises reduced
pain intensity

Pain subscore decreased
in the 10% and 20%
supported BWSTT
groups after training

During BeatWalk use,
the patients reported a
significant reduction of
pain relative to the
baseline
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Classification Model ncRNAs Expression Tissue Target PMID

MiRNA SNI miR-30c-5p Up SC, DRG, CSE TGEF-p 30089634
and plasma
SNL miR-143 Down DRG Dnmt3a 29170626
miR-21 Up DRG TLR8 30455267
miR-124-3p Down DRG/SDH Egrl 34008206
CCI miR-206-3p Down DRG HDAC4 30587671
miR-223 Down SC NLRP3/IL-1p 34408803
MiR-144 Down DRG RASA1L 31737949
miR-140-3p Down DRG JAG1 34269482
miR-122-5p Down SC PDK4 33566299
miR-30b-5p Down SC CYP24A1- 34748047
Wnt/beta-catenin
signaling
miR-340-5p Down SC RaplA 30848438
miRNA-146a-5p Up DRG and SDH IRAK1/TRAF6 29885668
DNP miR-190a-5p Down sC SLC17A6 29042815
miR-155 Up sC Nrf2 31404910
miR-193a Down Lumbar SDH HMGBI1 31665716
miR-590-3p Down DRG RAPIA 33332780
miR-133a-3p Up SN Pp38MAPK 32632603
CircRNA SNI circRNA.2837 Down SN miR-34 family 30098504
members
Sciatic nerve circAnkib1 Down SN miR-423-5p, 31415184
crush model miR-485-5p, miR-
666-3p/Cyp26b1
CCI CIRCZNF609 Unknown Unknown miR-22-3p/ENO1 32827683
circ_0005075 Up DRG miR-151a- 32860901
3p/NOTCH2
GiRS-7 Up SDH miR-135a-5p 31978512
circZRANB1 Down SC miR-24-3p/LPAR3 32777532
circRNA_013779 Up SDH Unknown 28761373
circRNA_008008 Up SDH Unknown
circRNA_003724 Up SDH Unknown
DNP circHIPK3 Up DRG miR-124 30286957
mmu_circ_0010794 Up SC Unknown 34055074
mmu_circ_0006623 Up Ne Unknown
mmu_circ_0006175 Up SC Unknown
mmu_circ_0016083 Down SC Unknown
mmu_circ_0006471 Down sC Unknown
LncRNA SNI IncRNA DGCRS5 Down SC miR-330-3p/PDCD4 30317600
IncRNA LOC100911498 Up SC P2X4R, BDNE, p38 33949153
IncRNA Linc01119 Up SC and DRG ELAVL1/BDNF 34234645
SNL IncRNA SNHG1 Up sC CDK4 33336721
IncRNA SNHG4 Up sC miR-423-5p 32454787
IncRNA SNHG5 Up DRG miR-154- 32248399
5p/CXCL13
IncRNA H19 Up DRG Unknown 32099850
IncRNA PKIA-AS1 Up SC CDK6 30873006
Linc00052 Up Ne miR-448/JAK1 32012267
IncRNA Lncencl Up DRG EZH2/BAI1 33340495
CcCI IncRNA FIRRE Up sC HMGB1 33151463
IncRNA XIST Up sC miR-154-5p/TLR5 30335888
Up SC miR-150/ZEB1 29323698
Up SC miR-544/STAT3 29219175
IncRNA MALAT1 Up sC miR-129- 32065547
5p/HMGB1
Up sC miR-154-5p/AQP9 31746418
IncRNA CRNDE Up sC miR-136/IL-6R 34612146
IncRNA DILC Up sC SOCS3/JAK2/STAT3 32510145
IncRNA uc.153 Up SC miR-182-5p/EphB1- 32701835
NMDA
LncRNA NEAT1 Up sC miR-381/HMGB1 29633273
IncRNA SNHG16 Up sC miR-124-3p, 33049352
miR-141-3p/JAGL
IncRNA GAS5 Down sC miR-452-5p/CELF2 33264082
IncRNA MRAK009713 Up DRG P2X; 28708759
DNP IncRNA Up DRG P2X; 28928602
NON-RATT021972
IncRNA uc.48+ Up DRG P2X; 26686228
IncRNA BC168687 Up DRG P2X; 29204447
Up DRG TRPV1 29421435
IncRNA Down SDH Mbp 30599267
ENSMUST00000150952
IncRNA AK081017 Down SDH Uspl5

AQP, amniotic aquaporins; BAI1, brain angiogenesis inhibitor 1; BDNE, brain-derived neurotrophic factor; CCI, chronic constriction injury; CDK, cyclin-dependent kinase; CELE2,
CUGBP Elav-like family member 2; CSE, cerebrospinal fluid; DNP, diabetic neuropathic pain; DRG, dorsal root ganglion; ELAVLI, ELAV-like RNA-binding protein 1; ENO1, Alpha-
enolase; EphB1, Eph receptor B1; EZH, Zeste homolog; HDAC4, histone deacetylase 4; HMGBI, high mobility group box-1; IRAKI, interleukin-1 receptor-associated kinases 1; JAGI,
Jagged1; JAK, Janus kinase; LPAR3, lysophosphatidic acid receptor 3; MAPK, mitogen-activated protein kinases; NLRP3, NOD-like receptor family pyrin domain containing 3; NMDA,
N-methyl-d-aspartate; Nrf2, nuclear factor erythroid 2-related factor 2; PDCD4, programmed cell death factor-4; PDK4, pyruvate dehydrogenase kinase 4; PNI, peripheral nerve injury;
P2XR, P2X receptor; RAP1A, Ras-associated protein-1 A
STATS3, signal transducer and activator of transcription 3; TG
ZEB1, Zinc finger E-box binding homeobox 1.

pinal cord; SDH, spinal cord dorsal horn; SNL, spinal nerve ligation; SNI, spared sciatic nerve injury; SN, sciatic nerve;
B, Transforming growth factor-B; TRAE, TNE receptor associated factor; TRPV, transient receptor potential vanilloid 13
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Study
author,
year

rTMS

Ambriz-
Tututi et al,,
2016

Park etal.,
2014

Johnson
etal, 2006

tDCS

McPhee and

Graven-

Jiang etal,
2020

Jafarzadeh

etal,, 2019

Mariano
etal,, 2019

Straudi
etal,, 2018

Hazime
etal,, 2017

Luedtke
etal, 2015

chabrun
etal, 2014

O’Connell
etal, 2013

Luedtke
etal, 2012

tACS

Ahnetal,
2019

Dimensi

E, experimental group;
Short Form 36 Health

Study
type

RCT

Case report

RCT
(cross-over)

RCT
(cross-over)

RCT

RCT

RCT

RCT

RCT

RCT

RCT (cross-
over)

RCT
(cross-over)

RCT (cross-
over)

RCT
(cross-over)

Gender
(E/M)

Sample
size (E
vs. C)

67 rTMS: 27/14
(41v5.26)  sham: 18/8

2 200

17 107
(17 vs.17)

12 93
(12vs.12)

51 27/24
(26 vs.25)

36 6/30
(12vs.12vs.
12)

2 7123
(10vs. 11)

35 2/9
(18vs.17)

92 69/23
(23vs. 23 vs.
23vs.23)

135 63/72
(67 vs..68)

16 7
(16 vs. 16 vs.
16vs.16)

8 n
(8vs.8)

15 96
(15vs.15vs.
15)

20 12/8
(20 vs.20)

vey; BDI, Beck Depression Inventory
Questionnaire; ODI, Oswestry disability index; DVPRS, defense and veterans pain rating scale; BBS, Berg Balance Scale; MPQ, McGil
2, hertz; NR, not reported; NA, not applicable.

Age

rTMS:
5257+ 105
sham:
51.5£123

Patient 1: 65
Patient 2: 61

Mean age:
43.5 (range:
28-74)

All:
286£59

tDCS:
39.94 142
sham:
4.1 130

All:
316£49

All:
63.1£105

All:
55.14 125

53.0£99;
real tDCS +
real PES:
51.3£99;
sham
tDCS +
sham PES:
541498

tDCS:
459
Sham:
4410

All:
30£2

All:
4510

Mean age:
48.7 (range:
30-70)

NS

IS1, Insomnia Severi

Control

Sham

NA

Sham

Sham

Sham

Sham +

postural
training;
postural training

Sham

Sham +
group exercise

Sham

Sham

Sham

Sham

Anodal vs.
cathodal vs.
sham

Sham

Index; PDI, the Pain Disabi

Pain
duration
(month)

rTMS:
8524312
sham:
58.8£30

Patient 1: 60
Patient 2: 12

NR (over
12m)

All:
63.6431.2

All:
27.5+£47.6

NR
(chronic)

NR
(chronic)

All:
104.4 £92.4

Real

tDCS +
sham PES:
91,64 108.3;
sham

tDCS +

real PES:
59.7 £59.7;
real tDCS +
real PES:
37.3:439.4;
sham

tDCS +
sham PES:
69.2:4927

tDCS:
2349
Sham:
19£29

All:
504484

NR (over
12m)

All: 134.4 m
(mean
value)

848470

Session
schedule

Parameters and
dosage

Coil type: -8

stimulation site: M1

frequency: 20 Hz (10 pulse trains
of 10 s with 28 s inter-train
interval)

intensity: 95%RMT

Five sessions during the first
week and 8 more sessions on
weeks 3,4, 6,8, 12, 20,28,
and 36. At the end of
protocol, sham group
received real 'TMS for a
week, 'TMS group received
sham session.

Coil type: F-8 Patient 1: 5 sessions/week;
Stimulation site: PFC 4weeks;
Frequency: 1 Hz (1200 Patient 2: 5 sessions/week;
pulses/session) 3weeks

Intensity: 100%RMT
Coil type: F-8

stimulation site: M1

Frequency: 20 Hz (12.5 trains
with 28 s inter-train interval, total

Asingle session

500 pulses/session)
Intensity: 95%RMT

Mode: Anodal
stimulation sil
medial prefrontal region (Fz),
Cathode over the forehead (Epl,
Fp2, F7, and F8)

Intensity: 2 mA

Session duration: 20 min

Daily stimulation; 3
consecutive days

nodal over

Mode: Anodal

stimulation site: Anodal over
(C3/C4 (contralateral of pain),
Cathode over the contralateral

A single session

supraorbital area
Intensity: 2 mA
session duration: 20 min

Mode: Anodal
stimulation site: Anodal over left
M1 (C3), Cathode over the right
contralateral supraorbital area
intensity: 2 mA

Session duration: 20 min

Mode: Cathodal

Stimulation site: Cathodal over
dACC (C3), Anodal over the right
contralateral mastoid

Intensity: 2 mA

session duration: 20 min

3 session/week, 2 weeks

Daily stimulation; 10
consecutive weekdays

Mode: Anodal
stimulation site:
(contralateral of pain), Cathode
over the contralateral
supraorbital area

Intensity: 2 mA

Session duration: 20 min

Daily stimulation; 5

nodal over M1 consecutive days

Mode: Anodal

stimulation site: Anodal over C3
or Cd (contralateral of pain),
Cathode over the contralateral

3 sessions/week; 4 weeks

supraorbital region
Intensity: 2 mA
Session duration: 20 min

Mode: Anodal

stimulation

Daily stimulation; 5
te: Anodal over M1 consecutive days
(contralateral of pain), Cathode

over the contralateral

supraorbital region

Intensity: 2 mA

Session duration: 20 min

Mode: Anodal
Stimulation site: Anodal over M1

Asingle session

(contralateral of pain), Cathode
over the contralateral
supraorbital region

Intensity: 1 mA.

Session duration: 30 min

Mode: Anodal
Stimulation site: Anodal over M1,

5 sessions/week, 3 weeks

Cathode over the contralateral
supraorbital region

Intensity: 2 mA

session duration: 20 min

Mode: Anodal or Cathodal
Stimulation site: Anodal over left
M, Cathode over the right
supraorbital region

A single session

Intensity: 1 mA
Session duration: 15 min

Stimulation site: 2 electrode on F3 A single session
and F4 and 1 at Pz

Frequency: 10 Hz

Intensity: 1 mA

Session duration: 40 min

ty Index; QST, quantitative sensory testing; BPI, Brief Pain I
Pain Questionnaire; TPD, two-point discrimination; PHQ-9, The Patient Health Questionnaire-9; EQ-5D, EuroQuol-5

NIBS combined Outcome

with other measure

interventions

none VAS;
SE-MPQ;
SE-36

None NRS;BDI;
ISI, PDI

None BPI; QST

None VAS,
RMDQ,
MPQ, PPT

None NRS

Concomitant with VAS, BBS

postural training for

20 min, 3

sessions/week,

2 weeks

None DVPRS,
RMDQ,
PHQ-9,

After 5 sessions VAS,

tDCS, 1h RMDQ,

neurophysiology EQ-5D,

lesson; and 10 h PHQ-9

muscle stabilization

and mobilization

exercise (1 h/session;

2-3 sessions/week,

4weeks, total 10

sessions)

Concomitant with NRS,

real or sham PES RMDQ

(100 Hz, 40 min);

PES electrodes

placed over lumbar

segment (most

painful site); 3

sessions/week; 4

week

After 5 sessions 'VAS, ODI

DCS stimulation,

the

cognitive-behavioral

management

program was

performed (5 /day,

4 weeks, total 80 h)

Concomitant with NRS, PPT,

real or sham PES TPD

(2 Hz, 30 min); PES

electrodes placed

over lumbar

segment, a single

session

None VAS,
RMDQ,
cognitive
function

None QsT

None DVPRS,
oDI

Follow-
up.

none

None

None

21 days

None

1-month

6 weeks.

1-month

12, 24 weeks

None

3days

3 weeks

None

None
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Score Control SNT

Grade 0 21 3
Grade 1 9 5
Grade 2 0 8
Grade 3 0 10
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Score Category

Grade 0 Normal

Grade 1 Separation in myelin configuration
Grade 2 Interruption in myelin configuration
Grade 3 Honeycomb appearance

Grade 4 Collapsed myeli

forming ovoids
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Target Sequence (5'>3’)

L6 F: GGAGTCACAGAAGGAGTGGC
R: AACGCACTAGGTTTGCCGAG
Jun F: CCAAGAACGTGACCGACGAG
R: GCGTGTTCTGGCTATGCAGT
Cdaa F: GGGTTTTGAAACATGCAGGTAT
R: GTTGGACGTGACGAGGATATAT
Timpl F: GCAAAGAGCTTTCTCAAAGACC
R: CTCCAGTTTGCAAGGGATAGAT
Csfl F: AACAGCTTTGCTAAGTGCTCTA
R: ACTTCCACTTGTAGAACAGGAG
GAPDH F: GTTACCAGGGCTGCCTTCTC
R: GATGGTGATGGGTTTCCCGT
miR-223-3p GCTGTCAGTTTGTCAAATACCCCA

miR-181a-5p AACATTCAACGCTGTCGGTGAGT
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Peak height threshold: 2 > 1; Voxel probability threshold: after correcting threshold (TECE) of p < 0.05; Cluster extent threshold: number =10 voxels; BA, Brodmann area; I2, heterogeneity I;
MNI, Montreal Neurological Institute; ReHo, regional homogeneity; SDM, signed differential mapping.
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L angular gyrus, BA —58 —60 24 5518 0.047999978 21 Left angular gyrus, BA 39 (14) 2.544912
22
Left angular gyrus, BA 22 (11)
R superior frontal 6 38 44 —3.853 0.041999996 35 Left superior frontal gyrus, 10.513831
medial, BA 9 (24)

gyrus, medial, BA 8

Right superior frontal gyrus,
medial, BA 9 (19)

Right superior frontal gyrus,
medial, BA 8 (15)

Peak height threshold: 2 > 1; Voxel probability threshold: after correcting threshold (TECE) of p < 0.05; Cluster extent threshold: number >10 voxels; BA, Brodmann area; I2, heterogeneity I*;
MNI, montreal neurological institute; L, left; R, right; ReHo, regional homogeneity; SDM, signed differential mapping.
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Baseline 7.65 £ 1.31
Discharge 1.52 £ 1.11 3330 <0.001
1 month 097 £ 1.62 2991 <0.001
3 months 1154195 2581 <0.001
6 months 1.14 £ 2.06 2487 <0.001
12 months 1.66 & 2.41 2037 <0.001
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Age (mean =+ SD) (y) 64.76 + 11.65
Sex, n (%)

Male 25 (28.7%)
Female 62 (71.3%)
Affected side, n (%)

Left 31(35.6%)
Right 56 (64.4%)
Affected nerve branch, n (%)

1 2(23%)
it 18 (20.7%)
i} 21 (24.1%)
I+1 7 (8.0%)
114111 35 (40.2%)
1+ 11 +11 4(4.6%)
VAS score (mean = SD) 765+ 131
Disease duration (mean = SD)(y) 662+ 4.56
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A randomized, double-blind, cross-over,
placebo-controlled, multi-center, phase 2a
study to assess the safety and signal in
efficacy of BAY 2395840 in patients with

diabetic neuropathic pain

A Phase 2, randomized, double-blind,
placebo-controlled, parallel group study of
ricolinostat in patients with painful

diabetic peripheral neuropathy

A randomized, double-blind, placebo-

controlled study to assess the efficacy and
safety of NYX-2925 in subjects with
neuropathic pain associated with diabetic

peripheral neuropathy

Effects of focal vibrations on neuropathic

pain in diabetic peripheral neuropathy

Optimization of ESStim for the diabetic

neuropathic pain treatment Phase I1 study

The effect of repetitive transcranial

‘magnetic stimulation on di

peripheral neuropathic pai

randomized controlled trial

Moxibustion for neuropathic p:
2DM

A Phase 2, randomized, double-blind,
placebo-controlled, parallel-group,
multicenter study to evaluate the efficacy,
safety, and pharmacokinetics of LX9211 in
the treatment of diabetic peripheral

neuropathic pain

A Phase 2, double-blind, randomized,
placebo-controlled, parallel-group study
to evaluate the efficacy and safety of

LX9211 in the treatment of postherpetic

neuralgia

“The study on the esketamine in the

treatment of postherpetic neuralgia

Prophylactic duloxetine administration
during acute herpes zoster prevents

postherpetic neuralgia

“The analgesic effect of electroacupuncture

on postherpetic neuralgia: a multicenter

randomized controlled trial

‘Treatment of chronic postherpetic pain

with fat grafting-a pilot study

A multicenter, randomized, double-blind,
placebo-controlled, 12-week, phase 3
study to evaluate the efficacy and safety of
HSKI6149 capsules in chinese patients

with postherpetic neuralgia

NSAIDs in sciatica (NIS), an investigator
initiated randomized placebo controlled

trial of naproxen

Efficacy of soluble dexamethasone by
echo-guided infiltration through the
sacrococcygeal hiatus i refractory
sciatica: a prospective randomized

double-blind study versus placebo

Efficacy of platelet rich fibrin in the
prevention of residual neuropathic pain

following disk herniation surgery

Comparative effects of neural
mobilization and muscle energy technique
on pain, range of motion and functional
disability in patients with sciatica: a

randomized controlled trial

Foot orthoses in patients with chronic
sciatica caused by lumbar disk herniation:

arandomized clinical trial

Aninterventional, Phase I11, double-
blind, randomized, controlled, parallel-
group, multi-site, clinical trial evaluating

the efficacy and safety of Quienzat in

subjects with post-surgical neuropathic

pain
Efficacy of percutancous electrical nerve

stimulation compared with passive

assisted neurodynamies in brachial plexus
neuropathy: a pilot randomized controlled

trial

A Phase II/III, multicentre, 8-week run-
phase followed by a 12-week, prospective,
parallel-group, double-blind, randomized
withdrawal, placebo-controlled study,
with a 52 week open label extension, to
evaluate the efficacy and safety of daily 1.5
to3.5mg basimglurant in patients with
pain associated with trigeminal neuralgia
with suboptimal response to their current

anti-pain therapy.

Erenumab as a therapeutic approach for
the management of trigeminal

neuropathic pain (tnP)

Greater occipital nerve and cervical region
injection in patients with trigeminal

neuralgia

Phase 2 study of nicotine for the treatment
of pain associated with chemotherapy-

induced peripheral neuropathy

Prevention of padlitaxel-induced
neuropathic pain by telmisartan in
patients with planned paclitaxel
chemotherapy due to ovarian or breast

cancer (PrevTel)

Evaluation of the efficacy and tolerance of
low doses of ethosuximide in the

treatment of peripheral neuropathic pain

A randomized double-blind ascending-
dose placebo-controlled study of
N-desmethylclobazam in patients with

peripheral neuropathic pain

Predictors of pain relief from
‘mindfulness-based stress reduction in

‘multiple forms of chronic pain patients

Brivaracetam to reduce neuropathic pain

in chronic SCI: a pilot clinical trial

Immersive virtual reality for chronic
neuropathic pain after spinal cord injury:

a feasibility trial

Allocation: randomized
Jintervention model: crossover
assignment masking: double
(participant, investigator) | primary
purpose: treatment

Allocation: randomized Intervention
Model: parallel assignment masking:

quadruple primary purpose:

treatment

d intervention

model: paralll assignment |

masking: triple (participant,
investigator, outcomes assessor)
primary purpose: treatment
Allocation: randomized intervention
model: parallel assignment |
masking: none (open label) | primary
purpose: treatment

Allocation: randomized intervention
model: parallel assignment |
masking: triple (participant,
investigator, outcomes assessor) |

primary purpose: treatment

Allocation: randomized intervention

model: paralll assignment |

masking: triple (participant,

investigator, outcomes assessor)
primary purpose: treatment
Allocation: randomized intervention
model: paralll assignment |
masking: triple (participant,
investigator, outcomes assessor)

primary purpose: treatment

Allocation: randomized intervention
model: parallel assignment masking

quadruple (part

pant, care
provider, investigator, outcomes

assessor) primary purpose: treatment

d intervention
model: paralll assignment |
masking: quadruple (participant,
care provider, investigator, outcomes
assessor) primary purpose: treatment
Allocation: randomized intervention
model: paralll assignment |
masking: quadruple (participant,
care provider, investigator, outcomes

assessor) primary purpose: treatment

Allocation: randomized intervention
model: parallel assignment |
masking: single (outcomes assessor) |
primary purpose: prevention
Allocation: randomized intervention
model: paralll assignment |

masking

l (participant,
investigator, outcomes assessor)
primary purpose: treatment
Allocation: N/A | intervention
model: single group assignment |
masking: none (open label) | primary

purpose: treatment

Allocation: randomized intervention

model: paralll assignment masking;
double (participant,investigator)

primary purpose: treatment

ed intervention

model: parallel assignment |
masking: quadruple (participant,
care provider, investigator, outcomes
assessor) primary purpose: treatment
Allocation: randomized intervention
model: paralll assignment |
masking: quadruple (participant,
care provider, investigator, outcomes
assessor) primary purpose: treatment
Allocation: randomized intervention
model: parallel assignment |
masking: double (participant,
outcomes assessor) primary purpose:

treatment

Allocation: randomized intervention

model: paralll assignment |

masking: double (participant,
outcomes assessor) primary purpose:

treatment

Allocation: randomized intervention

model: paralll assignment |

masking: double (participant,

investigator) primary purpose:

treatment

d intervention

model: paralll assignment |
masking: quadruple (participant,
care provider, investigator, outcomes

assessor) primary purpose: treatment

Allocation: randomized intervention
model: paralll assignment [masking:
triple (participant, investigator,
outcomes assessor) | primary

purpose: treatment

Allocation: randomized |
intervention model: parallel
assignment | masking: double
(participant, investigator) primary

purpose: treatment

Allocation: randomized intervention
model: parallel assignment |
masking: triple (participant,
investigator, outcomes assessor) |
primary purpose: treatment
Allocation: randomized intervention
model: paralll assignment masking;
none (open label) primary purpose:
treatment

Allocation: N/A intervention model:
single group assignment | masking:
none (openlabel) primary purpose:

supportive care

Allocation: N/A intervention model:
single group assignment | masking:
none (open label) primary purpose:

prevention

Allocation: randomized |
intervention model: parallel
assignment | masking quadruple
(participant, care provider,
investigator, outcomes assessor) |

primary purpose: treatment

intervention model: sequential
assignment masking: double
(participant, investigator) | primary

purpose: treatment

Allocation: N/A | intervention

model: single group assignment |
masking: none (open label) | primary

purpose: basic science

Allocation: randomized |
intervention model: parallel
assignment | masking quadruple
(participant, care provider,
investigator, outcomes assessor) |
primary purpose: basic science
d|

intervention model: parallel

Allocation: randon

assignment | masking: triple
(pa
assessor) | primary purpose:

ipant, investigator, outcomes

treatment

PN, Painful diabetic neuropathy; PHN, postherpetic neuralgia; SC, Sciatica; PN, peripheral nerve injury; TN, Trigeminal neuralgia; CINP, Chemotherapy-induced Neuropathic Pain; GPNP,
general peripheral neuropathic pain; SCI, Spinal cord injury neuropathic pain.
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PNP (peripheral

neuropathic pain)

CNP (central neuropathic
pain)

Painful polyneuropathy (include
Painful diabetic neuropathy and
Chemotherapy-induced neuropathic
pain)

Postherpetic neuralgia

Painful radiculopathy (include Sciatica)

Postherpetic neuralgia neuropathic
pain after peripheral nerve injury
(PNI-NP)

Trigeminal neuralgia (TN)

Other specified and unspecified

chronic peripheral neuropathic pain

Contains central neuropathic pain

associated with spinal cord injury

Central neuropathic pain associated

with brain injury
Central post-stroke pain

Central neuropathic pain caused by

‘multiple sclerosis

Other specified and unspecified

chronic central neuropathic pain
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Disease

HZ

PHN

Z, herpes

Group

Trunk

Neck

Facial

Hip

Trunk

Neck

Facial

Hip

>12 months
7-12 months

4-6 months

Number

79
26
16
10
147
37
27
19
66
71
93

baseline

41.72£9.06
40421194
38881102

40.60£7.55
33631453
36.05£16.87
235041443
324217.50
35641425
31.30£1699
317741497

PHN, postherpetic neuralgia; BPI, brief pain inventor

2 weeks

11.19£5.39
10.73%631
12.75£9.14
10.3046.38
15781133
16381131
17.70£1431
16.3247.80
17231132
142741200
16811097

NOVA, analysis of vari

3 months

12.0410.33
7.6547.13
11.62£5.86
11.508.64
15711091
153241234
11.15£1037
16.05412.83
17.50£12.09
14.48£11.06
13.97£10.70

nce.

6 months

634£7.51
7.2747.18
9.38£9.16
7204744
1291£12.08
11461065
9.19:£10.31
13.1613.45
14381254
117741255
11131047

12 months

3274529
1.9243.78
3.12:4.40
2.5043.98
11971253
93048.86
7.1148.16
12371176
12111230
11001224
10.22%1053

Group
Time

Group*Time

Group
Time

Group*Time

Group
Time

Group*Time

F

0612
335.868
60.870

1.805
77.983
2635

2163
163.967
0039

P-value

0.609
<0.001
0.899

0.147
<0.001
0.051

0.117
<0.001
0.962
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Medication

NSAIDS

Pregabalin

Gabapentin

Carbamazepine/Oxcarbazepine

Oxycodone and Acetaminophen

Tramadol

Lidocaine cream

Anti-ansiety and anti-depressants

Combined medication

PHN, postherpetic neuralgia.

HZ
PHN
HZ
PHN
HZ
PHN
HZ
PHN
HZ
PHN
HZ
PHN
PHN
PHN
HZ
PHN

Baseline

12(9.2%)
18(7.8%)
90(68.7%)
138(60%)
8(6.1%)
92(40%)
4(3.1%)
20(9.6%)
80(62.6%)
158(68.7%)
7(5.34%)
34(14.8%)
112(48.7%)
47(16.5%)
118(89.3%)
210(92.1%)

2 weeks

2(1.5%)
3(1.3%)
66(50.4%)
128(55.7%)
12(9.2%)
85(36.9%)
4(3.1%)
12(5.2%)
21(16%)
128(56%)
4(3.1%)
15(6.5%)
60(26%)
40(17.4%)
87(66.4%)
184(80.4%)

Time points

3 months

0(0%)
0(0%)
22(16.8%)
118(51.3%)
9(6.9%)
92(40%)
0(0%)
5(2.29%)
12(92%)
92(40%)
0(0%)
8(3.5%)
42(18.3%)
28(12.2%)
12(9:2%)
112(48.7%)

6 months

0(0%)
0(0%)
16(15.5%)
96(41.7%)
2(1.9%)
90(39.1%)
0(0%)
0(0%)
5(4.9%)
75(32.6%)
0(0%)
0(0%)
28(12.29%)
12(5.4%)
5(6.8%)
85(36.9%)

12 months

0(0%)
0(0%)
5(3.8%)
76(33%)
0(0%)
75(32.6%)
0(0%)
0(0%)
2(1.5%)
52(22.6%)
0(0%)
0(0%)
19(8.3%)
5(2.2%)
2(1.5%)
65(28.2%)
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Before PSM After PSM

st-NES PRF X2/t P St-NES PRF X2/t P

(n=130) (n=124) (n=113) (n=113)
Age (Y, x~ £ SEM) 68.6 +£0.8 65.9 £0.8 —2.304 0.022* 68.5+ 0.9 66.19 £+ 0.9 1.811 0.071
Sex (1, %) 1.033 0.309 0.283 0.595
M 67 (51.5%) 56 (45.2%) 58 (51.3%) 54 (47.8%)
F 63 (48.5%) 68 (54.8%) 55 (48.7%) 59 (52.2%)
Side (1, %) 3916 0.048* 1.153 0.283
L 80 (61.5%) 61 (49.2%) 68 (60.2%) 60 (53.1%)
R 50 (38.5%) 63 (50.8%) 45 (39.8%) 53 (46.9%)
Location (1, %) 0.184 0.98 0.079 0.994
F 23 (17.7%) 23 (18.5%) 21 (18.6%) 22 (19.5%)
c 23 (17.7%) 24 (19.4%) 22 (19.5%) 23 (20.4%)
T 73 (56.2%) 67 (54%) 61 (54.0%) 59 (52.2%)
L 11 (8.3%) 10 (8.1%) 9 (8.0%) 9(8.0%)
BMI (x~ + SEM) 244403 243403 —0.196 0.845 245403 242404 0.491 0624
Period (1, %) 9.753 0.008* 1.657 0.437
AHN 19 (14.6%) 53 35 (28.2%) 53 19 (16.8%) 30 (22.1%)
SHN (40.8%) 58 (42.7%) 50 (44.2%) 43 (46.0%)
PHN (44.6%) 36 (29%) 44 (38.9%) 36 (31.9%)
Base NRS (1, %) 4234 0.040* 2.273 0.099
4-6 20 (15.4%) 110 32 (25.8%) 92 18 (15.9%) 28 (24.8%)
7-10 (84.6%) (74.2%) 95 (84.1%) 85 (75.2%)
Base PSQI 13.8£0.2 13.44+0.2 1.762 0.184 13.8+0.2 13.4+0.2 1.347 0.179
(x~ £ SEM)
Hypertension history 52 (40%) 41 (33.1%) 1315 0.251 46 (40.7%) 37 (32.7%) 1.542 0.214
(YES/NO, %) 78 (60%) 83 (66.9%) 67 (59.3%) 76 (67.3%)
Coronary heart 19 (14.6%) 16 (12.9%) 0.157 0.692 19 (16.8%) 15 (13.3%) 0.554 0.457
disease 111 (85.4%) 108 (87.1%) 94 (83.2%) 98 (86.7%)
(YES/NO, %)
Diabetes history 24 (17.7%) 28 (22.6%) 0.945 0.331 22 (19.5%) 26 (23.0%) 0.423 0.515
(YES/NO, %) 107 (82.3%) 96 (77.4%) 91 (80.5%) 87 (77.0%)

E cranial dermatome; C, cervical dermatome; T, thoracic dermatome; L, lumbosacral dermatome, *P < 0.05, P-values for group comparisons by chi-square test or independent samples

t-test.
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Sex

Side

Base NRS
Hypertension
Diabetes disease
Coronary heart disease
Age

BMI

Therapy

st-NES (vs. PRF)
Disease duration
AHN (vs. PHN)
SHN (vs. PHN)
Location (F/C/T/L)

Univariate analysis (X?)

4.689
2.110
1.214
1.467
2.023
8.838
0.757
0.491
25.359

25.026

6.769

P-value

0.321
0.348
0.545
0.480
0.364
0.012*
0.685
0.782
<0.0001*

<0.0001*

0.343

Multivariate analysis OR (95% CI)

2.036 (0.986-4.206)

5.417 (3.187—9.207)

8.784 (4.256-18.133)
3.767 (2.122-6.687)

P-value

0.055

<0.0001*

<0.0001*
<0.0001*

Data are shown as chi-square values and odds ratio (95% confidence interval). The ¥ test was used for univariate analysis. The ordinal logistic regression was used for multivariate

analyses of factors having P < 0.10 during univariate analysis. *P < 0.05.
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Patients underwent doxorubicin injection
between April 2014 and February 2020
(n=309)

Excluded (n = 18)
- Multiple episodes of HZ (n = 2)
—— = Received neuromodulation (n= 13)
- Comorbidities with other neuropathic
disorders (n=3)

Patients included for analysis (n=291)
- Males (n=150)
- Females (n = 141)

I |

Received 0.5% doxorubicin injection Received 0.33% doxorubicin injection
- 0.5% group (n =228) - 0.33% group (n = 63)
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Age (y, Course of Affected Pain range Pre- Treatment Outcomes The type Quality

Mean +SD)  disease (y, side(L/R)  (V1,V2,V3)  operative of score
Mean + SD) score research (NOS,
(VAS/NRS) Jadad)
Chenetal. | P:30 P:1020 P69 P25£24 P:10/20 P:V2(9), P6I74102  Poppress Smins LNRS L Retrospective 8
2 R30 RI2/18 R67£8 R33£33 Ri11/19 V24V3(13), R653£107  R:75-80°C 2.BNI Immediately | study
V3(s) 3. Effectiverate  after surgery
210), 4. Recurrence 2.1 week
V24V3(15), rate 3.1 months
V3(4) 5. Adverseevent 4.3 months
5.6 months
6. 12months
Wangetal. | P:40 P15/25 P:63322531 P835EL63 Pi16/24 None P85I4078  Poppress 25 LNRS 1.3days Retrospective 7
a3 R0 R17/23 R59.63£3.79 R7.56+2.57 Ri18/22 8365069 35mins 2.P5Q1 2. Lmonth study
R40-75°C(RFfor  3.Effectiverate 3. 3month
Imin for every 5°C 4. Recurrence
degrees75°C. rate
2mins) 5. Adverse event
6. Inflammatory
factor levels
Dingetal. | P20 P/l P:67.6414.19 None None PVIQ), P685£059  Poppress23mins | 1.NRS 1.3 days Retrospective 7
a6 R26 R12/16 R65.341261 VI+V2(8), R696£066  R--75°C(2-3mins, 2 Adverseevent  2.3months  study
VI+V24V3(11) V1<65°C)
RVI(D),
VI+V2013),
VI+V24V3(12)
Zhang P8 P:20728 P576444 1544042 None P:V2(8), P764£138  Poppress Smins LVAS 11 days Retrospective 8
etal (17) | Ra9 RI8/31 R57.7£4.4 RiL61£039 V24V3(13), R766£141  R70-75°C 2.psQ1 2.1 week study
v3(27) 3 Effectiverate 3. Imo
V2(5), 4. Recurrence
V24V3(15), rate
V3(29) 5. Adverse event
6.5F-36
Zhang P56 23133 P68I8LI265 | P3(0816) P:19/37 PV2(15),V3(10), | P743+164  Poppress2-3mins  1.VAS 1.1 month Retrospective 8
etal. (15)  Rd8 R23/25 R6SI8£1127 | R4 (29) R18/30 VI+V207), 7885135 R60-85°C (15~ 2.BNI 23months | study
VI+V3(0), 2mins) 3. Effectiverate 3.6 months
V24V3(23), 4. Recurrence 4.12months
VI+V24 V(1) rate
RV2(11), V3(20), 5. Adverse event
VI+V2(3),
VI+V3(D),
V24V3(12),
VI+V2+V3(1)
Rongetal. ~ P:30 P12/18 P:695£95 P:L19£033 P12/18 PVI(),V210), | P754%133  Poppress23min  1NRS L RCT 7
a9 R30 R11N9 R68.248.0 Ri1.05£0.42 R13N17 v3(13), R742£141  R$5°CIminute 2. Effective Immediately
VI+V202), rate(3m) after surgery
V24 V3(4) 3. Adverse 2.1 week
RVI(), V2011), event(Iw/3m) 3.3 months
v3(12),
VI+V21),
V24 V3(6)
Zhaoetal. | P21 P:10/11 P:67.24100 P038£0.19 P13 PVI(),V24), | None Proppress 3min LBNI 1 RCT 7
e} R19 R9/10 R67.24125 R034£0.19 R/11 V3(6), V1+V2(2), R60/70°C Imin, | 2effectiverate  Immediately
V24 V3(8) 75°C 3min 3.QoR after surgery
RVI(1), V2(4), d.adverseevent 2.3 days
V3(5), V1+V2(2), 5. Intraoperative 3. 3months
V24V3(7) hemodynamics
Zhang Pua3 P17/26 P:64.722551 1754047 PV2(7),V3(25), | P7624139  PoppressSmin 1.VAS/QS L RCT 7
etal. (10) | Ra3 RiI5/28 R65.2345.74 RLII£055 V24 V3(11) R751£144  RS5/60/65/7075°C 2. Effectiverate  Immediately
RV2(10), V3(23), 50-705 3. Recurrence after surgery
V24V3(10) rate 2.12m0
4. Adverse event
5.5F-36
Liangetal. | P:42 3750 755+128 0.5 None None None Proppress Smin L Effectiverate | 1. Retrospective 6
an R4S R75/80°C15min | 2. Recurrence Immediately | study
rate after surgery
3. Adverseevent 2. 6months
Yuanetal. | P18 /10 P67+ P5.00041 Pi6/12 None None Poppress 2-3min | 1 Effectiverate 1. Retrospective 6
@ R36 Ri16/20 RG0£13 R8.1647.67 Ri11/25 R60-70°C 2. Recurrence Immediately | study
1-15min rate after surgery
3. Adverseevent 2. 24months.
Maiira P28 P:8/20 P6400£1329 | P385E389 error None P7324066  Poppress 2min 1 VAS/QS L Retrospective 8
Mamaidi | R7 R:19/28 R6601£1383  Rid2643.68 R700£119  R60-80°C1-2min 2. Effectiverate  Immediately  study
etal (13) 3. Recurrence after surgery

rate 2. 1month
4. Adverseevent 3. 6months

5.SAS/SDS
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RFT PBC

—Study or Subgroup Mean SD Total Mean SD Total Weight IV.Random.95%Cl IV, Rando

6.1.1 PSQl score within 3 days after operation

Wang et al. 2022 741 156 40 539 116 40 49.9%
Zhangetal.2022 1116 174 49 1362 241 48 50.1%
Subtotal (95% CI) 89 88 100.0%

Heterogeneity: Tau? = 3.0
Test for overall effect: Z

hi* = 56.98, df = 1 (P < 0.00001); I* = 98%
.01 (P =0.99)

6.1.3 PSQI score within 1 month after operation

Wang et al. 2022 562 093 40 379 068 40 49.9%
Zhang etal . 2022 111 034 49 216 068 48 50.1%
Subtotal (95% Cl) 89 88 100.0%

Heterogeneity: Tau
Test for overall effect:

8.62; Chiz = 120.61, df = 1 (P < 0.00001); I = 99%
07 (P = 0.95)

Test for slibavous differencos: Clé

Std. Mean Difference

1.24[0.76,1.72)
-1.26 [1.70, -0.83]
-0.01[-2.47, 2.44]

222[1.66,2.79]
-1.94 [-2.43, -1.46]
0.14[-3.95, 4.22]

Std. Mean Difference

-10

0
RFT PBC

10 20
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A. Any headache fulfilling criterion C
B. Clis

al,laboratory and/or imaging evidence of a disorder or lesion
within the cervical spine or soft tissues of the neck, known to be able to
cause headache

C. Evidence of causation demonstrated by at least two of the following:

1. headache has developed in temporal relation to the onset of the cervical
disorder or appearance of the lesion

2. headache has significantly improved or resolved in parallel with

improvement in or resolution of the cervical disorder or lesion

3. cervical range of motion is reduced and headache is made significantly
worse by provocative maneuvers

4. Headache is abolished following diagnostic blockade of a cervical
structure orits nerve supply

D. Not better accounted for by another ICHD-3 diagnosis
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RFT pBC Std. Mean Difference Std. Mean Difference

6.3.1 VAS score immediately after operation

Ma yila.2022 251 098 47 264 073 28 50.0%  -0.14[-0.61,0.32
Zhang et al. 2018 112 03 43 149 028 43 500%  -126[-173,-080]
Subtotal (95% CI) 2 71 100.0%  -0.70 [-1.80, 0.39]

Heterogeneity: Tau? = 0.57; Chi* = 11.06, df = 1 (P = 0.0009); I = 91%
Test for overall effect: Z = 1.26 (P = 0.21)

6.3.2 VAS score at Imonth after postoperative

Ma yila. 2022 202 067 47 271 141 28 50.3%  -0.68[-1.16,-0.20]
Zhang etal . 2022 101 026 49 188 034 48 497%  -2.86(-3.43,-2.28]
Subtotal (95% Cl) 9% 76 100.0%  -1.76[-3.90, 0.37]

Heterogeneity: Tau
Test for overall effect:

2.30; Chiz = 32.68, df = 1 (P < 0.00001); I = 97%
62 (P=0.11)

40 5 0
RFT PBC

Test for slibavous differencos: Clé
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RFT PBC Std. Mean Difference Std. Mean Difference
—Study or Subgroup Mean SD Total Mean SD Total Weight IV.Random.95%Cl  IV.Random.95%Cl
6.2.1 NRS score immediately after operation

Chen etal. 2022 133 067 30 077 041 30 482% 1.00(0.46, 1.53] —
Rong et al . 2021 378 123 30 315 082 30 51.8% 059 [0.08, 1.11] .
Subtotal (95% CI) 60 60 100.0% 0.79[0.40, 1.18] >

Heterogeneity: Tau? = 0.01; Chi* = 1.10, df = 1 (P = 0.29); I*
Test for overall effect: Z = 3.94 (P < 0.0001)

9%

6.2.2 NRS score at 3 days after postoperative

Ding etal. 2022 054 051 26 015 037 20 352% 084023, 1.45] .
Wang et al. 2022 293 055 40 237 112 40 64.8% 0.63[0.18, 1.08] -
Subtotal (95% CI) 66 60 100.0% 0.70[0.34,1.07] <>
Heterogeneity: Tau? = 0.00; Chiz = 0.31, df = 1 (P = 0.58); = 0%

Test for overall effect

81 (P =0.0001)

6.2.3 NRS score at 1 week after postoperative

Chen et al. 2022 107 022 30 073 041 30 49.2% 1.02[0.48, 1.56] ——
Rong etal . 2021 248 123 30 155 082 30 50.8% 0.88[0.35, 1.41] ——
Subtotal (95% CI) 60 60 100.0% 095 [0.57,1.33] >

Heterogeneity: Tau? = 0.00; Chi? = 0.13, df = 1 (P = 0.71); 1= 0%
Test for overall effect: Z = 4.90 (P < 0.00001)

6.2.4 NRS score at 1month after postoperative

Chen etal. 2022 07 114 30 057 027 30 493% 0.15[:0.35, 0.66]
Wang et al. 2022 216 093 40 137 062 40 50.7% 0.99[0.52, 1.46]
Subtotal (95% CI) 70 70 100.0%  0.58[-0.24,1.40]

Heterogeneity: Tau? = 0.29; Chi* = 5.65, df = 1 (P = 0.02); I = 82%
Test for overall effect: Z = 1.39 (P = 0.17)

6.2.5 NRS score at 3 months after postoperative

Chen etal. 2022 16 025 30 057 035 30 239% 334 [254,4.14) —
Ding et al. 2022 158 164 26 065 0.75 20 251% 0.69(0.09, 1.29] ——

Rong et al . 2021 13 05 30 038 044 30 250% 1.93(1.31, 256] =

Wang et al. 2022 263 112 40 218 077 40 25.9% 0.46(0.02, 0.91] =

Subtotal (95% Cl) 126 120 100.0% 1.58 [0.40, 2.75] ——

Heterogeneity: Tau? = 1.33; Chi* = 46.25, df = 3 (P < 0.00001); I = 94%
Test for overall effect 63 (P =0.008)

2 4 0 1
RFT PBC

78.df =4 (P = 0.59). I

Tosk i auboroun Giforencos: Chf
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RFT PmMC Odds Ratio
—Study or Subgroup _ Events Total Events Total Weight M-H.Random.95% Cl

Odds Ratio
M-H, Random, 95% CL

1.1.1 Incidence of postoperative numbness

Chen etal. 2022 2 30 130 37% 207 [0.18, 24.15]
Frank etal . 1989 4 700 0 212 28% 275[0.15,51.21)
Meglio et al . 1989 8 33 5 74 95% 4.42[1.32,14.77)
Rong etal . 2021 25 30 29 30 43% 0.17[0.02, 1.58)
Wang et al. 2022 23 40 29 40 11.9% 0.51[0.20, 1.31]
Wen. 2021 21 24 23 24 40% 0.300.03, 3.16]
Yuan. 2019 24 36 18 18 28% 0.05[0.00, 0.95]
Yuetal . 2011 43 45 39 42 57% 1.65(0.26, 10.42)
Zhang et al. 2018 2 43 33 43 11.9% 0.32[0.13, 0.80]
Zhang et al. 2022 28 48 45 56 125% 0.34[0.14, 0.82)
Zhang etal . 2022 26 49 33 48 129% 0.51[0.22,1.18]
Zheng etal . 2022 570 709 488 604 18.1% 0.97[0.74, 1.28)
Subtotal (95% Cl) 1787 1221 100.0% 0.66 [0.39, 1.11]
Total events 796 743

Heterogeneity: Tau = 0.38; Chi
Test for overall effect:

1.1.2 Incidence of postoperative masticatory muscle weakness

6.92, df = 11 (P = 0.005); I = 59%
=158(P=0.11)

Chen et al. 2022 130 2 30 37% 0.48[0.04, 5.63]
Frank etal . 1989 55 700 18 212 134% 0.92(0.53, 1.60)
Meglio et al . 1989 0 33 174 24% 0.73[0.03, 18.43]
Rong etal . 2021 10 30 1330 9.8% 0.65[0.23, 1.86]
Wang et al. 2022 7 40 9 40 95% 0.73[0.24, 2.20)
Yuan. 2019 1 36 18 18 29% 0.01(0.00,0.22)
Yuetal. 2011 9 45 28 42 104% 0.13[0.05, 0.33]
Zhang et al. 2018 7 4 20 43 101% 0.22(0.08,0.61]
Zhang et al. 2022 3 48 22 56 83% 0.10[0.03, 0.37)
Zhang etal . 2022 8 49 22 48 105% 0.23[0.09, 0.59]
Zhao et al. 2021 6 19 1021 43% 9.23[0.99, 85.78)
Zheng etal . 2022 76 709 145 604 14.8% 0.38[0.28, 0.51)
Subtotal (95% Cl) 1782 1218 100.0% 0.37[0.21,0.63]
Total events 193 299

Heterogeneity: Tau® = 0.4

hit =

6.53, df = 11 (P = 0.0001); I2 = 70%

Test for overall effect:

63 (P = 0.0003)

1.1.3 Incidence of postoperative oral and labial herpes

Chen etal. 2022 130 430 162% 0.22(0.02, 2.14]
Rong etal . 2021 o 30 430 94% 0.10(0.00, 1.88)
Wang et al. 2022 1 40 3 40 155% 0.32(0.03, 3.18]
Yuan. 2019 0 36 118 78% 0.16[0.01,4.13]
Yuetal . 2011 0 45 142 79% 0.300.01,7.67)
Zhang et al. 2022 1 48 9 56 186% 0.11[0.01,091]
Zhang etal . 2022 2 49 3 48 245% 0.64[0.10, 4.00]
Subtotal (95% Cl) 278 264 100.0% 0.25[0.10, 0.61]
Total events 25

Heterogeneity: Tau* = 0.
Test for overall effect:

15,df =6 (P =0.91); = 0%
01 (P =0.003)

1.1.4 incidence of postoperative corneal discomfort

Ding et al. 2022 2 26 0 20 82% 4.18[0.19, 92.18]
Frank etal . 1989 8 700 0 212 9.0% 5.22[0.30, 90.75]
Rong et al . 2021 ' 30 10 30 14.1% 0.14[0.03, 0.72]
Wang et al. 2022 5 40 11 40 163% 038[0.12,1.21]
Yuan. 2019 o 36 3 18 8.4% 0.06 [0.00, 1.25]
Zhang et al. 2022 5 48 18 5 166% 0.25[0.08,0.72]
Zhao et al. 2021 5 19 0 21 8.6% 16.31[0.84, 318.14]
Zheng et al . 2022 68 709 28 604 18.9% 2181.39, 3.44]
Subtotal (95% CI) 1608 1001 100.0% 0.78[0.24, 2.49]
Total events 70

Heterogeneity: Tau? = 1.81; Chi? = 33.67, df = 7 (P < 0.0001); I = 79%

Test for overall effect:

Todt for subiaraun dilforences: Ch

=042(P=067)

0.001

R
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o
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0.1 10

1
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Participants

Intervention
Comparison

Outcome

Trial design
Type of publication

FTMS, repetitive trans

anial magnetic s

Inclusion

Chronic migraine patients with and/or without aura, age > 15 years

Studies that applied rTMS as a prevention or intervention method

‘The control group only reccived a placebo (¢ g, sham) or waiting list
Pain intensity measured by VAS or NRPS, frequency of migraine attacks
reported by days/month

Randomized controlled clinical trials

Original article and published in a peer-reviewed journal; language is English

imulation; NPRS, Numeric Pai

Rating Scale; VAS, Vist

al Analog Scale.

Exclusion

Migraine patients with medication overuse or headache after
trauma

Presented results of rTMS associated with other interventions

Non-controlled studies
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Pain frequency
Persistent existence
520 times/day

10-20 times/day

<10 times/day
Zeroatiack

Pain characteristics
Burning pain

Cold pain

Electric shock pain
Tingling

Pins and needles
Numbness

Iiching

Hypoesthesia to touch
Hypoesthesia to pinprick
Provoked by brushing
Pain area

Expansion

Invariant

Reduction <50%

Reduction >50%

Baseline

84(36.8%)
78 (34.2%)
54(23.7%)
12(5.3%)
0.(0%)

190 (83.7%)
15 (6.6%)
191 (83.8%)
71(31.1%)
212(93.0%)
66 (28.9%)
23(10.1%)
46 (20.2%)
38 (16.6%)

199 (87.3%)

1week

10 (4.4%)

20 (8.8%)

50 (21.9%)
141 (61.8%)

7 (3.1%)

32 (14.0%)
5(22%)
24(105%)
13 (5.7%)
32 (14.0%)
39 (17.1%)
11 (4.8%)
12(5.2%)
7(3.1%)

22(9.6%)

3(13%)
38 (16.7%)
134 (58.8%)
56 (24.6%)

3months

3(13%)
12(5.3%)
43 (18.9%)
147 (64.5%)
23(10.1%)

64 (28.1%)
7(3.1%)
58 (25.4%)
14 (6.61%)
88 (38.6%)
55 (24.1%)
19(8.3%)
9(3.9%)
4(1.8%)

76 (33.3%)

0(0%)
23(10.1%)
143 (62.7%)
62(27.2%)

1(0.43%)

5(22%)
14(6.1%)
178 (78.1%)
29 (12.7%)

43 (18.9%)
3(13%)
44.(19.3%)
16 (7.0%)
70 (30.7%)
52 (22.8%)
13 (5.7%)
6(26%)
6(2.6%)

43(18.9%)

0(0%)
8(3.5%)
78 (34.2%)
142 (623%)

12m

1(0.43%)

3(1.3%)

14(6.1%)
165 (72.4%)
45 (19.7%)

25 (11.0%)
0(0%)
23(10.1%)
13(5.7)
41(18.0%)
35 (15.4%)
9(4.0%)
6(26%)
6(26%)

22(9.6%)

0(0%)
1(0.43%)
45 (19.7%)

182 (79.8%)
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Kumar etal. (30)
Todorov etal. (27)
Todorov etal. (27)
Brighina etal. (25)
Misra etal. (33)
Teepker etal. (28)
Sahu etal. (34)

Population

Chronic migraine with/without aura

Chronic Migraine with/without aura

Chronic migraine without aura

Chror

‘migraine without background headache
Chronic migraine without background headache
Chronic migraine (meet IHS 2nd edition)

Chronic Migraine with/without aura

Chronic Migraine with/without aura

Chronic Migraine with/without aura

-ontrol group; f, female; m, male.

Sample size (E/C)

71(24/47)
33(14/19)
20(10/10)
66 (38/28)
65(37/28)
11(6/5)
100 (50/50)
27(14/13)
41(20121)

Gender (f/m)

56/15
28/5
19

53/13

52113
714

88/12
22/5

31710

Age (year, Mean + SD): E/C

3504 11.40/34.1 £ 9.43
374%117/322£98
332:482/3380+7.2

40.2 % 11.05/36.9 £ 1028

387 4 11.05/36.9 + 1028

470470

35.6 % 10.07/35.1 £ 10.38

307 4 8.94/40.62 + 11.53
314 £7.51/30.23 £ 9.02
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Age (years)
Gender, 1 (%)
Male
Female
Duration of disease (months)
Duration of Disease, n (%)
< 3months
4-6months
7-12months
> 12months
Pain dermatome, 1 (%)
Facial (trigeminal nerve)
Neck and upper limbs (C2-8)
Chest (T1-6)
Abdomen (17-12)

Lower limbs (L1-5; $1-5)

Patients treated with 0.

doxorubicin, n =228

69.14£10.77

117 (51.3%)
111 (48.7%)

143242287 (0.8 10 120)

92 (40.4%)
31(13.6%)
46 (20.2%)
59 (25.9%)

19(8.3%)
44.(19.3%)
95 (41.7%)
67 (29.4%)
3(13%)

Patients treated wi
doxorubicin, n

68.67+9.61

33 (524%)
30 (47.6%)

1041537 (110 72)

27 (42.9%)
10 (15.9%)
13 (20.6%)
13 (206%)

0(0%)
18 (28.6%)
24(36.5%)
17 (27.0%)

4(6.3%)

0.749

0523

0.048

0.759

0.633
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Study Area of

stimulation

Misraetal. (32)  Left motor cortex

Aminetal. 29)  LDLPFC
Kumaretal. (30) M1
Todorovetal. Ml

@7

Todorovetal.  LDLPFC
@7

Brighinaetal.  LDLPFC

(25)
Left frontal cortex

Misra etal. (33)

Teepker etal. (28) Vertex

Sahuetal. (34)  LDLPFC

M, Pri
study

ary Motor Cortex; LDLPF
re extracted.

Parameters (including
follow up time)

10Hz, 600 pulses in 10 trains,
3 sessions (1 month)

5Hz, 900 pulses/session over
3min duration, 5 sessions,
1week (1 month)

10 Hz, 60s interval, 60
pulses/trains, 10 min/session,
5 days/week, 2 weeks

(1 month)

15 Hz, 10s intertrain interval,
30 pulses/train, 40 trains.

(1 month, 2 month)

20Hz, 10 trains of 25
duration, 30s intertrain
interval, 12 session (1 month,
2 month)

10Hz, 600 pulses in 4124 s,
10 trains, 45 s intertrain
interval (1 month)

1Hz, 2 trains of 500
monophasic pulses, 1 min
intertrain interval, § days.
(8week)

5Hz, last for 25 per train, 85
interval, 20 train, 600 pulses
per session (2 week, 4 week, 6

week)

Main outcome (mean =+ SD, E/C)

Pain intensity(pre/post)

No post VAS or NRPS

E: (NRPS)8.5+ 1.5/ 6.4+ 1.8
C: (NRPS)9.1 £ 1.2/7.7 £ 1.9

E: (VAS)8 & 1.33/4.2 £ 2.04
C: (VAS)7.7 % 142/4.8 £2.25
E: (VAS)9.0 £ 0.93/6.9 £ 2.55
C: (VAS)9.1 £ 1.33/7.9 £2.88
E: (VAS)9.3 % 0.93/6.9 % 255

C: (VAS)9.1 £ 1.33/7.9 £ 2.88

Headache index

No post VAS or NRPS

E: (NRPS)6.26  1.33/6.11  1.26
C: (NRPS)5.52 + 1.72/5.17 £ 2.51

E: (NRPS)7.15 £ 0.77/5.40 £ 1.10 C:
(NRPS)6.58  0.90/6.27 £ 0.88

eft Dorsolateral Prefrontal Cortex; NPRS, Numeric Pain Rating Scale; VAS, Visual Analog Scale; E, E»

Attacks frequency
(pre/post)

E:22.80 £ 9.20/17.17 £+ 8.43
C: 1664 10.8/9.47 £ 9.63
E:93£19/55432
C:7.3£29/6.1 %27

E: 17.40 £ 1.33/102 £ 221
Ci17.6 £ 142/18 % 16

E: 14.5£449/7.7 £ 697
Ci141£633/132£7.02

E: 1384 542/7.8 4539
C:i14.14633/132£7.02
E:248:£26/118£64
C:i246+2.15/228+ 183

E:208£9.5/52449
C:17.04 £ 10.30/8.9 £ 6.6

Not reported (only figure

showed)

E:30£7.8/153£72
C:25245.1/246£69

eriment group; C, C

Sham stimulation parameters

Afigure of 8 coil of 7 cm, similar sound

without delivering any stimulus

A figure-of-

ight (MC-B70) coil, 5-Hz, 50%
‘motor threshold intensity, perpendicular to
the brain surface over the left DLPEC site
Perpendicular to the vertex at the minimum
stimulation strength of the stimulator, similar

sound without delivering any stimulus

A figure of eight coil, same parameters,

perpendicular to the surface of the scalp.

A water cooled figure-of-cight coil,
perpendicular to the brain surface over the

left DLPFC site

An air-cooled figure- eight coil of 7 cm
diameter, producing similar sounds without
giving magnetic pulses

A figure of eight coil, producing the same
sound and similar sensory feedback without

delivering active stimulation

A figure-of-eight-shaped coil, perpendicular
to the brain surface over the left DLPFC site,

same parameters

trol group. The bold values repres

Side effect

Not reported

Not reported

Not reported

No serious adverse events

Not reported

1 drowsiness

Sleepiness (Placebo Verum = 1:1),
Headache (2:0), Amyostasia (1:1),
Testiness (1:0), Vigorous dreams (0:1),
Phonophobia (0:1), Drop-outs (1:1)

No serious adverse effects

nt the follow-up time when the main results of this
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RFT PBC

—Study or Subgroup _ Events Total Events Total Weight M-H. Random.95% Cl

4.1.1 Immediate postoperative effective rate

Anuj 2019 10 10 10 10

Chen et al. 2022 25 30 27 30 236%
Ma yila.2022 46 47 28 28 53%
Meglio et al . 1989 27 33 69 74 345%
Yuan. 2019 34 36 17 18 91%
Yuetal . 2011 43 45 39 42 164%
Zhang et al. 2018 42 43 39 43 111%
Zhao et al. 2021 19 19 21 21
Subtotal (95% CI) 263 266 100.0%
Total events 246 250

Heterogeneity: Tau® = 0.00; Chi* = 5.00, df = 5 (P = 0.42); I*
Test for overall effect: Z = 0.82 (P = 0.41)

0%

4.1.2 The effective rate was 3 months after operation

Chen et al. 2022 25 30 29 30 215%
Rong etal . 2021 23 30 29 30 222%
Zhang et al. 2022 45 48 54 56 282%
Zhang et al . 2022 47 49 45 48 282%
Zhao et al. 2021 19 19 21 21
Subtotal (95% CI) 176 185 100.0%
Total events 159 178

Heterogeneity: Tau* = 0.4
Test for overall effect: Z

hi = 4.15, df = 3 (P = 0.25); I* = 28%
50 (P =0.13)

4.1.3 The effective rate was 6 months after operation

Ma yila 2022 43 47 27 28 37.7%
Zhang et al. 2022 44 48 54 56 623%
Subtotal (95% CI) 95 84 100.0%
Total events 87 81

Heterogeneity: Tau = 0.00; Chi* = 0.00, df = 1 (P = 0.99); I* = 0%
Test for overall effect: Z = 1.29 (P = 0.20)

4.1.4 The effective rate was 12 months after operation

Chen et al. 2022 19 30 27 30 514%
Zhang et al. 2022 42 48 53 56 48.6%
Subotal (95% CI) 78 86 100.0%
Total events 61 80

Heterogeneity: Tau? = 0.00; Chi? = 0.50, df = 1 (P = 0.48); 1= 0%
Test for overall effect: Z = 2.53 (P = 0.01)

Test for subaroup differences: Chi?

Odds Ratio

Odds Ratio

M-H, Ran

m, 95% CI

Not estimable
056 [0.12, 2.57]
054[0.02, 13.81]
0.33[0.09, 1.16]
1.000.08, 11.82]
1.650.26, 10.42]
4.31[0.46, 40.23]
Not estimable
0.73[0.35, 1.54]

0.17[0.02, 1.58]
0.11[0.01,099]
056 [0.09, 3.47)
157 [0.25,9.82)

Not estimable
0.41[0.13,1.32)

0.40[0.04, 3.75)
0.41[0.07, 2.33]
0.40 [0.10, 1.60]

0.19[0.05,0.78]
0.40[0.09, 1.68]
0.27[0.10, 0.75]

il

—

0.005

0.1 1 10

RFT

PBC

200
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Records identified through database
searching and other sources
(n=258)

—_—

Records after duplicates removeed
(n=128)

Records screened
(n=130)

-4

A J

Full-text articles assessed for eligibility
(n=45)

E—
A A
Studies included in
qualitave synthesis
(n=16)

A A
Studies included in quantave
synthesis (meta-analysis) (n = 16)

Studies excluded after
screeningthe titles and abstract
(n=85)

Full-text arcles excluded, with reasons
(n=29)

studies data could not be extracted
6 studies included patients with secondary
trigeminal neuralgia (neoplasm, multiple
sclerosis, etc.)
9 'studies designs were substandard
5 studies examined interventions that
included the remaining measures.
3 studies had no clear follow-up time points
and poorly described results.
1 one study was reported by the same
authors within 1 year.
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Unilateral electrical
stimulation (frequency, Hz)

Effects on symptoms

1,200 Pain was released, with itching and
heat sensation

600 Obvious heat sensation, but no
obvious itching and pain

500 Peripheral vascular dilation, with
obvious heat sensation

300 Weakened heat sensation with
significant itching, but no obvious
pain

50 Obvious itching, but no obvious heat

sensation






OPS/images/fneur-14-1143241/fneur-14-1143241-g005.gif





OPS/images/fneur-14-1143241/fneur-14-1143241-g004.gif





OPS/images/fneur-13-1056171/fneur-13-1056171-t004.jpg
Dimensions

General activity

Mood

Walking ability

Normal work

Relation with others

Sleep

Enjoy of life

HZ, herpes

HZ
PHN
HZ
PHN
HZ
PHN
HZ
PHN
HZ
PHN
HZ
PHN
HZ
PHN

PHN, postherpetic neuralgia;

Baseline

5.98+1.74
4.19£2.88
6.112.48
5.15£255
4.18£1.96
348266
5.46£2.26
4874248
524191
3294269
6.69+1.86
544258
7.34£2.02
534267

P1, brief pain inventory.

2 weeks

156119
203£2.12
2024103
2454201
LI8£L15
2234212
142121
2.80£2.05
1.44£1.06
1.63£1.76
1.79:£1.09
1.79£2.33
1854124
284124

‘Time points

3 months

173£1.54
2054204
1.8541.69
25742.06
1.06£1.15
251£1.76
1324132
2334205
1274131
2574177
1.84:1.54
2974220
2024159
265+2.14

6 months

1224132
1874132
1244131
2.14£2.04
0.70:£0.97
1244097
07741.03
195£1.13
0.89£1.13
12540.62
096£1.20
236£2.14
12041.34
2.13£2.04

12 months

053%1.25
153125
064111
L6411
0.1520.39
1.10£0.79
0.1620.47
1.8042.15
0.29+0.67
1.10£1.55
0.50£0.92
2154214
0.661.02
1.95£1.93
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RFT PMC

—Study or Subgroup _ Events Total Events Total Weight M-H. Random,95% Cl

1.2.2 The recurrence rate at 3 months after operation

Meglio et al . 1989 6 33 15 74 828%
Wang et al. 2022 3 40 140 172%
Subtotal (95% CI) 73 114 100.0%
Total events 9 16

Heterogeneity: Tau? = 0.00; Chi? = 0.99, df = 1 (P = 0.32); I = 0%
Test for overall effect: Z = 0.18 (P = 0.86)

1.2.3 The recurrence rate within 6 months after operation

Ma yila.2022 6 a7 0 28 325%
Meglio et al . 1989 8 3 18 69 67.5%
Yuetal. 2011 0 45 0 42
Subtotal (95% CI) 125 139 100.0%
Total events 18

Heterogeneity: Tau?

3 29, df =1 (P = 0.13); 1= 56%
Test for overall effect: Z

.58 (P = 0.56)

1.2.4 The recurrence rate within 1 year after operation

Anuj 2019 110 0 10 51%
Meglio et al . 1989 12 33 20 62 43.8%
Zhang et al. 2018 8 43 143 116%
Zhang et al. 2022 15 48 8 56 395%
Subtotal (95% CI) 134 171 100.0%

Total events 36 29
Heterogeneity: Tau? = 0.15; Chi? = 3.90, df = 3 (P = 0.2
Test for overall effect: Z = 2.04 (P = 0.04)

23%

1.2.5 The recurrence rate within 2 year after operation

Anuj 2019 5 10 3 10 332%
Meglio et al . 1989 14 33 23 42 451%
Yuan. 2019 136 0 18 218%
Subotal (95% CI) 79 70 100.0%
Total events 26

Heterogeneity: Tau? = 1.6° 6.09, df =2 (P = 0.05); I = 67%

Test for overall effect: Z = 0.74 (P = 0.46)

Test for subaroup differences: Chi?

Odds Ratio

Odds Ratio

M-H, Random, 95% CI

087 [0.31, 2.50]
3.16[0.31,31.78]
1.09 [0.42, 2.84]

8.93(0.48, 164.82]
091[0.35,2.37)
Not estimable
1.91[0.22, 16.82]

3.32[0.12,91.60]
1.20(0.49,2.91)
9.60[1.14, 80.52)
273[1.04,7.16]
2.23[1.03, 4.81]

233(0.37, 14.61]
061[0.24, 1.53]
16,69 [0.92, 301.45]
1.95[0.33, 11.59]

0.002

0.1

1 10
RFT PMC

500
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Characteristic HZ(n =131) PHN(n = 230)

Age(y) 61861239 67.90£10.20
Sex, n (%) Male 65(49.6%) 119(51.7%)
Female 66(50.4%) 111(48.3%)
Course, 1 (%) <3 months 131 (100%)
4-6 months 93(40.4%)
7-12 months 71(30.9%)
>12 months 66(28.7%)
Area, 1 (%) Facial (Trigeminal 16(12.2%) 27(11.7%)
nerve)
Neck and upper 26(19.8%) 37(16.1%)
limbs (C2-8)
Trunk (T1-12) 79(60.4%) 147(63.9%)
Hipandlegs (LI-5;  10(7.6%) 19(8.3%)
S1-5)
Complications, (%) Hypertension 28(21.4%) 37(16.1%)
Diabetes 19(14.5%) 43(18.7%)
Osteoporosis 11(8.4%) 23(10%)
Immune related 19(14.5%) 19(8.3%)
diseases
copD 4(3.1%) 15(6.5%)

HZ, herpes zoster; PHN, postherp:
pulmonary dis

neuralgia; COPD, chronic obstructive
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Disease Group Number Baseline 2weeks 3 months 6months 12 months F P-value

HZ Trunk 79 7574155 229£122 228179 154171 1.03£1.50 Group L115 0.346
Neck 26 7.05£220 196111 185£1.52 1381.50 07741.03 Time 355076 <0.001
Facial 16 781E168  238£089 225169 2.00£1.55 119£1.22 Group*Time 0476 0876
Hip 10 7704095  150£0.97 2304183 1.00£1.15 0.60£0.84
PHN Trunk 147 731151 454221 448£179 381£1.96 354218 Group 1106 0347
Neck 37 7624167 4354242 4.00£151 338£1.74 3.05£1.86 Time 90.084 <0.001
Facial 27 630£2.16 5224199 3.59+1.69 337£1.86 2744183 Group*Time 2407 0.068
Hip 19 7424157 4844224 447£181 326£1.91 316281
>12 months 66 744%162 465238 435183 3.8542.05 356213 Group 0.590 0.555
7-12 months 71 7205160 451£217 458161 3.5941.67 330£2.19 Time 169.970  <0.001
4-6 months 93 706£173 4674217 4.05%177 3.54:£2.00 320£2.16 Group*Time 0707 0.657

Z, herpes

PHN, postherpetic neuralgia; VAS,
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Pain relief

Apparent

Effective

Non-effective

Remission rate

Z, herpes

HZ
PHN
HZ
PHN
HZ
PHN
HZ
PHN

PHN, postherpetic neuralgia.

2 weeks

128(97.7%)
95(41.3%)
1(0.8%)
27(11.7%)
2(1.5%)
108(47%)
129(98.5%)
122(53%)

3 months

120(91.6%)
85(36.9%)
5(3.8%)
64(27.8%)
6(4.6%)
81(35.2%)
125(95.4%)
149(64.7%)

Time points

6 months

121(92.4%)
137(59.6%)
5(3.8%)
41(17.8%)
5(3.8%)
52(22.6%)
126(96.2%)
178(77.3%)

12 months

127(96.9%)
139(60.5%)
1(0.8%)
39(16.9%)
3(2:3%)
52(22.6%)
128(97.7%)
178(77.3%)
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Variable

Headache intensity (NPRS 0-10)
Baseline: mean (SD)

1-Month: mean (SD)

Change Score: baseline to 1-Month
3-Month: mean (D)

Change Score: baseline to 3-Month
6-Month: Mean (SD)

Change Score: Baseline to 6-Month
12-Month: mean (SD)

Change Score: baseline to
12-Month

Disability (NDI 0-50)

Baseline: mean (SD)

1-Month: mean (SD)

Change score: baseline to 1- Month
3-Month: mean (SD)

Change score: baseline to 3- Month
6-Month: mean (SD)

Change score: baseline to 6- Month
12-Month: mean (SD)

Change score: baseline to
12-Month

NPRS, Numeric Pain Rating Scale, 0-10, low

res indicate less pai

Surgery

62(1.7)
21(15)
40(37,44)
2103)
41(37,44)
21(3)
4.1(37,44)
24(1.6)
38(34,4.1)

209(8.2)
8.8 (4.6)
12.1(106,13.6)
8.3 (40)
127 (11.2, 14.1)
7.8(3.4)
13.1(118,14.5)
72(45)
137 (123, 15.1)

DI, Neck Dis

Conservative

59(1.6)
47(1.5)
12(05,19)
44(12)
1.5(0.8,22)
42(1.1)
1.7(1.0,2.3)
36(1.7)
23(14,3.1)

19.1(8.0)
13.0(7.4)
6.1(22,100)
130(67)
62(25,98)
133(6.1)
5.8(24,92)
135(7.1)
56(2.2,90)

0, lower scores indicate greater function.

Between-group differences

2.8(2.0,3.6); P < 0.001
2.6(1.8,3.4); P < 0.001
2.4(1.6,3.2); P < 0.001

1.5(0.7, 2.4); P < 0.001

6.0(24,9.6); P=0.001
6.5(3.0,10.0); P < 0.001
7.3(4.1,10.6); P < 0.001

8.1(4.7, 11.5); P < 0.001
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Measure

Headache intensity (NPRS
0-10): mean (SD)

Disability (NDI 0-50): mean
(D)

Headache frequency (0-7

days): median

Headache duration: median

Group

SG

G
SG

G
SG
cG

Baseline

62(1.7)

59(1.6)
209(8.2)

19.1(8.0)
4

1 Month

21(13)

47(15)
8.8(4.6)

13.0(7.4)
2

3 Months

21013

14(12)
8.3(40)

13.0 (6.7)
2

6 Months

2103)

42(L1)
7.8 (3.4)

13361
2

12 Months

24(16)

36(17)
7.2(45)

135(7.1)
2
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Characteristic Surgery group Conservative P
(n=166) group (n=38)

Sex, female, 7 (%) 95(57.2%) 21(55.3%) 083
Age (y) 452(7.9) 468 (5.5) 021
Headache intensity (NPRS) 62(17) 59(1.6) 028
Disability (NDI) 20.9(8.2) 19.1(8.0) 083
Headache frequency 4 4 0.18
Headache duration 3 3 0.18
CSM 89 (53.6%) 21 (55.3%)

CsR 33.(19.9%) 6(15.8%)

Mixed CS 144.(265%) 11(28.9%)

Diseased level n=272 n=67

cu3 3(1.1%) 1(1.5%)

C3/4 20 (7.4%) 4(6.0%)

C4/5 59 (21.7%) 16 (23.9%)

C5/6 105 (38.6%) 28 (41.8%)

c6/7 80 (29.4%) 17 (25.3%)

C7/T1 5(1.8%) 1(1.5%)

Data are mean ($D), median, or number (%), NPRS, numeric pain rating scales NDI, Neck
Disability Inde; CS, cervical spondylos SR,
cervical spondylotic radiculopathy; Mixed CS, Mixed cervical spondylosis. Comparison
of means among two groups (si

SM, cervical spondylotic myelopath






