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Editorial on the Research Topic
 Advances in the Biology and Medicine of Pain



Chronic pain is a disease of nociceptive circuits at any level of the nervous system, characterized by abnormal sensitivity to thermal and mechanical stimuli. Hypersensitivity can be expressed as hyperalgesia, an excessive reaction to normally painful input; allodynia, a painful response to normally innocuous stimuli; or spontaneous pain with no identifiable cause. Furthermore, non-neuronal cells may also contribute to the physiopathology of chronic physical and psychosocial changes such as disability, anxiety, depression, and disturbed sleep. These secondary symptoms, in addition to the persistent pain itself, often have a devastating impact on the patient's quality of life.

Chronic pain is estimated to be one of the most prevalent health problems in the world, with almost all of us dealing with it at some point in our lives. Although scientists have made great advances in the understanding of the molecular mechanisms through which persistent pain develops, this knowledge has not been translated into safe and effective therapies. Indeed, current gold-standard analgesics for chronic pain management have limited efficacy in the majority of patients while producing many side effects, and in the case of opioids, they have a high liability for abuse with a high risk of death. Therefore, the management of chronic pain is a major unmet clinical need and the lack of effective treatment places an immense burden on patients, families, health-care systems and society in general. As a result, several drug discovery groups are committed to finding new pharmacological and non-pharmacological avenues to manage chronic pain.

The Research Topic Advances in the Biology and Medicine of Pain includes 34 articles that address different aspects of chronic pain's physiopathology, treatment, identification of predictors of pain and a clinical trial. Most of the reports are pre-clinical studies, but they also include some clinical research. In addition, readers will also find several reviews addressing the participation of the immune response, stress, and different metabolic pathways in favoring the developing of chronic pain. All these articles create a cohesive understanding of recent advances and future directions in the pathophysiology and treatment of persistent pain.


OVERVIEW OF THE ARTICLES INCLUDED IN ADVANCES IN THE BIOLOGY AND MEDICINE OF PAIN

The reviews presented in this Research Topic highlight the need to develop new therapies for pain management, stressing that a deeper understanding of mechanisms of painful sensitization is essential, considering that so far, there is not a safe and effective way to treat chronic pain.

Manion et al. revised the recent progress in the understanding of mechanisms underlying pain, and how these mechanisms are being targeted to produce modern, specific therapies for pain. In this scenario, various authors addressed how metabolic pathways can contribute to the transition from acute to chronic pain and how their metabolic intermediates might be potential biomarkers for chronic pain and its treatment. Staats Pires et al. collected evidence showing that the kynurenine and the tetrahydrobiopterin pathways can be modulated by the use of metabolic inhibitors representing novel ways to treat chronic pain. Osthues and Sisignano also discussed that oxidized lipid intermediates, as well as some lysophospholipids, sphingolipids, and specialized pro-resolving mediators may play distinct roles in pain modulation, proposing these pathways as potential targets for the development of new analgesics. Likewise, Quintão et al.'s study focused on the mechanisms involved in chemotherapy-induced neuropathy (CINP) and how activators of peroxisome proliferator-activated receptors (PPAR), in particular PPAR-g signaling, can enhance the cell's antioxidant status and mitochondrial activity, two pathways compromised in CINP. Moreover, Bravo et al. provided preclinical and clinical evidence of the potential role of monoamines in the modulation of chronic pain, reviewing how this system is implicated in the analgesic mechanism of action of antidepressants, gabapentinoids, atypical opioids, NSAIDs and histaminergic drugs. Two other articles describe interventions aimed at preventing the transition from acute to chronic pain by modulating the activation of cytotoxic immune effector cells in injured peripheral nerves (Davies et al.) and by compromising the neuro-immune crosstalk, in particular in obesity where the state of chronic low-grade inflammation might heighten sensory hypersensitivity (Eichwald and Talbot). In addition, Lunde and Sieberg proposed a pain-stress model highlighting that a greater insight into the neurobiology of stress might contribute to individualized treatment for pain rehabilitation and drug development, since stress and chronic pain are chronic processes.

The systematic reviews presented in this Research Topic evaluated the analgesic effects of several drugs and procedures on different painful conditions. Xu and Sun found that calcitonin gene-related peptide receptor (CGRPR) antagonists are promising compounds for the acute treatment of migraine, especially in patients who are unable to take triptans. In addition, they found that olcegepant was the most effective and that ubrogepant had the lowest toxicity among six different CGRPR antagonists. Similarly, Zhu et al. evaluated the efficacy of intravenous lidocaine compared with the placebo for the management of neuropathic pain and the safety of its administration. The authors found that while the treatment is effective in pain control in the immediate post-infusion period, it does not have a long-lasting persistent effect. Indeed, the infusion of this drug was associated with increased risk of side effects. Regarding non-pharmacological therapies, it was found that the top-down neuromodulator effects of transcranial direct current stimulation is a promising approach to improve management in refractory chronic non-cancer-related pain and to enhance dysfunctional neuronal circuitries involved in the dysfunctional neuroplasticity induced by opioids (Zortea et al.). Furthermore, Lima et al. found reduced pain scores induced by manual therapy in different pre-clinical reports that mimicked neuromusculoskeletal diseases. The authors stressed that understanding the mechanisms responsible for the analgesic effect of this procedure will allow for more insight into the physiopathology of chronic pain and for designing complex and longitudinal studies with appropriate controls by using, e.g., larger animal models (sheep, pig, etc.), which biomechanically are more similar to what is observed in the clinical setting. Similarly, the study by Gunduz et al. aimed to bring evidence that the cortical reorganization induced after an amputation might be a potential clinical target for prevention and treatment response of phantom limb pain.

One article of the present Research Topic performed a prospective, randomized, double-blind, sham-controlled, proof-of-concept clinical trial in order to investigate the effect of transcranial direct current stimulation vs. sham stimulation on postoperative morphine consumption and pain intensity after thoracotomy. The authors showed that the sessions significantly reduced cumulative postoperative morphine use and pain scores without obvious long-term benefits (Stamenkovic et al.). Another clinical study demonstrated that facet joint injections of anesthetic and corticosteroids are useful for the diagnosis and treatment of lower back pain. It also showed that pain-related cognitive and behavioral factors determined by pain catastrophizing and smoking are independently associated with pain recurrence. The authors pointed out the need for a multidisciplinary approach toward pre-surgical evaluation of patients with chronic pain (Campos et al.).

Among the original research, several articles focused on the attenuation of inflammation-induced pain by targeting specific proteins. Wang et al. showed that the intrathecal administration of maresin 1, a newly discovered pro-resolving lipid mediator, reduced radicular pain by inhibiting NLRP3 inflammasome-induced pyroptosis via NF-kB signaling in rodents. Ni et al. showed that the intrathecal administration of liquiritin alleviated mechanical allodynia in a rat model of bone cancer pain, by inhibiting the activation of the C-X-C motif chemokine ligand (CXCL) 1/CXCR2 signaling pathway and the production of IL-1β and IL-17. Pitake et al. found increased activity of voltage-gated calcium channels during inflammation, eliciting thermal hyperalgesia through both, changes in firing rates of sensory neurons as well as the promotion of new neurite outgrowth in mice. By using the same administration route, it was also shown that aminoglutethimide, an inhibitor of the neurosteroidogenic enzyme, cytochrome P450 side-chain cleavage enzyme, reduced its expression and increased D-serine immunoreactivity during the induction phase of an animal model of neuropathic pain (Choi et al.). Another pain-related pathway was investigated by Xu et al. who showed that 17β-estradiol reduced clinical pain scores by upregulating voltage-gated chloride channel-3 in the dorsal root ganglion (DRG) of ovariectomized rats. The participation of artemin, a neurotrophic factor, and its receptor, glial-derived neurotrophic factor family receptor alpha-3, in chronic pain was shown in tissues of naturally occurring osteoarthritis in dogs. In addition, increased levels of artemin from osteoarthritic humans were found, indicating a translational relevance of this pathway since it may ultimately lead to the development of novel therapeutics (Minnema et al.).

Chronic pain was also evaluated in animal models of chronic conditions that have inflammation as a key component of their physiopathology, including obesity and inflammatory bowel diseases. Cifani et al. showed that rats exposed to palatable foods developed increased pain thresholds; however, during abstinence pain hypersensitivity was elicited. This effect was ameliorated by the repeated treatment with a fatty acid amide hydrolase inhibitor, PF-3845, which also up-regulated the expression of mu-opioid receptors. Thus, the authors suggested that this cannabinoid modulation should be considered when pharmacologically managing chronic pain in subjects affected by obesity. In addition, Ko et al. showed that glutamatergic transmission in the ventrolateral periaqueductal gray mediates depression-like behaviors during remission of colitis-induced visceral pain.

The opioid-induced analgesia and hyperalgesia were also presented by several authors. The study by de Freitas et al. showed that central extracellular signal-regulated kinase was involved in the analgesic and hyperalgesic effects of a single dose of morphine, while c-Jun N-terminal kinase, p38, and cAMP response element-binding protein were involved in the morphine-induced delayed hyperalgesia. Also, a decreased analgesic responses to morphine induced by the inhibition of an ATP-sensitive potassium (KATP) channel in sensory neurons, the SUR1 KATP channel subtype, was demonstrated by Fisher et al. The authors proposed the use of inhibitors of this particular channel as a viable option to alleviate opioid tolerance and withdrawal. In this scenario, Huang et al. investigated the role of miRNAs in the development of morphine tolerance. The authors demonstrated that miR-873a-5p targets tumor necrosis factor a-induced protein 3 in the spinal cord, facilitating the development of morphine tolerance in mice; hence, its downregulation may become a potential strategy for ameliorating morphine tolerance. Balogh et al. also evaluated the reduction in the analgesic action of opioids in diabetic neuropathic pain and demonstrated that advanced diabetes impairs the antinociceptive effect of systemic morphine but not of the new opioid agonist 14-O-methymorphine-6-O-sulfate in rats.

Other original studies focused on nociceptive molecular mechanisms, demonstrating that topical capsaicin, used in clinics with the objective of temporarily desensitizing epidermal nociceptors, selectively impaired heat sensitivity without any concomitant changes in cold sensitivity in healthy volunteers (van Neerven and Mouraux). When looking for human pain biomarkers the original research of this topic showed that osteoarthritis' disease severity can be assessed by knee magnetic resonance imaging associated with type II collagen cleavage products levels (Sofat et al.). Basu et al. demonstrated that Euphorbia bicolor latex phytochemicals induced hyperalgesia followed by peripheral, non-opioid analgesia in rats, which occurred in part via the transient receptor potential V1 ion channel. This is the first report on the analgesic properties of phytochemicals of the genus Euphorbia bicolor. Also, Schwertner et al. explored the effects of S-ketamine on the affective aspect of interpretation of stimuli using event-related potentials. The authors found evidence of changes in the interpretation of pain-related words in both neurophysiological and behavioral outcomes. S-ketamine induced a state of emotional and discrimination blunting when compared to placebo.

Non-pharmacological strategies to manage chronic pain were also presented in this Research Topic. Spinal mobilization is one of the most recommended practices for treating lower back pain; however, the molecular mechanisms involved in the analgesic effects are virtually unknown. Reed et al. demonstrated that the nerve growth factor-induced mechanical hyperalgesia and distant allodynia may be counterbalanced by spinal mobilization by attenuating the expression of calcitonin gene-related peptide in lumbar DRG sensory neurons.

Finally, it was demonstrated that the pain numerical rating scale, which is widely used in pain research and clinical settings to quantify pain intensity did not provide a reliably interpretable assessment of physical pain intensity for an individual with chronic low back pain at a specific moment (Griffin et al.).
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Reduction of the opioid analgesia in diabetic neuropathic pain (DNP) results from μ-opioid receptor (MOR) reserve reduction. Herein, we examined the antinociceptive and antiallodynic actions of a novel opioid agonist 14-O-methymorphine-6-O-sulfate (14-O-MeM6SU), fentanyl and morphine in rats with streptozocin-evoked DNP of 9–12 weeks following their systemic administration. The antinociceptive dose-response curve of morphine but not of 14-O-MeM6SU or fentanyl showed a significant right-shift in diabetic compared to non-diabetic rats. Only 14-O-MeM6SU produced antiallodynic effects in doses matching antinociceptive doses obtained in non-diabetic rats. Co-administered naloxone methiodide (NAL-M), a peripherally acting opioid receptor antagonist failed to alter the antiallodynic effect of test compounds, indicating the contribution of central opioid receptors. Reduction in spinal MOR binding sites and loss in MOR immunoreactivity of nerve terminals in the spinal cord and dorsal root ganglia in diabetic rats were observed. G-protein coupling assay revealed low efficacy character for morphine and high efficacy character for 14-O-MeM6SU or fentanyl at spinal or supraspinal levels (Emax values). Furthermore, at the spinal level only 14-O-MeM6SU showed equal efficacy in G-protein activation in tissues of diabetic- and non-diabetic animals. Altogether, the reduction of spinal opioid receptors concomitant with reduced analgesic effect of morphine may be circumvented by using high efficacy opioids, which provide superior analgesia over morphine. In conclusion, the reduction in the analgesic action of opioids in DNP might be a consequence of MOR reduction, particularly in the spinal cord. Therefore, developing opioids of high efficacy might provide analgesia exceeding that of currently available opioids.

Keywords: diabetes, neuropathic pain, opioid efficacy, 14-O-methylmorphine-6-O-sulfate, morphine, fentanyl


INTRODUCTION

Neuropathic pain (NP) is a chronic pain condition that limits patients to fully achieve their daily tasks. Consequently, NP has significant impact on the economic welfare of the society (Bouhassira et al., 2008; Gaskin and Richard, 2012). Therefore, to find drugs satisfactorily treating NP is a major clinical goal. The management of severe acute to moderate pain including cancer pain can be achieved by opioids, however, opioid effectiveness in the treatment of chronic NP is controversial (Wiffen et al., 1996; Eriksen et al., 2006; Furlan et al., 2006; Derry et al., 2016; Hoffman et al., 2017). At present, opioids are considered as a second-to-third-line medication for NP. However, they can be considered as first line drugs, when they may offer advantages over the general first line drugs for instance in case of cancer NP, an acute pain attack or during first line drug titration. Data from in vivo experimental studies have reported on a significant reduction in opioid antinociceptive efficacy in neuropathic animals following systemic administration (Courteix et al., 1998; Hama and Sagen, 2007). The loss in opioid antinociceptive efficacy has also been reported following central (spinal or supraspinal) administration in NP animals (Ohsawa and Kamei, 1997; Zurek et al., 2001). It was proposed that the impaired opioid antinociception occurred as a consequence of the decrease in opioid receptor reserve (Zhang et al., 1998). In addition, the reduction in opioid receptor density in spinal tissues was also demonstrated in diabetic animals (Courteix et al., 1998; Shaqura et al., 2013).

Based on these observations, we hypothesize that the reduction in MOR number in diabetic neuropathic pain (DNP) is a crucial factor in the loss of analgesic effect of opioids. Recently, we have demonstrated that opioids of high efficacy in contrast to morphine could produce significant maximal effects (efficacy) in isolated organs hosting low opioid receptor reserve (Al-Khrasani et al., 2007; Riba et al., 2010; Lacko et al., 2012; Khalefa et al., 2013; Zádor et al., 2017).

Thus, opioids of high intrinsic efficacy displaying spare receptors might produce analgesic effects even though the MOR reserve is low. In the past two decades our group has paid attention to the efficacy of opioids, particularly to MOR agonists (Al-Khrasani et al., 2007, 2012; Lacko et al., 2012; Kiraly et al., 2015; Lackó et al., 2016; Zádor et al., 2017; Balogh et al., 2018). These previous studies have proved the high efficacy character for 14-O-methylmorphine-6-O-sulfate (14-O-MeM6SU).

Therefore, the present study was aimed to examine the antinociceptive and antiallodynic effects of the recently synthetized 14-O-MeM6SU compared to the high efficacy fentanyl and low efficacy morphine in a rat model of DNP. To this extent, the experiments were carried out 9 and 12 weeks following intraperitoneal (i.p.) streptozocin (STZ) treatment. The number of MOR was also evaluated in dorsal root ganglia (DRG) and dorsal horn tissues of diabetic and non-diabetic rats. Finally, we measured G-protein coupled receptor activity to determine the efficacy of test compounds in diabetic rat spinal cord and brain homogenates. Prior to in vivo and in vitro experiments, the change in the paw threshold, blood glucose level, weight, as well as water- and food consumption of diabetic and control rats was followed.



MATERIALS AND METHODS

Animals

Male Wistar rats of 200–300 g were used for STZ-induced diabetes model. The animals were obtained from the local Animal House (Semmelweis University, Budapest, Hungary). The animals were kept in mesh bottomed cage (4, 5, or 6 animals/cage depending on the weight of animals) in a room of 20 ± 2°C temperature, 12-h/12-h light/dark cycle, in the local animal house of the Semmelweis University, Department of Pharmacology and Pharmacotherapy (Budapest, Hungary). The type of the cage was eurostandard type IV. The floor area is 1820 cm2. This type allows to keep 7 rats of 300 g according to EU recommendation. Water and standard food were available ad libitum. In the first series of experiments control (vehicle treated) and diabetic (STZ treated) animals were kept individually in mash bottomed cages making the measurement of individual parameters possible.

All housing and experiments were performed in accordance with the European Communities Council Directives (2010/63/EU), the Hungarian Act for the Protection of Animals in Research (XXVIII.tv. 32.§) and local animal care committee (PEI/001/276-4/2013). All the researchers did the best effort to minimize the number of animals and their suffering.

Chemicals

The morphine analog 14-O-methylmorphine-6-O-sulfate (14-O-MeM6SU) was provided by the Department of Pharmaceutical Chemistry, Semmelweis University (Budapest, Hungary) and was synthesized and characterized as previously described (Lacko et al., 2012). Naloxone methiodide (NAL-M), STZ and clonidine-hydrochloride were obtained from Sigma-Aldrich Ltd. (Budapest, Hungary) and morphine hydrochloride from Alkaloida-ICN (Tiszavasvári, Hungary). Fentanyl was purchased from Toronto Research Chemicals (North York, ON, Canada), Tris-HCl, EGTA, NaCl, MgCl2 x 6H2O, GDP, the GTP analog GTPγS, were purchased from Sigma-Aldrich Ltd. (Budapest, Hungary). The MOR agonist enkephalin analog Tyr-D-Ala-Gly-(NMe)Phe-Gly-ol (DAMGO) was obtained from Bachem Holding AG (Bubendorf, Switzerland). Ligands were dissolved in water and were stored in 1 mM stock solution at -20°C for in vitro tests. Ligands used for in vivo assays were dissolved in saline or in the case of STZ ice cold distilled water prior to the experiments.

The radiolabeled GTP analog, [35S]GTPγS (specific activity: 1000 Ci/mmol) was purchased from Hartmann Analytic (through Izotóp Intézet Kft., Budapest, Hungary). The UltimaGoldTM MV aqueous scintillation cocktail was purchased from PerkinElmer (through Per-Form Hungária Kft., Budapest, Hungary). All compounds were stored and handled as described in the product information sheet.

Streptozocin (STZ)-Induced Diabetic Neuropathic Pain Model (Model of Polyneuropathy)

Experimental Design

The experimental procedures for experiments designed to assess the induction of hyperglycemia, allodynia, polydipsia, polyphagia, weight change as well as the assessment of drug antinociception are included in Figure 1.
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FIGURE 1. Representative figure illustrating the experimental protocol. For each experiment different animals were used. For in vitro studies different groups were used.



Induction of Diabetes

We used STZ to induce diabetes. The animals were treated i.p. with 60 mg/kg streptozocin in a 2.5 ml/kg volume. The STZ was diluted in cold distilled water as described previously and the solution was made less than 10 min before the injection to avoid any degradation (Courteix et al., 1994; Rajaei et al., 2013). Vehicle treated group was used as absolute control.

Measuring the Blood Glucose Levels of Diabetic Animals

Blood glucose level was determined prior to and 72 h, 1, 3, 9, and 12 weeks after STZ or vehicle treatments. Animals were slightly anesthetized with 3% isoflurane in oxygen via nose cone as described previously (Balogh et al., 2018). Then one drop of blood was taken from the tail veins. Accu-Chek Active blood glucose meter (Roche Diagnostics GmbH, Germany) was used to measure blood glucose levels. The maximal measurable blood glucose level value by blood glucose test is 33.3 mmol/l. Animals with blood glucose level of 14 mmol/l or higher were considered diabetic as described previously (Courteix et al., 1993).

Measuring of Animal Weight and the Consumption of Food and Water of Diabetic Animals

In the first series of experiments control (vehicle treated) and diabetic (STZ treated) animals were kept individually. Then, the water and food consumption were measured separately for each animal before and after the STZ treatment during 7 weeks (Figure 1). In this period, the weight of the food and water was measured each day for 4 weeks and two times a week for 3 weeks. The consumed amount was calculated. The weight of the animals were also measured during the 7 weeks period in the same way and on the day of experiments. Thereafter, animals were kept in groups until the day of experimentation.

Determination of Gastric Emptying in Diabetic and Non-diabetic Rats

Gastric emptying was assessed by the phenol red method as described earlier (Fülöp et al., 2005), with some minor modifications. Briefly, after 24 h of fasting, diabetic and non-diabetic rats received 1.5 ml of 1.5% methylcellulose solution containing 0.5 mg/ml phenol red (a non-absorbable marker compound) by intragastric gavage. After 20 min the rats were sacrificed and the stomachs were removed after clamping the pylorus and cardia. The content of stomach was mixed with 40 ml of 0.1 N NaOH, then 0.6 ml mixture was added to 1.2 ml of 7.4% trichloroacetic acid solution to precipitate proteins. After centrifugation (15 min, 3000 g) 1.2 ml of the supernatant was added to 0.6 ml of 1 N NaOH, and the absorbance was read spectrophotometrically in triplicates at 560 nm. Gastric emptying (%) was calculated as follows: [1 – (absorbance of sample / maximal absorbance)] × 100. Maximal absorbance was measured by processing the test meal alone, as described above.

In a separate experiment, weight match animals were treated either with saline, or with clonidine (0.1 mg/kg), an alpha2 adrenoceptor agonist and well-known inhibitor of gastric emptying, subcutaneously 30 min before the methylcellulose administration.

Assessment of Neuropathic Pain by Dynamic Plantar Aesthesiometer (DPA)

In order to determine the allodynia caused by advanced diabetes we used the DPA (Ugo Basile, Italy) as described previously (de Novellis et al., 2011) with slight modifications based on our the pilot experiments. The animals were placed in the plastic cages of the DPA once daily for 3 subsequent days (“handling”). Before each experiment, animals were kept in these cages for at least 5 min before starting the measurement in order to habituate them. The equipment raises a straight metal filament of 0.5 mm diameter until it touches the hind paws. Then it puts pressure on the paw with an increasing force from 1 to 50 g (cut off). The maximal force applied by DPA is 50 g (as prescribed by manufacturer instrument guide).

The paw pressure withdrawal thresholds (PPTs) were measured and expressed in g, before and after the STZ treatment on every 3rd week. In the first series of experiments, PPTs were measured weekly after STZ treatment in order to detect touch allodynia. PPTs of each hind paw were measured 3 times alternately. Then, the average of PPT values of the two paws were calculated for each animal. Vehicle treated and weight match (i.e., animals with weights matching the diabetic ones) groups were used as control. After determination of the time of peak effect further analysis was made at that time point. An animal was considered neuropathic, when the PPT value was at least decreased by 20% compared to weight match animals as described previously (Király et al., 2018).

It is important to note that significant change in the weight of animals result in significant alteration in the PPTs (i.e., higher weight elevates the threshold values, data not shown). This weight change may contribute to the potential differences observed between control and diabetic animals in PPTs. Therefore, to justify this alteration, the use of weight match control animals was necessary, to have a more exact analysis as also described previously (Végh et al., 2017). Weight match animals were handled and kept under the same conditions described for the diabetic (STZ treated) and non-diabetic control (vehicle treated) animals. The exception is that weight match animals were kept only for at least 1 week prior to experiments. In addition, the weight matched animals were also used to avoid lack of blindness during the experiments, though the symptoms of diabetes can not be fully masked.

Treatment of Neuropathic Animals

The test compounds were dissolved in saline in a volume of 2.5 ml/kg body weight. Baselines of PPTs were measured before subcutaneous (s.c.) agonist treatment. The opioid antagonist, NAL-M was co-administered with morphine and 14-O-MeM6SU. Solutions were prepared right before the experiment (in less than 10 min). The experiments were randomized and the experimenter was blind to the treatments.

Radio-Ligand Binding Assays

Membrane Preparations

Membranes were obtained from lumbar dorsal root ganglions (DRGs) and spinal cord (L3-5), quickly frozen, and dissected into the ventral and dorsal half, as described previously (Shaqura et al., 2016; Mousa et al., 2017). DRGs and only the dorsal part of the spinal cord were further processed for radioligand binding. The tissues were placed immediately in ice cold assay buffer (50 mM Tris-HCl, 1 mM EGTA, 5 mM MgCl2, pH 7.4), homogenized with a Polytron homogenizer (Kinematica, Littau, Switzerland), and centrifuged at 48,000 g at 4°C for 20 min. The pellets were resuspended in assay buffer followed by 10 min incubation at 37°C to remove endogenous ligands. The homogenates were centrifuged again at 48,000 g and resuspended in assay buffer. Membranes were aliquoted and stored at -80°C.

Opioid Receptor Binding

Specific binding of [3H]DAMGO was performed by incubating 50–100 μg of membrane protein of lumbar dorsal horn with 0.1- 4 nM [3H]DAMGO in the presence or absence of 10 μM unlabelled naloxone to determine non-specific binding. Membranes were incubated for 1 h at 22°C in assay buffer. The reactions were terminated by rapid filtration under vacuum through Whatman GF/B glass fiber filters, followed by four washes with cold buffer (50 mM Tris–HCl, pH 7.4). Bound radioactivity was determined by liquid scintillation spectrophotometry (Perkin Elmer, Rodgau, Germany) at 60% counter efficiency after overnight extraction of the filters in 3 ml of scintillation fluid. All experiments were performed in duplicate and carried out at least five times. Bmax and Kd values in saturation binding assays were determined by nonlinear regression analysis of concentration-effect curves using GraphPad Prism (GraphPad Software Inc., San Diego, CA, United States).

Immunohistochemistry

Rats were deeply anesthetized with isoflurane and transcardially perfused with 100 ml of phosphate buffered saline (PBS) pH 7.4, then followed by 500 ml of 4% (w/v) paraformaldehyde in phosphate buffer pH 7.4. After perfusion, DRG and spinal cord were removed from treated and control animals, postfixed in the same fixatives for 90 min, and then cryo-protected overnight at 4°C in PBS containing 10% sucrose. DRGs (10 μm thick) were mounted onto gelatin coated slides. DRG mounted or spinal cord floating tissue sections were incubated with the following primary antibody rabbit polyclonal MOR antibody (1:1,000, Gramsch Laboratories, Schwabhausen, Germany). The tissue sections were washed with PBS prior to incubation with Alexa Fluor 594 donkey anti-rabbit secondary antibody (Invitrogen, Germany). Finally, the tissues were washed in PBS, mounted on vectashield (Vector Laboratories, Burlingame, CA, United States) and viewed under Zeiss LSM 510 laser scanning microscope (Carl Zeiss, Göttingen, Germany). To demonstrate specificity of staining, the following controls were included as mentioned in detail elsewhere (Endres-Becker et al., 2007; Mousa et al., 2013): (1) Preabsorption of the primary antibody against MOR was verified by preabsorption with 5 μg/ml of synthetic peptide antigen for MOR (Gramsch Laboratories, Germany), for 24 h at 4°C; (2) Omission of either the primary antisera or the secondary antibodies.

Quantification of Immunostaining

The method of quantification of DRG and spinal cord dorsal horn immunostaining has been described in detail elsewhere (Shaqura et al., 2013). Briefly, the total number of MOR-IR neurons was counted in each area (320 μm2) and this number was divided by the total number of neurons in each DRG within the same area and represented as percentages. For quantification of MOR immunoreactivity in the dorsal horn of spinal cord images of red immunofluorescence were obtained using a Zeiss LSM 510 laser scanning microscope and the image-analysis software package 2.5 SP2 from Zeiss was applied to quantify changes in immunodensities as described in detail elsewhere (Shaqura et al., 2013). The settings of the confocal microscope were established using a control section and kept unchanged for all subsequent acquisitions. Six to eight images were sampled per animal. Images were thresholded to exclude background fluorescence and gated to include intensity measurements only from positively stained nerve fibers. For image analysis, a standardized area was positioned over the Rexed laminae 1-5 of all groups to determine the mean product of the area (100 μm2) and mean intensity of pixels within the threshold value and to calculate the integrated optical intensity (product of area and mean intensity). The mean value of control was considered as 100%. Five rats per group were used for analysis. Data were expressed as means ± SEM. Scale bar = 20 μm for DRG and 40 μm for spinal cord section.

G-Protein Activity Assays

Membrane Preparations

Rats were decapitated and their brains and whole spinal cords were quickly removed and were prepared for receptor binding assays as previously reported (Benyhe et al., 1997; Zádor et al., 2014). In brief, first the brain and spinal cord were homogenized, centrifuged in ice-cold 50 mM Tris-HCl (pH 7.4) buffer and incubated at 37°C for 30 min in a shaking water-bath (for details see Benyhe et al., 1997). After incubation the centrifugation was repeated as described before and the final pellet was suspended in ice-cold TEM (Tris-HCl, EGTA, MgCl2) buffer and stored at -80°C for further use.

Functional [35S]GTPγS Binding Assays

In [35S]GTPγS binding experiments the GDP→GTP exchange of the Gαi/o protein by a radioactive, non-hydrolysable GTP analog, [35S]GTPγS is measured. The nucleotide exchange is measured in the presence of a given ligand in increasing concentrations to measure ligand potency and the maximal efficacy (Strange, 2010).

The functional [35S]GTPγS binding experiments were performed as previously described (Sim et al., 1995; Traynor and Nahorski, 1995), with some modifications. Briefly, the rat brain and spinal cord membrane homogenates containing ∼10 μg/ml protein were incubated at 30°C for 60 min in Tris-EGTA buffer (pH 7.4) composed of 50 mM Tris-HCl, 1 mM EGTA, 3 mM MgCl2, 100 mM NaCl. The incubation mixture contained 0.05 nM [35S]GTPγS, increasing concentrations (0.1 nM–10 μM) of 14-O-MeM6SU, fentanyl or morphine and excess GDP (30 μM). The final volume of the incubation mixture was 1 ml.

Total binding was measured in the absence of the test compounds, while non-specific binding was determined in the presence of 10 μM unlabeled GTPγS. The bound and unbound [35S]GTPγS were separated by rapid filtration under vacuum (Brandel M24R Cell Harvester), and washed three times with 5 ml ice-cold 50 mM Tris-HCl through Whatmann GF/B glass fibers (GE Healthcare Life Sciences through Izinta Kft., Budapest, Hungary). The radioactivity of the filters was detected in UltimaGoldTM MV aqueous scintillation cocktail with Packard Tricarb 2300TR liquid scintillation counter. [35S]GTPγS binding experiments were performed in triplicates and repeated at least three times.

Statistical Analysis

In vivo Assays

For the analysis of mechanical pain thresholds of diabetic animals one-way or two-way ANOVA followed by Newman–Keuls post hoc test was applied. Likewise, in the case of weight change, water- and food consumption.

Dose response curves: dose response curves of percent inhibition of nociceptive response were constructed for each compound in rats 9 weeks after STZ treatment. Also dose response curves of percent inhibition of nociceptive response were calculated in weight matched non-diabetic rats for each tested dose of test compounds. The percentage change of PPT was determined in diabetic and weight matched non-diabetic rats as follows: effect (%) = (PPT(after treatment) - PPT(before treatment))/PPT(before treatment).

Then, the effective dose producing 30% effect (ED30) was calculated from log-linear regression for each test compound in diabetic and weight matched non-diabetic rats. To analyze the changes in antinociceptive potency of test compounds, the calculated ED30 values were compared (ED30diabetic/ED30non-diabetic).

The antiallodynic effects of test compounds were analyzed by one-way ANOVA followed by Newman–Keuls post hoc test at the 9th and 12th week. Weight match animals were used as absolute control in DPA measurement. Vehicle treated group was used as control in order to decide if the applied treatment significantly influenced the parameters.

Results were considered statistically significant when P < 0.05. All the analyses were performed with a professional statistical software: GraphPad Prism 6.0 (GraphPad Software Inc., San Diego, CA, United States).

G-Protein Activity and Radioligand Binding Assays

The specific binding of [35S]GTPγS was calculated by the subtraction of non-specific binding from total binding and was given in percentage. Data was normalized to total specific binding, which was settled 100% and also represents the level of basal activity of the G-protein. Experimental data were presented as means ± SEM in the function of the applied ligand concentration range in logarithm form. Points were fitted with the professional curve fitting program, GraphPad Prism 5.0 (GraphPad Prism Software Inc., San Diego, CA, United States), using non-linear regression, applying the ‘Sigmoid dose-response’ equation to determine the maximum G-protein efficacy (Emax) and ligand potency (EC50).

For the analysis of Emax values and the comparison of individual concentration points within the concentration curves two-way ANOVA with uncorrected Fisher’s LSD post hoc test was applied. Statistical analysis was performed with GraphPad Prism 6.0 program; significance was accepted at P < 0.05 level.



RESULTS

The Development of Diabetic Symptoms and Neuropathic Pain (Allodynia) in STZ Treated Rats

Significant increase in blood glucose concentration of STZ-treated rats compared to vehicle treated animals was achieved 72 h following intraperitoneal STZ injections. This hyperglycaemia was maintained during the entire experimental period (9-12 weeks) indicating the development of diabetes (Figure 2A).
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FIGURE 2. The changes in blood glucose levels in mmol/ml (A), and hind paw withdrawal thresholds (B) in grams prior to and after STZ- or vehicle treatments. Animals not matching predefined criteria for diabetic neuropathy were excluded from experiments (at least 14 mmol/ml blood glucose level and at least 20% decrease in PPT compared to weight matched animals). Figure represents data from one series of experiments. Each value represents the mean ± SEM. ∗p < 0.05 vs. the signed groups (one way ANOVA followed by Newman–Keuls post hoc test).



Also significant decrease in PPTs was achieved at the 3rd week following STZ injection indicating the development of mechanical allodynia (Figure 2B). This symptom is a key feature in the diagnosis of neuropathic pain. Figure 2 depicts that at the 9th and 12th week, diabetic animals developed the lowest nociceptive thresholds that were significantly lower compared to the baseline measured prior to STZ-treatment, indicating the peak of allodynia. No significant difference in developed allodynia was observed between the 9th and 12th week following STZ-treatment. Therefore, in our subsequent studies the antinociceptive action of test compounds, as well as MOR functioning, were analyzed 9 and 12 weeks after induction of diabetes.

Water intake of STZ treated rats was significantly increased in comparison with the vehicle treated group 48 h following treatment. The food consumption of rats with hyperglycaemia reached a significant increase 5 days after treatment (Supplementary Figure 1). Diabetic rats gained significantly less body weight compared to age matched animals. Therefore, weight matched non-diabetic rats were used for a comparison in nociceptive thresholds. In addition, we found no differences between the rates of gastric emptying in 12-weeks diabetic (80 ± 2%, n = 23) and non-diabetic rats (82 ± 2%, n = 20), whereas 0.1 mg/kg clonidine, an alpha2-adrenoceptor agonist used as a positive control, markedly delayed the emptying in weight-matched control animals (55 ± 2%, n = 7, p < 0.01 vs. saline-treated rats).

Advanced Diabetes Impairs the Antinociceptive Effect of Systemic Morphine but Not 14-O-MeM6SU or Fentanyl in Rats

Prior to evaluation of the antinociceptive and anti-allodynic effects, the peak antinociceptive effects of 14-O-MeM6SU and morphine were established (60 min for 14-O-MeM6SU, 10 min for fentanyl and 30 min for morphine; Supplementary Figure 2). Thus, these times of peak effects were chosen for further analysis in the entire pain study by DPA.

The calculated ED30 values of 14-O-MeM6SU were 434 and 335 nmol/kg for diabetic and non-diabetic animals, respectively. The ED30 values of fentanyl were 41 and 54 nmol/kg in the same order. In the case of morphine the ED30 values were 20692 and 6589 nmol/kg for diabetic and non-diabetic animals, respectively. Based on the calculated ED30 values there was no significant change in the antinociceptive effect of 14-O-MeM6SU or fentanyl (the value of ED30diabetic/ED30non-diabetic was 1.3 for both compounds). On the other hand, morphine was 7 times less effective in diabetic, than non-diabetic animals (ED30diabetic/ED30non-diabetic) (Figure 3). These data also indicate that 14-O-MeM6SU displayed a 48 times and fentanyl 505 times higher potency than morphine in diabetic conditions based on the compared ED30 values.
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FIGURE 3. Dose-response curves of 14-O-MeM6SU (A), fentanyl (B) and morphine (C) in diabetic and non-diabetic animals obtained with DPA. Data are represented as mean ± SEM (n = 5–10).



The Antiallodynic Effects of Systemic 14-O-MeM6SU, Fentanyl and Morphine in Diabetic Rats

The present data were obtained 9 and 12 weeks following STZ treatment that is 6 and 9 weeks after the significant appearance of allodynia, a major sign of painful diabetic neuropathy.

Subcutaneous 14-O-MeM6SU (253, 506, and 1012 nmol/kg), fentanyl (25, 50, and 100 nmol/kg) and morphine (10000, 20000, and 40000 nmol/kg) were tested for their antiallodynic actions in diabetic rats with allodynia (Figure 4). 14-O-MeM6SU in all tested doses significantly ameliorated the allodynia (Figure 4A), whereas fentanyl and morphine only at a higher dose (100 and 40000 nmol/kg, respectively) attenuated the allodynia significantly (Figures 4B,C).
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FIGURE 4. The systemic antinociceptive effect of 14-O-MeM6SU (A), fentanyl (B) and morphine (C) in STZ treated diabetic rats with neuropathy on DPA test following systemic (s.c.) administration at 9th week after STZ injection. Data were obtained 60 min after the injection of 14-O-MeM6SU, 10 min after fentanyl injection and 30 min in the case of morphine injection (time of peak effect). Each value represents the mean in grams ± SEM. ∗p < 0.05 vs. diabetic baseline and saline treated group. #p < 0.05 vs. weight match control group (one way ANOVA followed by Newman–Keuls post hoc test).



When we compared the effects of 14-O-MeM6SU and fentanyl or morphine doses in diabetic and non-diabetic rats, morphine in lower doses (from 2500 nmol/kg) induced significant antinociceptive actions in naïve (weight matched) rats. 14-O-MeM6SU at the 253 nmol/kg dose, which already produced antiallodynic effects in diabetic rats, failed to show any significant antinociceptive action in naïve rats. However, at higher doses (506 nmol/kg) it produced antinociception in naïve rats. Interestingly, fentanyl showed partial but significant antinociceptive effect in naïve rats in the doses of 25 and 50 nmol/kg, doses that failed to alter the thresholds of diabetic animals. This means that 14-O-MeM6SU, but not fentanyl or morphine did produce antiallodynic effects in certain doses devoid of antinociception in naïve rats. This effect might be attributed to the decrease in the opioid receptors, which in turn affects the action of test compounds but not that of 14-O-MeM6SU.

We further analyzed the lowest antiallodynic dose of 14-O-MeM6SU and morphine (253 and 40000 nmol/kg, respectively) at 12th weeks advanced diabetic rats. Both compounds produced antiallodynic effects in accordance with 9th week data at the same doses (data not shown).

The Antagonist Effect of Coadministered NAL-M on the Systemic Antinociceptive Effect of 14-O-MeM6SU or Morphine in Diabetic Rats

The antagonist effect of the peripherally acting opioid antagonist NAL-M (10.6 μmol/kg, s.c.) was tested against s.c. 14-O-MeM6SU and morphine doses producing antiallodynic effects. In these experiments NAL-M failed to alter the antiallodynic action of test compounds (Figure 5), indicating the contribution of the central nervous system. NAL-M alone had no effect (n = 5, data not shown).
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FIGURE 5. The antagonist effect of s.c. co-administered NAL-M (10.6 μmol/kg) on the analgesic effect of s.c. 14-O-MeM6SU (A) and morphine (B) in STZ treated neuropathic animals in doses that reversed the allodynia and elevated PPT on diabetic and non-diabetic animals. Data were obtained 60 min after the injection of 14-O-MeM6SU and 30 min in the case of morphine injection. Each value represents the mean in grams ± SEM. ∗p < 0.05 vs. diabetic baseline and saline treated group. #p < 0.05 vs. weight match control group (one way ANOVA followed by Newman–Keuls post hoc test).



Persistent Hyperglycemia Reduced MOR Immunoreactivity in Spinal Cord and DRG as Well as Binding Sites in the Spinal Cord of Rats

Constant hyperglycemia resulted in apparent decrease in the number of MOR positive DRG neurons in rats developed allodynia (Figure 6). In parallel, there is apparent reduction in the MOR immunoreactivity within superficial layer of dorsal horn in spinal cord of diabetic rats (Figure 6).
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FIGURE 6. The immunohistological assay shows reduction in MOR number in DRG (A,B) and spinal cord dorsal horn tissues (A,C) of STZ treated diabetic rats in comparison with non-diabetic animals (n = 5). Scale bar = 20 μm for DRG and 40 μm for spinal cord section. Each value represents the mean ± SEM. ∗p < 0.05 Student t-test.



Indeed, the radioligand binding assay demonstrated that the maximal of [3H]DAMGO by membrane spanning MOR (Bmax) was significantly decreased in the dorsal horn of diabetic rats (13.11 ± 1.85 fmol/mg) compared to controls (23.55 ± 4.36 fmol/mg) (P < 0.001; Figure 7). The dissociation constant (Kd) was 0.49 ± 0.18 for diabetic and 0.29 ± 0.17 for control rats. These data indicate no significant difference between diabetic and control rats in the affinity of DAMGO for MOR.
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FIGURE 7. [3H]DAMGO binding in membrane tissues from dorsal spinal cord of diabetic and non-diabetic rats (n = 3–5). ∗p < 0.05; vs. non-diabetic control group (∗∗p < 0.01). (Two-way ANOVA followed by Fisher’s LSD post hoc test.)



The G-Protein Coupling Activity in Presence of 14-O-MeM6SU, Fentanyl or Morphine in Spinal Cord Homogenates Prepared From Diabetic or Control Rats

MOR specific G-protein coupling was measured by MOR agonist-stimulated [35S]GTPγS binding assay. 14-O-MeM6SU produced similar G-protein coupling in spinal cord tissues from STZ or vehicle treated rats after 9 or 12 weeks (Figure 8). On the other hand, fentanyl and morphine showed a significantly reduced efficacy (Emax) of G-protein coupling in spinal cord tissues of diabetic rats. The Emax of morphine showed a significant decrease in the samples of 9th and 12th week, whereas in the case of fentanyl the decrease was apparent in the 12th week’s samples, in accordance with our previous data (Shaqura et al., 2013). The calculated Emax values for test compounds are presented in Table 1. The reduction in [35S]GTPγS specific binding of morphine and fentanyl was also observed between certain concentration points of the concentration-response curves (Figure 8). In general, 14-O-MeM6SU and fentanyl showed significantly higher efficacy than morphine in all of the spinal cord samples as indicated by the Emax values (Table 1). Taken together, no difference exists in 14-O-MeM6SU-stimulated coupling but it does exist in fentanyl- and morphine-stimulated coupling between diabetic and control rats.
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FIGURE 8. Agonist activity of 14-O-MeMSU (A,D) compared to fentanyl (B,E) and morphine (C,F) in rat whole spinal cord membrane homogenates treated with vehicle or STZ for 9 (A–C) or 12 weeks (D–F) after treatment in [35S]GTPγS binding assays. Figures represents the specific binding of [35S]GTPγS in the presence of increasing concentrations (0.1 nM–10 μM) of the indicated ligands. Points represent means ± S.E.M. for at least three experiments performed in triplicate. “Basal” on the x-axis indicates the basal activity of the monitored G-protein, which is measured in the absence of the compounds and also represents the total specific binding of [35S]GTPγS. The level of basal activity was defined as 100% (indicated by dotted line). The calculated Emax and EC50 ± S.E.M. values are presented in Table 1. ∗p < 0.05 diabetic vs. non-diabetic samples (∗∗p < 0.01; Two-way ANOVA, Fisher’s LSD post hoc test).



TABLE 1. Maximum G-protein efficacy (Emax ± SEM) and potency (EC50 ± SEM) of 14-O-MeM6SU, compared to morphine and fentanyl in vehicle (non-diabetic) and 9 and 12 weeks STZ treated (diabetic) rat spinal cord performed in [35S]GTPγS binding assays.
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The G-Protein Coupling Activity in Presence of 14-O-MeM6SU, Fentanyl or Morphine in Brain Homogenates Prepared From Diabetic or Control Rats

MOR G-protein coupling in the presence of 14-O-MeM6SU, fentanyl or morphine was also determined in brain membrane homogenates from STZ or vehicle treated rats. Neither compounds showed significant differences in maximal efficacy (Emax) and ligand potency (EC50) 9 or 12 weeks after STZ treatment compared to control samples (Table 2 and Figure 9). Additionally, in the control brain samples, 14-O-MeM6SU and fentanyl showed significantly higher maximum efficacy compared to morphine, whereas in the STZ treated brain samples of the 9th week this significance disappeared, though the tendency remained (Table 2 and Figure 9).

TABLE 2. Maximum G-protein efficacy (Emax ± SEM) and potency (EC50 ± SEM) of 14-O-MeM6SU, compared to morphine and fentanyl in vehicle (non-diabetic) and 9 and 12 weeks STZ (diabetic) treated rat brain performed in [35S]GTPγS binding assays.
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FIGURE 9. Agonist activity of 14-O-MeMSU (A,D) compared to fentanyl (B,E) and morphine (C,F) in rat whole brain membrane homogenates treated with vehicle or STZ 9 weeks (A–C) or 12 weeks (D–F) after treatment in [35S]GTPγS binding assays. Figures represents the specific binding of [35S]GTPγS in the presence of increasing concentrations (0.1 nM–10 μM) of the indicated ligands. Points represent means ± S.E.M. for at least three experiments performed in triplicate. “Basal” on the x-axis indicates the basal activity of the monitored G-protein, which is measured in the absence of the compounds and also represents the total specific binding of [35S]GTPγS. The level of basal activity was defined as 100% (indicated by dotted line). The calculated Emax and EC50 ± S.E.M. values are presented in Table 2.





DISCUSSION

In the present study, we have examined the opioid antinociceptive-antiallodynic efficacy in the mitigation of rat neuropathic pain by three MOR agonists, namely, 14-O-MeM6SU, fentanyl and morphine. The test compounds display different pharmacological character in term of the efficacy (Lacko et al., 2012; Shaqura et al., 2013). The analgesic effects of currently available opioid analgesics in the management of neuropathic pain is a matter of controversy in both clinical practice and opioid research. Nevertheless, opioids and a related compound, tramadol are considered as second line agents in the management of painful diabetic neuropathy (Moulin et al., 2014). It is noteworthy to mention that opioids in painful conditions like NP due to cancer, or acute NP, are considered as first line agents, and may also be useful to achieve fast pain relief during titration of the conventional first line medications (Dowell et al., 2016). The majority of opioids available for clinical use produce their analgesic effects by activation of MOR. In animal models of diabetes, the MOR reserve has been reported to be reduced in rats of 2–3 weeks diabetes (Kou et al., 2016). Herein, we paid attention to the impact of persistent hyperglycaemia (9–12 weeks) on MOR-mediated antinociception by 14-O-MeM6SU, fentanyl and morphine in rats. To the best of our knowledge, this is the first work that reports on the antiallodynic effect of the recently synthetized opioid agonist of high efficacy, 14-O-MeM6SU compared to that of opioids of high clinical values, fentanyl and morphine on DNP in rats following systemic administration (Lacko et al., 2012).

The first task was to follow the changes in blood glucose level and development of allodynia for 12 weeks period following STZ-treatment. STZ is a diabetogenic drug commonly used for inducing diabetes. It’s diabetogenic action is a result of β-cell destruction as proved by our and other previous works (Courteix et al., 1993, 1994; Shaqura et al., 2013). In the present work animals with (≥14 mmol/l) blood glucose level were considered diabetics as described previously (Courteix et al., 1993). We have measured significant allodynia 3 weeks following STZ treatment that peaked at the 9th-12th week (Figure 2). These symptoms are indicative for development of DNP and in accordance with previous studies (Courteix et al., 1993; Goyal et al., 2016).

In addition other symptoms related to development of diabetes such as polydipsia, polyphagia and weight change were also assessed. In this series of experiment the latter parameters were only determined during the first 7 weeks following STZ injection (Supplementary Figure 1). To carry out such experiments animals were kept individually. The assessment of these parameters was ended on the 7th week. The purpose was to exclude the isolation stress of the rats when we assessed analgesia. Generally, rodents prefer some form of group living. It is well known that stress is significantly reduced in rats that are housed in groups compared with rats housed alone (Murínová et al., 2017). We also paid attention to the impact of diabetes in gastrointestinal function. Although both acute and chronic hyperglycemia can impair the gastrointestinal motility (Horowitz et al., 2002), in this study the rate of gastric emptying was comparable in diabetic and non-diabetic rats, suggesting that gastroparesis did not develop in spite of constantly high blood glucose level.

Despite of a huge research, there is no present data that could end the debate on the controversy of effectiveness of current opioid analgesics in the management of DNP. In addition, only a few studies were carried out on the antinociceptive-antiallodynic effects of opioids at advanced diabetes of 9–12 weeks that at least could suit the clinical condition of advanced neuropathic pain. To carry on, we examined the change in the antinociceptive effects of the test compounds (14-O-MeM6SU, fentanyl and morphine) in both naïve (weight match control) and diabetic rats at 9 weeks after STZ-treatment. In addition to the drug’s antinociception, the antiallodynic actions of the test compounds were also determined. Keeping in mind, when we explain the antinociception, we refer to the change in the paw thresholds of control and diabetic rats. On the other hand, when speak about antiallodynic effects, we refer to the effects of test compounds that only seen in rats with hyperglycemia that developed tactile allodynia. Impairment in the antinociceptive effect was seen only for systemic morphine. This tendency is based on the calculated ED30 values where morphine was 7 times less effective in diabetic animals than non-diabetic ones, whereas fentanyl or 14-O-MeM6SU showed no difference in the antinociceptive action between diabetic and non-diabetic animals (Figure 3, ED30diabetic/ED30non-diabetic). This indicates a significant reduction in the antinociceptive effect of morphine, which is in accordance with previous studies (Courteix et al., 1998; Cegielska-Perun et al., 2014). Yet, the novel compound and fentanyl remained highly effective even in neuropathic conditions.

Regarding to antiallodynic effect, our study is new from two aspects. The first aspect is the novel compound but not fentanyl or morphine at the present work circumstances produced antiallodynic effect in doses devoid of an impact on naïve rats. This statement is based on the following observations: 14-O-MeM6SU (253 nmol/kg) but not fentanyl or morphine produced significant antiallodynic action only in DNP and no impact on PPTs of naive rats.

Previous studies by our and other groups reported on the effects of different opioids in diabetic NP, though the antiallodynic efficacy was varied (Courteix et al., 1998; Shaqura et al., 2013, 2014; Rutten et al., 2014). Many studies reported on the lowered opioid antinociceptive efficacy in animal neuropathic models (Cegielska-Perun et al., 2014; Shaqura et al., 2014; Yadlapalli et al., 2016). Some studies reported the ineffectiveness of morphine even in doses up to 10 mg/kg (approximately 31 μmol/kg) 7 weeks following STZ treatment (Yamamoto et al., 2009). Of note, in contrast to morphine, 14-O-MeM6SU or fentanyl displayed equipotent antinociception in non-diabetic and diabetic rats.

We further analyzed the peripheral antiallodynic component of morphine and 14-O-MeM6SU in the presence of systemically given NAL-M, because in our previous works, in inflammatory pain models 14-O-MeM6SU in certain doses showed peripheral antinociception (Lackó et al., 2016; Balogh et al., 2018). The applied NAL-M dose has been reported previously for its peripheral distribution (Bianchi et al., 1982; Lewanowitsch and Irvine, 2002). Under the present experimental circumstances, systemic NAL-M failed to affect the antiallodynic effect of systemic 14-O-MeM6SU or morphine (Figure 5). Consequently, if we accept that NAL-M does not penetrate the blood brain barrier in the applied doses, then, MOR in CNS might mediate the measured antinociceptive effect of higher systemic doses of test compounds that abolished allodynia, in accordance with previous studies (Zurek et al., 2001). A question might be raised about the peripheral vs. central antiallodynic effect of fentanyl. Regarding to this issue fentanyl has physiochemical properties that allow it to readily access to the CNS following systemic administration as described by previous studies (Fürst et al., 2005). Therefore, involvement of central opioid system in the antiallodynic effect of fentanyl is not a matter of debate.

The central opioid analgesic effect is originated from the activation of opioid receptors in the spinal and supraspinal region as described elsewhere (Pasternak, 1993). The analysis of MOR functioning at both spinal and supraspinal levels was carried out to elucidate the above mentioned and stand for our second aspect.

The second aspect is that, at the level of spinal cord, 14-O-MeM6SU or fentanyl but not morphine caused remarkable effect in G-protein coupling in spinal tissues prepared from rats with DNP 9 weeks following STZ treatment (Figure 8 and Table 1). Further extension of blood hyperglycemia impaired both morphine and fentanyl induced MOR activation, though the degree of impairment in the case of morphine was prominent.

In our previous work in rats with advanced (12 weeks) diabetic neuropathy and mechanical hyperalgesia, we demonstrated a decrease in fentanyl-mediated spinal antinociception in mechanical hyperalgesia associated with reduced MOR number and G-protein coupling in sensory neurons (Shaqura et al., 2013). In the present work we also detected a decrease in MOR density both in the DRG and the dorsal horn of the spinal cord of rats with DNP (Figure 6). On the other hand, we have previously proved that 14-O-MeM6SU has higher intrinsic efficacy than morphine (Khalefa et al., 2012), meaning that even if there is a decrease in MOR reserve it might activate MOR and produce measurable analgesia.

The results presented herein proved that 14-O-MeM6SU and fentanyl are opioids of high efficacy, because they could produce significant G-protein activation in spinal cord homogenates from diabetic rats after 9-12 of STZ treatment. In contrast to 14-O-MeM6SU or fentanyl, morphine displayed very weak G-protein activation at the same time points. Of note, fentanyl showed significantly lower efficacy in all spinal samples compared to the novel compound but was superior to morphine. On the other hand, neither morphine nor 14-O-MeM6SU or fentanyl showed any difference in efficacy at the supraspinal level of diabetic rats compared to non-diabetic. Interestingly, 14-O-MeM6SU and fentanyl, but not morphine, showed similar efficacy at the spinal level in control and diabetic rat after 9 weeks. Furthermore, activation of MOR by 14-O-MeM6SU was not affected by developed diabetes and remained significantly higher compared to the other test compounds. Our previous study showed reduction in the analgesic action of fentanyl in diabetic rats of 12 weeks. The impairment of fentanyl analgesia was related to decrease in MOR functioning, as described previously (Shaqura et al., 2013). At the present we can relate the difference in G-protein coupling property of brain compared to the spinal cord to the difference in their MOR reserve. It means that the magnitude of action largely depends on the efficacy (intrinsic activity) of test opioid agonists. Morphine has been reported to display lower efficacy (partial agonist) either in isolated organs hosting opioid receptors or G-protein activation assay (Rónai et al., 2006; Al-Khrasani et al., 2007). In contrast to morphine, 14-O-MeM6SU or fentanyl were found to be full agonists (higher intrinsic activity) (Lacko et al., 2012; Khalefa et al., 2013). Therefore, if the receptor reserve is decreased then only opioids of high efficacy could show activity regardless of circumstances in vitro or in vivo. Herein, the density of opioid receptors was lower at the spinal level and no change was observed in the brain of diabetic rats. In addition, MORs are distributed in the pre- and postsynaptic membranes of primary and secondary sensory neurons, respectively, that convey pain toward the brain. Consequently, this condition (low spinal MOR density) could affect the spinal analgesic action of low efficacy opioids such as morphine.

[35S]GTPγS binding assays are used to demonstrate the alterations in the G-protein activity in the presence of opioid agonists. The activation of G-protein is the initial step of the GPCR signaling pathway. Indeed, this activity was disrupted in MOR receptors expressed in the spinal cord (see Results section: The G-protein Coupling Activity of 14-O-MeM6SU, Fentanyl or Morphine in Spinal Cord Homogenates Prepared From Diabetic or Control Rats), which corresponds well with results seen in immunohistochemistry and saturation binding experiments. Signaling mechanism of morphine has been reported to engage both G-protein coupling and β-arrestin recruitment. However, at the present time we have no data on the mechanism of 14-O-MeM6SU regarding to β-arrestin recruitment. Future studies are needed to explore whether 14-O-MeM6SU is biased to G-protein or β-arrestin.

The spinal cord is a crucial point in pain transduction (Pasternak, 1993). At this pain traffic point MORs are found in the presynaptic central terminals of primary afferent neurons, which are the targets for spinally administered opioids and other drugs prescribed for NP, like gabapentinoids (Perret and Luo, 2009). These analgesic agents block the voltage gated calcium channels (VGCCs), and consequently transmitters that further process pain toward the brain. Since opioid receptors are localized in both pre- and postsynaptic membrane of primary afferent and secondary afferent fibers, respectively their activation will result in the inhibition of transmitter release and consequently the peripheral signal propagation toward the brain.

Therefore, we can hypothesize that 14-O-MeM6SU, a high efficacy opioid indicated by high G-protein coupling, might block the pain effectively at this point. Under the present experimental conditions, morphine did produce weak G-protein coupling in spinal homogenates from diabetic rats, so behaved as a partial agonist, meaning that at higher doses its analgesic action might be stemmed from the activation of opioid receptors at the supraspinal level rather than opioid receptors at the presynaptic site of central terminal of primary afferent. MOR number apparently was low at the level of DRG and spinal dorsal horn, in accordance with previous data that showed a significant decrease in MOR in the spinal cord of animals with diabetic neuropathy (Shaqura et al., 2013). Therefore, the supraspinal region is largely responsible for morphine analgesia supported by G-coupling in the present work and other in vivo studies (Muranyi and Radak, 2008; Al-Khrasani et al., 2012). In addition, advance in diabetes (12 weeks) could also affect the effect of fentanyl on G-protein activation, though in contrast to morphine it still produces significant effect in term of efficacy (Emax). An important question might be raised on the impact of test compounds on the respiratory functions. In our previous work 14-O-MeM6SU in a dose of 253 nmol/kg showed no respiratory depression, yet in the present work could produce significant antiallodynic action. On the other hand morphine or fentanyl produced antiallodynic effects only in higher doses that are well known to cause significant respiratory depression (Pazos and Flórez, 1984; Hutchinson et al., 2008; Cavalla et al., 2015). Taken together, the present study established the ineffectiveness of morphine and in contrast to 14-O-MeM6SU proved change on G-protein coupling between the 9th and 12th week of diabetes in the case of fentanyl. Future studies are needed to explore the role of spinal opioid receptors compared to supraspinal ones in the inhibition of DNP. Of note, in the present work we did our best to obtain our conclusion from one species (rats) applying in vivo and vitro assays. The in vivo results were supported by G-protein coupling and immunohistochemical assays. G-protein activation is undoubtedly an important step to establish the response of the cells to ligands. Immunohistochemistry is an important tool to assess the change of tissue-based protein expression. Therefore, the outcome of the present study hopefully will contribute to better understanding the mechanisms underlying the variation in the response of patients as well as animals with DNP to current opioids.

In the light of above mentioned, the present study also could shed light on the efficacy of opioids in the management of advanced diabetes (9 and 12 weeks) applying three different opioid agonists: one novel and two are considered as classical opioids of clinical values. Of note the test compounds display different physiochemical profiles, efficacy and duration of actions. Also proved that only diabetes of 12 weeks long could discriminate between opioid analgesics of high efficacy that had shown similarity in 9 weeks or earlier stage of diabetes.



CONCLUSION

Large reduction in the antinociception of morphine but not of fentanyl or 14-O-MeM6SU in diabetic rats compared to control rats was observed.

Alterations in the antinociceptive effects of morphine and fentanyl but not 14-O-MeM6SU were shown in diabetic neuropathic rats.

Untreated diabetes results in reduced MOR G-protein coupling by morphine and fentanyl but not 14-O-MeM6SU at the level of spinal cord, key traffic point in the pain transmission.

Advanced diabetes results in significant reduction in the antiallodynic effects of partial agonists like morphine in contrast to the opioid agonists with high efficacy: 14-O-MeM6SU or fentanyl. Developing novel opioids with high efficacy in the management of advanced painful diabetes is of unmet medical needs.
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FIGURE S1 | Daily food and water consumption of STZ treated (diabetic) and vehicle treated (non-diabetic) animals at the given time points.

FIGURE S2 | Time dependent effect of 14-O-MeM6SU and morphine in diabetic animals with developed allodynia. 14-O-MeM6SU and morphine achieved their peak effects at 60 and 30 min, respectively.
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Long-term morphine administration leads to tolerance and a gradual reduction in analgesic potency. Noncoding microRNAs (miRNAs) modulate gene expression in a posttranscriptional manner, and their dysregulation causes various diseases. Emerging evidence suggests that miRNAs play a regulatory role in the development of morphine tolerance. In the present study, we hypothesized that miR-873a-5p is a key functional small RNA that participates in the development and maintenance of morphine tolerance through the regulation of A20 (tumor necrosis factor α-induced protein 3, TNFAIP3) in mice. We measured the percentage of maximum possible effect (MPE %) to evaluate the analgesic effect of morphine. The expression of miR-873a-5p and its target gene A20 were determined after the morphine-tolerant model was successfully established. Intrathecal injection with lentivirus to intervene in the expression of A20 and the miR-873a-5p antagomir was used to explore the role of miR-873a-5p in the development of morphine tolerance. Chronic morphine administration significantly increased the expression of miR-873a-5p, which was inversely correlated with decreased A20 expression in the spinal cord of morphine-tolerant mice. Downregulation of miR-873a-5p in the spinal cord attenuated and partly reversed the development of morphine tolerance accompanied by overexpression of A20. Similarly, A20 was upregulated by a recombinant lentivirus vector, which attenuated and reversed the pathology of morphine tolerance by inhibiting the activation of nuclear factor (NF)-κB. Collectively, our results indicated that miR-873a-5p targets A20 in the spinal cord to facilitate the development of morphine tolerance in mice. Downregulating the expression of miR-873a-5p may be a potential strategy to ameliorate morphine tolerance.
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INTRODUCTION

Morphine is often used to treat a variety of acute and chronic pain conditions (Bohn et al., 2000). However, the analgesic application of morphine is limited by undesirable effects such as morphine tolerance, drug dependence and respiratory depression (Harrison et al., 1998; Eriksen et al., 2006; Song et al., 2012). Morphine tolerance is defined as an attenuated analgesic effect, and an increasing morphine dosage is required to achieve adequate analgesia for long-term application (Song et al., 2010). Increasing evidence has shown that morphine tolerance is a complex process involving some cellular adaptations and molecular mechanisms (Arttamangkul et al., 2018). However, the underlying cellular and molecular mechanisms of morphine tolerance are not entirely understood.

MicroRNAs (miRNAs) are small noncoding RNA molecules that exert their function through posttranscriptional silencing of their target genes (Zhou et al., 2017) and may be potential therapeutic targets of many treatments for chronic pain (Kynast et al., 2013; Neudecker et al., 2016; Zhang et al., 2017). Increasing evidence suggests that miRNAs are the key modulators that accelerate morphine tolerance (Tapocik et al., 2016; Wang J. et al., 2016). In this study, we found that miR-873a-5p is unregulated in the spinal cord. Recent research found that miR-873 inhibits morphine-induced macrophage apoptosis, which may provide new molecular mechanisms for morphine addiction. IL-17 induces aberrant expression of miR-873, which targets A20 to regulate the production of inflammatory cytokines and chemokines and aggravate the pathological process of experimental autoimmune encephalomyelitis (EAE). However, the relationship between miR-873a-5p and morphine tolerance is unclear.

A20, also called tumor necrosis factor α-induced protein 3 (TNFAIP3), is one of the predicted target genes of miR-873a-5p (Liu X. et al., 2014; Li et al., 2015) and acts as a key regulator of inflammation and immunity by negatively regulating NF-κB signaling (Wertz et al., 2004). In this study, we tested the hypothesis that miR-873a-5p participates in the development and maintenance of morphine tolerance by targeting A20 in mice.



MATERIALS AND METHODS

Animal Preparations

Specific pathogen-free (SPF) male ICR mice (24–28 g, 6–8 weeks old) were obtained from the Experimental Animal Service of Central South University. All animals were acclimatized for 3 days before the experiments started and were housed in plastic cages under a 12 h light/dark cycle. Four to five mice were housed per cage under pathogen-free conditions with soft bedding under a controlled temperature (22 ± 2°C) with ad libitum access to food and water. All procedures followed the guidelines approved by the Administration Committee of Experimental Animal Care and Use of Xiangya Hospital, Central South University. The study followed the ethical guidelines of the International Association for the Study of Pain (Zimmermann, 1983). All animals were divided randomly into different groups, and behavioral tests were performed and assessed by an independent observer blinded to treatment to minimize bias. All experiments were performed between 9:00 a.m. and 11:00 a.m.

Morphine Tolerance Model and Behavioral Testing

To induce morphine tolerance, ICR mice received twice-daily injections of morphine [10 mg/kg, subcutaneous (s.c.)] for 7 consecutive days, and the control group was injected with the same volume of normal saline (Xu et al., 2017). Behavioral tests were performed before (basal response time) and 30 min after (drug response time) morphine was administered by tail-flick assay to assess morphine analgesia every 2 days. Briefly, the water temperature was adjusted to ensure a basal latency of 3–4 s, and a cut-off latency of 10 s was set to avoid tissue damage. Mice were placed in 52°C water to measure the latency of tail withdrawal (Fitting et al., 2016). The results were calculated as a percentage of maximum possible effect (%MPE), which was calculated by the following formula: MPE% = 100% × [(Drug response time – basal response time)/(cut-off time – basal response time)] (Harris and Pierson, 1964).

Cell Culture

HT22 cells, an immortalized clonal mouse hippocampal cell line, were grown in high-glucose Dulbecco’s Modified Eagle’s Medium (Gibco) supplemented with 10% heated-inactivated horse serum (Gibco), 100 units/ml penicillin and 100 μg/ml streptomycin. The cells were maintained in an incubator with 5% CO2.

miRNA – Related Reagents

Antagomirs are chemically modified, cholesterol-conjugated, single-stranded RNA analogs (3-OMe-modified nucleotides) complementary to target miRNA. The miR-873a-5p antagomir (5′-AGGAGACUCACAAGUUCCUGU-3′), directed against murine miR-873a-5p, was purchased from GenePharma (Shanghai, China) as a negative control (5′-CAGUACUUUUGUGUAGUACAA-3′) to create an RNA sequence that is not encoded in the murine genome. Antagomirs were diluted to 20 μM.

Construction of Lentiviral Vectors

Lentiviral vector plasmids encoding A20 were derived by cloning into the PgLV5/EF-1a/GFP vector, which expresses the GFP gene under control of the EF-1a promotor to increase A20 expression (LV-A20) (gene ID 21929), and the lentivirus negative control vector (LV-control) was purchased from GenePharma, China. The sequence CTACCTGAGTTCCTTCCCCTT was cloned into the pGLV3/H1/GFP vector to decrease A20 expression (LV-shA20), and the sequence TTCTCCGAACGTGTCACGT was the control (LV-NC). The vectors were cotransfected into HEK 293T cells using Polybrene (5 μg/ml). Lentiviral vector production, transfection and titration were performed according to protocols described previously (Szulc and Aebischer, 2008; Zou et al., 2011). The titer was 1 × 109 TU/ml, and 5 μl of lentivirus was intrathecally injected into mice. The GFP fluorescence in the HT22 cells and spinal cord of mice was monitored to confirm successful transfection using a fluorescence microscope.

Intrathecal Injection

The mice were held by the iliac crest to locate the spinous process of L6. A 30-gage, 0.5-inch needle attached to a 25 μl Hamilton syringe was inserted between the groove of the L5 and L6 vertebrae, and a tail flick indicated successful entry of the needle into the subdural space. When the tail flick was observed, antagomirs or lentivirus (5 μl) were slowly delivered into the intrathecal space with the other hand. Intrathecal injection did not affect baseline response time compared with the reaction time before injection.

Western Blot

Spinal cord lumbar L4-L6 segment samples from mice in different groups were lysed in ice-cold RIPA buffer with protease inhibitors. Protein concentrations were measured with the BCA protein quantitative analysis kit (Biocolors, China). Proteins were separated via 10% sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE) electrophoresis and transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were blocked with 5% nonfat milk for 2 h at room temperature. After the membranes were blocked, they were incubated overnight with primary antibodies against A20 (mouse, 1:2000; Abcam), NF-κB (rabbit, 1:1000; Abcam), phosphorylated (p-)NF-κB (rabbit, 1:1000; Abcam), and β-tubulin (rabbit, 1: 2000; Abcam) at 4°C. The membranes were washed with TBST three times the next day and further incubated with goat anti-mouse or goat anti-rabbit IgG horseradish peroxidase-conjugated secondary antibody for 2 h at room temperature. The immune complexes were detected using super ECL Western blot detection reagents (Millipore, United States). The intensity of each band was determined using ImageJ software (National Institutes of Health, United States), and the expression of proteins was normalized to the expression of β-tubulin.

Quantitative Real-Time PCR

Total RNA was extracted from the L4-L6 segments of the spinal cord using TranZol Up (TransGen Biotech, China). Reagents and kits were provided by GeneCopoeia (Guangzhou, China). All procedures were performed according to the manufacturer’s protocols. For quantification of mRNAs, total RNA (1 μg) from each sample was reverse-transcribed into cDNA with a random primer. The relative mRNA expression of A20 was normalized to the expression of the housekeeping gene GAPDH. Primer A20 forward: ATGGTGATGGAAACTGCCTCAT, reverse: ATTTCAGAGATTCCAGCTGCCA. GAPDH forward:AGGTCGGTGTGAACGGATTTG, reverse: TGTAGACCATGTAGTTGAGGTCA. For quantification of miRNAs, aliquots of total RNA (1 μg) from each sample were reverse-transcribed into cDNA. The miRNA primer sets for miR-873a-5p and U6 were purchased from GeneCopoeia (Guangzhou, China). RT-qPCR was performed using an all-in-OneTM miRNA RT-qPCR detection kit. The relative expression levels of miR-873a-5p were normalized to the expression of U6. The specificity of RT-qPCR primers was determined using a melt curve after amplification to show that only a single species of qPCR product was amplified from the reaction. The relative expression of A20 and miR-873a-5p was calculated by the 2−ΔΔCt method. The RT-qPCR experiment was repeated 3 times.

Immunofluorescence, Fluorescence in situ Hybridization, and Immunohistochemistry

Under deep anesthesia by intraperitoneal injection of pentobarbital sodium (10 mg/kg), mice were perfused transcardially with PBS (pH 7.4) followed by fresh 4% paraformaldehyde in 0.1 M PBS for 20 min. Then, L4-L6 lumber segments were removed, postfixed in the same fixative overnight and immersed in 30% sucrose in PBS. The next day, the spinal cords were rapidly frozen in liquid nitrogen and sectioned (10 μm). To detect the expression of A20, sections were preincubated in PBS containing 5% normal donkey serum and 0.3% Triton X-100 for 1 h. Double-staining immunofluorescence was used to determine the cell types in the spinal cord that express A20. The sections were incubated with the following antibodies: monoclonal anti-NeuN mouse (1:500, NOVUS, United States), monoclonal anti-GFAP mouse (1:600, Millipore, United States); monoclonal goat anti-Iba1 (1:400, Abcam, United States); monoclonal anti-GFP (1:200, Cell Signaling Technology); and rabbit anti-A20 antibody (1:200, Boster, China) at 4°C overnight. Sections were washed with PBS 3 times and then incubated with a secondary antibody labeled with Alexa Fluor-488 conjugated goat anti-rabbit (1:200, Jackson, United States) and Alexa Fluor-594 conjugated donkey anti-mouse or anti-goat (1:200, Jackson, United States) at room temperature for 2 h. Sections were washed 3 times with PBS, rinsed briefly in distilled water, dried and mounted with prolong Gold containing DAPI (Invitrogen, Carlsbad, CA, United States). Images were captured using a Leica DM5000B microscope equipped with a computer (Wang et al., 2017). A 5-DIG (digoxin)–and 3′-DIG-labeled mature miR-873a-5p miRCURY LNA detection probe (5′-DIG-AGG AGA CTC ACA AGT TCC TGC-DIG-3′) was synthesized by Exiqon (Denmark), and scrambled LNA probes were used as a negative control. Fluorescence in situ hybridization (FISH) was carried out using a FISH kit (Boster, China). Sections were treated with proteinase K for 15 min at 37°C and fixed in 4% paraformaldehyde for 10 min. Then, prehybridization was conducted with prehybridization buffer (50% formamide, 5 × SSC, 0.3 mg/ml yeast tRNA, 0.1 mg/ml heparin, 1 × Denhardt’s solution, 0.1% Tween-20, 5 mM EDTA in DEPC water) for 4 h at 54°C. The probe was diluted with hybridization buffer to 50 nmol and incubated for 16 h at 54°C. After hybridization, excess probe was removed by washing with SSC buffer. Sections were then incubated in Alexa Fluor 594-conjugated IgG fraction monoclonal mouse anti-digoxin. To identify the main protein coexpressed with miR-873a-5p, the sections used for FISH were further incubated overnight with primary antibodies, monoclonal rabbit anti-NeuN (1:400, Millipore, United States), monoclonal rabbit anti-GFAP (1:400, Millipore, United States), and monoclonal goat anti-Iba1 (1:400, Abcam, United States). Images were captured using a Leica DM5000B microscope equipped with a computer.

Spinal cords were fixed with fresh 4% paraformaldehyde and cut into 10-μm-thick sections. After heat-induced antigen retrieval, as mentioned before (Ding et al., 2017), sections were washed with 3% H2O2 for 10 min and blocked with 3% goat serum for 1 h. Then, the tissue sections were incubated with the miR-873a-5p miRCURY LNA detection probe overnight and incubated with goat anti-mouse IgG antibody for 20 min and streptavidin HRP for 20 min at 37°C the next day. Sections were measured using direct bonded aluminum (DAB) substrate (ZSGB-BIO, China). Images were captured using a Leica DM5000B microscope equipped with a computer. Image-Pro plus 6.0 was used to analyze the images.

Luciferase Reporter Assays

The wild-type 3′-UTR of A20 mRNA (GUUCCUG) and mutant-type 3′-UTR of A20 mRNA (ACGUAAU) were inserted into pmiRGLO vectors (GenePharma, China). HEK 293T cells were cotransfected with miR-873a-5p mimics (5′-GCAGGAACUUGUGAGUCUCCU-3′) or miR-NC (5′-CUUUCCGAACGUGUCACGUTT-3′) and wild-type or mutant-type A20 3′-UTR. Cells were collected after transfection for 48 h, and luciferase intensity was detected with a dual luciferase reporter assay system as previously reported (He et al., 2010) (Promega Corporation, United States).

Statistical Analysis

Mice were randomly assigned to treatment groups. Analyses were performed in a manner blinded to treatment assignments for all behavioral experiments. Data are expressed as the mean ± standard deviation (SD) and analyzed with GraphPad Prism software v7.0. Two-way ANOVA was applied to analyze repeated measurements from behavioral tests, followed by Bonferroni correction testing. One-way ANOVA with Bonferroni correction was applied to analyze immunofluorescence, Western blot and RT-qPCR data. No experimental data were missing or lost to statistical analysis. All statistical tests were two-tailed, and a P < 0.05 was considered statistically significant.



RESULTS

miR-873a-5p Is Upregulated, While A20 Is Downregulated in the Spinal Cord of Morphine-Tolerant Mice

After 7 consecutive days of s.c. morphine injection, the MPE% of mice from the chronic morphine treatment group (MT group) was significantly lower than that from the control group (NS group) (Figure 1A), indicating that the morphine tolerance model was successfully established. The L4-L6 of the spinal cord from mice were isolated, and real-time quantitative PCR and FISH were performed. Compared with the expression in the NS group, the expression of miR-873a-5p in the MT group began to increase on day 3 after morphine administration and was significantly higher on day 7 (NS vs. MT, n = 6, P < 0.05; Figures 1B,C), correlating with the development of morphine tolerance. To investigate the A20 protein expression level in the spinal cord of morphine-tolerant mice, Western blot analysis was conducted and showed that A20 expression was gradually decreased after morphine administration, especially after mice were administered morphine over 7 days (NS vs. MT, n = 4, P < 0.05; Figure 1D). To explore the localization of miR-873a-5p in the spinal cord of morphine-tolerant mice, miRNA in situ hybridization immunofluorescence was employed. Staining results revealed that the expression of miR-873a-5p was mainly located in neurons and astrocytes, and no expression was observed in microglia (Figure 1E).
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FIGURE 1. miR-873a-5p is upregulated, while A20 is downregulated in the spinal cord of morphine-tolerant (MT) mice. (A) Morphine-induced antinociception was assessed by the tail-flick test. Tail-flick latency was converted to MPE%. n = 8, ∗∗∗P < 0.001 compared with the NS group. (B) Real-time qPCR showed that miR-873a-5p expression increased in the morphine group 3, 5, and 7 days after chronic morphine administration, especially on day 7 compared to the expression in the control group. Data are expressed as the mean ± SD, n = 6 mice per group, ∗∗P < 0.01. (C) The staining of miR-873a-5p in the spinal cord, Scale bar = 100 μm. (D) Changes in the A20 protein expression level in the L4-L6 spinal cord were gradually decreased after the development of morphine tolerance, especially on day 7. n = 4 mice per group. Samples were collected on days 3, 5, and 7 following chronic morphine injection, ∗P < 0.05, ∗∗P < 0.01. (E) miR-873a-5p was assessed by in situ hybridization and staining of miR-873a-5p (red) with neurons (green, identified using NeuN), astrocytes (green, identified using GFAP) and microglia (green, identified using Iba1) of the spinal cord in morphine-tolerant mice. The data showed that miR-873a-5p was mainly expressed in neurons and astrocytes, whereas no expression was observed in microglia. Scale bar = 100 μm. Samples were collected on day 7 following chronic morphine injection.



miR-873a-5p Directly Targets A20

To investigate the target of miR-873a-5p relevant to morphine tolerance, publicly available websites, including TargetScan and miRbase were searched. These databases showed that the 3′-UTR of the mouse A20 gene contains 7-mer (GTTCCTG) complementary bases to the seed region of miR-873a-5p and had a high degree of consistency among different species (Figure 2A). To support this conjecture, luciferase reporter assays were conducted. The 3′-UTR of the A20 mRNA fragment containing the wild-type (wt) or mutant-type (mut) binding site of miR-873a-5p was cloned into pmiRGLO vectors (Figure 2B). Luciferase reporter assay results showed that miR-873a-5p mimics markedly reduced the luciferase activity of the A20 3′-UTR-wt reporter vector compared with miR-NC, and the luciferase activity was reversed in the A20 3′-UTR-mut mimics group, demonstrating that A20 is a direct target gene of miR-873a-5p (P < 0.001; Figure 2C). FISH showed that miR-873a-5p was coexpressed with A20 in the spinal cord of mice (Figure 2D).
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FIGURE 2. miR-873a-5p directly targets the A20 3′-UTR. (A) The 3′-UTR sequences of A20 containing the miR-873a-5p target regions and the binding sites of miR-873a-5p with the target sequence are well conserved among mammals. The binding site sequence is indicated in red bold letters. (B) Diagram of the seed sequence of miR-873a-5p matching the 3′-UTR of A20. Positions of the mutated nucleotides in miR-873a-5p and the 3′-UTR of A20. (C) The decreased luciferase activity induced by transfection with miR-873a-5p mimics was completely reversed by the mutant A20 3′-UTR vector. Data are expressed as the means ± SD, ∗∗∗P < 0.001, n = 6. (D) MiR-873a-5p costaining with A20 in the mouse spinal cord. Samples were collected on day 7 following chronic morphine injection, n = 3, scale bars = 100 μm.



The miR-873a-5p Antagomir Significantly Attenuates and Partly Reverses Morphine Tolerance in Mice

To investigate the role of miR-873a-5p in the development of morphine tolerance, a miR-873a-5p antagomir was used to downregulate the expression of miR-873a-5p in the spinal cord. The miR-873a-5p antagomir was intrathecally administered (20 μM, 5 μl) for 3 consecutive days from days 1 to 3 before the establishment of morphine tolerance. Behavioral results showed that there was no significant difference between the NS + control (pre) group and the NS + antagomir (pre) group, while the MT + antagomir (pre) group showed significant attenuation of the development of morphine tolerance from day 5 (MT + control (pre) vs. MT + antagomir (pre), n = 10, P < 0.001; Figure 3A), indicating that the miR-873a-5p antagomir attenuates the development of morphine tolerance.
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FIGURE 3. Downregulated miR-873a-5p significantly attenuates and partly reverses morphine tolerance in mice. (A) Preintrathecal injection of the miR-873a-5p antagomir for 3 consecutive days (from days 1 to 3 when morphine was injected) attenuated morphine-induced tolerance. n = 10, ∗∗∗P < 0.001 vs. the MT + control (pre) group. (B) Postintrathecal injection of the miR-873a-5p antagomir for 3 consecutive days (from days 5 to 7 after morphine injection) significantly reversed morphine-induced analgesic tolerance. n = 8, ∗∗∗P < 0.001 vs. the MT + control group. (C) The validation of miR-873a-5p antagomir transfection efficiency in vivo was tested by RT-qPCR. The MT + antagomir group had significantly lower miR-873a-5p expression than the MT + control group. n = 5, ∗∗∗P < 0.001 vs. the NS group; ∗P < 0.05 vs. the MT + control group. (D) RT-qPCR showing that miR-873a-5p antagomir administration reversed A20 mRNA expression in the spinal cord. (E,F) Western blot demonstrating that miR-873a-5p antagomir administration reversed A20 protein expression levels and downregulated p-NF-κB. n = 4, ∗∗P < 0.01, ∗∗∗P < 0.001 vs. the NS group; ∗P < 0.05, ∗∗P < 0.01 vs. the MT + control group. (G) In situ hybridization staining of miR-873a-5p in the spinal cord from the NS, MT + control and MT + antagomir groups. Images showing that miR-873a-5p expression was significantly downregulated in the mice treated with the antagomir; n = 3 mice per group, ∗∗P < 0.01, vs. the NS group; ∗P < 0.05 vs. the MT + control group, scale bars = 100 μm. Samples were collected 4 days after antagomir administration.



To further investigate the contribution of miR-873a-5p to the maintenance of morphine tolerance, we posttreated mice with the miR-873a-5p antagomir from days 5 to 7 after morphine administration. Posttreatment with the miR-873a-5p antagomir partly reversed thermal hyperalgesia beginning at day 9 (MT + control vs. MT + antagomir, n = 8, P < 0.001; Figure 3B). The efficiency of the miR-873a-5p antagomir for downregulating miR-873a-5p was validated by qPCR. The miR-873a-5p antagomir reversed the overexpression of miR-873a-5p in the spinal cord of morphine-tolerant mice (MT + control vs. MT + antagomir, n = 5, P < 0.05; Figure 3C). To explore the effect of miR-873a-5p on morphine-induced spinal A20 expression, we collected the spinal cord and examined the expression changes in A20. Intrathecal injection of the miR-873a-5p antagomir significantly increased the expression of spinal A20 mRNA (MT + control vs. MT + antagomir, n = 5, P < 0.05; Figure 3D) and protein (MT + control vs. MT + antagomir, n = 4, P < 0.05; Figures 3E,F). Western blotting revealed that p-NF-κB expression was increased in the MT + control group (NS vs. MT + control, n = 4, P < 0.001; Figure 3F) but downregulated by intrathecal injection of antagomir in the MT + antagomir group (MT + control vs. MT + antagomir, n = 4, P < 0.01; Figure 3F). To explore the expression of miR-873a-5p in the spinal cord, miRNA in situ hybridization immunohistochemistry was performed. The in situ hybridization data showed that miR-873a-5p expression was significantly increased in the MT + control group compared with that in the NS group. Compared with the MT + control group, the MT + antagomir group showed significantly lower expression of miR-873a-5p in the mouse spinal cord (MT + control vs. MT + antagomir, n = 3, P < 0.05; Figure 3G). These data were consistent with previous RT-qPCR data and suggest that miR-873a-5p in the spinal cord partially reverses established morphine tolerance.

Increased A20 Significantly Attenuates Morphine Tolerance by Inhibiting NF-κB in Mice

To investigate the role of A20 in the pathology of morphine tolerance, we pretreated mice with LV-A20 or control lentiviral vector (LV-control), posttreated them with LV-A20 or LV-control and measured their behavioral response. Based on the behavioral data, treatment with morphine and LV-A20 (pre) significantly restored the antinociceptive effect of morphine beginning on day 5, especially on day 9 (MT + LV-control (pre) vs. MT + LV-A20 (pre), n = 10, P < 0.001; Figure 4A), and there was no significant difference between the NS + control (pre) group and NS + LV-A20 group. Based on the above results, LV-A20 caused no antinociception in the NS group, whereas there was significant antinociception in morphine-tolerant mice. After intrathecal administration of LV-A20 on day 7, we found that morphine tolerance was significantly reversed on day 15 (MT + LV-control vs. MT + LV-A20, n = 10, P < 0.001; Figure 4B). We collected the spinal cord and examined GFP expression. Green fluorescence was detected, suggesting that the lentivirus was successfully transfected into the cell body of the spinal cord (Figure 4C). Western blot data demonstrated that A20 was increased in the spinal cord of morphine-tolerant mice treated with LV-A20 (MT + LV-A20), while it was not found in the morphine-tolerant mice treated with LV-control (MT + LV-control) (MT + LV-control vs. MT + LV-A20, n = 4, P < 0.05; Figures 4D,E). The expression of p-NF-κB was significantly increased in the MT + LV-control group, while it was decreased in the MT + LV-A20 group by intrathecal injection with LV-A20 (MT + LV-control vs. MT + LV-A20, n = 4, P < 0.05; Figures 4D,F). These data suggested that overexpression of A20 could attenuate morphine tolerance by inhibiting NF-κB.
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FIGURE 4. Overexpressed A20 prevents and reverses morphine tolerance in mice. (A) Mice were pretreated with the LV-control or LV-A20 vector before morphine tolerance was established. MT + LV-A20 (pre) treatment prevented the development of morphine tolerance compared with MT-LV-control (pre) treatment. n = 10,∗∗∗P < 0.001 compared with the MT + LV-control (pre) group. (B) Mice were injected with morphine twice a day for 15 consecutive days, and LV-control vector or LV-A20 vector was administered on day 7 after the establishment of morphine tolerance. MT + LV-A20 treatment attenuated morphine tolerance compared with MT + LV-control treatment. n = 10,∗∗∗P < 0.001 compared with the MT + LV-control group. (C) Image of enhanced green fluorescent immunofluorescence in the spinal cord after injection of LV-A20 or LV-control, indicating that the lentivirus was successfully transfected. n = 3, scale bars = 100 μm. (D,E) MT + LV-A20 upregulated A20 protein expression levels after lentiviral LV-A20 was injected. n = 4, ∗∗P < 0.01 compared with the NS group, ∗∗P < 0.01 compared with MT + LV-control. (D,F) p-NF-κB was significantly decreased when A20 was upregulated in the MT + LV-A20 group. n = 4, ∗P < 0.05 compared with the NS group, ∗P < 0.05 compared with MT + LV-control. Samples were collected 8 days after lentiviral vector administration.



A20 Is Responsible for miR-873a-5p-Mediated Morphine Tolerance in Mice

To determine the main cellular localization of A20 in the mouse spinal cord, double immunofluorescence staining was performed. Neurons, astrocytes and microglia were selected by staining for NeuN, GFAP and Iba1, respectively. A20 protein was mainly expressed in neurons and astrocytes (Figure 5A). To investigate the effect of LV-shA20 on the downregulation of A20, HT22 cells were transfected with LV-shA20 and GFP fluorescence was detected to confirm the success of lentivirus transfection (Figure 5B). The Western blot data showed that the expression of A20 in the LV-shA20 group was dramatically decreased compared with that in the LV-NC group (Figure 5C).
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FIGURE 5. miR-873a-5p targets A20 to participate in morphine tolerance in mice. (A) Staining of the spinal cord for A20 (green), neurons using the NeuN antibody (red), astrocytes using the GFAP antibody (red), and microglia using the Iba1 antibody (red) in morphine-tolerant mice. A20 was mainly expressed in neurons and astrocytes and barely expressed in microglia. Scale bars = 100 μm. (B) GFP was detected in HT22 cells after transfection with lentivirus LV-shA20 and LV-NC (control); scale bars = 100 μm. (C) Western blot analysis showed that A20 protein expression was significantly decreased in HT22 cells after lentivirus (LV-shA20) transfection; n = 3, ∗∗P < 0.01 compared with the LV-NC group. (D) A20 is responsible for miR-873a-5p-mediated morphine tolerance in mice. LV-shA20 or LV-NC was intrathecally injected on day 1 with morphine injection, and the miR-873a-5p antagomir was intrathecally injected on day 9 when chronic morphine tolerance was established. MT + LV-shA20 or LV-NC was intrathecally injected 7 days before morphine was first injected, and the miR-873a-5p antagomir was intrathecally injected from days 9 to 11. n = 8, ∗∗P < 0.01, ∗∗∗P < 0.001 compared with the MT + LV-NC + antagomir group.##P < 0.01, ###P < 0.001 compared with the MT + LV-shA20 + NS group.



To further explore the functional relationship between miR-873a-5p and A20 in morphine tolerance, animals were treated with LV-shA20 to knockdown A20 before intrathecal injection with the miR-873a-5p antagomir in the morphine tolerance group (MT + antagomir + LV-shA20), and their behavior was then measured. Intrathecal injection of LV-shA20 (MT + LV-shA20 + antagomir) on the same day (Figure 5D, left) or 7 days before morphine injection (Figure 5D, right) downregulated A20 expression and significantly enhanced morphine tolerance compared with intrathecal injection of LV-NC (MT + LV-NC + antagomir), and morphine tolerance was alleviated by treatment with the miR-873a-5p antagomir compared with morphine tolerance in the group intrathecally injected with NS (MT + LV- shA20 + NS). These data suggest that downregulation of miR-873a-5p alleviates morphine tolerance by inhibiting spinal A20 in mice and that A20 is responsible for miR-873a-5p-mediated morphine tolerance.



DISCUSSION

Our study revealed that consecutive administration of morphine increased the expression of miR-873a-5p and decreased the expression of A20. To the best of our knowledge, this study is the first demonstration of a regulatory role for miR-873a-5p in the development of morphine tolerance through regulation of A20 expression ranging from molecular changes in cells to behavioral changes in animals.

Recently, more studies have indicated that small noncoding RNAs, miRNAs and lncRNAs are differentially expressed in the spinal cords of morphine-tolerant rats (Shao et al., 2018). Morphine alters the expression of miRNA, such as miR-219 (Wang et al., 2017) and miR-365 (Wang J. et al., 2016), and this disordered miRNA expression participates in chronic morphine-induced analgesic tolerance (Barbierato et al., 2015).

miR-873 was first identified in bovine alveolar macrophages (Xu et al., 2009). Recently, researchers found that miR-873 was expressed in various organs and implicated in various diseases. Inhibiting cardiomyocyte necrosis by suppressing receptor interacting protein kinase 1/3 (RIPK1/3) RNA synthesis and protein posttranslation decreases myocardial infarct size in an ischemia/reperfusion (I/R) injury animal model (Wang K. et al., 2016). miR-873 has been found to be decreased in breast tumors, negatively regulate the activity of estrogen receptor a (ERa) and decrease ERa phosphorylation, resulting in inhibition of cancer cell proliferation and growth (Cui et al., 2015). miR-873 has also been shown to increase lung adenocarcinoma cell proliferation and migration by targeting SRCIN1, and its expression is decreased in glioblastoma multiforme (GBM) tumor tissues and cell lines (Gao et al., 2015). However, previous studies have not shown an association of miR-873a-5p with morphine tolerance. Our results showed that miR-873a-5p expression was significantly increased in the spinal cord of morphine-tolerant mice and was mainly expressed in neurons and astrocytes. In addition, the analgesic effect of morphine was recovered by miR-873a-5p antagomir treatment. Our study exposed a new role of miR-873a-5p in regulating morphine tolerance.

As a central regulator of inflammation and widely inducible cytoplasmic protein, A20 is associated with several autoimmune disorders (Das et al., 2018). A20 is expressed in virtually all cell types, including nonhematopoietic cells (Kattah et al., 2018), dendritic cells (Zhang et al., 2016), neurons, astrocytes, and microglia (Voet et al., 2018). A20 has been reported as a rheumatoid arthritis susceptibility gene (Nititham et al., 2015), and reducing A20 expression in macrophages by myeloid-cell-specific deletion of the gene A20 in mice promptly aggravates rheumatoid arthritis by reducing lipopolysaccharide (LPS)-induced NLR family, pyrin domain-containing 3 (NLRP3) expression levels and negatively regulating NLRP3 inflammasome activation (Vande Walle et al., 2014). A20 levels were significantly reduced in leucine-rich repeat kinase 2 (LRRK)-mutated neurons, and this reduction involved the NF-κB pathway (Lopez de Maturana et al., 2016). Furthermore, A20 deletion in spinal cord astrocytes aggravated EAE by augmenting NF-κB activity (Wang et al., 2013). Lacking A20 specifically in microglia increased the numbers of microglia and critically controlled microglia activation as in conditions of neuroinflammation (Voet et al., 2018). Our results suggest that miR-873a-5p targets A20 to participate in morphine tolerance and is mainly expressed in neurons and astrocytes. The differences in the results observed across studies may be due to differences in the examined disease phenotypes, in the technical methods used and in the examined tissues.

As a classical negative immune regulatory protein, A20 limits the strength of NF-κB signaling (Garson et al., 1989). ABIN-1 (A20-binding inhibitor of nuclear factor κB) is an ubiquitin-binding protein. Recent reports found that the ABIN-1 protein interacts with the C-terminus of μ-opioid receptor (MOR) and inhibits MOR phosphorylation and internalization. The increase in NF-κB signaling by morphine was inhibited by the upregulation of ABIN-1 in the cytoplasm after chronic morphine exposure (Zhou et al., 2018). ABIN-1, which functions as an adaptor for A20, synergistically binds with A20 to restrict NF-κB signaling (Dziedzic et al., 2018). NF-κB regulates the biological processes of cell survival, inflammation, and other immune responses. NF-κB activation in the dorsal root ganglia and spinal cord contributes to the development of neuropathic pain (Tai et al., 2008; Liu M. et al., 2014). Liu X. et al. (2014) demonstrated that miR-873 induced by IL-17 stimulation promotes the production of inflammatory cytokines and aggravates the pathological process of EAE in mice through the A20/NF-κB pathway. The level of p-NF-κB expressed in neurons and astrocytes was increased in the rat spinal cord after establishment of the morphine tolerance model, and inhibition of NF-κB activation attenuated the development of chronic morphine-induced analgesic tolerance (Bai et al., 2014). Our results showed that p-NF-κB was significantly increased in the spinal cord of morphine-tolerant mice and was inhibited when A20 was upregulated by LV-A20.

Based on our data, we propose the following pathway. After chronic morphine administration, miR-873a-5p is upregulated, which facilitates translational repression of its target gene A20 and inhibits its expression in the neuron and astrocytes of the spinal cord. Downregulation of A20 expression is associated with NF-κB pathway activation, which contributes to the development and maintenance of morphine tolerance (Figure 6). The mice were intrathecally injected with the miR-873a-5p antagomir to inhibit mature miR-873a-5p or a lentiviral virus integrated into the host genome to increase the mRNA and protein expression of A20. This downregulation of miR-873a-5p or overexpression of A20 in the spinal cord of mice attenuated morphine tolerance.
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FIGURE 6. Schematic diagram for the proposed mechanism of morphine tolerance regulation by miR-873a-5p. Chronic morphine infusion sets up a cascade of events that leads to increased miR-873a-5p and decreased A20 expression, which ultimately causes morphine tolerance. The mice were intrathecally injected with the miR-873a-5p antagomir to inhibit mature miR-873a-5p or a lentiviral virus integrated into the host genome to increase the mRNA and protein expression of A20. This downregulation of miR-873a-5p or overexpression of A20 in the spinal cord of mice attenuated morphine tolerance. RNA pol II, RNA polymerase II; miR, microRNA.



This is the first study to demonstrate that miR-873a-5p prevents and revises morphine tolerance through A20. However, this study has several limitations. First, we chose only male ICR mice for our study, which is different from the general population and samples of clinical patients. Second, further experimental investigations, such as genetic deletion of miR-873a-5p in the spinal cord, will be needed to clarify the regulatory mechanisms of miR-873a-5p. Furthermore, clinical trials will be needed to test whether the findings of the study can be applied to humans.



CONCLUSION

In conclusion, chronic morphine treatment increased the expression of miR-873a-5p through the A20/NF-κB pathway to facilitate morphine tolerance in mice. Intrathecal administration of the miR-873a-5p antagomir decreased miR-873a-5p expression, increased A20 protein levels and attenuated morphine tolerance. Our study expands our knowledge of the functional role of miR-873a-5p and provides a promising strategy for the treatment of morphine tolerance.
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Background: Research has indicated that calcitonin gene-related peptide (CGRP) receptor antagonists can be effective in the acute treatment of migraine. Six major drugs are included within this category: telcagepant, olcegepant, BI 44370, rimegepant (BMS-927711), MK3207, and ubrogepant. However, no previous studies have performed network meta-analyses to directly compare the effects of these drugs. In the present study, we assessed the therapeutic qualities of these six different drugs to inform further clinical research.

Methods: We searched PubMed, Embase, Ovid MEDLINE, Web of Science, and the Cochrane Central Register for Controlled Trials for relevant randomized controlled trials (RCTs) published through to October 2018. Two reviewers performed a network meta-analysis of efficacy and toxicity on the basis of odds ratios (ORs).

Results: Ten randomized controlled trials involving 8,174 patients were included in our analysis. Olcegepant (OR: 4.09; CI: 1.81, 9.25), ubrogepant (OR: 2.11; CI: 1.10, 4.05), and BI 44370 (OR: 3.36; CI: 2.24, 5.04) were more effective in ensuring pain relief 2 h after treatment than was placebo treatment. BI 44370 was associated with an increased risk of adverse events when compared with placebo treatment (OR: 1.57; CI: 1.32, 1.88). Surface under the cumulative ranking curve analysis revealed that olcegepant was most effective and ubrogepant was associated with the lowest risk of adverse events among the six treatment options.

Conclusion: Olcegepant was more effective, and ubrogepant had lower toxicity than the remaining treatments. CGRP antagonists are promising for the acute treatment of migraine, especially among patients who are unable to take triptans.

Keywords: calcitonin gene-related peptide, migraine, headache, telcagepant, olcegepant, rimegepant, ubrogepant

Introduction

Migraine is the third most prevalent and second most disabling neurological disease (Geneva, 2001; GBD, 2016; GBD, 2017), with a lifetime prevalence of 33% in women and 13% in men (Younger, 2016). Occurring most frequently between the ages of 25 and 50 years, migraine is associated with a series of neurological and systemic symptoms. Indeed, the condition is characterized by recurrent moderate-to-severe headache accompanied by photophobia, phonophobia, cutaneous allodynia, and nausea. The headache attacks last from 4 to 72 h, and the average frequency of attacks is typically one or two times per month (IHS, 2018). Approximately 11% of adults worldwide experience migraine attacks, which significantly impact both quality of life and productivity (Chan et al., 2011). Currently, acute migraine treatments are largely abortive in nature. Migraine is primarily treated using triptans and/or nonsteroidal anti-inflammatory drugs (NSAIDs), although central analgesics may be used in some cases. However, when binding to effective receptors, triptans may also cause vasoconstriction of the cranial blood vessels and are thus contraindicated in patients with vascular diseases (Silberstein, 2004; Martelletti, 2015). Furthermore, because NSAIDs exert nonspecific anti-inflammatory effects that can alter gastrointestinal and renal function, they are not indicated for long-term use.

Calcitonin gene-related peptide (CGRP) is a member of the calcitonin family of peptides that is produced in both peripheral and central neurons. After CGRP is generated, it is captured by CGRP receptor and forms a complex. Also, the receptor complex functions by the G protein-coupled receptor calcitonin receptor-like receptor, and receptor activity-modifying protein 1 to mediate signal transduction and active adenylyl cyclise and cyclic adenosine monophosphate-dependent pathways, which results in level change of cyclic adenosine monophosphate active protein kinase A and phosphorylation of several downstream targets, dilate the blood vessel and helping to transmit pain signals (McLatchie et al., 1998; Mallee et al., 2002; Hay and Pioszak, 2016). Previous research has also indicated that levels of CGRP increase during migraine attacks (Goadsby and Edvinsson, 1993; Tvedskov et al., 2005). Given the role of CGRP in migraine, several research groups have aimed to determine the clinical potential of CGRP receptor antagonists. However, research related to several such agents has been halted because of concerns regarding hepatotoxicity. Therefore, in the present study, we aimed to review the potential value of several CGRP receptor antagonists in the acute treatment of migraine.

Methods

Literature Search Strategy

We systematically searched electronic databases, including PubMed, Embase, Ovid MEDLINE, Web of Science, and the Cochrane Central Register of Controlled Trials, for relevant studies published in English through October 2018. The following search terms were used: acute treatment, migraine, headache, calcitonin gene-related peptide, calcitonin gene-related peptide receptor antagonists, CGRP-receptorantagonists, telcagepant, olcegepant, BI 44370, rimegepant (BMS-927711), MK3207, ubrogepant, and randomized clinical trials.

The reference lists of included articles were also manually reviewed for other potentially eligible trials. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines and the PRISMA Extension were used for reference.

Study Eligibility

The following inclusion criteria were used to determine study eligibility: 1) Randomized controlled trials (RCTs) involving adult patients with migraine, patients’ number with at least 10; 2) acute treatment with CGRP receptor antagonists, with at least one reported outcome measure [pain-free at 2 h, adverse events (AEs), and drug-related AEs]; 3) publication in English; 4) inclusion of a placebo or control arm; 5) with interesting results. When there were multiple publications associated with a single trial, we included only the most recent version. Updated data were regarded as new evidence. Two investigators (FX and WS) independently determined whether each study met the inclusion criteria, and all disagreements were resolved via consensus.

Data Extraction and Outcome Measures

Basic information was extracted by two investigators (FX and WS). Two-hour pain-free rate was regarded as the primary outcome measure. The toxicity and tolerability of each treatment were assessed based on AEs and drug-related AEs.

Risk of Bias

The risk of bias for each study was evaluated using the Cochrane risk of bias tool (Higgins et al., 2011). This tool allows for the assessment of sequence generation, allocation concealment, blinding, incomplete outcome data, and selective reporting for each RCT. Included RCTs were categorized as follows based on the risk of bias: low, high, or unclear.

Statistical Analysis

Network meta-analysis (NMA) is a method that combines direct and indirect evidence and synthesis data obtained via direct or indirect comparisons of different treatments and allow for inferences regarding the comparative effects of interventions without direct comparators. NMA can thus provide better comparative evidence than pair-wise meta-analysis. Because no previous RCTs have directly compared the effects of different CGRP receptor antagonists among patients with migraine, we adopted a Bayesian framework using the Markov chain Monte Carlo method. The network was constructed by comparing the following six major drugs: telcagepant, olcegepant, BI 44370, rimegepant (BMS-927711), MK3207, and ubrogepant. The comparative efficacy and toxicity of each treatment (i.e., 2-h pain-free rate and AE rate) was summarized using odds ratios (ORs) and the corresponding 95% credible intervals, the Bayesian equivalent of 95% confidence intervals (CIs). The inconsistency of the NMA was evaluated to determine the conformity between direct and indirect sources of evidence. The NMA yielded a ranking probability curve, which estimates the probability of each treatment to achieve the best rank among all treatments. When a treatment is certain to be the best, the surface under the cumulative ranking (SUCRA) value equals one (or 100%). Conversely, when a treatment is certain to be the worst, the SUCRA line equals zero (or 0%) (Salanti et al., 2011; Chaimani et al., 2013).

All statistical tests were two-sided; P ≤ 0.05 was with statistical significance.

Statistical analyses were performed using the mvmeta command in Stata version 11.2 (StataCorp, College Station, TX, USA) (Chaimani et al., 2013). Mvmeta conducts meta-analysis of random multivariate effects and meta-regression of random multivariate effects on a data set of estimates, variances, and (optionally) covariances. The risk of bias was assessed using the Cochrane tool in Review Manager (RevMan, version 5.3, The Nordic Cochrane Centre, The Cochrane Collaboration, Copenhagen, Denmark).

Results

We identified a total of 516 relevant references based on a review of titles and abstracts. After excluding 216 duplicates and 283 articles not meeting the inclusion criteria (eight with non-English; 25 were not human researches; 121 were reviews; 23 were not finished; 67 with no interesting results; 39 were not target drugs), 17 trials remained. Among these, two were excluded due to the lack of control group, two were excluded due to study with no appropriate control group, two were excluded due to patients limited to certain conditions (e.g. coronary artery disease), and one was excluded due to a focus on migraine prevention. Thus, 10 RCTs met the eligibility criteria for our study. A total of 8,174 patients were included in the NMA. Figure 1 shows the procedures for the literature search and selection of clinical trials. The characteristics of the 10 included trials are summarized in Table 1 (Olesen et al., 2004; Ho et al., 2007; Ho et al., 2008; Connor et al., 2009; Ho et al., 2010; Connor et al., 2011; Diener et al., 2011; Hewitt et al., 2011; Marcus et al., 2014; Voss et al., 2016).


[image: ]

Figure 1 | Diagram of eligible studies selection procedures.




Table 1 | Baseline characteristics of involved patients.
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Four trials included three arms involving 2,936 patients, while the others included two arms involving 5,238 patients. Four trials were in phase III, while the remaining six were in phase II. Five trials investigated telcagepant treatment, while olcegepant, BI 44370, MK-3207, rimegepant, and ubrogepant treatments were investigated in one trial each. The strategies adopted in each study are presented in Table 2.


Table 2 | Characteristics of trials.
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Efficacy

The efficacy of each drug was evaluated on the basis of the 2-h pain-free rate. Nine comparisons across 10 trials were included in network plot (Figure 2). The NMA revealed that olcegepant (OR: 4.09; CI: 1.81, 9.25), ubrogepant (OR: 2.11; CI: 1.10, 4.05), and BI 44370 (OR: 3.36; CI: 2.24, 5.04) were more effective than placebo treatment. Furthermore, olcegepant treatment was superior to the other five treatments, although these differences were not statistically significant (Figure 3). Our results also indicated that triptans were marginally less effective than olcegepant treatment, based on the 2-h pain-free rate (OR: 0.82; CI: 0.33, 2.04). SUCRA analysis indicated that olcegepant was most likely to be the best treatment (SUCRA: 0.84; PrBest: 53.3%), followed by triptans (SUCRA: 0.78; PrBest: 20.7%) and MK-3207 (SUCRA: 0.55; PrBest: 4.1%) (Table S1).
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Figure 2 | Network plot for 2-h pain-free of six different calcitonin gene-related peptide (CGRP) antagonists. Lines represent direct comparisons within the randomized controlled trials (RCTs). The line thickness indicates the number of RCTs included in each comparison.
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Figure 3 | Efficacy analysis results for 2-h pain-free of six treatment modalities. OR, odds ratio; CI, confidence interval; PrI, predictive interval; O, olcegepant; Te, telcagepant; Tr, triptan; M, MK3207; Bm, rimegepant (BMS-927711); U, ubrogepant; Bi, BI 44370; P, placebo.



Safety and Toxicity

Safety and toxicity were evaluated on the basis of AEs and drug-related AEs. There were no significant differences in AEs among telcagepant, olcegepant, MK-3207, and rimegepant. BI 44370 was associated with an increased risk of AEs (OR: 1.57; CI: 1.32, 1.88), and ubrogepant was even with lower risk of AEs (OR: 0.77; CI: 0.61, 0.96) when compared with placebo treatment (Figure 4). The SUCRA analysis suggested that ubrogepant was associated with the lowest risk of AEs (SUCRA: 0.73) (Table S1). There were no significant differences in drug-related AEs among the six treatments (Figure 5).
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Figure 4 | Adverse events analysis of six treatment modalities. OR, odds ratio; CI, confidence interval; PrI, predictive interval; O, olcegepant; Te, telcagepant; Tr, triptan; M, MK3207; Bm, rimegepant (BMS-927711); U, ubrogepant; Bi, BI 44370; P, placebo.
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Figure 5 | Drug-related adverse events analysis of six treatment modalities. OR, odds ratio; CI, confidence interval; PrI, predictive interval; O, olcegepant; Te, telcagepant; Tr, triptan; M, MK3207; Bm, rimegepant (BMS-927711); P, placebo.



Rank Analysis

A combined ranking plot was used to evaluate both efficacy (2-h pain-free rate) and toxicity (AEs) (Figure 6). The ideal treatment option should appear in the upper right corner (i.e., higher efficacy and acceptability, acceptability is equal to low toxicity). Our analysis indicated that olcegepant was more effective than the remaining treatments, including triptans. Although toxicity values were lower for the other five treatments than for olcegepant, these treatments were associated with lower efficacy.
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Figure 6 | Rank results for efficacy and acceptability (low toxicity).



Assessment of Heterogeneity and Inconsistency

There was no heterogeneity in the NMA for 2-h pain-free rate and AEs (tau-square = 0, I2 = 0.0%). However, drug-related AEs (tau-square = 0.105, I2 = 55.5%) exhibited heterogeneity, as shown in Supplementary Table S1. Although inconsistency was observed in the meta-analysis of AEs (P = 0.02), it was not observed in the networks for other indices (Table S2). We did not perform meta-regression analyses to explore sources of inconsistency due to the limited amount of existing data for direct treatment comparisons.

Risk of Bias

We examined all articles using the Cochrane risk of bias tool. Our analysis indicated that most trials were of low risk, as shown in Figures S1 and S2.

Discussion

CGRP is a potent neurotransmitter in the central nervous system, and recent studies have highlighted the potential of CGRP receptor blockade in the acute treatment of migraine. However, most studies have only investigated the clinical efficacy of individual agents relative to placebo treatment, rather than the efficacy of different CGRP antagonists in relation to one another. Thus, in the present study, we examined the efficacy and toxicity of six major CGRP antagonists.

Among the six major treatments investigated in our NMA (olcegepant, MK3207, BI 44370, telcagepant, ubrogepant, and rimegepant), olcegepant exhibited the greatest efficacy, based on the 2-h pain-free rate in patients with migraine. Furthermore, olcegepant was superior to triptans in the rank analysis, which considered both efficacy and toxicity. We also observed that MK3207 and rimegepant were associated with moderate efficacy and moderate toxicity, while ubrogepant, telcagepant, and BI 44370 were associated with moderate efficacy and low toxicity. In addition, our results indicated that olcegepant, MK3207, BI 44370, telcagepant, ubrogepant, and rimegepant were associated with lower toxicity than triptans. Previous meta-analysis study evaluated the efficacy of CGRP antagonists in acute treatment of migraine compared with that of triptans (Hong and Liu, 2017), and CGRP antagonists was as one class of drug. In current study, we separated CGRP antagonists as individual comparisons (e.g. olcegepant, MK3207, BI44370, telcagepant, ubrogepant, and rimegepant). This enabled us to analyze the effect of each kind of CGRP antagonists for the acute treatment of migraine.

There several advantages in this study. It is the first NMA to compare different CGRP antagonists in the acute treatment of migraine, analyzing the effect of single drug in treatment and providing new clinical insight. Secondly, in rank analysis, we integrate the data of drug effects and adverse rates together for making assessments thoroughly, meanwhile, make the illustration within one graph to interpret clearly.

Although our results indicated that olcegepant was the most effective of the six treatments investigated, research regarding olcegepant has been discontinued due to its high molecular weight and limited ability to penetrate the brain (Gonzalez-Hernandez et al., 2018; Holland and Goadsby, 2018). In addition, although telcagepant and BI 44370 were associated with moderate efficacy and low toxicity in acute intermittent treatment, research regarding these compounds has been discontinued due to hepatotoxicity concerns during long-term prophylactic use (Connor et al., 2011; Diener et al., 2011). However, prolonged intermittent use of telcagepant results in only transient increases in liver aminotransferase, and there is no evidence to suggest that telcagepant alters liver function (Ho et al., 2014; Ho et al., 2016). Research regarding MK3207, which exhibited moderate efficacy and moderate toxicity in our study, has also been suspended due to concerns regarding hepatotoxicity. However, ongoing studies are investigating the clinical potential of ubrogepant (moderate efficacy, low toxicity) and rimegepant (moderate efficacy, moderate toxicity), the latter of which exerts minimal effects on liver transaminases.

Triptans represent the first-line treatment for acute migraine. However, because triptans bind both the receptors located on peripheral trigeminal sensory nerve endings and those located on intracranial, extracranial, and systemic blood vessels (Dodick et al., 2004; Marmura et al., 2015), the mechanisms underlying their efficacy can also cause vasoconstriction. Thus, triptans are not suitable for patients with vascular risk factors. Moreover, research has indicated that approximately 30 to 40% of patients do not respond adequately to triptan therapy (Viana et al., 2013). Thus, it is necessary to identify alternative treatment strategies for patients with migraine. CGRP antagonists have been promising in recent studies, especially with regard to AEs, as these drugs exhibit toxicity levels lower than or similar to those of triptans. Studying these drugs, whether discontinued or not, is of utmost importance for current and future drug discovery.

Limitations

Our study has several limitations to note. First, although all eligible trials had similar inclusion criteria, some differences were unavoidable, such as slight differences in patient characteristics (e.g., the presence or absence of aura, variations in previous drug treatment, etc.). Although these factors may have influenced our results, we did not perform subgroup analyses because of a lack of relevant information. Second, as research regarding some drugs has been suspended, data on olcegepant, MK3207, BI 44370, ubrogepant, and rimegepant were limited. Given that only one trial investigated each of these agents, our results should be interpreted with caution.

Conclusion

Olcegepant was more effective and ubrogepant had lower toxicity than the remaining treatments. CGRP antagonists are promising for the acute treatment of migraine, especially among patients who cannot take triptans or who have not responded to triptan treatment. Further studies regarding ubrogepant and rimegepant may dispel previous concerns regarding the hepatotoxicity of CGRP antagonists.
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Chemotherapy-induced neuropathic pain (CINP) is one of the most severe side effects of anticancer agents, such as platinum- and taxanes-derived drugs (oxaliplatin, cisplatin, carboplatin and paclitaxel). CINP may even be a factor of interruption of treatment and consequently increasing the risk of death. Besides that, it is important to take into consideration that the incidence of cancer is increasing worldwide, including colorectal, gastric, lung, cervical, ovary and breast cancers, all treated with the aforementioned drugs, justifying the concern of the medical community about the patient’s quality of life. Several physiopathological mechanisms have already been described for CINP, such as changes in axonal transport, mitochondrial damage, increased ion channel activity and inflammation in the central nervous system (CNS). Another less frequent event that may occur after chemotherapy, particularly under oxaliplatin treatment, is the central neurotoxicity leading to disorders such as mental confusion, catatonia, hyporeflexia, etc. To date, no pharmacological therapy has shown satisfactory effect in these cases. In this scenario, duloxetine is the only drug currently in clinical use. Peroxisome proliferator-activated receptors (PPARs) belong to the class of nuclear receptors and are present in several tissues, mainly participating in lipid and glucose metabolism and inflammatory response. There are three PPAR isoforms: α, β/δ and γ. PPARγ, the protagonist of this review, is expressed in adipose tissue, large intestine, spleen and neutrophils. This subtype also plays important role in energy balance, lipid biosynthesis and adipogenesis. The effects of PPARγ agonists, known for their positive activity on type II diabetes mellitus, have been explored and present promising effects in the control of neuropathic pain, including CINP, and also cancer. This review focuses largely on the mechanisms involved in chemotherapy-induced neuropathy and the effects of the activation of PPARγ to treat CINP. It is the aim of this review to help understanding and developing novel CINP therapeutic strategies integrating PPARγ signalling.
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INTRODUCTION

Cancer is in the second position in the ranking of death causes after heart diseases across the globe and despite the huge efforts to implement novel chemotherapy strategies, the disease remains one of the major concerns worldwide (Bray et al., 2018). In 2012, the global number of new cases of cancer was 14.1 million, and the corresponding number of deaths was 8.2 million (Torre et al., 2015). For the year of 2018, according to The International Agency for Research on Cancer (IARC), 18.1 million of new cancer cases were estimated, followed by 9.6 million of deaths (Bray et al., 2018). The growing incidence and mortality of cancer is a result of population growth and ageing, besides changes in reproductive factors and unhealthy habits associated with economic development and urbanisation (Ferlay et al., 2015).

Approximately one-half of the cancer cases and deaths occurred in Asia, followed by Europe (23.4% of the cases and 20.3% of the deaths) and Northern America (21% of the cases and 14.4% of the deaths) (Bray et al., 2018; Ferlay et al., 2019). Lung, prostate and colorectal cancer were the most commonly diagnosed types of cancer among men, and lung cancer is the responsible for the greater number of deaths. The most frequent types of cancer in women were breast, colorectal and lung cancer, being breast cancer the top of five in cause of death (Bray et al., 2018).

Although the improvement of cancer survival by the aggressive treatments, new anti-cancer drugs are also responsible for serious side-effects on daily life that can last for many years. Cancer survivors suffer more from functional impairment, involving reduced mobility, than individuals without cancer history. The functional declines associated with cancer are linked to limited survival (Winters-Stone et al., 2017). Neurotoxicity to the peripheral (PNS) nervous system is an emerging side effect of cancer chemotherapy with no existing effective treatments (Brown et al., 2019). Chemotherapy-induced peripheral neurotoxicity (or neuropathy) is the most dose-limiting side effect of anti-cancer drugs, such as paclitaxel, vincristine and oxaliplatin, drugs widely used for treating several tumours. Peripheral neuropathy usually manifests as painful symptoms, characterising a neuropathic pain syndrome. However, it can progress to loss of sensory perception in the most severe cases. Additionally, motor and/or autonomic peripheral neuropathy can also occur (Brown et al., 2019). Chemotherapy-induced neuropathic pain (CINP) severally impairs the patient’s quality of life and leads to dose reduction or even treatment cessation (Miltenburg and Boogerd, 2014).

Recent pre-clinical studies have shown the efficacy of activators of the peroxisome proliferator-activated receptor gamma (PPARγ), known as glitazones, on neuropathic pain models (Okine et al., 2019). Therefore, glitazones might become new and effective pharmacological approaches to prevent CINP. In the present review, we will address pathophysiological mechanisms of CINP, its current pharmacological treatment and the use of PPARγ activators as potential therapeutic tools to manage CINP.



CHEMOTHERAPY

The novel insights into the biology of cancer have been translated into improvements in clinical care at fast pace over the past 15 to 20 years. The introduction of sophisticated molecular tools, which interrogate both cancer diseases and patients, has led to a steady stream of new therapeutic interventions and altered the natural history of several solid tumours and heamatopoietic malignancies (Doroshow and Kummar, 2014).

The causes of cancer include damage and/or mutations in the cells’ genetic material associated with environmental or inherited factors, leading to uncontrolled cell proliferation. For cancers with local and non-metastatic profile, surgery and radiotherapy are the primary treatments choice. However, anti-cancer drugs, mainly chemotherapy, are the choice for treating metastatic cancers, since they are able to diffuse through the body (Hanahan and Weinberg, 2011). Anticancer drugs are toxic for cancer cells and inhibit their fast proliferation; however, they are not selective and also inhibit the growth of normal cells, leading to undesirable side effects commonly observed in cancer treatment. Chemotherapy has progressed towards more effective treatments, including the combination of drugs and new approved anticancer drugs, such as platinum analogues, paclitaxel and other agents (Perez-Herrero and Fernandez-Medarde, 2015).

The development of chemotherapy drugs began in animal models in the twentieth century, but only during World War II the first reports of curative effects appeared. Advances in research and the recognition of oncology as a medical specialty allowed the creation of the first protocol to treat advanced cases of childhood leukaemia and Hodgkin’s disease in the 1960s and 1970s (Devita and Chu, 2008). Figure 1 shows the timeline of the FDA approval for chemotherapies over the last seven decades. The drug combination, using doxorubicin, bleomycin, vinblastine and dacarbazine, remains nowadays as the standard treatment for the management of Hodgkin’s lymphomas. At the same time, other drugs, such as methotrexate and cyclophosphamide, were included in the profile of cancer treatments (Chabner and Roberts, 2005). Chemotherapy included as adjunct to the surgical management of breast and colorectal tumours also began to spread in the same decade. With this new approach, the patient’s survival drastically increased (Bonadonna et al., 1976).
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FIGURE 1. Timeline showing the history of chemotherapy and cancer treatment and the first mention of CINP and its recommended treatment over the last eight decades.



In the 1980s, the use of cisplatin (first-generation platinum) was started for the treatment of testicular cancer. After a good clinical response, its use was extended to ovarian, lung, head and neck and uterine cervix tumours (Carozzi et al., 2015). The main mechanism of action of cisplatin is the formation of a DNA-cisplatin adduct, which distorts the double helix of DNA and thus changes its structure. This effect induces cell death by apoptotic and necrotic processes (Jung and Lippard, 2007). Five years after the introduction of cisplatin, carboplatin, a second-generation platinum, emerged clinically. Carboplatin differs from cisplatin by the presence of a carboxylate-type binder in its chemical structure. The greater excretion through the urine, greater solubility in water and lower reactivity confer the carboplatin less toxicity when compared to the first-generation platinum (Wheate et al., 2010). Its efficacy in relation to cisplatin is seen mainly in cases of lung carcinomas (Pasetto et al., 2006). Oxaliplatin is the third-generation platinum which differs from cisplatin by the presence of an oxalate leaving group and a DACH (diaminocyclohexane) linker. Oxaliplatin is effective in cisplatin-resistant tumours because the DNA repair system does not recognise its adducts and is widely used in colorectal cancer (Pasetto et al., 2006). Neves and Vargas (2011) pointed to epidemiological data demonstrating a large scale of use of platinum (monotherapy or in combination with other drugs) in clinical oncology, ranging from 40 to 80% of the malignant tumours described cases.

Paclitaxel, the taxanes prototype, was firstly isolated in 1971 as part of a National Cancer Institute programme investigating a large range of plant extracts. It was initially isolated from Taxus brevifolia bark. Docetaxel, from the same class of anticancer drugs, was semi-synthetically obtained and presents higher solubility in water than paclitaxel. Taxanes are effective against breast, lung, ovarian, cervical and pancreatic cancers and Kaposi sarcoma (Weaver, 2014). The pharmacological effect of paclitaxel consists in its ligation to cytoplasm polymerised tubulins, interrupting G2 phase of cell cycle and, then, stabilising the microtubules. This interaction with tubulins also causes mitochondrial damage by opening the mitochondrial permeability transition pore, that has β-tubulin in its constitution, increasing the Ca2+ efflux and eventually apoptotic or necrosis cell death (Jordan and Wilson, 2004). This impairment does not occur exclusively in cancer cells, what reflect the numerous side effects experienced by the patients, including myelosuppression, hypersensitivity responses and, the most important, neuropathic pain (Carozzi et al., 2015).

With the best understanding of the genetic and phenotypic alterations of the tumours, the modalities of systemic treatments in oncology were expanded, being reinforced by the immunotherapy. It has been found that cancer cells in some specific types of cancer express on their surface proteins that could be used as targets for modulation and disruption of the tumour expansion process. Although cancer cells are highly genetically unstable, immunotherapy has been successfully used to manage numerous tumour types (Martin et al., 2015a). Toxicological assays that compared chemotherapy agents with immunomodulatory regimens in oncology concluded that the last has a greater safety in clinical applicability due to their well-defined targets, unlike chemotherapy agents that are less specific (Waldmann, 2003). In the current scenario, the greatest difficulty of immunotherapy is to adjust and handle enough monoclonal antibodies to reach the tumour site, so that its effect is potentiated. In addition, it is also required that the target of the monoclonal antibody should be highly specific and sufficiently expressed by the tumour cell, in addition of being directly involved with the cancer genesis (Guimaraes et al., 2008). Despite significant advances in cancer treatment with the discovery of immunotherapy, for some cancers, chemotherapy remains as gold standard treatment.



SIDE EFFECTS OF CHEMOTHERAPY

Cytotoxic agents have narrow therapeutic indexes, with limited selectivity against cancer cells and high toxicity potential; consequently, anti-cancer drugs have limited efficacy at doses that are acceptable for most patients (Borcoman and Le Tourneau, 2016). Side effects of chemotherapy remain the major concern for both patients and clinicians despite the increase in efficacy and survival rates with the current treatments. The current approaches to counteract the side effects of chemotherapy are not completely effective, usually do not address long-term consequences or can induce other side effects (Nurgali et al., 2018).

Nausea and vomiting are the most dreaded side effects for patients who initiate anti-cancer chemotherapy. The current treatments to control acute chemotherapy-induced nausea and vomiting (CINV) are effective for most patients; however, the management of delayed CINV is more difficult to obtain (Andrews and Sanger, 2014). Mucositis is also an important side effect of anti-cancer drugs. Both oral and gastrointestinal mucositis can cause local ulceration and pain, leading to anorexia, malabsorption, weight loss, anaemia, fatigue and increased risk of sepsis. Despite many efforts of the scientific community, safe and effective treatments are still lacking to treat mucositis (Abalo et al., 2017). Other side effects of chemotherapeutic agents include hypersensitivity reactions to carboplatin in children with solid tumours; chronic subclinical skeletal muscle toxicity caused by oxaliplatin; and nephrotoxicity, ototoxicity and increased risk of cardiovascular disease in patients treated with cisplatin (Malik et al., 2016).

Central neurotoxicity induced by anticancer drugs can lead to persistent cognitive impairment, which has been associated with alterations in circulating factors and cerebrospinal fluid constituents, and occurrence of genetic polymorphisms. Additionally, peripheral neurotoxicity caused by many anti-cancer drugs, including platinum-based agents, vinca alkaloids and taxanes, can lead to neuropathic pain. These side effects can last many years after discontinuation of treatment and reduce the quality of life of cancer survivors. In addition, long term CINP is associated with depression, anxiety and insomnia. Therefore, the preventive and therapeutic strategies for CINP are an urgent need (Zhou et al., 2018).



CHEMOTHERAPY-INDUCED NEUROPATHIC PAIN

Chemotherapy-induced neuropathic pain is essentially caused by injury to the somatosensory nervous system after anticancer drug treatment, and it is one of the major causes of neuropathic pain in clinical practice (Colvin, 2019). The incidence of CINP is variable among the studies with up to 81 and 98% for paclitaxel and oxaliplatin, respectively (Hershman et al., 2011; Gilchrist et al., 2017; Gebremedhn et al., 2018; Molassiotis et al., 2019). The occurrence of CINP may change according to number of cycles and duration of treatments, drug chemical structure, age, prescription of other neurotoxic drugs and presence of predisposing conditions such as alcoholism, diabetes or pre-existing neuropathy (Argyriou et al., 2014; Kerckhove et al., 2018). Sensory symptoms usually manifest as spontaneous or evoked abnormal sensations such as paraesthesia, dysesthesias, numbness, burning, shooting or electric shock sensations, as well as allodynia or hyperalgesia evoked by mechanical or thermal stimuli. The symptoms usually affect the extremities of the upper and lower limbs (“stocking and glove” distribution) and progress to the proximal regions of the body (Miltenburg and Boogerd, 2014; Colvin, 2019).

Chemotherapy-induced neuropathic pain can manifests initially as an acute pain syndrome, with sensory symptoms arising during or just after drug administration, and progress to a chronic neuropathy after repetitive treatment cycles. Regarding the duration of sensory symptoms, acute neuropathy generally subsides between treatments, while chronic neuropathy can persist for months or years (Colvin, 2019). Indeed, 47% of patients treated with anti-cancer drugs still experience peripheral neuropathy symptoms after 6 years of treatment termination (Winters-Stone et al., 2017). Chronic pain severely impairs the quality of life of cancer patients, reminding them of time they had cancer and that the disease may return (Binder and Baron, 2016). The available pharmacotherapies for CINP are poorly effective and associated with numerous side-effects. However, the search for more effective treatments is difficult as the physiopathology of CINP involves a complex machinery (for review see, Sisignano et al., 2014). Therefore, a deep knowledge of the molecular mechanisms involved in CINP is crucial to provide new molecular mechanism-based therapies instead of simply treating symptoms.

Several pathophysiological mechanisms have been described for CINP including mitochondrial dysfunction, changes in calcium homeostasis, oxidative stress, activation of apoptotic pathways, loss of myelinated and unmyelinated fibres, activation of the immune system and increased ion channel expression and activity. Comprehensive analysis of the pathophysiological mechanisms associated with CINP have already been performed elsewhere, and readers are invited to consult these reviews (for review see, Sisignano et al., 2014; Fukuda et al., 2017; Starobova and Vetter, 2017; Trecarichi and Flatters, 2019; Zajaczkowska et al., 2019). Despite some specific neurotoxic effects, anticancer drugs have important and mutual pathophysiological mechanisms that contribute to the development of CINP. Herein, we will present a possible sequence of events connecting the common mechanisms described for CINP associated with different anticancer drugs.

Peripheral sensory neurons are vulnerable to the toxic action of anti-cancer drugs as the PNS is devoid of a complex vascular-nerve barrier, allowing the diffusion of systemic-administered drugs to the dorsal root ganglia (DRG) (Abram et al., 2006; Sapunar et al., 2012). The damage to the cellular bodies of sensory neurons leads to the degeneration of myelinated fibres (mainly) and, consequently, inflammatory process, overactivity of remaining fibres and central sensitisation (Fukuda et al., 2017). In fact, axonopathy and loss of epidermal innervation were described after the treatment with paclitaxel, vincristine or ixabepilone (Lapointe et al., 2013). Furthermore, peripheral and central inflammatory responses have been described as important mechanisms of pain, including paclitaxel-, vincristine- and oxaliplatin-induced neuropathic pain (Marotta et al., 2009; Ji et al., 2013; Janes et al., 2015; Makker et al., 2017; Segat et al., 2017; Costa et al., 2018; Manjavachi et al., 2019). Additionally, these drugs increase the activity of both voltage-dependent calcium (Cav) and sodium (Nav) channels, and transient receptor potential (TRP) channels in peripheral nerves (Sisignano et al., 2014). Central neuronal sensitisation, marked by phosphorylation and activation of N-methyl-D-aspartate (NMDA) receptor, has also been described for CINP (Pascual et al., 2010; Mihara et al., 2011; Ji et al., 2013).

Regarding the cellular mechanisms of CINP, mitochondrial damage has been reported as a key component of the damage to sensory neurons in the DRG after the treatment with different anticancer drugs. It has been widely reported that paclitaxel, vincristine and oxaliplatin cause mitochondrial dysfunction and, consequently, increased production of reactive oxygen species (ROS) in the DRG (Duggett et al., 2016, 2017; Gong et al., 2016; Vashistha et al., 2017; Khasabova et al., 2019). Chemotherapy causes impairment in cellular respiration and decreases the production of adenosine triphosphate (ATP), and promoting mitochondrial respiration and restoring mitochondrial bioenergetics has protective effect on CINP (Bennett et al., 2014; Toyama et al., 2018). Additionally, the level and activity of superoxide dismutase (SOD) and catalase, two important antioxidant enzymes, are reduced by the treatment with anti-cancer drugs generating an imbalance between oxidant and antioxidant molecules (Janes et al., 2013; Duggett et al., 2016; Khasabova et al., 2019). Together, these effects trigger cellular apoptotic pathways that lead to the degeneration of peripheral sensory fibres and related inflammatory process (Areti et al., 2014; Fukuda et al., 2017).

Once oxidative stress is a key event in the physiopathology of CINP, antioxidant strategies are believed to be effective alternatives for preventing the development of CINP. Studies with animal models have been performed in order to determinate the effect of several antioxidant agents on CINP (Carvalho et al., 2017). Notably, calmangafodipir, an antioxidant and neuroprotective agent, has shown to prevent oxaliplatin-induced neuropathic pain in a double-blinded randomised phase II clinical trial (Glimelius et al., 2018).



TREATMENT OF CINP

As mentioned before, the neurotoxicity and chronic pain induced by chemotherapy treatments are important adverse effects that must be considered, once they could compromise the cancer treatment and the post-treatment patients’ quality of life. The first study mentioning neuropathic pain in cancer-patients dates from 1967 (Figure 1), where three case reports were presented with necropsy findings linking the neurological symptoms with vincristine neurotoxicity (Moress et al., 1967). Since then, as presented in Figure 2, the number of papers has grown year by year focussing on both the pathophysiological mechanisms of CINP and new treatments (Figure 2A). Most of publications involve regular articles (Figure 2B) and the great majority mention taxanes, followed by platinum drugs (Figure 2C).
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FIGURE 2. (A) Number of scientific papers tagged “chemotherapy” and “peripheral neuropathy” and “pain” and “cancer” in Pubmed by decade of publication. (B) Types of publications, including regular article, review and clinical trial, found using the terms mentions in the first graph. (C) Number of papers mentioning the chemotherapy classes Vinca, Taxane and Platinum. Accessed in May 26th, 2019.



Despite the growing search for new drugs, the American Society of Cancer and American Society of Clinical Oncology (ASCO), until now, do not endorse the prescription of other pharmacological therapy or nutraceutical besides duloxetine. The reason for that consensus is based on the absence of evidence for efficacy and safety for other therapies (Hershman et al., 2014; Hou et al., 2018). Table 1 reunites all clinical trials that investigated or plans to investigate pharmacological strategies to prevent or treat CINP. Several classes of drugs already known to be effective in the neuropathic pain control, such as antidepressants and anticonvulsants, have been pre-clinically and clinically tested and surprising the specialists with their absence of effect. We can cite gabapentin, pregabalin and amitriptyline (Table 1). This scenario leads to believe that it is a pathological condition with a profile significantly different from other neuropathies and, unfortunately, difficult to manage, since the great majority of the trials has failed to reduce the symptoms. New clinical trials are being conducted to evaluate new strategies focussing on the main mechanism of CINP, including oxidative stress, mitochondrial impairment and ion channels (more specifically TRP and Na+ channels) (Table 1).

TABLE 1. Clinical trials for CIPN treatment using drugs or nutraceuticals around the world.
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Looking at the current scenario resumed in the Figure 3, there are 42 registered clinical trials investigating new pharmacological strategies to treat or prevent CINP. Most of them (n = 28) are conducted in the US. Only 27 studies have been completed and 4 have been terminated due to different reasons, including absence of participants and important side effects (Figure 4A). By the total, 9 studies support the therapy use against 12 that do not support it (Figure 4B). One third of the studies with successful results supports the use of duloxetine (Figure 4C). Observing this data, it is clear why the only therapy indicated by ASCO to treat CINP is duloxetine, all based on evidence of efficacy and safety.


[image: image]

FIGURE 3. Global distribution of registered and published clinical trials involving CINP and drugs or nutraceuticals. Sources: Pubmed and www.ClinicalTrials.gov, accessed in April 26th, 2019.
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FIGURE 4. (A) Current clinical trial status, (B) studies successfully completed and their results, and (C) drugs or nutraceuticals with recommended use. Sources: Pubmed and www.ClinicalTrials.gov, accessed in April 26th, 2019.





PEROXISOME PROLIFERATOR-ACTIVATED RECEPTORS

Peroxisome proliferator-activated receptors (PPARs) are important members of the nuclear receptor family that cause the activation of several genes by acting as ligand-activated transcription factor (Berger and Moller, 2002). In mammals, there are three different PPAR isoforms: alpha (α), beta/delta (β/δ), and gamma (γ), which are differentially expressed in several tissues (Heneka and Landreth, 2007). PPARα (encoded by NR1C1) is ubiquitously expressed, but it is mostly found in tissues that present fatty acids high catabolic amounts, such as adipose tissue and liver, among others. It is also expressed in the lung, placenta, intestine, pancreas and skeletal muscle. Furthermore, PPARβ/δ (encoded by NR1C2) is also ubiquitously expressed and low levels are found in several tissues, such as muscle, adipose tissue and liver. PPARγ (encoded by NR1C3) has three different isoforms (γ1, γ2, and γ3) that display differences in tissue expression for each isoform: γ1 has ubiquitous tissue expression, γ2 is mostly expressed in adipose tissue, and γ3 is expressed mainly in colon, macrophages and adipose tissue (Han et al., 2017). Additionally, low levels of PPARγ were found in vascular smooth muscle, endothelium, hepatic stellate cells, bone marrow and neoplastic epithelial cells in breast, prostate, colon and bladder. This pattern of expression suggests that PPARγ may participate of many physiological and pathophysiological processes in different tissues (Guan and Breyer, 2001).

PPARs were originally identified in 1990 with the first cloning (PPARα) happening during molecular targeting for peroxisome proliferating agents in rodents (Issemann and Green, 1990). Since then, several fatty acids and by-products, including eicosanoids, have been identified as PPARs ligands and have also been shown to target many synthetic compounds currently used to treat diabetes and dyslipidaemias, such as thiazolidineodiones (TZDs), including pioglitazone and rosiglitazone, and fibrates (clofibrate) (Guan and Breyer, 2001; Seiri et al., 2019). Therefore, the knowledge of the molecular structure and physiological effects of these receptors becomes particularly important, both in the development and in the use of drugs to treat of metabolic diseases and others illness.

Independent of the PPAR type, all isoforms have similar structure (Korbecki et al., 2019). PPARs are composed of five different domains: A/B domain (amino-terminal region), domain C (DNA-DBD binding), domain D (hinge region), domain E (interaction with the linker – LDB) and domain F (Itoh et al., 2008; Figure 5). The amino-terminal (A/B) domain is extremely variable between the members of the nuclear receptor superfamily, both in size and amino acid sequence, and exhibits a transcriptional activation function that operates independently of the linker, termed activation function 1 (AF1) (Shao et al., 1998; Blanquart et al., 2003). The AF1 domain has an important role in the regulation of PPAR activity trough phosphorylation (Shao et al., 1998).
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FIGURE 5. Structural and functional domains of the human peroxisome proliferator-activated receptors (PPARs). A/B, N-terminal A/B domain containing a ligand-independent activation function (AF1); C, DNA-binding domain (DBD); D, hinge region; E, ligand-binding domain (LBD) containing the ligand-dependent activation function, and F, C-terminal domain.



The domain C is the best-conserved part of the protein among the nuclear receptor family and its main function is the binding to DNA. This domain is in the central portion of the receptors and consists of two structural segments known as zinc fingers with nine cysteines. This domain controls gene expression through specific binding to the nucleotides sequences called the peroxisome proliferator responsive element (PPRE) after forming heterodimer with the retinoic X receptor (RXR) nuclear receptor (Guan and Breyer, 2001). There is a small region in the domain D that connects the DBD to the ligand-binding domain (LBD), or E domain, which is known as the hinge, allowing the rotation of the DBD in relation to the LBD (Guan and Breyer, 2001). The LDB domain is in the carboxy-terminal region and has several functions such as ligand recognition and homo and heterodimerisation of the receptor (Seiri et al., 2019). In addition to these functions, LBD contains a surface that is critical for transcriptional activation. After the activation of this region, called activation function 2 (AF-2), interaction with the co-activators occurs, which will allow the formation of the protein complex involved in the activation of the transcription (Guan and Breyer, 2001; Seiri et al., 2019).

Data from literature have shown that the transcription induced by PPARs is modulated by post-translational events, including phosphorylation, SUMOylation, ubiquitination and nitration (Van Beekum et al., 2009). However, the phosphorylation receives more attention by the researcher community for being the main determinant of PPARγ transcriptional activity, as already observed for oestrogen, progesterone and RXR receptors. However, its activity is determined by the intracellular localisation of the receptor, where nuclear migration leads to genomic effects, while cytosolic or cell membrane activation promotes DNA-independent effects (Cantini et al., 2010; Luconi et al., 2010). In fact, PPARγ could regulate the different metabolic situations, such as lipid and glycidic homeostasis, inflammation and also cell proliferation by specifically modulating genes expression. The genomic mechanism is based on gene transcription regulation, where a PPAR ligand-bound receptor interacts with the RXR on specific PPRE in the promoter of specific target genes and recruits co-activator complexes that modify chromatin structure, enabling assembly of transcriptional machinery on the promoter (Korbecki et al., 2019). However, some effects of PPARs are correlated with trans-repression mechanism, mainly the anti-inflammatory effects, blocking the transcription factors activity, such as NF-kB and AP-1 (Daynes and Jones, 2002; Pawlak et al., 2012). Known as non-genomic pathway, this effect of PPARs has been in the spotlight, where the mechanism did not involve enhancement or inhibition of gene transcription. The non-genomic effects are correlated to the fast modulation of intracellular activity, including kinases and phosphatases. Therefore, the mechanism that mediates rapid action is still controversial (Brown, 1981).

Independent of the mechanism, it is important to emphasise that PPAR, mainly PPARγ, is highly expressed in different types of cells. In the CNS, PPARγ have been described to be expressed in the cortex and spinal cord, and also in the microglia and astrocytes (Kainu et al., 1994; Cullingford et al., 1998; Cristiano et al., 2001; Benani et al., 2003; Bernardo et al., 2003; Moreno et al., 2004; for review see, Okine et al., 2019). However, PPARγ is more expressed in neurons than in astrocytes or microglia (Warden et al., 2016).

The PPARγ is the most well-studied member of the PPAR family of nuclear receptors, and both ligand-dependent and ligand-independent modes of modulation of its activity have been established. In this context, PPARγ modulation has been currently focussed in the market and in the scientific research of new drug discovery. The research is based mainly in metabolic and neurodegenerative disorders, and other conditions where CNS is affected as neuropathic pain (Okine et al., 2019).



PPARγ AGONISTS TO TREAT CINP

Thiazolidineodiones, or simply “glitazones,” belong to a class of compounds that activates PPARγ and can be employed to treat type 2 diabetes and metabolic syndrome (Sauer, 2015). Ciglitazone was the first drug described as an insulin sensitiser, and TZDs were recognised as PPARγ agonists in 1995. Two years later, the FDA approved the clinical use of troglitazone. In 1999, two new drugs, rosiglitazone and pioglitazone, entered in the hall of anti-diabetic drugs. Unfortunately, what seemed to be a future of success, ended with the troglitazone removed from the market in 2000 because of significant liver toxicity. On the other hand, pioglitazone and rosiglitazone remain in clinical practice, despite their association with increased bladder cancer risk and cardiovascular disease, respectively (Sauer, 2015).

In addition to the treatment of diabetes, PPARγ agonists have been considered potential therapeutic drugs to treat a large amount of neurological conditions, such as neurodegenerative diseases, traumatic injury, demyelinating diseases and chronic pain (Jin et al., 2013; Swanson et al., 2013; Vallee and Lecarpentier, 2016; Patel et al., 2017; Villapol, 2018). Recently, it was published a comprehensive review compiling all studies of PPAR agonists in different types of pain models (Okine et al., 2019). Pioglitazone, rosiglitazone and 15d-PGJ2 have been largely employed in pre-clinical studies using different models of neuropathic pain in rodents, showing anti-nociceptive effect by reducing oxidative stress and inflammation in the DRG and spinal cord (Table 2; Okine et al., 2019).

TABLE 2. Pre-clinical studies investigating PPARγ agonists effects in experimental neuropathic pain models.

[image: image]

The expression of PPARγ at both mRNA and protein levels was found in the spinal cord of rats, and the intrathecal injection of PPARγ agonists (15d-PGJ2 or rosiglitazone) was able to reverse mechanical allodynia induced by spare nerve injury (SNI) in rats, indicating that PPARγ is functionally expressed in the spinal cord (Churi et al., 2008). The immunoreactivity for PPARγ was also found in the mouse DRG and spinal cord neurons, as well as in sciatic nerve adipocytes, where the receptor was believed to mediate the anti-allodynic effect of pioglitazone by controlling inflammation (Maeda et al., 2008). Despite no data about the spinal levels of PPARγ in injured animals, a further study showed that PPARγ activity was not altered by SNI in rats, but it was significantly increased by the treatment of animals with R-flurbiprofen; the increase in PPARγ activity was proposed to be one of the mechanisms involved in the antinociceptive effect of R-flurbiprofen in the SNI model (Bishay et al., 2010). PPARγ was also suggested to meditate the antinociceptive effect of palmitoylethanolamide on the chronic constriction injury (CCI) model of neuropathic pain (Costa et al., 2008).

As previously mentioned, mitochondrial dysfunction, oxidative stress and, consequently, neuronal injury in the DRG and spinal cord are key events in the physiopathology of CINP. Therefore, TZDs could have beneficial effects on CINP by limiting some, if not all, of these events. In fact, several studies have proposed that the main mechanisms of action of PPARγ agonists are the protection of mitochondrial function and antioxidant activity, including the upregulation of mitochondrial oxidative phosphorylation and biogenesis, and improvement of endogenous oxidant defences (for review see, Corona and Duchen, 2016). Indeed, TZDs were able to protect cortical astrocytes and neuroblastoma derived cell line by promoting mitochondrial biogenesis (Dello Russo et al., 2003; Miglio et al., 2009). Also, ciglitazone reduced the oxidative stress in hippocampal neurons and, consequently, prevented the mitochondrial damage (Zolezzi et al., 2013). The protective effects of TZDs were also attributed to their ability of reducing apoptosis associated with oxidative stress (Hunter et al., 2007; Wang et al., 2011). In a rat model of spinal nerve ligation (SNL), pioglitazone alone or in association with ceftriaxone was able to ameliorate neuropathic pain by restoring the activity of mitochondrial enzyme complex activities, increasing the levels of reduced glutathione (GSH), superoxide dismutase (SOD) and catalase, and reducing oxidative damage in the rat spinal cord (Pottabathini et al., 2016). The treatment of rodents with oxaliplatin or cisplatin caused an imbalance between the oxidative stress and the level of antioxidant enzymes in the DRG and spinal cord of treated animals (Zanardelli et al., 2014; Khasabova et al., 2019). In these studies, rosiglitazone was effective in preventing oxaliplatin-induced mechanical and cold hyperalgesia by inhibiting oxidative stress and increasing catalase activity in the DRG and spinal cord of rats (Zanardelli et al., 2014). Additionally, in a recent publication Khasabova et al. (2019) demonstrated that pioglitazone reduced cisplatin-induced neuropathic pain in mice, suggesting the improvement of antioxidant enzymes activity and protection against oxidative stress as the main mechanisms. Besides, pioglitazone was able to increase the sensitivity of cancer cells to the chemotherapy, reducing the levels of its concentration to block cell proliferation (Khasabova et al., 2019). Taken together, these studies suggest that PPARγ agonists could prevent CINP and improve the efficacy of cancer chemotherapy.

Neuroinflammation in the spinal cord is an important imprint of neuropathic pain that contributes to the chronicity of pain. Studies using the mouse model of paclitaxel-induced neuropathic pain have shown increased immunostaining for Iba-1 (microglia marker) and augmented levels of NF-κB, cytokines and chemokines in the spinal cord of paclitaxel-treated mice (Segat et al., 2017; Manjavachi et al., 2019). Also, the release of kinins and the activation of their receptors (B1 and B2 receptors) in the spinal cord seem to be important for paclitaxel-induced neuropathic pain in mice (Costa et al., 2011). The blockage of spinal cord neuroinflammation using natural compounds, monoclonal antibodies or antagonists (for kinin B1, B2 or CXCR2 receptors) has been shown to prevent and revert pain-like behaviours in paclitaxel-treated mice (Costa et al., 2011, 2018; Segat et al., 2017; Manjavachi et al., 2019). Therefore, PPARγ agonists could be effective pharmacological tools to treat CINP by reducing the inflammatory process in the spinal cord or even in the DRG. In fact, the non-genomic activity of PPARγ has been extensively co-related with its anti-inflammatory property, characterising TZDs as important blockers of protein transcription (Sauer, 2015). Additionally, several studies have demonstrated an important link between the efficacy of PPARγ agonists on neuropathic pain and the suppression of inflammatory gene expression (including cytokines and cytokines) (Maeda and Kishioka, 2009; Freitag and Miller, 2014).

While DRGs and spinal cord are considered the most likely structures involved in the anti-nociceptive effect of TZDs, the cell types mediating their actions are not well-characterised. However, the expression of PPARγ in both neuronal and non-neuronal cells has been shown (Lu et al., 2011). PPARγ expressed in astrocytes was proposed to regulate oxidative stress, as the impairment in its activity reduced catalase activity, a key antioxidant defence enzyme (Di Cesare Mannelli et al., 2014). In the CNS, PPARγ activation reduced JNK and NF-KB signalling, as well as JAK/STAT pathway, modulating the activity of adaptive immune cells, myeloid cells and astrocytes (Daynes and Jones, 2002; Bright et al., 2008). PPARγ activation is also able to reduce the levels of inflammatory and neurotoxic mediators produced by macrophages and astrocytes and stimulate the infiltration of regulatory T cells (Ferret-Sena et al., 2018).



POTENTIAL EFFECT OF PPARγ AGONISTS ON CANCER

In 2008, PPAR Research Journal published several reviews regarding the role of PPAR and its agonists in cancer and the possible mechanisms involving on it. Taking the last decade, approximately 1,400 regular articles and clinical trials have been published evaluating the involvement of PPARγ on cancer development and its modulation or even anti-cancer profile of PPARγ agonists (data extracted from PUBMED on 24th July using the terms “PPARγ and cancer”). Considering the current year (2019), 14 studies revels the strong potential of PPARγ as target to promote reduction in neoplastic cell proliferation and migration. It demonstrates that this receptor and its signalling pathways are in the pipeline of new drugs for the treatment of patients with different types of cancer.

As previously described, pioglitazone was linked to a high risk of developing bladder cancer, which was seriously considered by the medical community in case of PPARγ prescription to patients with cancer or familiar history. Recently, Rochel et al. (2019) have shown that mutations in the PPARγ protein are responsible for the pro-oncogenic activity of the heterodimer PPARγ/RXRα, leading to bladder luminal cancer. This discovery reintroduces the receptor among the promisor new targets to treat cancer, and considering that co-morbidities, such as metabolic syndrome, have strong implication in cancer development, it becomes more significant.

Besides that, PPARγ gain more pros than cons with the studies that demonstrate the activity of their ligands as cancer suppressors. Here we are going to mention the important results obtained with PPARγ activation published only this year. Piccinin et al. (2019) demonstrated that the administration of PGC1, a PPARγ activator, was able to reduce the progression of hepatocellular carcinoma. The enhanced invasion and migration of colorectal cancer cells promoted by the microRNA-11 was reverted by the increase of PPARγ expression induced by Fatty Acid Binding Protein 4 (FABP4) activation (Zhao et al., 2019). In fact, it was previously shown that the inhibition of the oncogenic Src culminated in the enhancement of the axis FABP4/PPARγ, working as tumour repressor (Hua et al., 2019).

TZD18, a dual PPARγ/α ligand, reduced the growth and increased the apoptosis of human gastric cancer cells by increasing the expression of BAX and p27kip1 and decreasing Bcl-2 (Ma et al., 2019). Similar activity was observed for renal carcinoma cells (Wu et al., 2019), cutaneous squamous cell carcinoma cells (Wolff et al., 2019), non-small cell lung carcinoma (Liu and Fang, 1983; Ciaramella et al., 2019) and prostate cancer cells (Masure et al., 1983). Ciaramella et al. (2019) also correlated the anti-cancer activity of PPARγ to its effects on cancer microenvironment bioenergetics and metabolism.

Furthermore, the PPARγ was also implicated in the enhancement of doxorubicin cytotoxic effect of K562 resistant cells after treatment with ciglitazone, emphasising its important role in the multidrug resistance (MDR) activity. Additionally, Lv et al. (2019) demonstrated that PPARγ expression in cancer cells is related to favourable prognostic of patients with bladder cancer and that the in vitro and in vivo administration of pioglitazone or rosiglitazone was responsible for enhancing the cell cycle G2 arrest and apoptosis, followed by reduction in cell proliferation and tumour growth through PI3K-AKT pathway.



CONCLUDING REMARKS

Safe and effective therapies to prevent or treat CINP are still an unmet clinical need. Drugs normally effective against chronic pain conditions, such as gabapentin and tricyclic antidepressants, failed to relieve CINP. The physiopathology of CINP involves a complex machinery where mitochondrial impairment and oxidative stress are key elements, leading to cell death, neuronal damage and inflammatory process. PPARγ agonists can protect cells against mitochondrial damage and the deleterious effect of oxidative stress, and interfere with the synthesis of important chemical mediators, such as cytokines and chemokines. Therefore, the use of PPARγ agonists to treat CINP have provoked the interest of scientists and clinicians. In fact, rosiglitazone and pioglitazone have shown antinociceptive effect on chronic pain models, including neuropathic pain induced by platinum-based drugs, by increasing the antioxidant defences and reducing oxidative stress. Additionally, PPARγ agonists have been pointed as potential pharmacological tools to suppress cancer progression. Therefore, the use of TZDs in the treatment of CINP could also have a positive impact on cancer treatment, what is favourable to the use of these drugs in cancer patients.

Despite being a promising pharmacological strategy, further studies are essential to support the use of TZDs in treatment of CINP. First, the effect of TZDs on neuropathic pain induced by other anticancer agents, such as paclitaxel or bortezomib, should also be addressed. Second, the mechanisms of action of these drugs on CINP must be fully characterised (for example, the effect of TZDs on neuroinflammation associated with CINP has not yet been evaluated). Finally, joint effort of chemists, pharmacologists and physicians should prioritise the search for new PPARγ agonists, with reduced side effects, good permeability at blood brain barrier and positive effects in reducing CINP.
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The negative side effects of opioid-based narcotics underscore the search for alternative non-opioid bioactive compounds that act on the peripheral nervous system to avoid central nervous system-mediated side effects. The transient receptor potential V1 ion channel (TRPV1) is a peripheral pain generator activated and sensitized by heat, capsaicin, and a variety of endogenous ligands. TRPV1 contributes to peripheral sensitization and hyperalgesia, in part, via triggering the release of proinflammatory peptides, such as calcitonin gene-related peptide (CGRP), both locally and at the dorsal horn of the spinal cord. Ultrapotent exogenous TRPV1 agonists, such as resiniferatoxin identified in the latex of the exotic Euphorbia resinifera, trigger hyperalgesia followed by long lasting, peripheral analgesia. The present study reports on the analgesic properties of Euphorbia bicolor, a relative of E. resinifera, native to the Southern United States. The study hypothesized that E. bicolor latex extract induces long-lasting, non-opioid peripheral analgesia in a rat model of inflammatory pain. Both inflamed and non-inflamed adult male and female rats were injected with the methanolic extract of E. bicolor latex into the hindpaw and changes in pain behaviors were reassessed at various time points up to 4 weeks. Primary sensory neuron cultures also were treated with the latex extract or vehicle for 15 min followed by stimulation with the TRPV1 agonist capsaicin. Results showed that E. bicolor latex extract evoked significant pain behaviors in both male and female rats at 20 min post-injection and lasting around 1–2 h. At 6 h post-injection, analgesia was observed in male rats that lasted up to 4 weeks, whereas in females the onset of analgesia was delayed to 72 h post-injection. In sensory neurons, latex extract significantly reduced capsaicin-evoked CGRP release. Blocking TRPV1, but not opioid receptors, attenuated the onset of analgesia and capsaicin-induced CGRP release. Latex was analyzed by mass spectrometry and eleven candidate compounds were identified and reported here. These findings indicate that phytochemicals in the E. bicolor latex induce hyperalgesia followed by peripheral, non-opioid analgesia in both male and female rats, which occurs in part via TRPV1 and may provide novel, non-opioid peripheral analgesics that warrant further examination. 
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Introduction

Scientists are in a continuous search for safe and potent analgesic drugs for the treatment of painful conditions in both men and women. Patients with intense pain is most commonly treated with a combination of systemic opioids (such as fentanyl and morphine), aspirin, and nonsteroidal anti-inflammatory drugs (NSAIDs) (Slater et al., 2010). Despite substantial advances in pain research and treatment, the negative side effects of opioids and NSAIDs remain a significant challenge to long-term pain management. Opioids cause physical dependency, tolerance, and addiction (Carter et al., 2014) while NSAIDs cause gastrointestinal disorders (Fiorucci et al., 2001). Opioid therapy also adversely affects the cardiovascular, endocrine, gastrointestinal, immune, musculoskeletal, respiratory, and central nervous systems (Baldini et al., 2012). 

Pain is relayed to the spinal cord by excited nociceptors, which are the nerve endings of sensory neurons that specialize in detecting chemical, mechanical, and thermal damage to tissues. Chemicals, such as bradykinin, extracellular protons, nerve growth factor, and serotonin, are released from damaged epithelial cells and immune cells to excite nociceptors (Woolf, 1983; Julius and Basbaum, 2001; Drdla and Sandkuhler, 2008). Nociceptor excitation is then relayed to the dorsal horn of the spinal cord and ascends to the brain where the perception of pain is created. Pain behaviors can be measured as the degree of allodynia (increased sensitivity to non-noxious stimuli) and/or hyperalgesia (increased sensitivity to noxious painful stimuli). Pain therapeutics can then target the brain or the spinal cord to centrally block pain perception or the nociceptors can be directly targeted to peripherally block pain transmission. 

A subpopulation of nociceptors expresses the thermosensitive transient receptor potential vanilloid 1 (TRPV1) ion channel, which can be sensitized by inflammatory mediators resulting in the amplification of pain signaling. TRPV1 is a non-selective cation channel with high permeability to calcium ions (Ca2+) and is expressed in the peripheral and central terminals of small diameter sensory neurons (Caterina et al., 1997; Tominaga et al., 1998; Clapham, 2003; Dinh et al., 2004; Lazzeri et al., 2004; Venkatachalam and Montell, 2007) TRPV1 is activated by heat (> 42°C), acidic pH (pH 6.0 or less) (Jordt et al., 2004) or alkaline pH (pH 7.8 or more) (Dhaka et al., 2007), and chemicals, such as capsaicin (Caterina et al., 1997), arachidonic acid metabolites (Hwang et al., 2000), N-arachidonyl dopamine (Huang et al., 2002), oxidized linoleic acid metabolites 9- and 13-hydroxyoctadecadienoic acid (9- and 13-HODE) (Patwardhan et al., 2010), and resiniferatoxin (RTX; from the latex of Euphorbia resinifera) (Szallasi and Blumberg, 1990; Premkumar and Ahern, 2000; Raisinghani et al., 2005). TRPV1 can also be sensitized by various inflammatory mediators (Shu and Mendell, 1999; Premkumar and Ahern, 2000; Hu et al., 2002; Sugiura et al., 2002; Sathianathan et al., 2003; Kim et al., 2004; Donnerer et al., 2005; Van Buren et al., 2005; Stein et al., 2006). 

Activation and sensitization of TRPV1 leads to calcium influx and depolarization of the sensory neuron membrane followed by rapid desensitization of TRPV1, resulting in diminished action potential firing (Caterina et al., 1997) and desensitization results in analgesia. The ultrapotent TRPV1 agonists RTX causes temporary ablation of TRPV1-expressing nociceptors to produce longer-lasting analgesia (Appendino and Szallasi, 1997; Wong and Gavva, 2009; Mitchell et al., 2010; Ohbuchi et al., 2016; Salas et al., 2017). RTX was isolated from the latex extract of E. resinifera (Euphorbiaceae), which belongs to the same family with Euphorbia bicolor. The genus Euphorbia is the third largest genus of flowering plants with almost 2,000 species worldwide that are distinguishable by the presence of milky latex (Rafael Govaerts et al., 2000; Horn et al., 2012). Several Euphorbia species contain biologically active phytochemicals with medicinal properties (Shi et al., 2008; Vasas and Hohmann, 2014). In addition to E. resinifera, analgesic and/or anti-inflammatory activities have been reported in the stem extract of E. antiquorum (Hoang et al., 2008), hydro-alcoholic extract of E. tirucalli root (Palit et al., 2018), different solvent extractions of E. dracunculoides (Majid et al., 2015), and several other species (Prabha et al., 2008; Gaur et al., 2009; Upadhyay et al., 2014; Sdayria et al., 2018). 

Snow-on-the-prairie, E. bicolor Engelm. & A. Gray, a relative of E. resinifera, is native to the Southern United States, and possesses latex similar to that found in other Euphorbia plants with medicinal properties. To date there are no reports on the potential medicinal properties of E. bicolor latex extract. Being in the same family with E. resinifera, which has a literature of one of its phytochemicals providing pain relief, we hypothesized that E. bicolor latex extract contains phytochemicals that induce long-lasting, non-opioid peripheral analgesia in a rat model of inflammatory pain. The present study is the first to report on the analgesic properties and phytochemicals of the genus E. bicolor. 

Materials and Methods

Plant Collection and Extract Preparation

Euphorbia bicolor (Euphorbiaceae) plants were collected from prairies in Denton County, TX, USA. The collected plant material was identified by members of the Native Plant Society of Texas, Trinity Forks Chapter, and a voucher specimen was deposited in the TWU Herbarium. Fresh latex was collected from plucked leaves, inflorescence bracts, and cut stems in a pre-weighed vial, extracted in 80% methanol (1:40 w/v) at room temperature for two days, and centrifuged at 3,500 rpm for 20 min. Supernatants were filtered through Whatman #54 filter paper, the pH was measured at pH 5.6, and nitrogen gas was flushed into the vial to prevent oxidation before storage at −20°C for further use. After performing serial dilution of the extract, the final methanol concentration in the working solutions for in vivo and in vitro experiments was 1.2% and their pH ranged from pH 5.96 to pH 6.6.

Animals

A total of 216 male and female adult Sprague-Dawley rats (250–350 g; Charles River Laboratories, Wilmington, MA, USA) were used in this study. The rats were separated by sex and housed in groups of two per cage in a 12:12 h light:dark cycle with ad libitum access to food and water. The rats were acclimated to the animal facility for a minimum of five days before conducting the experiments. All studies were conducted under the approval of the Texas Woman’s University Institutional Animal Care & Use Committee and under the strict guidelines of Animal Welfare Act, implementing Animal Welfare Regulations, and the principles of the Guide for the Care and Use of Laboratory Animals. The study also followed the guidelines of the Committee for Research and Ethical Issues of the International Association for the Study of Pain. For all behavior testing, experimenters were blind to the treatment groups during testing. 

Complete Freund’s Adjuvant

To induce hindpaw inflammation, all rats received one plantar injection of complete Freund’s adjuvant (100 μl 1:1 in 0.9% sterile saline; CFA; Sigma Aldrich, St. Louis, MO, USA) into the right hindpaw. Twenty-four hours post-CFA injection, pain behaviors (thermal hyperalgesia and mechanical allodynia, see below) were confirmed prior to further experimentation. 

Thermal Hyperalgesia

Thermal sensitivity was detected using the Plantar Test (Ugo Basile; Collegeville, PA, USA), as previously described (Hargreaves et al., 1988). For this test, rats were individually placed into non-restricting plexiglass chambers on a solid glass tabletop. A noxious heat source was aimed at the plantar surface of the rat hindpaw and the time required to elicit a paw withdraw was measured in seconds and recorded as a paw withdrawal latency (PWL). A maximum time of 20 s was allotted to prevent potential tissue damage in instances where the animal did not withdraw. Each time point is reported as an average of three trials conducted in a nonconsecutive order to prevent temporal summation of heat. Male and female rats were first acclimated to the apparatus 24 h prior to testing. Following baseline measurements (0 time point), rats received one intraplantar hindpaw injection of E. bicolor latex extract (25, 50, 100, 300, or 500 µg/ml in 100 µl 0.9% sterile saline and 1.2% methanol; n= 5–6 per treatment/sex) or vehicle (100 µl 0.9% sterile saline and 1.2% methanol; n= 5–6/sex). Paw withdrawal latencies were then reassessed at 20, 40, 60 min, 2 h, and 4 h post-injection. 

To test whether thermal hyperalgesia is occurring via TRPV1, a separate set of male rats received one intraplantar injection of the TRPV1 antagonist capsazepine (10 μM in 100 µl 0.9% sterile saline and 10% DMSO; CZP; n = 7) or vehicle (100 µl 0.9% sterile saline and 10% DMSO; n = 7) into the hindpaw following baseline testing. Fifteen minutes post-injection, all rats were injected into the same hindpaw with the E. bicolor latex extract (300 μg/ml in 100 µl 0.9% sterile saline and 1.2% methanol) and PWL were reassessed 20 min later. The concentration and timing of CZP injections was chosen based on previous studies (Liu and Simon, 1997; Qi et al., 2015).

To test whether E. bicolor latex extract evoked analgesia, basal thermal sensitivity was recorded followed by one intraplantar CFA injection (see above) into the right hindpaw. Twenty-four hours later, post-CFA thermal hyperalgesia was confirmed followed by an intraplantar injection into the inflamed hindpaw of either E. bicolor latex extract (300 μg/ml in 100 μl 0.9% sterile saline and 1.2% methanol; n = 7 males, n = 9 females) or vehicle (100 μl 0.9% sterile saline and 1.2% methanol; n = 6 males, n = 8 females). Thermal hyperalgesia was then reassessed at 1, 3, 6, 24, 48, and 72 h post-latex injection followed by every week for 4 weeks.

To test whether analgesia was occurring via TRPV1, a separate group of male and female rats were pretreated with either CZP (10 μM in 100 μl 0.9% sterile saline; n = 8 males, n = 6 females), the TRPV1 antagonist 5’-Iodoresiniferatoxin (0.02 μM in 100 µl 0.9% sterile saline and 10% DMSO; I-RTX; n = 6 / sex) (Balonov et al., 2006), or vehicle injections (100 μl 0.9% sterile saline; n = 12 males, n = 12 females) into the inflamed paw (Liu and Simon, 1997; Qi et al., 2015). Fifteen minutes later, all rats received an injection of the latex extract (300 μg/ml in 100 μl 0.9% sterile saline and 1.2% methanol) into the inflamed hindpaw and thermal hyperalgesia was reassessed at 1, 3, 6, 24, 48, and/or 72 h.

To test whether analgesia occurring via opioid receptors, a separate group of male rats received either a subcutaneous injection of the broad-spectrum opioid antagonist naloxone hydrochloride (1 mg/kg; Sigma-Aldrich; n = 6) or vehicle (100 μl 0.9% sterile saline and 1.2% ethanol; n = 6) 24 h following CFA injections. Fifteen minutes later, all rats received an injection of either E. bicolor latex extract (300 μg/ml in 100 μl 0.9% sterile saline and 1.2% ethanol) or vehicle (100 μl 0.9% sterile saline and 1.2% ethanol) into the inflamed hindpaw. Thermal hyperalgesia was then reassessed by measuring PWLs at 1, 6, and 24 h post-extract injection. The naloxone dosage, injection route, and timing were chosen based on previous studies (LaPrairie and Murphy, 2007).

Mechanical Allodynia

The Dynamic Plantar Aesthesiometer (Ugo Basile Collegeville, PA, USA) was used to measure changes in sensitivity thresholds to a non-noxious mechanical stimulus by assessing the force (in grams) required to elicit a paw withdraw from the stimulus, as previously described (Gibbs et al., 2006). For this test, rats were placed in a Plexiglas box on an elevated grid platform and a blunt probe was aimed at the plantar surface of the hindpaw. The force of the stimulus was increased with a ramp of 3 g/s over 10 s with a cutoff of 30 g to avoid mechanical lifting of the paw by the device. The average force required to elicit a paw withdrawal over 3 trials was recorded for each time point. In order to minimize the number of animals used in this study, the same animals tested for thermal hyperalgesia were also tested for mechanical allodynia. Treatment groups were counterbalanced so that each animal that received the experimental treatment in one hindpaw for testing thermal hyperalgesia, then received the vehicle treatment in the other hindpaw for testing mechanical allodynia, and vice versa. A period of 4 h was retained between thermal hyperalgesia testing and mechanical allodynia testing to avoid behavioral sensitization. Male and female rats were acclimated to the testing apparatus 24 h prior to testing. Following baseline measurements, rats received intraplantar injections of E. bicolor latex extract (25, 50, 100, 300, or 500 µg/ml in 100 µl 0.9% sterile saline and 1.2% methanol; n= 5–6 per treatment/sex) or vehicle (100 µl 0.9% sterile saline and 1.2% methanol; n= 5–6/sex) into the hindpaw. Mechanical sensitivity was re-examined at 20, 40, and 60 min post-injection. 

To test whether E. bicolor latex extract evoked analgesia, basal mechanical sensitivity was recorded followed by one intraplantar CFA injection (see above) into the right hindpaw. Twenty-four hours later, post-CFA mechanical allodynia was confirmed followed by an intraplantar injection into the inflamed hindpaw of either E. bicolor latex extract (300 μg/ml in 100 μl 0.9% sterile saline and 1.2% methanol; n = 6 males, n = 6 females) or vehicle (100 μl 0.9% sterile saline and 1.2% methanol; n = 6 males, n = 6 females). Mechanical allodynia was then reassessed at 6, 24, 48, and 72 h post-latex injection followed by every week for 4 weeks.

Primary Neuronal Cultures

Male rats were rapidly decapitated under brief isoflurane anesthesia and trigeminal ganglia (TG) were bilaterally removed. Primary neuronal cultures were prepared by the method of Patwardhan et al., 2005 (Patwardhan et al., 2005). Briefly, the extracted TGs were suspended in Hanks buffered-saline solution (HBSS) buffer (Invitrogen, San Diego, CA, USA), disassociated and resuspended in Dulbecco’s modified Eagle’s medium containing penicillin–streptomycin, glutamine, 10% fetal bovine serum, nerve growth factor (5 µl of 100 ng/ml; Harlan, Indianapolis, IN, USA), and treated with the mitotic inhibitors 5-fluoro-2-deoxyuridine (3 µg/ml; Invitrogen) and uridine (7 µg/ml; Sigma–Aldrich). Cells were directly applied to 24-well poly-D-lysine-coated plates (n = 3–4 rats or 6–8 TGs/plate; BD Biosciences, Bedford, MA, USA) and maintained in an incubator at 37°C and 5% CO2. Twenty-four hours later, the media was replaced with 300 µl of fresh NGF-containing media. This process was continued on every other day for 7 d. All experiments were conducted in duplicate.

CGRP Release Assay and ELISA

Primary neuronal cultures were incubated in HBSS at 37°C for 15 min. After 15 min, the superfusate was discarded and the cells were incubated again in HBSS at 37°C for 15 min. Superfusate was collected for later quantification of basal CGRP release and the same cells were incubated with varying concentrations of E. bicolor latex extract (12.5, 25, 50, 100, and 300 µg/ml) or HBSS vehicle (0 µg/ml) at 37°C for 15 min. The superfusate was again collected for later quantification of extract-evoked CGRP release and the same cells were stimulated with 50 nM of capsaicin along with latex extract at 37°C for 15 min. The superfusate was collected for later quantification of the effects of extract on capsaicin-evoked CGRP release. 

A separate set of cultures were incubated in HBSS at 37°C for 15 min. After 15 min, the superfusate was discarded and the cells were incubated again in HBSS at 37°C for 15 min. Superfusate was collected for later quantification of basal CGRP release and the same cells were then incubated for 15 min in either CZP (10 µM in HBSS and <0.05% DMSO), I-RTX (0.02 µM in HBSS and <0.05% DMSO), or vehicle (HBSS and <0.05% DMSO). The same cells were then incubated with E. bicolor latex extract (100 µg/ml in HBSS and 1.2% methanol) in the continued presence of either CZP, I-RTX, or HBSS at 37°C for 15 min. The superfusate was collected for later quantification of the effects of the pre-treatments on extract-evoked CGRP release and the same cells were then stimulated with 50 nM of capsaicin along with latex extract at 37°C for 15 min. The superfusate was collected for later quantification of the effects of pretreatment and extract on capsaicin-evoked CGRP release. All collected fractions were immediately stored at −80°C following each individual collection throughout the experiments. Each fraction was analyzed for CGRP levels using a rat-specific CGRP enzyme-linked immunoassay (Cayman Chemicals, Ann Arbor, MI) according to the manufacturer’s protocol. 

Ultra-Performance Liquid Chromatography Electrospray Ionization Tandem Mass Spectrometry (UPLC-ESI-MS/MS)

The chromatographic separation and compound confirmation were carried out by using ultra performance liquid chromatography electrospray ionization tandem mass spectrometry (UPLC-ESI-MS/MS) in a positive ionization mode. A Waters Acquity UPLC (Waters Corporation, MA, USA) chromatography system, coupled with ESI Xevo TQD triple quadrupole mass spectrometer, was used. The UPLC system was equipped with a binary pump, degasser, autosampler, thermostatically controlled column compartment, and control module. Chromatographic separations of analytes were carried out on a Restek Raptor biphenyl (100 mm length x 2.1 mm diameter x 1.8 mm particle size) column using a gradient mobile phase consisting of 0.1% formic acid in 10 mM ammonium formate and 0.1% formic acid in acetonitrile under linear gradient conditions (A:B % v/v, 0–0.5 min: 80:20; 0.5–14 min: 30:70; 14–15 min: 80:20) at 0.6 ml/min flow rate. The column was maintained at 50°C. The source dependent parameters maintained for the analytes were set as follows: cone gas flow of 10 L/h, desolvation gas flow of 1,000 L/h, capillary voltage of 0.70 kV, source temperature of 150°C, and desolvation temperature of 450°C. Detection of the compounds was performed in the multiple-reaction monitoring (MRM) mode by monitoring the pertinent transition pairs (see Table 1 for specific compound tuning parameters). Unit mass resolution was employed, and the dwell time was optimized automatically via Mass Lynx software (autodwell function) at 0.01–0.163 s. Mass Lynx and Target Lynx software (version 4.1) were used to control all parameters of UPLC and ESI-MS/MS operation, and for compound data analysis. Stock solutions of standard compounds were prepared in methanol. The concentrations of the identified phytochemicals were determined with the above software, utilizing a three-point, external calibration method.


Table 1 | Phytochemical analysis of E. bicolor latex extract by UPLC-ESI-MS/MS (alphabetical order by phytochemical names).
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Statistical Analysis

All data were analyzed using GraphPad Prism software version 7 (GraphPad, San Diego, CA, USA). Behavioral data were presented as mean ± SEM paw withdrawal latency or force in grams and analyzed by two-way repeated measures analysis of variance (ANOVA). ELISA data is presented as mean ± SEM of percent basal levels and analyzed by unpaired t test or one-way ANOVA. Bonferroni post-hoc analysis was conducted, and the statistical significance was tested at p ≤ 0.05. Significant outliers were identified for exclusion with the Grubb’s test (GraphPad Quick Calcs Online, the extreme studentized deviate method; [(mean-value)/standard deviation]) to detect an outlier over 2 standard deviations from the mean. 

Results 

E. bicolor Latex Extract Induced Transient Pain Behaviors in Both Male and Female Rats

E. bicolor latex extract evoked significant thermal hyperalgesia in both male [F (5,26) = 37.36; p ≤ 0.05] (Figure 1A) and female rats [F (5,26) = 7.53; p ≤ 0.05] (Figure 1B). At 20 min post-extract injection in males, the PWLs following injection of the concentrations over 50 µg/ml were significantly lower than vehicle. At 2 h, only the 300 and 500 µg/ml concentrations of extract continued to induce significant hyperalgesia. Hyperalgesia was resolved by 4 h post-extract injection. In females, only the 300 and 500 µg/ml concentrations of extract from 20–60 min induced significant hyperalgesia. Hindpaw injection of E. bicolor latex extract also evoked significant mechanical allodynia in both male [F(5,24) = 28.82; p ≤ 0.05] (Figure 2A) and female rats [F(5,26) = 12.07; p ≤ 0.05] (Figure 2B). At the 20, 40, and 60 min time points, the 50, 100, 300, and 500 µg/ml concentrations evoked significantly greater allodynia than vehicle controls in both males and females, but the two highest doses remained significant at 60 min post-injection in females only. The 25 µg/mL concentration of the latex extract did not evoke either of the pain behaviors tested in either sex (p > 0.05). 


[image: ]

Figure 1 | E. bicolor latex extract induced thermal hyperalgesia in male and female rats. Thermal hyperalgesia in male (n = 5–6) (A) and female (n = 5–6) (B) rats injected with various concentrations of E. bicolor latex extract in the right hindpaw compared to vehicle injections. * indicate p ≤ 0.05 compared to vehicle by RM two-way ANOVA with Bonferroni post hoc analysis.
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Figure 2 | E. bicolor latex extract induced mechanical allodynia in male and female rats. Mechanical allodynia in male (n = 5–6) (A) and female (n = 5–6) (B) rats injected with E. bicolor latex extract in the right hindpaw compared to vehicle injections. * indicate p ≤ 0.05 compared to vehicle by RM two-way ANOVA with Bonferroni post hoc analysis.



E. bicolor Latex Extract Elicits Long-Lasting Peripheral Analgesia in Male and Female Rats

CFA evoked significant thermal hyperalgesia at 24 h post-hindpaw injection that lasted up to four weeks in males [F(11,121) = 45.6; p ≤ 0.05] and three weeks in females [F(11,165) = 46.0; p ≤ 0.05]. Peripheral injection of E. bicolor latex extract into the inflamed hindpaw induced significant analgesia in males observed as an increase in paw withdrawal latencies compared to vehicle controls [F (1, 11) = 75.0; p ≤ 0.05] (Figure 3A). The onset of significant analgesia occurred at 6 h post-latex injection and lasted through 4 weeks (p ≤ 0.05) in male rats, whereas, in female rats [F (1, 15) = 7.9; p ≤ 0.05] (Figure 3B), the onset of significant analgesia occurred at 72 h and lasted through recovery of CFA-evoked inflammatory pain at 3 weeks (p ≤ 0.05). There was also a significant effect of vehicle treatment at 1 h following latex extract injection with the vehicle treatment group displaying consistent and significantly greater hyperalgesia than the extract treatment group. We also observed a significant reduction in mechanical allodynia at 24 h in male rats [F (1, 10) = 244.4; p ≤ 0.05] (Figure 3C) and 72 h in female rats [F (1, 10) = 403.1; p ≤ 0.05] (Figure 3D) that returned to baseline by 4 weeks.
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Figure 3 | E. bicolor latex extract elicited long-lasting peripheral analgesia in male and female rats. Peripheral analgesia on thermal hyperalgesia in a rat model of inflammatory pain was detected in males at 6 h post-E. bicolor latex extract injection (n = 7) and still significantly present at 4 weeks as compared to vehicle treated (n = 6) (A). In females, peripheral analgesia was detected at 72 h post-E. bicolor latex extract injections (n = 9) as compared to vehicle treated (n = 9) (B). Peripheral analgesia on mechanical allodynia was detected in males at 24 h post-E. bicolor latex extract injection (n = 6) and was comparable to vehicle treated (n = 6) by 4 weeks post-injection (C). In females, peripheral analgesia was again detected at 72 h post-E. bicolor latex extract injections (n = 6) as compared to vehicle treated (n = 6) (D). * indicate p ≤ 0.05 compared to vehicle by RM two-way ANOVA with Bonferroni post hoc analysis. + indicates p ≤ 0.05 compared to pre-CFA baseline by RM two-way ANOVA with Bonferroni post hoc analysis.



E. bicolor Latex Extract Does Not Elicit Peripheral Analgesia via Opioid Receptors

To test whether phytochemicals present in the E. bicolor latex extract induce peripheral analgesia through opioid receptors, male rats were pretreated systemically with the broad-spectrum opioid antagonist naloxone prior to the latex extract injection and CFA-evoked thermal hyperalgesia was assessed. In both groups, E. bicolor latex extract evoked significant analgesia [F(4,40) = 154.5; p ≤ 0.05] at 6 h and 24 h post-extract injection (p ≤ 0.05) (Figure 4A). There was no significant effect of naloxone compared to vehicle pretreatment on E. bicolor-evoked analgesia [F(1,10) = 0.002; p > 0.05]. 
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Figure 4 | E. bicolor latex extract elicited non-opioid analgesia via TRPV1, but not hyperalgesia. Extract-evoked analgesia was not blocked in males following systematic pre-treatment with the opioid antagonist naloxone as illustrated by the presence of significant analgesia in the extract- (n = 6) and vehicle-treated groups (n = 6) at 6 h and 24 h as compared to the 1 h timepoint (A). Extract-evoked thermal hyperalgesia was not blocked in males following local pre-treatment with the TRPV1 antagonist capsazepine (CZP) as illustrated by the presence of significant thermal hyperalgesia in the extract-treated group (n = 7) compared to the vehicle-treated group (n=7) (B). In both males (C) and females (D), CZP pre-treatment (n = 7 males; n = 6 females) significantly blocked the onset of extract-evoked analgesia as compared to vehicle-treated (n=7 males; n=6 females). In both males (E) and females (F), 5’-Iodoresiniferatoxin (I-RTX) pre-treatment (n = 6 / sex) also significantly blocked the onset of extract-evoked analgesia as compared to vehicle-treated (n = 6 / sex). * indicate p ≤ 0.05 compared to vehicle by RM two-way ANOVA with Bonferroni post hoc analysis. + indicates p≤0.05 compared to 24 h post-CFA by RM two-way ANOVA with Bonferroni post hoc analysis. 



Blocking TRPV1 Attenuated E. bicolor Latex Extract-Induced Analgesia, but Not Hyperalgesia

To test whether E. bicolor latex extract phytochemicals target TRPV1 with a similar mechanism to RTX isolated from E. resinifera, rats were pretreated with the TRPV1 antagonist CZP prior to peripheral latex extract injection and the role of TRPV1 in both E. bicolor extract-evoked thermal hyperalgesia and E. bicolor extract-evoked analgesia were tested. CZP did not alter E. bicolor extract-evoked hyperalgesia as a significant drop in paw withdrawal latency following E. bicolor extract was still observed [F (1, 12) = 453.2; p ≤ 0.05] (Figure 4B). There was no significant difference between the vehicle and CZP groups at baseline or 20 min following extract injections (p > 0.05). CZP did attenuate E. bicolor extract-evoked analgesia in both male and female rats. In male rats, blocking TRPV1 with CZP prior to extract injections attenuated analgesia observed as a significantly lower paw withdrawal latency compared to vehicle pretreatment at 6 h and 24 h post-extract injection [F (1, 10) = 10.9; p ≤ 0.05] (Figure 4C). At 6- and 24-h post-extract injection, the vehicle pretreatment groups displayed significant analgesia compared to the post-CFA timepoint (p ≤ 0.05), while the CZP pretreatment group did not show significant difference from the post-CFA timepoint (p> 0.05). For female rats, blocking TRPV1 with CZP prior to extract injections attenuated analgesia observed as a significantly lower paw withdrawal latency compared to vehicle pretreatment at 72 h post-extract injection [F (1, 40) = 1.711; p ≤ 0.05] (Figure 4D). In support, blocking TRPV1 with another TRPV1 antagonist I-RTX also significantly attenuated extract-evoked analgesia in both males [F (1, 10) = 150.9; p ≤ 0.05] (Figure 4E) and females [F (1, 10) = 6.17; p ≤ 0.05] (Figure 4F) at the same time points.

E. bicolor Latex Extract Treatment Evokes CGRP Release and Attenuates Capsaicin-Evoked CGRP Release via TRPV1 in Vitro

To test the direct effects of E. bicolor latex extract on sensory neurons in vitro, primary neuronal cultures of trigeminal sensory neurons were treated with varying concentrations of E. bicolor latex extract and CGRP was quantified as a functional measure of peptidergic neuronal activity. E. bicolor latex extract treatment evoked a significant increase in the release of CGRP from cultured sensory neurons at all concentrations compared to vehicle treated controls [F (5, 59) = 3.5; p ≤ 0.05] (Figures 5A, B). Capsaicin stimulation of the same cultured cells resulted in a significant increase in CGRP release [t = 4.371 df = 26] (Figures 5C, D). E. bicolor latex extract significantly reduced capsaicin-evoked CGRP release at the 50 and 100 µg/ml concentrations [F (5, 66) = 2.7; p ≤ 0.05] (Figure 5D). Prior to conducting the TRPV1 antagonist studies, neuron density per well was increased (from 6 to 8 TGs per plate) to optimize CGRP detection levels for pharmacological manipulations. As the density of neurons is different between the cell cultures in Figures 5 and 6 and thus the y axes are not similar, we only conducted statistical analysis on the percentage of basal release rather than the actual fmol/ml to control for differences in CGRP release that due to unequal neuron density. When TRPV1 was blocked with CZP prior to and during treatment with E. bicolor latex extract, E. bicolor latex extract-evoked CGRP release from sensory neurons was significantly attenuated [t = 2.178 df = 22] (Figures 6A, B). Also, TRPV1 antagonism significantly attenuated capsaicin-evoked CGRP release and the effects of the extract on capsaicin-induced CGRP release [F (2, 33) = 5.975; p ≤ 0.05] (Figures 6C, D). In support, pretreatment with the TRPV1 antagonist I-RTX also significantly attenuated both extract-evoked CGRP release [t = 43.49 df = 22] (Figures 7A, B) and the effects of extract on capsaicin-induced CGRP release [F (2, 33) = 1666; p ≤ 0.05] (Figures 7C, D).
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Figure 5 | E. bicolor latex extract treatment evoked CGRP release and attenuated capsaicin-evoked CGRP release. E. bicolor latex extract induced significant CGRP release from sensory neurons treated with 12.5, 25, 50, 100, and 300 µg/ml extract (shaded bars) compared to vehicle treated (open bars) (A in fmol, B in percent of basal release). E. bicolor latex extract also significantly reduced capsaicin-induced release of CGRP at 50 and 100 µg/ml extract (shaded bars) (C in fmol, D in percent of basal release). * indicate p ≤ 0.05 compared to vehicle by one-way ANOVA with Bonferroni post hoc analysis. Statistical analyses were performed only on percent of basal of release.
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Figure 6 | E. bicolor latex extract treatment modulated CGRP release and capsaicin-evoked CGRP release via TRPV1 in vitro. Treatment with the TRPV1 antagonist capsazepine (CZP) significantly reduced the extract-evoked CGRP release from cultured sensory neurons (black bar) as compared to treatment with the vehicle (white bar) (A in fmol, B in percent of basal release). Treatment with CZP prior to and during treatment with both E. bicolor and capsaicin (black bar) or capsaicin only (grey bar) significantly reduced CGRP release compared to vehicle pre-treatment (white bar) (C in fmol, D in percent of basal release). * indicate p ≤ 0.05 compared to vehicle by Student t-test or one-way ANOVA with Bonferroni post hoc analysis. Statistical analyses were performed only on percent of basal of release.
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Figure 7 | E. bicolor extract treatment-evoked effects on CGRP were attenuated by a TRPV1 antagonist. Treatment with the TRPV1 antagonist 5’-Iodoresiniferatoxin (I-RTX) significantly reduced the extract-evoked CGRP release from cultured sensory neurons (black bar) as compared to treatment with the vehicle (white bar) (A in fmol, B in percent of basal release). Treatment with the I-RTX prior to and during treatment with both E. bicolor and capsaicin (black bar) or capsaicin only (grey bar) significantly reduced CGRP release compared to vehicle pre-treatment (white bar) (C in fmol, D in percent of basal release). * indicate p ≤ 0.05 compared to vehicle by Student t-test or one-way ANOVA with Bonferroni post hoc analysis. # indicates p ≤ 0.05 in between I-RTX+capsaicin and I-RTX+extract+capsaicin by one-way ANOVA with Bonferroni post hoc analysis. Statistical analyses were performed only on percent of basal of release.



Chemical Composition of E. bicolor Latex Extract Identified by UPLC-ESI-MS/MS

UPLC-ESI-MS/MS identified eleven compounds based on standard compounds (Figure 8 and Table 1) that belong to four major groups of phytochemicals: coumestans, diterpenes, flavonoids, and isoflavones. Coumestrol (coumestans), abietic acid and resiniferatoxin (diterpenes), chalcone, kaempferol, naringenin, quercetin, and rutin (flavonoids) and biochanin A, daidzein, and genistein (isoflavones) were the eleven compounds identified. The concentration of the identified phytochemicals quantified by the MassLynx ™ MS software ranked as follows: biochanin A > coumestrol > naringenin > chalcone > quercetin > kaempferol > RTX > rutin > abietic acid > genistein > daidzein. 
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Figure 8 | Chemical composition of E. bicolor latex extract identified by UPLC-ESI-MS/MS. Representative ion chromatograms and the corresponding structures of the phytochemicals identified in the crude extract by UPLC-ESI-MS/MS. Daidzein (A), genistein (B), abietic acid (C), rutin (D), resiniferatoxin (E), kaempferol (F), quercetin (G), chalcone (H), naringenin (I), coumesterol (J), biochanin A (K).



Discussion

A number of studies have reported the analgesic and anti-inflammatory properties of different Euphorbia species (Prabha et al., 2008; Gaur et al., 2009; Upadhyay et al., 2014; Majid et al., 2015; Palit et al., 2018; Sdayria et al., 2018). However, no studies have reported the analgesic properties and phytochemical analysis of E. bicolor latex extract. We hypothesized that the E. bicolor latex extract contains phytochemicals that induce long-lasting, non-opioid, peripheral analgesia in a rat model of inflammatory pain. Here, we report several novel findings supporting our hypothesis: (1) E. bicolor latex extract induced transient pain behaviors in male and female rats; (2) latex extract evoked non-opioid long-lasting analgesia partly via TRPV1 in male and female rats; (3) latex extract evoked a transient increase in CGRP release but attenuated capsaicin-evoked CGRP release in cultured sensory neurons; and (4) phytochemical analysis of latex extract revealed the presence of bioactive compounds. 

In the present study, intraplantar injections of E. bicolor latex extract significantly induced pain behaviors manifested as thermal hyperalgesia and mechanical allodynia. The results from the current study is in accordance with those of a previous study in which the intradermal injection of capsaicin into the plantar skin of the hindpaw in mice led to the development of thermal and mechanical hyperalgesia (Caterina et al., 1997). It is widely agreed that primary mechanical and thermal hyperalgesia are a consequence of the sensitization of primary sensory neurons (Treede et al., 1992). E. bicolor latex extract also significantly enhanced the release of the pro-inflammatory peptide CGRP. Together, these data indicate that E. bicolor latex extract is an irritant that evokes significant pain behaviors and pronociceptive signaling in sensory neurons. However, we found that antagonizing TRPV1 did not block the onset of hyperalgesia. It is possible that extract-induced hyperalgesia is occurring via TRPV1, but the presence of one or several other irritant phytochemicals in the extract may also trigger hyperalgesia. 

Resiniferatoxin, a potent analogue of capsaicin, has been reported to reverse thermal hyperalgesia and mechanical allodynia in rats following full thickness thermal injury (Salas et al., 2017). In CFA-inflamed rats, one peripheral injection of E. bicolor latex extract (300 µg/ml) significantly induced analgesia in male rats starting at 6 h that lasted up to recovery at 4 weeks. In female rats, analgesia started at 72 h and lasted up to 3 weeks. Injection of CFA in rats results in inflammation and thermal hyperalgesia and mechanical allodynia within 12 h that lasts to approximately between 2–3 weeks (Stein et al., 1988; Lyness et al., 1989; Cobos et al., 2012; Parvathy and Masocha, 2013). While a limitation of this study is that a direct comparison to RTX-evoked analgesia was not included, long-lasting analgesia following a single injection of E. bicolor latex extract was similar to that of RTX, which significantly reduced thermal hyperalgesia in a rat model of burn pain within 2.5 h of injection and lasted through recovery at three weeks postinjury (Salas et al., 2017). Our data supports the necessity of further studies directly comparing the potency and efficacy of identified novel candidate phytochemicals in E. bicolor latex in comparison to TRPV1 therapeutics currently being explored in clinical trials. Of note, TRPV1 agonists that trigger hyperalgesia and desensitization of the ion channel to induce analgesia may require the use of either local or general anesthetics at the onset of treatment in the clinic (Iadarola and Mannes, 2011).

An unexpected finding of this study was that female rats displayed a later onset of analgesia compared to males. This discrepancy could be attributed to the different phases of estrous cycle in female rats (Loyd and Murphy, 2009), however studies with other plant extracts have not revealed an effect of estrous cycle on analgesia (Ratnasooriya et al., 2002; Dharmasiri et al., 2003). A possible explanation could be that the major female gonadal hormone estrogen is altering E. bicolor-evoked analgesia via a neuroprotective mechanism (Brann et al., 2007; Tiwari-Woodruff and Voskuhl, 2009; Nobakhti-Afshar et al., 2016). In support, 17β-estradiol can slow the progression of injury via suppressing the apoptotic pathway, enhancing the expression of cell survival genes (Wise et al., 2005), as well as offering protection against oxidative stress, glucose deprivation, and neurodegeneration (Goodman et al., 1996; Patrone et al., 1999; Blacklock et al., 2005; Fan et al., 2007). In the present study, it is possible that estradiol provided some level of protection from E. bicolor extract induced nerve ablation in female rats which resulted in the delayed onset of analgesia. Future studies are warranted to investigate this possibility. 

Opioid receptors are widely distributed in both the central and peripheral nervous system, (Zöllner and Stein, 2007) which can be targeted for peripheral analgesia (Stein et al., 2009). In the present study, antagonizing mu, delta, and kappa opioid receptors did not block the onset of analgesia, indicating that the E. bicolor latex extract induces non-opioid analgesia. On the other hand, blocking the TRPV1 ion channel with either capsazepine or 5’-Iodoresiniferatoxin attenuated extract-induced analgesia in both male and female rats, indicating that the latex extract induces analgesia in part via TRPV1. We did not observe an analgesic effect of capsazepine at this concentration (10 µM), similar to a previous study (Menéndez et al., 2006). Capsazepine’s binding affinity for TRPV1 is reported at 1.3 −4.3 µM (Seabrook et al., 2002; Wang et al., 2002). However, capsazepine has also been reported to have affinity for voltage-gated calcium channels and acetylcholine receptors at concentrations over 10 µM (Docherty et al., 1997; Liu and Simon, 1997). As it remains possible that our analgesic effects may be occurring through other calcium channels or acetylcholine receptors, we repeated the experiments with another TRPV1 antagonist, 5’-Iodoresiniferatoxin (IC50 = 0.7 nM), which has 800-fold higher affinity for rat TRPV1 compared to capsazepine (IC50 = 562 nM) (Seabrook et al., 2002). 5’-Iodoresiniferatoxin’s binding affinity for TRPV1 is reported at 0.39 nM (Seabrook et al., 2002). The results from both sets of TRPV1 antagonist studies revealed that TRPV1 antagonism attenuated the onset of E. bicolor-evoked analgesia. One caveat to this, 5’-Iodoresiniferatoxin has been reported to also display TRPV1 agonistic characteristics (Petho et al., 2004) at 0.06–9.9 µM (Shimizu et al., 2005). The present study used 0.02 µM so it is not likely that agonistic characteristics are active in this study, but if TRPV1 agonism were occurring then the data could be interpreted as a dampened but still significant analgesic effect. 

Our in vitro data also support E. bicolor latex-evoked hyperalgesia followed by the development of analgesia. Capsaicin significantly evoked CGRP release similar to our previous report (Loyd et al., 2012) and the latex significantly reduced capsaicin-evoked CGRP release. Further, blocking the TRPV1 ion channel with either capsazepine or 5’-Iodoresiniferatoxin significantly reduced both capsaicin-evoked and E. bicolor latex-evoked CGRP release. While capsaicin and E. bicolor latex extract treatment each independently increased CGRP release, given together they evoked a comparable rather than further enhanced degree of CGRP release. As we confirmed a significant effect of capsaicin on these cells in the positive control group, the lack of further enhancement may indicate that desensitization of the TRPV1 ion channel is occurring as the cells were first treated for 15 min in E. bicolor followed by a further 15 min treatment in E. bicolor (30 min total) plus capsaicin. It can also be noted that there was a greater magnitude of change in evoked CGRP release in Figures 6 and 7 compared to Figure 5. This is likely due to an increase in neuron density and stability per well as well as an increase in length of treatment per the methodology change between the experiments. This illustrates the importance of examining the data as percentage of baseline per well to control for differences between experimental designs. Overall, our in vivo and in vitro data together suggest that E. bicolor latex extract induces analgesia by reducing nociceptive signaling at least in part via TRPV1.

The Euphorbia plant family contains several plants that are known for their medicinal properties and our data indicate that E. bicolor is one of them. In the present study, we have identified eleven compounds belonging to three major groups of phytochemicals, coumestans, diterpenes, flavonoids (with flavonol and flavanone groups). Each group contains phytochemicals with activities that could contribute to analgesia. Coumestrol (coumestans) derived from the roots of Pueraria lobata, has anti-inflammatory and antioxidant properties (Jin et al., 2012), suppresses the lipopolysaccharide-induced activation of microglia (Jantaratnotai et al., 2013), and can downregulate the interleukin 1β-induced upregulation of pro-inflammatory cytokines (You et al., 2017). Oral or topical application of abietic acid (diterpene) significantly reduces edema and inflammatory mediators in a rat model of inflammatory pain (Fernandez et al., 2001). Recent reports provide evidence that reactive oxygen species can increase pain processing via TRPV1 (Yoshida et al., 2006; Ibi et al., 2008). It is likely that E. bicolor latex extract is reducing inflammatory mediators and oxidative stress, based on data from other Euphorbia species (Upadhyay et al., 2014; Majid et al., 2015; Palit et al., 2018; Sdayria et al., 2018) as a mechanism underlying the analgesia observed in the present study. This hypothesis is currently under investigation. 

RTX (diterpene) has been the research subject of a rich literature of analgesia studies (Brown et al., 2005; Neubert et al., 2008; Iadarola and Mannes, 2011; Salas et al., 2017) and is currently in clinical trials to treat pain in terminal cancer patients (NCT00804154 and NCT02522611). Dimeric chalcone, isolated from Myracrodruon urundeuva allemão, exhibits central and peripheral analgesic properties and anti-inflammatory activities (Viana et al., 2003). Quercetin has anti-inflammatory activities via reduction of oxidative stress and cytokine production (Valerio et al., 2009) and kaempferol also has anti-inflammatory and antinociceptive properties (De Melo et al., 2009). Rutin attenuates chemotherapy-induced neuropathy (Azevedo et al., 2013) and naringenin reduced inflammatory pain in rats (Pinho-Ribeiro et al., 2016; Manchope et al., 2017). Biochanin A, genistein, and daidzein (isoflavones) attenuate neuropathic pain in diabetic rats (Chundi et al., 2016) and in rats with partial sciatic nerve ligation (Shir et al., 1998). Taken together, these data suggest that the identified phytochemicals contributed to an additive effect on E. bicolor latex extract-induced analgesia. 

Conclusions

To our knowledge, this is the first report on the phytochemical analysis and biological activities of E. bicolor latex extract. Our results indicate that E. bicolor latex extract induces long-lasting, non-opioid, peripheral analgesia in part via TRPV1 in both male and female rats, thus adding new data to the literature on the analgesic activities of the Euphorbia species. The identified secondary metabolites with anti-inflammatory and antinociceptive properties are likely contributing, possible in a synergistic manner, to the observed analgesic properties of the latex extract. Many other phytochemicals in the E. bicolor latex extract are yet to be identified and future studies will individually examine these bioactive components to support discovery of novel phytomedicines. The identification of novel phytochemicals that target non-opioid mechanisms and act at the peripheral nervous system has the potential to improve pain management by reducing reliance on opioids and reducing the negative side effects elicited via the central nervous system.
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S-Ketamine’s Effect Changes the Cortical Electrophysiological Activity Related to Semantic Affective Dimension of Pain: A Placebo- Controlled Study in Healthy Male Individuals
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Background: Previous studies using the electroencephalogram (EEG) technique pointed out that ketamine decreases the amplitude of cortical electrophysiological signal during cognitive tasks, although its effects on the perception and emotional-valence judgment of stimuli are still unknown.

Objective: We evaluated the effect of S-ketamine on affective dimension of pain using EEG and behavioral measures. The hypothesis was that S-ketamine would be more effective than placebo, both within and between groups, to attenuate the EEG signal elicited by target and non-target words.

Methods: This double-blind parallel placebo-controlled study enrolled 24 healthy male volunteers between 19 and 40 years old. They were randomized to receive intravenous S-ketamine (n = 12) at a plasmatic concentration of 60 ng/ml or placebo (n = 12). Participants completed a computerized oddball paradigm containing written words semantically related to pain (targets), and non-pain related words (standard). The volunteers had to classify the words either as “positive,” “negative” or “neutral” (emotional valence judgment). The paradigm consisted in 6 blocks of 50 words each with a fixed 4:1 target/non-target rate presented in a single run. Infusion started during the interval between the 3rd and 4th blocks, for both groups. EEG signal was registered using four channels (Fz, Pz, Pz, and Oz, according to the 10–20 EEG system) with a linked-earlobe reference. The area under the curve (AUC) of the N200 (interval of 100–200 ms) and P300 (300–500 ms) components of event-related potentials (ERPs) was measured for each channel.

Results: S-ketamine produced substantial difference (delta) in the AUC of grand average ERP components N200 (P = 0.05) and P300 (P = 0.02) at Pz during infusion period when compared to placebo infusion for both targets and non-targets. S-ketamine was also associated with a decrease in the amount of pain-related words judged as negative from before to after infusion [mean = 0.83 (SD = 0.09) vs. mean = 0.73 (SD = 0.11), respectively; P = 0.04].

Conclusion: Our findings suggest that S-ketamine actively changed the semantic processing of written words. There was an increase in electrophysiological response for pain-related stimuli and a decrease for standard stimuli, as evidenced by the increased delta of AUCs. Behaviorally, S-ketamine seems to have produced an emotional and discrimination blunting effect for pain-related words.

Clinical Trial Registration: www.ClinicalTrials.gov, identifier NCT03915938.

Keywords: ERPs, ketamine, P300, pain, oddball


INTRODUCTION

Ketamine is a dissociative anesthetic with N-methyl-D-aspartate (NMDA) glutamate receptor antagonism, which was synthesized for the first time in 1960 and approved by FDA to induction of general anesthesia in 1970 (Domino, 2010). Ketamine has hallucinogenic potential, differing from other intravenous and inhaled anesthetics at the molecular, neural, and behavioral levels. Recently, the use of low-dosage (subanesthetic) ketamine has been under investigation as an adjuvant therapy to treat both postoperative acute and chronic pain (Noppers et al., 2010; Michelet et al., 2018). In addition, it is also considered as an option in the treatment of psychiatric disorders, as refractory major depression (Mathew et al., 2012; Zarate et al., 2012).

Although ketamine is classified as an NMDA receptor antagonist, ketamine was found to also interact with other receptors and ion channels, including serotonin (Kapur and Seeman, 2002), opioid (Gupta et al., 2011) and dopamine (Seeman and Guan, 2008) receptors, as well as possibly enhancing glutamate AMPA receptor’s density and function (Aleksandrova et al., 2017). It has been postulated that the NMDAR antagonists, such as ketamine, decrease GABAergic interneuron function by NDMA receptor blocking in the prefrontal cortex and lead to increased excitation of pyramidal neurons (Kadriu et al., 2019). Also, another study showed that the ketamine’s effect increased the activity of high-affinity extra synaptic GABAA receptors in the hippocampus and cortex (Wang et al., 2017). In healthy subjects, it produces transient and reversible clinical and electrophysiological changes that emulate the ones found in schizophrenic disorder and could lead to further understanding of abnormal brain functioning (Krystal et al., 1994; Adler et al., 1998; de la Salle et al., 2016; Friston et al., 2016). Many neuroimaging studies (Holcomb et al., 2001; Rogers et al., 2004; Deakin et al., 2008; Niesters et al., 2012) addressed ketamine’s actions on the brain, but it has been difficult to interpret ketamine’s cortical effects based on these surrogate outcome measures. It has been shown that ketamine, despite being traditionally classified as a NMDA receptor antagonist, could lead to an increase of glutamate release in specific brain areas (Holcomb et al., 2001; Deakin et al., 2008; Rosch et al., 2019). In this context, electroencephalographic studies could be useful to investigate correlates of cognitive effects on cortical electrophysiology.

Event-related potentials (ERPs) reflect stimuli processing in real time. Using this technique, studies found that ketamine consistently decreases P300 amplitude in different oddball tasks using both visual and auditory stimuli (Oranje et al., 2009; Watson et al., 2009; Musso et al., 2011). These ERP changes are associated with decreased attention levels, as well as an impaired capacity to differentiate sensorial stimuli (Musso et al., 2011). When used as analgesic, a subanesthetic dose of ketamine is very effective reducing pain unpleasantness. However, perceived pain intensity does not seem to be greatly affected (Sigtermans et al., 2009). This fact can be explained by the multifactorial vulnerability of pain perception, including affective and sensorial modulation. Hence, the analgesic effect of ketamine might be influenced by a decreased affective discrimination of sensorial information (Sprenger et al., 2006; Oertel et al., 2009). This concept has support on neuroimaging studies describing changes in the activity of specific brain areas that are related to affective component of pain, as the anterior cingulate cortex (ACC). This effect suggests that the euphoria provoked by ketamine actively interacts with the emotional aspect of pain more critically than with the pain sensory-discriminative aspects (Sprenger et al., 2006). Ketamine has multiple effects including memory loss, sedation, hypnosis, analgesia, and in the last decade, we found robust evidences of subanesthetic doses impact in the treatment of patients with major depression who do not respond to conventional antidepressant drugs (Andrade, 2017). Although several properties of ketamine have been demonstrated across 50 years of clinical use, new insights of its impact in the processing of the affective dimension are needed.

Thus, this study was designed to evaluate the effect of S-ketamine on the affective dimension of pain. We used an oddball experimental paradigm containing written words semantically related to pain (target) and non-pain related words (standard). The volunteers classified the words as follows, according to the semantic valence: “positive,” “negative” or “neutral.” We tested the hypothesis that the S-ketamine would be more efficient than the placebo, within and between groups, to decrease the area under de curve (AUC) of the grand average of area under the curve (AUC) elicited by target and non-target words.



MATERIALS AND METHODS


Study Design

The protocol was approved by Institutional Review Board (IRB) at the Hospital de Clínicas de Porto Alegre (HCPA) (IRB no. 15-0019) in accord to the Declaration of Helsinki. Volunteers provided oral and written informed consent before participating in this randomized, double-blind, placebo-controlled trial. Database of this study will be available on request to the corresponding author. Recruitment took place from January 2017 to July 2018.



Subject Characteristics and Study Inclusion and Exclusion Criteria

We recruited non-smoker healthy volunteers by advertisement postings at universities, on the internet and in public places of the Porto Alegre area. They were screened for eligibility by phone and were considered eligible to participate if they were male, right-handed, fluent in Brazilian Portuguese, age range 19 to 40 years old. Volunteers answered a structured questionnaire that assessed current acute or chronic pain conditions, use of analgesics in the past week, rheumatologic disease, clinically significant or unstable medical or psychiatric disorder, history of alcohol or substance abuse in the past 6 months, neuropsychiatric comorbidity, use of psychotropic drugs and they could not have prior experience with S-ketamine. Subjects had normal or corrected-to-normal vision. Individuals with Beck Depression Inventory (BDI) (Warmenhoven et al., 2012) scores higher than 13 were excluded (Beck and Koenig, 1996). We only included male subjects in order to avoid the influence of cyclical fluctuation of gonadal steroids during menstrual cycle on pain processing and in cortical excitability parameters (Stefani et al., 2012). Also, previous data suggest that S-ketamine displays sex differences in its pharmacokinetics (Sigtermans et al., 2009).

Twenty-four healthy subjects were randomized. Three volunteers (one of S-ketamine group and two of group placebo) were excluded in some ERP analysis due to excessive artifacts and bad quality of signal, hence, 22 subjects were included in the analysis of electroencephalographic data of Fz and Cz, while 21 subjects were included in analysis of Cz and Oz. Demographic and psychological characteristics of the subjects were comparable and are shown in Table 1. BDI-II scores showed a statistically significant difference between groups but were very low in both groups. Side effects were observed in 15 subjects (6 in group placebo and 9 in group S-ketamine), including somnolence, subjective lentification and light headache. One subject (S-ketamine group) experienced nausea requiring antiemetic treatment after completion of protocol.

TABLE 1. Baseline characteristics of the sample.
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Sample Size

The number of subjects was determined according to parameters of a previous study (Oranje et al., 2009). A priori estimate indicated in a superiority test from a parallel design, a sample size of 20 subjects divided into two groups with a 1:1 ratio, to test for difference between intervention groups of 1.24 mV on mean P300 amplitudes for lead Pz, considering an effect size of 0.54, to achieve 80% power at a 5% significance. Considering possible losses, sample size was increased in 20% (24 subjects). The estimative was determined using the Power Analysis and Sample Size Software PASS version 13 (NCSS Statistical Software, Kaysville, Utah).



Randomization

The randomization was generated by a computer (Research Randomizer®) with a fixed block size of four. Twenty-four subjects were randomly allocated to receive an intravenous infusion of a subanesthetic dose of S-Ketamine or placebo (normal saline). Before the recruitment phase, opaque envelopes containing the protocol materials were prepared, each one sealed and numbered sequentially. The envelopes were opened by the nurse who prepared the medications only after volunteers provided written informed consent.



Blinding

Experimenters and subjects were blind to the drug condition. An inherent limitation to nearly all ketamine experiment designs is that the extent to which researchers are blinded is limited by the obvious subjective effects of ketamine such as perceptual aberrations, the sense of derealization and the feeling of loss of control over thought processes. We sought to remedy this by previously diluted drug solutions and having separate study personnel record and process the EEG data.



Interventions

An intravenous 22G cannula was placed in the antecubital face of the left arm. EEG recording and standard monitoring (electrocardiogram, pulse oximetry and non-invasive blood pressure) were initiated. The semantic written word oddball task was started after a brief 10-word training period. Paradigm consisted of 6 blocks of 50 words with a fixed 4:1 target/non-target relation presented in a single run (Figure 1). Target words were somatosensory pain-related derived from the McGill Pain Questionnaire version validated to Brazilian Portuguese (Pimenta and Teixeiro, 1996) and standard stimuli were non-pain related words selected from a previously published word list (Stein and de Azevedo Gomes, 2009) and balanced with target words according shape, number of syllables and concreteness. Stimuli were presented in a computer screen with a duration of 1000 ms and a pseudorandomized inter-stimulus interval of 1500 (±500) ms. After each stimulus, volunteers were instructed to rate each presented word according to its emotional valence as positive, negative or neutral, by pressing a correspondent key in the computer keyboard (using their right hand) (Figure 1). Over the task time, a total of 300 words were presented.
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FIGURE 1. Procedures. (A) Representation of subject positioning, monitoring and generation of ERPs. Twenty-four healthy men were randomized to receive an infusion of S-ketamine or placebo. (B) Sequence of procedures. All participants completed six runs, grouped into three blocks. A block was made up of a single run consisting in 50 words (10 target, 40 neutral) interrupted by a 30-seconds resting trace. After completion of the first 3 blocks, infusion was initiated (S-ketamine or placebo), and participants rested for 3 min. Following the third block, euphoria and sedation ratings were scored in each block intervals (∗). (C) Semantic oddball paradigm. Each trial began with a fixation cross in the center of a black screen, after which the stimuli were presented for 1000 ms each. Participants were instructed to classify each presented word as “positive,” “negative,” or “neutral” according to their subjective interpretation. The participants pressed the “left arrow” key if the word was negative, “up arrow” if neutral or “right arrow” if positive. Interstimulus interval was randomized in 1500 ± 500 ms during which the fixation cross appeared on the screen.



Group S-ketamine received a target controlled infusion of ketamine to obtain a plasmatic target of 60 ng/ml according to Domino’s model (Corssen and Domino, 1966). S-ketamine doses were selected to have mild-to-moderate psychogenic and sedating effects based on previous studies (Krystal et al., 2003; Knott et al., 2011; Musso et al., 2011) and were well tolerated. Infusion started during the interval between the 3rd and 4th blocks for both groups. According to the pharmacokinetic model, drug reached steady state along the 4th block.



Instruments and Assessments

Upon arriving, participants were seated in a dimly lit, sound-attenuated, testing room, and answered to self-rating basal questionnaires to determine levels of anxiety (State-Trait Anxiety Inventory – STAI adapted to Brazilian Portuguese (Kaipper et al., 2010), depressive symptoms [Beck Depression Inventory-II (Wang and Gorenstein, 2013)] and attention (AC test). Demographic data were gathered using a standardized questionnaire.



Outcomes

Primary outcomes consisted of the area-under-the-curve (AUC) of the P300 ERP component (considering a window of 300–500 ms post-stimulus) for parietal electrophysiological signal (Pz) and AUC of the N200 component (window 100–200 ms post-stimulus). Secondary outcomes were the mean difference (delta) between target and non-target peak amplitudes and latencies for both P300 and N200 components according to each electrode (Fz, Cz, Pz, and Oz).



ERPs

EEG data were acquired using sintered electrodes from midline scalp sites (Fz, Cz, Pz, and Oz) using a linked-earlobe reference (frontal Fp1, Fp2 sites were also monitored for eye blinking artifacts). Electrodes were connected to a digital data-acquisition system, ENOBIO 20 (Neuroelectrics®, Barcelona), which sent signals via Bluetooth interface to a laptop equipped with the NIC 2.0 software (Neuroelectrics®, Barcelona). The data were digitized at 1000 Hz with a gain of 500, and were bandpass filtered between 0.1 and 100 Hz during acquisition. Electrode impedances did not exceed 10 kΩ. Data were low-pass filtered at 30 Hz offline prior to epoching. ERP epochs were obtained from −100 to 1000 ms following stimulus presentation. An automated ocular correction routine (Gratton et al., 1983) was applied to remove blink an eye-movement artifacts. Epochs were baseline corrected using a −100 to 0 ms interval. Any corrected epochs containing EEG amplitudes exceeding ±75 μV were excluded from analysis.

The AUCs were chosen over average peak amplitudes and latencies as they give a better component representation as previously described (Bandt et al., 2009). Based on inspection of the grand-average waveforms, the N200 component was defined as the negative-going peak in a latency window of 150 to 250 ms following target stimulus onset. The P300 component was defined as the largest positive-going peak immediately following the P200 component. A manual routine was used to measure the peak amplitudes (relative to the pre-stimulus baseline) and latencies. Two evaluators independently identified ERP peaks using the criteria described above. When necessary, divergence on the identified peaks were resolved by discussion with a third study author. ERP averages were created for each stimulus type (standards and targets) X drug type (placebo, S-ketamine) X time (pre- and post-infusion) X electrode (Fz, Cz, Pz and Oz) combination. Only data of 5th and 6th blocks were considered for post-infusion values to ensure constant S-ketamine plasmatic levels (steady state).



Behavioral Measures

Behavioral performance measures included the percentage of valence ratings (positive, negative or neutral) to target and standard stimuli and the mean response time (RT). We also examined the visual analog scale (VAS) scores measuring the psychogenic response (“euphoria” and “sedation”) and attention levels as potential confounding covariates for ERP analyses. The clinical assessment of sedation was determined using a VAS ranging from zero (sleepiness) to 10 (completely awake). To capture the overall euphoria levels during the infusion period, we assessed the VAS score after each one of the six word blocks, as presented in Figure 1.



Statistical Analysis

Continuous data were evaluated for normality using Shapiro-Wilk test. ERP data were analyzed using repeated-measures Analyses of Variance (ANOVA). The ERP data (AUC, peak amplitudes and latencies) were analyzed considering time (basal period or steady state) and group (S-ketamine or placebo) as factor for each stimulus type and channel (Gelman and Hill, 2007). AUCs were calculated for ERPs elicited by target and standard stimuli. The behavioral data averages were analyzed with a paired t-test to compare the drug effect within groups, and t-test for independent samples was used to compare drug effects between subjects. All analyses were performed with two-tailed tests at the 5% significance level and were adjusted for multiple comparisons using Bonferroni test. Due to the excessive number of outcomes, some of our results should be considered exploratory and thus need to be replicated in confirmatory trials. All analyses were performed with SPSS version 20.0 (SPSS, Chicago, IL, United States).




RESULTS


Treatment Effects on ERPs

The results of grand average ERPs analysis in the placebo and S-ketamine groups are presented in Figure 2A. A repeated measure ANOVA showed an interaction between time and group (F(1, 20) = 8.24, p < 0.01). In Pz derivation, the AUC of delta grand average waves for target and non-target stimuli were larger in group S-ketamine when compared to group placebo at 100–200, 300–500, and 800–900 ms periods after stimulus (Figure 2C). Also, was observed a larger difference between pre and post-infusion N200 and P300 amplitudes in S-ketamine group compared to placebo group (p = 0.05; p = 0.02, respectively) (Table 2).
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FIGURE 2. (A) Grand averaged P300 ERP waveforms of target and non-target words during placebo and S-ketamine infusions at Pz, Fz, Cz, and Oz. (B) Grand averaged difference between pre and post infusion periods (delta) in group S-ketamine (blue) and placebo (black); Gray-shaded areas denote statistically significant differences. (C) Comparison of delta AUCs between groups placebo and S-ketamine. Asterisk indicates statistical significance (∗p < 0.05).



TABLE 2. Classification of words according to semantic valence using the oddball paradigm in the S-ketamine and placebo groups.
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Treatment Effects on Behavioral Measures

The reaction times and the word ratings related to the semantic valence assessed using the oddball paradigm are presented in Table 2. There was no statistically significant difference between intervention groups (S-ketamine or placebo) neither in the reaction times nor in word ratings as “positive,” “negative,” or “neutral.”

However, when we analyze the effect of the intervention within groups, comparing before and after S-ketamine infusion, S-ketamine reduced the negative ratings of target words (pain-related) while increasing classification as “neutral” with a trend for a significant difference (P = 0.052). The S-ketamine’s effect significantly decreased the valence rating of non-target words as negative and positive at the expense of increased word-ratings as neutral. In group placebo, we found no difference for the valence attribution of target words. There was a significant lower proportion of non-target words judged as negative and an increase of those judged as neutral. We did not observe effects of S-ketamine or placebo in attention scores. Additionally, there were no statistically significant correlations between S-ketamine’s effect and reaction time, euphoria and sedation ratings with the P300 AUC (Table 2). Thus, it is improbable that these side effects could introduce a bias in the ERP. Hence, they were not considered in the analysis.




DISCUSSION

These results confirm our hypothesis that the S-ketamine’s effect was more efficient than placebo to change the delta AUCs relative to N200 and P300 components in the Pz derivation for targets and non-targets ERPs components during infusion period when compared to placebo infusion. And, the difference between grand averaged N200 and P300 amplitudes for target stimuli were statistically significant lower in the S-ketamine group compared to the placebo group. Also, these results revealed that S-ketamine infusion led to a significant decrease in the amount of pain-related words judged as negative from before to after infusion.

These findings provide important data supporting the notion that the sub-anesthetic S-ketamine dose reduce the mean of the AUC measures related to ERPs. The AUC values can be interpreted as a less biased index, because it directly reflecting amplitudes of N200 (100–200 ms post-stimulus window) and P300 (300–500 ms post-stimulus) components (Bandt et al., 2009). The difference between ERPs elicited by target and non-target words (delta) corresponds to changes in cortical activation secondary to the different semantic contents (i.e., pain or non-pain related) of the stimuli. The topographic distribution of the changes that we found is consistent to the semantic modulation of ERPs that is generally observed centered at parietal electrodes (Binder and Desai, 2011).

These results showed an increase in delta AUC values in the placebo group, while the S-ketamine leads to a decreased delta AUC secondary to the decrease in stimuli discrimination (Figure 2). According to what previous studies found, ERP amplitudes increase following the presentation of pain-related words (Dillmann et al., 2000) and negative emotional pictures (Stancak and Fallon, 2013) to healthy subjects, which was suggested to be secondary to pre-activation of neural networks subserving pain memory and pain processing. Hence, similar effects can be involved in the S-ketamine effect on emotional aspects related to pain and other psychological effects that improve depressive symptoms (Andrade, 2017). This hypothesis finds support in earlier studies in healthy subjects, which found a decreased P300 amplitudes in the S-ketamine group (Ahn et al., 2003; Watson et al., 2009; Knott et al., 2011; Musso et al., 2011; Koychev et al., 2016) and auditory (Oranje et al., 2009; Gunduz-Bruce et al., 2012; Mathalon et al., 2014) stimulation, which is inferred to be consequence of reduced capacity to discriminate targets from standard stimuli. Although the mechanism underlying S-ketamine’s effect on the brain circuits involving the pain processing (and on sensory, emotional, cognitive and interoceptive processing) remains to be fully established, several lines of evidence indicate that this involves the mechanism that transposes its properties to inhibit NMDA receptors. Such a mechanism of modifying the function of NMDAR blockade on GABAergic interneurons is also associated with an enhance of extra synaptic GABA-A receptor activity (Wang et al., 2017), as well acetylcholine, dopamine and opioid receptors (Bergman, 1999; Chen et al., 2009).

It was described that P300 amplitudes tend to decrease over time when using visual stimuli (Hopstaken et al., 2016), which can explain decreased delta AUC for 300–500 ms period seen in group placebo (p < 0.01). Also, when a sequence follows a repeating pattern, performance typically improves (Jentzsch and Sommer, 2001; Russeler et al., 2003), often without conscious awareness (Honda et al., 1998; Schlaghecken and Eimer, 2000). According to literature, at least in auditory stimulation, the prediction of the targets leads to a decrease in P300 amplitudes (Jongsma et al., 2013), which possibly account for the reduced AUC difference seen in placebo, and this repetition effect is reduced by S-ketamine (Rosch et al., 2019).

Our findings suggest that S-ketamine reduced the individual’s ability to predict the occurrence of the negative pain-related words, thus blocking the decrease in expectative-induced ERP changes. In fact, our results are aligned with the literature, which suggests that S-ketamine induces experiences of abnormal perception and an impaired cognitive-emotional evaluation of significance that mimic findings which are observed in patients with schizophrenia (Jeon and Polich, 2003). In the clinical context of emotional blunting, it has been suggested that there is a shift in the relative contribution of brain regions subserving cognitive and emotional processing (Krystal et al., 1994; Deakin et al., 2008). Studies using fRMI (Abel et al., 2003; Sprenger et al., 2006; Deakin et al., 2008) previously reported reduced activity in limbic and visual brain regions involved in emotion processing, and increased activity in dorsal regions of the prefrontal cortex and cingulate gyrus, both associated with cognitive processing and, putatively, with emotion regulation. In these studies, the amygdala and fusiform gyrus activity was abolished in response to fearful faces following ketamine administration and a relative increase in the visual cortical response to neutral stimuli was observed (Abel et al., 2003). Also, the previously described pattern of increased activation of the right dorsolateral prefrontal cortex (DLPFC) and the left insula due to emotional content is abrogated exclusively for negative stimuli (Scheidegger et al., 2016) and may help explain ketamine’s effect on the loss of the affective component on pain-related word interpretation (Niesters et al., 2012). These previous findings suggest that S-ketamine-induced effect on limbic and visual regions is associated with the emotional and discriminative blunting seen in ketamine states (Krystal et al., 1994). Such an interpretation is consistent with the present findings. In fact, we found evidence that S-ketamine also induced changes in later cognitive-evaluative processes, as exemplified here by increased delta AUC at 800–900 ms after stimulus period in Pz.

N200 amplitudes during visual tasks have been interpreted as reflecting attentional engagement with visual stimuli, such that more positive N200 amplitudes reflect preferential processing or increased attentional engagement with emotional versus neutral visual stimuli (Carretie et al., 2004; Feng et al., 2014). S-ketamine may have blocked the expectation-induced decrease on delta AUC of this component as well. This effect can be seen also in absolute mean amplitude differences in N200 component at Pz (Table 2).

In the opposite way of we expected, the difference between ERPs elicited by target and standard words was increased in S-ketamine when compared to placebo group. This finding could be explained by the methodological fact that words were randomized in blocks of 5 with a 4:1 rate between targets and standards, which created a non-completely random stimuli order. Behavioral data shows that target words were far more negative (83% vs. 25%; p < 0.01) than standard words (Table 2). Thus, these small sized blocks may have induced subjects to predict a relatively regular pattern of appearance of pain-related (intrinsically negative) words. Indeed, we found difference in early processing of stimuli, as can be seen in increased delta AUC of 70–170 ms after stimulus in Cz. This suggest that interpretation was modulated by expectation, once semantic processing typically occurs in a later timeframe (usually about 400 ms after stimulus).

When discussing behavioral data, the present findings demonstrate that S-ketamine infusion led individuals to perceive pain-related words as less negative (Table 2), which is consistent with the previous interpretation. We should consider here that target words were pain-related and, therefore, had intrinsic negative emotional valence as discussed above, while standard words were diverse regarding their valences. As expected, ratings as “positive” semantic valence in pain-related words were very low and did not change significantly. However, S-ketamine significantly reduced the negative valence ratings of target words (pain-related) while increased their classification as “neutral” with a trend for a difference with statistical significance (P = 0.052). This fact reinforces the hypothesis that ketamine impairs the ability to differentiate sensorial stimuli. Furthermore, the notion that NMDA-receptor antagonism is not only relevant to cognitive, but also to emotional processing is supported by the rapid antidepressant effect of ketamine in otherwise treatment-resistant major depression patients (Zarate et al., 2006).

We did not find a difference between groups in reaction times. According to previous studies (Ohman et al., 2001), stimuli with emotional content seem to attract and withhold attention longer when compared to non-emotional stimuli. Even though it is not clear whether this effect is driven by the valence (Estes and Verges, 2008) or the arousal dimension (Schimmack and Derryberry, 2005; Vogt et al., 2008), it is assumed that the longer attentional engagement toward incoming emotional information leads to a slower response in co-occurring non-emotional tasks (Lang et al., 1993). As in the current study subjects were not instructed to classify words as fast as they could, we did not expect RTs to be different in this context. However, it is possible that the increase of standard word neutral ratings seen in placebo group (at the expense of a reduction in positive and negative ratings) are consequence of selective attentional allocation to emotional words, which could lead to a decreased discriminative performance.

However, in the interpretation of these results, it should be noted that in our protocol the standard words presented in the task didn’t have a predetermined valence, as occurred in other studies (Dillmann et al., 2000; Imbir et al., 2016). For instance, the word “dog” was perceived both as “positive,” “negative,” or “neutral” according to the interpretation of each subject. This should be seen as an advantage, as subjective interpretation can significantly vary to the same word among individuals.

Overall, the data suggest a role of S-ketamine (and the NMDA-glutamatergic receptor systems) in the modulation of the perceived emotional valence of the stimuli. However, a combination of ketamine dose and methodological differences among reports may have contributed to the divergence of our results, at least in part, with previous published data.


Limitations

This study was intended to be primarily exploratory and, therefore have several limitations. We studied the effects of a single dose of S-ketamine only, then it is not possible to determine from the current data if the NMDA glutamatergic effects on the P300 complex vary in a dose dependent manner. The oddball task we used in this report was innovative but has limitations in terms of the behavioral and neurophysiological dependent variables generated. The effects of S-ketamine on the ERP correlates of semantic affective processing should be studied in the future with less complex but more behaviorally rich paradigms. Finally, some behavioral differences were marginally significant and should be interpreted cautiously.




CONCLUSION

This study explored the effects of S-ketamine on the affective aspect of interpretation of stimuli using ERPs. We found evidence of change in interpretation of pain-related words both on neurophysiological and behavioral outcomes. S-ketamine induced a state of emotional and discrimination blunting, leading to increased delta AUCs relative do N200 and P300 when compared to placebo.
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Background: The prevalence of neuropathic pain is estimated to be between 7 and 10% in the general population. The efficacy of intravenous (IV) lidocaine has been studied by numerous clinical trials on patients with neuropathic pain. The aim of this systematic review and meta-analysis was to evaluate the efficacy of IV lidocaine compared with a placebo for neuropathic pain and secondly to assess the safety of its administration.

Methods: A literature search on PubMed, Scopus, CENTRAL (Cochrane Central Register of Controlled Trials), and Google scholar databases was performed for relevant studies published up to February 2019. Randomized controlled trials (RCTs) evaluating IV lidocaine treatment for pain relief in patients with neuropathic pain were included.

Results: 26 articles met the inclusion criteria. Patients with varied etiology of neuropathic pain were among the patient samples of these studies. Fifteen articles were included for quantitative analysis. Lidocaine was superior to a placebo in relieving neuropathic pain in the early post-infusion period [Mean Difference (MD) = −11.9; 95% Confidence interval (CI): −16.8 to −7; p < 0.00001]. Multiple infusions of lidocaine over a period of 4 weeks, however, had no significant effect on reliving neuropathic pain (MD = −0.96; 95% CI: −2.02 to 0.11; p = 0.08). IV lidocaine was also associated with a significant number of adverse events compared to a placebo [Odds Ratio (OR) = 7.75; 95% CI: 3.18–18.92; p < 0.00001].

Conclusion: Our study indicates that while IV lidocaine is effective in pain control among patients with neuropathic pain in the immediate post-infusion period, it does not have a long-lasting, persistent effect. IV infusions of the drug are associated with an increased risk of side effects compared to a placebo. However, the risk of serious adverse events is negligible. Further, well-designed RCTs evaluating the effects of various dosages and infusion periods of IV lidocaine are required to provide clear guidelines on its clinical use.

Keywords: neuralgia, causalgia, local anesthetics, pain, adverse events


INTRODUCTION

The International Association for the Study of Pain defines neuropathic pain as “pain resulting from damage to the peripheral or central nervous system (1).” Its prevalence has been reported on several countries worldwide, varying from 3.3% in Austria (2) to 6.9% in France (3) and as high as 8% in the UK (4). van Hecke et al. (5), in their systematic review, report the prevalence of neuropathic pain to be between 7 and 10%. Epidemiological surveys show that a large proportion of patients with neuropathic pain do not receive adequate treatment (6). This may be attributable to clinicians' low diagnostic accuracy and by a lack of knowledge of effective drugs and their proper use (7). Neuropathic pain has a significant impact on quality of life and can be responsible for a substantial financial burden on individuals afflicted.

Lidocaine (lignocaine), a widely used local anesthetic, has been used intravenously (IV) as an antiarrhythmic drug. Reports in the 1950s described the effectiveness of IV lidocaine for pain in cancer and post-operative patients (8). Later, in the 1980s, trials suggested that IV lidocaine is also effective for alleviating neuropathic pain (9, 10). Lidocaine is thought to produce analgesia by exerting a blockade of peripheral and central sodium ion gate channels, including those in the spinal dorsal horn. A number of clinical trials have been conducted to date, evaluating the efficacy of IV lidocaine in patients with neuropathic pain (11–14). However, only one systematic review and meta-analysis, which was published in 2005, has evaluated a pooled treatment effect (15). Since 2005, however, a number of new trials on IV lidocaine have been published in the literature (16–19). Therefore, the aim of this systematic review and meta-analysis was to evaluate the efficacy of IV lidocaine compared with a placebo for neuropathic pain and secondly to assess the safety of its administration.



MATERIALS AND METHODS


Search Strategy

PubMed, Scopus, CENTRAL (Cochrane Central Register of Controlled Trials), and Google scholar databases were searched for relevant studies published up to February 2019. The PICOS (Population, Intervention, Comparison, Outcome, and Study design) outline was used for the electronic search. Keywords used for the patient sample population were: Neuralgia [MeSH] OR neuropathic pain [MeSH] OR pain [MeSH] OR causalgia [MeSH]; for intervention were: lidocaine [MeSH] OR intravenous anesthesia [MeSH] OR lignocaine [MeSH] OR local anesthetics [MeSH] OR intravenous lidocaine [Free text]; for comparison were: saline [MeSH] OR placebo effect [MeSH]; for outcomes were: pain [MeSH] OR analog pain scale [MeSH] OR adverse events [MeSH] OR pain relief [Free text] OR pain assessment [MeSH]. Study designs that were searched were randomized clinical trials (RCTs). We also analyzed references of included studies and pertinent reviews on the topic for the identification of additional studies. Guidelines of the PRISMA Statement (Preferred Reporting Items for Systematic Reviews and Meta-analyses) (20) and the Cochrane Handbook for Systematic Reviews of Intervention (21) were followed during the conduct of the review.



Eligibility Criteria

We included studies conducted on patients (Population) with neuropathic pain from any cause that evaluated the use of intravenous lidocaine (Intervention) for pain relief compared with a placebo (Comparison) and that assessed pain relief and adverse effects (Outcomes). Studies excluded were: non-english language studies, animal studies, retrospective studies, uncontrolled and non-blinded studies and studies comparing lidocaine with an active drug.



Data Collection and Analysis

Two reviewers examined the studies based on the inclusion criteria. The studies were reviewed firstly on their title and abstracts, followed by a full-text review of potentially relevant articles. Any difference in opinion between the reviewers was resolved by discussion. Two reviewers then extracted the following data from the studies: general information on the trial (authors, year of publication, study type), number of patients, etiology of pain, lidocaine dosage, placebo used, outcome assessment scale, pain scores, and follow-up period of outcome measurements and adverse events. Attempts were made as needed to contact the corresponding authors via email for any missing data.



Quality Assessment

The Cochrane Collaboration risk of bias assessment tool for RCTs was used for quality assessment of the included trials (22). Studies were rated as low risk, high risk, or unclear risk of bias for: random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, selective reporting, and other biases. Articles were rated on each of the above items as: low risk of bias (score of 2), unclear risk of bias (score of 1), or high risk of bias (score of 0). The overall quality was then categorized as low (score 0–5), medium (score 6–10), or high (score 11–14).



Statistical Analysis

Data collected from the included studies was entered into Review Manager (RevMan, version 5.3; Nordic Cochrane Center [Cochrane Collaboration], Copenhagen, Denmark; 2014) for the meta-analysis. Pain scores reported as mean and standard deviation (SD) were used. If no SD was reported, we calculated it from Standard Error of the Mean (SEM) and sample size. If complete data on pain outcomes was not available from the article, a 2005 meta-analysis (15) on this subject was referred to for missing data. The total number of adverse events, as described in the included studies, was pooled. No distinction was made on the severity of each adverse event. Considering the variation in the studies, a random-effects model was used to calculate pooled effect size. Odds ratios (OR) were calculated for adverse events. The evaluation of heterogeneity was calculated using the I2 statistic. We considered I2 of <40% as unimportant, while that of more than 40% was viewed as moderate to considerable heterogeneity.




RESULTS


Search Results

Four thousand three hundred twenty-one records were found after the initial search (Figure 1). Full texts of 42 studies were reviewed, of which 16 studies were excluded: 2 were duplicate publications (23, 24), 4 were non-randomized (25–28), 2 were non-blinded (29, 30), 2 were retrospective studies (31, 32), 2 had used lignocaine for prevention of post-herpetic neuralgia (phn) (33, 34), 3 did not use a placebo (35–37), while the remaining study did not use any controls (38). A total of 26 articles were included in the systematic review (11–14, 16–19, 39–56).


[image: image]

FIGURE 1. Flowchart of study.





Quality Assessment

The risk of bias summary is presented in Figure 2. Methods of randomization were clearly described in 9 studies (16–18, 42, 43, 52–54, 56), allocation concealment was described in eight studies (16, 18, 39, 41–43, 52, 54) and blinding of outcome assessment was clearly mentioned in 6 studies (17, 18, 42, 51, 52, 56). Ten of the studies were categorized as medium quality, while the remaining were rated as high quality trials.
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FIGURE 2. Risk of bias summary.





Characteristics of Included Studies and Data Analysis

Details of the included studies are presented in Table 1. The trial design was parallel in five studies (16, 17, 52, 53, 56), while all the remaining studies were cross-over trials. Patients with various causes of neuropathic pain were studied in the included articles. In one trial of post-amputation pain where phantom and stump pain were studied, only scores of stump pain were included (51). In another trial where spontaneous and evoked pain was studied, we included only the spontaneous pain group (42). The sample size of included studies varied from 10 to 30 participants per group, with the exception of one trial that had a large sample size of 90 patients in the intervention group. However, pain scores in the trial were not reported as mean and SD. The dosage and infusion times of lidocaine also varied across the studies. The duration of lidocaine infusion ranged from 30 min to 6 h. One study (43) used lidocaine injection given over just 1 min. A 10-point or 100-point Visual analog scale (VAS) was used by all studies to assess pain, except for one trial which used the McGill Pain Questionnaire (53). In the majority of studies, pain was assessed in the immediate post-infusion period, i.e., from just after infusion to up to 1–3 days post-infusion. Data from these studies was pooled to evaluate the early effect of lidocaine on neuropathic pain. In three trials (16, 17, 53), lidocaine was infused in 4 sessions over a period of 4 weeks and pain was assessed after the 4th infusion. These three studies were pooled together to evaluate the effect of multiple lidocaine infusions on neuropathic pain.



Table 1. Characteristics of included studies.
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Pain scores from the immediate post-infusion period were available from 13 studies (11, 12, 14, 18, 42, 43, 45–51). Data on 250 patients from these studies was pooled to estimate the effect size. Our analysis indicates that lidocaine is superior to placebo in relieving neuropathic pain in the early post-infusion period (MD = −11.9; 95% CI: −16.8 to −7; p < 0.00001). Heterogeneity was non-significant (I2 = 21%, p = 0.23) (Figure 3). Multiple infusions of lidocaine over a period of 4 weeks, however, has no significant effect on relieving neuropathic pain (MD = −0.96; 95% CI: −2.02 to 0.11; p = 0.08) (Figure 4).
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FIGURE 3. Forrest plot of IV lidocaine vs. placebo for pain in the immediate post-transfusion period.
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FIGURE 4. Forrest plot of IV lidocaine vs. placebo for pain persistent pain relief.





Adverse Events

Lightheadedness, somnolence, peri-oral paresthesia, nausea, headache, dysarthria, dry mouth, and metallic taste were some of the most common side effects noted by the trials (Table 2). Data was available from 15 studies (11, 13, 17, 42–46, 49, 50, 52, 54, 55) for a meta-analysis on adverse events from IV lidocaine usage. Three hundred seventeen patients received lidocaine, while 318 patients received a placebo. One hundred thirty-two patients (41.64%) in the lidocaine group experienced adverse events, compared to 53 patients (16.66%) in the placebo group. Our analysis shows that IV lidocaine is associated with a significant number of adverse events, compared to a placebo (OR = 7.75; 95% CI: 3.18–18.92; p < 0.00001) (Figure 5).



Table 2. Adverse events reported in included trials.
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FIGURE 5. Forrest plot of adverse events with IV lidocaine vs. placebo.






DISCUSSION

Chronic pain can be broadly classified into three categories of causation: (1). Due to tissue disease or damage (nociceptive pain), (2). due to somatosensory system disease or damage (neuropathic pain), or (3). a combination of nociceptive and neuropathic pain (mixed pain). Clinically, characteristics of neuropathic pain include the presence of burning/shooting/crawling/electric type of pain, abnormal sensation, or hypersensitivity (allodynia or hyperalgesia), and paraesthesia. Patients usually complain of spontaneous pain but some might also report evoked pain (57). These characteristics are not diagnostic for neuropathic pain, but indicate a strong possibility for it. While research indicates that there is damage of neuronal pathways in neuropathic pain, there are several mechanisms involved in its genesis. These mechanisms are independent of disease etiology, as the same mechanism can be seen in different diseases (57). In consideration of this theory, a large number of studies with different etiologies of pain were included in our review.

Regarding the actual mechanisms of pain initiation, research suggests that nerve injury results in an abnormal rate of proliferation and activation of sodium channels. Sodium channels produce uncontrolled persistent discharges resulting in a central hyperexcitable state. Such ectopic discharges can be initiated along the injured nerve, in the dorsal root ganglion, and in the peripheral neuromata (58, 59). The mechanism of action of IV lidocaine involves the alteration in the activation of sodium channels leading to a modification in pain response. Due to its sodium channel blocking action, lidocaine decreases peripheral nociceptor sensitization, and central hyperexcitability (60). The anti-inflammatory property of lidocaine also reduces circulating inflammatory cytokines, which are involved in the processes of secondary hyperalgesia and central sensitization. These actions of IV lidocaine occur at levels much lower than those required to produce a nerve conduction blockade (61).

According to our systematic review, a large number of clinical trials have tested IV lidocaine for neuropathic pain. However, the majority of these studies enrolled few patients (<30) and reported the use of a diverse range of lidocaine dosages and infusion times. Studies also assessed pain scored after various time periods. To consolidate data for the purposes of a quantitative analysis, we divided the studies into two groups. The first group consisted of studies reporting the efficacy of IV lidocaine in the immediate post-transfusion period while the second group consisted of studies where lidocaine was transfused over a period of 4 weeks to study its long-term, persistent effect. In the most recent systematic review of 2005 (15), data on 187 patents in the lidocaine group and 186 patients in the placebo group was analyzed and lidocaine was found to be superior to a placebo in the treatment of neuropathic pain (p = 0.003). From our systematic literature search, we found 11 new studies published after 2005 which were included in this review. Three (16, 17, 53) out of these 11 studies were classified into group two for the quantitative analysis of a long-term, persistent effect of IV lidocaine. Of the eight remaining studies, pain data was extractable as mean and SD from three of the studies. These were included in the meta-analysis of pain relief in the immediate post-transfusion period. Our results based on the data on 250 patients in each group shows that IV lidocaine is more effective than a placebo in relieving neuropathic pain in the immediate post-infusion period (p < 0.00001). From our analysis of data on 55 patients in lidocaine and placebo groups, we found that IV lidocaine does not have a long-term, persistent effect after repeated weekly infusions over a period of 4 weeks (p = 0.08). Although animal studies have reported that systemic lidocaine has long-term benefits for pain relief (62), our analysis suggests that the effect of lidocaine in humans is transient and does not last over a long period of time. This may be explained by the pharmacokinetics of the drug. The onset of action of lidocaine is between 30 and 60 min and the effects can last from 2 to 6 h after the end of the infusion, following which the analgesic effect rapidly wears off (17).

The correct dosage needed for pain relief with IV lidocaine is debatable. While some studies have recorded pain relief after 1 mg/kg (50) and 2 mg/kg (35) infusions, others have reported no significant pain relief from lower doses of lidocaine (56). Tremont-Lukats et al. (56), in a trial comparing 3 doses of IV lidocaine (1, 3, and 5 mg/kg), concluded that lidocaine infused at 1 and 3 mg/kg/h was no better than a placebo in relieving neuropathic pain. Another debatable subject is the optimal rate of lidocaine administration. The majority of studies (13, 14, 44, 48) have used a high infusion rate of 167 μg/kg/min (5 mg/kg over 30 min); however, an infusion rate >50 μg/kg/min may lead to adverse cardiovascular events (17). Conversely, other studies (56) that used a very low infusion rate of 14 μg/kg/min over 6 h found the treatment was effective. However, in a clinical outpatient setting, a 6-h infusion is not practical. The lack of clear guidelines on dosage and infusion rates can be attributed to the complex nature of neuropathic pain and the methodologic variability of the clinical trials conducted on IV lidocaine infusion. Considering the heterogeneity in past literature, further evidence in the form of well-controlled homogenous RCTs are required to provide clarity on dosage and infusion rates of IV lidocaine.

All studies included in our review used IV lidocaine in patients with normal conduction as demonstrated by electrocardiography (ECG) and normal serum electrolyte concentrations, as IV lidocaine can cause serious adverse events, such as cardiac arrhythmias and hemodynamic instability. The participants were monitored for changes in ECG and blood pressure throughout the infusion period. Side effects reported were mostly minor in nature, such as lightheadedness, somnolence, peri-oral paresthesia, nausea, headache, dysarthria, dry mouth, and metallic taste. Our analysis suggests that patients receiving IV lidocaine are more prone to adverse events compared to a placebo. However, it is notable that no serious adverse events were reported by any of the trials.

Some limitations of our review need to be mentioned. Firstly, not all studies included in the review were suitable for quantitative analysis. This was mainly due to a lack of clear presentation of the data by the trials. Secondly, there was a lack of standardization of lidocaine dosages and infusion rates across studies. Thirdly, not all studies included were high quality trials. Ten of the studies were rated as “medium quality” based on the quality assessment scale. Fourthly, it was not possible to conduct a subgroup analysis based on the specific etiology of neuropathic pain considering the limited number of studies available and the wide range of etiologies reported.

Nevertheless, our review is the first update conducted since the 2005 meta-analysis (15) on the use of IV lidocaine for neuropathic pain. Our study indicates that while IV lidocaine is effective in pain control in patients with neuropathic pain in the immediate post-transfusion period, it does not have a long-lasting, persistent effect. IV infusions of the drug are associated with an increased risk of side effects compared to a placebo. However, the risk of serious adverse events is negligible. Further, well-designed RCTs evaluating the effects of various dosages and infusion periods of IV lidocaine are required to provide clear guidelines on its clinical use.
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Voltage-gated calcium channels (VGCCs) are important mediators of pain hypersensitivity during inflammatory states, but their role in sensory nerve growth remains underexplored. Here, we assess the role of the N-type calcium channel Cav2.2 in the complete Freund’s adjuvant (CFA) model of inflammatory pain. We demonstrate with in situ hybridization and immunoblotting, an increase in Cav2.2 expression after hind paw CFA injection in sensory neurons that respond to thermal stimuli, but not in two different mechanosensitive neuronal populations. Further, Cav2.2 upregulation post-CFA correlates with thermal but not mechanical hyperalgesia in behaving mice, and this hypersensitivity is blocked with a specific Cav2.2 inhibitor. Voltage clamp recordings reveal a significant increase in Cav2.2 currents post-CFA, while current clamp analyses demonstrate a significant increase in action potential frequency. Moreover, CFA-induced sensory nerve growth, which involves the extracellular signal-related kinase (ERK1/2) signaling pathway and likely contributes to inflammation-induced hyperalgesia, was blocked with the Cav2.2 inhibitor. Together, this work uncovers a role for Cav2.2 during inflammation, demonstrating that VGCC activity can promote thermal hyperalgesia through both changes in firing rates of sensory neurons as well as promotion of new neurite outgrowth.
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INTRODUCTION

Inflammation-induced pain hypersensitivity is a manifestation of increased sensory input, altered neurotransmitter release in the spinal cord, heightened excitability of neurons, and phenotypic changes brought about by afferent neurons innervating the site of inflammation (Woolf et al., 1997; Lankford et al., 1998). Release of cytokines and other inflammatory agents including bradykinin, prostaglandin E2, ATP, and a host of other agents at the site of inflammation collectively contributes toward lowering the excitability threshold of primary afferents near the affected area in the periphery (Gold and Flake, 2005; Miller et al., 2009; Fehrenbacher et al., 2012). A myriad of ionic mechanisms contribute to the increased sensory transduction observed during inflammation; these implicate changes in gene expression and voltage dependence of voltage-gated Na+, K+, and Ca2+ channels and ligand-gated ion channels such as transient receptor potential (TRP channels) and purinergic receptors (Xu and Huang, 2002; Amaya et al., 2006; Yu et al., 2008; Lu et al., 2010).

Several studies have demonstrated that voltage-gated calcium channels (VGCCs) play an important role in inflammation-induced hyperexcitability of primary afferents (Schaible et al., 2000; Zhang and Dougherty, 2014; Berta et al., 2017). Although almost all subtypes of VGCCs (N, P/Q, R, and T) are expressed throughout the central nervous system (Hillman et al., 1991; Westenbroek et al., 1992; Zamponi et al., 2015). Recent studies have highlighted the role that N-type (Cav2.2) channels play in neuropathic and inflammatory pain (Snutch, 2005; Altier et al., 2007; Lee, 2013). Cav2.2 channel is expressed abundantly in dorsal root ganglion (DRG) neurons and genetic and pharmacological strategies that block Cav2.2 activity are anti-nociceptive (Woolf et al., 1997; Lankford et al., 1998; Gold and Flake, 2005; Miller et al., 2009; Fehrenbacher et al., 2012). Importantly, intracellular calcium signaling has been shown to regulate neurite growth patterns in neurons through VGCC channels (Vigers and Pfenninger, 1991; Weiss, 2008). In PC12 neural cell line, calcium influx through VGCC causes extensive neurite outgrowth (Solem et al., 1995). In another study in parasympathetic cultured neurons, it has been shown that blockade of calcium influx through L-type and N-type VGCCs as well as transient receptor potential canonical (TRPC) channels, reduces the growth of neurite processes while release from intracellular stores was not significantly affected (Zamburlin et al., 2013). Additionally, Xenopus live imaging findings, coupled with studies of cultured Xenopus spinal neurons, demonstrate that an optimal frequency of calcium transients regulates neurite extension (Gu and Spitzer, 1995). However, it remains unclear whether this same phenomenon drives the afferent sensory growth in inflammation, which leads to pain hypersensitivity at the periphery, and furthermore which downstream signaling cascades are involved in sensory afferent outgrowth.

In this study, we investigated the role of Cav2.2 in sensory nerve outgrowth during an inflammatory pain state. By employing in vitro and in vivo cellular, pharmacological, behavioral, and physiological methods, we revealed a function for the Cav2.2 channel as a modulator of sensory nerve growth during inflammation-induced hyperalgesia. Selective blockade of Cav2.2 channels leads to a decrease in neurite outgrowth and an attenuation of thermal, but not mechanical pain. We demonstrate with RNAscope technology that thermal hyperalgesia during inflammation is likely mediated by Cav2.2 upregulation in TrpM8+,TrpV1+, and TrpA1+ sensory neurons. Based on these findings we provide a mechanism for CFA-induced inflammatory pain hypersensitivity; wherein Cav2.2 is the primary effector and ERK1/2-MAPK is the downstream target.



MATERIALS AND METHODS


Animals

Six to eight-weeks old C57BL/6 mice of either sex were used for all the experiments and mice were purchased from the Jackson Laboratory. All procedures were conducted according to animal protocols approved by the university Institutional Animal Care and Use Committee (IACUC) at North Carolina State University and the University of Pennsylvania in accordance with National Institutes of Health (NIH) guidelines. All mice were group housed with four/five animals per cage.



Drugs

ω-conotoxin GVIA (C9915) was purchased from Sigma-Aldrich and dissolved in phosphate buffered saline (PBS; pH 7.4). Nifedipine (481981) was purchased from Calbiochem and was dissolved in DMSO.



Behavioral Assays


Thermal

A Hargreaves’ test apparatus (Ugo Basile) was used to measure thermal responses to radiant heat. Mice were placed in individual chambers for 10 min for habituation. A radiant heat source was focused on the paws and withdrawal latency was recorded (Mishra et al., 2011). Dry ice was used to assess the acute temperature sensitivity (Brenner et al., 2012). Each animal was tested at least twice to address the variability in responses.



Mechanical

Mechanical test was performed using a von-Frey apparatus (Ugo Basile). An electronic von-Frey filament was used to measure force in grams applied to the paw and the cutoff force was set at 50 g. Mice were habituated in the plexiglass chambers for 10 min prior to the experiment. Minimum of four measurements were taken from each paw, and the average force at which paw withdrawal was observed and reported accordingly (Mishra et al., 2011).



CFA-Induced Inflammation

Sterile complete Freund’s adjuvant (CFA; 20 μl) was injected into the plantar surface of the hind paw to induce inflammation. The site of injection and the surrounding area was observed 24 h post injection to visually confirm inflammation. Mice were then tested for thermal, cold, and mechanical pain sensitivity. As a control, PBS (20 μl) was injected into the plantar surface, and mice were then subjected to the same behavioral testing. The observer was blinded during all behavior recordings.




Intrathecal Injection

Mice were anesthetized briefly under isoflurane. Cav2.2 inhibitor conotoxin (300 pmol/10 μl) and vehicle PBS (10 μl) were injected in between the L5 and L6 lumbar space using a 30-gauge insulin syringe, and a tail flick indicated successful entry of the needle into the subdural space. The injection was repeated every 24 h for 3 days. Baseline behavior was recorded immediately following intrathecal injection of vehicle and/or conotoxin and subsequent analyses were performed 24 and 72 h post-injection to assess the results of the specific treatments. All the behavior analyses were performed by an observer who was blinded to the treatment groups.



Western Blot

To extract total protein, dorsal root ganglia, paws, and sciatic nerves were homogenized using a tissue homogenizer in the presence of 100 μl of ice cold RIPA buffer supplemented with protease inhibitor tablets ı(PierceTM). Total protein of lysates was measured using standard BCA (Bicinchoninic Acid Assay). Protein lysates were then denatured by heating at 95°C in Laemmli’s buffer containing 2% w/v SDS, 62.5 mM Tris (pH 6.8), 10% glycerol, 50°mM DTT, and 0.01% w/v bromophenol blue. The lysates were cooled on ice and briefly micro-centrifuged. Aliquots of 35°μg of protein were loaded onto a 4–12% SDS-PAGE gel, and subsequently electro blotted onto PVDF membranes. Membranes were incubated in 15 ml of blocking buffer [20 mM Tris base and 140 mM NaCl, 5% bovine serum albumin (BSA), and 0.1% Tween-20] for 1 h. Membranes were then incubated with the desired primary antibody diluted in 10 ml of blocking buffer at 4°C overnight. Next day membrane was washed and incubated with an appropriate horseradish peroxidase-conjugated secondary antibody (1:1000) to detect proteins in 10°ml blocking buffer for 1 h at room temperature. Immuno-reactive proteins were revealed using enhanced chemiluminescence detection (Pierce ECLTM). Anti-TUJ1 (Cat. MMS-435P) was purchased from Covance, Anti-Cav2.2 (Cat. sc-271010), Anti-GAPDH (Cat. sc-32233) were purchased from Santa Cruz Biotechnology. Anti-ERK 1/2 (Cat. 4695) and Anti-phospho-ERK 1/2 (Cat. 4370) were purchased from Cell Signaling technology. All primary antibodies were used at a dilution of 1:100 except for Anti-Cav2.2 which was used at a dilution of 1:100. Secondary anti-rabbit and anti-mouse antibodies were purchased from Santa Cruz Biotechnology. Alexa 488 and Alexa 555 conjugated secondary antibodies were purchased from Thermo Fisher Scientific. The intensity of each protein band was analyzed using an opensource software ImageJ (NIH). The expression of protein was normalized to the expression of loading control GAPDH. For phosphorylated ERK 1/2 expression, Total extracellular signal-related kinase (ERK) was used as a control.



Immunohistochemistry/Immunocytochemistry

Sciatic nerve were dissected from mice and quickly frozen in Tissue-Tek® O.C.T. compound over dry ice. 10–12°μM sections were cut using cryostat and were placed on charged slides. The sections were then fixed using 4% Paraformaldehyde solution for 20 min and then quickly rehydrated with PBS for 5 min. Sections were then incubated in a 5% BSA solution containing 0.1% Triton for better antigen exposure for 45 min. The sections were then washed with PBS and incubated with 5% BSA solution with desired primary antibodies at 4°C overnight. Alexa conjugated secondary antibodies were used along with DAPI stain containing mounting medium and sections were imaged using Leica DM5000b microscope. For immunocytochemistry, mice were unilaterally injected in the hind paw with CFA, and ipsilateral and contralateral lumbar DRGs were harvested 24 h later. To assess the effect of conotoxin on neurite growth and Cav2.2 expression, ipsilateral DRGs from control (vehicle treated), CFA and CFA + conotoxin treated mice were harvested after 24 h. DRGs were then dissociated into single cells and plated at equal density on glass coverslips. The cells were fixed with 4% paraformaldehyde for 15 min and then quickly rehydrated with PBS for 5 min. Immunostaining was performed as described above using antibodies against TUJ1 (1:1000) and Cav2.2 (1:1000).



RNAScope in situ Hybridization

C57BL/6 mice were injected with CFA (20 μl) unilaterally in the right hind paw and ipsilateral and contralateral lumbar dorsal root ganglia (L4-L5) were harvested 48 h post treatment. Dorsal root ganglia were quickly frozen over dry ice in Tissue-Tek® O.C.T. 10–12 μM sections were cut using a cryostat (Leica CM3050S) and were placed on charged slides. The sections were further processed according to RNAscope® Multiplex Fluorescent Assay v2 (Advanced Cell Diagnostics, Hayward, CA, United States) protocol using target probes for Cav2.2, TRPV1, TRPM8, TRPA1, MrgprD, and MrgprB4. RNAScope results were examined using Leica DM6000FS confocal microscope at 20× magnification. Fifteen cells with detectable signal were selected at random for quantification by a blinded observer who was unaware of the treatment groups. The signal intensity of mRNA clusters observed within each cell was analyzed by drawing a region of interest (ROI) around each cell and mean signal intensity in arbitrary units generated by ImageJ software was noted. The dimensions of the ROI were kept constant throughout the analysis to avoid bias. This process was repeated for each channel (red, green, and blue) including overlay images. At least 15 ROIs were drawn per section and at least five ipsilateral and five contralateral sections were analyzed from n = 3 mice. The entire quantification was performed by an observer in a manner blinded to mRNA probes and channel assignments.



Electrophysiology


Spontaneous Action Potential Recording in Dissociated DRG Neurons

Whole cell current clamp recording was carried out in dissociated DRG neurons after plating them overnight. Thin walled borosilicate glass capillaries (TW150-4) were purchased from World Precision Instruments and electrodes were pulled using Sutter P-97 puller. The pipette resistance was between 2 and 3 MΩ in bath solution. For current-clamp recording, the internal solution contained 145 mM K-gluconate, 2 mM MgCl2, 1 mM CaCl2, 5 mM K2GTP, 5 mM HEPES, and 10 mM EGTA adjusted to pH 7.4 with KOH and the bath solution contained 140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, and 10 mM Glucose adjusted to pH 7.4 with NaOH. Electrophysiologic recording was initiated in voltage clamp mode until attaining a stable whole-cell clamp and then switched to current clamp mode. DRG neurons were held at 0 pA, and the spontaneous action potentials were recorded in “zero current clamp” mode. Number of spontaneous action potentials observed in a fixed time interval were used to assess hypersensitivity between different treatment groups. Spontaneous action potentials were recorded from small diameter (<45 μM) DRGs dissociated from the lumbar region. The diameter was determined using 20× Nikon objective and scale generated by Nikon Elements software. Only neurons with a resting membrane potential of at least −40 mV and stable baselines were used for further experiments and analysis. Recordings were included only if the above-mentioned criteria were met. This was done to minimize spontaneous firing caused by deterioration or other artifacts during recording.



Cav2.2 Current Recordings

Internal solution for voltage clamp recordings contained (in mM): 140 Cs-Aspartate, 10 Cs2EGTA, 5 MgCl2, and 10 HEPES, pH 7.4. To isolate N-type Ca2+ currents, the K+ currents and L-type Ca2+ currents were blocked with tetraethylammonium-Cl (TEA-Cl) and 1 μM nifedipine (Calbiochem), respectively. The standard external solution was composed of (in mM): 137.5 TEA-Cl, 10 CaCl2, 10 HEPES, pH 7.4. Electronic compensation was used to reduce the effective series resistance (<5 MΩ). Currents were filtered at 2.9 KHz using a 4-pole Bessel filter. In most of the recordings, a 1 s prepulse to −20 mV followed by a 50 ms repolarization to −50 mV was administered before the test pulse to inactivate T-type calcium channels. I–V relationships were generated by applying 13 pulses from a holding potential of −70 mV in 10 mV increments. Pulse duration was fixed at 250 ms. Cav2.2 currents were recorded at their peak activation, at +10 mV, for all groups. Cell capacitance (pF) was used to normalize currents observed (pA) at +10 mV for all groups and the resulting current density (pA/pF) was used for statistical comparisons. All recordings were made at room temperature. All analyses were carried out using Clampfit software and only small-medium diameter (<45 μM) DRG neurons were used for recordings.




Quantification and Statistical Analysis

Mice were randomly assigned to treatment groups. Behavior and in situ hybridization analyses were performed in a manner blinded to treatment assignments. Data are expressed as mean ± standard error of mean (SEM) and analyzed using GraphPad Prism 7.0. When comparing two treatment groups to one another student’s test was used. One-way ANOVA was applied to analyze repeated measurements from behavioral tests followed by Dunn’s post hoc test for multiple comparison. One-way ANOVA with Holm–Sidak test was applied to analyze electrophysiology and western blot data. All statistical tests were two-tailed, and the level of significance was set at p < 0.05.




RESULTS


Co-expression of Cav2.2 and Nociceptive Markers in Normal and Inflammatory Conditions

To determine which molecular populations of nociceptors might alter their expression of Cav2.2 during CFA-induced inflammatory states, we used RNAscope technology to perform in situ hybridization for Cav2.2 and a panel of nociceptive markers. To induce inflammation, we performed unilateral intra-plantar injections of CFA, and 48 h post-injection we performed both two- and three-color in situ hybridization with RNAscope probes for Cav2.2 in conjunction with TrpV1, TrpM8, and TrpA1, which are markers of thermal (hot and cold) and noxious stimuli, respectively (Figures 1A–D). Comparing the ipsilateral CFA-injected side to the control contralateral side, we observed a statistically significant increase in Cav2.2 expression in TrpV1+, TrpM8+, and TrpA1+ nociceptors (Figures 1G–I). Conversely, such an increase was not observed when we performed two-color in situ hybridization with RNAscope probes for Cav2.2 and Mrgprd, which is a marker for mechanosensitive non-peptidergic nociceptors (Figures 1E,F,I). Consistent with this finding, we did not observe significant co-labeling of Cav2.2 with Mrgprb4 C-fiber low-threshold mechanoreceptors in the ipsilateral or contralateral side post-CFA (Supplementary Figure S1). Taken together, these results are consistent with a role for Cav2.2 in thermal, but not mechanical hyperalgesia. The RNAscope results are consistent with increases in Cav2.2 protein expression during inflammation, and we further confirmed this by performing western blot analyses with an antibody specific to Cav2.2, and we observed a statistically significant increase in protein expression comparing the control (contralateral) versus CFA (ipsilateral) injected mice (Figures 1K,L).
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FIGURE 1. Cav2.2 RNA and protein are upregulated in thermal and not mechanical sensitive nociceptors after CFA-induced inflammation. In situ hybridization with gene specific RNAscope probes of contralateral (non-treated) (A,C,E) and ipsilateral (treated) (B,D,F) DRGs showing Cav2.2 mRNA (green) in heat-sensing TRPV1 + nociceptors (red), cold-sensing TRPM8 + nociceptors (blue), noxious-stimuli sensing TRPA1 + nociceptors (red), and mechanical-sensing MrgprD + nociceptors (red) observed 48 h post CFA induced inflammation. (G–J) Mean relative fluorescence intensity of Cav2.2 mRNA (expressed in “arbitrary units” defined by NIH/ImageJ software) in TRPV1+, TRPA1+, TRPM8+, and MrgprD + nociceptors in ipsilateral and contralateral DRGs. A significant increase in Cav2.2 mRNA in neuronal populations co-expressing TRPV1, TRPA1, and TRPM8, but not MrgprD mRNA, was observed after inflammation. N ≥ 5 sections per group obtained from three mice. ∗P < 0.05 comparing ipsilateral to contralateral DRGs with student’s t-test. Error bars represent standard error of the mean. (K,L) An increase in total Cav2.2 protein expression was observed in ipsilateral lumbar DRGs after CFA induced inflammation. ∗P < 0.05 comparing ipsilateral to contralateral DRGs with student’s t-test. Error bars represent standard error of the mean.





Conotoxin Inhibits CFA-Induced Thermal, but Not Mechanical Hyperalgesia

Next, we sought to determine if blocking Cav2.2 action with ω-conotoxin, a potent inhibitor or Cav2.2, could prevent the development of hyperalgesia in vivo. Responsiveness to heat, cold, and mechanical stimuli were recorded during basal conditions and 24 and 72 h following unilateral CFA injection into the hind paw (Figure 2A). Consistent with prior studies, we observed hypersensitivity to heat, cold, and mechanical stimuli in CFA-injected mice compared to control vehicle injections (Figures 2B–D). To assess the inhibitory impact of conotoxin in attenuating this hypersensitivity, mice were administered either PBS or conotoxin intrathecally every 24 h for 3 days prior to behavioral assays (Figure 2A). We found that conotoxin administration reduced heat hyperalgesia in the Hargreaves’ thermal test at 24 and 72 h, preventing the reduced withdrawal latency observed with CFA alone (Figure 2B). Conotoxin also reduced cold hyperalgesia in the dry ice thermal test at 24 and 72 h, preventing the reduced withdrawal latency observed with CFA alone (Figure 2C). Next, we tested conotoxin’s effects on CFA-induced mechanical hypersensitivity using von Frey hair filaments and measuring the mechanical force threshold as a behavioral readout (Figure 2D). In this mechanosensitive paradigm, unlike our results with thermal hyperalgesia, we noticed that conotoxin treatment was unable to block nociceptive hypersensitivity to mechanical stimuli at either timepoint. Together, these behavior results implicate a role for the Cav2.2 channel in thermal, but not mechanical hyperalgesia coincident with inflammatory states.
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FIGURE 2. Effects of ω-conotoxin on inflammation induced pain behavior. (A) Shows a schematic representation of the behavior testing paradigm. Baseline thermal pain, acute cold pain, and mechanical pain sensitivities were recorded before CFA injection. CFA (20 μl) was injected intra-plantar in 6–10-week-old C57Bl6 mice with intrathecal ω-conotoxin (300 pmol/10 μl) and/or PBS (10 μl). Acute thermal pain (Hargreaves’), cold pain (Dry Ice), and mechanical pain (von-Frey) were recorded 24 and 72 h post CFA injection. (B) Inflammation induced thermal hyperalgesia was analyzed by Hargreaves’ test, (C) dry ice test, and (D) Mechanical hyperalgesia was assessed by von-Frey apparatus, n ≥ 5 mice, ∗P < 0.05, ∗∗P < 0.01. All statistical tests were performed as appropriate using a one-way ANOVA followed by Dunn’s post hoc test for multiple comparisons within a given behavioral test and time point (either 24 or 72 h).





Electrophysiological Measurement of Sensory Neurons From Normal and Inflammatory Conditions

To complement the behavioral experiments and gain insight into the physiological properties of sensory neurons in relation to Cav2.2 during inflammatory conditions, we performed a panel of electrophysiological experiments in culture. Voltage clamp analyses revealed a significant increase in Cav2.2 current density in ex vivo conditions (Figures 3A,B). The specificity of these current recordings was established by using the selective blocker of Cav2.2, conotoxin (300 pmol), and this resulted in a significant reduction in current recordings (Figure 3). To assess the contribution of Cav2.2 channels to neuronal excitability, ipsilateral and contralateral lumber DRGs post CFA inflammation were isolated and spontaneous action potentials were recorded in current clamp mode (Figure 4A). Contralateral DRGs were unaffected by CFA-induced inflammation and rarely generated spontaneous action potentials while a significant increase in spontaneous action potentials was observed in ipsilateral DRGs (Figures 4B,D), and this was reduced significantly by conotoxin application (Figures 4C,D). These results demonstrate that CFA alters the intrinsic firing patterns of sensory neurons during inflammation in a Cav2.2 dependent manner.
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FIGURE 3. Complete Freund’s adjuvant induced inflammation leads to increased calcium currents via Cav2.2. (A) Overlay of representative raw Cav2.2 current traces from contralateral (control), ipsilateral (CFA-injected right side), and CFA + ω-conotoxin treated ipsilateral DRGs at +10 mV. (B) Quantification of peak current densities at +10 mV for all groups. A significant increase in calcium currents can be seen upon CFA treatment which was diminished post ω-conotoxin treatment, N ≥ 8 cells per group obtained from three mice per group, ∗P < 0.05 compare to control, ∗∗P < 0.01 compared to CFA, using one-way ANOVA followed by Holm–Sidak testing for multiple comparisons.
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FIGURE 4. Effects of CFA and ω-conotoxin on spontaneous action potentials in DRGs. (A) Representative raw trace of spontaneous action potentials induced by changes in membrane potential in contralateral (non-treated) lumbar DRGs. (B) Representative raw trace showing an increase in spontaneous firing in ipsilateral DRGs post CFA-induced inflammation. (C) Representative raw trace showing a reduction in spontaneous firing behavior of DRGs post CFA-induced inflammation with the addition of conotoxin treatment. (D) Quantification of spikes per 10 s time interval, N ≥ 18 cells per group obtained from n = 3 mice per group, ∗P < 0.05, using one-way ANOVA followed by Holm–Sidak testing for multiple comparisons.





Increase in Sensory Nerve Density During Inflammation

To examine additional alterations of sensory neurons during inflammation that may require Cav2.2, mice were unilaterally injected in the hind paw with CFA, and ipsilateral and contralateral lumbar DRGs were harvested 24 h later. A phase contrast image of ipsilateral DRGs from CFA-injected mice revealed a significant increase in neurite formation (Figure 5A). We then used immunohistochemistry to identify sensory neurites by using the neuronal marker TUJ1, and we observed a significant increase in neuronal branching and growth only in DRG neurons ipsilateral to the CFA injection (Figure 5B). Next, we examined TUJ1 expression via western blot with protein extracted from the hind paw, DRG, and the sciatic nerve and found a significant increase in TUJ1 expression in all tissues examined (Figure 5C). Overall, our data reveals an increase in the sensory nerve outgrowth during inflammatory conditions.
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FIGURE 5. Complete Freund’s adjuvant induced inflammation leads to increased neurite growth. (A) Representative phase contrast image of dissociated dorsal root ganglia (DRG) in culture. Image on the left shows DRGs isolated from the contralateral side and image on the right shows DRGs isolated from the CFA-injected ipsilateral side 24 h following the injection. An increase in the neurite growth pattern post inflammation is indicated by black arrows. (B) Representative micrographs show an increase in neurite growth indicated by white arrows, as observed with TUJ1 immunostaining in ipsilateral versus contralateral DRGs. N ≥ 5 images per group obtained from three mice per group. Scale bar = 30 μM. (C) Immunoblots showing an increase in TUJ1 total protein expression in paws, DRGs and sciatic nerves, n = 3 mice per group, ∗P < 0.05 comparing control to CFA injected using student’s t-test.





Inhibiting Cav2.2 Activity Blocks Sensory Neurite Outgrowth During Inflammation

To determine if Cav2.2 activity is necessary for the neurite outgrowth which we observed after CFA-induced inflammation, we harvested ipsilateral DRGs from mice treated with vehicle, CFA and CFA + conotoxin after 24 h and performed TUJ1 and Cav2.2 immunolabelling on dissociated cells (Figure 6A). Our immunostaining results using TUJ1 as a sensory neurite marker determined that Cav2.2 is required for the observed sensory neurite outgrowth phenotype (Figure 6A). Consistent with results described above in Figure 1, as well as published findings (Lu et al., 2010), we observed an increase in Cav2.2 protein expression in dissociated sensory neurons following CFA paw injection (Figure 6B). We further quantified the levels of Cav2.2 and TUJ1 proteins by western blotting in CFA and control mice, and we found an increase in TUJ1 expression, consistent with previous findings (Figure 5), upon CFA inflammation (Figures 6C–E). Interestingly, we observed a decrease in the level of TUJ1 (in the DRG and in the paw) and Cav2.2 (in the DRG) in mice 24 h after intrathecal administration of conotoxin (Figures 6C–F). Taken together, these data provide evidence for the requirement of Cav2.2 in CFA induced sensory neurite outgrowth.
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FIGURE 6. Effects of ω-conotoxin on peripheral neuronal growth and Cav2.2 protein expression. (A) Representative micrographs show TUJ1 immunolabeling in DRGs. A significant increase in TUJ1 labeled neurites can be seen post CFA inflammation (white arrows), and this is not observed post ω-conotoxin treatment. (B) Representative micrographs show an increase in Cav2.2 protein expression post CFA as revealed by antisera detected against Cav2.2 CFA. This increase in Cav2.2 expression is not observed when combining CFA with ω-conotoxin treatment. N ≥ 5 images per group obtained from three mice. Scale bar = 30 μM. (C,D) Immunoblots show an increase in TUJ1 protein expression in DRGs and paws. (E) Immunoblots show an increase in Cav2.2 protein expression post CFA treatment in DRGs, which is not observed combining CFA with ω-conotoxin treatment. (F) Quantification of TUJ1 and Cav2.2 immunoblots, n = 3 mice per group, ∗P < 0.05 using one-way ANOVA followed by Holm–Sidak testing for multiple comparisons.





Extracellular Signal-Related Kinase Signaling Involved in Sensory Nerve Growth During Inflammation

Several reports implicate the involvement of the ERK signaling pathway in neurite growth (Sgambato et al., 1998; Chen et al., 2011). We therefore sought to determine if this pathway might likewise be involved with Cav2.2-dependent sensory nerve growth during inflammation. Our immunohistochemical analysis revealed a CFA-induced upregulation of both the neuronal marker TUJ1 and the active phosphorylated form of ERK in the sciatic nerve (Figures 7A,B). Moreover, we observed that when conotoxin was injected intrathecally, post-CFA intra-plantar injection, it inhibited the CFA mediated increase in TUJ1 expression and ERK phosphorylation (Figures 7A,B). Further quantification by western blot was consistent with our immunohistochemistry results (Figure 7C). Overall, our data strongly suggest that Cav2.2 is required for CFA-induced sensory nerve growth through indirect phosphorylation of the signaling molecule ERK. Along these lines, ERK phosphorylation likely promotes the expression of genes which control the sensory neurite overgrowth phenotype.
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FIGURE 7. Inflammation associated neurite growth is dependent on Cav2.2 activity and is driven via ERK activation. (A) Representative micrographs show sciatic nerve sections from control, CFA treated and CFA + ω-conotoxin treated mice. A significant increase in TUJ1 expression can be seen post CFA treatment (white arrows in inset pointing at TUJ1 labeled afferents). ω-conotoxin prevents CFA mediated increase in TUJ1 labeled afferents. n = 3 mice per group. Scale bar = 30 μM, inset scale bar = 40 μM. (B) Representative micrographs show phosphorylated-ERK1/2 immunolabeling. Conotoxin prevents CFA induced increase in phosphorylated ERK. (C) Immunoblots showing changes in TUJ1and pERK1/2 expression in sciatic nerve consistent with histochemical analysis. Conotoxin mitigates TUJ1 and p-ERK1/2 activity upon CFA induced inflammation, n = 3 mice per group, ∗P < 0.01 using one-way ANOVA followed by Holm–Sidak testing for multiple comparisons between groups.






DISCUSSION

In the present study, we demonstrate that peripheral sensory nerve growth mediated via Cav2.2 activity drives inflammation-induced pain hypersensitivity. This conclusion is based on three lines of evidence. First, peripheral inflammation upregulates the expression of TUJ1, a post-mitotic neuritogenesis marker (von Bohlen, 2007) and Cav2.2 in the dorsal root ganglia. Second, pharmacological blockade of Cav2.2 channels attenuates inflammatory pain behavior in mice by preventing peripheral afferent growth. Third, inhibition of Cav2.2 results in downregulation of ERK1/2-MAP kinase, one of the major nociceptive signaling pathways associated with chronic inflammatory pain (Ji et al., 2002). Although persistent inflammation has been shown to alter density and distribution of a variety of voltage gated calcium channels (VGCCs) in the DRG (Lu et al., 2010), it remained unclear if VGCCs played any role in nerve growth post inflammation. Data from this study demonstrates that selective blockade of Cav2.2 with ω-conotoxin alleviates the inflammatory pain hypersensitivity by preventing afferent growth and ERK1/2 activation (Figure 8).
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FIGURE 8. Graphical abstract summarizing the main findings of this work which highlight a peripheral role for Cav2.2 during inflammation. CFA induced inflammation leads to increased Cav2.2 expression and ion channel activity which seem to drive peripheral afferent growth at the site of inflammation. One way that these changes could be manifesting is through activation of the ERK1/2-MAPK pathway further downstream. Together, these changes contribute to inflammation associated hyperalgesia. Intrathecal injection of ω-conotoxin alleviates hyperalgesia by blocking Cav2.2 activity and associated afferent growth by downregulating ERK1/2. Schematic representation created with BioRender.com.



Recent studies have shown that injection of inflammatory compounds, such as carrageenan and CFA leads to upregulation of voltage gated sodium channels (Nav), TRP channels, acid-sensing ion channels (ASIC), and VGCCs in DRG neurons (Sgambato et al., 1998; Ji et al., 2002; von Bohlen, 2007; Yu et al., 2008). In particular, increased expression of TRPV1, TRPA1, and TRPM8 in primary afferents has been shown to be directly responsible for thermal and mechanical hypersensitivity in persistent inflammation (Mishra and Hoon, 2010; Chen et al., 2011; Mishra et al., 2011). N-type calcium channels have also been shown to play a major role in mediating release of synaptic transmitters like glutamate, acetylcholine, gamma-aminobutyric acid and calcitonin gene-related peptide (CGRP) (Nakanishi et al., 2010; Lalisse et al., 2018). Immunohistochemical evidence has also demonstrated increased localization of calcium channel subtypes in the dorsal horn of the spinal cord, nerve terminals and interneurons following injury and inflammation (Vigers and Pfenninger, 1991; Westenbroek et al., 1998; Cizkova et al., 2002). In addition, increased overlap of TRPV1+ and TRPA1+ sensory neurons in DRG with known pain neurotransmitters, such as substance P and CGRP post peripheral inflammation has been extensively reported and linked to thermal hyperalgesia (Nakanishi et al., 2010; Lalisse et al., 2018; Yu et al., 2008). Using RNA in situ hybridization, here we show a significant increase in Cav2.2 expression specifically in TRPV1+, TRPA1+, and TRPM8+ neuronal populations in ipsilateral DRGs 48 h post CFA-induced inflammation. Consistent with increased mRNA, total Cav2.2 protein expression was also upregulated in ipsilateral DRGs compared to contralateral DRGs. Together, these findings suggest that upregulation of Cav2.2 induced by peripheral inflammation might in turn cause increased TRP channel activity leading to further exacerbation of the condition. Interestingly, Cav2.2 was not upregulated in non-peptidergic mechanosensitive nociceptors labeled by MrgprD (Dong et al., 2001; Lembo et al., 2002; Cavanaugh et al., 2009), or MrgprB4+ C-low threshold mechanoreceptors post CFA-injection. These cell-type specific gene expression changes observed with Cav2.2 during inflammation suggest that other VGCCs besides the N-type may contribute to mechanical allodynia observed during inflammation.

In regards to loss-of-function studies with Cav2.2, it has been reported that the genetic ablation of Cav2.2 or α1B (the pore forming subunit of Cav2.2) in mice, results in attenuation of chronic inflammatory pain induced by formalin and acetic acid (Hatakeyama et al., 2001; Kim et al., 2001). Although the overall anti-nociceptive effects of Cav2.2 ablation on thermal hyperalgesia are consistent, there are conflicting reports about the reduction in mechanical pain hypersensitivity mediated via Cav2.2 (Hopkins et al., 1995; Rigo et al., 2013). This seeming inconsistency could be due to the diversity in the expression pattern of calcium channels or unintended consequences of the specific genetic strategies used for ablation (Olivera et al., 1994). As an alternative to genetic ablation, conopeptides, which are natural and potent antagonists of N-type VGCCs have been used extensively in recent years (Olivera et al., 1987; Hopkins et al., 1995; Vanegas and Schaible, 2000; Lee, 2013). Relatedly, intrathecal administration of conopeptides is anti-nociceptive in acute inflammatory pain models (Olivera et al., 1987; Staats et al., 2004; Rigo et al., 2013). A recent study examined the efficacies of ω-conotoxin MVIIA and Phα1β in alleviating chemotherapy associated pain and reported positive outcomes (Rigo et al., 2013). Thus, in this study we likewise turned toward a pharmacological strategy with conotoxin to inhibit Cav2.2 activity during inflammatory states. We administered ω-conotoxin GVIA (300 pmol) in the lumbar space by intrathecal injection after CFA induced inflammation at regular intervals for 72 h. A significant reduction in thermal and cold pain sensitivities was observed, without effecting mechanical pain sensitivity. The sensory modality specific differences we observe by blocking Cav2.2 during inflammation, which differ from published reports, could be due to differences in the pharmacological properties of ω-conotoxin GVIA and ω-conotoxin MVIIA.

Sensory nerves involved in intra-plantar inflammation have cell bodies in the lumbar DRG. These DRGs process the signals received from their peripheral afferent projections and relay information to the CNS through the central projections in the dorsal horn of the spinal cord (Zhang and Dougherty, 2014). Persistent inflammation triggered by CFA injection or nerve injury generated via chronic constriction or nerve ligation, have been shown to amplify this signaling cascade (Lu and Gold, 2008; Lu et al., 2010). Intra-plantar injection of inflammatory soup in rats has been shown to increase the frequency of spontaneous neuronal discharge (Kasai and Mizumura, 2001; Ma et al., 2006). Multiple ion channels including Na+, K+ have been shown to contribute to the lowering of action potential threshold and resting membrane potential in lumbar DRGs, which affects a large population of afferent neurons. In agreement with these findings, our voltage-clamp and current clamp analyses carried out post CFA treatment with and without ω-conotoxin in lumbar (L4–L7) DRGs showed a significant increase in Cav2.2 current density and spontaneous action potentials, which were inhibited by ω-conotoxin treatment. These findings implicate a role for Cav2.2 in increased excitability of neurons after inflammation.

An emerging literature has shown that a variety of factors contribute toward increased primary afferent growth at the onset on inflammation including cytokines, fibronectin, and nerve growth factor (Woolf et al., 1997; Miller et al., 2009; Tonge et al., 2012). Studies in Xenopus laevis and the pheochromocytoma (PC12) cell line suggest that calcium influx through VGCC causes growth cone extension, increases in connectivity, and neurite outgrowth (Solem et al., 1995; Spitzer, 2006; Sann et al., 2008). This prompted us to analyze if there were any changes in nerve growth following CFA-induced inflammation. DRGs, sciatic nerve, and hind paws harvested 24 h post intra-plantar CFA injection revealed a significant increase in TUJ1, a neuronal marker which labels neurites. In addition, a robust increase in Cav2.2 surface expression in DRGs was also seen post inflammation. This led us to hypothesize that Cav2.2 might be driving neurite outgrowth. Remarkably, a significant reduction in the neuritogenesis marker TUJ1 was observed post ω-conotoxin GVIA treatment across DRGs, sciatic nerve, and paws. This suggests a direct correlation between Cav2.2 activity and neuronal growth in peripheral inflammation.

Peripheral inflammation has been shown to activate immediate early genes like cFos (Xing et al., 1996; Sgambato et al., 1998) acutely and the ERK1/2-MAPK on a longer timescale (Ji et al., 2002). The functional role of ERK activation in neuronal physiology is very broad and includes neurite outgrowth. Elevated intracellular Ca2+ triggers various signaling pathways including protein kinases such as Calmodulin-dependent kinases (CaMK) and ERKs in neuroblastoma cell line. Additionally, ERK kinase inhibitor blocks BDNF-induced neurite outgrowth in neuroblastoma cell line SH-SY5Y (Encinas et al., 1999). Here, we showed a significant reduction in phosphorylated ERK (pERK1/2) upon ω-conotoxin treatment in primary afferents. Therefore, in addition to inhibiting neuritogenesis during inflammation, blockade of Cav2.2 might be downregulating the ERK1/2-MAPK signaling cascade and alleviating inflammatory pain hypersensitivity. In addition, a recent HA-tagged Cav2.2 knock-mouse was generated and it was shown that Cav2.2 is expressed in the dorsal horn of the spinal cord in close apposition to terminal endings of nociceptive neurons (Nieto-Rostro et al., 2018). Therefore, it is possible that in addition the peripheral changes we have demonstrated with Cav2.2 in this work, spinal cord changes in Cav2.2 may also drive components of inflammation induced hyperalgesia. Taken together, this work adds a new paradigm to what changes may be driving inflammation induced thermal hyperalgesia and suggests that strategies aimed at inhibiting neurite growth may serve as potent analgesics to block some forms of pain.
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FIGURE S1 | Co-expression of Cav2.2 and the gentle touch sensor MrgprB4: Overlap of Cav2.2 and MrgprB4 with and without CFA injury. Contralateral DRGs (A–C) and Ipsilateral DRGs (D–F) show no significant change Cav2.2-MrgprB4 mRNA co-expression.
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The use of morphine, the standard opioid drug, is limited by its undesirable effects, such as tolerance, physical dependence, and hyperalgesia (increased pain sensitivity). Clinical and preclinical studies have reported development of hyperalgesia after prolonged opioid administration or after a single dose of intrathecal (i.t.) morphine in uninjured rats. However, whether a single standard systemic morphine dose is sufficient to decrease the nociceptive threshold in rats is unknown. Here, we showed that a single morphine subcutaneous injection induces analgesia followed by a long-lasting delayed hyperalgesia in uninjured and PGE2 sensitized rats. The i.t injection of extracellular signal-regulated kinase (ERK) inhibitor blocked morphine-induced analgesia, without interfering with the morphine-induced hyperalgesia. However, i.t. injection of SB20358, a p38 inhibitor and SP660125, a JNK inhibitor, decreased the morphine-induced hyperalgesia. Consistently with the behavioral data, Western Blot analysis showed that ERK is more phosphorylated 1 h after morphine, i.e., when the analgesia is detected. Moreover, phospho-p38 and phospho-JNK levels are upregulated 96 h after morphine injection, time that coincides with the hyperalgesic effect. Intrathecal (i.t.) oligodeoxynucleotide (ODN) antisense to cAMP-responsive element binding protein (CREB) attenuated morphine-induced hyperalgesia. Real-time polymerase chain reaction (RT-PCR) analysis showed that CREB downstream genes expressions were significantly up-regulated 96 h after morphine injection in spinal cord. Together, our data suggest that central ERK is involved in the analgesic and hyperalgesic effects of morphine while JNK, p38, and CREB are involved in the morphine-induced delayed hyperalgesia.

Keywords: morphine, opioid, opioid-induced hyperalgesia, MAPK, ERK1/2, p38, JNK, CREB


INTRODUCTION

Opioids are effective analgesics for treating moderate to severe pain, but their use is limited due to adverse effects such as development of tolerance and paradoxical pain. Several preclinical studies have reported that administration of opioids, such as morphine, either in very high or very low doses, increases sensitivity to noxious stimuli, i.e., hyperalgesia (Angst and Clark, 2006; Lee et al., 2011). Hyperalgesia is also reported after repeated daily opioid administration (Corder et al., 2017) or after a single intrathecal injection of opioids in rats (Van Elstraete et al., 2005). Clinical studies have reported that short-term administration of an opioid can enhance hyperalgesia (Angst et al., 2003). However, whether a single systemic administration of an intermediate opioid dose (i.e., a dose that induces analgesia without compromising the overall activity, such as, locomotion or respiratory functions) induces hyperalgesia is still controversial. Therefore, studies evaluating the effect of a single injection of opioid on the nociceptive threshold are still an unmet need and relevant for clinical practice.

Mitogen-activated protein kinases (MAPK) are a family of evolutionarily conserved molecules that transduce extracellular stimuli into intracellular responses, by changing transcription as well as inducing posttranslational modifications of target proteins. There are three major members in the MAPK family: extracellular signal regulated kinase (ERK), p38, and c-Jun N-terminal kinases (JNK) (Johnson and Lapadat, 2002; Ji and Strichartz, 2004). Several lines of evidence have shown that MAPK up-regulates the pro-nociceptive systems. Activation of ERK, JNK, and p38 in the spinal cord leads to the production of inflammatory mediators that sensitize dorsal horn neurons. The increased activity in dorsal horn transforms the subsequent performance of the nociceptive pathway, by amplifying or prolonging the response to noxious inputs (hyperalgesia). Therefore, the MAPK activation in the spinal cord contributes to pain sensitization (Ji et al., 2009).

Opioids induce paradoxical pain by activating neuronal and non-neuronal cells; however the mechanisms involved in this phenomenon are not completely understood. Involvement of MAPK in tolerance and hyperalgesia after long-term morphine exposure is well documented. Functional studies showed that inhibition of MAPK alleviates pathological pain (Ji and Woolf, 2001) and morphine tolerance (Chen and Sommer, 2009), indicating that these two conditions may share similar cellular and molecular mechanisms. Moreover, chronic morphine exposure activates ERK1/2, p38, and JNK in central and peripheral nervous systems. The downstream signaling mechanisms involve the cAMP-responsive element binding protein (CREB) pathway, which regulates the expression of neuropeptides, such as CGRP and substance P. Despite the evidences showing that chronic opioid administration activates MAPK signaling pathway, the effects of an acute injection of morphine, including at doses able to induce hyperalgesia, on those kinases are unknown. Consequently, we decided to test the hypothesis that a single dose of systemic administered morphine induces a MAPK-dependent central sensitization process and subsequent hyperalgesia. We also tested whether inhibiting ERK1/2, p38, and JNK impairs morphine-induced hyperalgesia. Finally, we evaluated the effect of inhibiting CREB transcriptional factor on morphine effects.



MATERIALS AND METHODS


Animals

Male Wistar rats (170–190 g) were used in this study. The animals were housed in a temperature-controlled (21 ± 2°C) and light-controlled (12 h/12 h light/dark cycle) environment. All of the behavioral tests were performed between 9:00 am and 4:00 pm. Standard food and water were available ad libitum. All of the procedures were conducted in accordance with the guidelines for the ethical use of conscious animals in pain research published by the International Association for the Study of Pain (Zimmermann, 1983) and were approved by the Institutional Animal Care Committee of the Butantan Institute (CEUAIB, protocol number 1245/14 and 9766020419) according to ARRIVE guidelines.



Chemicals and Drug Administration

The following chemicals were obtained from the sources indicated. Morphine (morphine sulfate, União Química, Brazil, 1 μg/kg, 1 or 5 mg/kg (subcutaneous route) or 6, 12, or 24 μg/paw (intraplantar route) was dissolved in sterile saline and injected 60 min before the first nociceptive evaluation. PGE2 was purchased from the Sigma Chemical Co. (St. Louis, MO, United States). A stock solution of PGE2 was prepared by dissolving 500 μg PGE2 in 1 mL of 100% ethanol and then diluting it in sterile saline before injection into the rat paw (100 ng/paw). The percentage of ethanol in the solution injected in the hind paw was 0.2% (Zambelli et al., 2014). ERKI, an ERK inhibitor; SB20358, a p38 inhibitor; SP600125, a JNK inhibitor; PD98059, a MEK inhibitor were dissolved in 5% DMSO and administered intrathecally (i.t.) at the dose of 30 μg (Ma et al., 2001). The oligodeoxynucleotides (ODN)-antisense against CREB (Exxtend-Brazil), or its mismatch, was also administered by intrathecal route at the dose of 30 μg, in a volume of 10 μL once daily for 5 days before morphine injection, including the morphine first day, and then every other day until Day 4 (96 h) (dos Santos et al., 2014). The behavioral assessment was conducted on the day following the last injection (96 h). Briefly, for these intrathecal injections, the rats were anesthetized with 2% isoflurane and a 29-gauge needle was inserted in the subarachnoid space on the midline between L4 and L5 vertebrae (Milligan et al., 2003). The animals recovered consciousness approximately 1 min after discontinuing the anesthetic.



Behavioral Assessment


Mechanical Hyperalgesia Evaluation

To assess the nociceptive threshold, the rat paw pressure test was used (Randall and Selitto, 1957) (Ugo Basile, VA, Italy). The test was applied before and for up to 192 h after morphine treatment or PGE2 injection. Testing was blind in regard to group designation. In this test, an increasing force (measured in g) was applied to the hind paw of the rat and interrupted when the animal withdrew the paw. The force necessary to induce this reaction was recorded as the nociceptive threshold. A maximum pressure of 250 g (i.e., cut-off) was established to minimize damage to the paw. To reduce stress, rats were habituated to the testing procedure a day before experimentation.



Thermal Hyperalgesia Evaluation

The Hargreaves technique was used for thermal hyperalgesia studies (using the Ugo Basile Model 7370 Plantar Test). Paw withdrawal responses to noxious heat stimuli were measured in rats as described (Hargreaves et al., 1988). To measure response to noxious heat stimuli, each animal was placed in a Plexiglas chamber on a glass plate located above a light box. Radiant heat was applied by focused infrared (IR) beam to the middle of the plantar surface of rat hind paw. When the animal lifted its foot, the IR beam was turned off. The time interval between the start of the IR beam and the foot lift was defined as the paw withdrawal latency. Each trial was repeated at least 3 times at 5-min intervals for each paw. A cut-off time of 30 s was used to prevent paw tissue damage. Blinding method was implemented strictly for the whole behavioral test.




Biochemical Studies


Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction

For this study, spinal cord (L4-L6) of the rats was collected 96 h after the subcutaneous injection of morphine. Saline treated animals were used as controls. After collection, tissues were rapidly homogenized in TRIZOL reagent (Sigma-Aldrich, St. Louis, MO, United States). Total cellular RNA was purified from tissue according to the manufacturer’s instruction and the purity and integrity of total RNA was measured. Reverse transcription was performed with a reverse transcription reaction (Superscript II; Invitrogen, Thermo Fisher Scientific, Waltham, MA, United States). Real-time PCR was performed using primers specific for the rats genes Fos B, MyC, and cJun and the levels of each gene were normalized to the levels of the rat Gapdh gene. Reactions were conducted on the StepOne Plus (Applied Biosystems) using the SYBR-green fluorescence system (Thermo Fisher Scientific, Waltham, MA, United States). The results were analyzed by the method of quantitative relative expression 2−ΔΔ(ΔCt as previously described. Primer pairs for rats Gapdh, Fos B, MyC, and cJun were as follows: Gapdh fwd: 5′-TCGGTGTGAACGGATTTGGC-3′; Gapdh rev: 5′-CCTTCAGGTGAGCCCCAGC-3′; Fos B fwd: 5′-ACGCCGAGTCCTACTCCAG-3′; Fos B rev: 5′-TCTCCT CCTCTTCGGGAGAC-3′; MyC fwd: 5′-GAAGAACAAG ATGATGAGGAA-3′; MyC rev: 5′-GCTGGTGAGTAGAGAC AT-3′; cJun fwd: 5′-CGGCCCCGAAACTTCTG-3′; cJun rev: 5′-GTCGTTTCCATCTTTGCAGTCA-3′.



Western Blot Analysis

Samples of spinal cord (L4-L6) were collected and homogenized in a lysis buffer containing a mixture of protease inhibitors and phosphatase inhibitors (Sigma-Aldrich). The protein concentrations of the lysate were determined using a Bradford assay (Bradford, 1976). Protein samples were separated on a SDS-PAGE gel (10% gradient gel; Bio-Rad) and transferred to nitrocellulose membranes (GE Healthcare). The filters were blocked for 120 min with 5% BSA and incubated overnight at 4°C with a primary antibody against phospho-ERK, phospho-JNK, phospho-p38 or non-phosphorylated forms of these proteins (1:1000; Cell Signaling Technology, Danvers, MA, United States). The membranes were then incubated in the appropriate peroxidase-conjugated secondary antibody (1:5000; anti-rabbit, Sigma-Aldrich, St. Louis, MO, United States, cat. numbers A0545 and A8919, respectively) for 120 min at room temperature and developed using enhanced chemiluminescence (Amersham GE Healthcare Bio-Sciences Corp.; Piscataway, NJ, United States). Quantification analysis of the blots was performed using the UVITEC software. Images were used as representative blots. Densitometric data were measured after normalization to total protein (not phosphorylated).




Statistical Analysis

The results are presented as the mean ± SEM. For Figures 1–4, 6–8, 9B, and Supplementary Figures S1, S2 statistical evaluation of data was conducted using a two-way analysis of variance (ANOVA) with post hoc testing by Tukey. One way ANOVA was used to analyze Figures 5, 9B, 10 with post hoc testing by Tukey. A value of P< 0.05 was considered significant.
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FIGURE 1. Schematic representation of the experimental design of the work. To assess the mechanical and thermal nociceptive threshold, the rat paw pressure test (Randall and Selitto, 1957), and paw withdrawal responses test to noxious heat stimuli (Hargreaves et al., 1988) were measured, respectively. The tests were applied before and for up to 192 h after morphine treatment (1 μg/Kg, 1 e 5 mg/Kg, s.c. or 6, 12, and 24 μg/paw). The pharmacological inhibitors of MAPKs, ERK inhibitor (ERKI), p38 inhibitor (SB20358) or JNK inhibitor (SP660125), were injected by intrathecal route (i.t), and were administrated concomitantly to morphine or 95 h after systemic morphine. The nociceptive thresholds were evaluated before and for up to 168 h after morphine treatment. The expression and phosphorylation of ERK, p38, JNK, and CREB were evaluated by Western Blot at 0.25, 1, 96, 120, 144, and 168 h after morphine treatment (5 mg/Kg). The intrathecal administrations of the antisense-ODN against CREB, or a mismatch sequence, were performed for 5 days before morphine administration (including the day of morphine injection) and every other day afterward. The nociceptive thresholds were evaluated before and 1, 48, 72, and 96 h after morphine treatment (5 mg/Kg). The mRNA expression of MYC, FOS B, and cJUN were evaluated by Real- Time PCR at 96 h after morphine treatment (5 mg/Kg).
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FIGURE 2. Effect of morphine in the rat mechanical nociceptive threshold. Nociceptive threshold was obtained in the rat paw pressure test, before (0) and 1, 24, 48, 72, 96, 120, 144, and 192 h after subcutaneous injection of morphine (1 μg/Kg, 1 mg/Kg, and 5 mg/Kg) (A) and intraplantar injection of morphine (6 μg/paw, 12 μg/paw, and 24 μg/paw) (B). Morphine was injected in naïve rats. Data represent mean values ± SEM for six rats per group. ∗ significantly different from baseline (0). Data were analyzed by two-way analysis of variance (ANOVA) with post hoc testing by Tukey.
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FIGURE 3. Effect of morphine in the mechanical nociceptive threshold of rats treated with prostaglandin E2 (PGE2). Nociceptive threshold was obtained in the rat paw pressure test, before (0) and 1, 24, 48, 72, 96, 120, 144, and 192 h after subcutaneous injection of morphine (5 mg/Kg) (A) and intraplantar injection of morphine (6 μg/paw, 12 μg/paw, and 24 μg/paw) (B). PGE2 (100 ng/paw) was injected 2 h before the opioid administration. The contralateral paw threshold (CL) is indicated with an arrow. Data represent mean values ± SEM for six rats per group. ∗ significantly different from baseline (0). Data were analyzed by two-way analysis of variance (ANOVA) with post hoc testing by Tukey.
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FIGURE 4. Effect of morphine in the rat thermal nociceptive threshold. Thermal sensitivity, as assessed by hind paw withdrawal threshold, was measured by the Hargreaves method, before (0) and 1, 24, 48, 72, 96, 120, 144, and 192 h after subcutaneous injection of morphine (5 mg/Kg). Data represent mean values ± SEM for six rats per group. ∗ significantly different from baseline (0). Data were analyzed by two-way analysis of variance (ANOVA) with post hocpost-hoc testing by Tukey.
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FIGURE 5. Morphine systemic injection effect on protein expression of ERK1/2 (A), JNK (B), and p38 (C) MAPKs. The changes in protein levels of MAPKs were determined by immunobloting, in lumbar spinal cord obtained 0.25, 1, 24, 48, 72, 120, 144, and 192 h after morphine injection (5 mg/Kg, s.c.). (D) Representative blots showing the phosphorylated and total ERK1/2, JNK, and p38 levels in the total lisate of spinal cord. Data are presented as mean ± SEM and expressed as % of control (saline) animals. ∗ significantly different from mean values of saline treated animals, n = 6 per group (p = 0.05). Data were analyzed by one-way analysis of variance (ANOVA) with post hoc testing by Tukey.



Because we and others have previously demonstrated that peripheral sensitization may interfere with the analgesic efficacy of opioids (Obara et al., 2009; Zambelli et al., 2014), we next sought to investigate whether a peripheral sensitization would exacerbate and/or extend the morphine-induced hyperalgesia. To address this question, rats received an intraplantar injection of 100 ng/paw PGE2 that caused a significant decrease in the nociceptive threshold, with a peak response at 3 h, when compared with the basal values. The systemic morphine (5 mg/Kg) blocks PGE2-induced hyperalgesia and induces delayed hyperalgesia, starting at 96 h and lasting until 144 h after morphine (Figure 3A). We also checked whether the effect of peripherally administered morphine alters PGE2-induced hyperalgesia. As detected in the absence of sensitization, the peripheral morphine injection causes analgesia, without generating hyperalgesia (Figure 3B). Intraplantar injection of morphine did not modify the PGE2-induced hyperalgesia in the contralateral paw, indicating again that the opioid, at doses presently used exerts only a local (peripheral) effect. Importantly, these effects were only observed in the paw injected with morphine, excluding a systemic effect. Taken together, these results suggest that peripheral sensitization (by PGE2) neither interferes with delayed hyperalgesia after systemic morphine injection nor with the absence of hyperalgesia when morphine was peripherally injected.



Experimental Design

The schematic Figure 1 summarizes the experimental design of this work.




RESULTS

First, we performed a dose response curve of systemically injected morphine on the nociceptive threshold of rats. The mechanical threshold was assessed 1 h after morphine and every day for 8 days (192 h). A single injection of morphine at 1 mg/Kg or 5 mg/Kg, s.c., induces significant increase in the mechanical nociceptive threshold (analgesia), at 1 h after the administration as compared to the baseline. Importantly, rats treated with morphine (5 mg/Kg), besides displaying analgesia, also display a long-lasting decrease in the nociceptive threshold (hyperalgesia), starting at Day 4 (96 h) and lasting until Day 6 (144 h). A lower dose of morphine (1 μg/Kg, s.c.) neither induces analgesia nor hyperalgesia (Figure 2A). As expected, no difference in the nociceptive threshold was detected in control rats treated with saline. Importantly, morphine did not affect rat gross motor skills. No differences were detected in the mean number of squares crossed in an open field or in rearing behavior between morphine and saline treated rats (data not shown). Next, we evaluated the effect of peripherally injected morphine on the mechanical nociceptive threshold. The intraplantar injection of morphine, at the doses of 6, 12, or 24 μg/paw, increases paw nociceptive threshold in the ipsilateral paw, without inducing hyperalgesia (Figure 2B). Also, intraplantar administration of morphine did not interfere with the nociceptive threshold of the contralateral paw (data not shown), indicating that, at these doses, and the opioid induces only local (peripheral) effect. Taken together, the results obtained for the systemic and intraplantar administration of morphine indicate that (a) a single systemic injection of morphine can induce a biphasic response in the nociceptive threshold of uninjured rats (early analgesia and long lasting delayed hyperalgesia) and (b) central mechanisms are involved in morphine-induced delayed hyperalgesia.

In addition to mechanical hyperalgesia, we also investigated whether a single morphine injection (5 mg/Kg) would induce thermal hyperalgesia, The results showed that morphine, in the same dose that induces mechanical delayed hyperalgesia also induces thermal hyperalgesia. However, thermal hyperalgesia started 48 h after morphine and lasted for just 24 h (Figure 4). Because morphine did not induce significant analgesia in this hyperalgesia model and because thermal hyperalgesia lasted only 24 h, we decided to conduct the further experiments using only the mechanical nociceptive stimulus.


Spinal ERK Activation Correlates With Analgesia and Hyperalgesia, While p38 and JNK Activation Correlate With Morphine-Induced Hyperalgesia

To elucidate the potential mechanisms involved in the mechanical hyperalgesia induced by a single injection of morphine, we first investigated whether ERK, p38, and JNK expression and phosphorylation were altered by morphine. The systemic injection of a single morphine dose (5 mg/Kg) increases the level of phosphorylated ERK1/2 in lumbar spinal cord, 1 h after injection, when compared to saline treated rats. ERK1/2 activation is also detected at 96, 120, and 144 h. The morphine injection also increases the levels of JNK phosphorylation at 96 h after injection and of p38 at 96 and 120 h. Taken together, these data suggest that ERK1/2 is activated in the period in which morphine is inducing both analgesia and hyperalgesia. However, p38 and JNK are activated only in the period that hyperalgesia is detected (Figure 5).



Spinal MAPKs Are Involved in Both Analgesia and Hyperalgesia Induced by a Single Dose of Systemic Morphine

In order to test the functional significance of the increased MAPK activation in the spinal cord, pharmacological inhibitors of MAPKs were injected by intrathecal route. ERK inhibitor (ERK-I), p38 inhibitor (p38-I, SB20358) or JNK inhibitor (JNK-I, SP660125) were administered in two experimental conditions (a) concomitantly with morphine or (b) 95 h after systemic morphine. We chose these two time points because they correspond to the analgesic and hyperalgesic effects, respectively. Importantly, because the inhibition of MEK, an up-stream MAPK kinase, interferes with PGE2 induced hyperalgesia, the following experiments were performed in naïve rats, i.e., without sensitization (Supplementary Figure S1).

The ERKI, injected concomitantly to morphine, partially decreases morphine-induced analgesia without interfering with morphine-induced hyperalgesia (Figure 6A). In contrast, p38-I and JNK-I did not interfere with morphine-induced analgesia but prevented the development of hyperalgesia (Figures 6B,C).


[image: image]

FIGURE 6. Effect of MAPK inhibitors on morphine induced analgesia and hyperalgesia. Nociceptive threshold was obtained in the rat paw pressure test, before (0) and 1, 24, 48, 72, 96, 120, 144, and 192 h after subcutaneous injection of morphine (5 mg/Kg). The ERK inhibitor (ERK-I) (A), JNK inhibitor (JNK-I, SP660125) (B), and p38 inhibitor (p38-I, SB20358) (C) were injected by intrathecal route (30 μg/30 μL), concomitantly to morphine (t = 0). The arrows indicate the time of inhibitors administration. Data represent mean values ± SEM for six rats per group. ∗ significantly different from baseline (0). # significantly different from morphine (s.c.) + vehicle (i.t.). Data were analyzed by two-way analysis of variance (ANOVA) with post hoc testing by Tukey.



The next step was to evaluate whether inhibiting ERK1/2, p38 and JNK at 95 h and 30 min after morphine, i.e., 30 min before the assessment of hyperalgesia, is able to prevent this condition. The ERK or p38 inhibition did not interfere the morphine-induced hyperalgesia (Figure 7). However, JNK inhibition partially reverts the opioid hyperalgesic effect. Control animals injected only with the inhibitors, did not display changes in the nociceptive threshold (Supplementary Figure S2). Together, these data indicate that p38 and JNK contribute to the initiation of hyperalgesia after a single injection of systemic morphine. Interestingly, once the signaling is triggered, the pharmacological inhibition of p38 and JNK can no longer completely restores the nociceptive threshold.
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FIGURE 7. Effect of MAPK inhibitors on morphine-induced hyperalgesia. Nociceptive threshold was obtained in the rat paw pressure test, before (0) and 1, 24, 48, 72, 96, 120, 144, and 192 h after subcutaneous injection of morphine (5 mg/Kg). The ERK inhibitor (ERK-I) (A), JNK inhibitor (JNK-I, SP660125) (B), and p38 inhibitor (p38-I, SB20358) (C) were injected by intrathecal route (30 μg/30 μL), concomitantly 96 h after morphine (t = 96 h). The arrows indicate the time of inhibitors administration. Data represent mean values ± SEM for six rats per group. ∗ significantly different from baseline (0). # significantly different from morphine (s.c.) + vehicle (i.t.). Data were analyzed by two-way analysis of variance (ANOVA) with post hoc testing by Tukey.



We next asked whether the peripheral MAPKs participate in the morphine central effect. In order to address this question, the MEK inhibitor (PD98059) was injected by intraplantar route. The inhibitor did not interfere with morphine-induced hyperalgesia when injected concomitantly with morphine or 95 h afterward (Figure 8). Our data suggest that only central MAPKs are involved in the hyperalgesia induced by a single injection of morphine.
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FIGURE 8. Effect of peripheral MAPK on morphine-induced analgesia and hyperalgesia. Nociceptive threshold was obtained in the rat paw pressure test, before (0) and 1, 24, 48, 72, 96, 120, 144, and 192 h after subcutaneous injection of morphine (5 mg/Kg). The ERK inhibitor (ERK-I), JNK inhibitor (JNK-I, SP660125) or p38 inhibitor (p38-I, SB20358) were injected, by intraplantar route (A) concomitantly to morphine, (B) 96 h after morphine (t = 96 h). Data represent mean values ± SEM for six rats per group. ∗ significantly different from baseline (0). The arrows indicate the time of inhibitors administration. Data were analyzed by two-way analysis of variance (ANOVA) with post hoc testing by Tukey.





Downregulation of cAMP-Responsive Element Binding Protein (CREB) Expression Impairs Morphine-Induced Hyperalgesia

It has been extensively reported that MAPK signaling culminates in activating CREB, a key regulator of gene expression. Therefore, we evaluated the CREB phosphorylation levels in spinal cord of the animals. CREB phosphorylation levels are elevated 96 h after morphine, a period that overlaps with the hyperalgesic effect (Figure 9A). In order to confirm that the CREB activation has an important function in hyperalgesia, a functional knockdown of CREB was achieved by intrathecal administrations of the antisense-ODN against CREB, or a mismatch sequence. Antisense injections were performed for 5 days before morphine administration (including the day of morphine injection) and every other day afterward (48 and 96 h). As shown in Figure 9D, hyperalgesia induced by a single injection of morphine was completely abolished by the antisense-ODN against the CREB. These data suggest that CREB activation plays a critical role in morphine-induced hyperalgesia. The decrease in phosphorylated CREB expression was confirmed by Western blot.


[image: image]

FIGURE 9. cAMP-responsive element binding protein (CREB) activation mediates morphine-induced delayed hyperalgesia. The changes in phosphorylated protein levels of CREB were determined by immunobloting, in lumbar spinal cord obtained 1, 96, 120, 144, and 168 h after morphine injection (5 mg/Kg, s.c.). (A) Representative blots (B) percentage changes in the phosphorylated CREB levels in the total lysate of lumbar spinal cord compared to saline treated animals. The ODN antisense or mismatch (30 μg/10 μL) were injected by intrathecal route 5 days prior morphine and every other day afterward. (C) Representative blots of CREB expression after injection of ODN antisense or mismatch. (D) Nociceptive threshold was obtained in the rat paw pressure test, before (0) and 1, 24, 48, 72, and 96 h after subcutaneous injection of morphine (5 mg/Kg, s.c.) in the presence of ODN antisense or mismatch. Data are presented as mean ± SEM and expressed as % of control (saline) animals. ∗ significantly different from mean values of saline treated animals, n = 6 per group (p < 0.05). Data were analyzed by one-way (B) and (D) two-way analysis of variance (ANOVA) with post hoc testing by Tukey.





A Single Injection of Morphine Is Sufficient to Up-Regulates Transcriptional Factors Related to MAPK-CREB Pathway

Phosphorylated CREB is able to bind to the calcium/cAMP response elements (CalCRE) in the promoter regions of the genes, such as immediate early genes. Then, we performed an exploratory study evaluating the mRNA expression of transcription factors involved MAPK-CREB signaling that may regulate the morphine-induced hyperalgesia. This experiment was performed in samples from spinal cord collected 96 h after morphine, the time point when the hyperalgesia is first detected. Morphine injection up regulates the mRNA expression of MYC (2.5 fold), FOS B (5.6 fold), and cJUN (37.6 fold) (Figure 10). Together, these data reinforce the functional importance of MAPK in morphine-induced signaling and provide evidences that morphine can be compared to a stress-related stimulus.
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FIGURE 10. Morphine systemic injection effect on gene expression of MYC (A), Fos B (B), and cJUN (C) transcriptional factors. The changes in mRNA levels of immediate early genes were determined by real time PCR, in dorsal root ganglia (DRG) obtained 96 h after morphine injection (5 mg/Kg). Data are presented as mean of 6 animals ± SEM and expressed as % of control (saline treated) animals. ∗ significantly different from mean values of naïve animals (p < 0.05). Data were analyzed by one-way analysis of variance (ANOVA) with post hoc testing by Tukey.






DISCUSSION

Our data revealed that a single injection of morphine induces an early analgesic effect characterized by an increase in the nociceptive threshold, followed by a delayed hyperalgesia, i.e., a long-lasting decrease in the nociceptive threshold. Moreover, we provided behavioral and biochemical evidences that the MAPK signaling pathway, especially JNK and p38, and CREB activation are critical for the opioid-induced long-lasting hyperalgesia.

In our study, we first evaluated the subcutaneous morphine effects on the mechanical threshold of rats. Morphine at 5 mg/Kg induces an early analgesia (1 h after injection) followed by mechanical hyperalgesia that begins 4 days after injection and lasts for 2 days. We also showed that rats do not develop delayed hyperalgesia when morphine is locally (i.pl.) administered. Importantly, the doses used in the i.pl. injections displayed a local effect because anti-nociception was only detected in the paw injected with the drug and not in the contralateral paw. These results could suggest that a central morphine action would be required to the delayed hyperalgesia development. However, morphine at 5 mg/Kg also induces thermal hyperalgesia, which started earlier as compared to the mechanical hyperalgesia. We do not have experimental data to explain the time separation between thermal and mechanical hyperalgesia. However, electrophysiological studies have subdivided Aδ nociceptors into two main classes (Basbaum et al., 2009). First, type I, that respond to both mechanical and chemical stimuli and, type II Aδ, that have a much lower heat threshold but a very high mechanical threshold and is responsible to mediate the first acute pain response to noxious heat. Then, is possible that in our experimental conditions, distinctive nociceptive afferents can be activated by thermal and/or mechanical stimuli and induce different hyperalgesic responses, in addition to the central site of action. Another hypothesis for the differences detected between thermal and mechanical responses is that while Randall Selitto test applies an increasing force to determine the mechanical nociceptive threshold, the Hargreaves thermal test evaluates the nociceptive reaction latencies in response to a thermal aversive stimulus. Therefore, there is a limitation in our study since we did not determine the thermal nociceptive threshold, which makes challenging the comparison between these two tests. Methods that slowly increase thermal stimulus would be beneficial to make a better comparison with the paw pressure test (Yalcin et al., 2009; Alshahrani et al., 2012). Further studies are needed to address this interesting issue.

To our knowledge, the present study is the first one to demonstrate that a single dose of systemic morphine is sufficient to induce mechanical and thermal hyperalgesia. Importantly, the development of delayed hyperalgesia was unaffected by PGE2 injection, suggesting that morphine hyperalgesic effect does not depend or are altered by sensitization of neuron peripheral terminals (Ferreira and Lorenzetti, 1981; Zambelli et al., 2014). On the other hand, the magnitude of morphine-induced analgesia in PGE2 sensitized rats was the same as for naïve (non-sensitized) rats. Clinical and experimental results have shown that the peripheral analgesic efficacy of opioids is enhanced in the presence of inflammation and tissue injury (Stein, 1993, Obara et al., 2009, Stein and Lang, 2009). Our group previously demonstrated that the PGE2 intraplantar injection increases the activation of the μ- and κ-opioid receptors by their corresponding agonist, enhancing the agonist‘s analgesic effect. We showed that PGE2 up-regulates the peripheral protein expression levels of the mu- and kappa-opioid receptors and activates specific intracellular signaling pathways (MAPKs and PKCζ) that may contribute to the analgesic effect (Zambelli et al., 2014). Therefore, despite the marked hyperalgesia induced by PGE2, this eicosanoid enhances the morphine efficacy, without interfering with the hyperalgesia development.

It is important to mention that the analgesia produced by intraplantar morphine was not dose-dependent. In our study, the mechanical nociceptive testing was applied on the dorsal surface of the hind paw and the injections were performed on the plantar surface. Therefore, we cannot rule out the possibility that this effect may be related to testing at a site distal from the site of administration of morphine. Further studies are necessary to address whether different sites of injection and nociceptive evaluation interfere with the pain threshold recording. However, there are reports showing that the paw pressure test, applied to the dorsal surface of the rat paw, is as sensitive as the electronic von Frey applied to the injection site (plantar surface). Both methods detected time vs. treatment and dose vs. time interactions in prostaglandin E2 and carrageenan-induced hypernociception, indicating that the site of stimulus application (dorsal or plantar side of the paw) may not interfere with the detection of dose-response curves (Vivancos et al., 2004).

Several studies have reported a progressive reduction of baseline thresholds after daily systemic opioid injections, during 10 days (Corder et al., 2017), or after opioid escalating doses (Shimoyama et al., 1996; Corder et al., 2017), or by continuous infusion these drugs for 7 days (Horvath et al., 2010). Despite these evidences, few studies monitored the nociceptive threshold for several days after an acute morphine injection. In this respect, Van Elstraete et al. (2005) showed that a single intrathecal injection of morphine induces short time analgesia, followed by a long-lasting (48 h) hyperalgesia (Van Elstraete et al., 2005). In this study, delayed hyperalgesia after an equivalent single dose of systemic morphine was significantly less during the first 2 days after morphine administration. Similarly, our data shows that spinal mechanisms are involved in the morphine hyperalgesic effect after a single injection of morphine. It is important to mention that recent studies reported that repeated systemic injection of morphine induces hyperalgesia mediated by peripheral mu-opioid receptors (Corder et al., 2017), suggesting that distinct mechanisms may be involved in the delayed hyperalgesia detected in our study. However, there is strong evidence showing that a single systemic morphine injection sensitize central and peripheral terminals. In fact, Ferrari et al. (2019) demonstrated that systemic morphine prolongs the mechanical hyperalgesia produced by PGE2, when evaluated 5 days after morphine injection. Therefore, despite the absence of hyperalgesia after morphine intraplantar injection, the peripheral nociceptors may be sensitized and much more susceptible to chronic hyperalgesia development after an insult.

The fact that morphine induces an adaptive process at molecular, synaptic, cellular and circuit levels (Rivat and Ballantyne, 2016) suggests that morphine-induced hyperalgesia and pathological pain may share common cellular mechanisms (Christie, 2008). Studies have shown that ERK1/2, JNK, and p38 are involved with the effects of chronic morphine exposure and that quinases modulate morphine-induced analgesic tolerance. Intrathecal administration of the selective p38, ERK, or JNK inhibitors significantly reduced morphine-induced tolerance and associated thermal hyperalgesia by suppressing the morphine-induced increase of TRPV1 expression (Chen et al., 2008). However, the role of MAPKs after a single systemic injection of morphine in the nociceptive threshold is unknown. Our biochemical results indicate that the levels of phosphorylated ERK1/2 in spinal cord are elevated in periods that correlate with morphine-induced analgesia (1 h) and delayed hyperalgesia (96 h). On the other hand, the increased phosphorylation levels of p38 and JNK only correlate with the delayed hyperalgesia. The fact that we did not detect increased JNK phosphorylation at 120 and 144 h and p38 phosphorylation at 144 h does not exclude their participation in morphine-induced hyperalgesia. MAPKs can be transiently phosphorylated and dephosphorylated, activating downstream signaling pathways that may be involved in the long-lasting biological effects. Interestingly, our functional studies showed that the i.t. injection of p38 and JNK inhibitors, but not ERK1/2 inhibitor, abrogate the morphine-induced delayed hyperalgesia. The analgesic effect was partially decreased by the ERK1/2 inhibitor, but not by p38 and JNK inhibitors. Here, we did not examine the levels of ERK, p38, and JNK after the pharmacological inhibition, but the efficacy of these drugs have been extensively reported (Qu et al., 2016). In this regard, the i.t. injection of these inhibitors not only diminished protein expression of p38, ERK, and JNK in the pain pathways but also affected the level of gene expressions (Qu et al., 2016). We should mention that the doses of the inhibitors used in this study were chosen based on their optimal effects as observed in previous dose-response studies (Wang et al., 2009; Deng et al., 2018).

Taken together, the behavioral and biochemical data provide strong evidence that a single s.c. morphine injection induces a biphasic response: analgesia followed by a delayed hyperalgesia mediated, at least in part, by spinal ERK1/2 and p38/JNK activation, respectively. Importantly, despite the increased ERK1/2 phosphorylation levels, the ERK inhibition is not sufficient to prevent the delayed hyperalgesia. Therefore, our data suggest that morphine sensitizes the spinal cord through p38 and JNK leading to an reduction in the mechanical threshold and consequently onset of hyperalgesia. Despite the fact that ERK1/2 plays a minor role in our model, we do not exclude the role of this kinase in morphine effects. Several reports demonstrate that ERK1/2 mediates morphine-induced tolerance (Ma et al., 2001; Sanna et al., 2014), and the present findings do not exclude the possibility that spinal ERK1/2 activation by prolonged systemic or intrathecal morphine can contribute to the decrease of nociceptive thresholds. It is important to stress that our experiments were performed using total protein extracts from lumbar spinal cord, so, identification of cell types that mediate MAPK activation needs to be determined by immunofluorescence studies.

Mitogen-activated protein kinases are fundamental players for the onset and maintenance of pain. Their activation produce intracellular responses by changing transcription as well as by posttranslational and translational modification of target proteins. Phosphorylated CREB binds to the calcium/cAMP response elements (CalCRE) in the promoter regions of a number of immediate early genes (c-Jun, Jun-B, Jun-D, c-Myc, c-Fos, and Fos B) and neuropeptide genes (Kanjhan, 1995). In our study, a single morphine injection increased CREB phosphorylation in the spinal cord, in a period of time that correlates to the mechanical hyperalgesia initiation. Our functional studies using antisense to knockdown the CREB expression showed that this protein is critical for the delayed hyperalgesia development. Despite our results, the role of JNK and p38 in CREB phosphorylation remain to be elucidated; however, we speculate that a single injection of systemic morphine induces hyperalgesia by activating p38 and JNK that, in turn, activates CREB. Studies have demonstrated that chronic morphine administration induces an increase in CREB phosphorylation and neuropeptide release mediated by ERK1/2 and p38, with JNK kinase pathways playing a lesser role in these effects (Ma et al., 2001; Wang et al., 2009).

The immediate-early genes encode transcription factors that function to regulate the expression of other so-called late response genes and therefore can trigger a cascade of events that may lead to functional and morphological alterations of neuronal and non-neuronal cells. Our exploratory study demonstrates that the early genes such as c-Myc, Fos-B, and c-Jun are upregulated 96 h after morphine injection, with c-Jun being increased more than thirty times. Of note, c-Jun responds to stress-related stimuli and is the major transcription factor downstream JNK. These data reinforce our behavioral data showing that a single injection of morphine is able to induce neuropathological changes in the spinal cord. The activation of JNK and p38 induced by morphine may participate in the delayed hyperalgesia by regulating the downstream targets, such as calcitonin gene-related peptide, substance P, nitric oxide, transient receptor potential vanilloid 1, and proinflammatory cytokines.

Taken together, our findings show that a single analgesic dose of morphine results in activation of a pronociceptive system as demonstrated by the reduction of nociceptive thresholds through the activation the MAPK-CREB signaling. The fact that a short-term administration of an opioid can enhance hyperalgesia may be of clinical importance due to the possibility of analgesia counteraction and/or paradoxical enhancement of a pre-existing pain condition during opioid therapy.
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FIGURE S1 | Effect of MAPK inhibition on prostaglandin E2-induced hyperalgesia. Nociceptive threshold was obtained in the rat paw pressure test, before (0) and 3, 4, and 6 h after intraplantar PGE2 injection (100 ng/paw). MEK inhibitor (PD 9805) was injected in the paw (30 μg/paw). Data represent mean values ± SEM for six rats per group. ∗ significantly different from baseline (0). Data were analyzed by two-way analysis of variance (ANOVA) with post hoc testing by Tukey.

FIGURE S2 | Effect of MAPK inhibitors per se on the rat nociceptive threshold. Nociceptive threshold was obtained in the rat paw pressure test, before (0) and 1, 3, and 24 h after subcutaneous intrathecal injection of ERK inhibitor (ERK-I), JNK inhibitor (JNK-I, SP660125), or p38 inhibitor (p38-I, SB20358). Data represent mean values ± SEM for six rats per group. ∗ significantly different from baseline (0). Data were analyzed by two-way analysis of variance (ANOVA) with post hoc testing by Tukey.
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Introduction: Facet joint injections (FJIs) of anesthetic and corticosteroids are useful for the diagnosis and treatment of low back pain (LBP). In the current study, we evaluated the efficacy of FJI on LBP treatment and the predictive variables of pain recurrence after FJI.

Methods: We included and followed prospectively forty-three consecutive patients with chronic LBP treated with FJI. Clinical assessments were carried out at a baseline 1 week before FJIs and after a 6-month follow-up visit using the visual analog scale (VAS) for pain, Oswestry Disability Index (ODI) for disability-specific measure and MacNab criteria for global effectiveness, and compared through analysis using paired-samples “t” tests. Multiple cox-regression analysis was used to identify the presurgical variables independently associated with pain recurrence anytime during the follow-up. In addition to the demographic, clinical, and surgical data, we also analyzed psychometric scales: Pain Catastrophizing Scale (PCS), Beck Anxiety Inventory (BAI), and Beck Depression Inventory (BDI).

Results: After a 6-month follow-up, thirty-two patients (74.4%) showed a clinically significant reduction of pain and twenty-seven (62.8%) reported a clinically significant improvement of disability. Presurgical catastrophizing (PCS score ≥ 5, adjusted HR 4.4, CI 95% 1.7–11.3, p = 0.002) and smoking (Adjusted HR 12.5, CI 95% 1.1–138.9, p = 0.04) remains associated with pain recurrence.

Conclusion: FJI reduces LBP and disability of patients with unresponsive LBP. Pain-related cognitive and behavioral factors determined by pain catastrophizing and smoking were independently associated with pain recurrence after lumbar FJI. The results support the need of a multidisciplinary approach for presurgical evaluation of patients with chronic pain.

Keywords: spine, facet joint injection, low back pain, facet joint pain, disability, catastrophizing, psychological factors


INTRODUCTION

According to authors, low back pain (LBP) is responsible for more years lived with a disability than any other disorder (Vos et al., 2012). Several anatomical parts in the lower back are associated with LBP, like muscles, fascia, intervertebral discs, ligaments, and facet and sacroiliac joints (Manchikanti et al., 2001, 2015). According to biomechanical studies and controlled studies with facet joint injection (FJI), facet joints are considered the most usual location of pain, with about 40% of the LBP cases (Datta et al., 2009; Falco et al., 2012).

Anatomically, facet joints are structured in superior articular processes paired with inferior articular processes of adjacent vertebrae that allow spine flexion and rotation. The nerve endings from medial branches of the dorsal rami innervate the facet joints (Cavanaugh et al., 2006; Bogduk, 2010; Manchikanti et al., 2013). Authors have been proposed that degeneration of the facet joint may result from combined asymmetrical motion with spondylolisthesis, analogous the other synovial joints (Eubanks et al., 2007; Kalichman et al., 2008; Maataoui et al., 2014). Therefore, the rationale for the basis of facet joint pain is the presence of an osteophyte impacting on a nerve, a stretching of the joint capsule, constricting of synovial villi of articular surfaces, and inflammatory chemicals released in facet joint (Igarashi et al., 2004; Gellhorn et al., 2013; Kras et al., 2014).

For the management of lumbar facet joint pain, in particular pain that is unresponsive to conservative therapy, FJI has been suggested (Manchikanti et al., 2010) for diagnostic examination (symptomatic/asymptomatic facet joint differentiation) and for pain management in patients with painful facet joint syndrome (Kelekis et al., 2005; Falco et al., 2012; Filippiadis et al., 2014; Santiago et al., 2014). The rationale for the indication of FJI is that the injection of corticosteroids has been shown to be effective in the short term (4 weeks) at producing benefits for a range of musculoskeletal disorders in other joints (Zhang et al., 2005; Bellamy et al., 2006). The pain relief may facilitate exercises designed to improve muscular strength and range of movement on lumbar spine (Chou et al., 2011). FJI may be useful in symptomatic spondylolysis (Kang et al., 2018).

It is well-known that persistent LBP is associated with biopsychosocial factors. In patients with pain continuing for more than 6 months, despite optimized conservative treatment and FJI, chronic pain and physical disability are common symptoms. For this motive, a therapy as the FJIs may not resolve this pain disorder completely. Recently, there has been an increase in findings on the psychosocial aspects (e.g., depression, catastrophizing, pain sensitivity) as predictors for surgical outcomes among patient with chronic pain (Flor and Turk, 1989; Khan et al., 2011; Campos et al., 2019).

One retrospective study (follow-up surveys returned by 86 of 166 patients, 52%) shows that in medial branch blocks (MBBs) for chronic low back (90% of cases) or neck pain, the level of anxiety and depressive symptoms accessed by the Hospital Anxiety and Depression Scale (HADS) was negatively and independently associated with lower probability to reach a clinically meaningful difference in pain 1 month after the procedure (Wasan et al., 2009). To our knowledge, there is no prospective study investigating the predictive value of psychological symptoms for clinically meaningful pain and quality of life improvement and pain recurrence after the LBP treatment with FJI.

This study aimed to examine: (i) the incidence of meaningful clinical improvement of pain and disability 6 months after FJI for chronic LBP unresponsive to conservative therapy; (ii) the predictive value of psychological symptoms and pain-related cognitions for pain recurrence after the procedure. We hypothesized that the psychological symptoms (depression, anxiety) and pain-related cognitions independently associated with a higher incidence of pain recurrence after the FJI to treat LBP.



MATERIALS AND METHODS


Patient Selection

Patients over 18 years of age with chronic LBP for at more than 3 months in duration and consecutively referred to our pain clinic between January 2012 and January 2014. Facet joint pain was considered to be present by the neurosurgeon evaluation when: (i) no radicular symptoms (described as pain spreading below the knee); (ii) no sacroiliac joint pain (after a pain provocation test); (iii) lumbar paraspinal palpation with increased pain; and (iv) increased pain on one or more of the following: (a) extension (more than flexion)/rotation, (b) extension/side flexion, and (c) extension/rotation (Sandhu et al., 2015). Patients had failed conservative therapy before starting interventional pain procedures. Exclusion criteria were any malignancy, infection, or inflammatory spine disorders. The pain team periodically reviewed the LBP diagnosis according to the 2009 NICE guidance for the management of LBP (Savigny et al., 2009). The multidisciplinary team was comprised of a pain consultant, neurosurgeon, psychologist, and physiotherapist to evaluate the different pain domains. FJI procedure was a part of standard care recommended by the neurosurgeon of the multidisciplinary team.



Surgical Procedure

Under sedation and with the patient in the prone position, local anesthesia (1% lidocaine) was delivered using a 25-gauge hypodermic needle at the entry point according to landmarks of fluoroscopic guidance (scotty-dog view). The injection syringe containing 10 ml of Ropivacaine (10 mg/ml) and 2 ml of Diprospan® suspension equivalent to 7 mg/mL of betamethasone (dipropionato 6.43 mg/mL and disodium phosphate 2.63 mg/mL) was prepared by the surgeon.

All patients had bilateral facet joint pain at levels L4/L5 and L5/S1, which could be symmetric (both sides equally painful) or asymmetric (pain predominance in one side). In all cases, facet joints of L3/L4, L4/L5, and L5/S1 levels were injected bilaterally with 2 ml through the 22-gauge spinal needle placed into each joint. After injections, the spinal needle was removed, and a sterile bandage was applied.



Presurgical Demographic, Clinical Variables, and Follow-Up

The presurgical demographic, clinical and radiological variables were recorded by the pain consultant and the neurosurgeon trough a research protocol and included: age, sex, body mass index (BMI), years of education, occupational activity, smoke habits, diabetes mellitus, fibromyalgia, hypertension, sedentary lifestyle, previous opioid use, previous lumbar surgery, pain duration, pain locality, and magnetic resonance image (MRI) findings. The pain consultant made the diagnosis of fibromyalgia, and the diagnosis of hypertension and type II diabetes were confirmed by contact with the primary care physician. Patients were considered with sedentary lifestyle if they do less than 450 metabolic equivalents per week, as supported by the American College of Sports Medicine and the American Heart Association (Haskell et al., 2007).

Pre-operatively levels of psychological symptoms were determined by a nurse under psychologist supervision, both with long-term experience in the field of chronic pain. Pain catastrophizing symptoms were evaluated using the Brazilian version of the Pain Catastrophizing Scale (PCS) (Caumo et al., 2002), which consists of nine items scored as a Likert scale, which varies from 0 to 5 points associated to the words “almost never” and “almost always” at the extremities. The total score is the sum of all items divided by the number of answered items, and the minimum score can be zero (0) and the maximum 5. Higher scores indicate the presence of catastrophizing thoughts. The anxiety and depression symptoms were evaluated using the Brazilian Version of Beck Anxiety Inventory (BAI) and Beck Depression Inventory (BDI), respectively (Beck et al., 1988; Gorenstein et al., 1999; Andrade et al., 2001; Caumo et al., 2002). The BAI and BDI consists of 21 items in each inventory, including symptoms and attitudes whose intensity ranges from neutral to a maximum level of severity, rated as 0–3. Higher scores indicate more anxiety or depressive symptoms, respectively (Table 1).

TABLE 1. Demographic, clinical and radiological characteristics of 43 patients with LBP treated with FJI.
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After FJI, patients received follow-up assessments by the neurosurgeon at 1, 3, and 6 months and afterward yearly. The primary outcomes were a clinically significant improvement of pain and disability assessed at 6 months, and pain recurrence up to 36 months follow-up after the procedure.



Outcome Measures

Assessments were carried out at baseline 1 week before FJIs and after a 6-month follow-up visit. Patients were asked to rate their average pain intensity on a 100-mm visual analog scale (VAS) 31, with the endpoints “no pain” and “worst possible pain (Price et al., 1983).” Pain intensity was estimated using the VAS scale measured for three post-operative days and immediately at the time of pre-injection. The Oswestry Disability Index (ODI) determined the disability-specific measure (Fairbank and Pynsent, 2000; Fairbank et al., 2000). Patients also rated the global effectiveness of FJI using the MacNab criteria (poor, fair, good, excellent) (Macnab, 1971).

The neurosurgeon followed the patients for pain recurrence at the expected follow-up visits or any time when the patient required because of pain recurrence (additional visits). For the survival analysis proposes, patients showing no clinically meaningful improvement of pain on the first day after the procedure were classified as having a pain recurrence. Recurrence was also considered for those patients showing an initial clinically meaningful improvement of VAS but increase the VAS score again in five or more points during at least 24 h. This 5-point cutoff was determined based on the clinically significant change in the VAS score determined in our sample of patients (see below the results). The month of pain recurrence was used to determine the survival curve analysis (see below the statistical analysis). For patients without any improvement immediately and later after the procedure, the follow-up up duration (in months) without pain was considered zero.



Statistical Analysis

Paired-samples “t” tests analyzed comparisons between the mean (SD) scores of VAS and ODI scales before and 6 months after FJI. We determined that the amount of change in the VAS and ODI scales by the difference between post-minus pre-surgical scores of VAS and the ODI scales, and the amount of change in VAS and ODI scores to be considered clinically significant were determined based on patient-centered estimation as previously described by our group (Campos et al., 2019). Therefore, we calculated the mean (SD) and the confidence interval of 95% (CI 95%) of the difference between the post-minus pre-surgical scores in the VAS and the ODI scales for each group of patients divided according to the MacNab category of global effectiveness. The inferior limit of the CI 95% of VAS and ODI scales calculated for the group of patients reporting MacNab criteria of good or excellent global effectiveness after the SCS was used to establish the amount of change in pain and disability necessary to be considered clinically significant (Campos et al., 2019).

We analyzed the time-course until the pain recurrence rose to a level considered unacceptable by the patient. For patients who did not report pain recurrence, we considered the total post-operative follow-up period in the analysis. We showed the cumulative probability of remaining pain-relieved by the Kaplan–Meyer survival curve. We used the univariate cox regression to identify presurgical demographics, clinical, neuroimaging, and level of emotional symptoms associated with pain recurrence after the FJI. All variables showing an association with pain recurrence with a “p” < 0.20 level of significance in the univariate analysis were included in the multiple Cox regressions to identify the independent predictors of pain recurrence after IFJ. We determined the level of association between the predictive variables and pain recurrence by the hazard ratio and the respective confidence interval of 95% (HR, CI 95%). Because all the observed associations showed clinical and biological plausibility and to avoid a type II error, we did not make corrections for multiple comparisons and a “p” level < 0.05 was considered significant. Statistical analysis was done using SPSS software (version 17.0, SPSS Inc., Chicago, IL, United States).




RESULTS

Forty-three patients underwent FJI. Table 1 shows the demographic and clinical variables. Twenty-five patients (58.1%) were female, the mean age was 52, and the mean duration of pain was 46 months. Regarding the pre-operative ODI scores, 15 patients (35%) had a moderate functional disability, 14 patients (32.5%) had a severe functional disability, and 14 patients (32.5%) were crippled. None of the patients became worse after the FJI.

Using the MacNab criteria, the global effectiveness of the FJI at the 6-month follow-up was “good” in 26 patients (60.5%); “excellent” in 9 (20.9%), “fair” in 4 (9.3%), and “poor” in 4 (9.3%) patients. There were 18 patients (41%) who became pain-free until the last follow-up visit, ranging from 6 to 36 months (12 ± 2, mean ± SE). There was a significant reduction of pain (p < 0.0001) evaluated by mean VAS scores (from 7.9 to 2.5, Figure 1A) and disability determined by mean ODI scores (reduction from 52.8 to 20.8, Figure 1B). The amount of pain reduction and improvement of disability necessary to be considered clinically significant by the patient was a reduction of 5 points or more in the VAS score and 27 points or more in the ODI score respectively. Thirty-two patients (74.4%) showed a clinically significant reduction of pain and twenty-seven (62.8%) reported a clinically significant improvement of disability. Post-operative complications were temporary (less than 24 h) and included 1 case of minor bleeding (2.3%), 1 case of vesical retention (2.3%), 6 cases of an epidural block (14%), and 5 cases of steroid side effects (11.6%).


[image: image]

FIGURE 1. (A) Visual analog scale (VAS) and (B) Oswestry Disability Index (ODI) mean (SD) scores before and 6 months after facet joint injections for low back pain. ∗Statistical significant difference between post- and pre-surgical scores for a “p” < 0.0001 level determined by paired-samples “t” test.



Table 2 shows the variables associated with pain recurrence after FJI for LBP patients. There was a trend for pain recurrence in patients with sedentary lifestyles (HR 2.43, CI95% 0.88–6.24, p = 0.09). Increased levels of presurgical anxiety (BAI scores > 3) showed and greater association with pain recurrence than patients with lower anxiety levels (HR 2.71, CI95% 1.01–7.25, p = 0.05). Presurgical catastrophizing (PCS score ≥ 5, adjusted HR 4.4, CI 95% 1.7–11.3, p = 0.002) and smoking (Adjusted HR 12.5, CI 95% 1.1–138.9, p = 0.04) were predictors of pain recurrence. There was only 1 smoking patient (more than 40 cigarettes per day for 20 years) who showed any improvement with the procedure.

TABLE 2. Univariate cox regressions showing the variables associated with pain recurrence in 43 patients with LBP treated with FJI.
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Table 3 shows the final results of multiple Cox regression analyses demonstrating that catastrophizing (PCS score ≥ 5) and smoking, but not sedentary lifestyle and anxiety symptoms remained independently associated with pain recurrence after FJI.

TABLE 3. Multivariate cox regression model showing the independent predictive variables of pain recurrence in 43 patients with LBP treated with FJI.
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Figure 2 shows the Kaplan–Meier survival curve demonstrating the cumulative percentage of patients remaining without pain after the FJI for LBP according to the PCS score. Pain recurrence occurred in 25 patients (58.1%). However, only 29% percent of patients with lower levels of catastrophizing (PCS < 5, continuous line) showed pain recurrence compared with 86.4% of recurrence among those with increased levels (PCS ≥ 5, dashed lines) of catastrophizing (Cox regression, “p” = 0.0001). In all cases of failure, the recurrence of pain occurred up to 6 months after the procedure.
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FIGURE 2. Kaplan–Meier survival curve shows the results of analysis of pain recurrence rate (Y-axis) for patients with LBP treated with FJI during 6-month of follow-up (X-axis). The curve indicates that 71.4% of the patients with PCS < 5 remains pain-free after the FJI in comparison to 13.6% of patients showing elevated levels of catastrophizing symptoms (PCS ≥ 5), p < 0.0001 by log-rank test.





DISCUSSION

This study examined pain relief efficacy and the independent predictors for pain recurrence in 43 patients with chronic non-specific LBP who underwent FJI. The results show that FJI significantly reduces pain intensity (VAS scale) and that 81.4% of patients reported good to excellent results 6 months after the procedure based on MacNab criteria. Also, within the same follow-up period, there was a significant improvement in pain perception (VAS) and disability (ODI). Pain recurrence was more associated with patients showing higher catastrophizing scores pain recurrence after the FJI.

Although chronic pain typically starts as a biological mechanism, psychological and social factors often play critical roles in the development and maintenance of chronic pain (Macnab, 1971; Sarda et al., 2012). Emotional symptoms modulate and amplify the pain experience, affecting the success of the treatment for chronic pain (Gatchel et al., 2007). Previous studies have observed that corticospinal excitability is modulated by anxiety favoring the loss of descendent inhibitory influx (Jeans and Toman, 1956; North et al., 1996; Vidor et al., 2014). As showed by some authors, neither anxiety (BAI) nor depression (BDI) symptoms showed a correlation with pain recurrence after FJI for chronic non-specific LBP.

However, in our patients, the level of pain catastrophizing was the only predictor of pain recurrence after FJI. Even the applied cut-off of PCS ≥ 5 is considered very low for this psychological measurement, studies have shown that catastrophizing is the most important psychological factor associated with the onset and maintenance of chronic pain. There is a substantial amount of evidence suggesting that pain catastrophizing may contribute to a negative emotional status as well as hypervigilance, which is an essential factor for a negative response to the pain treatment (North et al., 1996; Sullivan et al., 2001; Jensen et al., 2007; Pulvers and Hood, 2013; Rosenberg et al., 2015; Terry et al., 2015). Characteristically, pain catastrophizing can increase pain perception due to a negative amplification of pain-related thoughts through rumination (repetitive thoughts about pain), magnification (exaggerated concern about negative consequences of pain), and helplessness (believing nothing will change the pain) (Sullivan et al., 2001; Pulvers and Hood, 2013; Campbell et al., 2015). In other words, catastrophizing may increase pain intensity as patients maintain attention to their pain sensation, which results in rumination and subsequent magnification of painful sensations.

Catastrophizing is also likely to interrelate with the decreased perception of control over pain and ability to decrease pain. An increased catastrophizing score during experimental pain is associated with lower activation of descending pain-inhibitory controls (Goodin et al., 2009). Moreover, studies have shown that catastrophizing is associated with increased brain activity in regions associated with anticipation of pain (medial frontal cortex, cerebellum), attention to pain (dorsal anterior cingulate gyrus, rostral anterior cingulate cortex, dorsolateral prefrontal cortex), emotional aspects of pain (claustrum, closely connected to amygdala), and motor activity (Gracely et al., 2004; Seminowicz and Davis, 2006). These studies of neural pathways have fueled tremendous excitement in the efforts to elucidate the mechanism underlying pain perception mediated by catastrophizing.

Although it is well-known that chronic LBP is ubiquitous among obese patients (Atchison and Vincent, 2012; Samartzis et al., 2012), in the present study, there was no association between BMI and FJI outcome. However, only three cases (7%) had BMI > 30, and all with less than 31. Therefore, the small number of obese patients does not exclude a possible type II error in our study regarding the non-association observed between BMI and MCI. Besides, obesity may affect pain aspects not only due to mechanic aspects but also due to its relationship with other aspects of disability. Therefore, we believe the role of BMI as a variable to improve prognostic models for pain recurrence after FJI require further studies.

As previously described by other authors (Manchikanti et al., 2008), there was no significant association between pain recurrence and pharmacological treatment with opioids before undergoing FJI. With regards to previous lumbar surgery, although studies (Manchikanti et al., 2007; DePalma et al., 2012) have presented a lower prevalence of facet joint pain in patients who underwent spinal surgical interventions, this factor showed no significant difference in our study. Regarding the influence of smoking, although only a female patient was a smoker, she described no improvement earlier after the FJI, which was in contrast with all other patients, who reported pain recurrence occurring at least 1 month after the procedure. Even considering that this finding remains to be confirmed by further studies with a higher number of more smokers, the negative impact of smoking on the LBP response to IJF have biological plausibility. The mechanisms may involve vasoconstriction reducing the perfusion and nutrition of the intervertebral discs, interfering with healing. Smoking is associated with osteoporosis, and increases the level of circulating pro-inflammatory cytokines leading to amplification of pain (Shiri et al., 2010). Finally, smoking changes down-regulates collagen genes and up-regulates aggrecan and the tissue inhibitor of metalloproteinase-1 genes in the intervertebral disks (Manchikanti et al., 2007). There is no study showing the association between smoking and LBP response and recurrence after FJI. However, in standard open discectomy for subacute/chronic symptomatic lumbar disc herniation, smoking is independently associated with pain recurrence (Suri et al., 2017).

This study has some limitations. Psychometric scales (BAI, BDI, PCS) were only applied pre-operatively. However, psychological symptoms after FJI also may affect the perception of pain and disability and should be considered for evaluation in future studies. The small sample size indeed reduced the power of our analysis, and the reader should consider the possibility of false-negative results (type II errors) in our multiple Cox analysis. Further studies, including a higher number of smokers, would be desirable to clarify the relevance of this variable for LBP recurrence after FJI. However, a significant association found in a small sample supports the positive results’ credibility. The lack of examiner blinding for the evaluated endpoint is also a limitation. Our study design does not permit to exclude the placebo effect involved in the reduction of subjective outcomes such as pain, which can be even higher for procedures than for medications (Kong et al., 2007). Although the ODI analyzes aspects of the ability to manage in everyday life, the scores are dependent on the patients’ report. The inclusion of a control group in a randomized controlled trial design helps to control these limitations. In the last year, after we finished our patient inclusion, a randomized placebo-controlled trial showed no differences in pain reduction, medication reduction and ODI improvement at 1 month after intra-articular facet injections with bupivacaine and steroid, MBBs, or saline. Interestingly, in the same study, patients who underwent facet injections and had a positive block in the immediate post-procedural period also had a better outcome after the subsequent radiofrequency ablation (Cohen et al., 2018). Because all patients included in our study received the same treatment, we hypothesized that the catastrophizing symptoms could indicate, at least in part, differences in the susceptibility to the placebo effect among our patients. This hypothesis could only be tested analyzing the association between catastrophizing symptoms and the pain outcome in the placebo group recruited in a randomized placebo-controlled trial.

Conversely, positive aspects of our study were: (i) the prospective study design; (ii) the extensive control applied to imbalances in the demographic, clinical, surgical and radiological variables including the psychological and emotional profiles of the patients; (iii) the multivariate analysis approach, using the Cox regression analysis; and (iv) a minimum of a 6-month follow-up period.

To summarize, the level of pain catastrophizing is a relevant predictor of pain recurrence after lumbar FJIs for LBP. Based on these findings, the management of catastrophizing before FJI for LBP could contribute to reducing pain recurrence and thus deserves clinical attention. Identify these dysfunctional beliefs before therapeutic intervention would require a psychoeducational intervention aiming to reduce these beliefs and contributing to a better outcome. This study also underscores the importance of a multidimensional approach for LBP treatment. Developing an improved approach for catastrophizing management in LBP patients is essential and should be investigated in further controlled trials. If confirmed in other populations, the evaluation of catastrophizing may become a useful tool for physicians and patients to use in their decision making about surgical treatment of LBP.
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Background: Osteoarthritis (OA) is the most prevalent arthritis worldwide, but the evolution of pain in relation to joint damage and biochemical markers are not well understood. We evaluated the relation between clinical pain measures and evoked pain in relation to structural damage and biochemical biomarkers in knee OA.

Methods: A cross-sectional study in people with knee OA and healthy controls was conducted. A total of 130 participants with advanced OA requiring total knee replacement (TKR) (n = 78), mild OA having standard care (n = 42) and non-OA controls (n = 6), with four drop-outs were assessed. Pain scoring was performed by the Western Ontario and McMaster Universities OA Index (WOMAC_P) and the Visual Analog Scale (VAS). Pain sensitization was assessed by pain pressure thresholds (PPTs). Knee magnetic resonance imaging (MRI) assessed joint damage using the MRI Knee OA Score (MOAKS). Overall MOAKS scores were created for bone marrow lesions (BMLs), cartilage degradation (CD), and effusion/Hoffa synovitis (tSyn). Type II collagen cleavage products (CTX-II) were determined by ELISA.

Results: The advanced OA group had a mean age of 68.9 ± 7.7 years and the mild group 63.1 ± 9.6. The advanced OA group had higher levels of pain, with mean WOMAC_P of 58.8 ± 21.7 compared with the mild OA group of 40.6 ± 26.0. All OA subjects had pain sensitization by PPT compared with controls (p < 0.05). WOMAC_P correlated with the total number of regions with cartilage damage (nCD) (R = 0.225, p = 0.033) and total number of BMLs (nBML) (R = 0.195, p = 0.065) using body mass index (BMI), age, and Hospital Anxiety and Depression Scale (HADS) as covariates. Levels of CTX-II correlated with tSyn (R = 0.313, p = 0.03), nBML (R = 0.252, p = 0.019), number of osteophytes (R = 0.33, p = 0.002), and nCD (R = 0.218, p = 0.042), using BMI and age as covariates. A multivariate analysis indicated that BMI and HADS were the most significant predictors of pain scores (p < 0.05).

Conclusion: People with both mild and advanced OA show features of pain sensitization. We found that increasing MRI-detected joint damage was associated with higher levels of CTX-II, suggesting that increasing disease severity can be assessed by MRI and CTX-II biomarkers to evaluate OA disease progression.

Keywords: biomarkers, pain – etiology and drug therapy, sensitization, magnetic resonance imaging, arthritis


INTRODUCTION

Osteoarthritis (OA) is a disease of the whole joint and is the most prevalent arthritis worldwide (O’Neill et al., 2018). Recent work has shown how imaging tools such as magnetic resonance imaging (MRI) and ultrasound (US) can be used to observe widespread changes in the joint, including in articular cartilage, underlying bone, with the development of osteophytes (Ost), subchondral cysts, bone marrow lesions (BMLs), synovitis (Syn), and joint effusions (Roemer et al., 2016). The two most significant correlates of pain in OA are Syn and BMLs (Sofat et al., 2011).

Recent cohort studies, especially of knee OA, have shown how painful OA is more likely to be associated with Syn measured by US or MRI and regions of established cartilage loss with underlying subchondral bony changes and/or BML, which are associated with more symptomatic disease (Crema et al., 2013; Deveza et al., 2017; Roemer et al., 2018). In addition, the biopsychosocial model of pain may explain why people with relatively modest levels of structural damage in OA may report high levels of pain and functional impairment (Arendt-Nielsen, 2017). Although there is evidence to suggest that imaging and biochemical markers are related to OA structural damage and progression in several studies (Hunter et al., 2011b; Mobasheri et al., 2017), information from clinical measures (including pain sensitization), biochemical, and imaging dimensions have rarely been combined in single reported analyses, so there remains a lack of clarity in managing pain and functional impairment in OA using the biomarkers reported (Dam et al., 2009; Gregori et al., 2018). In the pursuit of new disease modifying OA drugs (DMOADS), of which several are under investigation, robust biomarkers of disease severity and progression are urgently needed for evaluation with clinical outcomes.

Our group and others have previously shown that degradation products of type II collagen and MRI of the knee represent biomarkers that show promise as distinctive measures of damage in painful OA (Hunter et al., 2011a; Kuttapitiya et al., 2017). In this paper, we demonstrate how pain sensitization is a feature of mild and advanced OA. We also report how anxiety and depression factors may influence pain perception in knee OA. To our knowledge, this is the first study evaluating data on knee OA for pain sensitization, anxiety and depression scores, MRI changes measured by the MRI Knee OA Score (MOAKS), and the biochemical marker CTX-II in a cross-sectional study design from a UK dataset.



MATERIALS AND METHODS

All procedures were carried out after Ethical approval was granted (Health Research Authority approval number 12/LO/1970). In order to compare the potential use of biomarkers for pain, MRI, and biochemical changes, we designed a case–control study comparing subjects with different stages of OA pathology. There were three groups in our study: advanced OA, mild OA, and healthy controls (who did not have arthritis). For the “advanced OA” group, participants attending the South West London Elective Orthopaedic Centre were recruited at the time of assessment for total knee replacement (TKR). Study criteria for recruitment were as previously described (Kuttapitiya et al., 2017). The power calculation was made to detect differences in pain outcome in the “mild OA” and “advanced OA” groups. The control group was primarily recruited for absence of pain comparisons and biomarker levels. For the WOMAC Pain score outcome, we aimed to detect a mean difference of 15 points between the “advanced OA” and “mild OA” groups with a standard deviation of 26. With 48 subjects per group (“mild OA” and “advanced OA,” respectively), 80% power with a 0.05 significance level (two sided) is achieved.

The “mild OA” group had knee arthritis under medical management and physiotherapy. The study sample size estimation was to recruit at least 100 subjects, and we were able to recruit 126 subjects whose results could be evaluated.


Study Consent, Control Participants, and Inclusion/Exclusion Criteria

For subjects with OA, all participants were aged 35–90 years, had pain, and fulfilled American College of Rheumatology (ACR) criteria for knee OA (Kuttapitiya et al., 2017). The reason for the broad age of recruitment reflected the usual age of presentation for mild OA (younger, aged 35 years or over) and advanced OA (older, aged 50 years or over). Subjects were consented by a research associate independent of the treating physicians, for knee MRI of the target joint and for waste joint tissue collection at TKR. All participants with knee OA underwent baseline knee radiography to confirm knee OA as part of their routine clinical management and subjects with a Kellgren–Lawrence grade of greater than or equal to two were recruited. The “mild OA” group was defined as participants who had painful knee OA and were being managed with analgesics, e.g., opioids, non-steroidal anti-inflammatory drugs (NSAIDs), and/or physical therapies, but were not deemed by their physician to require joint replacement surgery. Participants with “advanced OA” knee were those who had already received full medical management, but still experienced pain and deemed suitable by their clinician candidates for TKRs. Exclusion criteria for the “mild” and “advanced” knee OA groups were: other rheumatologic diagnoses, e.g., rheumatoid arthritis, systemic lupus erythematosus, pregnancy, regular use of bisphosphonates, corticosteroids, hormone replacement surgery in the last 6 months, history of clinically diagnosed depression, anxiety, or other recent surgery.

Participants without knee OA were recruited as control subjects. Inclusion criteria for healthy controls were: age 35–90 years, male or female, no previous history of knee injury, fractures, OA, or inflammatory arthritis. Exclusion criteria for the healthy control group were: current use of analgesics, e.g., opioids or NSAIDs, other rheumatologic diagnoses, e.g., rheumatoid arthritis, systemic lupus erythematosus, pregnancy, regular use of bisphosphonates, corticosteroids, hormone replacement surgery in the last 6 months, history of clinically diagnosed depression, anxiety, or other recent surgery. Healthy subjects volunteered of their own free will and were screened for suitability.



Clinical Scores and Pain Assessments

Clinical scores were collected for participants with mild OA, advanced OA, and healthy controls. The pain subscales for the Western Ontario and McMaster Universities OA Index (WOMAC) were recorded for each participant at enrolment into the study. Participants were asked to score based on their symptoms in the last 48 h. The WOMAC is a well-validated pain scoring system and is one of the most widely used pain assessment tools in OA clinical studies (Bellamy et al., 2015). We used the WOMACVA3.1 questionnaire, which comprises of questions for the pain (5 questions), stiffness (2 questions), and function (17 questions) subscales. Since this report focuses on structural and biochemical correlations with pain, only results for the WOMAC Pain subscale (WOMAC_P) are reported. Data for WOMAC stiffness and function scores are reported elsewhere (Kuttapitiya et al., 2017). In addition to WOMAC_P, we collected data for all participants for the Visual Analog Scale (VAS) for pain on a rating scale of 0–10, since VAS pain is a pain outcome measure recommended by IMMPACT in clinical pain studies (Dworkin et al., 2005). Data were collected for body mass index (BMI), defined as weight/height2, since obesity is a recognized risk factor for OA development. It is also recognized that anxiety and depression can influence and impact on pain reporting (O’Neill et al., 2018), therefore data using the Hospital Anxiety and Depression Scale (HADS) (Bjelland et al., 2002) were also collected. The HADS scale consists of 14 questions assessing depression and anxiety. The questionnaire is scored out of 21, with a score of 0–7 being normal, a score of 8–10 suggesting borderline features of anxiety or depression, and a score of between 11 and 21 suggesting features of anxiety/depression requiring assessment and treatment. Quantitative Sensory Testing (QST) by pain pressure thresholds (PPT) were determined using a Somedic Algometer as previously described (Kuttapitiya et al., 2017).



Quantitative Sensory Testing by Pain Pressure Thresholds

Briefly, PPT was performed pre-operatively before knee replacement. The somatosensory responses were assessed via pain pressure algometry. Increasing pressure was applied at a predetermined rate; known as the “slope” (10 kPA/s), to a test site using a handheld algometer (Algometer Type II, SBMEDIC Electronics, Solna, Sweden). In this way the subject’s PPT level of sensitivity to pain and function of non-myelinated C-fibers could be determined. Test sites were the target knee and contralateral knee along with three distal points. The knee was sub-divided into five areas (patella, lateral femur, medial femur, medial tibia, and lateral tibia) and the distal points included the target lateral malleolus and the right and left radius. Three readings were taken at each test point: the first being a test reading. Average PPT scores are reported for target and contralateral knee (PPT_TK, PPT_CK) across the five sites, the average for left and right radius (PPT_R), and for the individual sites of patella of target and contralateral knee (PPT_TK_Pa and PPT_CK_Pa) and malleolus (PPT_M).



Biochemical Markers

Biochemical markers were obtained in a subset of patients and healthy controls. CTX-II levels were determined using ELISA to detect C-terminal telopeptides of type II collagen cleavage products from urine samples with creatinine levels for normalization as previously described (Kuttapitiya et al., 2017). Urine samples were acquired prior to MRI scans.



Magnetic Resonance Imaging

Magnetic resonance imaging of the target knee was acquired from OA patients within 6 weeks prior to TKR to enable visualization of structural changes, including BML, Syn, and cartilage damage (CD). Data were obtained using a 3T scanner with an eight-channel knee coil and included sagittal T1-weighted (TE 15 ms, TR 600 ms) images for delineating knee anatomical structures and fat-suppressed intermediate-weighted (TE 30 ms, TR 5000 ms) images in sagittal, coronal, and axial image planes for visualization of Syn and BMLs (Figure 1). The multimodal MRI was obtained within 30 min using protocols that complied with scanner safety procedures with adherence to any contra-indications for MRI scanning. Radiographic changes for structural damage features of CD, BMLs, Hoffa and effusion Syn, and osteophytes (Ost) were evaluated using the validated MOAKS (Hunter et al., 2011a). MOAKS evaluation was performed by two consultant radiologists (VE and CH) who were blinded to the patient’s clinical outcome and group allocation. Consensus scores were then reached for all of the individual scores for each anatomical region assessed. The MOAKS variables were calculated for MRI of the target knee for TKR in subjects with advanced OA and in the most affected knee for subjects with mild OA who were managed by usual care with analgesia and physical therapies.
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FIGURE 1. Measurement of MOAKS scores in subjects with knee OA. (A) Representative MRI scans acquired at 3T with an eight channel knee coil for patients with advanced OA. (A) Sagittal T1-weighted image with TE 15 ms, TR 600 ms, Subject 38, average cartilage damage score (CD_load) = 94. (B) Coronal intermediate weighted image with TE 30 m, TR 5000 ms, fat saturation, 0.35 mm in plane resolution, 3 mm slice thickness, 0.25 mm slice gap, SENSE factor 1.4. Subject 58, total synovitis score (total_Syn) = 3 (range 0–6), whole knee scores for BML (BML_load) = 44 (range 0–125), CD (CD_load) = 46 (range 1–94), and osteophytes (Ost_load) = 19 (range 0–38). Ranges given are the minima and maxima over the whole patient data set. (C) Comparison of MOAKS’ defined structural damage in knee OA in advanced versus mild OA. Significant differences by Mann–Whitney U-test were: †p < 0.05, †††p < 0.001 between advanced and early OA groups. Syn, synovitis; BML, bone marrow lesion; CD, cartilage degradation; Ost, osteophyte.


Magnetic resonance imaging Knee OA Score includes evaluation over 15 anatomical regions for BMLs, 14 regions for CD and Ost, and two regions for Syn (Hunter et al., 2011a). The individual MOAKS values were combined to provide global measures of damage to enable creation of continuous variables that could be used in correlation analysis with clinical and biomarker parameters. Hoffa and effusion Syn score were combined to create a total Syn score (Total_Syn). The number of BMLs were summed over all anatomical regions to give the total number over the whole knee (nBML). A similar process was performed for the number of regions identified with CD (nCD) and for the number of osteophytes (nOst). For BMLs a lesion load score was evaluated as the product of number of lesions, lesion size score, and the % area score of lesion size, for each of the individual regions evaluated in MOAKS. These individual scores were then summed to give a whole knee lesion load (BML_load). A similar process was performed for CD and Ost by summing the product of number of lesions with lesion size scores over these same anatomical regions to give load scores (CD_load, Ost_load) for the whole knee.



Statistical Analysis

Data were analyzed using IBM SPSS Statistics 25 and statistical significance was considered at a threshold of p < 0.05. We make no explicit multiplicity corrections for this exploratory data analysis. The Mann–Whitney U-test was used for group comparisons and bivariate analysis using a direct Pearson correlation and with suitable covariates and was used to assess relationships between pairs of all clinical, MRI, and fluid biomarker parameters.

A multivariate analysis was performed using the Automatic Linear Modeling module in SPSS, which is a regression technique that determines a linear combination of a defined set of parameters that best describes the variability of a specific dependent variable. The dependent variables assessed were the VAS and WOMAC pain scores, the PPT at the patella, and the urinary biomarker CTX-II. We assessed how these parameters related to the structural damage observed by MRI as defined by the MOAKS load scores for BML, CD, Ost, and the total Syn. BMI and Age were also included in the model and for the pain scores HADS was additionally included. Data sets were preselected to include only those for which all parameters were available for each analysis. The adjusted r-squared was used for the optimization parameter and all parameters were used in the “best-fit” option. We report the significant coefficients of the linear modal and the overall accuracy of the fit.

For MRI measurements recorded for the two scorers (VE and CH), inter-rater reliability and correlation were calculated using Kendall’s tau-b, which is suitable for ordinal data and Spearman correlation. We assessed the reliability across the BML, CD, and Ost MOAKS scores at the level of individual anatomical regions, as well for the total number of lesional regions per patient for BML, Ost, and CD. In accordance with reliability criteria set by Landis and Koch (1977), 0.61–0.8 suggests very good reliability, while 0.81–1.0 suggests near perfect agreement.

Data from all investigations were not available for all participants, hence statistical calculations were performed across the maximum possible number of patients within each analysis.



RESULTS

Our cross-sectional study identified a total of 120 participants at distinct stages of management by standard care for their OA. Subjects were evaluated in two OA groups: the “advanced OA” group (n = 78) who underwent TKR for knee OA, and a “mild OA” group who were being treated with medical management (n = 42). All subjects were prescribed NSAIDs or opioid analgesics for their arthritic pain. Clinical information and pain scores were obtained from all 120 participants, QST measurements from n = 118, wet biomarkers quantified from n = 112, and MRI performed on n = 93 OA patients. In a third “healthy control” group (n = 6) who had no evidence of arthritis we obtained pain scores, wet biomarker levels, and PPT measurements for indicative comparisons with the participants with OA. There were four drop-outs in the study where data could not be assessed.

Study demographics (Table 1) showed significantly higher BMI, WOMAC Pain (WOMAC_P), and VAS, with significantly lower patella PPT (Table 2) in participants with OA (advanced and mild groups) compared with healthy non-OA controls. WOMAC_P and VAS were higher in participants with advanced OA compared with mild OA. A Chi-squared comparison did not show any significant differences in gender in each of the groups (p = 0.16). The comparison to healthy volunteers is considered of importance due to the significant clinical differences (Table 1) between these groups. The healthy controls had no evidence of pain or OA clinically. Although the healthy control group was significantly younger than the OA groups, they were recruited for age and lack of OA or pain at the age when OA often first presents (aged 45 years or over). Since the age range for recruitment into the study included subjects from 35 to 90 years, due to the wide age range for OA presentation, the differences in age for our three groups are reflected by this. Subjects with advanced OA were the oldest (mean age 69 years) and had the highest levels of pain and MRI-reported structural damage, with the mild OA group being slightly younger with a mean age of 64 years. Although the healthy control group were significantly younger than the OA groups, with a mean age of 45 years, they were recruited for meeting criteria for age and lack of OA or pain at the age when OA often first presents (aged 35 years or over).


TABLE 1. Study demographics.

[image: Table 1]

TABLE 2. Quantitative sensory testing (QST) by pain pressure thresholds (PPTs) in knee OA.

[image: Table 2]Evoked pain assessed by QST showed that PPT levels were significantly lower in OA subjects compared to controls for PPT_TK_Pa (p = 0.028), PPT_CK_Pa (p = 0.036), and PPT_TK_M (p = 0.036) (Table 2). There were no significant differences (p ranging from 0.320 to 0.910) between PPT measurements at the patella of target knee (PPT_TK_Pa) and contralateral knee (PPT_CK_Pa), or of averages over the whole target/contralateral knees (PPT_TK, PPT_CK), radius/malleolus (PPT_TK_M, QST_TK_R), suggesting evidence of central sensitization in both mild and advanced OA groups.

The MOAKS was used to assess structural damage in the mild and advanced OA groups (Figure 1). The inter-rater reliability of MRI-assessed MOAKS showed moderate but significant agreement, with an average Kendall’s tau-b of 0.51 (range 0.39–0.66) and average Spearman correlation of 0.59 (range 0.48–0.71), demonstrating good agreement between the two readers (see Supplementary Table 1). For measures of MOAKS evaluated structural knee damage, there were significant differences between the advanced and mild OA groups, with statistically significant higher structural damage in the advanced OA group compared with the mild OA group. This included numbers of regions of BMLs (nBML), cartilage degradation (nCD), nOst, in addition to the overall load scores for BML_Load, CD_Load, and Ost_Load (Figure 1C). The severity of effusion Syn was significantly higher in advanced compared with mild OA (p < 0.05), but no significant difference in Hoffa’s or total Syn.

We measured urinary type II collagen degradation products (CTX-II) by ELISA in all three study groups (Figure 2). For CTX-II values, the minimum value was 120 ng/mmol, with the maximum 1808 ng/mmol. The range was 1688 ng/mmol. The mean CTX-II value was 450.2 ng/mmol with a SD of 302.2. The coefficient of variation across replicate measurements was 67%. Levels of CTX-II were significantly higher in advanced OA in comparison to mild OA (p < 0.001). Urinary CTX-II levels were significantly higher in mild and advanced OA compared with healthy controls (p < 0.01). We found that urinary CTX-II levels increased with worsening severity of OA and increased with age (Figure 2).
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FIGURE 2. Type II collagen degradation product expression in study. (A) Comparison between urinary CTX-II levels in study groups in ng/mmol. ∗∗p < 0.01, between healthy controls and all OA patients; †††p < 0.001 between advanced and early OA groups. (B) Variation in levels of CTX-II by subject group and age. Group 0, healthy controls; Group 1, mild OA; Group 2, advanced OA.


Bivariate correlation analysis showed significant correlations between most of the measured parameters (Supplementary Tables 1, 2). In particular there were strong correlations between the different pain scores (VAS, WOMAC_P, PPT) and between the pain scores and BMI, age, and HADS, as well as between VAS and WOMAC_P and MRI scores of damage (Supplementary Table 2). Therefore, BMI, age, and HADS were used as covariates and included in the multivariate analysis to assess how pain related to structural damage. Since CTX-II was significantly correlated with BMI and almost significantly correlated with age (Supplementary Table 2), BMI and age were used as covariates and included in the multivariate analysis to assess how CTX-II related to structural damage. The direct correlation of CTX-II to structural damage determined by MOAKS scores for numbers of Ost, BMLs, CD, and total Syn is shown in Figure 3 for mild and advanced OA (Figure 3), with the strongest correlations shown for total Syn. When evaluating the whole dataset of mild and advanced OA combined with BMI and age as covariates, we still found a significant correlation between CTX-II levels and total Syn (total_Syn) (R = 0.313, p = 0.03), number of Ost (R = 0.330, p = 0.002), number of BML (R = 0.252, p = 0.019), and number of regions of CD (R = 0.218, p = 0.042). We also found CTX-II levels correlated with lesion load scores for CD (R = 0.277, p = 0.009) and BML (R = 0.308, p = 0.004). A multivariate analysis using automatic linear modeling determined that the most significant parameters that determined the CTX-II levels were Ost load and total Syn (p < 0.05) with a predictive accuracy of 23% (Figure 4).
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FIGURE 3. Relation of CTX-II to MRI-defined structural damage in knee OA. Pearson correlation of CTX-II levels with (A) the number of osteophytes (nOsteophyte) (p = 0.003), (B) the number of bone marrow lesions (nBMLs) (p = 0.005), (C) the number of regions of cartilage degradation (nCD) (p = 0.002) and with (D) the total synovitis total_Syn (p = 0.001). Group 1, mild OA group; Group 2, advanced OA group; Syn, synovitis; BML, bone marrow lesion; CD, cartilage degradation; Ost, osteophyte.
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FIGURE 4. Regression analyses of clinical, biochemical, and structural parameters in knee OA. (A,B) Multivariable regression analyses were conducted for continuous variables including VAS, WOMAC pain, urinary CTX-II, MOAKS-defined damage including bone marrow lesion load (BML_Load), total synovitis (total_Syn), cartilage degradation load (CD_Load), osteophyte load (Ost_Load), pain pressure thresholds (PPT), and Hospital Anxiety and Depression Scale (HADS). Regression analysis is shown for the urinary type II collagen degradation product biomarker (CTX-II) in relation to structural damage by osteophytes and synovitis. Covariates were BMI and age in the analysis. Analyses are presented with p-values, coefficients, and standard error. There were 78 degrees of freedom.


Multivariate analysis for the pain scores as dependent variables showed that HADS was a highly significant factor (p = 0.006) in determining pain for VAS, WOMAC, and PPT, and BMI a very significant factor (P < 0.001) for VAS and WOMAC (Figure 4). Only for VAS were there significant predictive effects related to age and to MRI via the Ost load. However, the predictive accuracy was only moderate for VAS and WOMAC at 33% and 32%, respectively, and very low at 9% for PPT.



DISCUSSION

Knee OA is a multifactorial condition which produces pain and exhibits damage to cartilage, bone, and the development of Syn. Biomarkers are urgently needed to aid patient stratification and for developing improved treatment strategies. We investigated how CTX-II generated during OA, relates to MRI features of knee damage, and showed the most significant relationships were to Syn and Ost. In our study we have shown that pain sensitization was found in mild and advanced OA subjects. We also found PPT measures were not strongly related to structural damage (Figure 4). The strongest associations of WOMAC and VAS reported pain were to HADS and BMI, indicating the difficulty of assigning pain directly to measures of structural damage when there are psychological and physiological confounds in the individual’s perception of pain, and difficulty in deriving causal relationships. We have shown, to our knowledge for the first time, that by combining biomarkers derived from damaged tissue, including type II collagen degradation products and MRI-detected Syn, BMLs, and CD, they can be used to track progression in painful knee OA. The biomarkers we propose could also be used to assess response to future therapeutic interventions including DMOADS.

We found that patient reported pain by WOMAC_P was significantly elevated in people with advanced and mild OA. Pain in OA is thought to arise from richly innervated structures including the synovium and bone, with more recent work reporting expression of neurotrophic factors such as nerve growth factor (NGF) at the osteochondral junction (Sofat et al., 2011). A number of studies have suggested that pain sensitization in OA is mediated by neurotrophic factors expressed within several joint compartments, including the synovium and osteochondral junction (reviewed in Sofat et al., 2011; Neogi et al., 2015; Kuttapitiya et al., 2017). With respect to structural damage assessed by MOAKS, in direct correlations we found that the number of affected regions, rather than the estimated lesion load, most strongly correlate with WOMAC pain (Supplementary Table 2), suggesting it is the development of multiple damage sites that relate to increased pain levels rather than the severity of damage at these sites. However, a multivariate analysis indicated that BMI and HADS were the most significant predictors of pain scores (Figure 4), indicating the complexity of assigning pain directly to measures of structural damage. Overall knee PPT measures were not significantly different between advanced and early OA, and not directly related to structural damage. Neogi et al. (2015) have previously shown that pain sensitization is a significant feature in OA and is related to Syn but not BMLs. Our data contribute further to observations of pain sensitization in OA by demonstrating that sensitization is also detected in early OA disease and could reflect a feature of a threshold of joint damage which is required for sensitization features to develop. We also found that pain sensitization measured by PPT was significantly related to anxiety and depression scores, suggesting a strong psychological component to pain in knee OA, as suggested by other studies (Arendt-Nielsen, 2017; Deveza et al., 2017; O’Neill et al., 2018). Our data show that subjects with advanced OA were older than people with early OA and healthy controls. The advanced OA group had more severe disease as evidenced by greater structural damage by MRI and higher pain scores. With advancing age, OA severity tends to increase, as does BMI, which we also observed.

We found that urinary CTX-II degradation products are strongly related to structural damage and particularly to measures of Ost and Syn. The synovium is a richly innervated part of the joint and has been proposed as a major mediator of pain in OA (Hunter et al., 2011a; Neogi et al., 2015). CTX-II is complementary to pain scores and has potential as a surrogate marker (e.g., in the absence of MRI) of overall damage to aid patient stratification for therapy. Since Syn and Ost are known features of tissue damage in OA, our findings suggest that structures including synovium and bone may be a source of enzymes such as matrix metalloproteinases which are implicated in type II collagen degradation by our group (Kuttapitiya et al., 2017) and others (Nielsen et al., 2008) and not just cartilage as was traditionally described.

The importance of type II collagen degradation has been demonstrated in animal models. In a rat model of OA using anterior cruciate ligament (ACLT) resected rats, Nielsen et al. (2008) showed that protein extracts and histology demonstrated C-terminal telopeptide of type II collagen in protein extracts and histology that was greater than sham-operated rats. CTX-II epitopes were also detected in ACLT resected rat joint sections (Nielsen et al., 2008). In human studies, samples analyzed from the OA initiative (OAI) showed that higher levels of urinary CTX-II were correlated with patellar damage by MRI (R = 0.19, p = 0.04) (Joseph et al., 2018). A recent analysis evaluated if urinary C-terminal telopeptide of type II collagen (CTX-II) levels are different between people with OA and healthy non-OA controls (Huang et al., 2017). In a meta-analysis, Huang et al. (2017) found CTX-II levels were higher in subjects with OA than in controls. A subgroup analysis showed that CTX-II levels rose with increasing OA severity, suggesting that type II degradation products of type II collagen may be a promising biomarker for OA. Companies have developed ELISAs for Type II collagen degradation specific neoepitopes; Bay-Jensen et al. (2011) developed ELISAs measuring CIIM in synovial fluid/serum, with both compartments showing higher CIIM in OA compared with non-OA samples (p < 0.05). Other groups have also reported the validity of using CTX-II degradation products as a biomarker for OA (Van Spil et al., 2015). Data from the CHECK cohort showed that urinary CTX-II levels showed positive associations with Ost area and negative associations with minimum joint space width (Van Spil et al., 2015).

Our study demonstrates that the burden of increasing structural damage in different compartments of the joint, i.e., cartilage, bone, and synovium, are all strongly linked to each other as well as to measures of clinical pain reporting (VAS and WOMAC_P) but not to the evoked pain evaluated by pain sensitization measures (Figure 4 and Supplementary Table 2), suggesting PPT is an important independent parameter for characterizing OA subjects. Many reports have investigated structural damage parameters, including BMLs and Syn, independently of each other (Kornaat et al., 2007; Dam et al., 2009; Collins et al., 2016; Everhart et al., 2019). Analysis from the OAI has demonstrated that cartilage defects are independent risk factors for joint replacement in knee OA over a 9-year observation period (Everhart et al., 2019), supporting findings from our study that greater cartilage defects are associated with more symptomatic pain requiring treatment (Figure 1). We also found that greater levels of MOAKS’ derived Syn is associated with higher levels of reported pain, as suggested by other studies (Collins et al., 2016). In a nested case–control study conducted as part of the Foundation for the National Institutes of Health Biomarkers Consortium Project (FNIH), cartilage thickness, cartilage morphology, effusion Syn/Hoffa Syn, and meniscal pathology were associated with OA progression over 2 years using a multivariable logistic regression model (Collins et al., 2016), suggesting that biomarkers which incorporate structural changes including CD and Syn in relation to symptom progression, as we found in our study, could be very useful markers in future studies of novel therapeutic agents. Other studies have supported our finding that type II collagen degradation and MRI-detected tissue damage can be used to compare the diagnostic and predictive abilities of different combinations of imaging and biochemical markers to track OA progression and severity (Collins et al., 2016). However, our study found greater correlation between distinct structural damage parameters including BMLs, CD, Ost load, and Syn than previous cohort studies. The reason for the differences found may be that we used a cross-sectional study design in comparison to other studies of longitudinal cohorts (Van Spil et al., 2015; Joseph et al., 2018), thereby finding greater correlation with a broader range of damage features than the distinct changes in structures found in longitudinal studies. More recently, a machine learning algorithm has been used to combine data from the FNIH Biomarkers Consortium to show that MRI-based structural damage measures were better predictors of OA progression than biochemical markers (Nielsen et al., 2008). In contrast, baseline variables that contributed to progression included BMLs, Ost, medial meniscal extrusion, and urine C-terminal cross-linked type II collagen telopeptide (Nelson et al., 2019).

Limitations of our study include the fact that data at one time point only were evaluated in our cross-sectional analysis. The potential of confounding factors for age and BMI in introducing bias in our study results were also a consideration; therefore, data were corrected for covariates including age and BMI where possible. Bias can occur when recruiting subjects into clinical studies, especially since we had a wide age range for recruitment into the study. We aimed to reduce bias as much as possible by recruiting consecutive subjects who were referred to our clinical services consecutively, provided they gave consent. For healthy controls, they were recruited in an unbiased manner as much as possible through adverts placed in clinic areas. To follow-on from our cross-sectional study, future longitudinal studies of our cohort will be needed to evaluate long-term outcomes for pain, function, and biomarkers. Our analysis will also be aided by future interrogation of wet biomarkers in particular in larger longitudinal cohort studies. Although we determined significant correlations between pain measures and the fluid marker CTX-II, with measures of structural damage (Figure 4), the accuracy was low suggesting there may be other factors determining pain that we have not taken into account (e.g., MRI structural damage scores were of the most painful knee, but pain and CTX-II measures are whole body related). A limited number of healthy controls were studied to obtain indicative parameterization of CTX-II and PPT scores in disease-free volunteers at an age close to early OA. Further studies with a larger control cohort across the full age range are still needed to fully determine threshold levels related to disease, as in this study our primary aim was to evaluate relationships between structural, fluid biomarkers, and pain parameters within the OA groups.



CONCLUSION

In summary, data from our study demonstrate how people with both mild and advanced OA have features of pain sensitization, which is likely triggered by tissue damage in OA in several compartments, including bone, cartilage, and synovium. The MRI and urinary CTX-II biochemical biomarkers that we identified have potential use in the clinic to assess and monitor response to treatments in painful knee OA, a prevalent condition in which robust biomarkers are needed to assess disease progression and guide treatments.
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Chemotherapy, nerve injuries, or diseases like multiple sclerosis can cause pathophysiological processes of persistent and neuropathic pain. Thereby, the activation threshold of ion channels is reduced in peripheral sensory neurons to normally noxious stimuli like heat, cold, acid, or mechanical due to sensitization processes. This leads to enhanced neuronal activity, which can result in mechanical allodynia, cold allodynia, thermal hyperalgesia, spontaneous pain, and may initiate persistent and neuropathic pain. The treatment options for persistent and neuropathic pain patients are limited; for about 50% of them, current medication is not efficient due to severe side effects or low response to the treatment. Therefore, it is of special interest to find additional treatment strategies. One approach is the control of neuronal sensitization processes. Herein, signaling lipids are crucial mediators and play an important role during the onset and maintenance of pain. As preclinical studies demonstrate, lipids may act as endogenous ligands or may sensitize transient receptor potential (TRP)-channels. Likewise, they can cause enhanced activity of sensory neurons by mechanisms involving G-protein coupled receptors and activation of intracellular protein kinases. In this regard, oxidized metabolites of the essential fatty acid linoleic acid, 9- and 13-hydroxyoctadecadienoic acid (HODE), their dihydroxy-metabolites (DiHOMEs), as well as epoxides of linoleic acid (EpOMEs) and of arachidonic acid (EETs), as well as lysophospholipids, sphingolipids, and specialized pro-resolving mediators (SPMs) have been reported to play distinct roles in pain transmission or inhibition. Here, we discuss the underlying molecular mechanisms of the oxidized linoleic acid metabolites and eicosanoids. Furthermore, we critically evaluate their role as potential targets for the development of novel analgesics and for the treatment of persistent or neuropathic pain.

Keywords: pain, transient receptor potential channels, linoleic acid metabolites, eicosanoids, HODE, lipids inflammatory pain, neuropathic pain



Introduction

Pain is considered to protect the organism of tissue damage and harm (Kuner and Flor, 2016; Peirs and Seal, 2016). Such harm and potentially damaging stimuli can be thermal, chemical, or mechanical stimuli like heat, extreme cold, pressure, and chemicals (Dubin and Patapoutian, 2010). The stimuli are detected by peripheral sensory neurons of the somatosensory system, which arise in the skin, muscles, joints, and fascia (Colloca et al., 2017). Through activation of specific ion channels located in the plasma membrane of sensory neurons, like the transient receptor potential (TRP) and purinergic channels, the stimuli are converted into electrical activity (Kuner, 2010; Talbot et al., 2016). The transmission of the signal happens only in an all-or-none action potential manner and leads to pain perception, depending on the frequency and intensity (Dubin and Patapoutian, 2010). Thereby, the action potentials are transmitted via the peripheral axonal branch to the cell bodies of the nociceptors, located in the dorsal root ganglia (DRG), and then via the central axonal branch to the spinal cord (Basbaum et al., 2009). Here, after synaptic processing, the signal is transmitted into the central nervous system through the thalamus to the somatosensory cortex and associated areas (Scholz and Woolf, 2002).



Pathophysiologic Pain States

Apart from its protective function, pain can become chronic when maladaptive processes such as persisting tissue damage or pathophysiological conditions after healed injury, provoke an unresolved sensitization (Basbaum et al., 2009; Kuner and Flor, 2016; Peirs and Seal, 2016). Pathophysiological conditions are highly diverse ranging from viral infection, inflammation, tumor growth, autoimmune diseases, metabolic disorders, and vascular diseases (Kuner and Flor, 2016) and involve signaling mediators, such as cytokines, chemokines, and lipids. The pain manifests with different qualities including stabbing, pricking, burning, or arching (Peirs and Seal, 2016). In this pathophysiological state, the activation threshold of sensory neurons is reduced, resulting in peripheral sensitization. Moreover, increased responsiveness of the postsynaptic neurons in the spinal cord may occur in pathophysiological states by increased synaptic activity and disinhibition of spinal nociceptive input. These plasticity changes in the spinal cord are defined as central sensitization, leading to increased pain perception (Latremoliere et al., 2015). Typically chronic pain states are characterized by hyperalgesia, which is defined as an increased response to painful thermal and mechanical stimuli as well as allodynia, where nociceptive responses occur to normally innocuous stimuli such as light touch (Ji et al., 2014; Lim and Kim, 2016). A special form of chronic pain is neuropathic pain which is characterized by neuronal damage of the peripheral or central nervous system through nerve injury, amputation, trauma, infections, toxic substances, or metabolic disorders, such as diabetes (Kobayashi et al., 2015; Kuner and Flor, 2016). However, neuropathic pain is not only provoked by nerve injury or tissue damage. It is also associated with an imbalance of activity in inflammatory pathways as response of the somatosensory, immune, autonomic, and vascular/circulatory system to tissue damage, pathogens, or irritants (Ji et al., 2016; Kuner and Flor, 2016). Additionally, neuropathic pain is characterized by mechanical allodynia and hyperalgesia, but can also involve spontaneous pain (Kobayashi et al., 2015). According to epidemiological estimations, 1 in 26 people worldwide suffers from neuropathic pain (van Hecke et al., 2014; Peirs and Seal, 2016).




Current Treatment of Neuropathic Pain

Neuropathic pain is among the most difficult types of chronic pain to treat, which not only significantly impairs patients’ quality of life but also adds to the burden of direct and indirect medical cost for our society (Leung and Cahill, 2010; Colloca et al., 2017). Currently, there is a broad variety of treatment options for patients. They range from tricyclic antidepressants, serotonin-noradrenaline reuptake inhibitors, antiepileptics to botulinum toxin A, capsaicin, and opioids (Finnerup et al., 2015; Colloca et al., 2017). However, it is reported that the efficacy of those therapeutics is low, and the number needed to treat (NNT) for first-line treatments is considerably high (Finnerup et al., 2015). For example one in seven to eight patients treated with pregabalin, a calcium channel blocker, showed a significant effect in pain relief (Finnerup et al., 2015). Likewise, various studies demonstrate that less than 50% of patients experience satisfactory pain relief and suffer from accompanying side effects of neuropathic pain therapy (O’Connor and Dworkin, 2009; Tesfaye et al., 2013).




Lipids as Alternative Treatment Option

Those numbers indicate a need for novel treatment options of persistent and neuropathic pain. During the past decades research has proceeded in identifying key mechanisms in signaling pathways and other alterations underlying neuropathic and chronic pain. For example, it was found that after peripheral nerve damage an extensive immune response occurs around the cell bodies of injured and uninjured sensory neurons (Calvo et al., 2012). This is accompanied not only by activation of resident immune cells and migration of immune cells, but also with increased concentrations of cytokines in the injured nervous tissue (Kiguchi et al., 2012). In this regard, signaling lipids of the arachidonic acid (AA) and linoleic acid (LA) pathway seem to be particular important mediators that are released by immune cells or neurons and act as paracrine mediators, by activation of G-protein coupled receptors (GPCRs) and/or modulating the activity of ion channels in peripheral sensory neurons (Sisignano et al., 2014). These activations mediate second messenger signaling cascades that lower the threshold of ion channels, including the transient receptor potential cation channel subfamily vanilloid 1 (TRPV1) channel, leading to increased activity of peripheral sensory neurons (Moran et al., 2011; Lim and Kim, 2016; Pinho-Ribeiro et al., 2017). Here, the TRPV1 channel is of special interest, because it plays not only a well-established role in inflammatory pain, but is also upregulated in different models of peripheral neuropathic pain both at dorsal root ganglion (DRG) peripheral and central synapses (Rivat et al., 2018).

It was shown before, that antagonizing TRPV1 leads to hyperthermia in humans (Gavva et al., 2008), but not in mice (Moran et al., 2011), which implies, that targeting TRPV1 is not a favorable strategy in the treatment of chronic or neuropathic pain.

Moreover, it is not desirable to silence or antagonize TRPV1 completely, because of its protective function in responding to noxious heat stimuli (Moran et al., 2011; Calvo et al., 2012; De Petrocellis et al., 2012). Therefore, an alternative strategy to target this channel may be to reduce its increased activity during chronic pain and to abolish its sensitization. In this regard, lipid mediators, their synthesis, metabolism, and signaling pathways may represent alternative targets to reduce excessive neuronal activity in chronic pain states. Endogenous lipids, including some oxidized lipid metabolites from linoleic acid and arachidonic acid, have previously been shown to cause nociceptor excitation and pain (Patwardhan et al., 2010; De Petrocellis et al., 2012; Gregus et al., 2012). Such biologically active metabolites are 9- and 13-hydroxyoctadecadienoic acid (HODE), both of which contribute to the heat responsiveness and sensitization of TRPV1, as earlier studies showed (Patwardhan et al., 2010).

In the last years further metabolites of the linoleic acid were investigated, like their dihydroxy-metabolites (DiHOMEs) and the epoxides of linoleic acid, the epoxy-octadecenoic acids (EpOMEs) regarding their role in nociception (Sisignano et al., 2012; Zimmer et al., 2018).

In this review we first discuss the effects of the different lipid metabolites in states of inflammation and pain. In the second part, we critically discuss their synthesizing and metabolizing enzymes or receptors as potential novel targets for the treatment of chronic and neuropathic pain in patients.





Metabolism of Oxidized Lipids

The omega-6 fatty acids linoleic acid (LA) and arachidonic acid (AA) metabolites are of special interest as pain modulators, because abnormalities of lipid metabolism play a central role in various diseases, like type 1 diabetes, epilepsy, and inflammation as well as during pain (Coste TC et al., 2003; Inceoglu et al., 2008; Hung et al., 2015; Hohmann et al., 2017; Zimmer et al., 2018). In the following section, we focus on the effects of LA- and AA-derived lipids and their role in pain pathology.

Linoleic acid is one of the essential ω-6 fatty acids, which leads to formation of the smooth, non-dry outer epidermal barrier upon dietary intake (Hansen et al., 1958; Gill and Valivety, 1997; Nakamura and Nara, 2003; Ramsden et al., 2017). After transport into the cell, delta-6 desaturase metabolize LA to γ-linoleic acid, being the substrate of elongase enzymes followed by delta-5 desaturase to form arachidonic acid in the endoplasmatic reticulum (Gill and Valivety, 1997; Nakamura and Nara, 2003; Russo, 2009). AA is ubiquitously present in human tissue, especially within phosphoplipids of the cell membrane. Liberation of AA is hydrolyzed upon stimulation of various cellular signaling pathways, for example in the context of inflammation through activation of the Ca2+-activated phospholipase A2 (cPLA2) (Davies et al., 1984; Murakami and Kudo, 2002; Spector and Kim, 2015) (Figure 1).
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Figure 1 | Metabolic pathway of linoleic and arachidonic acid. In the cell, linoleic acid (LA) is rapidly metabolized via different enzymes into various bioactive metabolites. Lipoxygenases (LOX) can generate 13- and 9-HODE at the perinuclear membrane of the nucleus, whereas the cytochrome-P450- enzymes (CYP) metabolize LA into EpOMEs. These are further metabolized to DiHOMEs via soluble epoxide hydrolase (sEH). In the endoplasmatic reticulum (ER), AA is the precursor of the cyclooxygenase (COX) products prostaglandins (e.g. PGE2). AA can also be metabolized to the epoxyeicosatrienoic acids (EETs), which are further metabolized by sEH to DHETs in the cytosol. At the plasma membrane, phospholipase A liberates either AA out of the phospholipids or generates lysophophatidylcholine (LPC). LPC is then metabolized through the extracellular phospholipase D (PLD) autotaxin to lysophosphatidic acid (LPA). Abbreviations: LTA, leukotriene A; LTB, leukotriene B; LTC, leukotriene C; LOX, lipoxygenase; 5-HPETE, arachidonic acid 5-hydroperoxide; 5-HETE, 5-Hydroxyeicosatetraenoic acid; 13-/9-HODE, 13-/9-Hydroxyoctadecadienoic acid; EET, epoxyeicosatrienoic acid; PG, prostaglandin; COX, cyclooxygenase; CYP, cytochrome enzymes; DHET, Dihydroxy eicosatrienoic acid; EpOME, Epoxy octadecenoic acid; DiHOME, Dihydroxy-octadecenoic acid; LPC, lysophosphatidylcholine, LPA, lysophosphatidic acid; PLD, phospholipase D; sEH, soluble epoxide hydrolase; ER, endoplasmatic reticulum. Source structural formula: http://lipidmaps.org/.




There are three major enzyme classes for further metabolization of AA. First, there are the cyclooxygenases (COX), which catalyze a bis-dioxygenation reaction to form the unstable endoperoxide intermediate prostaglandin G2 (PGG2) (Davies et al., 1984; Brenneis et al., 2011). PGG2 is then reduced by a hydroperoxidase to prostaglandin H2 and then either by various isomerases or non-enzymatic reactions into several prostanoids (Davies et al., 1984; Hiesinger et al., 2019). They act as bioactive mediators, for example prostaglandin E2 causes inflammatory pain by binding to its respective receptors in neurons, the EP receptor family, and subsequent activation of protein kinases and sensitization of TRPV1 (Kawabata, 2011).

The second class of metabolizing enzymes of AA are the lipoxygenases (LOX), in particular the 5-, 12- and 15-LOX. They produce hydroperoxyeicosatetraenoic acids (HPETEs) which are reduced by the glutathione peroxidase system to the corresponding monohydroxyeicosatetraenoic acids (HETEs) (Davies et al., 1984; Hiesinger et al., 2019). Thus, 5-HPETE is further metabolized by 5-LOX into leukotriene A4, being the precursor of leukotriene B4 and C4 and lipoxins (Davies et al., 1984; Russo, 2009; Hiesinger et al., 2019). Leukotrienes are well known for their role in asthma and allergy, whereas lipoxins play a role in the resolution of inflammation and can also be produced by 12- and 15-LOX (Dennis and Norris, 2015; Hiesinger et al., 2019) (Figure 1).

Additionally, LOX enzymes can oxygenate LA by oxidizing the carbons at position 9 or 13 of its backbone and by this produce 9S- and 13S-hydroperoxides, like 9- or 13- hydroxyoctadecadienoic acid (HODE) (Oliw, 1994; Andreou et al., 2009; Newcomer and Brash, 2015). 9- and 13-HODE are released in skin upon temperature increase leading to heat responsiveness of TRPV1 in vitro and in vivo (Patwardhan et al., 2010). Through hydroxylation of the ω-side chain of LA 18-, 17- and 16-HODE are formed, while allylic hydroxylation yields in 8-, 11- and 14-HODE (Oliw, 1994).

The cytochrome P450 (CYP450) enzymes are the third class of AA-metabolizing enzymes, which are primarily monooxygenases with some substrate selectivity (Hiesinger et al., 2019). There are two forms of CYP enzymes, the hydroxylases and the epoxygenases. Latter ones, namely isoforms of the families CYP2C and CYP2J, convert the AA to epoxyeicosatrienoic acids (EETs) (Spector et al., 2004; Fleming, 2007; Hiesinger et al., 2019). In this reaction, one of the four double bonds of AA is oxidized to an epoxide. Depending on the site of oxygenation, this leads to the production of one of the four regioisomers: 5,6-EET, 8,9-EET, 11,12-EET or 14,15-EET (Marowsky et al., 2009; Sisignano et al., 2012; Mule et al., 2017). EETs can be released from cells to act as paracrine signaling mediators (Sisignano et al., 2012). In various studies, EETs were shown to decrease inflammatory pain, but they may also have pronociceptive effects at certain concentrations and time points during onset or maintenance of persistent pain (Inceoglu et al., 2006) (see Figure 1).

Both, LOX enzymes and CYP epoxygenases, can metabolize LA as further substrate, to generate epoxyoctadecenoic acids (EpOMEs) (Zhang et al., 2014). The EpOMEs and the EETs are rapidly converted by the soluble epoxide hydrolase (sEH) to pro-inflammatory dihydroxyoctadecenoic acids (DiHOMEs) and dihydroeicosatrienoic acids (DHETs) (Inceoglu et al., 2006). The latter one are reported to have lower activities than their corresponding EETs (Wagner et al., 2011). In contrast, a more toxic effect was reported for the DiHOMEs than for the EpOMEs (Moghaddam et al., 1997). The contradictory effects of oxidized LA- and AA metabolites in persistent pain require a more detailed analysis to identify the individual role of each lipid mediator in pain pathology. Furthermore, a detailed analysis helps to identify targets within lipid synthesis, metabolism and signaling that may give rise to novel analgesics. In the last decades, accumulating evidence suggests a central role of LA and AA metabolites in the regulation of persistent and neuropathic pain as well as involved pathways. In the following passage we critically discuss the effects of these lipids with focus on epoxy- and dihydroxy-metabolites of arachidonic acid (EETs and DHETs) and linoleic acid (EpOMEs and DiHOMEs).




The Roles of Oxidized Lipids in Inflammation and Pain



EETs



5,6-EET

Neuroinflammation is a characteristic feature of neuropathic and persistent pain (Ji et al., 2016). Thus, metabolites of AA with effects on inflammatory and neuropathic pain are of special interest in pain research. One of them, the 5,6-EET regioisomer, has dilatatory effects on cerebral arterioles in vivo indicating a proinflammatory role since increased blood flow to the inflamed site and extravasation of fluid, plasma protein, and leukocytes are features of inflammation (Pober and Sessa, 2014; Dennis and Norris, 2015). Proinflammatory cytokines such as interleukin (IL)-6 and tumor necrosis factor (TNF)-α were found to be elevated in macrophages after 5,6-EET and lipopolysaccharide (LPS) treatment, confirming the proinflammatory effect of 5,6-EET (Zhang et al., 2018).

Unfortunately, very little is known about the functions of 5,6-EET in neuroinflammation and neuropathic pain, because it is an unstable metabolite of AA and undergoes rapid hydrolysis (Zhang et al., 2014). Interestingly, cupping therapy, which is used against muscle pain and inflammation, resulted in elevated levels of 5,6-EET in skin of treated mice, whereas the concentrations of its corresponding diol 5,6-DHET were not increased (Zhang et al., 2018).

After application of all four EETs in LPS-induced inflammation a pronociceptive effect was observed (Inceoglu et al., 2006). On the other hand, the EETs reversed thermal hyperalgesia, which could be due to the mixture of all four EET regioisomers (Inceoglu et al., 2006). Moreover, it was reported that 5,6-EET is synthesized in dorsal root ganglia (DRG) and spinal cord during nociceptive activity after induction of acute pain. This resulted in activation of the ligand-gated ion channel transient receptor potential ankyrin 1 (TRPA1) and subsequent release of the proinflammatory neuropeptide calcitonin gene-related peptide (CGRP) from peripheral nerves causing mechanical allodynia (Sisignano et al., 2012). These results imply a role for 5,6-EET in the transition between acute and persistent pain (Table 1A). However, a direct binding of 5,6-EET to TRPA1 was not shown.



Table 1A | Metabolites of arachidonic acid (AA) in inflammation and pain.
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Apart from TRPA1, 5,6- EET seems to activate another member of the family of TRP channels. It was reported that the temperature sensor TRPV4 acts as a receptor for 5,6-EET and gets activated through binding of 5,6-EET (Watanabe et al., 2003) (Table 1A).

In summary, these observations lead to the conclusion, that 5,6-EET can have pronociceptive and proinflammatory effects. However, EETs were found to bind to the anti-inflammatory nuclear peroxisome proliferator-activated receptor (PPAR) α and γ (Hiesinger et al., 2019). Indeed, the binding of EETs to the PPARγ contributes to an anti-inflammatory effect, but only in the low micromolar range (Liu et al., 2005). This low binding effect raises the question whether other, more potent receptors and pathways for EET signaling exist. In endothelial cells it was observed that 5,6-EET is involved in activation of phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) signaling and proliferation (Pozzi et al., 2005) (Table 1A).

Although, the binding of 5,6-EET to a corresponding receptor remains elusive. It is known that AA metabolites of cyclooxygenase act through G protein coupled receptors (GPCR), like E and D prostanoid receptors. The endocannabinoids, which have similarities with AA-metabolites as lipid signal messenger, affect nociception through GPCRs like the cannabinoid receptor CB1 and CB2 indicating that EETs might act through GPCRs as well (Wagner et al., 2011). At low micromolar concentrations EETs displaced the high affinity ligands of peripheral benzodiazepine receptor (PBR), CB2 receptor, neurokinin NK2 receptor, and dopamine D3 receptor (Inceoglu et al., 2007). Moreover, Snider and colleagues could show that 5,6-EET ethanolamide binds with high affinity to human CB2 receptor (Snider et al., 2009) (Table 1A). However, a specific 5,6-EET receptor is not known yet.




8,9-EET

EETs enter cells and interact directly with intracellular effectors like fatty acid-binding proteins (FABP) and PPARγ (Widstrom et al., 2001; Widstrom et al., 2003; Fleming, 2007). Thus, EETs increase PPARγ transcription activity, a key molecular event involved in inhibiting NF-kB contributing to the anti-inflammatory effect of the EETs (Liu et al., 2005; Norwood S. et al., 2010). Blocking of PPARγ reduced EET/sEH inhibitor-mediated anti-inflammatory effects (Norwood S. et al., 2010). However, 8,9-EET inhibited NF- kB activation to a lesser extent than 11,12-EET in endothelial cells (Node et al., 1999) (Table 1A).

In sEH knock-out mice, 8,9-DHET levels were reduced leading simultaneously to an increased 8,9-EET level. Thereby, 8,9-EET increases intracellular calcium concentrations in cultured DRG neurons (Brenneis et al., 2011). The calcium increase induced the activation of mitogen-activated protein kinase (MAPK) p38 and extracellular-signal regulated kinase (ERK) most potently with 8,9-EET, resulting in increased nociceptive activity (Obata and Noguchi, 2004; Pozzi et al., 2005). In this context, it was shown that 8,9-EET can sensitize TRPA1 expressing primary afferent neurons and may contribute to a reduced mechanical pain threshold (Brenneis et al., 2011) (Table 1A). However, one only can speculate about a direct interaction of 8,9-EET with TRPA1.

Additionally, it was shown that EETs activate translocator protein (TSPO) and increase steroidogenic acute regulatory protein 1 (StARD1) expression in the spinal cord resulting in an upregulation of circulating progesterone, an analgesic molecule and precursor for neurosteroid production (Inceoglu et al., 2008). How this activation of TSPO is mediated is currently unknown. One possible way could be through the activation of a GPCR. Stimulation of the free fatty acid receptor-1 (FFAR1, also GPR40) with 8,9-EET leads to an increase in intracellular calcium concentration in FFAR1 and GPR120 expressing cells. However, in comparison to the other regioisomers, 5,6- and 8,9-EET were less potent for FFAR1 stimulation. In contrast, the receptor for long chain ω-3 fatty acids GPR120, was stimulated equally by 8,9-, 11,12- and 14,15-EET (Park et al., 2018) (Table 1A).

Furthermore 11,12-EETs activates K+Ca channels in coronary smooth muscle cells via a Gαs-mediated mechanism (Li and Campbell, 1997). Since the structure of 11,12-EET is very similar to that of 8,9-EET, 8,9-EET might act in a same signaling manner and may be able to activate the unidentified EET-receptor in a Gα-mediated mechanism.




11,12-EET

The role of 11,12-EET in activation of different K+ channels, especially in the cardiovascular milieu has been extensively studied (Krotz et al., 2004; Lu et al., 2006). The occurring activation via the Gαs receptor leads to hyperpolarization and arterial dilation through TRPV4 activation (Li et al., 1999; Earley et al., 2009). However, 11,12-EET does not have any effect on neuronal TRPV4 channels (Brenneis et al., 2011). Earlier studies indicate that levels of 11,12-EET are not altered in any tissue or nociceptive model and peripheral injection of 11,12-EET did not cause any nocifensive behavior in mice (Brenneis et al., 2011; Sisignano et al., 2012) (Table 1A).

Moreover, the role of 11,12-EET in the context of inflammation has been studied thoroughly. The 11,12-EET was found capable of inhibiting NF-kB after LPS-induction or TNFα treatment at nanomolar concentrations (Node et al., 1999; Liu et al., 2005). LPS-stimulated cells treated with 11,12-EET showed decreased prostaglandin E2 (PGE2) secretion by inhibition of COX-2 activity (Kozak et al., 2003). This contributes further to the anti-inflammatory effect of 11,12-EET as well as the inhibition of p38 phosphorylation, the degradation of IκBα and the suppression of LOX-1 receptor expression (Node et al., 1999; Jiang et al., 2014). In wounds after ischemia, 11,12-EET increased both vascular endothelial growth factor (VEGF) and transforming growth factor (TGF)-ß expression leading to improved wound healing (Sommer et al., 2019). In inflammatory pain, exogenous delivery of different epoxides or the stabilization of EETs via inhibition of soluble epoxide hydrolase (sEH) in the paw resulted in reduced mechanical pain hypersensitivity in vivo (Inceoglu et al., 2007; Morisseau et al., 2010) (Table 1A). However, in this study, all four EET regioisomers were administered, and it remains unclear, which of the EETs is the most active compound in this context.

In contrast, activation of free fatty acid receptor-1 (FFAR1, also GPR40) through 11,12-EET leads to increased COX-2 expression, NF-κB activation and ERK phosphorylation resulting in gap junction disassembly (Popp et al., 2002; Michaelis et al., 2005; Park et al., 2018). The activation of FFAR1 was mediated by a Gq signaling pathway to increase the intracellular calcium concentration and cyclic adenosine monophosphate (cAMP) (Hauge et al., 2015; Park et al., 2018). Decreased levels of cAMP were observed with the diol 11,12-DHET suggesting the involvement of a Gαi signaling pathway (Abukhashim et al., 2011). However, there is a lot more evidence for 11,12-EET acting through a GS signaling mechanism (Node et al., 2001; Ding et al., 2014; Hauge et al., 2015). Interestingly, EET effects were not altered by FFAR1 antagonism indicating the existence of an 11,12-EET receptor that compensates for the reduced FFAR1 activation. However, Park et al. suggested a direct interaction of 11,12-EET with FFAR1, which might be the receptor for tans-EETs as it is for trans-fatty acids (Park et al., 2018). In this study the corresponding diols, which are thought to be inactive products of EETs, showed less stimulatory activity on FFAR1 than the parent EETs (Spector et al., 2004; Park et al., 2018).

Nevertheless, binding to GPCRs remains controversial. Recently 11,12-EET and -DHET were reported to bind to the GPR132 (G2A). Interestingly, 11,12-DHET was the more potent activator of G2A, even if it is still a low affinity receptor with physiological relevance in hematopoiesis (Lahvic et al., 2018). In this regard, 11,12-DHET seems to be a critical modulator of progenitor cell proliferation and mobilization by activation of the canonical int-1 and related genes (Wnt) signaling cascade (Fromel et al., 2012) (Table 1A).

In the neuronal system, 11,12-EET opens G protein-coupled inward rectifier potassium (GIRK) channels in CA1 pyramidal cells in mouse hippocampus via Gi/o proteins (Mule et al., 2017). This leads to reduced excitatory transmission in hippocampus acting on pre- and postsynaptic targets (Mule et al., 2017). However, in cultured DRG neurons, 11,12-EET had no effect on the intracellular calcium concentration, since it may inhibit L-type Ca2+-channels independent of intracellular cAMP levels or protein phosphorylation (Chen et al., 1999). The intracellular cAMP concentration plays an important role during the increase of transient receptor potential ion channel canonical subtype (TPRC)6 channel translocation to the plasma membrane; an effect mediated by 11,12-EET (Fleming et al., 2007; Loot and Fleming, 2011; Ding et al., 2014) (Table 1A).

A common approach to increase EET levels is to use either an activator of CYP epoxygenases, like omeprazole, or a sEH inhibitor like, for example, 1-Trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl) urea (TPPU). This leads to a simultaneous decrease of DHET and DiHOME levels in plasma and to enhanced anti-hyperalgesia in an acute inflammatory pain model (Inceoglu et al., 2006; Goswami et al., 2015). However, this effect might not only be due to 11,12-EET and may rather be caused by the mixture of EETs, because 11,12-EET alone has been shown to have no effect on nociceptive behavior in acute pain models (Sisignano et al., 2012).

In summary, 11,12-EET plays important roles in the cardiovascular system and during inflammation. But, its individual role in peripheral neurons and nociceptive behavior seems to be negligible.




14,15-EET

The effects of 14,15-EET are widely studied in the cardiovascular milieu. In this context it reduced proteasomal and caspase-3 activity having anti-apoptotic effects and by that promoting the survival of cardiac cells (Chen et al., 2001; Samokhvalov et al., 2013).

In an inflammatory context 14,15-EET can cause activation of PPARγ leading to a decreased NF-κB response and TNFα expression in cardiomyocytes (Liu et al., 2005; Samokhvalov et al., 2014). Even after cupping therapy, IL-6 and TNFα were decreased (Zhang et al., 2018). Surprisingly, the diol 14,15-DHET is together with 11,12-EET the most potent activator of PPARγ and PPARα (Ng et al., 2007) (Table 1A).

In later time points of acute zymosan-induced inflammation 14,15-EET levels were decreased (Brenneis et al., 2011). They were increased when sEH was deleted, but did not alter the zymosan-induced inflammatory hyperalgesia by inhibiting the prostaglandin synthesis (Brenneis et al., 2011; Zhang et al., 2014). The inhibition was also observed in smooth muscle cells, where 14,15-EET acts as competitive inhibitor of prostaglandin H (PGH) synthase and thus reduce PGE2 reduction (Fang et al., 1998). Anti-inflammatory effects were also observed in human bronchi with 14,15-EET after TNFα stimulation (Mule et al., 2017). These effects might occur due to 14,15-EET antagonizing the thromboxane receptor (Morin et al., 2008; Behm et al., 2009). In contrast, the anti-inflammatory effect was missing in bovine aortic endothelial cells after treatment with 14,15-EET and TNFα (Node et al., 1999). In conclusion, the anti-inflammatory effects of 14,15-EET depend on the organism and the inflammation context and seem to be weaker, as with 11,12-EET.

The actions of 14,15-EET are connected to Gαs signaling increasing the expression of tissue-type plasminogen activator followed by an increase of intracellular cAMP (Node et al., 2001). The elevated levels of cAMP then act in a negative feedback loop and decrease binding of 14,15-EET (Wong et al., 2000).

The effects of 14,15-EET may be mediated by a receptor. So far, there are various receptors known which might act as 14,15-EET receptor. In a screen of GPCRs, Liu and colleagues identified as putative 14,15-EET receptors the prostaglandin receptor subtypes EP4 and EP2. The EP2 receptor is postulated to mediate the vasodilatory effect of 14,15-EET and not as 11,12-EET does, through the activation of BKCa channels or TRPV4 (Wong et al., 1997; Yang et al., 2008; Behm et al., 2009; Earley et al., 2009; Spector and Kim, 2015). However, very little dilatatory effects were seen in vivo in cerebral arterioles with 14,15-EET (Ellis et al., 1990).

Another GPCR, the free-fatty acid receptor FFAR1 (also known as GPR40), was found to be activated by 14,15-EET in a similar potency as with 11,12-EET. Whereas 11,12-DHET and 14,15-DHET were less active in stimulating FFAR1 (Park et al., 2018).

The GPCR G2A was activated by 14,15-EET as well, but only the zebrafish GPR132 and not the human variant (Lahvic et al., 2018).

Additionally, C-X-C chemokine receptor type 4 (CXCR4) and Chemerin chemokine-like receptor 1 (CMKLR1) receptors were activated by 14,15-EET. However, none of these receptors meet the criteria of a high-affinity receptor for 14,15-EET (Liu et al., 2017). Thus, it is still unclear whether 14,15-EET is a natural ligand of one of the named receptors or whether there is a high-affinity receptor, which is still unknown.

Regarding nociception, 14,15-EET had no effect on nociceptive behavior in mice after injection into the paw (Brenneis et al., 2011), but it was capable of reducing thermally induced pain in a dose-dependent manner (Terashvili et al., 2008). The anti-nociceptive effect of 14,15-EET was also observed after injection into the rat ventrolaterale periaqueductal gray due to the activation of ß-endorphin and met-enkephalin (Terashvili et al., 2008). Similar results were obtained with morphine indicating an endogenous opioid dependent analgesia (Terashvili et al., 2008). Additionally, neurons are able to produce endogenous 14,15-EET leading to stimulated axon growth in primary cortical and sensory neuron cultures (Abdu et al., 2011). In contrast, its corresponding diol, 14,15-DHET seems to inhibit axonal growth (Abdu et al., 2011) (Table 1A).

In summary, all four regioisomers have different but overlapping effects. The 5,6-, 8,9- and 14,15-EET can act through PPARγ (Liu et al., 2005; Pober and Sessa, 2014). However, the underlying pathways seem to be different. The 5,6-EET can activate the PI3A/Akt pathway and has vasodilatatory effects on cerebral arterioles, whereas the 14,15-EET has almost no dilatatory effect in this setting (Pozzi et al., 2005; Pober and Sessa, 2014). Regarding neuropathic pain and nociceptive behavior, there is only little known about their role. The 5,6- and 8,9-EET induce acute pain behavior through activation and/or sensitization of TRPA1 in peripheral sensory neurons (Brenneis et al., 2011; Sisignano et al., 2012). In contrast, 11,12- and 14,15-EET showed no direct effects on nociceptive behavior (Brenneis et al., 2011; Sisignano et al., 2012). Only 14,15-EET seems to have anti-nociceptive effects and seems to play a role in the excitatory transmission in the peripheral and central nervous system (Terashvili et al., 2008). Thus, all EETs seem to act via individual mechanisms and pathways, which should be kept in mind when using sEH inhibitors as potential therapeutic agent, since it affects all the regioisomers and thus can have different effects at the same time in the whole organism.

There is large evidence that EETs can activate a Gαs-coupled GPCR (Li et al., 1999). However, a specific EET-receptor remains unknown.





EpOMEs and DiHOMEs

Next to the AA metabolites, LA products have effects on nociception and pain as well. 9,10- and 12,13- epoxyoctadecenoic acid (EpOME) are some of those metabolites, synthesized by epoxidation of LA (Oliw, 1994). They are also called leukotoxins, because EpOMEs are produced after treatment with LA and calcium by inflammatory leukocytes such as macrophages and neutrophils (Hayakawa et al., 1986; Thompson and Hammock, 2007). Neutrophil influx with increased production of EpOME levels occur for example in acute respiratory distress syndrome (Ozawa et al., 1988). When neutrophils are treated with EpOMEs a slight respiratory burst occurs, which was strongly inhibited by the corresponding diols 9,10- and 12,13-DiHOME, generated by soluble epoxide hydrolase (Inceoglu et al., 2006; Thompson and Hammock, 2007; Morisseau et al., 2010). Interestingly, DiHOMEs showed more toxic effects than the EpOMEs in acute respiratory distress syndrome (Zheng et al., 2001). Similar results were observed in endothelial cells, where DiHOMEs disrupted endothelial barrier function and induced more IL-6 expression than the EpOMEs (Moghaddam et al., 1997; Greene et al., 2000a; Slim et al., 2001). A detoxification pathway by glucuronidation of the diols was postulated by Greene and colleagues (Greene et al., 2000a). On the other hand, the diols were incorporated into phospholipids and therefore the toxicity of free diols was lost (Table 1B).



Table 1B | Metabolites of linoleic acid (LA) in inflammation and pain.
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This toxicity of DiHOMEs caused a reduced cell viability, attenuation of insulin signal, overall collapse in mitochondrial function and endoplasmatic reticulum stress as well as cell death in murine hearts (Bettaieb et al., 2013; Samokhvalov et al., 2018). Furthermore, DiHOMEs seem to promote proinflammatory cascades such as NF-κB because of a massive release of TNFα and Monocyte chemoattractant protein 1 (MCP-1) from HL-1 cells (Slim et al., 2001; Samokhvalov et al., 2018).

Thus, in acute and persistent inflammatory pain mouse models application of 12,13-DiHOME leads to increased thermal hypersensitivity due to its sensitizing effects on TRPV1, whereas 9,10-DiHOME showed no effect (Inceoglu et al., 2006; Eskander et al., 2015; Zimmer et al., 2018). Interestingly, in chronic inflammatory pain reduced concentrations of EpOMEs and 9,10-DiHOME were observed in the amygdala and the periaqueductal gray (Jensen et al., 2018).

In patients with chronic neck pain, plasma levels of 9,10- and 12,13-DiHOME were increased, although a direct correlation between the elevated metabolites and pain levels is missing (Hellstrom et al., 2016).

Several more pain models were investigated concerning the effects of EpOMEs and DiHOMEs on the different pain states. In a model of peripheral burn injury both mediators were increased in spinal cord and caused activation of TRPV1 and TRPA1 in heterologous expression systems, suggesting TRPV1- and TRPA1-mediated effects on mechanical and thermal hypersensitivity (Green et al., 2016). However, in DRG cultures 12,13-DiHOME showed no effect on TRPA1 sensitization, indicating TRPA1 sensitization through 9,10-DiHOME (Zimmer et al., 2018) (Table 1B).

Regarding chemotherapy-induced neuropathic pain, levels of 9,10-DiHOME and 12,13-DiHOME were unaltered, whereas 9,10-EpOME was increased in DRG neurons (Sisignano et al., 2016; Hohmann et al., 2017). It was synthesized by neurons and glial cells and contributed to calcium influx in DRG neurons due to a protein kinase A (PKA)-mediated sensitizing effect on TRPV1 (Sisignano et al., 2016). As a result, thermal and mechanical hypersensitivity was elevated in paclitaxel-induced neuropathic pain via 9,10-EpOME (Sisignano et al., 2016).

Thus, it seems that DiHOMEs and EpOMEs have different effects on the various kinds of neuropathic pain. How those effects are mediated by the metabolites is not examined yet. It is still unclear, whether there is a receptor for EpOMEs or DiHOMEs. For the G2A receptor a low affinity binding of EpOMEs has been reported (Lahvic et al., 2018). Regarding the described high toxicity of DiHOMEs Greene and colleagues proposed that it does not seem to be a receptor-mediated mechanism (Greene et al., 2000b).




HODEs

The hydroperoxides HODEs are stable oxidation products of LA. Their concentrations are elevated under oxidative stress such as ischemic brain injury or cardiac arrest (Liu et al., 1998; Yoshida and Niki, 2006; Hennebelle et al., 2017). How the HODEs are synthesized is not fully understood. An earlier study suggested that 15-LOX oxidized LA to 13-HPODE, that is reduced through glutathione–peroxidase to 13-HODE (Reinaud et al., 1989). Inhibition experiments indicate that especially 13-HODE is produced by LOX enzymes, whereas, 8-,9-, 11- and 14-HODE are produced in microsomes either through PGH synthase, lipoxygenase or non-enzymatically (Oliw, 1994; Engels et al., 1986; Green, 1989; De Meyer et al., 1992; Jisaka et al., 1997).

The 13-HODE increases calcium influx and intracellular cGMP levels inducing relaxation of canine splenic and coronary artery segments (De Meyer et al., 1992; Stoll et al., 1994). This effect might be mediated through an L-type channel that is regulated by a cGMP-dependent kinase (Stoll et al., 1994). On the other hand, at high concentrations 13-HODE contract the segments by activation of thromboxane receptor (De Meyer et al., 1992). Together with 9-HODE, it also binds in a micromolar range to PPARγ, depending on the activation state of macrophages, and causes increased activity of fatty acid binding protein 4 (Nagy et al., 1998; Ricote et al., 2000; Itoh et al., 2008; Vangaveti et al., 2018) (Table 1B). A receptor with higher binding affinity for 13-HODE has not yet been identified.

However, 9(S)- and 13-HODE seem to antagonize intracellular calcium influx, mediated by the cold-thermosensor of sensory nerves in deeper tissue TRPM8 and seem to activate TRPA1 in a heterologous expression system. However, 13-HODE was more potent in TRPA1 activation than 9-HODE (De Petrocellis et al., 2012). In this system, 9-HODE was also able to activate TRPV1-mediated intracellular calcium elevation at a nanomolar range, whereas 13-HODE was not such effective (Patwardhan et al., 2009; Patwardhan et al., 2010; De Petrocellis et al., 2012; Alsalem et al., 2013). In trigeminal neurons, capsaicin-sensitive neurons responded to 9-HODE by an increase of intracellular calcium level (Patwardhan et al., 2009; Patwardhan et al., 2010). Injection of 9-HODE and 13-HODE into the paw caused strong spontaneous nociceptive behavior and thermal hypersensitivity in rats (Patwardhan et al., 2010). Interestingly, when 9-HODE was injected intrathecally a longer mechanical allodynia was seen than with capsaicin (Patwardhan et al., 2009). Antinociception and reversion of mechanical allodynia was obtained when LA oxidation or HODEs were blocked (Patwardhan et al., 2009; Patwardhan et al., 2010). However, intrathecal injection of 9- and 13-HODE blocking antibodies had no effect on thermal allodynia (Green et al., 2016). In the periphery, the concentrations of 9- and 13-HODE as well as their metabolites 9- and 13-oxoHODE were elevated after severe burn injury, in irradiated or in heated skin and mediated inflammatory heat hyperalgesia (Patwardhan et al., 2010; Alsalem et al., 2013; Green et al., 2013; Sisignano et al., 2013). The occurring thermal hypersensitivity was reduced by injection of 9- and 13-HODE blocking antibodies into the paw, suggesting a local effect of the LA metabolites. This local effect of 9- and 13-HODE blocking antibodies was also seen in thermal injury and in chronic inflammatory hyperalgesia in the paw, as well as after inhibition of CYP enzymes, indicating CYP enzymes to produce TRPV1 active metabolites of LA (Ruparel et al., 2012a; Green et al., 2013). Likewise, an attenuation of inflammatory hyperalgesia was observed after inhibition of 15-LOX in paw tissue, but no altered calcium response was produced by exogenous 9- and 13-HODE in DRGs. The authors concluded both lipids to be responsible for the TRPV1-mediated calcium influx (Alsalem et al., 2013).

In chemotherapy-induced neuropathic pain 9-HODE levels were elevated in sciatic nerve and DRG neurons indicating a release by neuronal tissue (Hohmann et al., 2017). Both, 9- and 13-HODE also can be generated from non-neuronal tissue (Patwardhan et al., 2010) (Table 1B). However, the concrete binding action to a receptor of 13-HODE remains elusive.

In contrast, 9-HODE binds to the GPCR G2A, a receptor that is expressed by immune cells, especially by macrophages and T cells (Obinata et al., 2005; Kabarowski, 2009), but also by TRPV1-positive primary sensory neurons (Kwan et al., 2007). In contrast, 13-HODE only showed moderate activity on G2A (Yin et al., 2009; Hohmann et al., 2017).

The 9-HODE evokes intracellular calcium mobilization, activation of c-Jun N terminal kinase (JNK), and inhibition of cAMP accumulation (Obinata et al., 2005). In human keratinocytes and HaCaT cells oxidative stress resulted in G2A expression and 9-HODE generation. The 9(S)-HODE then caused enhanced IL-6, -8 and release of granulocyte-macrophage colony-stimulating factor (GM-CSF), as well as inhibited proliferation due to cell cycle arrest in the G0/1-phase (Hattori et al., 2008; Obinata and Izumi, 2009). These effects were not observed with 13-HODE (Hattori et al., 2008).

G2A activation by 9-HODE is concentration-dependent and in oxaliplatin-induced peripheral neuropathic pain (OIPN) it can lead to TRPV1 sensitization (Hohmann et al., 2017). Injection of 9-HODE during OIPN causes increased mechanical hypersensitivity in vivo that seems to be mediated by a protein kinase C (PKC)-dependent mechanism, whereas direct injection into the paw of naïve wild-type mice had no effect on nociceptive behavior (Hohmann et al., 2017) (Table 1B).

In conclusion, 9-HODE plays an important role during inflammatory and neuropathic pain, possibly by binding to the G2A receptor and sensitizing TRPV1. On the other hand, the effects of 13-HODE seem to be more restricted to the skin and the cardiovascular milieu. However, all studies were performed in vitro or in mice so far. Less is known about the effects of 9- and 13-HODE in chronic or persistent pain patients. One study observed elevated 9- and 13-HODE plasma levels in patients with chronic neck pain (Hellstrom et al., 2016). Herein, 9- and 13-HODE levels showed a positive correlation to the daily pain rate (Hellstrom et al., 2016). Nevertheless, further investigations are needed to evaluate the role of 9- and 13-HODE in chronic and persistent pain in humans.




Additional Metabolites of LA and AA

Recently further LA metabolites were found to play a role in pain and itch. In inflamed psoriatic human skin, the concentrations of the previously unknown endogenous lipids 11-hydroxy-12,13-tans-epoxy-(9Z)-octadecenoate (11H-12,13E-LA) and the already known 13-hydroxy-9,10-trans-epoxy-(11E)-octadecenoate (13H-9,10E-LA) were increased. These lipids were also capable of sensitizing primary afferent DRG neurons and induction of thermal hypersensitivity (Ramsden et al., 2017). Interestingly, in the amygdala, the concentrations of 13H-9,10E-LA were reduced in chronic inflammatory pain (Jensen et al., 2018). This metabolite is suggested to be synthesized by conversion of HODEs through CYP450, whereas the synthesis pathway of 11H-12,13E-LA and other metabolites is still unclear (Ramsden et al., 2017). They may be released by phospholipases or may be metabolized by peroxidation followed by hydroperoxide isomerization of LA (Ramsden et al., 2017). The concentrations of 11H-12,13E-LA are positively correlated with the occurrence of daily headaches in patients. Thus, lowering dietary intake of LA caused a reduction of 11H-12,13E-LA concentrations in plasma (Ramsden et al., 2017).

Not only in plasma was a correlation of the LA metabolites and pain observed. In psoriatic lesions the LA metabolite 9-keto-12,13-trans-epoxy-10E-octadecenoate (9K-12,13E-LA) was found to be increased and induced itch relating behavior (Ramsden et al., 2017).

Likewise, other lipids seem to influence chronic and persistent pain. The enzyme phospholipase A2 (PLA2), responsible for liberating AA of the phospholipid membrane, hydrolyzes the ester bond of glycerophospholipids to release polyunsaturated fatty acids and lysophopholipids like lysophosphatidylcholine (LPC) (Murakami and Kudo, 2002; Andersson et al., 2007]. LPC increases the temperature activation threshold of TRPM8 and thus increase cold sensitivity (Andersson et al., 2007; Gentry et al., 2010; Dennis and Norris, 2015). Decrease of LPC by inhibition of cytosolic calcium independent PLA2 (iPLA2) causes a reduction of calcium influx. When iPLA2 synthesizes LPC, the LPC further leads to prolonged TRPM8 channel opening, suggesting LPC as potent TRPM8 activator (Vanden Abeele et al., 2006) (Table 1C).



Table 1C | Other recently described lipids in inflammation and pain.
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Upon intense stimulation of spinal cord neurons LPC is generated followed by a conversion through the extracellular lysophospholipase D autotaxin to lysophosphatidic acid (LPA) (Ueda, 2011). The roles of LPA in neuropathic pain are reviewed elsewhere in more detail (Ueda, 2011). In general, LPA leads to activation of peripheral nociceptor endings by increasing pain transmission, PKCγ signaling and leading to the release of histamine (Ueda, 2011). Furthermore, LPA activates the LPA1 receptor and by this RhoA-rho-associated, coiled-coil-containing protein kinase 1 (ROCK)-JNK signaling resulting in a negative regulation of myelin protein gene expression, which may cause demyelination (Ueda, 2011). Studies indicate that LPA induces calcium signaling in microglia, as well as proliferation, adenosine triphosphate (ATP) release and ERK signaling during the early stage of neuropathic pain development (Blaho and Hla, 2011; Ueda, 2011).

The expression of the LPA1 receptor is altered through signaling of sphingosine-1-phosphate (S1P), which is altered in chemotherapy-induced peripheral neuropathy (CIPN) and associated pain (Blaho and Hla, 2011; Stockstill et al., 2018). S1P signaling induces TNFα and IL-1β release, decrease of anti-inflammatory cytokines and activation of p38 signaling (Blaho and Hla, 2011; Stockstill et al., 2018). Apart from that, ex vivo S1P mediated LPC activation (Blaho and Hla, 2011).

Nerve-injury induced neuropathic pain and ongoing pain can be reduced by application of neuroprotectin D1 (NPD1) (Xu et al., 2013b). It can be synthesized from LA, which is converted through desaturases into eicosapentaenoic, into docosahexaenoic acid and then to NPD1 (Coste TC et al., 2003; Xu et al., 2013b; Dennis and Norris, 2015; Bang et al., 2018). NPD1 induces the inhibition of inflammation and inflammatory pain, by reducing IL-1β, C-C motif chemokine ligand 2 (CCL2) expression and phosphorylation of p38 and ERK (Xu et al., 2013b; Bang et al., 2018). This effect was a Gi-mediated mechanism by the GPCR GPR37, which is mainly expressed on macrophages (Bang et al., 2018). Thereby NPD1 increases phagocytosis of macrophages, as well as expression of IL-10 and TGF-β in acute inflammation (Bang et al., 2018) (Table 1C). Whether the infiltration of inflammatory macrophages into DRG neurons is prevented through NPD1–GPR37 binding or by action of NPD1 itself is still unclear. However, treatment with NPD1 is effective in reducing neuropathic pain in vivo. It also shows no anti-nociceptive tolerance as opioids does and is capable of preventing diabetes-induced mechanical hypersensitivity (Xu et al., 2015). Thus, it seems to be a promising agent against neuropathic pain, which should be studied in more detail.





Pharmacological Implications of Lipid Signaling in Chronic and/or Neuropathic Pain

The above-mentioned involvement of signaling lipids in different aspects of peripheral or central sensitization and their essential role in the pathophysiology of chronic and neuropathic pain raises the question, whether targeting synthesis, metabolism, or downstream signaling of these lipids may be a novel pharmacological strategy for the treatment of persistent pain states in patients. In this section, we therefore analyze and critically discuss the role of crucial proteins involved in lipid bioactivation and oxygenation, such as phospholipases and lipid oxygenases, lipid metabolism, such as soluble epoxide hydrolase, and lipid receptors, such as G2A and FFAR as targets for the treatment of chronic or neuropathic pain states.

The strongest evidence for the crucial involvement of lipid signaling in pain pathophysiology are prostaglandins, synthesized by cyclooxygenases COX-1 and COX-2. Both are targeted by non-steroidal anti-inflammatory drugs (NSAIDs), such as ibuprofen and diclofenac, which are widely used for the treatment of inflammatory pain (Day and Garry, 2013).

The significance of prostaglandins in inflammatory pain suggests an equally important role for other lipids in the pathophysiological processes of different pain states and that their regulating enzymes may represent targets for the development of novel analgesics, as shown by recent studies.



Phospholipases

The crucial enzymes for bioactivation of signaling lipids and for releasing them from complex membrane forming lipids are phospholipases. In this group of enzymes, cPLA2, iPLA2, and the extracellular phospholipase D2 autotaxin seem to be particularly important for the release of fatty acids and lysophospholipids (Astudillo et al., 2018; Law et al., 2019).

Both, cPLA2 and iPLA2, are highly expressed in peripheral sensory neurons and central nervous neurons. cPLA2 cleaves fatty acids, such as linoleic acid and arachidonic acid by hydrolyzing the sn2 ester bond in phospholipids leading to bioactivation and liberation of these fatty acids (Farooqui et al., 2006; Sun et al., 2014). The activation of cPLA2 in peripheral sensory neurons is caused by increases in intracellular calcium concentrations through ion channels or release of intracellular calcium stores and by subsequent activation of Ca2+/calmodulin-dependent protein kinase II (CaMKII). These synergistic mechanisms lead to enhanced activity of cPLA2 which has been connected with increased neuronal activity and nerve-injury-induced neuropathic pain in preclinical studies (Tsuda et al., 2007; Hasegawa et al., 2009).

In contrast, iPLA2 activation does not depend on intracellular calcium changes. Other than cPLA2, iPLA2 cleaves the head group of complex phospholipids, resulting in release of lysophospholipids (Ramanadham et al., 2015). During nerve-injury-induced neuropathic pain, spinal cPLA2 and iPLA2-activity are increased. Thus, intrathecal injection of both the dual PLA2 inhibitor Arachidonyl trifluoromethyl ketone (AACOCF3) and the selective iPLA2 inhibitor bromoenol lactone (BEL) caused a reduction of lipid release in the spinal cord and neuropathic pain in vivo (Ma et al., 2010). Moreover, administration of the dual PLA2-inhibitor AACOCF3 reduced thermal hyperalgesia and formalin-induced flinching in vivo (Lucas et al., 2005) (Table 2, Figure 2) suggesting an involvement of PLAs in the pathophysiological processes leading to inflammatory and/or neuropathic pain.



Table 2 | The role of proteins involved in lipid release, synthesis and metabolism, as well as lipid GPCRs in various pathophysiological mechanism of persistent and neuropathic pain.
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Figure 2 | Proteins of lipid release, synthesis and metabolism in the pathology of persistent and/or neuropathic pain states. Shown are the proteins involved in release of lysophospholipids (in beige background), synthesis and metabolism of linoleic acid metabolites (in white background) or arachidonic acid metabolites (in grey background) and the respective pain state that each protein is connected with. White arrows indicate unknown synthesis or metabolism pathway. PLA, phospholipase; LA, linoleic acid; AA, arachidonic acid; LPC, lysophosphatidylcholine; CYP, cytochrome-P450-epoxygenase; LOX, lipoxygnease; sEH, soluble epoxide hydrolase; EET, epoxyeicosatrienoic acid; EpOME, epoxyoctadecadienoic acid; HODE, hydroxyotadecadienoic acid; DHET, dihydroxy-eicosatrienoic acid; DiHOME, dihydroxy-octadecenoic acid.




In contrast to the intracellular acting PLAs, autotaxin is an extracellular phospholipase D that processes released lysophospholipids, such as lysophosphaditylcholine, by removing the choline head group. This results in the bioactivation of free lysophosphatidic acids (Albers and Ovaa, 2012). In plasma and synovial fluid of patients suffering from knee osteoarthritis and associated pain, autotaxin is markedly increased and seems to correlate with severity of osteoarthritis in patients (Mabey et al., 2015). Recently, potent and orally available inhibitors of autotaxin have been developed (Jones et al., 2016). Administration of one test compound caused a decrease of joint pain in the mono-sodium iodoacetate (MIA) model of osteoarthritis as well as a reduction of bone fracture pain in the osteotomy model in rodents (Thirunavukkarasu et al., 2017) (Figure 2, Table 2). Moreover, in the pathophysiological process of nerve-injury-induced neuropathic pain, LPAs seem to contribute to Schwann cell degradation and demyelination (Inoue et al., 2008). However, the role of autotaxin inhibitors in this context has not yet been investigated.

These observations imply a role for phospholipases in pain pathophysiology. However, the central role of these enzymes in the bioactivation of signaling lipids in many different contexts hamper specific targeting of these enzymes in chronic and/or neuropathic pain states respectively. For example, cPLA2 seems to play a role in a variety of diseases which involve transient or chronic inflammation, such as brain injury, pulmonary fibrosis and Alzheimer’s disease (Dennis et al., 2011). However, the role of cPLA2 in these pathophysiological contexts seems to be contrasting, as it’s metabolites may have beneficial effects for example in cardiac fibrosis, but may also promote disease progression and severity, as for example in allergic reactions (Aloulou et al., 2012). Similar contrasting effects are known for iPLA2 in many different disease states (Ramanadham et al., 2015).

These contrasting roles and the essential requirement of phospholipases in many physiological and pathophysiological conditions, speak against systemic targeting of phospholipases during pain treatment, as many unwanted effects are likely to occur. In this regard, it may be more useful to apply phospholipase inhibitors more locally and transiently to inhibit phospholipases only in specific cellular subpopulations and only at the time of their aberrant activity. However, until now, there is no pharmacological inhibitor of phospholipases available for clinical use. In general, more research is required to understand the specific contribution of phospholipases to persistent pain states, as well as their temporal activity in pain pathophysiology that may allow targeting these enzymes for the treatment of chronic or neuropathic pain in patients.




Lipid Oxygenases — CYP and LOX

The liberation of fatty acids from membrane lipids by cPLA2 makes them available as substrates for lipid oxygenases. There are three main classes of lipid oxygenases: 1. the above-mentioned cyclooxygenases (COX), 2. lipoxygenases (LOX) and 3. cytochrom-P450-epoxygenases (CYP). Because the role of COX and its prostanoid metabolites in persistent pain states have been reviewed previously (Eisenach et al., 2010; Chen et al., 2013), we focus on recent observations involving LOX and CYP enzymes in inflammatory or neuropathic pain states.

Lipoxygenases catalyse their reaction with iron and CYP-epoxygenases contain a full cytochrome as cofactor. Lipoxygenases usually attach a hydroperoxide group onto one of the substrates’ double bonds that is subsequently reduced to a hydroxide group. CYP-epoxygenases attach epoxide groups or terminal hydroxide groups to their substrate fatty acids. These enzymes can oxidize a variety of different substrates, but the most abundant are the ω-6 fatty acids linoleic acid (giving rise to oxidized linoleic acid metabolites) and arachidonic acid (giving rise to oxidized eicosanoids, Figure 2) (Haeggstrom and Funk, 2011; Xu et al., 2013a; Spector and Kim, 2015).

Several lines of evidence suggest a crucial role for CYP-epoxygenases of the subfamily 2J in the pathogenesis of persistent or neuropathic pain.

The expression of the genes encoding for the CYP-epoxygenase isoforms 2J and 3A was elevated in dental pulp samples of patients with inflammatory dental pain as well as in trigeminal neurons of rats during complete Freund’s adjuvant (CFA)-induced inflammatory pain (Ruparel et al., 2012b; Ruparel et al., 2013). In this context, treatment of rodents with the unspecific CYP-epoxygenase inhibitor ketoconazole caused a reduction of pain hypersensitivity during CFA-induced inflammation (Ruparel et al., 2012a).

CYP-epoxygenases are essential proteins for the biotransformation of xenobiotic substances. Therefore, exogenous and potentially toxic substances may trigger increased activity of CYP-epoxygenases (Murray, 2016). Indeed, it was shown that paclitaxel, a cytostatic that is widely used for the treatment of breast cancer and that causes neuropathic pain in patients, can enter peripheral sensory neurons easily (Park et al., 2013). In a preclinical study it was observed that paclitaxel causes increased expression of the gene encoding for the CYP-epoxygenase isoform 2J6 (CYP2J6, in human: CYP2J2) in murine sensory neurons. Administration of the CYP2J2 inhibitor Telmisartan was sufficient to reduce neuronal synthesis of CYP2J2 derived oxidized lipids and to reduce mechanical hypersensitivity of mice during paclitaxel-induced neuropathic pain in a dose-dependent and preventive manner (Sisignano et al., 2016) (Figure 2, Table 2).

Apart from CYP-epoxygenases, available free linoleic and arachidonic acid can also be converted by lipoxygenases (LOX).

As stated above, the hydroxylated linoleic acid metabolites 9- and 13-HODE show pronociceptive effects in preclinical inflammatory and neuropathic pain models. Unlike other lipids discussed in the first chapter, the synthesizing enzyme for HODEs, particularly for 9-HODE, remains unclear. Likewise, for novel linoleic acid-derived hydroxy-epoxy or keto epoxy-mediators that have been described to contribute to pain and itch (Ramsden et al., 2017), the synthesis pathway and the involvement of specific lipoxygenases and/or CYP-epoxygenases is unclear. However, the presence of non-terminal hydroxide groups in these lipids implies a role for LOX enzymes in their synthesis.

In the state of inflammatory pain, the expression of the gene encoding for eLOX3 was found increased in the spinal cord. Additionally, microglial expression of the gene encoding for 15-LOX-1 was elevated after LPS-induced induction of spinal toll-like receptor 4 (TLR4) in rodents, pointing towards induction of specific spinal lipoxygenase isoforms during inflammatory pain (Gregus et al., 2013; Gregus et al., 2018). Indeed, systemic treatment with the unspecific LOX inhibitor nordihydroguaiaretic acid (NDGA) caused a reduction of spinal LOX-derived lipids and led to a decrease of mechanical hypersensitivity in rats during carrageenan-induced inflammatory pain (Buczynski et al., 2010). In another study, dissolved compounds isolated from heated skin superfusates were injected intraplantar to induce a peripheral inflammation and inflammatory pain. In this model, peripheral intraplantar injection of the LOX inhibitor NDGA in the inflamed paw of rodents caused a reduction of inflammatory heat hyperalgesia in vivo (Patwardhan et al., 2010) (Figure 2, Table 2).

In summary, these results are promising and indicate a crucial role for CYP2J2 in paclitaxel-induced neuropathic pain and for both CYP2J2 and specific lipoxygenase isoforms in inflammatory pain. Telmisartan can be easily repurposed as CYP2J2 inhibitor due to long clinical experience with this drug and its good tolerability in patients (Battershill and Scott, 2006), whereas the unselective antifungal CYP-inhibitor ketoconazole is not suitable for systemic use due to high cross-reactivity, and it may cause hepatotoxicity upon systemic administration (Gupta and Lyons, 2015).

For the above-mentioned lipoxygenases eLOX3 and 15-LOX-1 specific and clinically available inhibitors are lacking. The unspecific inhibitor NDGA that was used in rodent models is not suitable for clinical use in patients and may cause unwanted side effects. Moreover, it may inhibit isoforms of lipoxygenases that are required for normal lipid homeostasis under physiological conditions. Therefore, more research is required on identification and clinical development of safe and specific inhibitors of lipoxygenase isoforms that are dysregulated in persistent pain states. These substances may be used as novel analgesics for the treatment of persistent and neuropathic pain in patients.




Soluble Epoxide Hydrolase

Soluble epoxide hydrolase (sEH) is the enzyme that converts epoxylipids, such as EpOMEs and EETs to diol lipids by hydrolysis of the epoxide group (Yu et al., 2000). This enzyme has a unique dual functioning role, as it contains both a hydrolase domain, that is responsible for lipid hydrolysis, and a lipid phosphatase domain which may be involved in the metabolism of lysophosphatidic acids (LPAs) (Newman et al., 2003; Morisseau et al., 2012). However, the role of the phosphatase group, especially in pathophysiological states, is unknown, and the available inhibitors of sEH mainly target the hydrolase domain (Shen and Hammock, 2012).

Inhibiting sEH leads to an increase in cellular and systemic epoxylipid concentration and a decrease in the concentrations of diol-metabolites. Because epoxy-metabolites of arachidonic acid (EETs) have previously been identified as potent vasodilators, and sEH-inhibition leads to their systemic accumulation, sEH inhibitors were considered as promising novel pharmacological therapies for the treatment of cardiovascular diseases (Imig and Hammock, 2009). However, later studies demonstrated the involvement of epoxylipids, diol-metabolites, and sEH as their regulatory enzyme in the pathogenesis of persistent and neuropathic pain.

It was shown that the inhibition of sEH can reduce the levels of the proinflammatory and proalgesic mediator prostaglandin E2. sEH may also reduce the activity of spinal COX-2 during inflammatory pain, which points towards a cross-regulation of CYP and COX pathways. Moreover, treatment of rodents with sEH inhibitors caused a reduction of inflammatory pain hypersensitivity in vivo (Inceoglu et al., 2006; Schmelzer et al., 2006; Inceoglu et al., 2008) (Table 2, Figure 2).

Interestingly, the analgesic efficacy of sEH inhibitors seems to be not only restricted to inflammatory pain. In a rat model of streptozotozin (STZ)-induced diabetic neuropathy, the administration of three different sEH-inhibitors caused a reduction of mechanical hypersensitivity in vivo. This effect was similarly strong as the analgesic effect of the calcium channel blocker gabapentin (Inceoglu et al., 2012).

The antihyperalgesic effects of sEH inhibitors in preclinical studies are impressive and suggest sEH as promising target for the development of novel analgesics but there are still many open questions and limitations of these compounds for a clinical use in patients. The mechanistic basis of their actions has long been attributed to systemic increase of epoxylipid concentrations and their anti-inflammatory actions (Thomson et al., 2012).

Moreover, the diol metabolites of sEH were previously considered to be biologically less active than their parent epoxilipids (Spector and Norris, 2007). However, this image is challenged by recent studies and there is evidence for the involvement of diol-lipids in several pathophysiological mechanisms. In one study, the linoleic acid-derived diol metabolite of sEH, 12,13-DiHOME was identified as TRPV1-sensitizing mediator that is produced in neuronal tissue during zymosan- or CFA-induced inflammatory pain. Treatment of mice with the sEH inhibitor TPPU causes a reduction of 12,13-DiHOMEs synthesis in neuronal tissue and reduces both CFA- and zymosan-induced thermal hyperalgesia in vivo (Zimmer et al., 2018) (Figure 2, Table 2). Similarly, the sEH metabolite 19,20-DHDP has recently been identified as crucial mediator of diabetic retinopathy and treatment of mice with an sEH inhibitor caused a reduction of 19,20- Dihydroxydocosapentaenoic acid (19,20-DHDP) concentrations in the retina and a reduction of diabetic retinopathy in vivo (Hu et al., 2017).

These recent observations challenge the idea, that diol-metabolites are less active than their parent epoxylipids. Moreover, these results indicate that the effects of sEH-inhibitors may be caused not just by increasing epoxylipid concentrations, but by a simultaneous decrease of diol-lipid concentrations.

However, it is still unknown which physiological and pathophysiological role the phosphatase domain of sEH has. It has been proposed that the phosphatase domain may be relevant for the metabolization of lysophosphatidic acids (LPAs) (Morisseau et al., 2012). This indicates that sEH may be a crucial regulator at the interface of both lysophospholipid and fatty acid metabolism, yet more research is required to identify the role of this enzyme and in particular, the regulatory functions of the phosphatase domain in physiological and pathophysiological processes.

Additionally, it remains to be investigated which potential side effects sEH inhibitors may cause. For example, the sEH inhibitor 12-(3-adamantan-1-yl-ureido)-dodecanoic acid (AUDA), that was used in early in vivo studies, was found to directly activate the peroxisome proliferator-activated receptor (PPAR)-α (Fang et al., 2005). This receptor may in part be responsible for some of its anti-inflammatory effects independent of lipid-mediated effects. However, newer soluble epoxide hydrolase inhibitors seem to be more specific (Lee et al., 2014). Indeed, selected sEH-inhibitors have already proceeded to clinical testing in inflammatory contexts (clinicaltrials.gov), but conclusive results concerning their effects in patients have not yet been published.




Lipid GPCRs

G-protein coupled receptors (GPCRs) are still the most important target proteins in pharmacology and by now the high-resolution structures of more than 50 individual GPCRs have been solved (Alexander et al., 2017). Among these GPCRs are also specific receptors for signaling lipids which contribute to the transmission of cell-cell-signals in physiological and pathophysiological conditions. The pain relevant GPCRs comprise of prostanoid receptors, cannabinoid receptors, leukotriene receptors, as well as LPA receptor 1 and 3, S1P receptor 1, G2A, FFAR1 (GPR40) and GPR37 (Audet and Stevens, 2019). While the various functions of prostanoid and cannabinoid receptors have previously been reviewed (Manzanares et al., 2006; Narumiya, 2007), we focus on recently described lipid GPCRs that may be involved in pathogenesis of persistent and neuropathic pain and may represent targets for the development of novel analgesics (Figure 3).
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Figure 3 | Lipid GPCRs in the pathology of persistent and/or neuropathic pain states. Shown are the six lipid GPCRs that are discussed in the manuscript with an exemplary lipid ligand and their respective intracellular signaling pathways, their cellular distributions and signaling functions in persistent pain states at the interface of the peripheral and central nervous system. LPA, lysophosphatidic acid; LPAR, lysophosphatidic acid receptor; PLC, phospholipase C; BDNF, brain-derived neurotrophic factor; DHA, docosahexaenoic acid; FFAR, free fatty acid receptor; GPR, G-protein coupled receptor; sEPSCs, spontaneous excitatory postsynaptic currents; TNF-α, tumor necrose factor-alpha; IL-1β, interleukin-1-beta; S1P, sphingosine-1-phosphate; S1P1R, sphingosine-1-phosphate receptor; NFκB, nuclear factor kappa-light-chain-enhancer of activated B-cells; HODE, hydroxyotadecadienoic acid; G2A, G2-accumulating GPCR; LTB4, leukotriene B4; BLT, B-leukotriene receptor; PKC, protein kinase C; TRPV1, transient receptor potential vanilloid 1 channel; NPD1, neuroprotectin D1; TGF, transforming growth factor-beta; IL-10, Interleukin-10.





Fatty Acid GPCRs — G2A and FFAR1

The PTX-sensitive G2A receptor (GPR132) was initially described to be accumulating in the G2/M phase of the cell cycle and generally seems to be induced by DNA damage and related cellular stress. Due to the accumulation of the receptor in the G2 phase it was named G2A(ccumulating) receptor (Weng et al., 1998). By means of sequence analysis and comparison to different classes of GPCRs, G2A was categorized within the group of proton-sensing GPCRs and seems to be activated by mild pH reduction (Murakami et al., 2004). However, G2A lacks crucial histidine residues, that all other proton-sensing GPCRs [GPR4, T-cell death associated gene 8 (TDAG8) and Ovarian cancer G-protein coupled receptor 1 (OGR1)] contain and is therefore only weakly activated by pH reduction (Radu et al., 2005). In contrast, heterologous expressed G2A can be activated by various oxidized eicosanoids and linoleic acid metabolites. The strongest activator seems to be the oxidized linoleic acid metabolite 9-HODE (Obinata et al., 2005).

G2A is expressed in immune cells, such as macrophages, neutrophils, and T-cells, but also in a subset of TRPV1- and isolectin B4 (IB4)-positive primary sensory neurons in the dorsal root ganglia (Kwan et al., 2007; Justus et al., 2013). In these neurons, G2A seems to be activated by excessive 9-HODE and seems to contribute to TRPV1 sensitization via Gq-coupling and activation of PKC during oxaliplatin-induced neuropathic pain. This causes increased activity of sensory neurons, increased release of the proinflammatory neuropeptide CGRP and contributes to oxaliplatin-induced mechanical hypersensitivity in vivo. Indeed, the oxaliplatin-induced mechanical hypersensitivity is significantly reduced in G2A-deficient mice (Hohmann et al., 2017). In macrophages, G2A seems to be responsible for mechanisms involved in migration. Indeed, G2A-deficient mice that were peripherally injected with zymosan, showed reduced numbers of infiltrating macrophages and a decreased intensity of zymosan-induced thermal hyperalgesia compared with wild-type mice (Kern et al., 2018).

These observations point towards a central role of G2A in sensitization processes of peripheral sensory neurons either by direct activation of neuronal PKC and sensitization of TRPV1 or indirectly, by influencing immune cell migration in local inflammations (Figure 3, Table 2).

However, there are currently no selective inhibitors of G2A available which hamper characterization of the role of this receptor in pain pathogenesis and other pathophysiological states. A G2A inhibitor may be used as leads for clinical development. Moreover, the role of G2A under physiological conditions is not well understood and recent studies point towards involvement of this receptor in hematopoiesis (Lahvic et al., 2018).

In summary, although G2A may be a promising target for the development of novel analgesics, research on this receptor is currently at a very early stage and many open questions remain to be answered.

The free-fatty acid receptor 1 FFAR1 (GRP40) is activated by medium- and long-chain fatty acids, plays an important role in glucose homeostasis and insulin secretion and is a long known and well-studied target for the treatment of type 2 diabetes (Wagner et al., 2013).

However, FFAR1 also seems to be expressed in peripheral sensory neurons in the dorsal root ganglia, as well as in spinal cord neurons. Indeed, intrathecal injection of the selective FFAR1 agonists MEDICA16 or GW9508 caused a reduction of mechanical hypersensitivity in CFA-induced inflammatory pain and spinal nerve ligation (SNL)-induced neuropathic pain, as well as a reduction of thermal hyperalgesia in carrageenan-induced inflammatory pain in vivo (Karki et al., 2015). This confirms previous results, that intrathecal injection of GW9508 reduced formalin-induced pain behavior in mice possibly via increase of hypothalamic β-endorphin (Nakamoto et al., 2012).

Apart from a potential involvement of the endogenous opioid system, the mechanistic basis of the analgesic effects of FFAR1-agonists in various pain models is still unclear. It should be investigated whether these effects are indeed mediated by FFAR1 or caused by unspecific off-target effects by the FFAR1 agonists. In this regard, more research is required to identify the mechanistic involvement of FFAR1 in sensitization and increased activity of peripheral sensory neurons during inflammatory and neuropathic pain. The fact that FFAR1 agonists are already tested in clinical trials (clinicaltrials.gov) and may be available for diabetes patients in the near future, may facilitate repurposing of these compounds for the treatment of chronic or neuropathic pain (Figure 3, Table 2).




Lysophospholipid Receptors — LPR1 and 3 and S1P1R

By now, six lysophosphatidic acid receptors have been identified (LPAR1-6) with various roles in different tissues and pathophysiological contexts (Yung et al., 2014). The role of lysophosphatidic acid and its receptor LPAR1 in neuropathic pain has first been described in 2004 by Inoue et al. (Inoue et al., 2004). The authors showed that intrathecal injection of LPA directly causes mechanical hypersensitivity in rodents and that mice deficient of LPAR1 showed reduced mechanical hypersensitivity in the partial sciatic nerve injury model of neuropathic pain (Inoue et al., 2004). While LPAR1 is the main LPA receptor expressed in DRG neurons and its activation causes increased neuronal activity, it is also expressed in Schwann cells and seems to be involved in demyelination processes that occur at the onset of neuropathic pain (Ueda et al., 2013). Likewise, it has been observed that both, mice that are deficient of the LPAR1 receptor, as well as pharmacological inhibition of LPAR1 cause a reduction of mechanical hypersensitivity in a carrageenan-induced orofacial model of inflammatory pain (Srikanth et al., 2018). It was also described that LPAR1- or LPAR3-deficient mice show reduced paclitaxel-induced mechanical hypersensitivity (Uchida et al., 2014). Moreover, it was shown that the lipid LPA18:1, which is a ligand for the LPA receptors, also causes direct activation of TRPV1 in sensory neurons by interacting with a C-terminal region of the ion channel (Nieto-Posadas et al., 2011).

These observations in various pain models point towards a central role of the LPA receptor system in modulating neuronal activity, Schwann cell dependent demyelination and inflammatory mechanisms in persistent pain states. However, it remains pharmacologically challenging to selectively target LPAR1 or both LPAR1 and LPAR3 with one compound, without affecting the activity of the remaining four LPA receptors, all of which seem to have central physiological roles in various contexts (Yung et al., 2014). Global inhibition of all LPA receptors may therefore be connected with serious side effects and cannot be recommended. This selectivity problem currently restrains targeting the LPA receptor system in the context of inflammatory or neuropathic pain and requires more research and more selective targeting approaches to exploit the LPA receptor axis for the development of novel analgesics (Figure 3, Table 2).

The lipid sphingosine-1-phosphate (S1P) is one of the most important signaling lipids and regulates many physiological and pathophysiological processes in mammalian cells and tissues via its five G-protein coupled receptors (S1PR1-5) (Maceyka et al., 2012). A study identified a role for this lipid and specifically for the S1P1 receptor in chemotherapy-induced neuropathic pain caused by the proteasome inhibitor bortezomib. The authors of this study found that bortezomib-treatment increased spinal concentrations of S1P and other related lipids from its metabolic pathway. Moreover, bortezomib causes increased activity of spinal astrocytes via S1P1 receptor signaling. Treatment of mice with fingolimod or NIBR14, both of which are selective inhibitors of the S1P1 receptor, caused a reduction of bortezomib-induced mechanical hypersensitivity in vivo (Stockstill et al., 2018). Likewise, inhibition of the S1P1 receptor was found beneficial in chronic-constriction-injury (CCI)-induced neuropathic pain in vivo as published in a recent study. The authors show that nerve injury increases spinal S1P concentrations causing activation of S1P1 receptors in spinal astrocytes, leading to enhanced synaptic activity of sensory neurons. Inhibition of the astrocytic S1P receptor increases release of IL-10 which reduces the inflammatory response and leads to a decrease in synaptic activity of sensory neurons (Chen et al., 2019).

As discussed above, for the LPA receptors, there is currently no selective antagonist clinically available. In contrast, for the S1P1 receptor, fingolimod, a selective S1P1 receptor antagonist, is an already approved drug for the treatment of multiple sclerosis (Pelletier and Hafler, 2012). This could lead to repurposing of fingolimod for the treatment of bortezomib-induced- and nerve-injury induced neuropathic pain in patients (Figure 3, Table 2).




Leukotriene Receptors BLT1 and 2 and the Neuroprotectin Receptor GPR37

The signaling lipid leukotriene B4 that is involved in inflammatory processes and can bind two G-protein coupled receptors, called B-leukotriene receptors (BLT1 and BLT2) (Yokomizo, 2015). A recent study investigated the expression of GPCRs in peripheral sensory neurons of the dorsal root ganglia (DRG) and found that the two BLT receptors are among the 10 GPCRs with the strongest basal expression in DRGs (Zinn et al., 2017). Further investigation revealed that LTB4 shows a biphasic activity pattern in sensory neurons and binds BLT1 with high affinity and BLT2 with lower affinity. Moreover, the activation of the BLT1 receptor causes sensitization of the TRPV1 channel in these neurons. However, activation of the BLT2 receptor reduces sensitization of TRPV1 via activation of calcineurin. Treatment of mice with a BLT2 agonist causes a reduction of mechanical and thermal hypersensitivity in zymosan-induced inflammatory pain in vivo (Zinn et al., 2017). These results identify a self-regulating system of TRPV1 sensitization and neuronal activity by the two BLT receptors and indicate that inhibition of BLT1, activation of BLT2 or both mechanisms synergistically could be exploited for the development of novel analgesics in the context of increased TRPV1 sensitization during inflammatory pain.

The omega-3 lipid Neuroprotectin D1 (NPD1) that is synthesized from the precursor docosahexaenoic acid (DHA) has previously been shown to reduce neurogenic inflammation and mechanical hypersensitivity in nerve-injury models of neuropathic pain by reducing spinal activation of microglia and subsequent release of the proinflammatory mediators TNF-α and CCL-2 (Xu et al., 2013b). However, it remained unclear which receptor is mediating these effects of NPD1. Recently, GPR37 was identified as putative NPD1 receptor, and the lipid causes increases in intracellular calcium in GPR37-transfected cells. Moreover, the NPD1-GPR37-calcium-increase axis seems to regulate phagocytosis of zymosan particles as well as cytokine release by macrophages and seems to promote resolution of inflammation This indicates that GPR37 in immune cells mediates the anti-inflammatory effects of NPD1 in the context of inflammatory and neuropathic pain (Bang et al., 2018) (Figure 3, Table 2). These results imply a central role for GRP37 in the resolution of inflammatory pain.






Concluding Remarks

In conclusion, the above-mentioned studies demonstrate a crucial role for lipids and the corresponding regulatory proteins in processes that lead to persistent and/or neuropathic pain. As pain states are diverse in their respective pathophysiological mechanisms, it became clear in recent years that the contribution of specific lipid mediators to each pain state is also diverse. For example, the linoleic acid metabolite 12,13-DiHOME but not its sister lipid 9,10-DHOME seems to be critically involved in the development of thermal hyperalgesia in CFA- or zymosan-induced inflammatory pain (Zimmer et al., 2018). However, in paclitaxel-induced neuropathic pain, the parent epoxylipids seem to be present in higher concentrations in nervous tissues and seem to be more active than their diol-metabolites (Sisignano et al., 2016). Also, the cellular origin of these lipids may differ in each pain state. Some lipids may be synthesized and released from immune cells as part of the inflammatory response and others may be synthesized and released from neurons upon oxidative or toxic stress.

In recent years, it became clear that the composition and activity of gut microbes influences signaling and communication between gut and brain. Accumulating evidence suggests that alterations in gut–brain signaling may cause pathophysiological changes in the central nervous system that can contribute to the development of diseases such as depression, anxiety, or persistent pain (Mayer et al., 2014).

The contribution of the gut microbiome to persistent pain was described by characterizing germ-free mice in inflammatory pain models. The germ-free mice showed reduced mechanical hypersensitivity in carrageenan-, LPS- or formalin-induced inflammatory pain. Moreover, in germ-free mice reduced concentrations of TNF-α, IL-1b and CXCL1 were observed in carrageenan-induced inflammatory pain (Amaral et al., 2008). Likewise, administration of Lactobacillus strains caused induction of cannabinoid (CB2) and opioid receptors in the intestinal epithelial cells in combination with a reduction of visceral pain in a rat model for irritable bowel syndrome (Rousseaux et al., 2007). Indeed, in the gut brain axis, endocannabinoids and their receptors CB1 and CB2 seem to play a crucial role for bidirectional signaling and crosstalk (Sharkey and Wiley, 2016; Russo et al., 2018). In patients with inflammatory bowel syndrome the concentrations of the endocannabinoid anandamide are significantly reduced in inflamed mucosa (Di Sabatino et al., 2011).

These results show, that the gut microbiome can modulate the activity of sensory neurons by influencing the expression of pain relevant cytokines, chemokines, or G-protein coupled receptors. However, further research is required to clarify the role of other lipids and lipid-related pathways in this context.

Likewise, the contribution of lipid-related proteins to specific pain pathologies seems to differ according to the etiology of the respective pain state and to the cell type in which these proteins are active. For example, activation of the BLT2 receptor in sensory neurons was found to cause TRPV1 desensitization and to ameliorate inflammatory pain (Zinn et al., 2017). In contrast, the S1P1 receptor is mostly expressed in astrocytes not in sensory neurons and seems to contribute to neuropathic pain caused by the cytostatic bortezomib (Stockstill et al., 2018) (see Figure 2, Table 2).

To identify novel targets for the development of analgesics, it is therefore necessary to determine the contribution of each lipid and its associated signaling pathways to each pain state. In this regard, the use of modern technologies, such as tandem mass spectrometry, is extremely helpful and should be adapted as standard analytical method by future studies.

Despite the complex physiological and pathophysiological properties of signaling lipids in persistent and neuropathic pain states, several potentially druggable targets have been identified in recent years. While some proteins, such as GPR37, have just recently been identified as lipid related. Other proteins, such as sEH, are known to be involved in lipid metabolism for many years and inhibitors of sEH have already been tested in clinical trials (Lazaar et al., 2016) and may be available in the near future.

Moreover, lipid-related proteins have been identified in the pathogenesis of neuropathic pain, that can be targeted with already approved drugs, such as CYP2J2 (by telmisartan) (Sisignano et al., 2016) or S1P1 (by fingolimod) (Stockstill et al., 2018). These drugs may easily be repurposed and tested for the treatment of neuropathic pain in patients.

Collectively these results show that targeting lipids and their related proteins is a promising approach in the development of novel analgesics that has already proceeded into clinical testing. However, several questions concerning the above-mentioned lipids and their specific roles in pain pathology remain unanswered. For example, it needs to be investigated if all the above-mentioned lipid mediators are ligands for specific GPCRs. The high number of orphan GPCRs with unknown function or ligand implies, that some of them may be lipid receptors (Tang et al., 2012). Therefore, more research is required to identify specific lipid GPCRs and their respective ligands in pain pathogenesis and to develop pharmacological strategies for targeting lipid mediators or the related proteins with monoclonal antibodies or small molecules for the development of novel analgesics.
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11H-12,13E-LA, 11-hydroxy-12,13-tans-epoxy-(9Z)-octadecenoat; 13-/9-HODE, 13-/9-Hydroxyoctadecadienoic acid; 13H-9,10E-LA, 13-hydroxy-9,10-trans-epoxy-(11E)-octadecenoate; 13H-9,10-E-LA, 13-hydroxy-9,10-trans-epoxy-octadecenoate; 19,20-DHDP, 19,20-Dihydroxydocosapentaenoic acid; 9K-12,13E-LA, 9-keto-12,13-trans-epoxy-10E-octadecenoate; AA, Arachidonic acid; AACOCF3, Arachidonyl trifluoromethyl ketone; ATP, Adenosine triphosphate; AUDA, 12-(3-adamantan-1-yl-ureido)-dodecanoic acid; BEL, Bromoenol lactone; BLT, B-leukotriene receptor; CaMKII, calcium/calmodulin-dependent protein kinase II; cAMP, cyclic adenosine monophosphate; CB, Cannabinoid receptor; CCI, Chronic-constriction-injury; CCL, chemokine ligand; CFA, Complete Freund’s adjuvant; cGMP, cyclic guanosine monophosphate; CGRP, Calcitonin gene-related peptide; CIPN, Chemotherapy-induced peripheral neuropathy; CMKLR, Chemerin chemokine like receptor; CNS, central nervous system; COX, cyclooxygenase; cPLA2, Ca2+-activated phospholipase A2; CXCR4, C-X-C chemokine receptor type 4; CYP450, Cytochrome P450; DHA, Docosahexaenoic acid; DHET, Dihydroxyeicosatrienoic acid; DiHOME, Dihydroxyoctadecenoic acid; DRG, Dorsal root ganglia; DsiRNA, 27mer dicer-substrate silencer RNA; EET, Epoxyeicosatrienoic acid; EIA, enzyme immunoassay; ELISA, enzyme-linked immunosorbent assay; EpOME, Epoxyoctadecenoic acid; ER, Endoplasmatic reticulum; ERK, Extracellular-signal regulated kinase; ESI-LC/MS, electrospray ionization interface liquid chromatography – mass spectrometry; FABP, Fatty acid-binding protein; FACS, fluorescence-activated cell sorting; FFAR, Free fatty acid receptor; G2A, G2 accumulation GPR; GC/EI/MS, gas chromatography electron ionization mass spectrometry; GIRK, G-protein coupled inwardly rectifying potassium channel; GM-CSF, Granulocyte-macrophage colony-stimulating factor; GPCR, G-protein coupled receptor; HETE, Monohydroxyeicosatetraenoic acid; HPETE, Hydroperoxyeicosatetraenoic acid; IB4, Isolectin B4; iCGRP, immunoreactive CGRP; IHC, immunohistochemistry; IKK, Inhibitor of nuclear factor kappa-B kinase; IL, Interleukin; iPLA2, cytosolic calcium independent PLA2; IκB, Inhibitor of NF-κB; JNK, c-Jun N terminal kinase; LA, Linoleic acid; LC-MS/MS, liquid chromatography–tandem mass spectrometry; LOX, Lipoxygenase; LPA, Lysophosphatidic acid; LPAR, Lysophosphatidic acid receptor; LPC, Lysophosphatidylcholine; LPS, Lipopolysaccharide; LTB4, Leukotriene B4; LTP, long-term potentiation; MAPK, Mitogen-activated protein kinases; MCP, Monocyte chemoattractant protein; MELC, multi-epitope-ligand-cartography; MIA, Mono-sodium iodoacetate; MTT, 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NDGA, Nordihydroguaiaretic acid; NF-κB, Nuclear factor kappa-light-chain-enhancer of activated B-cells; NICI/GC/MS, negative ion chemical ionization gas chromatography – mass spectrometry; NK, Neurokinin; NMR, nuclear magnetic resonance; NNT, Number needed to treat; NPD1, Neuroprotection D1; NSAID, Non-steroidal anti-inflammatory drug; OGR1, Ovarian cancer G-protein coupled receptor 1; OIPN, Oxaliplatin-induced peripheral neuropathic pain; PBR, Peripheral benzodiazepine receptor; PG, Prostaglandin; PGE2, Prostaglandin E2; PGG2, Prostaglandin G2; PGH, Prostaglandin H; PI3K/Akt, Phosphoinositide 3-kinase; PKA, Protein kinase A; PKC, Protein kinase C; PLA2, Phospholipase A2; PLAG2A, Phospholipase A2, encoded by the PLA2G2A gene; PNS, Peripheral nervous system; PPAR, Peroxisome proliferator-activated receptor; PTGER/EP, Prostaglandin E receptor; qPCR, quantitative real-time polymerase chain reaction; Rho, Ras homolog GTPase; ROCK, Rho-associated, coiled-coil-containing protein kinase 1; RT-PCR, real-time PCR; S1P, Spingosine-1-phosphate; S1PR, Spingosine-1-phosphate receptor; sEH, Soluble epoxide hydrolase; SNL, Spinal nerve ligation; SPM, Specialized pro-resolving mediators; StARD1, Steroidogenic acute regulatory protein 1; STZ, Streptozotocin; tDPPO, trans-diphenylpropene oxide; TLC, thin layer chromatorgraphy; TDAG8, T-cell death associated gene 8; TG, trigeminal ganglion; TGF, Transforming growth factor; TLR4, Toll-like receptor 4; TNF, Tumor necrosis factor; TP, Thromboxane receptor; TPPU, 1-Trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl) urea; TRP, Transient receptor potential; TRPA, Transient receptor potential ankyrin ion channel; TRPC, Transient receptor potential canonical ion channel; TRPM, Transient receptor potential melastatin ion channel; TRPV, Transient receptor potential vanilloid ion channel; TSPO, Translocator protein; UPLC-MS/MS, ultra-performance liquid chromatography–tandem mass spectrometry; VEGF, Vascular endothelial growth factor; vlPAG, ventrolateral periaqueductal grey matter; Wnt, Int-1 and related genes.
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ATP-sensitive potassium (KATP) channels are found in the nervous system and are downstream targets of opioid receptors. KATP channel activity can effect morphine efficacy and may beneficial for relieving chronic pain in the peripheral and central nervous system. Unfortunately, the KATP channels exists as a heterooctomers, and the exact subtypes responsible for the contribution to chronic pain and opioid signaling in either dorsal root ganglia (DRG) or the spinal cord are yet unknown. Chronic opioid exposure (15 mg/kg morphine, s.c., twice daily) over 5 days produces significant downregulation of Kir6.2 and SUR1 in the spinal cord and DRG of mice. In vitro studies also conclude potassium flux after KATP channel agonist stimulation is decreased in neuroblastoma cells treated with morphine for several days. Mice lacking the KATP channel SUR1 subunit have reduced opioid efficacy in mechanical paw withdrawal behavioral responses compared to wild-type and heterozygous littermates (5 and 15 mg/kg, s.c., morphine). Using either short hairpin RNA (shRNA) or SUR1 cre-lox strategies, downregulation of SUR1 subtype KATP channels in the spinal cord and DRG of mice potentiated the development of morphine tolerance and withdrawal. Opioid tolerance was attenuated with intraplantar injection of SUR1 agonists, such as diazoxide and NN-414 (100 μM, 10 μL) compared to vehicle treated animals. These studies are an important first step in determining the role of KATP channel subunits in antinociception, opioid signaling, and the development of opioid tolerance, and shed light on the potential translational ability of KATP channel targeting pharmaceuticals and their possible future clinical utilization. These data suggest that increasing neuronal KATP channel activity in the peripheral nervous system may be a viable option to alleviate opioid tolerance and withdrawal.
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INTRODUCTION

Potassium channels play a crucial role in controlling the excitability of neurons, including nociceptors and second order neurons in the spinal cord (Rasband et al., 2001). Many potassium channels are indirectly coupled to G-protein signaling pathways, including those from opioid receptors. These channels include G protein-activated inwardly rectifying potassium (GIRK, Kir3) and potassium channel subfamily K member 2 (TREK-1, KCNK2) channels (Marker et al., 2002; Devilliers et al., 2013). ATP-sensitive potassium (KATP) channels are also involved in opioid signaling, and are expressed in nociceptors and spinal cord neurons (Ocaña et al., 1990; Rodrigues and Duarte, 2000; Stötzner et al., 2018). In the brain, chronic morphine exposure decreases the gating kinetics of potassium channels, indicating that decreased downstream opioid receptor coupling may account for opioid tolerance in the nervous system (Chen et al., 2000). The identity of these potassium channels is still up for debate, but it creates a compelling argument that activation of potassium channels could represent an interesting therapeutic solution to morphine tolerance and withdrawal due to their ability to hyperpolarize the membranes in the peripheral and central nervous system and make the neurons less excitable (Christie, 2008).

KATP channels are heterooctomers composed of either Kir6.2/SUR1, Kir6.2/SUR2, Kir6.1/SUR1, or Kir6.1/SUR2 subunits in the nervous system. KATP channels present a potentially attractive peripheral target for the treatment of pain due to the expression of KATP channel subunits, including Kir6.2/SUR1 in dorsal root ganglia (DRG) and Kir6.1/SUR2 and Kir6.1/SUR1 the superficial dorsal horn (Zoga et al., 2010; Wu et al., 2011). KATP channels are known to regulate excitability in a variety of neurons in the peripheral and central nervous system and many studies have implicated that KATP channel activity and/or expression are involved in chronic pain (Kawano et al., 2009a, c; Du et al., 2011; Xia et al., 2014; Zhu et al., 2015; Al-Karagholi et al., 2017). The prominent assumption is uninjured primary afferent neurons express KATP channels and conduct current which is eliminated during neuropathic or inflammatory pain states.

Opioids are one of the most common potent analgesics for the treatment of severe pain, including codeine, hydrocodone, oxycodone, and fentanyl. Although opioids, in general, are not recommended as a first-line treatment for neuropathic pain (Volkow and Koroshetz, 2017), they are still prescribed long-term in 6–32% of patients (Callinan et al., 2017; DiBonaventura et al., 2017; Hoffman et al., 2017). Given that the prevalence of neuropathic pain in the general population, it is possible there are many thousands of patients regularly taking opioid medications for neuropathy. Chronic administration of opioids often leads to the development of analgesic tolerance, leading to dose escalation, which decreases the viability of long-term clinical opioid use. Other issues arising from chronic opioid therapy is the likelihood of withdrawal after the patient ceases therapy, the potential for dependence, the abuse and/or misuse of opioids. Extensive research work has been done to explain the role of various neurotransmitters, channels, and receptor systems in the development of withdrawal syndrome (Cahill et al., 2016) in addition to other unwanted side effects including respiratory depression and abuse liability. Paradoxically, one of the hallmark features of opioid tolerance and withdrawal is the hyperexcitability of the nervous system, including the reversal of tonic inhibition of cAMP signaling and voltage-gated calcium channel function with repeated opioid administration. Reversal of this hyperexcitability of neurons in the spinal cord and DRG, via potassium channels, may improve tolerance and decrease symptoms of withdrawal after chronic opioid use.

In pharmacological studies, KATP channels are implicated in acute opioid analgesia (Welch and Dunlow, 1993), in addition to opioid tolerance and withdrawal after chronic morphine administration (Seth et al., 2010). However, the precise KATP channel subunits and location (e.g., spinal cord versus peripheral nervous system) involved during acute and chronic opioid administration remains to be clarified. This study investigated the roles of KATP channels using pharmacological tools to selectively activate or inhibit the SUR1 KATP channel subtype, and also utilized genetic strategies to delete or reduce activity of SUR1 KATP channel subunits in the nervous system. Our data indicate mice lacking the SUR1 subtype KATP channels have decreased analgesic responses to morphine. Genetic knockdown of SUR1 through AAV9-shRNA and AAV9-Cre recombinase strategies in SUR1 flox mice potentiated development of morphine tolerance and withdrawal, while pharmacological activation of the SUR1 KATP channel subtype attenuates tolerance and withdrawal in mice. These results give new insight into the mechanisms behind opioid tolerance and withdrawal and may aid in the development of new therapeutic strategies to combat the opioid epidemic.



MATERIALS AND METHODS


Animals and Breeding

All experimental procedures involving animals were performed and approved in accordance with the University of Minnesota Institutional Animal Care and Use Committee guidelines. Adult C57Bl6 mice were obtained via Charles River (5–6 weeks old, 20–25 g, Raleigh, NC, United States). Breeding pairs of SUR1 global knock out mice (SUR1 KO) and SUR1 floxed mice (SUR1 flox) mice were obtained from the laboratory of Dr. Joseph Bryan at the Pacific Northwest Research Institute (Seattle, WA, United States) as used in previous studies (Seghers et al., 2000; Nakamura and Bryan, 2014) and kept on a C57Bl6N background. Behavioral experiments were performed on adult mice (>5 weeks age, 20–28 g). Verification of genotype was performed as previously described (Seghers et al., 2000; Nakamura and Bryan, 2014; Luu et al., 2019). Mice were euthanized by isoflurane anesthesia (5%) followed by decapitation at the end of the study.



Spinal Nerve Ligation

To create a model of neuropathic pain in mice, spinal nerve ligation (SNL) was performed on adult male C57Bl6 mice (Kim and Chung, 1992; Ye et al., 2015). The SNL surgery was completed within 20 min as previously described on mice under isoflurane anesthesia (1–3%) in oxygen (Klein et al., 2018). Using aseptic technique, the lumbar spinal region was exposed. After removal of the sixth lumbar transverse process, the left fifth lumbar spinal nerve was tightly ligated with 6-0 silk suture and cut. Lumbar connective tissue, muscle and skin were closed by 4-0 re-absorbable sutures. The right spinal nerves were left intact as a control (contralateral). Mice were returned to their home cages post-operatively and, after 6 weeks, some SNL animals were treated chronically with morphine for 5 days (see below).



Drugs and Delivery

Diazoxide, NN414, pinacidil, nicorandil, gliclazide or glyburide (Sigma Aldrich, St. Louis, MO, United States or Tocris, Minneapolis, MN, United States) were initially diluted in DMSO, then further diluted to a final concentration of 100 μM in 5% DMSO in saline (vehicle). Compounds in this study were administered at concentrations found in previous behavioral studies (Rodrigues and Duarte, 2000; Alves et al., 2004a, b; Maia et al., 2006; Ortiz et al., 2010). Mice were gently restrained during injections using a Plexiglas restrainer. Intraplantar injections were performed by inserting a 27–33 ga needle into the paw at an angle, with the bevel facing the skin, while 10 μL of solution was delivered over 1 min (Klein et al., 2011, 2015). Subcutaneous injections (100 μL) were delivered by grasping the neck skin and pulling upward to create a tent. Typically, mice were tested with different chemicals; to avoid carryover effects, a minimum of 7 days elapsed between successive tests.

Morphine efficacy was determined by using an escalating dose response curve (5–20 mg/kg, s.c.) as described previously in other studies (de Guglielmo et al., 2014; Klein et al., 2018). Morphine doses were calculated to be similar to the human morphine equivalent doses (Nair and Jacob, 2016) found in neuropathic pain and other chronic pain patients (Dunn et al., 2010; Moulin et al., 2015; Cooper et al., 2017). For morphine tolerance experiments in mice, baseline mechanical or thermal paw withdrawal testing was performed before administration of, morphine (Sigma Chemical, St. Louis, MO, United States) subcutaneously (15 mg/kg twice per day, s.c., ∼0800 and ∼1800 h, 100 μL) on days 1–5 as done in previous studies (Liang et al., 2011, 2013; de Guglielmo et al., 2014). Threshold testing was performed ∼30 min post morphine administration in the morning. On day 6, to determine the degree of opioid withdrawal in the absence of morphine, mice paw withdrawal thresholds were assessed ∼18 h after the final dose of morphine.



Mechanical Paw Withdrawal Thresholds

Mice were previously acclimated to the testing environment, a mesh floor with individual clear acrylic chambers. Mechanical paw withdrawal thresholds were determined by use of electronic von Frey testing equipment (Electric von Frey Anesthesiometer, 2390, Almemo® 2450, IITC Life Science, Woodland Hills, CA, United States) (Martinov et al., 2013). The plantar surface of the hind paws were gently pressed with the probe until the force elicited a nocifensive response (i.e., paw lifting, jumping, etc.). Baseline measurements were collected five times from both the right and left hind paw with an interstimulus interval of 1 min.



Thermal Radiant Heat Withdrawal Latency

Mice were acclimated to the testing environment, a glass floor heated to 30°C with individual clear acrylic chambers, on at least 3 separate days. The modified Hargreaves method was used to measure thermal paw withdrawal latency (Plantar Test Analgesia Meter, 400, IITC, Woodland Hills, CA, United States) (Cheah et al., 2017). Paw withdrawal latencies were determined by the amount of time a heat radiant beam of light focused on the plantar surface of the hind paw was required to elicit a nocifensive response (e.g., paw lifting, tapping, shaking, jumping or licking the paw). A maximum time limit of 20 s exposure to the beam was observed to avoid tissue damage. Baseline measurements were collected three times from both the right and left hind paw with an interstimulus interval of at least 2 min.



Adeno-Associated Virus Serotype 9 (AAV9)-Mediated SUR1 Knockdown

Effective and ongoing knockdown of SUR1 KATP channel subunits in the spinal cord and dorsal root ganglia was achieved by the delivery of AAV vectors via intrathecal injection. Two different AAV9 viral strategies were used in this study, short hairpin (shRNA) gene knockdown in C57Bl6 mice (Hirai et al., 2012) and AAV9-mediated Cre expression in SUR1 flox mice. Gene knockdown of Abcc8 (protein product: SUR1) using shRNA was achieved using AAV9-GFP-U6-m-ABCC8-shRNA and AAV9-GFP-U6-scramble-shRNA (shAAV-251792 and 7045, titer: 10^13 GC/mL, in PBS with 5% glycerol, Vector Biolabs, Malvern, PA, United States). AAV9-hSyn-GFP-Cre and AAV9-hSyn-GFP-ΔCre (10 μL containing ∼1013 vector genomes, University of Minnesota Viral Vector Core, Minneapolis, MN, United States) were delivered by direct lumbar puncture in awake mice as previously described (Vulchanova et al., 2010; Schuster et al., 2013; Pflepsen et al., 2019) and behavioral assessments were performed 1–8 weeks post injection. Verification of mRNA knockdown was achieved using quantitative polymerase chain reaction (qPCR) of harvested lumber spinal cords and DRG (see section ‘Quantitative PCR’). Histological sections were taken from some animals in order to demonstrate successful delivery of AAV vectors by visualization of green fluorescent protein (GFP). Sections of spinal cord and DRG (10 μM, Leica CM3050) were mounted onto electrostatically charged slides and images were collected using a Nikon TiS Microscope and associated software.



Cell Culture

Human neuroblastoma SH-SY5Y cells (CRL-2266, ATCC®, Manassas, VA, United States) were maintained in Dulbecco’s Modified Eagle’s Medium/Hams F-12 with L-glutamine (10-090-CV, Corning®, Corning, NY, United States) supplemented with 10% v/v fetal bovine serum and kept within a humidified incubator at 37°C with 5% CO2. Cells were sub-cultured when confluency reached 70–80% and reseeded at a 1:5 ratio. SH-SY5Y cells were plated at 7.5 × 104 cells per well in a clear bottom, black-walled 96-well plate coated with poly-D-lysine (354210, Corning®, Corning, NY, United States) and incubated for 3 days or until 90% confluent in complete media or in complete media with 10 μM morphine.

DRG were extracted from SUR1 WT and KO mice (1–7 months, 20–40 g) and placed into Petri dishes containing ice cold 1X HBSS. Ganglia were minced and incubated in 32 μL papain (27.3 U/mg, no. 3126; Worthington Biochemical, Lakewood, NJ, United States) with 1 mg l-cysteine (Sigma) in 1.5 mL 1X HBSS for 10 min in a 37°C rocking water bath. Cells were centrifuged at 1600 rpm for 2 min, the supernatant was aspirated, and the DRG were incubated in 2 mg/mL collagenase type II (CLS2; Worthington Biochemical) in 1X HBSS for 10 min in a 37°C rocking water bath. Cells were centrifuged at 1600 rpm for 2 min and gently triturated using fire-polished glass pipettes with 2 mL pre-warmed complete media consisting of Eagle’s Minimum Essential Medium with Earle’s salts and L-glutamine (10-010-CV, Corning®, Corning, NY, United States) supplemented with 10% v/v horse serum, 1% v/v 100X MEM vitamin solution and 1% v/v penicillin-streptomycin (Gibco, Thermo Fisher Scientific, Waltham, MA, United States). DRG were centrifuged 2 min at 1000 rpm, the media was aspirated, and the pellet was resuspended in 5 mL pre-warmed complete media. Isolated DRG were plated in 100 μL aliquots into clear bottom, black-walled 96-well plates coated with poly-D-lysine and kept within a humidified incubator at 37°C with 5% CO2. Fluorescence intensity plate reading (FLIPR) was performed on cells 24 h post isolation.



Rotarod Performance Test

Agility assessments were conducted with the Rotamex-5 automated rotarod system (0254-2002L, 3 cm rod, Columbus Instruments, Columbus, OH, United States). Mice were placed onto a stationary knurled PCV rod suspended in the air. The rotation speed of the rod was initially set to 4 rpm and gradually increased in 1 rpm increments at 30-s intervals until animals fell off the rod or reached a speed of 14 rpm (300 s) (Deacon, 2013). At least two tests per animal were administered to ensure an animal did not fall off the rod prematurely.



Burrowing Test

Mice were acclimated to burrowing tubes for ∼2 h at least 1 day before formal testing. The burrows were made from plastic pipe with a 6 cm diameter and 5 cm machine screws were used to elevate the bottom of the tube 3 cm from the floor (Deacon, 2012). During testing, each mouse was placed in an individual cagewith a burrowing tube containing 500 g of pea gravel. The amount of gravel remaining in the tube after 2 h was used to calculate the total percent of gravel displaced from the burrow.



FLIPR Potassium Dye Assay

Potassium channel activity of cells was measured using FLIPR Potassium Assay Kit (Molecular Devices, LLC, San Jose, CA, United States) according to manufacturer instructions (Shieh et al., 2007). Briefly, cell culture media was replaced with a 1:1 mixture of 1X Hank’s Balanced Salt solution with 20 mM HEPES, and FLIPR Loading Dye with 5 mM probenecid. Cells were incubated for 1 h at room temperature in the dark. Drugs were added to each well (in 10 μL, 15% DMSO + 42.5% ethanol) and incubated 10 min. Fluorescence data was collected after the addition of 48 μL of a 10 mM solution of thallium sulfate per well. Background fluorescence was measured for 30 s at a 21 s interval and fluorescence post thallium addition was monitored for 600 s with a 21 s interval using a BioTek Synergy 2 (BioTek, Winooski, VT, United States) multi-well plate reader equipped with excitation filter of 485/20 nM and emission filter 528/20 nM. Fluorescence readings were converted to total fluorescence over vehicle by subtracting the vehicle reading at each time point from all treatments summed over the entire period.



MTT Assay

To assess overall cellular health after morphine treatment SH-SY5Y cells were plated at 7.5 × 104 cells per well in a clear 96-well plate coated with poly-D-lysine (354210, Corning®, Corning, NY, United States) for 3 days in complete media or in complete media with 5–1,500 μM morphine in a humidified incubator at 37°C with 5% CO2. After 3 days, media was removed and replaced with 100 μL pre-warmed complete media along with 10 μL of a 5 mg/mL thiazolyl blue tetrazolium bromide (00697, Chem-Impex International, Inc., Wood Dale, IN, United States) solution in 1X phosphate buffered saline and incubated 4 h (van Meerloo et al., 2011). Next, 100 μL of a 0.01 N HCl solution with 10% w/v sodium dodecyl sulfate was added. Plates were wrapped in parafilm and incubated overnight. Absorbance was read at 570 nm using a BioTek Synergy 2 multi-well plate reader.



Quantitative PCR

RNA samples (50 ng) were collected from mouse tissues using the RNeasy Mini Kit (Qiagen, Germantown, MD, United States) with DNAse digestion steps. Complimentary DNA synthesis was performed using the Omniscript RT Kit and protocol from Qiagen with primers used previously (Luu et al., 2019). Quantitative PCR was performed with SYBR Green I dye using LightCycler 480 technology (Roche, Branchburg, NJ, United States). The cDNA copy number was typically quantified against a ≥5 point, 10-fold serial dilution of a gene specific cDNA standard. Internal controls included negative RT-PCR samples. Comparative expression versus a housekeeping gene, 18S were used to create normalized data which were used for statistical analysis against saline treated animals. Fold expression of each gene of interest was presented by the ratio of: (mean concentration)/(mean concentration of 18S) compared to saline-treated controls.

SH-SY5Y cells were collected from 12-well plates via trypsinization, pelleted, flash frozen in liquid nitrogen and stored at −80°C. One μg of total mRNA was used for cDNA synthesis using the Omniscript RT Kit and protocol from Qiagen. Quantitative PCR was performed with SYBR Green I dye using LightCycler 480 technology as above. Primers used for SH-SY5Y cells were as follows: 18S: forward 5′-TCAACTTTCGATGGTAGTCGCCGT-3′ reverse 5′-TCCTTGGATGTGGTA GCCGTTTCT-3′. ABCC8: forward 5′-GACCAGGGGGTCCTCAACAA-3′ reverse 5′-ATGTG CAC CTTGGAGCTCTG-3′. ABCC9: forward 5′-ATCCTCGGTGAG ATGCAGAC-3′ reverse 5′-CTGTTCCTACTTCTGGTTGCT-3′. KCNJ8: forward 5′-GGCTGCTCTTCGCTATCATGT-3′ reverse 5′-CTCCCTCCAAACCCAA TGGTA-3′. KCNJ11: forward 5′-A AGAAGTGAAG TGGGACCCAGG-3′ reverse 5′-GCTGGCCT CACTTCTGAGATA-3′. OPRM1: forward 5′-CA TCACGATCA TGGCCCT-3′ reverse 5′-TCTGCCAGAGCAAGGTTGAA-3′.



C-Fiber Compound Action Potentials

Compound action potentials (CAPs) were measured from the sciatic nerve of SUR1 flox mice 8 weeks after intrathecal injection of either AAV9-hSyn-GFP-Cre or AAV9-hSyn-GFP-ΔCre. Sciatic nerves were dissected from the hind limbs of mice and recordings were performed the day of harvesting. One nerve from each mouse was mounted in a chamber filled with superficial interstitial fluid. Electrical stimulation was performed at a frequency of 0.3 Hz with electric pulses of 100-μs duration at 100–10,000 μA delivered by a pulse stimulator (2100, AM Systems, Carlsborg, WA, United States). Evoked CAPs were recorded with electrodes placed 10 mm from the stimulating electrodes. Dapsys software was used for data capture and analysis (Brian Turnquist, Bethel University, St. Paul, MN, United States)1. The stimulus with the lowest voltage producing a detectable response in the nerve was determined the threshold stimulus. The stimulus voltage where the amplitude of the response no longer increased was determined to be the peak amplitude. The conduction velocity was calculated by dividing the latency period, the time from stimulus application to neuronal initial response, by the stimulus-to-recording electrode distance.



Data Analysis

Appropriate t-test or one-way, two-way or repeated measures ANOVA followed by post hoc analysis were performed to determine the significance of treatment groups for gene expression, FLIPR data, mechanical and thermal paw withdrawals, and CAP single-unit recordings. Gene expression of KATP channel subunits and pharmacological behavioral data were compared to a saline treated control group and a Dunnett’s post hoc test was used to analyze this data. FLIPR and behavioral tests using SUR1 WT, Het, or KO mice were compared to each other to determine if partial loss of SUR1 function would contribute to differences seen in potassium flux or antinociception, respectively, therefore a Tukey post hoc test was used for these data. All statistical analyses were carried out with Prism 6.0 (GraphPad Software Inc., San Diego, CA, United States) or SPSS (Statistics 24, IBM, Chicago, IL, United States). The data are presented as means ± standard error, 95% confidence intervals (CI), and p < 0.05 was considered statistically significant.



RESULTS


Alterations of KATP Channel Expression in Spinal Cord and Dorsal Root Ganglia in Morphine Tolerant Mice After Nerve Injury

To determine if chronic morphine exposure affects expression of KATP channels, we used qPCR to measure mRNA copies of pore-forming (Kir6.1 and Kir6.2) and regulatory (SUR1 and SUR2) KATP channel subunits. Morphine tolerant (MT) mice were treated twice daily with 15 mg/kg (s.c.) of morphine for 5 days. Gene expression of MT and morphine tolerant mice after spinal nerve ligation (MT + SNL) were compared to the same control group mice treated with saline for the same period of time (100 μL saline, sc) and plotted as change compared to saline to access expression changes across all groups. The spinal cords and DRG of MT + SNL animals were separated into the ipsilateral, injured side (i.e., ipsi) and contralateral, non-injured side (i.e., contra). The expression of the pore-forming Kcnj subunits were not significantly altered in the spinal cord compared to control animals (Figure 1A). Kcnj11 iso1 potassium channel subunits were significantly decreased in the DRG of MT + SNL mice [Figure 1B, two-way ANOVA, Dunnett post hoc, F(3,52) = 0.015, CI MT+SNL Ipsi = 0.1382 to 2.126 and CI MT+SNL Contra = 0.1367 to 2.127]. The expression of the regulatory Abcc9 subunits were increased in the spinal cord from MT + SNL mice compared to saline treated mice [Figure 1C, two-way ANOVA, Dunnett post hoc, F(3,50) = 5.9, p = 0.0017; CI MT+SNL Ipsi = −40.26 to −11.66]. Similarly, Abcc9 subunit expression was also significantly increased in the DRG of MT + SNL mice [Figure 1D, two-way ANOVA, Dunnett post hoc, F(3,52) = 14.9, p < 0.001, CIMT+SNL Ipsi = −38.37 to −7.133 and CIMT+SNL Contra = −68.38 to −37.15]. Interestingly, the expression of Abcc8 was increased in the spinal cord, but decreased in the DRG of MT + SNL mice. The comparisons of Abcc8 against vehicle treated tissues were not statistically significant.
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FIGURE 1. Decreased mRNA expression of Kcnj11 and increased SUR2 expression in morphine tolerant mice. Morphine tolerant (MT) mice were treated twice daily with 15 mg/kg (s.c.) morphine for 5 days. Gene expression of (MT) and morphine tolerant mice after spinal nerve ligation (MT + SNL) are compared to saline treated mice as a control. The spinal cords and dorsal root ganglia (DRG) of MT + SNL animals were compared on the ipsilateral, injured side (i.e., ipsi) as well as the contralateral, non-injured side (i.e., contra). (A) The expression of Kcnj subunits were not significantly altered in the spinal cord (n = 5–6/group). Kcnj11 iso1 potassium channel subunits were significantly decreased in the (B) dorsal root ganglia (DRG) of MT + SNL mice [two-way ANOVA, Dunnett’s post hoc compared to saline, F(3,52) = 3.8, p = 0.015, CIMT+SNL Ipsi = 0.1382 to 2.126 and CIMT+SNL Contra = 0.1367–2.127, n = 6–9/group]. (C) Abcc9 subunit expression was significantly increased in the spinal cord compared to saline treated tissues [two-way ANOVA, Dunnett’s post hoc compared to saline, F(3,50) = 5.86, p = 0.0017; CIMT+SNL Ipsi = −40.26 to −11.66, n = 5–9/group]. (D) Abcc9 subunit expression was also significantly increased in the DRG of MT + SNL animals [two-way ANOVA, Dunnett’s post hoc compared to saline, F(3,52) = 14.98, p < 0.001, CIMT+SNL Ipsi = −38.37 to −7.133 and CIMT+SNL Contra = −68.38 to −37.15, n = 6–9/group]. Asterisk indicates statistical significance (p < 0.05).




Potassium Flux of Cultured Cells and DRG Are Decreased After Chronic Opioid Administration

FLIPR was performed to investigate the changes in potassium channel flux in neurons occurring after chronic opioid administration. Potassium flux was measured in cultured neuroblastoma cells having a transcriptome similar to sensory neurons and DRG cultured from mice (Yin et al., 2016). Concentration dose-response curves were performed using KATP channel agonists targeting the SUR1-subtype, diazoxide, and the SUR2-subtype, pinacidil. Increasing concentrations of a SUR1 agonist, diazoxide, result in increased fluorescence during potassium FLIPR in SH-SY5Y cells. Morphine treated SH-SY5Y cells, previously incubated with 10 μM morphine for 72 h, had a decreased potassium flux compared to non-morphine treated cells (Figure 2A, SH-SY5Y, n = 7). Potassium flux from DRG harvested from SUR1 wild type (WT) morphine treated mice (SUR1 WT MT, 5 days, 15 mg/kg, s.c., 5 days) were slightly decreased compared to non-morphine treated SUR1 WT mice. DRG collected from SUR1 knock out (KO) mice had a significantly attenuated potassium flux as a response to increasing concentrations of diazoxide compared to SUR1 WT DRG [Figure 2B, repeated measures ANOVA, Tukey post hoc, F(2,12) = 9.9, p = 0.003, CISUR1 WT–SUR1KO = 776.8 to 3110]. This indicates SUR1 channel function was slightly minimized after morphine treatment. Since SUR1 KO DRG do not respond to diazoxide, this indicates that diazoxide is a valid agonist for studying potassium flux for SUR1-subtype KATP channels.
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FIGURE 2. Decreased potassium flux of cultured cells and DRG after chronic opioid administration. (A) Increasing concentrations of a SUR1 agonist, diazoxide, result in increased fluorescence during potassium FLIPR in SH-SY5Y cells. SH-SY5Y cells previously incubated with 10 μM morphine for 72 h (morphine treated, MT, n = 7) have decreased potassium flux compared to non-morphine treated cells (SH-SY5Y, n = 7). (B) Potassium flux from DRG harvested from SUR1 WT morphine treated mice (15 mg/kg, s.c., 5 days) are slightly decreased compared to non-morphine SUR1 WT treated mice. DRG collected from SUR1 KO mice have a significantly attenuated potassium flux as a response to increasing concentrations of diazoxide compared to SUR1 WT DRG [F(2,12) = 9.902, p = 0.003, CISUR1 WT –SUR1 KO = 776.8–3110]. (C) Fluorescence values after increasing concentrations of a SUR2 agonist, pinacidil, are minimally increased during potassium FLIPR in SH-SY5Y cells. SH-SY5Y cells previously incubated with 10 μM morphine for 72 h (morphine treated, MT, n = 4) have decreased potassium flux compared to non-morphine treated cells (SH-SY5Y, n = 4). (D) Potassium flux from DRG harvested from SUR1 WT morphine treated mice (15 mg/kg, s.c., 5 days, n = 6) are slightly decreased compared to non-morphine SUR1 WT treated mice [n = 6, F(1, 10) = 4.735, p = 0.055]. DRG collected from SUR1 KO mice (n = 3) do not have any appreciable potassium flux as a response to increasing concentrations of pinacidil compared to SUR1 WT DRG. (E) KATP channel subunit expression is decreased after chronic administration of morphine (10 μM) in SH-SY5Y cells. Expression of KCNJ11 is significantly decreased in morphine treated compared to control SH-SY5Y cells (paired t-test, p = 0.045, n = 4). Asterisk indicates statistical significance (p < 0.05).


Increasing concentrations of a SUR2 agonist, pinacidil, in SH-SY5Y cells minimally increased potassium flux. Interestingly, SH-SY5Y cells previously incubated with 10 μM morphine for 72 h (morphine treated, MT, n = 4) had zero potassium flux compared to non-morphine treated cells (Figure 2C, SH-SY5Y, n = 4). Potassium flux after pinacidil exposure from DRG harvested from SUR1 WT morphine treated mice (SUR1 WT MT, n = 6) were decreased compared to non-morphine SUR1 WT treated mice, although this effect was not statistically significant [SUR1 WT, Figure 2D, n = 6, repeated measures ANOVA, Tukey post hoc, F(1,10) = 4.7, p = 0.055]. DRG collected from SUR1 KO mice (n = 3) had zero potassium flux as a response to increasing concentrations of pinacidil compared to DRG taken from SUR1 WT mice, indicating the function of SUR2 is also compromised in SH-SY5Y and mouse DRG chronically treated with morphine.

After chronic administration of morphine (10 μM, 72 h), SH-SY5Y cells have less KATP channel subunit expression compared to cells not treated with morphine. The expression of KCNJ11 was significantly decreased compared to control SH-SY5Y cells (Figure 2E, unpaired t-test, p = 0.045, n = 4). The decreased expression of KATP channel subunits after 10 μM opioid treatment was not due to morphine cell toxicity, as a MTT assay only indicated a significant retardation of proliferation in cells treated with >50 μM morphine compared to un-treated cells [ANOVA, Dunnett post hoc, F(13,70) = 377.8, p < 0.001, CI10 μM = −0.03849 to 0.09082].



Mice Deficient in SUR1-Type KATP Channels Have Attenuated Morphine Antinociception

KATP channels are proposed downstream targets of opioid receptor signaling. To determine if KATP channels are sufficient for antinociception after μ-opioid receptor stimulation, the analgesic efficacy of morphine in mice lacking the SUR1 regulatory subunit of KATP channels was tested. The SUR1-subtype was chosen because it is found in the spinal cord and dorsal root ganglia, and altered SUR1 activity/expression has been implicated in chronic pain (Kawano et al., 2009b, c; Zoga et al., 2010) and our gene expression and potassium flux data (Figures 1, 2). Mechanical and thermal thresholds were tested in SUR1 wild type (WT), SUR1 heterozygous (Het), and SUR1 knockout (KO) male and female mice between 6 and 12 weeks of age, 30 min after morphine administration (15 mg/kg, s.c, n = 5 mice/group). SUR1 KO mice had attenuated morphine antinociception [Figure 3A, repeated measures ANOVA, Tukey post hoc, F(2,24) = 18.6, p < 0.001, CIWT–KO = −1.34 to −0.52, CIHet–KO = −1.02 to −0.21]. The loss of SUR1 did not affect thermal latency thresholds post 15 mg/kg morphine (Figure 3B). The loss of SUR1 is clearly important for mechanical antinociception post-morphine administration, but this was not the case for thermal antinociception. Similar results were also obtained for a lower dose of morphine, including a loss of mechanical antinociception [Figure 3C, repeated measures ANOVA, Tukey post hoc, F(2,24) = 7.1, p < 0.001, CIWT–KO = −3.72 to −1.48] but not thermal antinociception (Figure 3D). No significant differences were found with regards to sex for either dose of morphine for either behavioral test.
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FIGURE 3. Mice deficient in the SUR1-subtype KATP channels have attenuated morphine antinociception. Mechanical and thermal thresholds were tested 30 min after morphine administration (15 mg/kg, sc, n = 5 mice/group) in SUR1 WT, SUR1 Het, and SUR1 KO male and female mice. (A) Significant differences were found comparing mechanical thresholds post 15 mg/kg morphine between SUR1 WT and Het vs. KO mice [repeated measures ANOVA, F(2,24) = 16.8, p < 0.001, CISUR1  WT  and  SUR1  KO = 1.34 to 0.52, CI CISUR1  HET  and  SUR1  KO = 1.02 to 0.21]. (B) No significant differences were found comparing thermal latency thresholds post 15 mg/kg morphine with regards to genotype. (C) Significant differences were found comparing mechanical thresholds post 5 mg/kg (s.c.) morphine between SUR1 WT and KO mice [repeated measures ANOVA, F(2,24) = 7.1, p = 0.004]. SUR1 KO mice had significantly lower mechanical thresholds compared to WT mice after morphine administration (CI = 2.24 to 0.46). (D) No significant differences were found comparing thermal latency thresholds post 5 mg/kg morphine with regards to genotype. No significant differences were found with regards to sex for either dose of morphine for either behavioral test. Asterisk indicates statistical significance (p < 0.05).




Knockdown of SUR1-Subtype KATP Channels in Mice Increases Peak Amplitude of Sciatic Nerve Electrical Conduction and Enhances Mechanical Hypersensitivity

The loss of SUR1 from the nervous system may ultimately contribute to chronic pain and increase the development of morphine tolerance and withdrawal through increased excitability of nociceptors. In order to restrict the downregulation of KATP channels to the lumbar spinal cord and DRG, instead of a global loss throughout the nervous system, two different AAV9 strategies were employed. For the first strategy, an AAV9-shRNA virus was introduced via intrathecal injection into male adult C57Bl6 mice (Luu et al., 2019). AAV9-shRNA-Abcc8 has been shown to significantly decrease mRNA expression of Abcc8 in the lumbar spinal cord, DRG, and sciatic nerves of inoculated mice (Luu et al., 2019). The second strategy, an AAV9-Cre virus was administered by intrathecal injection into SUR1 flox mice and morphine dose response curves were performed 4 weeks later. Mechanical hypersensitivity was previously found in global SUR1 KO mice and Abcc8 shRNA treated mice (Luu et al., 2019). SUR1 flox mice intrathecally inoculated with AAV9-hSyn-Cre also had significantly decreased mechanical paw withdrawal thresholds in male [Figure 4A, repeated measures ANOVA, F(1,22) = 5.23, p = 0.032] and female mice [Figure 4B, repeated measures ANOVA, F(1,25) = 8.43, p = 0.008]. Thermal paw withdrawal thresholds were not significantly altered (Figures 4C,D). Interestingly, we did find other behaviors that were altered after SUR1 conditional knockdown. AAV9-hSyn-Cre virus treated animals displayed decreased burrowing and rotarod activity in mice following conditional deletion of SUR1. The change in time spent on a rotating rod was significantly different between virus treatment [Figure 4E, two-way ANOVA, F(1,23) = 9.6, p = 0.005] and the amount of burrowing was significantly different between virus treatment groups [Figure 4F, two-way ANOVA, F(1,23) = 17.5, p = 0.0004]. A significant sex effect was also found with regards to burrowing behavior [Figure 4F, F(1,23) = 5.8, p = 0.024] but not with rotarod testing.
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FIGURE 4. Mechanical paw withdrawal thresholds, burrowing, and rotarod performance are decreased in mice with conditional deletion of SUR1. (A) Mechanical paw withdrawal thresholds were significantly decreased across time in AAV9-hSyn-Cre male mice compared to AAV9- hSyn-ΔCre mice [F(1,22) = 5.23, p = 0.032]. (B) Mechanical paw withdrawal thresholds were significantly decreased across time in AAV9-hSyn-Cre female mice compared to AAV9- hSyn-ΔCre mice [F(1,25) = 8.43, p = 0.008]. There was no change in thermal thresholds between viral treatments in male (C) or female (D) mice. (E) The change in time spent on a rotating rod was significantly lower in AAV9-hSyn-Cre male mice compared to AAV9- hSyn-ΔCre mice [two-way ANOVA, F(1,23) = 9.64, p = 0.005]. (F) The amount of burrowing was significantly lower in AAV9-hSyn-Cre male mice compared to AAV9- hSyn-ΔCre mice [two-way ANOVA, F(1,23) = 17.5, p = 0.0004] and a significant sex effect was also found [F(1,23) = 5.81, p = 0.024]. Asterisk indicates statistical significance (p < 0.05).


To confirm loss of mRNA expression of Abcc8, qPCR experiments were performed on spinal cord and DRG tissues after completion of behavioral testing. Abcc8 expression was significantly reduced in AAV9-hSyn-Cre compared to AAV9-hSyn-ΔCre inoculated mice, while other KATP channel subunits were largely unchanged (Figure 5A and data not shown, unpaired t-tests, p < 0.05). We hypothesized the increased mechanosensitivity could be due to the increased excitability of nociceptors innervating the periphery. The properties of C-fiber CAPs from AAV9-hSyn-ΔCre and AAV9-hSyn-Cre sciatic nerves (Figure 5B) were largely similar. In fact, no significant threshold differences or conduction velocity differences were found between sciatic nerves of AAV9-hSyn-Cre and AAV9-hSyn- ΔCre mice (Figures 5C,E), yet the peak amplitude was significantly increased in AAV9-hSyn-Cre compared to AAV9-hSyn- ΔCre mice (Figure 5D, unpaired t-test, p = 0.01).
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FIGURE 5. Increased sciatic nerve C-CAP amplitude following conditional deletion of SUR1 in mice. (A) Quantitative PCR data indicating the number of copies of Abcc8 (protein: SUR1) are decreased in AAV9-hSyn-Cre mice compared to AAV9- hSyn-ΔCre mice (DRGs: unpaired t-test, p = 0.049; SC: unpaired t-test, p = 0.008, n = 6/group). (B) Example of sciatic nerve C-fiber CAP recording from AAV9-hSyn-ΔCre (top) and AAV9-hSyn-Cre (bottom) mice 8 weeks after inoculation. (C) No significant threshold differences between AAV9-hSyn-Cre and AAV9-hSyn- ΔCre mice. (D) Peak amplitude was significantly increased in AAV9-hSyn-Cre compared to AAV9-hSyn- ΔCre mice (unpaired t-test, p = 0.01, n = 13/group). (E) No significant differences in conduction velocity (CV) between AAV9-hSyn-Cre and AAV9-hSyn-ΔCre mice. Asterisk indicates statistical significance (p < 0.05).




Mice With shRNA and Conditional Knockdown of SUR1-Subtype KATP Channels Have Decreased Morphine Antinociception, and Potentiated Morphine Tolerance and Withdrawal

Mice lacking SUR1 globally have attenuated responses to morphine (Figure 3), so morphine antinociception was similarly tested in shRNA and SUR1 flox mice. Morphine antinociception was significantly decreased after AAV9-shRNA-Abcc8 versus AAV9-shRNA-scrambl administration [Figure 6A, repeated measures ANOVA, F(1,8) = 8.6, p = 0.018, n = 5/group]. Mechanical paw withdrawal thresholds after morphine administration were significantly decreased after AAV9-hSyn-Cre compared to AAV9-hSyn-ΔCre treatment in male SUR1 flox mice [Figure 6B, repeated measures ANOVA, F(1,20) = 8.4, p = 0.009), n = 11–12/group]. Unexpectedly, female SUR1 flox mice did not display a markedly decreased mechanical paw withdrawal thresholds compared to the control vector group [Figure 6C, repeated measures ANOVA, F(1,23) = 2.45, p = 0.13, n = 12–15/group]. Overall, the analgesic efficacy of morphine is greatly attenuated in mice with downregulated SUR1-subtype KATP channels in the lumbar spinal cord and DRG.
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FIGURE 6. Morphine efficacy is decreased after Abcc8 shRNA or conditional deletion of SUR1 in the spinal cord. Delivery of AAV9 viruses was performed via intrathecal injection. (A) Morphine antinociception is significantly decreased 4 weeks after AAV9-shRNA-Abcc8 versus a control (scramble) shRNA administration [repeated measures ANOVA, F(1,8) = 8.629, p = 0.018, n = 5/group]. (B) Mechanical paw withdrawal thresholds after morphine administration were significantly decreased 4 weeks after AAV9-hSyn-Cre virus compared to control virus treatment in male SUR1 cKO mice [AAV9-hSyn-ΔCre, repeated measures ANOVA, F(1,20) = 8.428, p = 0.009, n = 11–12/group]. (C) Mechanical paw withdrawals between viral groups were unchanged in female SUR1 cKO mice. Asterisk indicates statistical significance (p < 0.05).


We predicted localized knockdown of SUR1 would potentiate the development of morphine tolerance and increase mechanical hypersensitivity during withdrawal. Five-to-six weeks after intrathecal injection of AAV9-shRNA-Abcc8 at the lumbar spine level, baseline mechanical paw withdrawal thresholds before morphine injection (pre- morphine) were significantly lower than AAV9-shRNA-scramble treated mice [Figure 7A, repeated measures ANOVA, F(1,8) = 18.9, p = 0.003, n = 5/group]. Thirty minutes after morphine administration (post morphine) mechanical paw withdrawal responses were not significantly lower than AAV9-shRNA-scramble treated mice [Figure 7B, repeated measures ANOVA, F(1,8) = 1.6, p = 0.24]. On day six, 24-h post-completion of the chronic morphine administration, the mechanical threshold data were not significantly altered between AAV9-shRNA groups (Figure 7C, unpaired t-test, p = 0.095). It appears after knockdown of Abcc8 (protein: SUR1), the development of morphine tolerance is not greatly potentiated, but the development of opioid-induced hypersensitivity (pre-morphine) is significantly increased.
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FIGURE 7. Development of hyperalgesia following repeated morphine administration is potentiated after Abcc8 shRNA treatment in mice. Morphine tolerance was established by twice daily injections of 15 mg/kg (s.c.) morphine. (A) Five to six weeks after intrathecal injection of AAV9-shRNA-Abcc8 at the lumbar spine level, baseline mechanical paw withdrawal thresholds (pre morphine) were significantly lower than AAV9-shRNA-scramble treated mice [repeated measures ANOVA, F(1,8) = 18.86, p = 0.003, n = 5/group]. (B) Mechanical paw withdrawal responses after morphine administration (15 mg/kg, s.c., 30 min) were not significantly lower than AAV9-shRNA-scramble treated mice. (C) Mechanical thresholds were not significantly altered between AAV9-shRNA groups 24 h post morphine administration. Asterisk indicates statistical significance (p < 0.05).


Similar morphine tolerance and withdrawal data were also collected in AAV9-hSyn-ΔCre and AAV9-hSyn-Cre inoculated SUR1 flox mice. Five-to-six weeks after intrathecal injection of AAV9-hSyn-Cre in male flox mice, the baseline mechanical paw withdrawal thresholds (pre morphine) were not significantly lower compared to control male mice [Figure 8A, versus AAV9-hSyn-ΔCre, F(1,20) = 3.2, p = 0.09]. However, the mechanical paw withdrawal responses after morphine administration (post-morphine) were significantly lower in AAV9-hSyn-Cre male mice than AAV9- hSyn-ΔCre control mice [Figure 8B, repeated measures ANOVA, F(1,20) = 9.9, p = 0.005]. These data were similar, but not identical in female SUR1 flox mice. For example, mechanical paw withdrawal responses before morphine administration were significantly lower in AAV9-hSyn-Cre female mice than AAV9- hSyn-ΔCre control mice [Figure 8D, repeated measures ANOVA, F(1,23) = 3.4, p = 0.047]. The mechanical paw withdrawal responses after morphine administration were also significantly lower in AAV9-hSyn-Cre female mice than AAV9- hSyn-ΔCre control mice [Figure 8E, repeated measures ANOVA, F(1,23) = 5.8, p = 0.025]. Mechanical thresholds were not significantly altered between virus treated male or female mice ∼18 h post morphine administration (Figures 8C,F, unpaired t-test, p = 0.11 and 0.074, respectively).
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FIGURE 8. Morphine induced hyperalgesia and morphine tolerance are potentiated in mice conditionally lacking SUR1. Morphine tolerance was established by twice daily injections of 15 mg/kg morphine (s.c., n = 11–15/group). (A) Five-to-six weeks after intrathecal injection of AAV9-hSyn-Cre at the lumbar spine level, baseline mechanical paw withdrawal thresholds (pre morphine) were not significantly lower compared to AAV9- hSyn-ΔCre control mice. (B) Mechanical paw withdrawal responses after morphine administration (30 min) were significantly lower in AAV9-hSyn-Cre male mice than AAV9- hSyn-ΔCre control mice [repeated measures ANOVA, F(1,20) = 9.85, p = 0.005]. (C) Mechanical thresholds were not significantly altered between virus treated male mice 24 h post morphine administration. (D) Mechanical paw withdrawal responses before morphine administration were significantly lower in AAV9-hSyn-Cre female mice than AAV9- hSyn-ΔCre control mice [repeated measures ANOVA, F(1,23) = 3.364, p = 0.047]. (E) Mechanical paw withdrawal responses after morphine administration (15 mg/kg, sc, 30 min) were significantly lower in AAV9-hSyn-Cre female mice than AAV9- hSyn-ΔCre control mice [repeated measures ANOVA, F(1,23) = 5.75, p = 0.025]. (F) Mechanical thresholds were not significantly altered between virus treated female mice 24 h post morphine administration. Asterisk indicates statistical significance (p < 0.05).




Local Delivery of KATP Channel Agonists Prevent Tolerance and Improve Mechanical Hypersensitivity During Morphine Withdrawal

KATP channel activity is positively correlated with opioid antinociception and opioid currents in in vitro studies (Welch and Dunlow, 1993; Cunha et al., 2010). Since decreasing KATP channel activity appeared to potentiate opioid tolerance and opioid-induced hyperalgesia (OIH), the local delivery of KATP channel agonists was tested to improve morphine antinociception during tolerance and withdrawal in SNL animals. Morphine tolerance was established by twice daily administration of 15 mg/kg morphine s.c. for 5 days. Mechanical thresholds on the ipsilateral paw were tested 30 min post morphine injection and ∼20 min post KATP-targeting drug administration through intraplantar injection (10 μL, intraplantar, 100 μM, n = 7–8/group). Intraplantar delivery of the Kir6.2/SUR1 agonist, NN414, and the SUR1 agonist diazoxide attenuated tolerance compared to vehicle treatment [Figure 9A, repeated measures ANOVA, Dunnett post hoc, F(6,48) = 7.7, p < 0.001, CINN414 = −2.77 to −0.6266, CIDiazoxide = −2.146 to −0.075]. Intraplantar delivery of the SUR2 targeting agonists, pinacidil and nicorandil did not significantly attenuate tolerance (Figure 9B). It was predicted that intraplantar delivery of the SUR1 and SUR2 targeting antagonists, gliclazide and glyburide, would escalate morphine tolerance. Although the mechanical paw withdrawal thresholds were lower than vehicle on days 1–3, no significant differences were found using the KATP channel antagonists (Figure 9C). On day 6, ∼18 h after the last morphine injection, mechanical paw withdrawal thresholds were taken 20 min post vehicle or KATP channel agonist/antagonist intraplantar injection. Mechanical thresholds were significantly higher in morphine withdrawn mice administered NN414 [Figure 9D, ANOVA, Dunnett post hoc, F(6,48) = 6.3, p < 0.001, CINN414 = −2.614 to −0.1216]. Neither the SUR2-subtype targeting agonists, nor the SUR1 or SUR2 antagonists had a significant effect on paw withdrawal thresholds compared to vehicle treated-morphine withdrawn mice. Data obtained from contralateral paws were not significantly different across groups (data not shown). Pharmacological targeting the peripheral nervous system with SUR1-subtype KATP channel agonists, appears to be beneficial to alleviate the development of morphine tolerance and withdrawal.


[image: image]

FIGURE 9. Local delivery of KATP channel agonists reduces morphine tolerance in SNL mice. Morphine tolerance was developed by twice daily administration of 15 mg/kg (s.c.) morphine. Mechanical thresholds were tested 30 min post morphine injection and ∼20 min post KATP-targeting drug application (10 μL, intraplantar, 100 μM, n = 7–8/group). (A) The Kir6.2/SUR1 agonist, NN414, and the SUR1 agonist diazoxide attenuated tolerance compared to vehicle treatment [repeated measures ANOVA, F(6,48) = 7.741, p < 0.001, CI NN414 = –2.77 to –0.6266, CIDiazoxide = –2.146 to –0.075]. (B) The SUR2 targeting agonists, pinacidil and nicorandil or the SUR1 and SUR2 targeting antagonists (C) did not attenuate morphine tolerance. (D) Mechanical thresholds were significantly higher in mice administered NN414 [ANOVA, F(6,48) = 6.300, p < 0.001, CINN414 = –2.614 to –0.1216] in morphine withdrawn animals. Asterisk indicates statistical significance (p < 0.05).




DISCUSSION

These results indicate KATP channel subunit expression and/or activity after chronic morphine exposure is dependent location within the nervous system. Genetic deletion of the SUR1-subunit in the lumbar spinal cord and DRG attenuated morphine antinociception and potentiated morphine tolerance and withdrawal, with some effects being sex dependent. Our pharmacology results indicate that introduction of agonists targeting the SUR1-subtype of KATP channels significantly inhibited the development of tolerance.

The results presented here show the expression of KATP channels during morphine tolerance is highly dependent on whether underlying nerve injury was present or absent in mice. In this study, the pore-forming subunit Kcnj11 iso1 was significantly downregulated in DRG from MT + SNL mice, an finding not seen between ipsilateral and contralateral DRG of SNL mice in a previous study (Luu et al., 2019). Conversely, Kcnj11 iso2 was previously found to be significantly downregulated in SNL animals (Luu et al., 2019), but Kcnj11 iso1 downregulation was only found on the ipsilateral side of MT + SNL animals. Kcnj8, which is not reported to be expressed in the peripheral nervous system (Zoga et al., 2010; Wu et al., 2011), was significantly upregulated in MT + SNL animals. Similar trends between MT and MT + SNL mice were also seen in the regulatory Abcc subunits. Abbc9 subunits were found to be consistently upregulated in MT + SNL mice, whereas Abcc8 subunits were upregulated in the spinal cord, but downregulated in DRG. The data were presented as a change compared to saline treated animals after normalization for consistency. It is possible that our data transformation could have resulted in “basement” effect, where the data has a lower limit to the values we can collect. This could explain why some ratio changes were quite large, but failed to reach statistical significance.

In our previously published studies, Kcnj11 and Abcc8 subunits were significantly decreased in the peripheral nervous system of SNL mice, but not the spinal cord (Luu et al., 2019). We conclude that the addition of chronic morphine treatment can create significant changes in KATP channel expression the nervous system, with or without underlying chronic neuropathic pain. Potassium flux in SH-SY5Y cells or DRG from mice chronically treated with morphine was decreased compared to controls without morphine pre-treatment. Although these differences were small, we believe these results warrant further investigation on how the loss of KATP channel function, in addition to expression, contributes to morphine tolerance and withdrawal. In this study, whole spinal cord or DRG were used for FLIPR and RNA extraction used for mRNA expression. We did not sort neurons according to size, or by cellular markers etc., nor where they separated from satellite cells or other non-neuronal tissues. This is important to note as previous in vitro studies on DRG neurons indicate that KATP currents are not expressed in all neurons (Sarantopoulos et al., 2003; Chi et al., 2007) and different KATP channel subunits are also expressed in various cell types, including astrocytes (Wang et al., 2013), microglia (Ortega et al., 2012), and even vascular endothelial cells (Aziz et al., 2017). The changes in KATP subunit mRNA expression or cultured DRG potassium flux data reported after morphine tolerance, and especially after nerve injury, could be due to the aggregation of changes across multiple cell types, potentially in opposing directions depending on the cell and tissue location.

Earlier pharmacological studies have indicated KATP channel agonists could be used as a therapeutic during morphine tolerance (Seth et al., 2010; Cao et al., 2016). Our pharmacological data are in alignment with a previous study indicating the non-selective SUR1/SUR2 agonist cromakalim and the SUR1 agonist diazoxide could inhibit phenotypic indicators of morphine withdrawal in rodents including the jumping and fore-paw tremors (Robles et al., 1994; Thomzig et al., 2005). In our studies, the paw withdrawal thresholds on Day 6 after morphine tolerance was significantly attenuated by NN414, but not diazoxide. The EC50 for KATP channels composed of the SUR1/Kir6.2 subunits is ten times lower for NN414 compared to diazoxide (Martin et al., 2016). Although NN414 and diazoxide both attenuated morphine tolerance, the increased potency for the neuronal SUR1/Kir6.2 subtype might explain the enhanced analgesic efficacy of NN414 in our studies.

The idea that KATP channel activation is beneficial for opioid tolerance and withdrawal has been challenged in other studies (Khalilzadeh et al., 2008; Khanna et al., 2010; Singh et al., 2015). A recent study has implicated morphine-evoked TLR4-NLRP3 inflammasome-mediated neuroinflammation in microglia is important for morphine tolerance, and the KATP channel blocker glyburide (i.e., gliblenclamide) could inhibit this morphine-induced activation of the NLRP3 inflammasome (Qu et al., 2017). Our data indicate Kcnj8 (protein: Kir6.1) and Abcc9 (protein: Sur2) expression significantly increased in the spinal cord of MT + SNL mice. Kir6.1 has been shown to be the primary pore-forming subunit of KATP channels in astrocytes and in microglia (Thomzig et al., 2001; Zhou et al., 2001). SUR2 has been found in neurons, astrocytes, and occasionally microglia (Wu et al., 2011), whereas Kir6.2 and SUR1 are the principal subunits in neurons. Recently, compelling evidence show that glia cells, including both microglia and astrocytes, also play a pivotal role in chronic pain and morphine tolerance. The KATP channel opener cromakalim was found to reduce neuropathic pain partially via regulating gap junctions in astrocytes (Wu et al., 2011), suggesting KATP channel activity in non-neuronal cells can also contribute to acute analgesia. We suggest that Kir6.1/SUR2- glial KATP channels may normally act in synergy with neuronal Kir6.2/SUR1- KATP channels to produce antinociception with or without acute exposure to opioids, but this relationship can somehow be inversed during chronic exposure to opioids. This evidence is corroborated by our previous data indicating that SUR2 targeting agonists can alleviate neuropathic pain in mice (Luu et al., 2019), but this effect appears to be lost after chronic morphine exposure (Figure 9B). Future experiments utilizing viral vectors with glial promotors (e.g., GFAP or Iba1) targeting Kir6.1 and/or SUR2 could help to explain the current discourse regarding the role of KATP channels during chronic opioid exposure. The possibility that opioid analgesic effects can be separated from opioid tolerance and withdrawal via nervous system cell type is an exciting possibility corroborated by genetic studies in mice (Corder et al., 2017). Further studies are needed to examine KATP channel subunit expression and functional changes in discrete cell types and location(s) in order to achieve a more detailed picture of neuronal and non-neuronal components during chronic pain and chronic exposure to opioids.

KATP channels may play a major role in large diameter DRG neuron-mediated neuropathic pain (Zoga et al., 2010), and the loss of SUR1-subtype KATP channels in mice have been found to produce a small degree of mechanical hyperalgesia (Luu et al., 2019). Similar data were collected using mice lacking SUR1 in the lumbar spinal cord and DRG. After morphine administration, SUR1 KO mice had attenuated antinociception compared to SUR1 WT mice; an effect that was mirrored, to a lesser degree, in AAV9-shRNA and AAV9-hSyn-Cre virus treated animals. Alterations in sciatic nerve excitability were found after the loss of SUR1, due to intrathecal delivery of the AAV9-hSyn-Cre virus, demonstrating the consistency of behavioral results with this theory. Interestingly, there appeared to be a sex effect that was present in AAV9-hSyn-Cre virus treated animals when testing efficacy for morphine antinociception, before and after morphine during the tolerance studies, and even when assessing burrowing behaviors. KATP channel activity is known to be altered by estrogen and testosterone in vitro (Sakamoto and Kurokawa, 2019), however there are very little data regarding these effects in vivo, and almost no data from the nervous system. A small sex effect could be seen in the SUR1 Het and KO mice when testing for morphine antinociception, but this effect was not statistically significant. It is possible that a global knockout of SUR1 could result in compensatory up-or-down regulation of other channels/receptors to negate these sex effects seen when SUR1 is downregulated in adult animals. Further studies are needed to determine the effects of sex hormones on KATP channel activity in the nervous system before any therapeutics can be utilized in the clinic.

We could also speculate that a loss of KATP channels in the peripheral nervous system could ultimately affect second order neurons in the spinal cord, by altering mechanoreceptor input from large diameter neurons. In SUR1 KO animals, loss of morphine antinociception during mechanical paw withdrawal testing was greater than in thermal paw withdrawal testing. Almost all large nociceptors express μ-opioid receptor mRNA in very low amounts (Silbert et al., 2003). Instead, we suggest that opioids can reduce nociceptive signal transmission at central terminals of Aδ- and C-fiber synapses in the spinal cord (Heinke et al., 2011), which is lost after SUR1 knockdown. In AAV9-shRNA and AAV9-hSyn-Cre virus treated animals, a decrease in burrowing and rotarod activity was also observed in mice following conditional deletion of SUR1. These data are important as previous studies have indicated non-evoked measures of pain sensitivity, such as burrowing or rotarod, are beneficial to investigating phenotypic differences between animals of different chronic pain models or genetic modifications (Sheahan et al., 2017; Shepherd et al., 2018). Collectively, these data suggest that loss of SUR1-subtype KATP channels are important for pain signaling, and loss of SUR1 could promote mechanical hyperalgesia and increase spontaneous measures of pain.

The conditional deletion of SUR1 subunits in the spinal cord and DRG reduced the efficacy of morphine and potentiated tolerance in male, but not female mice. Conversely, OIH (pre-morphine) was significantly enhanced in female but not male mice. Mechanical paw withdrawal thresholds were similarly affected across AAV9-hSyn-Cre male and female mice, but burrowing behavior was affected significantly more in male versus female mice. These differences could be due to circulating hormones that can affect KATP channel activity. Testosterone has been found to increase KATP channel currents in smooth muscle cells (Han et al., 2008) and mitochondria (Er et al., 2004). Conversely, estrogen has been found to decrease KATP channel activity in beta cells (Soriano et al., 2009) but increase expression in cardiomyoctyes (Ranki et al., 2002), which is not reported in males (Ranki et al., 2001). Unfortunately, there is a lack of data on the hormonal modulation of KATP channel activity and expression in the nervous system that could help us to clarify exactly how biological sex influences ion channel, particularly potassium, flux during chronic pain and chronic opioid exposure. Interestingly, the global SUR1 KO mice have not been reported to have differences in mechanical or thermal sensitivity with regards to sex (Luu et al., 2019), even after acute morphine exposure (Figure 3).

Opening or closing KATP channels appears to affect morphine tolerance and/or withdrawal, but the exact molecular or cellular mechanisms are currently difficult to postulate. Chronic pain is closely associated with opioid tolerance, and both of these phenomena may occur due to similar changes in intracellular signaling pathways in in the peripheral nervous system and spinal cord (Chen et al., 2017; Araldi et al., 2018; Ferrari et al., 2019). Increased KATP channel activity may help to alleviate opioid resistance by decreasing hyperalgesic priming found in chronic pain states and/or chronic opioid administration. Stimulation of potassium channels due to opioid receptor activation causes neuronal hyperpolarization, which may inhibit voltage-gated calcium channels or other channels (Dembla et al., 2017). It is also possible KATP channel agonists mimic the effects of morphine on neuronal potassium currents and may act as a replacement for the lack of opioid-induced pro-analgesic intracellular signaling or compensate for hypertrophied pro-nociceptive signaling during morphine tolerance and withdrawal (Williams et al., 2001, 2013).

In addition to morphine (Ocaña et al., 1990), it has been suggested that KATP channels may mediate the analgesic effects of other drugs including pregabalin (Kweon et al., 2011), clonidine (Ocaña and Baeyens, 1993), U50,488H (kappa opioid agonist) (Ocaña and Baeyens, 1993), amytripyline (Hajhashemi and Amin, 2011) and (±)-8-hydroxy-2-(di-n-propyl-amino) tetralin (8-OH-DPAT, a 5-HT1A agonist) (Robles et al., 1996) and JWH-015 (CB2 receptor agonist) (Reis et al., 2009). Interestingly, morphine withdrawal is inhibited by several of these same non-opioid drugs such as clonidine (Gossop, 1988), 5-HT agonists (Dzoljic et al., 1990), pregabalin (Hasanein and Shakeri, 2014), and cannabinoids (Vela et al., 1995). These data indicate that opening KATP channels may mediate a common pathway to promote hyperpolarization, and therefore analgesia, through many types of neurons. Activation of concurrent signaling pathways may help to explain the analgesic effect of KATP channel agonists, especially in inflammatory and neuropathic pain models (Du et al., 2011; Niu et al., 2011; Wu et al., 2011; Afify et al., 2013; Luu et al., 2019).

The study clearly indicated KATP channels play an important role in morphine signaling, and their modulation by either pharmacological or genetic intervention decreased opioid antinociception, and increased hypersensitivity during tolerance and withdrawal. We currently do not know if this channel is involved in any adverse effects of morphine such as respiratory depression, constipation, addiction, or dependence, but our present data utilizing in vivo and in vitro models provide a solid framework for pursuing further research into these areas. Future implementation of KATP channel pharmaceutics during opioid therapy may reduce the severity of one or more of these adverse effects and could be valuable in the clinical management of opioid tolerance, opioid induced hypersensitivity, and withdrawal.
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17β-Estradiol Attenuates Neuropathic Pain Caused by Spared Nerve Injury by Upregulating CIC-3 in the Dorsal Root Ganglion of Ovariectomized Rats
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17β-estradiol plays a role in pain sensitivity, analgesic drug efficacy, and neuropathic pain prevalence, but the underlying mechanisms remain unclear. Here, we investigated whether voltage-gated chloride channel-3 (ClC-3) impacts the effects of 17β-estradiol (E2) on spared nerve injury (SNI)-induced neuropathic pain in ovariectomized (OVX) female Sprague Dawley rats that were divided into OVX, OVX + SNI, OVX + SNI + E2, OVX + SNI + E2 + DMSO (vehicle, dimethyl sulfoxide), or OVX + SNI + E2+Cltx (ClC-3-blocker chlorotoxin) groups. Changes in ClC-3 protein expression were monitored by western blot analysis. Behavioral testing used the paw withdrawal threshold to acetone irritation and paw withdrawal thermal latency (PWTL) to thermal stimulation. Immunofluorescence indicated the localization and protein expression levels of ClC-3. OVX + SNI + E2 rats were subcutaneously injected with 17β-estradiol once daily for 7 days; a sheathed tube was implanted, and chlorotoxin was injected for 4 days. Intrathecal Cltx to OVX and OVX + SNI rats was administered for 4 consecutive days (days 7–10 after SNI) to further determine the contribution of ClC-3 to neuropathic pain. Patch clamp technology in current clamp mode was used to measure the current threshold (rheobase) dorsal root ganglion (DRG) neurons and the minimal current that evoked action potentials (APs) as excitability parameters. The mean number of APs at double-strength rheobase verified neuronal excitability. There was no difference in behaviors and ClC-3 expression after OVX. Compared with OVX + SNI rats, OVX + SNI + E2 rats showed a lower paw withdrawal threshold to the acetone stimulus, but the PWTL was not significantly different, indicating increased sensitivity to cold but not to thermal pain. Co-immunofluorescent data revealed that ClC-3 was mainly distributed in A- and C-type nociceptive neurons, especially in medium/small-sized neurons. 17β-estradiol administration was associated with increased expression of ClC-3. 17β-estradiol-induced increase in ClC-3 expression was blocked by co-administration of Cltx. Cltx causes hyperalgesia and decreased expression of ClC-3 in OVX rats. Patch clamp results suggested that 17β-estradiol attenuated the excitability of neurons induced by SNI by up-regulating the expression of ClC-3 in the DRG of OVX rats. 17β-estradiol administration significantly improved cold allodynia thresholds in OVX rats with SNI. The mechanism for this decreased sensitivity may be related to the upregulation of ClC-3 expression in the DRG.

Keywords: 17β-estradiol, ClC-3, spared nerve injury, neuropathic pain, ovariectomy


INTRODUCTION

Neuropathic pain, a form of allodynia or hyperalgesic spontaneous pain, remains a major challenge for pain researchers and clinicians (Fukuda et al., 2017; Xu et al., 2017; Zhang et al., 2018; Ouyang et al., 2019). Inflammatory-mediator release at the site of injury triggers alterations in the properties of primary afferent neurons and increases their excitability leading to ectopic, stimulus-independent activity (Colloca et al., 2017; Alles and Smith, 2018). Changes in ion channels are responsible for development of abnormal discharge (Amescua-Garcia et al., 2018; Xu et al., 2018). Recent research has shown that intracellular Cl– concentration in DRG neurons increased after sciatic nerve section or inflammation (Funk et al., 2008; Si et al., 2019). Studies have focused on chloride channels in primary sensory neurons (PSN), as activation of chloride channels in sensory neurons may cause chloride efflux and depolarization because of high intracellular chloride concentrations (Mao et al., 2012; Bonin and De Koninck, 2013). Numerous studies have shown that anion channels, and particularly chloride channels, may be involved in the pathogenesis of neuropathic pain (Wang L.-J. et al., 2017; Si et al., 2019). Actually, downregulation of ClC-3 in DRG neurons contributes to mechanical hypersensitivity following peripheral nerve injury (Riazanski et al., 2011). Thus, modulation of ClC-3 function may be a novel therapeutic avenue for the treatment of neuropathic pain (Pang et al., 2016). Many studies examining the pathogenesis of neuropathic pain as well as its prevention and treatment strategies have suggested that the pain threshold is sex-specific (Ramirez-Barrantes et al., 2016; Vacca et al., 2016). Estrogen receptors are distributed in many pain-related regions in the central and peripheral nervous systems, and 17β-estradiol can affect the generation and transmission of pain on many levels (Amandusson and Blomqvist, 2013). It has been reported that estrogen has a palliative effect on neuropathic pain, but the underlying mechanisms are complex (Lu et al., 2013; Ma et al., 2016; Lee et al., 2018). Estrogen can activate ClC-3 via ERα in the cell membrane of osteoblasts (Deng Z. et al., 2017), promote proliferation of ER+ breast cancer MCF-7 cells through the ClC-3 Cl– channel pathway (Yang et al., 2018), and regulate ion channels in pain modulation, but its effects on analgesia and promotion of pain are inconsistent (Berman et al., 2017; Ren et al., 2018). Numerous studies have reported that estrogen can provide pain relief in females (Vacca et al., 2016; Lee et al., 2018). However, there have been no systematic studies on the effects of estrogen replacement therapy on neuropathic pain in menopausal women. The present work aimed to identify whether ClC-3 plays a role in the effects of estrogen on neuropathic pain in ovariectomized (OVX) rats.



MATERIALS AND METHODS


Animals

Adult female Sprague Dawley rats (10–12 weeks old, 200–250 g, n = 180) were purchased from the Animal Center of the Xinjiang Medical University (Ürümqi, China). Animal use was approved by the Committee of Animal Experimental Ethics of the First Affiliated Hospital of Medical College, Shihezi University, China. Animals were housed in plastic boxes with controlled temperature (24 ± 2°C), humidity (40–50%), and a 12:12 h light:dark cycle. We selected rats with relatively uniform and stable baseline responses to cold and hot stimuli for the experiment. Rats were OVX bilaterally, and the sham OVX (ShamOVX) group underwent operations as previously described (Chen et al., 2018; Chang et al., 2019). All protocols were approved by the Animal Ethics Committee of the First Affiliated Hospital of Shihezi University School of Medicine (approval No. A2018-165-01) on February 26, 2018, and were consistent with the Guidelines for the Care and Use of Laboratory Animals, published by the United States National Institutes of Health.



Surgical Procedure to Induce a Neuropathic Pain Model by Spared Nerve Injury

We used SNI to prepare a model of neuropathic pain as previously reported (Xu et al., 2017). Experimental procedures were performed on animals under anesthesia with sodium pentobarbital (40 mg/kg, intraperitoneal, Sigma-Aldrich, St. Louis, MO, United States). Care was exercised to prevent infection and reduce the impact of inflammation. After the skin was cut, the sciatic nerve and its three terminal branches were exposed directly through the part formed by the biceps muscle: the lateral side, common fibular nerve, and tibial nerves. The tibial and common peroneal nerves were cut and ligated by SNI, and the sural nerve was preserved. As the common peroneal and tibial nerves are closely connected, followed by removing the distal nerve ends about 3–5 mm. Care was taken not to damage the nearby sural nerve. After surgery, all wounds were irrigated with sterile saline and closed in layers.



Groups and Drug Intervention

All OVX rats were randomly divided into five groups: OVX, OVX + SNI, OVX + SNI + estradiol (E2), OVX + SNI + E2 + DMSO, and OVX + SNI + E2 + chlorotoxin (Cltx). For intrathecal delivery (1 μM/L, 20 μl/day, Sigma-Aldrich) (Thompson and Sontheimer, 2016), Cltx was dissolved in 30% DMSO and injected through a catheter for 4 days. Intrathecal catheters were implanted on SNI day 7 as previously described (Pogatzki et al., 2000). Briefly, a sterile catheter filled with saline was inserted through the intervertebral space at L5/L6, and the tip of the tube was positioned at the lumbosacral spinal level. Animals with hindlimb paralysis or paresis after surgery were excluded. Animals without movement disorders received lidocaine (2%) through the catheter to verify the intraspinal location. Immediate bilateral hindlimb paralysis (within 15 s) lasting 20–30 min confirmed correct catheterization. Animals without these features were excluded from subsequent experiments. DRGs for patch clamps were incubated with Cltx in vitro. The 7-day procedure of 17β-estradiol (30 μg/kg/day, subcutaneous, Sigma-Aldrich) administration was performed as previously described (Vacca et al., 2016).



Measurement of Serum 17β-Estradiol Levels

Rats were deprived of food overnight, and serum 17β-estradiol levels were assessed according to a previously described protocol (Homberg et al., 2018). Briefly, blood samples were collected from the abdominal aorta under anesthesia, and serum was separated by centrifugation at 15,000 r for 5 min. Serum corticosterone levels were measured with a corticosterone enzyme immunoassay kit (Cayman Chemical, Ann Arbor, ML, United States). Analyses were conducted in duplicate. The intra-assay coefficients of variation were lower than 10% for each analysis.



Behavioral Assays


Heat Hyperalgesia (Hot Plate Test)

Thermal hyperalgesia was assessed according to a previously described protocol (Ouyang et al., 2019; Si et al., 2019). The thermal withdrawal latency in response to radiant heat stimulation was measured with an analgesia meter (Ugo Basile, Stoelting, IL, United States). Animals were placed in the chamber and allowed to acclimatize for 30 min before testing. A radiant heat source was focused under the glass floor beneath the hind paws. Thermal-stimulus intensity was adjusted to obtain a baseline thermal withdrawal latency of approximately 20 s. The digital timer automatically recorded the duration between stimulus initiation and thermal withdrawal latency, and a 30 s cutoff was used to prevent tissue damage. Each rat was tested every 5 min, and the average of six trials was used as the PWTL.



Cold Allodynia (Acetone Drop Method)

Cold sensitivity was measured by applying a drop of acetone to the plantar surface of the hind paw as previously described (Deng et al., 2015; Bergeson et al., 2016). Rats were housed and habituated for 30 min in transparent plastic boxes with a wire-mesh floor. After the adaptation period, acetone was gently applied against the plantar skin of the left hind paws with an acetone bubble formed with a 0.1-ml syringe, alternately three times to hind paw at intervals of 5 min, and the duration of licking or biting and remaining in the air was recorded. Each rat was tested every 5 min, and the average of six trials was used as the PWCL.



Sample Preparation

At the predetermined time points, the animals were deeply anesthetized with sodium pentobarbital (40 mg/kg, intraperitoneal; Sigma). Rats were sacrificed after behavioral testing was performed, and ipsilateral L4–6 DRGs tissues were collected. Samples for RT polymerase chain reaction (RT-PCR) and western blot experiments were snap-frozen in liquid nitrogen and stored at −80°C. Samples used for immunofluorescence imaging were perfused through the ascending aorta with saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer (4°C, pH 7.4) as previously reported (Zhang et al., 2017).



Immunofluorescence

The L4–6 DRG on the surgical side was removed and fixed in 4% paraformaldehyde overnight, followed by dehydration in 20% or 30% sucrose in phosphate buffer at 4°C. The tissue was cut into 5-μm thick sections with a cryostat (Leica CM1950, Nußloch, Germany). The sections were blocked with 20% bovine serum albumin (BSA) for 1 h in a 37°C incubator (303-0S; Beijing Ever Bright Medical Treatment Instrument Co., Ltd., Beijing, China), washed with phosphate-buffered saline (PBS), and incubated with primary antibody (rabbit anti-ClC-3 polyclonal antibody; 1:100, 13359S, CST) overnight at 4°C. After washing with PBS, the sections were incubated with secondary antibody (TRITC-conjugated anti-rabbit secondary antibody; 1:100; Santa Cruz Biotechnology, Heidelberg, Germany) for 1 h at 37°C. For double immunofluorescence staining, tissue sections were incubated with a mixture of anti-ClC-3 antibody and antibodies against neurofilament-200 (NF-200; a marker for myelinated A-fibers, 1:100; ab82259; Abcam, Cambridge, United Kingdom), calcitonin gene related peptide (CGRP, a marker of peptidergic C-type neurons, 1:100; ab81887; Abcam) for 2 nights at 4°C, or IB4 (FITC-conjugated; a marker for non-peptidergic C-type neurons, 5 μg/ml; L2895; Sigma). Except for IB4-treated tissue sections, the other sections were treated with a mixture of FITC- and TRITC-conjugated secondary antibodies at a 1:100 dilution for 1 h at 37°C. IB4 was 1:750 mixed with TRITC-conjugated secondary antibody. The sections were rinsed with 0.01 M PBS three times, mounted on gelatin-coated slides, and air dried. Immunoreactivity was visualized by fluorescence microscopy, and a negative control was used by omission of the primary antibody to confirm the specificity of the immunoreaction. Sections were observed at 200× magnification using a confocal laser scanning microscope (LSM710; Carl Zeiss AG, Oberkochen, Germany). Optical density measurements and data analysis of CLCN3-positive cells for the two types of DRG neurons were performed using Image-Pro Plus 6.0 (Media Cybernetics, Rockville, MD, United States). The percentage fluorescence results of positive neurons of three independent experiments were recorded.



Western Blot Analysis

Frozen tissues were homogenized, and proteins were extracted using a nucleoprotein and cytoplasmic protein extraction kit (Keygen Biotech, Nanjing, China) and 30 μg of protein was mixed with sodium dodecyl sulfate sample buffer. Proteins were separated on standard sodium dodecyl sulfate-polyacrylamide gel electrophoresis (8–10% gels) and transferred onto 0.45-μm nitrocellulose membranes (Invitrogen, Carlsbad, CA, United States). Membranes were blocked in 5% milk for 1 h and incubated overnight at 4°C with the following primary antibodies: mouse anti-ClC-3 (1:750 dilution; ab134285; Abcam) and anti-β-actin (1:1000 dilution, ab8226, Abcam). The next day, the membranes were rinsed with tris-buffered saline Twenty three times for 10 min and incubated with the secondary antibodies (anti-mouse immunoglobulin G against the primary antibodies). Staining was visualized using enhanced chemiluminescence (GE Healthcare, Chicago, IL, United States). Band intensities were quantified by ImageJ software (Rawak Software Inc., Germany).



Quantitative RT-PCR Analysis

Total RNA was extracted from the ipsilateral L4–6 DRGs of rats using Trizol (Invitrogen) and reverse-transcribed to cDNA using a qRT-PCR kit (Invitrogen) according to the manufacturer’s instructions (Sang et al., 2018). For each cDNA target, 2 μL aliquots of each completed reverse transcriptase reaction were amplified in a 20 μL reaction volume using SYBR Green Real Time PCR Master Mix (Toyobo Co., Ltd., Osaka, Japan) in 45 cycles of 95°C and 60°C for 12 s and 35 s, respectively. The following primers were used for amplification: ClC-3, 5′-ATGCTTGGTCAGGATGGCTTGTAG-3′ (forward) and 5′-AGT CATCCAGTCAGCAGCAATGTC-3′ (reverse); β-action, 5′-AGCAGA TGT GGATCAGCAAG-3′ (forward) and 5′-AACAGTCCGCCTAGAAGCAT-3′ (reverse). We used the mRNA level of β-actin as an internal control, and we ran a standard curve to determine the relative levels of each cDNA target. Relative gene expression levels were calculated using the 2–(ΔΔCt) method. The expression level of each gene was analyzed in triplicate.



Isolation of DRG Neurons

L4–6 DRG neurons from the ipsilateral side of the operation were dissociated using enzyme digestion as previously described (Zhang et al., 2017). The drug-intervention group DRGs were treated with 17β-estradiol and Cltx. Briefly, the excised ganglia were freed from their connective tissue sheaths and cut into pieces with a pair of sclerotic scissors in DMEM/F12 medium (GIBCO; Thermo Fisher Scientific, Waltham, MA, United States) under low temperature on ice. The fragments were transferred into 5 mL of DMEM/F12 medium containing trypsin (0.4 mg/mL, Sigma) and collagenase (type IA, 0.6 mg/mL, Sigma) and incubated for 5 min at 37°C. The ganglia were then gently triturated using fine fire-polished Pasteur pipettes. The suspension was dissociated in DMEM/F12 medium, supplemented with 10% fetal bovine serum, and DRG neurons were plated on glass cover slips coated with Poly-L-Lysine (Sigma). Cells were maintained in a humidified atmosphere (5% CO2, 37°C) and used for electrophysiological recordings 6–24 h after plating.



Electrophysiological Recordings

All recordings were performed on small and medium diameter (20–35 μm) neurons as previously described (Chen et al., 2011). Coverslips with DRG neurons were mounted in a small flow-through chamber positioned on the stage of an inverted microscope (Nikon Eclipse Ti, Tokyo, Japan) to select DRG cells with smooth membrane surfaces and good translucency for experiments. Coverslips were continuously perfused with gravity-driven bath solution. Standard whole-cell patch-clamp recordings from isolated DRG neurons were performed at room temperature (22°C) using an EPC-10 amplifier and the PULSE program (HKA Electronics, Lambrecht, Germany). The membrane capacitance was read from the amplifier by PULSE to measure the size of cells and current densities. Glass pipettes (3–5 MΩ) were prepared with a Sutter P-87 puller (Sutter Instruments, Novato, CA, United States). Action potentials were elicited by a series of depolarizing currents from 0 to 500 pA (150 ms) in 50-pA step increments under the current clamp mode to measure the current threshold (rheobase) in the vicinity of the explosive action potential current. The current was altered by 10 pA per step, i.e., the minimal current that evoked an action potential, as a parameter for excitability. The recorded signal was amplified by a MultiClamp 700B amplifier (Molecular Devices, LLC, Sunnyvale, CA, United States), filtered at 10 kHz, and converted by an Axon Digidata 1550A D/A converter (Molecular Devices) at a sampling frequency of 10 to 20 kHz. Voltage errors were minimized by using 80–90% series resistance compensation, and linear leak subtraction was used for all recordings. For the current clamp experiments, the bath solution contained (in mM): 140 NaCl, 5 KCl, 2 CaCl2, 2 MgCl2, 10 D-glucose, 10 HEPES; the pH was adjusted to 7.4 with NaOH. The pipette solution contained (in mM): 30 KCl, 100 K-aspartate, 5 MgCl2, 2 Mg-ATP, 0.1 Na- GTP, 40 HEPES; the pH was adjusted to 7.2 with KOH. All chemicals were obtained from Sigma.



Statistical Analysis

All data are expressed as mean ± SEM of three independent experiments. The normal distribution hypothesis of the test data and the homogeneity of variance were examined before further statistical analysis. Statistical analysis was performed using SPSS 10.0 (SPSS Inc., Chicago, IL, United States). PWCL and PWTL were analyzed using repeated-measures analysis of variance, and multiple comparisons between groups at each time point were conducted using Bonferroni’s post hoc tests. Regarding the western blot, PCR, and patch-clamp data, analysis among multiple groups was carried out by one-way analysis of variance followed by Tukey’s post hoc tests. Student’s t-test was used for two-group comparisons. P < 0.05 was considered statistically significant.



RESULTS


The Established OVX Model Had No Effect on Cold and Thermal Hypersensitivity

Normal female rats underwent OVX 2 weeks before SNI (Figure 1A). Behavioral tests showed that the sensitivity to cold and heat stimulation had remained unchanged 2 weeks after OVX (Figures 2A,B), and ClC-3 expression in DRG neurons did not change significantly within these 2 weeks (Figure 2E). Estrogen levels were measured in rat blood samples collected from the abdominal aorta under anesthesia before and after ovarian resection. The results showed that 17β-estradiol levels were significantly lower in the OVX group compared to pre-OVX (Figure 2F; 11060 ± 1113 in the pre-OVX vs. 240.1 ± 38.07 in the OVX group, P < 0.001; n = 6 in each group).
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FIGURE 1. Experimental model and schedule of drug intervention. (A) Ovarian removal (OVX) and spared nerve injury (SNI) model protocol. Normal female rats underwent ovariectomy 2 weeks before SNI. Two weeks later, OVX rats underwent SNI and behavioral testing at different time points of SNI; the ipsilateral L4–6 dorsal root ganglion was obtained as tissue sample after behavioral testing. (B) After the SNI model was established, rats were treated with 17β-estradiol for 7 days (from day 0 to day 6, 30 μg/kg/day) subcutaneously. On the 7th day of SNI, intrathecal Cltx or DMSO (1 μM/day, 20 μL) was administered for 4 days. The L4–6 dorsal root ganglia of rats were collected on the 7th day and 10th day of SNI after behavioral testing. OVX, ovariectomy; SNI, spared nerve injury; E2, 17β-estradiol; Cltx, Chlorotoxin; DMSO, vehicle, dimethyl sulfoxide.
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FIGURE 2. Effects of ovariectomy (OVX), spared nerve injury (SNI), and drug treatment on ClC-3 expression and behavior. (A) No change in the thermal threshold was observed after OVX (n = 8 per group). (B) There was no significant difference in duration of paw lifting in response to a cold stimulus (n = 9 per group). (C) Increased sensitivity to cold stimulation started from the 3rd day after SNI and lasted until the end of behavioral testing with slight recovery. Estrogen administration partially reversed this pain allergy in SNI rats until the day 21. Intrathecal injection of ClC-3 specific inhibitor, Cltx, resulted in cold hyperalgesia recovery. Vehicle solution had no effect (n = 6 per group). ∗∗∗P < 0.01, OVX + SNI vs. OVX group; ##P < 0.01, ###P < 0.001, OVX + SNI + E2 vs. OVX + SNI group; &⁣&⁣&P < 0.001, OVX + SNI + E2 + Cltx vs. OVX + SNI + E2 group; +++P < 0.001, OVX + SNI + E2 + Cltx vs. OVX + SNI group. (D) Thermal pain did not produce significant differences among all five groups. OVX, ovariectomy; SNI, spared nerve injury; PWTL, paw withdrawal thermal latency; PWCL, paw withdrawal cold latency; s.c., subcutaneous; i.t., intrathecal injection. (E) Western blot images of ClC-3 protein expression show that there were no significant differences after OVX; n = 6 per group. (F) Serum estrogen decreased significantly after ovariectomy; n = 6 per group), ∗∗∗P < 0.001, OVX vs. Pre-OVX.




Development of Cold and Thermal Hypersensitivity After SNI Treatment in OVX Rats

An OVX + SNI model was used to stimulate neuropathic pain in menopausal female rats. These rats showed pain-sensitizing behaviors such as paw protection, paw licking, and dorsiflexion (data not shown). Behavioral tests showed that OVX + SNI rats developed significant cold hyperalgesia. The increased sensitivity to cold stimulation started on the 3rd day after SNI and lasted until the end of behavioral testing (Figure 2C and Supplementary Table S1; OVX + SNI group vs. OVX group on day 3, 16.70 ± 0.6117 vs. 2.215 ± 0.5856, P < 0.001; day 7, 21.53 ± 1.142 vs. 2.283 ± 0.7183, P < 0.001; day 10, 20.13 ± 0.8730 vs. 2.505 ± 0.5909, P < 0.001; day 14, 17.34 ± 1.156 vs. 2.503 ± 0.5914, P < 0.001; day 21, 15.24 ± 0.8483 vs. 2.117 ± 0.6256, P < 0.001; n = 6 in each group). There was no significant change in thermal stimulation (Figure 2D).



ClC-3 Was Mainly Expressed in Medium/Small-Sized DRG Neurons of OVX Rats

Immunofluorescent double staining experiments showed that ClC-3 protein colocalized with IB4, CGRP, and NF-200 (Figure 3A). The percentages of IB4-, CGRP-, and NF-200-positive neurons relative to the percentage of ClC-3-positive cells were 34.47 ± 1.602%, 25.43 ± 1.267%, and 35.41 ± 1.552%, respectively (n = 6 in each group; Figure 3B). These results showed that ClC-3 was mainly located in A- and C-type neurons in the DRG. The neuronal diameter size ranges of IB4, CGRP, and NF-200 were 31.00 ± 1.13, 17.75 ± 0.87, and 42.75 ± 1.917, respectively (Figure 3C; n = 10 in each group). ClC-3 expression, mainly in medium/small-sized as well as in large DRG neurons, indicated that ClC-3 may be involved in the regulation of superficial sensations such as pain.
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FIGURE 3. ClC-3 expression, mainly in medium/small-sized and in large DRG neurons. (A) Immunofluorescence double labeling revealed that the ClC-3 protein was colocalized with IB4 (a marker of non-peptidergic C-type neurons), CGRP (a marker of peptidergic C-type neurons), and NF-200 (a marker of A-type neurons). Arrows refer to co-labeled neurons, scale bar = 50 μm. (B) The percentage of IB4, CGRP, and NF-200 positive (green) neurons relative to ClC-3 (red) positive cells. (C) Neuronal diameter size of IB4, CGRP, and NF-200. DRG, dorsal root ganglion.




Downregulation of ClC-3 Expression in DRG Neurons After SNI in OVX Rats

Immunofluorescent staining in rat ipsilateral L4–6 DRGs at different time points after SNI showed high distribution of ClC-3, and the positive cells in the ipsilateral DRGs decreased in a time-dependent manner after SNI (Figures 4A,C, 5A; OVX + SNI group vs. OVX group on day 3, 27.91 ± 2.528 vs. 54.34 ± 2.629, P < 0.01; day 7, 17.70 ± 2.350 vs. 54.34 ± 2.629, P < 0.001; day 14, 28.65 ± 2.378 vs. 54.34 ± 2.629, P < 0.001; day 21, 35.75 ± 2.485 vs. 54.34 ± 2.629, P < 0.01; n = 6 in each group). A significant change in ClC-3 protein was detected after SNI (Figures 4B, 5A). Quantification of ClC-3 protein by western blot analysis confirmed the time-dependent downregulation of ClC-3 protein in the DRG neurons, which was parallel to the time course of decrements in PWCL (OVX + SNI group vs. OVX group on day 3, 0.6483 ± 0.03598 vs. 1.153 ± 0.04463, P < 0.01; day 7, 0.2778 ± 0.04699 vs. 1.153 ± 0.04463, P < 0.001; day 10, 0.5855 ± 0.05903 vs. 1.853 ± 0.06955, P < 0.001; day 14, 0.4805 ± 0.02438 vs. 1.153 ± 0.04463, P < 0.001; day 21, 0.5570 ± 0.04517 vs. 1.153 ± 0.04463, P < 0.001; n = 6 in each group). These changes began on the 3rd day after SNI and reached the lowest point on day 7. The ClC-3 mRNA level was also downregulated on the 10th day after SNI (Figure 5B; OVX + SNI group vs. OVX group on day 10, 0.3800 ± 0.05292 vs. 1.037 ± 0.04256, P < 0.001; n = 6 in each group).
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FIGURE 4. ClC-3 expression was decreased in a time-dependent manner in the ipsilateral L4–6 DRG neurons of SNI rats after OVX. (A) Immunofluorescent signal of ClC-3 (red) detected in the DRG neurons of SNI rats after OVX. A1: Negative control (PBS). A2: OVX. A3: OVX + SNI D3. A4: OVX + SNI D7. A5: OVX + SNI D14. A6: OVX + SNI D21. PBS, Phosphate buffered saline; D3, 3 days after SNI; D7, 7 days after SNI; D14, 14 days after SNI; D21, 21 days after SNI; scale bar = 50 μm. (B) Western blot analysis showed that the ClC-3 protein levels were altered in a time-dependent manner. A significant decrease was detected on day 7 after SNI; n = 6 per group, ∗∗∗P < 0.001, compared to OVX group. (C) Quantification of ClC-3 positive neurons in ipsilateral L4–6 DRGs of OVX and OVX + SNI rats; ∗∗P < 0.01, ∗∗∗P < 0.001, compared to the OVX group.
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FIGURE 5. Cltx inhibited the 17β-estradiol mediated increase in ClC-3 protein expression but not in mRNA after intrathecal injection. (A) Subcutaneously injected 17β-estradiol (once per day for 7 consecutive days at SNI Day 0 to Day 6) reversed the downregulation of ClC-3 protein caused by SNI. Intrathecal injection of Cltx (once per day for 4 consecutive days starting at the 7th day of SNI after 17β-estradiol injection) reduced estrogen-mediated protein increased expression. Vehicle solution had no effect. n = 6 per group, ∗∗∗P < 0.001, OVX + SNI vs. OVX group; ###P < 0.001, OVX + SNI + E2 vs. OVX + SNI group; &⁣&⁣&P < 0.001, OVX + SNI + E2 + Cltx vs. OVX + SNI + E2 group; E2: 17β-estradiol; Cltx, Chlorotoxin; D0, the day of SNI operation; D6, 6 days after SNI. (B) ClC-3 mRNA level decreased after SNI and was rescued by 17β-estradiol; repeated daily intrathecal injection of Cltx (1 μM) did not suppress ClC-3 mRNA level. Vehicle solution had no significant effect; n = 6 per group. ∗∗∗P < 0.001, OVX + SNI vs. OVX group; ##P < 0.01, OVX + SNI + E2 vs. OVX + SNI group.




17β-Estradiol Administration Attenuated Cold Hyperalgesia in SNI OVX Rats

To evaluate the potential function of 17β-estradiol in neuropathic pain, it was subcutaneously injected once per day for 7 consecutive days, from day 0 to day 6 of SNI. In all SNI OVX rats that received 17β-estradiol (30 μg/kg/day), cold hyperalgesia was partially reversed, and the effect persisted from day 3 until the end of behavioral testing. For thermal hyperalgesia, the analgesic effect was not observed (Figure 2C; OVX + SNI + E2 group vs. OVX + SNI group on day 3, 12.67 ± 0.9605 vs. 16.70 ± 0.6117, P < 0.01; day 7, 7.017 ± 0.5443 vs. 21.53 ± 1.142, P < 0.001; day 10, 6.580 ± 0.9755 vs. 20.13 ± 0.8730, P < 0.001; day 14, 6.867 ± 0.7654 vs. 17.34 ± 1.156, P < 0.001; day 21, 6.807 ± 0.9490 vs. 15.24 ± 0.8483, P < 0.001; n = 6 in each group). The 17β-estradiol injection did not affect PWTL (Figure 2B).



Restoration of ClC-3 Protein and mRNA Expression After 17β-Estradiol Administration

After 17β-estradiol administration, L4–6 DRG neurons were harvested on day 10 of SNI. ClC-3 protein and mRNA levels were measured and the results showed an increase in the expression level of ClC-3 protein (Figure 5A and Supplementary Figures S7–S12; on day 10 of SNI, OVX + SNI + E2 group vs. OVX + SNI group, 1.590 ± 0.09205 vs. 0.5855 ± 0.05903, P < 0.01; n = 6 in each group). The qRT-PCR results revealed that 17β-estradiol regulated the expression of ClC-3 at the mRNA level. The OVX + SNI + E2 group had higher ClC-3 mRNA levels compared to the OVX + SNI group (Figure 5B; on day 10 of SNI, OVX + SNI + E2 group vs. OVX + SNI group, 0.7420 ± 0.04419 vs. 0.3800 ± 0.05292, P < 0.01; n = 6 in each group).



Intrathecal Cltx Administration Reproduced and Aggravated Hyperalgesia Relieved by 17β-Estradiol and Repressed ClC-3 Protein Level but Did Not Affect mRNA Upregulation by 17β-Estradiol

On the 7th day of SNI and consecutive administration of 17β-estradiol, Cltx (1 μM/day) or 10% DMSO as vehicle, 20 μL, was administered intrathecally to SNI rats for 4 consecutive days (Figure 1B; from day 7 to 10 after SNI). After receiving Cltx, cold hyperalgesia was restored (Figure 2C; on day 10 of SNI, OVX + SNI + E2 + Cltx vs. OVX + SNI + E2, 25.33 ± 1.113 vs. 7.427 ± 0.5994, P < 0.001; day 14, 23.77 ± 0.9978 vs. 5.700 ± 0.7425, P < 0.01; on day 10 of SNI, OVX + SNI + E2 + Cltx vs. OVX + SNI, 25.33 ± 1.113 vs. 20.13 ± 0.8730, P < 0.001, on day 14, 23.77 ± 0.9978 vs. 17.34 ± 1.156, P < 0.001; n = 6 in each group). Vehicle solution had no effect (n = 6 per group). L4–6 DRG tissues were harvested on day 10 of SNI after behavioral testing, and ClC-3 protein and mRNA levels were measured. Western blot analysis revealed that 17β-estradiol could not upregulate the expression of ClC-3 after Cltx was administered (Figure 5A; on day 10 of SNI, OVX + SNI + E2 + Cltx group vs. OVX + SNI + E2 group, 0.5563 ± 0.01588 vs. 1.590 ± 0.09205, P < 0.001; n = 6 in each group). The qRT-PCR and immunoblotting results were not consistent with the western blot analysis results, as Cltx administration did not regulate the expression of ClC-3 mRNA (Figure 5B). Administration of vehicle solution had no effect on ClC-3 protein and mRNA expression.



Intrathecal Cltx Administration in OVX and OVX + SNI Rats Increased Hyperalgesia and Downregulated ClC-3 Protein Expression

To further determine the contribution of ClC-3 to neuropathic pain, Cltx 1 μM/day or 10% DMSO as vehicle, 20 μL, was administered intrathecally to OVX and OVX + SNI rats for 4 consecutive days (Days 7 to 10 after SNI for the OVX + SNI group, 2 weeks after OVX for the OVX group). Cold hyperalgesia appeared significantly altered in OVX rats on days 10 and 14 (Figure 6A and Supplementary Table S2; on SNI day 10, 2 weeks after OVX, OVX + Cltx vs. OVX + DMSO, 23.51 ± 1.489 vs. 2.505 ± 0.6632, P < 0.001; day 14, 11.28 ± 1.087 vs. 2.167 ± 0.7702, P < 0.01; on day 10 after SNI, OVX + SNI + Cltx vs. OVX + SNI + DMSO, 21.63 ± 0.9098 vs. 25.83 ± 0.7708, P < 0.05; n = 6 in each group). There was no significant change in thermal stimulation (Figure 6B). On day 10 of SNI and on SNI day 10, 2 weeks after OVX, Cltx was administered for 4 days and L4–6 DRG tissues were obtained after behavioral testing. Western blot analysis revealed that Cltx downregulated ClC-3 protein expression (Figure 6C and Supplementary Figures S1–S6; on day 10, OVX + Cltx vs. OVX + DMSO group, 0.1761 ± 0.02175 vs. 0.9674 ± 0.09262, P < 0.001; n = 6 in each group).
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FIGURE 6. Intrathecal Cltx repressed ClC-3 protein expression and aroused cold hyperalgesia in OVX rats and aggravated hyperalgesia in OVX + SNI rats. (A) Repeated daily intrathecal injection of Cltx caused cold hyperalgesia in OVX rats from the injection day until the end of behavioral testing with slight recovery. Intrathecal injection of Cltx daily from SNI day 7 to day 10 aggravated hyperalgesia on day 10 of SNI (n = 6 per group). ∗∗∗P < 0.01, OVX + Cltx vs. OVX + DMSO group; #P < 0.05, OVX + SNI + DMSO vs. OVX + SNI + Cltx group; DMSO: vehicle, dimethyl sulfoxide; PWCL, paw withdrawal cold latency; OVX, ovariectomized; SNI, spared nerve injury. (B) No change in the thermal threshold was observed (n = 6 per group). PWTL, paw withdrawal thermal latency. (C) Intrathecal injection of Cltx decreased ClC-3 protein expression both in OVX rats and OVX + SNI rats; n = 6 per group, ∗∗∗P < 0.001, OVX + Cltx vs. OVX + DMSO group; ###P < 0.001, OVX + SNI + DMSO vs. OVX + SNI + Cltx group.




17β-Estradiol Decreased the Excitability of DRG Neurons Caused by SNI in OVX Rats When Blocked by Cltx

To examine why 17β-estradiol decreased the excitability for cold sensitivity caused by SNI in OVX rats, we examined the characteristics of the APs of DRG neurons. APs were elicited by a series of depolarizing currents from 0 to 500 pA (150 ms) in 50-pA step increments under the current clamp mode to measure the current threshold (rheobase), i.e., the minimal current that evoked an action potential, which was used as a parameter for excitability (Figures 7A–F). All DRG neurons from OVX rats were harvested on day 10 of SNI, with or without 17β-estradiol administration; DRGs for patch clamps were incubated with Cltx in vitro. The data suggested increased excitability of DRG neurons after SNI. Similarly, the voltage threshold of the APs in the OVX + SNI group was significantly lower than that in the OVX group. 17β-estradiol decreased excitability as it was blocked by Cltx (Figure 8A; OVX + SNI group vs. OVX group, 91.67 ± 15.37 vs. 300 ± 18.26, P < 0.001; OVX + SNI + E2 group vs. OVX + SNI group, 250 ± 18.26 vs. 91.67 ± 15.37, P < 0.001; OVX + SNI + E2 + Cltx group vs. OVX + SNI + E2 group, 100 ± 12.91 vs. 250 ± 18.26, P < 0.01; n = 6 in each group). The mean number of APs at double-strength rheobase (2 rheobase) was higher in the OVX + SNI group (Figure 8B). When 17β-estradiol was administered, the number of APs decreased under double-strength rheobase stimulation, and increased after intrathecal Cltx administration (Figure 8E; OVX + SNI group vs. OVX group, 17.5 ± 0.4282 vs. 2.167 ± 0.4773, P < 0.001; OVX + SNI + E2 group vs. OVX + SNI group, 4.333 ± 0.4944 vs. 17.5 ± 0.4282, P < 0.001; OVX + SNI + E2 + Cltx group vs. OVX + SNI + E2 group, 18.83 ± 0.4773 vs. 4.333 ± 0.4944, P < 0.01; n = 6 in each group). Other action potential parameters such as membrane capacitance, resting membrane potential, and magnitude of APs were not significantly different between the groups (Figures 8C,D). Furthermore, the size of all neurons was between 20–35 μm (Figure 8B). Administration of control solution had no effect on the rheobase and APs.
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FIGURE 7. 17β-estradiol attenuated increased excitability of DRG neurons in spared nerve injury ovariectomized rats and was inhibited by Cltx. Current threshold (rheobase) was determined as the current required for activating the first action potential. (A–F) On the right, representative traces of action potentials (APs) evoked by current injections into DRG neurons from OVX, OVX + SNI, OVX + SNI + E2, OVX + SNI + E2 + DMSO, and OVX + SNI + E2 + Cltx groups; n = 6 per group; On the right, twice in the figure, the number of action potentials produced at the corresponding 2 × rheobase.
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FIGURE 8. 17β-estradiol reversed current threshold (rheobase) decrease and the number of action potentials produced at the corresponding 2 × rheobase increase and was blocked by Cltx. (A) Statistical analysis revealed the rheobase. (B) Size of neurons. (C) Membrane capacitance. (D) Resting potential. (E) Number of action potentials (APs) at 2 × rheobase in DRG neurons. n = 6 per group, ∗∗∗P < 0.001, OVX + SNI vs. OVX group. ###P < 0.001, OVX + SNI + E2 vs. OVX + SNI group; &⁣&P < 0.01, &&&P < 0.001 OVX + SNI + E2 + Cltx vs. OVX + SNI + E2 group.




DISCUSSION

This study reported that ClC-3 expression in DRG neurons was not significantly changed 2 weeks after OVX. However, according to the literature, mechanical pain was observed 5 weeks after simple OVX and there were also observed changes in pain-related proteins (Amandusson and Blomqvist, 2013; Jiang et al., 2017). We can confirm that OVX has no effect on ClC-3 expression before SNI in this study. ClC-3 is distributed in the central nervous system (Riazanski et al., 2011) and, in this study, its expression decreased following SNI in OVX rats. Notably, ClC-3 was expressed at high levels in DRG cells, especially in medium/small-sized neurons. It was reported that in C57BL/6J mouse DRG neurons, ClC-3 is expressed at a high level especially in small size neurons (Pang et al., 2016). An SNI model was established 2 weeks after OVX; the induced neuropathic pain tended to begin on the 3rd day of SNI and to persist until the 21st day. It was reported that, in male rats, SNI-caused neuropathic pain lasted longer (Vacca et al., 2016). This indicates that OVX may affect SNI-induced neuropathic pain to some degree. However, hyperalgesia and decreased ClC-3 expression in OVX SNI-treated rats were reversed by 17β-estradiol replacement.

Neuropathic pain is a worldwide health concern with poor treatment outcomes (Norcini et al., 2016; Mo et al., 2018; Ouyang et al., 2019). Increases in spontaneous ectopic discharge in DRG neurons have been shown to play a critical role in neuropathic pain genesis (Mo et al., 2018). Small and medium-sized DRG cells were used for all patch clamp experiments. After the establishment of the SNI model, the reduction in ClC-3 expression decreased the activation rheobase of APs and increased the membrane input resistance in DRG neurons. Therefore, the same current injection induced more APs in the DRG neurons of the OVX + SNI group. Decreased ClC-3 expression did not affect cell membrane capacitance, resting membrane potential, or the amplitude of APs in DRG neurons. These findings indicate that increase in the excitability of DRG neurons contributes to hypersensitivity of primary afferent neurons to cold stimulation in OVX + SNI rats.

When 17β-estradiol was administered, the increase in excitability was attenuated. Conversely, excitability increased after administration of both 17β-estradiol and Cltx, a ClC-3 specific blocker. The most likely ion channel internalization by Cltx in gliomas is ClC-3 (Thompson and Sontheimer, 2016). Cltx, which binds to ClC-3 with MMP-2/MT1-MMP, forms a macromolecular protein complex on the cell membrane surface that indirectly affects the action of the chloride channel (Deshane et al., 2003; Thompson and Sontheimer, 2016). It differs from NPPB in inhibiting ClC-3 ion channels, as NPPB blocks the function of the ClC-3 ion channel, while Cltx reduces the number of functional chloride channels on the cell membrane surface. Regardless, Cltx was found to cause internalization of ClC-3 into caveolar rafts 15 min after its application (McFerrin and Sontheimer, 2006; Thompson and Sontheimer, 2016; Wang D. et al., 2017). In this regard, 17β-estradiol upregulated ClC-3 in DRG neurons of SNI-model rats at both the gene and protein levels; however, after 17β-estradiol and Cltx were administered, ClC-3 mRNA levels were not significantly decreased compared to those in the 17β-estradiol-administered group (Figure 9). This suggests that 17β-estradiol may affect the expression of ClC-3 at the gene level, thus increasing the sensitivity to cold stimulation by affecting the excitability of DRG neurons. Interestingly, when Cltx was used in the control OVX group, there were observed behavioral changes in cold allergy, and the allergic reaction increased. That was further verified that estrogen likely regulates neuropathic pain in OVX rats through ClC-3. It is valuable to note that in OVX + SNI rats, Cltx showed limited effects on ClC-3 protein expression and hyperalgesia, this phenomenon indicates that there are other regulatory mechanisms to be studied. The existing literature on the role of 17β-estradiol is inconsistent; both nociceptive and anti-nociceptive 17β-estradiol effects have been reported (Vacca et al., 2016; Sorge and Totsch, 2017; Li W. et al., 2019; Stinson et al., 2019). Furthermore, the results may also depend on 17β-estradiol levels and the structures and systems involved (Craft, 2007; Vacca et al., 2016). Pathological pain can be divided into inflammatory, cancer, and neuropathic (Amandusson and Blomqvist, 2013). Evidence suggests that 17β-estradiol may promote inflammatory pain but has a therapeutic effect on sexual pain (Ma et al., 2016; Vacca et al., 2016); it can also alleviate neuropathic pain caused by chemotherapy through different ERs (Ma et al., 2016; Kramer et al., 2018). Many studies have previously reported that 17β-estradiol can regulate the expression of pain-related proteins in the central nervous system and peripheral neurons such as DRG cells, thereby alleviating SNI-induced neuropathic pain and associated anxiety (Lu et al., 2013; Small et al., 2013; Liu et al., 2015; Ramirez-Barrantes et al., 2016; Vacca et al., 2016; Xu et al., 2017; Lee et al., 2018). Further, 17β-estradiol reduces pain thresholds in neuropathic rats by increasing the expression of NMDAR1 (Deng C. et al., 2017). The pathogenesis of neuropathic pain is mainly underpinned by changes in ion channels that influence APs (Scholz et al., 2019). A previous study reported that altered activity resulted in changes in the properties and/or expression of various types of ion channels, such as voltage-gated Na+, K+, and Ca2+ channels (Waxman and Zamponi, 2014; Daou et al., 2016); however, the role of anion channels remains unclear.


[image: image]

FIGURE 9. Schematic of potential 17β-estradiol-mediated mechanisms of neuropathic pain regulation in ovariectomized female rats. 17β-estradiol may regulate the expression of ClC-3 mRNA through the 17β-estradiol receptor, including nuclear receptors α and β or membrane receptor GPER, via certain signaling pathways in the cell, thereby affecting the expression of ClC-3 mRNA and protein and relieving neuropathic pain. However, this effect may be blocked by Cltx, a specific blocker that affects the function of ClC-3 channel protein but does not affect the expression of mRNA. GPER, G protein-coupled 17β-estradiol receptor. ER-α and ER-β: nuclear 17β-estradiol receptors α and β.


A recent report indicated that ClC-3 is a member of the voltage-gated chloride channel family; its deletion caused increased excitability of DRG cells and decrease in the mechanical pain threshold in rats and mice (Pang et al., 2016). ClC-3 belongs to the ClC voltage-gated chloride channel Superfamily and includes two different functional groups: voltage-gated chloride channels and Cl–/H+ reverse transporters (Deshane et al., 2003; Riazanski et al., 2011; Liu et al., 2013; Hong et al., 2015). According to previous reports, estrogen may alleviate neuropathic pain (Vacca et al., 2016; Lee et al., 2018). It has been reported that estrogen reduces the pain threshold in males, likely due to its sexually dimorphic actions (Alabas et al., 2012; Bereiter et al., 2019). In neutered females, estrogen has analgesic effects that may be mediated by ClC-3. Previous investigations reported that pain involves two effects that may occur at different times. There are no reports of estrogen increasing pain sensitivity; however, when estrogen levels increase during pregnancy, pain sensitivity is known to decrease, and oophorectomy results in hyperalgesia in mice subjected to mechanical and thermal tests (Amandusson and Blomqvist, 2013; Berman et al., 2017; Ren et al., 2018; Yousuf et al., 2019). However, more studies have favored the antagonistic effect of estrogen on pain (Gintzler and Liu, 2012; Bálint et al., 2016; Kramer et al., 2018). Future studies, performed with OVX female rats or mice, should investigate the role of ClC-3 in the 17β-estradiol-mediated effects on SNI-induced neuropathic pain in OVX animals. These investigations will provide more evidence for the multifarious effects of estrogen on pain. Indeed, this study did not assess compensatory mechanisms caused by dysfunctional hormonal conditions. ERs are widely distributed in the nervous system (Tang et al., 2014; Bálint et al., 2016; Nourbakhsh et al., 2018; Li L. et al., 2019; Liu et al., 2019). Reportedly, estrogen could influence the expression of P2X3 via ERα and GPR30 to affect neuropathic pain, which may be mediated through the ERK pathway (Lu et al., 2013). Future studies may confirm the mechanisms by which ClC-3 regulates ERs. The results of this study provide a new direction for new treatments in the clinical treatment of neuropathic pain in menopausal women.



CONCLUSION

In conclusion, our results showed the complex interactions involved in estrogen-induced pain regulation and revealed the potent role of 17β-estradiol in neuropathic pain, which was altered in female OVX rats. Estrogen may decrease sensitivity to cold stimulation through increased ClC-3 expression in rats experiencing chronic neuropathic pain 2 weeks after OVX.
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Background: Opioid long-term therapy can produce tolerance, opioid-induced hyperalgesia (OIH), and it induces dysfunction in pain descending pain inhibitory system (DPIS).

Objectives: This integrative review with meta-analysis aimed: (i) To discuss the potential mechanisms involved in analgesic tolerance and opioid-induced hyperalgesia (OIH). (ii) To examine how the opioid can affect the function of DPIS. (ii) To show evidence about the tDCS as an approach to treat acute and chronic pain. (iii) To discuss the effect of tDCS on DPIS and how it can counter-regulate the OIH. (iv) To draw perspectives for the future about the tDCS effects as an approach to improve the dysfunction in the DPIS in chronic non-cancer pain.

Methods: Relevant published randomized clinical trials (RCT) comparing active (irrespective of the stimulation protocol) to sham tDCS for treating chronic non-cancer pain were identified, and risk of bias was assessed. We searched trials in PubMed, EMBASE and Cochrane trials databases. tDCS protocols accepted were application in areas of the primary motor cortex (M1), dorsolateral prefrontal cortex (DLPFC), or occipital area.

Results: Fifty-nine studies were fully reviewed, and 24 with moderate to the high-quality methodology were included. tDCS improved chronic pain with a moderate effect size [pooled standardized mean difference; −0.66; 95% confidence interval (CI) −0.91 to −0.41]. On average, active protocols led to 27.26% less pain at the end of treatment compared to sham [95% CI; 15.89–32.90%]. Protocol varied in terms of anodal or cathodal stimulation, areas of stimulation (M1 and DLPFC the most common), number of sessions (from 5 to 20) and current intensity (from 1 to 2 mA). The time of application was 20 min in 92% of protocols.

Conclusion: In comparison with sham stimulation, tDCS demonstrated a superior effect in reducing chronic pain conditions. They give perspectives that the top-down neuromodulator effects of tDCS are a promising approach to improve management in refractory chronic not-cancer related pain and to enhance dysfunctional neuronal circuitries involved in the DPIS and other pain dimensions and improve pain control with a therapeutic opioid-free. However, further studies are needed to determine individualized protocols according to a biopsychosocial perspective.
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INTRODUCTION

A recent national survey estimates that 3–4% of Americans adults have been receiving long-term opioid therapy (Dowell et al., 2016), and it estimated that almost 2 million meet the DSM-IV criteria for dependence or abuse (Florence et al., 2016). Chronic pain syndromes, defined as recurrent or persistent pain lasting 3 months, can be related to structural changes such as a decrease in neocortex gray matter (Geha et al., 2009). Even if research signs of progress and new targets appear for treating acute and chronic pain, opioids still representing the gold standard analgesics. However, opioid treatments induce several side effects, among them, are the analgesic tolerance and opioid-induced hyperalgesia (OIH). These phenomena are closely related to the dysfunction of the descending pain inhibitory system (DPIS). Hence to comprehend the relevance of new therapeutic approaches in this field, it is essential an integrated view of their potential properties to block processes involved in the neurobiology of tolerance and OIH. Thereby, we conduct the reader to a brainstorm of this question to integrate concepts related to pain, opioids effects as neuromodulators (analgesia, tolerance, and OIH and dysfunction of descending pain inhibitory system) and the impact of transcranial neuromodulatory techniques. Also, we present some essential technical aspects of how to use of tDCS, evidence about their effect on pain and future perspectives.


An Integrative View of Chronic Pain Opioid Use and Transcranial Neuromodulation

Chronic pain is maladaptive response related to a reduction in the neurogenesis at the hippocampus (Lanz et al., 2011) and a decreased volume of the ventromedial prefrontal cortex (VMPFC) (Abdallah and Geha, 2017). Other changes found in chronic pain were a gray matter density decrease in the cerebral cortex, specifically in areas such as cingulate, insular, prefrontal and dorsolateral, somatosensory, thalamus, motor cortex, and brainstem (Kuchinad et al., 2007). These changes include neurodegeneration related to the severity of pain (Lefaucheur et al., 2006, 2011; May, 2008). Aligned with these neuroimage findings, neurophysiological measures by transcranial magnetic stimulation (TMS) indicate a dysfunction in the cortical excitability measures and the corticospinal pathways (Niddam and Hsieh, 2009). Such changes include increased motor evoked potential (MT), cortical silent period reduction (CSP) and short intracortical inhibition decrease (ICI), which suggest a disruption of cortical inhibition mechanisms (Gussew et al., 2011; Huang et al., 2017; Cardinal et al., 2019). According to Lefaucheur et al. (2006), the lack of inhibitory mechanisms contributes to increasing the cortical excitability and indicates an imbalance in GABAergic and glutamatergic systems (Mhalla et al., 2010). These dysfunctions in pain processing also include altered intrinsic brain connectivity. In chronic pelvic pain related to endometriosis, it was found greater connectivity between the anterior insula region with the medial prefrontal cortex (mPFC). The connectivity level was correlated positively with the severity of pain, anxiety, and depression (As-Sanie et al., 2016). Similar results were found in fibromyalgia (Napadow et al., 2010, 2012), and chronic low back pain (Loggia et al., 2013).

Likewise, in persons addicted to opioids, a decreased functional connectivity in brain regions such as the nucleus accumbens, anterior insula, and amygdala subdivisions has been involved in the regulation of affect, impulse control, reward, and motivational functions. Besides, more prolonged exposure to opioid prescription is correlated with a bilateral volumetric loss in the amygdala compared to controls (Upadhyay et al., 2010). Although some of these changes likely seem reversible after pain treatment (e.g., gray matter volume loss; Maarrawi et al., 2013) and after treatment with pregabalin (Kim J. et al., 2013) and acupuncture (Napadow et al., 2012), both treatments reduced the connectivity in these regions of the default mode network (DMN) related to pain processing. These set of symptoms reflect changes responsible for the shift of the sensory system physiological to pathological pain hypersensitivity, which comprises mechanisms of central sensitization syndrome (CSS) (Yunus, 2015).

The International Association for the Study of Pain (IASP) defines “central sensitization” broadly as the “increased responsiveness in the pain pathways neurons to their normal or subthreshold afferent input.” This phenomenon is a consequence of perturbation of the nociceptive system with the peripheral or central sensitization, and it is involved in the hyperalgesia (Brietzke et al., 2019). In chronic pain, the CCS is linked to the cognitive depressed mood, fatigue, and catastrophizing thoughts and disability due to pain (Caumo et al., 2017; Brietzke et al., 2019). This increased excitability and reduced inhibition in the systems of pain processing increase the gain of incoming sensory information, resulting in exaggerated pain, secondary hyperalgesia, allodynia, and temporal summation (Staud et al., 2001; Price et al., 2002).

Although we have witnessed a leap forward in our comprehension of the mechanistic underpinnings of pain, and the potential treatment targets have grown, it is still persistent a gap between pain research and the pain management in the clinical setting, which remains to be a challenge. Among drugs currently used to treat chronic pain, opioids are frequently prescribed. In the US, ~3–4% of the adult population received long-term opioid therapy. However, this prescription is not supported by evidence, because the efficacy of opioids in randomized clinical trials lasts primarily 12 weeks or less (Dowell et al., 2016). Nonopioids drugs currently used include selective norepinephrine or serotonin reuptake inhibitors (SNRIs and SSRIs), membrane stabilizers (e.g., anticonvulsants), acetaminophen, non-steroidal anti-inflammatory drugs (NSAIDs), etc. (Nicol et al., 2017). Even though these drugs are FDA-approved, according to the criteria of IMMPACT consensus statement (Gewandter et al., 2015), which defines an effect on pain reduction of considerable magnitude of at least a 50% (alternatively 30% or moderate pain relief), and the effect sizes for many of these treatments are small (Nicol et al., 2017). Another aspect to consider is their side-effects, particularly with opioids, such as sedation, nausea, and their reduced long-term efficacy due to receptor downregulation.

According to the extensive literature in non-cancer chronic pain, the prescription of opioid drugs should consider a proper balance between the benefits and the risk for addiction. Such factors associated with opiate dependence, include psychosocial problems (e.g., childhood neglect, abuse, or trauma), mental disorders (e.g., depression and anxiety) and to have a history of another dependence (Busse et al., 2017). The reliance of substance comprises tolerance, defined by either a markedly increased amounts of the abuse substance to the desired effect and a diminished effect with continued use and withdrawal symptoms (Busse et al., 2017). In addition to the dependence, the opioids can elicit an unexpected increase in pain sensitivity. This phenomenon is known as hyperalgesia induced by opioids (HIO). Its mechanism remains still obscure, even though abnormal functional features have been identified, mainly by imaging and neurophysiological measures. Although the OIH and the tolerance may share some neurochemical mechanisms, at the clinical setting cannot define where one ends and initiates the other or if they are a continuum of the same phenomenon. The OIH and dependence, both can be involved in chronic pain refractory, and they can constitute a mechanism underpinning the inadequate pain control, either in opioid use or in addicts to opiate.

Thus, therapeutic approaches that alter the membrane potential and could change the dysfunctional plasticity within pain circuits, they may also affect the nuclei in the thalamus and subthalamic regions (Strafella et al., 2004; Lang et al., 2005; Moreno-duarte et al., 2014). Taking this into account is plausible that the repetitive transcranial magnetic stimulation (rTMS) and transcranial direct current stimulation (tDCS) may be promising alternatives for this context. Although the FDA approved the TMS for the treatment of major depressive disorder symptoms treatment-resistant after use of two or three antidepressant medicines with lack of adequate response (Nemeroff, 2007) and the rTMS was approved for chronic neuropathic pain in Europe (Lefaucheur et al., 2006; André-Obadia et al., 2014), it has not been approved for chronic pain treatment yet. At present, the device to apply TMS is relatively expensive and need to be done under direct supervision in medical centers. tDCS, on the other hand, is a cheaper and easier-to-use type of stimulation technique. TMS pulse can generate currents capable of depolarizing neurons until it reaches the threshold for firing action potentials, whereas tDCS modulates the resting membrane potential and require less sophisticated equipment than TMS. The tDCS requires two electrodes, cathode, and anode, arranged in different positions to create a direct current flow of low intensity (1 or 2 mA) that targets a specific region of the cerebral cortex. However, it is essential to consider that its effects, as well as the effect of the pharmacological treatment, can be modified by genetic polymorphisms of BDNF and monoamines [e.g., monoamine oxidase (MAO), and to catechol-O-methyltransferase (COMT)] and several other factors such as sex, age, central nervous disease, medicines with effect in the central nervous system, etc. Also, tDCS effects are likely to be neuroplasticity state dependent, since previous study found that serum BDNF predicts the impact of tDCS on behavioral measures in chronic pain conditions (Souza et al., 2018).

This integrative review with meta-analysis has the following aims: (i) To discuss the potential mechanisms involved in analgesic tolerance and opioid-induced hyperalgesia (OIH). (ii) To examine how the opioid can affect the function of descending pain inhibitory system (DPIS). (ii) To show evidence about the tDCS as an approach to treat chronic pain. (iii) To discuss the effect of tDCS on DPMS and how its impact can counter-regulate the OIH. (iv) To draw perspectives for the future about the tDCS effects as an approach to improve the dysfunction in the DPIS in chronic non-cancer pain.



Opioids Effects as Neuromodulators: Analgesia, Tolerance, and OIH and Dysfunction of Descending Pain Inhibitory System


Analgesia Induced by Opioids

More than 200 years ago, the German Friedrich Sertürner isolated an alkaloid Crystal from opium, extracted from poppy, and called it morphine. After the determination of morphine structure in 1920, the synthesis of new opioids compounds derived from morphine and based on its chemical structure has begun (Huxtable and Schwarz, 2001). In 1939, meperidine emerged as the first entirely synthetic opioid. Fentanyl, another opioid, was available since 1960. Between 1974 and 1976, were developed some fentanyl analogs: carfentanil (1974), sufentanil (1974), lofentanil (1975), alfentanil (1976) (Janssen, 1982) and in the early 90's remifentanil was available for clinical use. Opioids bind to receptors in the central nervous system (CNS) μ (MOR), δ (DOR), κ (KOR). Another type of receptor is ORL-1, mostly located in the solitary tract nucleus, periaqueductal gray matter, frontal cortex, thalamus, and central gelatinous substance of the spinal cord (Butour et al., 1998). These opioids receptors are opioid conjoining to inhibitory G—(iG)-protein (Waldhoer et al., 2004), and they can be agonist-antagonists. The clinical effects include analgesia and sedation, which are produced by a reduction to intracellular calcium influx and to impair the quantity of the neurotransmitters in the cleft synapsis. This cascade of events that lead to hyperpolarization of membranes is presented in Figure 1.


[image: Figure 1]
FIGURE 1. Cell mechanisms of opioids action. In presynaptic neuron have inhibition of intracellular calcium influx and impairment in neurotransmitters release. In a postsynaptic neuron, cascade events induce to hyperpolarization state. cAMP, cyclic adenosine monophosphate; RPBE, response of cAMP to the protein binding element; Ca2+, calcium; K+, potassium; Na+, sodium; +, excitatory; –, inhibitory. 1. Inhibition of adenylate cyclase reduces the cyclic adenosine monophosphate (cAMP); and second messengers. 2. With this, cAMP reduction allow the openness of the potassium channels and promote the postsynaptic cell hyperpolarization. 3. The concomitant activation of presynaptic opioid receptors of C and Aδ fiber inhibits indirectly calcium influx, which decreases cAMP levels and blocks neurotransmitters release—glutamate, substance P and calcitonin gene-related peptide (CGRP).




Tolerance to Opioids Analgesic Effects

Tolerance to opioid analgesia involves the desensitization of Mu opioid receptor (MOR) (see Dang and Christie, 2012; Williams et al., 2013). The desensitization corresponds to a loss of effectiveness to agonist by repeated exposure (Dang and Christie, 2012; Williams et al., 2013). The homologous desensitization, i.e., the activation of a receptor type provokes its desensitization (i.e., MOR activation desensitizes MOR), and heterologous desensitization when the activation of another receptor desensitizes MOR, such as the desensitization described between MOR and chemokine receptors (CxCRs) (see Parsadaniantz et al., 2015). For instance, the desensitization of MOR by the interaction between MOR-CxCr4 and MOR-Cx3Cr1 in the periaqueductal gray matter (PAG) (Heinisch et al., 2011). Neurons treated in vitro with the respective CxCr4 or Cx3Cr1 agonists displayed decreased morphine-induced electrophysiological activity. And, intraspinal CXCL12 administration diminished morphine analgesia, while CXCR4 antagonist potentiated morphine analgesia (Rivat et al., 2014). At a molecular view, CxCRs activate protein kinase C (PKC), which phosphorylates the intracytoplasmic tail of MOR (see Williams et al., 2013). MOR phosphorylation uncouplers MOR from Gi [inhibitory protein-conjoined receptor (GPCR)]. Then, G protein receptor kinase (GRK) and arrestin are recruited to MOR, leading to MOR internalization and the result this cascade is the analgesic tolerance (see Williams et al., 2013). CxCR activation can also lead to activation of signal-regulated kinase (ERK) in the pathway that decreases nociceptive thresholds and hence induces hyperalgesia (see Parsadaniantz et al., 2015). The mechanisms involved in the tolerance are presented in Figure 2.


[image: Figure 2]
FIGURE 2. Schematic representation of neuronal mechanisms underlying opioid tolerance development. Tolerance event: Decreases membrane potential threshold, increases the action-potential duration (APD), and increases neurotransmitter release. APD, action-potential duration; IEG, immediate early genes (c-Fos, FosB); PKA, protein Kinase A; CREB, cAMP response element-binding protein; pCREB, phosphorylated CREB protein; Gi/o, inhibitory G protein; Gs, excitatory G protein; CaMK-II, calcium/calmodulin dependent protein kinase II; PLA2, phospholipase A2; NO, nitric oxide; nNOS, neuronal nitric oxide synthase; HPETE, hydroperoxyeicosatetraenoic acid; +, excitatory; –, inhibitory.


The dependence motivating effects of abuse drugs occur through the activation of the mesocorticolimbic dopaminergic pathway, a central system that mediates the effects of reinforcement (Uhl et al., 2019). The primary circuit of this system comprises dopaminergic neurons in the ventral tegmental area, which has connections with prefrontal cortex and accumbens nucleons, while the emotional aspects of dependence memories are associated with amygdala, hippocampus, and hypothalamus. The amygdala is involved in the conditioned response and gives the emotional value to perception after drug use. Also, the amygdala participates in emotional memory, providing a positive or negative value of new information, whereas the hypothalamus receives the afferents of the nucleus accumbens to trigger an autonomic and neuroendocrine response (Uhl et al., 2019).

The most common strategy to face opioid dependence is pharmacological, which comprises methadone, used to treat the Opioid Use Disorders (OUD). The buprenorphine, naltrexone are equally efficacious in non-injection opioid analgesia users (Potter et al., 2013). Despite methadone being a mu opioid receptor agonist and one an NMDAr antagonist, OIH can still develop (Compton et al., 2012). A high number of patients with OUDs reported persisted with chronic pain, even after conversion to methadone (Compton et al., 2012; Dennis et al., 2015). Although behavioral and pharmacological therapies have been used to treat abstinence in alcohol and drug abuse, relapse rates continue higher than 60% (HHS and Office of the Surgeon General, 2016). This suggests a need for further research to develop more effective treatments.



Hyperalgesia Induced by Opioids

The HIO seem to depend on complex interactions between the various cell types that make up the central nervous system, such as the activation of opioid receptors in neurons, astrocytes, and microglia, associated with the release of pro-inflammatory cytokines, events crucial for the understanding of the mechanism of opioid-induced hyperalgesia. In neurons, activation of opioid receptors may decrease glutamate reuptake in the synaptic cleft, in addition to increasing NMDA receptor activity. Still in neurons, the morphine-induced astrocyte BDNF release, which causes a decrease in Cl- transporters of type KCC2, reversing the concentration gradient of this ion. In neuropathic and chronic inflammatory pain conditions, GABAergic inhibitory control is decreased, leading to increased excitation and central sensitization (Malcangio, 2018).

According to Ferrini et al. (2013), rats treated with morphine for seven days altered Cl- homeostasis (together with a downregulation of the K+-Cl– co-transporter KCC2) homeostasis in spinal lamina l neurons. Subsequently, it was observed a reversal potential for GABAa currents, making neurons become more depolarized. When exogenous GABA was applied, they saw GABA that it is evoking a biphasic response, initially with an outward flow, which was followed by a shift to an inward current. This shift was not found in the case of saline-treated rats. Therefore, it is plausible to conclude an excitatory effect had taken place, which was associated with hyperalgesia. When researchers blocked BDNF-TrkB signaling, it was observed the preservation of Cl– homeostasis and a reduction in hyperalgesia. In astrocytes, chronic-activated opioid receptors may promote the release of pro-inflammatory cytokines, such as tumor necrosis factor alpha (TNFα), interleukin-1β (IL-1β), IL-6, IL-10, monocyte chemotactic protein 1 (CCL2) and chemokine CXC 1 (CXCL1). Besides, morphine can inhibit astrocyte glutamate transporters, promoting an increase in the extracellular concentration of this neurotransmitter (Roeckel et al., 2016).

On the other hand, opioid receptors activated in microglia leads to a rise in the expression of purinergic ionotropic receptors P2X4 and P2X7, as well as Toll 4 type receptors (TLR4) (Hutchinson et al., 2011; Grace et al., 2014) further increasing the release of pro-inflammatory cytokines, as well as ATP and nitric oxide (Zhou et al., 2010). In turn, the cytokines released from astrocytes and microglia will activate their respective receptors located in nociceptive neurons, causing desensitization of the opioid receptors, which will cause a decrease in the analgesic effect (Roeckel et al., 2016). The acute and chronic morphine administration activate cytokines released by astrocytes. Acute morphine exposure over satellite glial cells in the dorsal root ganglia (DRG) leads to upregulation of inflammatory cytokine interleukin 1-beta (IL-1β). Likewise, chronic morphine administration demonstrates upregulation of inflammatory cytokine (IL-1β) in spinal astrocyte (Berta et al., 2012). About chronic use of morphine, microglia cells also release proinflammatory cytokines (Merighi et al., 2013). The opioid desensitization receptor occurs by distinct mechanisms of desensitization potential between opioid receptors and inflammatory substances that participate in the G-protein-coupled systems (Szabo et al., 2002). Other neurons and glia systems (calcium, MAP kinases pathway, and nuclear factor-κB) also may be acting in this different desensitization (Haddad, 2002).

Also, activation of cytokine receptors in neurons causes an increase in the expression of excitatory NMDA-like glutamate receptors leading to increased sensitivity to pain (Roeckel et al., 2016). Hence, these neuronal processes contribute to activation of neuroexcitatory mechanisms involved in long-term potentiation (LTP) and descending pain facilitation (Chu et al., 2011; Lee et al., 2011). Together, these cellular and molecular mechanisms lead to the sensitization of neurons and contribute to the development of hyperalgesia induced by morphine and its derivatives. The OIH is pronociceptive changes that occur in combined with catecholamine release, and other factors have been linked with withdrawal-induced hyperalgesia, or on long-term opioid therapy for chronic pain (Bie et al., 2003). For clinical purposes, these two phenomena are difficult to handle, since the development of analgesic tolerance will lead to an increase in the opiate dosage, which in turn will induce an enhancement of OIH. The neuronal pathways involved in OIH, such as activation of neuronal MOR and the regulation of intracellular mechanisms involved in OIH are presented in Figure 3.


[image: Figure 3]
FIGURE 3. Mechanisms engaged in the formation and maintenance of OIH. OIH, Hyperalgesia induced by opioids; BDNF, brain derived neurotrophic factor; Cx3Cl1, chemokine Cx3Cl1; EAAC1, glutamate transporter EAAC1; GABAR, gamma aminobutyric acid receptor; GRK, G protein coupled receptor kinase; IL1β, interleukin beta; IP3, inositol triphosphate; KCC2, K+/Cl cotransporter 2; LTP, long-term potentiation; MOR, mu-opioid receptor; mTOR, mammalian target of rapamycin; NO, nitric oxide; NOS, nitric oxide synthase; NK1, neurokinin 1 receptor; NMDAR, N-methyl-D-aspartic acid receptor; PKC, protein kinase C; SP, substance P; TNFα, tumor necrosis factor alpha; TrkB, tyrosine kinase B; TRPV1, transient receptor potential vanilloid 1; Ca2+, calcium; Cl−, chlorine; +, excitatory; –, inhibitory. (1) Morphine activates the neuronal MOR and generates an intracellular process that culminates in the OIH; (2) Signaling mTOR is activated by morphine engaged in neuroexcitation that lead to OIH; (3) The synaptic concentration of glutamate is elevated when the glutamate transporter EEAC1 are blocked by morphine. (4) Glutamate coupling in your NMDA receptors activates the calcium influx inducing the LTP that lead an OIH. (5) The BDNF receptor TrkB reduces the action of the cotransporter KCC2 evolved in ions chlorine homeostasis that modifies the inhibitory function of GABA for an excitatory function that which promote OIH. (6) Morphine also activates the glial cells and neurons that generate pro-inflammatory cytokines (IL1β and TNFα) that induce LTP and lead to OIH.





Impact of Genetic Polymorphisms in the Pain Modulatory System and Treatment Effect

The susceptibility to opioid physical dependence, tolerance, and opioid-induced hyperalgesia (OIH) display a significant degree of heritability (>60%) (Kest et al., 2002; Wilson, 2003; Liang et al., 2006a,b). In humans, studies with twin and families estimated that 40–60% of opioid dependence is driven by genetic factors (Yuferov et al., 2010). Although few causal genetic variants have been identified (Gelernter et al., 2014), the impact of these genetic aspects on the opioid dependence need to be determined. Serum BDNF levels were found to be significantly higher in Val/Val carriers than in Met/ Val or Met/Met in heroin users (Roviš et al., 2018). Besides, some prefrontal cortical areas are involved in the inhibition of nociception (Petrovic et al., 2002). The descending pain inhibitory pathway is modulated by the central catecholaminergic systems (Basbaum and Fields, 1979). The functional polymorphism Val158Met (rs4680) of the Catechol-O-methyltransferase (COMT) gene, which regulates the metabolism of dopamine and noradrenaline can be related to higher pain sensitivity. The Val158Met variant of the substitution of the amino acid valine (Val) for methionine (Met) at codon 158 is related to a breakdown of dopamine and noradrenaline up to four times for the valine allele compared to methionine. Hence, they have available lower levels of dopamine/noradrenaline in the synaptic cleft (Lotta et al., 1995). In the same way, the Val158Met polymorphism of COMT can influence the impact of the tDCS on pain and depression. The polymorphisms of BDNF has been pointed out as a factor that influences the neuromodulatory effect of pharmacological (e.g., morphine, antidepressants, etc.) and non-pharmacological therapies (tDCS, TMS, etc.).

The Val66Met (rs6265) polymorphism of the BDNF gene resulted in the substitution of an amino acid valine to methionine in the pro-BDNF peptide. Then, three genotypes are possible Val/Val, Val/Met, or Met/Met, respectively (Mowla et al., 2001; Hariri et al., 2003). This polymorphism has been extensively studied and may affect the secretion of BDNF (Egan et al., 2003), regulate cell survival, growth, and modulate synaptic changes (Mowla et al., 2001; Hariri et al., 2003; Frielingsdorf et al., 2010). Met carriers were associated with the reduction of volume in the hippocampus (Pezawas et al., 2004; Reiser et al., 2007), and dorsolateral prefrontal cortex. Val66Met polymorphism is associated with cortical maturation in children and adolescents with and without psychiatric disorders (de Araujo et al., 2018). Met carriers were also associated with an increased risk for anxiety trait (Arias et al., 2012), suicide behavior in Asian and Caucasian population (González-Castro et al., 2017) and alcohol dependence (Matsushita et al., 2004). On the other hand, in Han Chinese, higher Val frequency was found in heroin users. However, Val allele carriers had a later onset of heroin abuse compared to Met allele carriers (Cheng et al., 2005). In addition, researchers found a significant association between BDNF Val66Met and worse treatment outcomes among Met carriers (Heinzerling et al., 2012). Besides, Met carriers reported more time- and cost-intensive heroin-seeking behavior than did carriers of the Val/Val (Greenwald et al., 2013).

BDNF is a neurotrophin that modulates long-term potentiation (LTP), and it has a central role in sensitization of pain pathways at the spinal level. In the presence of inflammation, the BDNF is upregulated in the lifetime of spinal cord injury it promotes a process of adaptive plasticity and functional recovery. Although the effect of BDNF is multifaceted, at the medullary level it is associated (i) expression of TrkB receptor and downstream kinases, (ii) modifies GABAergic transmission by altering the appearance of chloride channels, and (iii) activation of cells of astroglia. BDNF potentiate the metaplastic changes at the medullary level that are essential to spinal function, especially after spinal cord injury (Garraway and Huie, 2016). Although the findings are still incipient and not conclusive, BDNF levels seem to be related to anodal tDCS over the M1 in the body pain associated to pegylated-interferon (Brietzke et al., 2016) and TMS (Dall'Agnol et al., 2014). Another system involved in the pain processing and perhaps in the effect of treatment is the monoaminergic system, in which the COMT enzyme plays a critical role in the degradation of catecholamines, such as dopamine, where it transfers a methyl group of S-adenosylmethionine to the 3-hydroxy group of catechol (Axelrod and Tomchick, 1958). A functional polymorphism at position 108/158 of COMT causes a valine amino acid exchange for methionine (Val 108/158 Met) affects the thermal stability of the enzyme as well as its activity. The Met allele results in a more thermolabile and less active COMT phenotype (Lachman, 1996; Chen et al., 2004). The influence of serotonergic 5-HT1A receptor promoter region polymorphism predicted the outcome of the rTMS effect on depressive symptoms (Malaguti et al., 2011). When tDCS was applied to the DLPFC it produced a more significant reduction of auditory hallucinations in homozygous for Val allele of the COMT polymorphism compared to carriers of Met allele in schizophrenia (Shivakumar et al., 2015). In healthy subjects, two reports demonstrated a specific interaction of COMT polymorphism with both anodic and cathodic tDCS during executive functioning using a Go/No-Go task (Plewnia et al., 2013; Nieratschker et al., 2015). This task address different aspects of executive functioning: sustained attention, inhibition of response, and set change abilities (Langenecker et al., 2007). In both experiments, the anodal tDCS (1 mA) was applied together with a cognitive task over the DLPFC. In the first study, the effect of anodal tDCS was observed according to Val158Met polymorphism of the COMT. Specifically, it was found impaired by the set-displacement abilities, which in homozygous for Met allele indicates a deterioration of cognitive flexibility but not in carriers of Val allele. In short, COMT Val158Met polymorphism shown to shape the tDCS effects on executive functions. However, the number of studies examining this interaction is still small. Future studies are needed to give extent data of the impact of genetic polymorphisms on the variability of tDCS effects and to elucidate if they have an essential effect that would help to define individualized protocols in a translational research model. Besides, is necessary to investigate if the therapeutic effect of tDCS may interfere on the central mechanisms of pain and, if it could be an alternative or complementary therapy to standard treatment options (e.g., opioids, antidepressants, anticonvulsants).



Dysfunction of Descending Pain Inhibitory System

As mentioned above, the disruption in the balance between excitatory and inhibitory neurobiological systems in opioids tolerance and OIH can be linked to the dysfunction in the DPIS. Although the somatotopic organization of DPIS influence is quite diffuse, the pain inhibitory (DPI) pathways originate in or relay through many brainstem nuclei namely the midbrain periaqueductal gray (PAG) and the rostral ventromedial medulla (RVM). The PAG-RVM system converges from other pain modulatory areas thalamic, hypothalamic, and telencephalic (cortical and subcortical) structures suppress pain through descending projections to the spinal dorsal horn (Pertovaara and Almeida, 2006). The descending circuitries involved in pain inhibition have provided feedback control of nociceptive signals at the spinal cord level (Pertovaara and Almeida, 2006). The PAG neurons project to the raphe neurons, where do DPIS effect is mediated by monoamines, peptides, and amino acids, and by several different types of neurophysiological mechanisms acting on central terminals of primary afferent nociceptive nerve fibers, spinal interneurons, and spinal projection neurons. The chronic pain may result in disorders of neurotransmitter systems, which potentially lead to a decrease of DPIS function or an increase of descending facilitation. The role of DPIS may be enhanced by some centrally acting drugs (e.g., drugs acting on the monoaminergic system, such as antidepressants with dual or tricycle effect) (Pertovaara and Almeida, 2006). The DPIS can be modulated either in a “top-down” manner, using approaches to stimulate brain areas involved in descending inhibitory controls [e.g., behavioral therapy, tDCS, transcranial magnetic stimulation (TMS), etc.], or in a “bottom up” activation with peripheral nerve stimulation (e.g., acupuncture, electroacupuncture, etc.). Hence a better comprehension of the relationship between the dysfunction in the DPIS induced by opioids may contribute to finding factors involved in the variability in pain sensitivity. Thereby, research can give support for clinicians to understand factors that perpetuate opioid use and barriers to detoxification (Volkow and McLellan, 2016). Aligned with this perspective the tDCS and other neuromodulatory approaches can help in the management of pain with lower risk of producing addiction, while it could reduce the suffering when starting opioids dose reduction protocols (Rieb et al., 2016).

The top-down pathways involved in the opioid-mediated antinociception includes the modulatory effect mediated by opioid receptors found in brain structures such as the anterior cingulate cortex (ACC), midcingulate cortex (MCC), insula, PFC, basal ganglia, amygdala, hypothalamus, DLPT, PAG, RVM, and spinal cord. The role of the opioid system in inhibition of fear acquisition was blocked by the MOR antagonist naloxone in healthy subjects, as well as changes activation profile in the amygdala (Eippert et al., 2009). In the same way, pain expectations contribute to the placebo effect opioid-mediated (Benedetti, 2005; Eippert et al., 2009). For instance, the naloxone reduces the placebo effects in several cortical and subcortical areas connected to the descending pain modulatory system (e.g., rACC, PAG, RVM, and hypothalamus). The top-down pathways involved in the opioid-mediated antinociception such as PFC and ACC interact to limbic areas (e.g., amygdala and insula) that provide relief of pain aversiveness (Navratilova et al., 2015) and with the ventral striatum, that plays a central role in rewarding behavior. Remarkably, all cortical inputs converge to the PAG-RVM-spinal cord, which facilitates or inhibits nociception (Fields, 2004; Jones and Brown, 2018) (Figure 4).
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FIGURE 4. Areas of the brain that induction the descending pain inhibitory system composed by PAG-RVM-spinal cord pathway. TH, Thalamus; HT, hypothalamus; AMY, amygdala; NCF, nucleus cuneiforms; PAG, periaqueductal gray matter; DLPT, dorsolateral pontine tegmentum; RVM, rostral ventromedial medulla. (1) Cortical regions as cingulate and insula cortex as also the subcortical regions how the thalamus, hypothalamus, and amygdala project signals for the PAG, gray substance located in the midbrain, that receives stimulus and send inhibitory impulses across the medial and lateral tracts of the CNS. (2) Medial tract: inhibitory and facilitatory influence of the neurotransmitter serotonin in the pain activeness. (3) Lateral tract: dominant activity of neurotransmitter noradrenaline. (4) Fired inhibitory stimulus go down throughout dorsal horn of the spinal cord segment. The painful stimuli are sent to the second order neurons. Endorphins, noradrenaline, and serotonin, inhibitory neurotransmitters, are released activation of the inhibitory interneurons.




Transcranial Direct Current Stimulation: Technical Factors and Neurobiological Mechanism

The effect of non-invasive transcranial neuromodulation by tDCS can be influenced by factors such as the regions where the tDCS is applied (e.g., M1, DLPFC). This technique applies a low and continuous electric current (oftenly from 0.5 to 2 mA) transmitted directly far to the electrodes (20–35 cm2) on the scalp to a target area. In healthy subjects anodal tDCS, 0.5–2.0 mA resulted in similar facilitatory effects relative to sham while for cathodal tDCS, only 1.0 mA resulted in sustained excitability diminution (Jamil et al., 2017). The current runs through the scalp and reaches superficial cortical levels, acting in the membrane polarity producing neuronal modulation in these cortical regions. While anodal tDCS induces depolarization and increases excitability, and cathodal decreases the excitability in the neuronal membrane (Nitsche and Paulus, 2000; Priori, 2003; Lang et al., 2005; Nitsche et al., 2008). Anodal tDCS induces depolarization the neuronal membrane and enhances M1 excitability influencing the sensory-discriminative networks evolved in pain sensitivity processing. Anodal stimulation over DLPFC, on the other hand, has revealed beneficial effects on mood regulation, cognitive functions (e.g., decision making) and on mechanisms underlying adaptive and maladaptive emotional functioning (Dixon et al., 2017).

Studies using in vivo magnetic resonance spectroscopy (MRS) found that anodal tDCS reduces local cortical GABA concentration in the motor cortex (Stagg et al., 2009; Kim et al., 2014), it also increases local levels of glutamate and glutamine (Glx) in the intraparietal and prefrontal cortex measured together as combined Glx, and N-acetyl aspartate (NAA) (Clark et al., 2011; Hone-Blanchet et al., 2016). While studies that have investigated the effect of tDCS have found cathodal tDCS conduct to a significant decrease in glutamate concentration compared to s-tDCS (Witney, 2018). The tDCS effect on corticospinal excitability was blocked by the NMDA-receptor antagonist dextromethorphan (Liebetanz et al., 2002). This is compatible with activity-dependent synaptic neuroplasticity, such as long-term potentiation (LTP) and long-term depression (LTD). This experimental data give support to comprehend the link between the cumulative effect induced by repetitive sessions with the mechanisms of long-term potentiation (LTP), or with increases in the facilitation process or long-term depression (LTD). These neuroplastic mechanisms involve the effect of central neurobiological systems related to the excitability and inhibition, namely, glutamatergic and GABAergic systems, respectively. Anodal stimulation induces LTP provoked by neurotransmitters that facilitate the overture of AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) channels and indirectly NMDA (N-methyl-D-aspartate) receptor. The opposite occurs with a cathodic stimulation. These effects are regulated by intracellular cyclic AMP and calcium levels (Kronberg et al., 2019). Another mechanism involved in pain relief through anodic stimulation is its capacity for restoring the endogenous inhibitory system. Also, it has been showed that tDCS could reach deeper structures such as red nucleus (RN) and medial longitudinal fasciculus (MLF). tDCS can regulate cell migration (McCaig et al., 2005; Zhao, 2009), cell orientation, differentiation, and metabolism. The changes in the direction and speed of cell migration and neurite growth could be explained, at least in part, by localized shifts of intracellular Ca2+ (Palmer et al., 2000; Mycielska and Djamgoz, 2004). Thus, it facilitates the opening of voltage-dependent ionic channels and NMDAR activation (by removal of the blocking Mg2+ ions) (Pelletier and Cicchetti, 2014). The intracellular signaling pathways triggered by a substantial increase in postsynaptic calcium include activation of protein kinase C, calcium/calmodulin-dependent protein kinase II and tyrosine kinases. These molecular events result in phosphorylation of AMPA receptors in the postsynaptic membrane. Thereby, LTP is primarily expressed as an increase in AMPA receptor-mediated (Nitsche et al., 2012b). When tDCS stimulation is applied this induced LTP response, in an N-Methyl-D-Aspartate Receptor (NMDA)-dependent fashion. The LTP response is diminished in both sham and stimulated samples when NMDAR antagonists are applied (Rohan et al., 2015) and it is a fast-acting protein that allows for an influx of calcium AMPA receptors, which is ionotropic glutamate receptors that are permeable to cations, namely sodium and calcium ions (Chater and Goda, 2014). The LTP response is diminished in both sham and stimulated samples when NMDAR antagonists are applied (Rohan et al., 2015).

Another factor that contributes to this neuromodulatory action includes changes in the brain-derived neurotrophic factor (BDNF) expression. An experimental study showed that ~0.75 V/m anodal DCS increases the peak amplitude of the excitatory postsynaptic potential. However, this effect was absent in slices from BDNF knockout mice or when the TrkB receptor was blocked (Fritsch et al., 2010). In individuals expressing the BDNF Val66Met polymorphism, which affects the release of BDNF, motor skill acquisition after a 5-day tDCS treatment was significantly lower than in healthy volunteers (Pelletier and Cicchetti, 2014). In short, its effect involves several neurotransmitters, such as dopamine, acetylcholine, serotonin, GABA (Medeiros et al., 2012), and multiple mechanisms of intracellular plasticity, which affect neurotransmitters, including gene expression. The cascade of the neurobiological processes involving the tDCS effect is presented in Figure 5.
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FIGURE 5. M1, Primary motor cortex; DLPFC, dorsolateral prefrontal cortex; S1, primary somatosensory cortex; S2, secondary somatosensory cortex; PFC, prefrontal cortex; ACC, anterior cingulate cortex; PCC, posterior cingulate cortex; INS, Insula; TH–VPL, thalamus-ventral posterolateral nucleus; TH-MD, thalamus-medial dorsal nucleus; HT, hypothalamus; AMY, Amygdala; PAG, periaqueductal gray matter;RVM, rostral ventromedial medulla; NMDAR, N-methyl-D-aspartate receptor; AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; Trk, Tropomyosin receptor kinase; Ca2+, calcium; K+, potassium; Na+, sodium; Mg2, magnesium; +, excitatory; -, inhibitory; L-LTP, late long-term potentiation. (1) The anodal tDCS increases the intracellular Ca2+ flow that releases more neurotransmitters. (2) The positive regulation of neurotransmitters facilitates the openness of AMPA channels and indirectly of NMDA channels, which characterizes the long-term potentiation (LTP). (3) Activation of tropomyosin receptor (Trk) indicates the role of brain-derived neurotrophic factor (BDNF) in the anodal tDCS; its effect increases the production of the synaptic vesicles and the neurotransmitter release. (4) Increase of Ca2+ flow promotes the release of neurotrophic factors for the synaptic cleft. (5) Post-synaptic Trk receptor induces the late LTP (L-LTP) and favors the openness of the NMDA channels, which reinforces the L-LTP. (6) Both L-LTP and L-LTD are highly dependent on the modification of gene expression.



Transcranial Direct Current Stimulation to Treat Pain and Dysfunctional Neuroplasticity Induced by Opioids

The tDCS is a neuromodulatory technique promised to treat opioid use disorder (OUD) in comparison to pharmacotherapy and behavioral intervention strategies (Barr et al., 2011; Wing et al., 2013; Salling and Martinez, 2016). While pharmacological treatments are showing their limits, new therapeutic options that are more targeted to the dysfunctional neural circuits are being explored, such as tDCS. Although at present, the data are yet incipient to know the real effectiveness in drug-avoiding behavior (Fregni et al., 2008; Brangioni et al., 2018). It has been used to inhibit craving behavior or to control pain, hence is attractive to treating and preventing opioid dependence, respectively. Given the impact of the epidemic of opioid addiction, innovative ways are needed to help those currently addicted.



Effects of tDCS Applied Over M1 and DLPFC in Pain Processing

The record of stimulation for motor cortex as a scientific experiment occurred in 1780 when Galvani demonstrated the electric contraction of the frog muscle. However, the first electrical stimulation of the human brain was performed in 1874, when the motor cortex of an individual was exposed during debridement of a focus of osteomyelitis in one area of the scalp. tDCS was reintroduced as a non-invasive brain stimulating the intact human cortex in the last two decades (Nitsche and Paulus, 2000). The excitability depends on the polarity of tDCS, anodal placed over M1 and cathodal over frontal pole increase the excitability of M1 and it decreases when current flow is reversed (cathodal placed over M1; Lang et al., 2004). It is estimated that around 45% of the total current applied to the scalp produces effective modulation of regional neuronal activity in the targeted cortex (Rush and Driscoll, 1967). These changes in excitability persist beyond the time of stimulation. The tDCS effect remains stable if it is used for at least 10 min (Nitsche and Paulus, 2001; Nitsche et al., 2003). The M1 is somatotopically arranged to receive inputs from three main sources: (i) peripheral inputs via thalamic relay nuclei-somatosensory cortex, premotor cortex and sensory association areas from the cortex; (ii) basal ganglia; and (iii) cerebellum. The motor processing is overlap with those areas associated with pain neuromatrix. Anodal stimulation is associated with direct stimulation of pyramidal and cathodal is associated with an indirect stimulation of pyramidal neurons via interneurons. The processing of pain by tDCS involves different mechanism. Stimulation in M1 lead to decrease in the hyperactivity of thalamic and brainstem nuclei to result of the inhibition of these areas. Indeed, anodal tDCS of M1 induce corticothalamic inhibition of ventral posterolateral nucleus (VPL) responsible for discriminatory sensitivity and ventral posteromedial nucleus (VPM) responsible for nociceptive sensation. DLPFC stimulation decreases the activity of the midbrain-medial thalamic pathway being involved with the modulations of the structures related to the emotional perception of pain (Boggio et al., 2008). The right M1 activated by tDCS produced changes in the caudal portion of the anterior cingulate cortex, superior temporal sulcus, right parieto-occipital junction, and cerebellum. This effect indicates the functional interaction between M1 and these areas via corticocortical and cortical-subcortical connections (Lang et al., 2005).

The PFC can be divided into medial prefrontal cortex (mPFC), orbitofrontal cortex, ventrolateral, dorsolateral (DLPFC), and caudal. DLPFC neurostimulation may modulate sustained and divided attention when the tasks require workload. While the frontal and parietal areas modulate the perceptual awareness, and the right prefrontal areas may mostly control the internal focus. Anodal over the left DLPFC may reduce the perceived degree of emotional valence for negative emotional pictures (Peña-Gómez et al., 2011), and for images of anger expressions (e.g., De Raedt et al., 2010). Moreover, the left DLPFC may play a role in the upregulation of reactions to positive emotional stimuli, since anodal stimulation over this region improves the identification of positive emotional expressions (Nitsche et al., 2012a). On the other hand, the right DLPFC may be involved in the upregulation of adverse psychological outcomes. Stimulation with TMS using high frequency (i.e., excitatory) over the right DLPFC resulted in impaired attention disengagement from threat (angry faces; De Raedt et al., 2010). A similar result has been documented by Leyman et al. (2009), showing that high-frequency rTMS over the right DLPFC can reduce the ability to inhibit the processing of negative information (sad faces). Thus, stimulation of both the left and right DLPFC might counteract maladaptive plasticity of the cortical-meso-limbic network according to the purpose of treatment.

These findings indicate an important role of the PFC in pain processing. Interestingly, the activity of DLPFC has been shown to correlate negatively with the perception of pain, suggesting that the DLPFC may have a dampening effect on the activity of the midbrain-medial thalamic pathway. Thus, the DLPFC may be activated during painful states and may in turn ultimately modulate structures involved in the emotional perception of pain including the anterior cingulate cortex, insula, and amygdala (Boggio et al., 2008). A recent review expands this description, highlighting the complex connections of other regions of PFC with PAG, thalamus, amygdala and basal nuclei (Ong et al., 2019). Thus, tDCS of DLPFC may interfere with the emotional processing of pain by actively exerting control on pain perception by modulating these subcortical and cortical pathways. tDCS over prefrontal regions may exert an increased cerebral activity, as investigated in EEG technique (Maeoka et al., 2012) and can reduce pain or reduce the use of opioids in chronic pain conditions such as myofascial pain (Choi et al., 2014), multiple sclerosis (Ayache et al., 2016), and pain after lumbar spinal surgeries (Glaser et al., 2016).

tDCS bilateral right anodal/left cathodal did not change the sustained attention effect of tDCS (Heinze et al., 2014). Anodal tDCS on the right DLPFC in comparison with anodal stimulation to the left DLPFC induced higher improvement to analytical judgment and decision-making, while the logic index score diminished after left anodal stimulation. TDCS applied to the right DLPFC is known to affect executive functions (Del Missier et al., 2010) that include impulsivity control and set shifting (see Greenwood et al., 2018, for a review).





EVIDENCE OF TDCS IMPACT ON PAIN


Systematized Review of Evidences

In order to understand qualitative and quantitatively the evidence of the effects of tDCS on pain in chronic pain conditions, we implemented a literature review and a meta-analysis of the findings reported for pain levels after tDCS application.



Methods

A search in PubMed, Embase, and Cochrane databases was performed in May, 2019, in Title, Abstract, and Keywords (except for PubMed, where all fields were examined). The scope of this review included clinical trials with tDCS as the main intervention for patients with chronic pain conditions. Therefore, we used the following search term (boolean operators were changed appropriately according to each database): [(“chronic pain” OR “neuropathic pain” OR “myofascial pain” OR “musculoskeletal pain” OR “migraine” OR “pain syndrome”) AND (transcranial OR NIBS OR “non-invasive brain stimulation”)].

We excluded articles if they met the following criteria: studies written in other languages than English, Portuguese, or Spanish; studies that do not reported pain as an outcome; <5 sessions of tDCS treatment; studies using other types of stimulation than direct current; reviews and case studies; cross-sectional studies; conference abstracts; tDCS protocols accepted were application in areas of the primary motor cortex (M1), dorsolateral prefrontal cortex (DLPFC), or occipital area, considering low, or high-density tDCS (HD-tDCS). In addition, studies should have Baseline and post-tDCS treatment data available (mean and standard-deviation or CI). The systematized search is presented in Figure 6.
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FIGURE 6. Flowchart of the systematized search.




Results: Qualitative and Quantitative Data

Supplementary Table 1 presents methodological characteristics and main findings of the 24 studies reviewed. Efficacy was considered based on the effect sizes for the difference in Visual Analogue Scale (VAS) or Numeric Pain Scale (NPS) scores (0–10) between active and sham for the first measure after the complete treatment. Positive values favor active stimulation. Six studies had two possible comparisons with sham, and were included as two entrances in the quantitative analyses. As can be observed, publications in this field reviewed here start from 2006, since the evidence related to our interest subject stated in this period. Total sample sizes vary from 10 to 135 patients (mean = 35.1; SD = 24.9) and include several different chronic pain conditions. Considering all comparisons, number of tDCS sessions ranged from 5 to 20 (mean = 8.4; SD = 4.5) and included anodal and cathodal active stimulations, only tDCS or a combination of tDCS and other intervention (combined interventions). Device current ranged from 1 to 2 (mean = 1.7; SD = 0.5) and application time ranged from 15 to 30 min (mean = 20.2; SD = 2.3), considering in 92% of applications it lasted 20 min.



Results: Meta-Analysis and Risk of Bias Assessment

For the meta-analysis, we followed the Cochrane guidelines (Higgins et al., 2011) and used Review Manager 5 (RevMan 5.3) software to build forest plots, considering three scenarios: all studies (Figure 7), studies using anodal M1 stimulation site (Figure 8), and studies using anodal DLPFC (Figure 9), regardless of the cathode or return electrode position. Only one study was dropped from this analysis because data of treatment's end was not presented and could not be calculated, totalizing 23 works analyzed. For all studies, due to data had considerable heterogeneity (I2 = 71%), a random effects model was applied. A total of 498 patients received active stimulation and most of the studies favor active tDCS by showing a significant reduction (P < 0.001) of pain levels (indexed by VAS or NPS measures) when compared to sham tDCS. The standardized mean difference was −0.66 (CI 95% = −0.91, −0.41). This means a reduction of 27.26% in pain at the end of treatment for active tDCS compared to sham (95% CI; 15.89, 32.90%).
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FIGURE 7. Forest plot of the effects of tDCS on pain levels for all studies reviewed (n = 23).
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FIGURE 8. Forest plot of the effects of anodal M1 tDCS on pain levels (n = 20).



[image: Figure 9]
FIGURE 9. Forest plot of the effects of anodal DLPFC tDCS on pain levels (n = 4).


To investigate M1 efficacy, 20 studies were included. Heterogeneity was identified, therefor random effects were applied. A moderate effect size for reduction of pain levels was able to be seen (−0.68; CI 95% = −1.0, −0.35). Finally, to understand the efficacy of anodal DLPFC montages, four studies were identified. No heterogeneity was found, and then fixed effects model was applied. A moderate effect size was observed (−0.54; CI 95% −0.91, −0.16).

For the analysis of Risk of Bias in the selected studies we examined different potential sources of bias: selection bias (random generation sequence and allocation concealment), blinding (subject and assessor), incomplete outcome data (attrition bias), selective reporting (reporting bias), other bias and possible limitations in relation to sample size and follow-up assessments. We considered the criteria from Cochrane guidelines (Higgins et al., 2011), as studies were evaluated according to (a) low risk; (b) high risk; or (c) unclear. Following the criteria of Andrew Moore et al. (2010) for evidence in studies in chronic pain, sample sizes for each group/condition were considered: (a) high risk for n < 50; (b) unclear (some risk) from 50 to 199; and (c) low risk for n > 200. Follow-up quality was judged as (a) high risk for <2 weeks after treatment; (b) unclear (some risk) from 3 to 7 weeks; and (c) low risk for 8 or more weeks. This assessment was implemented by two authors independently. In case of disagreement, a third judge decided the best option. Figure 10 presents the risk of bias assessment.
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FIGURE 10. Assessment of risk of bias from the reviewed studies (n = 24).




Integrating the Findings

This systematized review was able to evidence a significant effect of tDCS in reducing the pain perception associated with chronic pain conditions compared to sham with an effect size of moderate magnitude (SMD = 0.66). Considering the diversity of clinical conditions and treatment protocols (including combined interventions), it is possible to conclude that this effect may be clinically meaningful. However, we need parsimony to generalize these findings to different contexts of chronic pain. Among several aspects related to the primary outcome measures of studies, we stress as main limitations: heterogeneity and measure the outcome based in a unidimensional measure related to severity [(e.g., pain scores on Visual Analogue Scale (VAS) and Numerical Pain Scale (NPS-0-10)]. Also, distinct pathologies with a small number of patients restrict the generalizability of the impact of treatment. Furthermore, another point to consider is that in small studies usually, the sample has more probability of being a super-selected sample. Most of the studies have as a primary outcome the pain severity by a unidimensional on measures, and they are deprived of measures of disability due to pain. In the same way, lack exploratory investigation of the influence of other comorbidities (e.g., psychiatric disorders) in the impact of tDCS. Although these studies have some limitations related to how the measures the clinical impact the tDCS effects, they are supported by data of complementary methods such as neuroimaging and neurophysiological measures. These results are essential to comprehend how the tDCS effect can change these processes; however, we need to realize that they are surrogate outcomes and were not the interest issue of this systematized review. Bellow, we discuss the studies in detail, mainly focusing on M1 and DLPFC anodal stimulations, to build up a perspective of evidence.



Strength of Evidence for Pain Levels

According to the criteria adopted here, some studies present major methodological weaknesses, which prevents a straightforward conclusion about its findings. Therefore, tDCS for reduction of pain levels in migraine is debatable, due to problems in randomization, concealment of intervention, missing data and selective reporting (Antal et al., 2011; Auvichayapat et al., 2012). Nevertheless, they found a moderate decrease (−36.4 and −31.5%, respectively) in pain after active tDCS. For FM, seven studies were included. Although Mendonca et al. (2016) did not find a positive effect of tDCS in pain reduction when combined with an aerobic exercise (no additive effect), the other studies had a significant impact and were considered with low risk of bias (Fregni et al., 2006; Valle et al., 2010; Fagerlund et al., 2015; Khedr et al., 2017). To et al. (2017) had problems with blinding of assessors), either using M1 of DLPFC anodal tDCS stimulation site, indicating stronger evidence in this population. Concerning neuropathic pain, three studies (Soler et al., 2010; Kim Y.J. et al., 2013; Bocci et al., 2019) found reductions in levels of pain. They used different anodal stimulation sites (M1, DLPFC, and cervical for cerebellar stimulation) for various neuropathic pain syndromes. Problems in randomization (except for Bocci et al., 2019) and selective bias were found. Therefore, the evidence of an effect has its limitations.

On the other hand, Wrigley et al. (2013), Lewis et al. (2018), O'Neill et al. (2018) did not find any positive effect of tDCS for pain reduction. They did not present significant bias problems (although O'Neill et al., 2018 had a different amount of tDCS sessions for each person), which raises a conclusion of a lack of effects for the neuropathic syndromes they investigated, including spinal cord and upper limb neuropathic pain. One should consider that neuropathic pain syndromes can vary a lot in terms of etiology and neurophysiological mechanisms (Ramirez et al., 2013) and this heterogeneity, which was the case in the present review, could be associated to these findings.

Other studies evaluated tDCS effects in different pain conditions. The more substantial impact was found for myofascial pain syndrome (Sakrajai et al., 2014). The difference between reduction after sham tDCS and after active anodal tDCS over M1 for 5 consecutive days was 26.8%. However, the study had problems with concealment of allocation, and it did not present a protocol registration identified in a base of clinical trials. Also, a significant decrease on pain scores was also found for trigeminal pain (Hagenacker et al., 2014), visceral pain due to hepatocellular carcinoma (Ibrahim et al., 2018) and complex regional pain syndrome (Lagueux et al., 2018). There was no significant effect on chronic low back pain (Luedtke et al., 2015), even though this study had been considered with minimal risk of bias. It is essential to realize low back pain is a complaint of several distinct pathological insults, including trauma, infection, inflammation, and systemic disease such as cancer, etc. This condition can be classified broadly into four pain states: nociceptive, inflammatory, neuropathic, and centralized/dysfunctional. Therefore, this heterogeneity might explain the lack of results. Another study (Antal et al., 2010) also found significant reductions for pain severity (35% of change from baseline for the active tDCS group), although it has included 12 patients with various pain syndromes, encompassing fibromyalgia, chronic back pain, trigeminal neuralgia, face pain, arthrosis, post-stroke pain, and polyneuropathy.

Bringing into account this scenario, it could be suggested that anodal tDCS may be useful in pain reduction. However, further studies should consider the mechanisms underlying clinical conditions and the pain state to personalize the therapeutic approaches. Concerning the type of protocol, recent proposals discuss a spatial-mechanistic framework (Yavari et al., 2017) that should be considered when mounting tDCS, reasserting the importance of electrode size and positioning. Besides, as the guidelines for quality of evidence has evolved, researchers should pay attention to some limitations found here. To the risk of bias, the major problem was related to small sample sizes for each treatment arm. Only two studies in our review reached a moderate sample size as recommended by the IMPACT guideline for chronic pain studies; the others had small sample sizes. Follow-up assessment and research protocol registration were also of some concern and should be considered in future investigations.



Effect According to Site of Stimulation (M1 or DLPFC)

There is a contemporary debate about the best site for anodal stimulation for pain syndromes. The M1 region has been classically used and, as described on section Introduction, it is an important part of the pain neuromatrix, with efferent connections to many subcortical regions. The 20 trials that used this montage observed a SDM equal to −0.68 (CI 95% = −1.00, −0.35), which represents a moderate effect of active compared to sham tDCS. On the other hand, we analyzed separately anodal DLPFC effects, which was investigated through four studies, three of them in fibromyalgia patients, and yielded an effect of −0.54 for active compared to sham in reducing pain levels (CI 95% = −0.91, −0.16). Fregni et al. (2006) was the only study that not found a significant effect of DLPFC on pain, although the impact on depression and cognitive performance were reported.

This scenario indicates, at the first place, that DLPFC has a potential effect in pain levels, although through different neural mechanisms, even though a small number of studies has been implemented so far. Second, the effects of the DLPFC may be more pronounced for other clinical and behavioral measures, as To et al. (2017) for fatigue effects and Fregni et al. (2006) for emotional-affective and cognitive measures.



Evidence for Other Clinical Outcomes

Although the discussion so far has focused on the level of pain (or severity of pain), it is crucial to be aware that this outcome counts only partially to the health condition and quality of life for patients with chronic pain. According to IMMPACT, it is essential to consider besides pain level, the physical disability, emotional functioning, participants' ratings of satisfaction, symptoms and adverse events, and participants' disposition (Edwards et al., 2016). Thereby, we also considered in this review other clinical measures that were investigated. As described in Supplementary Table 1, many studies also investigated depression and anxiety symptoms, and other psychiatric symptoms and functional capacity or how much pain impact daily life activities. Some studies also included psychophysical measures of pain, such as pain threshold and tolerance. A few have examined patient and physician global impression of the treatment. IMMPACT suggested outcomes are not observed in many studies, probably due to specific objectives of some of them, which includes neurological, physiological and biological measures, as well as criteria specific to the condition investigated, which would result in excessive parameters to be analyzed. Nevertheless, this points out to effects of tDCS in other dimensions of pain, which requires further review and meta-analysis.



Considerations of tDCS Application for OUDs and Opioid Use for Chronic Pain Syndromes

Few studies investigated the application of tDCS to counter-regulate the dysfunction in the DPIS induced by opioids. In healthy subjects in an experimental model, we showed that the tDCS applied over M1 blocked the dysfunction caused by remifentanil on the inhibitory pathways or up-regulation of the pain-facilitating pathways (Braulio et al., 2018). This effect of tDCS was demonstrated to prevent both the disengagement of the DPIS and the summation effect on pain scores during the cold pressor test (Braulio et al., 2018). When focusing on opioid dependence, a recent review (Gallucci et al., 2019) found only one study that used tDCS. Wang et al. (2016) reported a reduction of 36.7% in craving for heroin after watching a real video of heroin use in individuals who were addicted in the past and were in abstinence for at least 1.5 years. Perhaps more interestingly was Gallucci et al. (2019) findings related to pain and analgesic use in postoperative contexts, based on seven studies. Although only one study in postoperative acute pain found reductions in pain perception after the procedure hallux valgus surgery (Ribeiro et al., 2017), there were significant reductions in patient-controlled analgesia (PCA) method in six studies (Borckardt et al., 2011, 2013, 2017; Dubois et al., 2013; Glaser et al., 2016; Khedr et al., 2017). This effect ranged from small (0.3) to large (0.95). Even though these results have been indicated an important reduction in opioid use for certain conditions, to the best of our knowledge, it is unknown the effect of tDCS to reduce the opioid in chronic pain treatment use and to improve chronic refractory pain in patients with opioid use in high doses and a long-term.

Use of opioids are mandatorily associated with the severity of pain reported, considering it is the leading information in medical routines for the clinician to administer opioid drugs. Psychological factors are also linked to OUD and addictive behaviors (Darnall, 2012). It has been reported a bidirectional relation between depression and opioid in chronic pain women. Anxiety disorders are associated with more substantial use of opioids. On the other hand, people with higher pain catastrophizing, a psychological construct related to magnified, ruminative, and helplessness thoughts have been linked to inadequate response to opioid treatment. Thus, these measures need to be considered in studies which focus on the reduction of opioid use. Not only in OUD cases these measures might be relevant, but also for opioid analgesics use in non-cancer chronic pain conditions. Richards et al. (2018) found patients with lower back pain using opioids for more than 3 months had a worse attention performance and few pain self-efficacy beliefs than patients not taking opioids. Problematic use of opioids in chronic pain condition can affect up to 81% of patients, and addiction can range from 8 to 12% (Vowles et al., 2015), which signals to a significant health problem. Besides, the FDA recommends that the better evidence on the severe risks of misuse and with long-term use of opioids, predictors of opioid addiction such as a history of previous dependence, psychiatric diagnosis, benzodiazepine dependence, etc. Although the use of tDCS to reduce cravings scores in OUDs is yet an emergent research question, its effect finds plausibility to affect brain regions, which are triggers for activation of dopaminergic circuitry (Strafella et al., 2001; Pogarell et al., 2006).

In the same way, it may change the synaptic plasticity in the reward system (Pascoli et al., 2014). In addition, the activation of the frontal cortical region leads to changes in cortical areas connected with behavioral inhibition or decision making (Fecteau et al., 2014; Ouellet et al., 2015) and may stimulate the subcortical regions related to the motivation (Botvinick and Braver, 2015). However, further brain imaging studies are required to elucidate the underlying mechanisms following tDCS treatment to addiction. Aligned with data, studies found that acute anodal tDCS over left DLPFC increased the ability to resist smoking (Falcone et al., 2016). The left cathodal and right anodal tDCS over bilateral DLPFC in a single tDCS session reduced the activation of cingulate cortex in crack-cocaine users during a visual test to assess the cortical activation when a drug-user was exposed to a condition that could get asses to drug (Conti and Nakamura-Palacios, 2014), and tobacco intake (Fecteau et al., 2014). Furthermore, the tDCS over the bilateral frontal-parietal-temporal (FPT) area has been found to reduce cue-induced craving in nicotine dependents (Meng et al., 2014).




PERSPECTIVES FOR FUTURE STUDIES CONSIDERING THE IMPACT OF tDCS ON DPMS AS AN APPROACH TO TREAT THE OHI


Future Direction

The scientific advance of neuroscience has witnessed a huge leap forward the comprehension of the mechanistic underpinnings of pain. Also, the number of treatment targets has grown substantially. However, despite these advances, at present, in the clinical practice, we have not yet been able to apply an evidence-based approach to chronic pain treatment that reflects mechanistic understanding, and the clinical management remains an empirical and often unsatisfactory journey for patients. In this review, we propose an approach of usage of transcranial neuromodulatory tools, specifically tDCS, for the management of pain symptoms in chronic refractory pain associated with OUD. We discussed the molecular mechanisms and methods of assessment and management still fall well short, as well as the opioid effects on pain pathways and how they theoretically can disrupt the function of descending pain inhibitory system. Our review struggles to show that common difficulties when it comes to the treatment of pain condition in OUD in clinical practice is related to the incipient understanding pathophysiological pain mechanisms and how we could drive a rational treatment choice. The current pain classification is based mainly on descriptors, signs, and areas of the body where pain symptoms are topically referred to, combined with information regarding anatomical pathology (e.g., MRI evidence of spinal stenosis). Rarely it is done in a perspective that integrates a biopsychosocial framework. Nevertheless, substantial improvements in chronic pain management could be possible if a more strategic and coordinated approach could identify specific mechanism, aligned with a biopsychosocial perspective in accordance with the ACTTION-American Pain Society Pain Taxonomy (AAPT), which include the following dimensions: (1) core diagnostic criteria (e.g., symptoms, signs, diagnosis tests, chronic pain condition, etc.); (2) standard features (e.g., location, temporal qualities, descriptors, fatigue, numbness, etc.); (3) medical comorbidities (e.g., major depression); (4) neurobiological, psychosocial, and functional consequences; and (5) putative neurobiological and psychological mechanisms, risk factors, and protective factors (central sensitization, dysfunction of DPIS, somatosensory amplification) (Fillingim et al., 2014). We integrate the consequence of chronic pain treatments based on opioids, following recommendations of guideline for opioid therapy in chronic non-cancer pain, which recommended optimization of non-opioid pharmacotherapy (anticonvulsants, antidepressants) and non-pharmacologic therapy (electroacupuncture, physical activity, TMS, tDCS, cognitive behavioral therapy, mindfulness, etc.), rather than a trial of opioids (Busse et al., 2017). Their modest effect on pain reduction supports the rationale to consider alternative theories to opioids in non-cancer pain, and on functional improvement in comparisons with no add-opioid to therapy (Busse et al., 2017). Among several reasons that justify the short-term efficacy of opioids on long-term treatment, it is that the criteria used to define the therapy have generally failed to account the pathophysiology of pain, which focus in peripheral markers of anatomic pathology and/or disease severity. In perspective, this integrative view aims to consider the therapeutic effects by impacting specific mechanisms, such as neurobiological and/or psychosocial. That is, the diagnostic criteria for specific chronic pain disorders should be determined based on mechanistic and diagnostic evidence, rather than historical precedent or theoretically expectancies. Aligned with this perspective, even in the use of transcranial neuromodulatory approaches such as tDCS, we could consider dimension to the neurobiological and psychosocial factors that contribute to raise and to maintain the chronic pain conditions. Considering the extensive review here, it is plausible to conclude that the target (or a prioritized target) of treatment needs to be defined before tDCS sessions are applied. For instance if therapy focus on the impact of pain severity on disability due to pain the major evidence points out to apply anodal tDCS over M1. If the major concern are emotional aspects related to pain, anodal tDCS over the left DLPFC would be the indicated montage. If the purpose is to reduce craving and addictive behaviors, the diencephalic montage where anodal tDCS is applied to right DLPFC may be the first option. Specifically, a stimulus in DLPFC can affect response inhibition, and this area is involved in craving behavior, which includes substance use disorder and behavioral addiction, modulating cortical excitability. The methodology more often used for this is right prefrontal anode and left the prefrontal cathode and from 1 to 2 mA for 20 min (Sauvaget et al., 2015). Also, the M1 is likely more effective to improve the dysfunction of descending pain modulatory systems. In short, tDCS could effectively improve the disinhibited state of cortical neural circuits, resulting in better control of both pain and pain-related emotions. Importantly, sex, age, premorbid psychosocial functioning, duration of pain, its local or widespread pain, medicines, etc. are factors that should be considered in the therapeutic plan. Accordingly, we propose that further studies follow a framework for pain management, which would define the pain state, pain mechanism, and molecular target. Such an approach could help as the foundation for a new era of precision for pain therapy. They should identify the pain state, considering that more than one can be present (e.g., neuropathic, nociceptive, inflammatory, and dysfunctional), to in the diagnosis the general pain mechanism (nociceptive transmission, peripheral sensitization, ectopic activity, central sensitization, and central disinhibition) and molecular targets (e.g., BDNF Val66Met, MAO, and COMT Val158Met genotypes, etc.).

According to a tool that we developed, in the validation study, the method is safe with effects like observed in studies that the stimulation was administered in medical centers. According to a tDCS device developed in our research group, the home-use method was found to be safe with effects like observed in studies that the stimulation was administered in medical centers. This device of tDCS that patients can apply themselves allows programming the parameters of the stimulus according to predefined by the clinician with a lock system to avoid changes by other individuals. Besides, it will enable monitoring the adherence to treatment by recording the time of use, impedance, and current flow. The device can offer the possibility to be to self-administration at home. Additionally, it provides an option to be prepared with the type of stimulation by a researcher not involved in the patients' assessment to allow an improvement in the quality of blinding. In short, we present evidence for use in future research, including psychosocial-social characteristics, sleep patterns, response to test to pain (pain threshold, summation test, etc.), endogenous pain-modulatory processes, and a possible response for the pharmacologic challenge.



Limitations

The main limitation in this review is the number of articles and the critical heterogeneity among them precluding drawing more firm conclusions regarding the use of tDCS to prevent and treat opioid dependence in chronic pain. However, this is an important emerging research area that can have a significant impact on public health, given the opioid epidemic and given the lack of cost-effective alternatives. However, several aspects emerge, mainly by the risk of bias analysis, small sample size, heterogeneity, which reduces the strength of the recommendation grade. The small patient series indeed hamper the quality of evidence investigated, in the same way, are the lack of adequate and accurate blinding. It is necessary more data to have a more clear idea about the ability to maintain the therapeutic effects over time since there is limited data related to long-lasting stimulation protocols as well as lack of data regarding the influence of age and time of day that the stimulation was applied.

Although the research with tDCS for the treatment of OUD shows useful perspectives, these results are preliminary and further research is needed. Further studies are required to understand differences in efficacy according to the targeted brain region. Furthermore, another gap that persists to be investigated is the polysubstance use disorders and co-occurring psychiatric disorders. Finally, we need studies to understand the potential benefits of concurrent therapies (pharmacological, behavioral) or the use of brain stimulation to prevent a participant's chances of becoming abstinent. Also, another gaps in the literature are worth noting, including the lack of optimal brain stimulation parameters in OUDs and data related to the effect the tDCS combination studies with approved pharmacological, and behavioral treatments.




CONCLUSION

In comparison with sham stimulation, tDCS applied over M1 demonstrated a superior effect in reducing pain severity in non-cancer chronic pain conditions. Although the impact of tDCS over the left DLPFC indicates beneficial effects, the number of studies is smaller and more investigations are needed to allow definitive conclusions. However, in most of the studies, the number of patients is <50, and follow-up evaluations are performed <3 months. In overall, these results give perspectives that top-down neuromodulatory effects of tDCS are a promising approach to improve management in refractory non-cancer chronic pain and to enhance dysfunctional neuronal circuitries involved in the DPIS and other pain dimensions, such as emotional and cognitive. However, further studies are needed to determine individualized protocols according to a biopsychosocial perspective.
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ABBREVIATIONS

5-HT1A, serotonin 1A receptor; AAPT, ACTTION-American Pain Society Pain Taxonomy; ACC, cingulate cortex; AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid; ATP, adenosine triphosphate; BDNF, brain derived neurotrophic factor; CCL2, monocyte chemotactic protein; CNS, central nervous system; COMT, catechol-O-methyltransferase; CSP, cortical silent period reduction; CSS, central sensitization syndrome; CXCL1, chemokine CXC 1; CXCL-12, chemokine (C-X-C motif) ligand 12; CxCRs, chemokine receptors; DLPFC, dorsolateral prefrontal cortex; DLPT, dorsolateral pontine tegmentum; DMN, default mode network; DOR, δ-opioid receptors; DPIS, descending pain inhibitory system; DSM-IV, Diagnostic and Statistical Manual of Mental Disorders; FDA, Food and Drug Administration; FPT, frontal-parietal-temporal; GABA, γ-Aminobutyric acid; Gi, Gi protein, alpha subunit; Glx, glutamate-glutamine; GPCR, protein-coupled receptor; GRK, G protein receptor kinase; HD-tDCS, high-definition transcranial direct current stimulation; HIO, hyperalgesia induced by opioids (HIO); IASP, International Association for the Study of Pain; ICI, short intracortical inhibition decrease; iG-protein, immunoglobulin; IL-10, interleukin 10; IL-1β, interleukin 1β; IL-6, interleukin 6; IMMPACT, Initiative on Methods, Measurement, and Pain Assessment in Clinical Trials; KCC2, neuron specific potassium-chloride co-transporter; KOR, κ-opioid receptors; LTD, long-term depression; LTP, long-term potentiation; MAO, monoamine oxidase; MCC, midcingulate cortex; MLF, medial longitudinal fasciculus; MOR, μ-opioid receptors; mPFC, medial prefrontal cortex; MRI, magnetic resonance imaging; MRS, magnetic resonance spectroscopy; MT, motor evoked potential; NAA, N-acetyl aspartate; NIBS, non-invasive brain stimulation; NMDAr, N-methyl-D-aspartate receptor; NPS, numeric pain scale; NSAIDs, nonsteroidal anti-inflammatory drugs; OIH, opioid-induced hyperalgesia; ORL-1, opioid receptor-like 1; OUD, opioid use disorders; P2X4, purinergic ionotropic receptors 4; P2X7, purinergic ionotropic receptors 7; PAG, periaqueductal gray matter; PCA, patient-controlled analgesia; PFC, prefrontal cortex; PKC, protein kinase C; RN, red nucleus; rTMS, repetitive transcranial magnetic stimulation; RVM, rostral ventromedial medulla; SNRIs, selective norepinephrine reuptake inhibitors; SSRIs, serotonin reuptake inhibitors; tDCS, transcranial direct current stimulation; TLR4, Toll 4 type receptors; TMS, transcranial magnetic stimulation; TNFα, tumor necrosis factor alpha; TrkB, tropomyosin receptor kinase B; VAS, visual analog scale; VPL, ventral posterolateral nucleus; VPM, ventral posteromedial nucleus.
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Monoamines are involved in regulating the endogenous pain system and indeed, peripheral and central monoaminergic dysfunction has been demonstrated in certain types of pain, particularly in neuropathic pain. Accordingly, drugs that modulate the monaminergic system and that were originally designed to treat depression are now considered to be first line treatments for certain types of neuropathic pain (e.g., serotonin and noradrenaline (and also dopamine) reuptake inhibitors). The analgesia induced by these drugs seems to be mediated by inhibiting the reuptake of these monoamines, thereby reinforcing the descending inhibitory pain pathways. Hence, it is of particular interest to study the monoaminergic mechanisms involved in the development and maintenance of chronic pain. Other analgesic drugs may also be used in combination with monoamines to facilitate descending pain inhibition (e.g., gabapentinoids and opioids) and such combinations are often also used to alleviate certain types of chronic pain. By contrast, while NSAIDs are thought to influence the monoaminergic system, they just produce consistent analgesia in inflammatory pain. Thus, in this review we will provide preclinical and clinical evidence of the role of monoamines in the modulation of chronic pain, reviewing how this system is implicated in the analgesic mechanism of action of antidepressants, gabapentinoids, atypical opioids, NSAIDs and histaminergic drugs.
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INTRODUCTION

The monoaminergic system is implicated in the maintenance of homeostasis in the nervous system and among their distinct functions, monoamines regulate the endogenous pain system (Bannister et al., 2009). In terms of chronic pain, some recent contributions to the pharmacological arsenal of analgesics that target monoamines are selective inhibitors of serotonin and noradrenaline reuptake (SNRIs, e.g., duloxetine), and atypical opioids that combine their opioid activities with an effect on monoamines (e.g., tramadol and tapentadol). These drugs have opened the way to consider monoamines and their receptors as potential targets to develop innovative analgesics. Moreover, these drugs have also helped clarify the mechanism of action of some so-called atypical analgesics, the primary effects of which do not involve the monoaminergic system (i.e., tramadol, tapentadol, nefopam) even though their global efficacy as analgesics might well be driven by monoamines.

The most classic drugs that act directly on the monoaminergic system are antidepressants, drugs that were not originally designed as analgesics but that are currently considered first line analgesics for some types of neuropathic pain (Finnerup et al., 2005; Sindrup et al., 2005). Nevertheless, not all antidepressants have analgesic properties. For years, amitriptyline has been the most widely prescribed antidepressant but more recently, the SNRI duloxetine has been positioned as an analgesic antidepressant that can be used to treat peripheral diabetic neuropathic pain and fibromyalgia. By contrast, selective serotonin reuptake inhibitors (SSRIs) are not suitable analgesics to treat neuropathic pain. Atypical opioid drugs combine an opioid mechanism of action with another monoaminergic one, producing effective analgesia in several types of chronic pain, not only neuropathic pain (e.g., tramadol and tapentadol: Bravo et al., 2017; Coluzzi et al., 2017). In this review, we will present information from various preclinical and clinical studies that investigated the role of monoamines in chronic pain, as well as studies that assessed the mechanisms of action of actual and potential analgesics to treat different types of chronic pain.



TYPES OF PAIN

Pain is necessary for our survival as it is a process that helps protect us from danger and it serves as a short-term response to resolve injury. However, pain that persists for longer than 3 months is considered to be a pathological state known as chronic pain. Based on its etiology, pain is classified as: (i) nociceptive, caused by lesion or potential tissue damage that directly stimulates C and Aδ fibers (e.g., somatic and visceral pain); (ii) inflammatory, caused by an inflammatory process (e.g., arthritis); (iii) neuropathic, caused by a lesion or disease affecting the somatosensory system (e.g., diabetic neuropathy, post-herpetic and neuralgic sciatic nerve injury). These three main types of pain can develop into chronic pain, although some particular types of chronic pain may not be properly covered by the categories of “nociceptive” or “neuropathic” pain, and they can be categorized as “nociplastic pain.” This fourth type of pain is characterized by altered nociception in the absence of clear evidence of tissue damage or lesion, or of disease that affects the somatosensory system (International Association for Study of Pain, https://www.iasp-pain.org/PublicationsNews/NewsDetail.aspx?ItemNumber=6862).

Regardless of its etiology, chronic pain is a public health problem that affects 20% of the adult population in Europe (Van Hecke et al., 2013). Chronic pain is one of the most frequent reasons for visits to a physician and its estimated financial cost exceeds €200 billion per annum in Europe and $150 billion per annum in the United States (Tracey and Bushnell, 2009). One of the main problems of chronic pain is its inadequate management, most likely caused by ignorance of its biological roots. The monoaminergic system can modulate pain signaling and this system undergoes important alterations under conditions of chronic pain, contributing to its persistance. In fact, many types of chronic pain are now treated with medications that affect monoamines and as such, these will be discussed exhaustively in the present review.



PAIN MODULATION BY MONOAMINES

The monoaminergic system is an endogenous modulator of pain (Bannister and Dickenson, 2016). Peripheral nociceptive signals reach the spinal cord and the pain messages are relayed by ascending projections targeting the thalamus, the dorsal reticular nucleus (DRt), the rostral ventromedial medulla (RVM), and the midbrain periaqueductal gray (PAG) which integrates forebrain influences. The rostral projections from the thalamus target areas that several sub-regions in the cortex and the amygdala where both the sensory and affective components of pain are processed. In parallel, descending monoaminergic pain pathways, mainly from the Locus Coeruleus (LC) and RVM, modulate the ascending nociceptive information at the level of the spinal cord. These modulatory effects are mainly mediated by serotonin (5-HT) and noradrenaline (NA), which may well represent potential targets for new analgesic drugs (see below).


Noradrenergic Pain Modulation

The noradrenergic system is mainly implicated in descending inhibitory pain with the noradrenergic descending projections to the spinal cord mainly arising from the A6 (LC), A5 and A7 (Howorth et al., 2009). The effects of NA are mediated by the α and β-NA adrenergic receptors, which are expressed widely in the central and peripheral nervous systems (CNS and PNS), with particularly strong expression in areas that directly participate in pain processing (e.g., PAG, RVM, thalamus, LC, prefrontal cortex and amygdala). There are various subtypes of adrenoceptors (ARs), a- and β-ARs (α1A, α1B, α1D, α2A, α2B, and α2C; and β1, β2, and β3: Ruffolo and Hieble, 1994), with the α2-ARs most commonly associated with pain modulation. As we will describe here, these receptors may be suitable pharmacological targets to treat chronic pain.


Peripheral Noradrenergic Modulation

Noradrenaline is released locally by post-ganglionic sympathetic nerve fibers (Pertovaara, 2006). Many α-ARs subtypes have been identified in the dorsal root ganglia (DRGs: α1A, α1B, α1D, α2A, and α2C) and also on the nerve fibers distributed to the skin (Dawson et al., 2011) where peripheral nociception is locally modulated (Shi et al., 2000; Xie et al., 2001; Maruo et al., 2006). Although α2-AR agonists mainly produce analgesia via spinal and supraspinal action (Bernard et al., 1994; Buerkle and Yaksh, 1998; Asano et al., 2000), peripheral ARs also fulfill an important role in analgesia (Pertovaara, 2006). Thus, topical α2 agonist administration produces analgesia, an effect that is blocked by pretreatment with AR antagonists in acute and chronic pain rat models (Nakamura and Ferreira, 1988; Dogrul and Uzbay, 2004). Accordingly, topic administration of clonidine relieves hyperalgesia in patients with complex regional pain syndrome (Davis et al., 1991), indicating that peripheral stimulation of α2-ARs could relieve neuropathic pain. β2-ARs are located on peripheral terminals and cell bodies of primary afferent nociceptors (Aley et al., 2001). Nevertheless, it remains unclear if activation of β2-ARs is pro- or anti-nociceptive. Most preclinical studies have shown that peripheral β2-AR stimulation by antidepressants induces anti-allodynic effects in neuropathic pain models (Bohren et al., 2013; Kremer et al., 2018), while intradermal injection of epinephrine produces hypersensitivity (Khasar et al., 1999; Parada et al., 2003).



Central Noradrenergic Modulation

Preclinical studies reported that chemical or electrical stimulation of the LC, the main noradrenergic nucleus, induces analgesia via the spinal cord that is blocked by spinal α2-AR antagonists (Pertovaara, 2006). The LC sends projections to all cortical regions, as well as to the basolateral amygdala (BLA), hippocampus, and ventral tegmental area (VTA), all of which express adrenergic receptors and are relevant structures in the context of pain (Loughlin et al., 1986; Sara and Bouret, 2012). Moreover, the LC express a large proportion of the α2-AR inhibitory auto-receptors that modulate NA release via these projections (Llorca-Torralba et al., 2016). Despite the prevalence of studies focusing on the LC in pain modulation, there is also evidence that other noradrenergic nuclei play a role in pain processing (Llorca-Torralba et al., 2016). Indeed, the A5 and A7 noradrenergic clusters provide significant NA input to the spinal cord, where the final balance between inhibitory and facilitatory modulation of pain takes place (Pertovaara, 2006; Bruinstroop et al., 2012). These findings provide evidence of the complex interaction between NA and pain. At present, the role of NA on spinal adrenergic receptors seems to be clearer than that its effects on supraspinal noradrenergic receptors.



Serotonergic Pain Modulation

Serotonin (5-HT, 5-hydroxytryptamine) has been widely related to pain modulation through peripheral and central actions. Unlike NA, which action seem to be more related to analgesia, 5-HT acts on specific receptors that contribute to the maintenance of pain (Suzuki et al., 2004; Bannister and Dickenson, 2016).


Peripheral Serotonergic Modulation

Serotonergic nociceptive transmission at peripheral sensory nerves is mediated by several subtypes of 5-HT receptors (5-HT1B, 5-HT1D, 5-HT2A, 5-HT2B, 5-HT3, 5-HT4, and 5-HT7) known to exist in DRGs (Pierce et al., 1996; Wu et al., 2001). Numerous studies have shown that peripheral administration of 5-HT increases the excitability of Aδ and C fibers, and DRG neurons (Michaelis and Janig, 1998; Lang et al., 2006), suggesting a pro-nociceptive role for 5-HT. Indeed, intradermal injection of 5-HT in rats produces dose-dependent hypersensitivity mediated by 5-HT1A receptors (Taiwo et al., 1992). Moreover, peripheral injection of 5-HT2A, 5-HT3, and 5-HT7 antagonists produces an anti-nociceptive effect in a model of the formalin pain test (Rocha-González et al., 2005; Nakajima et al., 2009; Godinez-Chaparro et al., 2011). In clinical studies on healthy volunteers, intradermal injection of 5-HT produces burning pain (Lischetzki et al., 2001) and the hypersensitivity induced by 5-HT injections into the masseter muscle is antagonized by a 5-HT3 antagonist (Ernberg et al., 2000).



Central Serotonergic Modulation

Descending serotonergic pathways include the RVM, where the midline raphe magnus nucleus (RMN) can inhibit or facilitate descending pain (Fields, 2004). ON and OFF cells, respectively, in the RVM send descending inhibitory and excitatory fibers to the dorsal horn spinal cord neurons that control the spinal sensory transmission (Urban and Gebhart, 1999; Neubert et al., 2004). Thus, activation of the RVM by electrical stimulation or glutamate microinjection evokes the spinal release of 5-HT, inducing analgesia (Oliveras et al., 1975; Satoh et al., 1983; Aimone and Gebhart, 1986). The RVM receives projections from the periaqueductal gray (PAG) and the microinjection of opioids in RVM has an inhibitory effect on noxious stimulation, indirectly activating OFF cells and thereby reducing pain (Zorman et al., 1981; Jensen and Yaksh, 1989; Heinricher et al., 1994).

It was largely demonstrated that the effect of spinal 5-HT is either inhibitory or facilitatory, depending on the 5-HT receptor subtypes activated (Green et al., 2000; Millan, 2002; Dogrul and Uzbay, 2004; Suzuki et al., 2004). In pain modulation, 5-HT exerts excitatory effects via the 5-HT2 and 5-HT3 receptors, yet an inhibitory effect is provoked by stimulation of 5-HT7 receptors (Obata et al., 2001; Viguier et al., 2013; Bannister et al., 2017). However, the 5-HT1A receptor could exert excitatory or inhibitory effects (Millan, 2002). Except to treat chronic migraine, no drugs targeting 5-HT receptors are used for chronic pain. Thus, central action of 5-HT clearly needs further investigation in order to understand how 5-HT modulates pain, and its implication as a possible analgesic agent in acute and chronic pain.



Dopaminergic Pain Modulation

The role of dopamine (DA) in pain modulation has received less attention than that of NA and 5-HT. The dopaminergic system is widely known to participate in mesocorticolimbic reward system, which arises from the VTA and modulates emotion-related behavior (Baik, 2013). Interestingly, dopamine plays a role in the modulation of nociceptive transmission at both the spinal and supraspinal levels (Potvin et al., 2009). In the CNS, there are five subtypes of DA receptors (D1-D5), and the D1 and D2 receptors are those most strongly implicated in pain modulation, as witnessed in animal models (Millan, 2002). As such, activation of D2 receptors at the spinal level induces an anti-nociceptive effect (Magnusson and Fisher, 2000; Taylor et al., 2003; Ansah et al., 2007; Coffeen et al., 2008; Meyer et al., 2009), whereas stimulation of D1 receptors is pro-nociceptive (Gao et al., 2001; Yang et al., 2005; Kim et al., 2015).

Focal electrical stimulation of descending dopaminergic projections suppresses painful transmission at the spinal cord level, mainly through the A11 nucleus of the pericentral posterior hypothalamus and substantia nigra (Fleetwood-Walker et al., 1988). Thus, both acute and sustained noxious stimuli increase DA release to D2 receptors of spinothalamic and primary nociceptive neurons, eliciting an anti-nociceptive response (Millan, 2002). D1 receptor activation in the PAG or insular cortex has also been seen to attenuate pain-related behavior, presumably through the activation of neurons involved in descending inhibition (Burkey et al., 1999; Flores et al., 2004). The spinal effect of DA appears to depend on its local concentration. Low levels of DA may activate the anti-nociceptive D2 receptors, whereas higher levels would activate the pro-nociceptive D1 receptors (Paulus and Trenkwalder, 2006).

Interestingly, there appears to be an interaction between the noradrenaline transporter (NAT) and DA release in areas like the VTA, LC and dorsal hippocampus (Moron et al., 2002; Carboni and Silvagni, 2004; Guiard et al., 2008). Similarly, a small population of DA-synthesizing cells exists in DRGs (Millan, 2002) and consequently, it is possible that noradrenergic neurons constitute an important source of DA in the dorsal horn to control pain. Moreover, there is also an interaction between the DA and opioid system, and significantly, dopaminergic neurons are necessary for the anti-nociceptive effect of morphine, particularly in the PAG (Flores et al., 2004; Meyer et al., 2009). These findings suggest that dopaminergic pathways and their regulation by noradrenergic inputs fulfill an important role in the control of nociceptive transmission. In this context, antidepressants that act on the dopaminergic system might represent new therapeutic tools in the treatment of chronic pain, such as bupropion or more recently, triple reuptake inhibitors (TRIs: Xie et al., 2001; Hache et al., 2011; Navratilova et al., 2012).



Histamine in Pain Modulation

Histamine 2-(4-Imidazolyl)ethylamine) is released from neuronal and non-neuronal sources and it is a mediator of many physiological processes, including the modulation of pain. Histamine is released peripherally in response to tissue injury that directly sensitizes nociceptors and it contributes to the generation of pain hypersensitivity (Kajihara et al., 2010). By contrast, the role of histamine in the CNS remains unclear. Preclinical studies have shown that histamine injected directly into supraspinal areas (e.g., the somatosensory cortex or hippocampus) attenuates pain (Erfanparast et al., 2010; Tamaddonfard and Hamzeh-Gooshchi, 2014), while intrathecal injection of histamine appears to facilitate nociception (Yoshida et al., 2005). Histamine interacts with four receptor subtypes (H1, H2, H3 and H4), which are expressed in both presynaptic and post-synaptic neurons (Brown et al., 2001). H1 and H2 are excitatory receptors mainly located postsynaptically (Brown et al., 2001; Zhang et al., 2013), and systemic inhibition of these receptors has antinociceptive effects in rats when assessed with the formalin test (Mojtahedin, 2016). H3 receptors are predominantly expressed in the central and peripheral nervous system (Panula et al., 2015). This receptor is mainly localized presynaptically in histaminergic neurons with inhibitory activity that regulate the levels of histamine (Hough and Rice, 2011), while its post-synaptic localization in non-histaminergic neurons regulates the release of neurotransmitters, such as ACh, dopamine, 5-HT and noradrenaline (Obara et al., 2019). H4 receptors possess inhibitory activity and they are expressed in neurons, although their location in the nervous system remains uncertain (Connelly et al., 2009). Thus, histamine exerts different effects on pain modulation depending on the receptor subtype with which it interacts and no histaminergic agents have been approved until now for the management of chronic pain.



MONOAMINERGIC DYSFUNCTION IN CHRONIC PAIN

Chronic pain induces monoaminergic plasticity at peripheral and central areas which lead to the classical signs of persistent pain (Figure 1 and Table 1; Hains et al., 2002; Sounvoravong et al., 2004; Heinricher et al., 2009; Morgado et al., 2011; Alba-Delgado et al., 2013). Thus, a review of the monoaminergic dysfunction in chronic pain may identify potential drug targets.


[image: image]

FIGURE 1. Peripheral and central adaptive changes observed in animal models of chronic pain. DRG, dorsal root ganglion; DRN, dorsal raphe nucleus; RMN, raphe magnus nucleus; vlPAG, ventrolateral periaqueductal gray; DBH, dopamaine beta-hydroxylase; TH, tyrosine hydroxylase; NAT, noradrenaline transporter.



TABLE 1. Monoaminergic dysfunction in preclinical models of pain.
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Noradrenaline

Peripheral α-adrenergic stimulation does not affect pain sensation in healthy conditions but interestingly, such excitation enhances pain sensation in chronic pain (Shea and Perl, 1985). This pro-nociceptive effect is the result of increased excitability of primary sensory neurons, known as hypersensitivity to innocuous and noxious stimuli. The increase in excitability is the result, in part, of neuroplastic changes in animal models of chronic pain, driven possibly by an increase in α2- and α1B-AR mRNA expression in DRGs (Sato and Perl, 1991; McLachlan et al., 1993; Bossut and Perl, 1995; Xie et al., 2001; Maruo et al., 2006) and by upregulation of α1-ARs on cutaneous nociceptive afferents (Drummond et al., 2014). Interestingly, this excitability is enhanced by α2 agonists while it is blocked by administration of α2 antagonists (Sato and Perl, 1991; McLachlan et al., 1993). Based on these studies, it was proposed that the effect of the increase in α2-AR expression on afferents contributes to the maintenance of chronic pain, making this a potential target to relieve peripheral chronic pain.

Spinal α-ARs are thought to play an opposite role to peripheral ARs in chronic pain. An increase in spinal α2A-ARs has been reported in sheep with inflammatory pain (Brandt and Livingston, 1990), while in rats, neuropathic pain has been associated with an increase in spinal α2C-ARs but not α2A-ARs (Stone et al., 1999). Similarly, the number of spinal α2A-ARs in spinal nerve ligation (SNL) rats remains unaltered but surprisingly, an increase in the efficacy of coupling between α2A and Gα subunits has been reported (Bantel et al., 2005). Additionally, upregulation of the spinal NAT has been reported in such SNL rats (Rojo et al., 2012). These results suggest that chronic pain induces adaptive changes in response to reduced descending noradrenergic tone (Hughes et al., 2013). Interestingly, the increase in α2A-AR efficiency could explain why antidepressants induce spinal analgesia in chronic pain conditions (Luo et al., 1994; Malmberg et al., 2001; Bantel et al., 2005). These central adaptive changes suggest that after nerve injury, the descending noradrenergic inhibitory tone may be compromised but interestingly, the increase in the α2-AR efficacy can be considered beneficial for the effect of NA reuptake inhibitors.

Although spinal adrenergic alterations have received special attention in the development of chronic pain, supraspinal noradrenergic areas have also been seen to change in a manner that is relevant to chronic pain. Thus, an increase in dopamine beta-hydroxylase (DBH), tyrosine hydroxylase (TH), NAT and α2-ARs has been observed in the LC of rats with long-term neuropathic pain (Alba-Delgado et al., 2013; Tazawa et al., 2015). All these changes might try to balance the reduced spinal noradrenergic tone observed in neuropathic pain, although in recent decades these alterations have been seen to be relevant for the development of secondary co-morbidities in chronic pain, such as anxiety and depression (Alba-Delgado et al., 2013, 2018). It has also recently been demonstrated that neuropathic pain induces LC-BLA overactivation, leading to anxiety-like behaviors, and enhancing the aversive learning and memory index (Llorca-Torralba et al., 2019). In addition, optogenetic activation of the LC-PFC (prefrontal cortex) pathway exacerbates spontaneous pain, producing aversion and increasing anxiety-like behavior (Hirschberg et al., 2017). Interestingly, other noradrenergic nuclei (A5 and A7) contribute to the maintenance of chronic pain. Thus, the A7 seems to exert an inhibitory effect on LC neurons in neuropathic pain (Wei and Pertovaara, 2013), while the A5 nucleus sends projections to the dorsal reticular nucleus (DRt) that contributes to the facilitation of pain transmission in the spinal cord via α1-ARs (Lima and Almeida, 2002; Martins et al., 2015).



Serotonin

The serotonergic descending pain pathways also experiences alterations in animal models of chronic pain. The effect of spinal 5-HT may be either inhibitory or facilitatory, depending on the acute or chronic state of pain (Millan, 2002). Thus, intrathecal administration of 5-HT produces anti-nociception against acute stimuli of diverse nature (Crisp et al., 1991; Bardin et al., 1997), whereas the depletion of 5-HT pathways in models of neuropathic (chronic) pain prevents hypersensitivity (Suzuki et al., 2004; Rahman et al., 2006). Interestingly, reduced spinal 5-HT levels in mice deficient for the 5-HT transporter (5-HTT–/–) is associated with decreased thermal hypersensitivity, a symptom caused by peripheral sensitization in pain (Vogel et al., 2003). Thus, it has been suggested that 5-HT might facilitate persistent pain while it has also been proposed that 5-HT could be inhibitory in neuropathic pain.

Regarding 5-HT receptor stimulation, 5-HT1As have been implicated in both facilitatory (i.e., pronociception; Alhaider and Wilcox, 1993) and inhibitory pain (i.e., anti-nociception; Bardin et al., 2001). The activation of 5-HT1A autoreceptors at the supraspinal levels regulates 5-HT release to the spinal cord and therefore, acute 5-HT1A agonist administration dampens 5-HT release in the spinal cord (Sprouse and Aghajanian, 1987). In animal models of neuropathic pain, the antagonism of 5-HT1A receptors induces analgesia or it potentiates the effect of morphine, tramadol and anti-depressants (Rojas-Corrales et al., 2000, 2005; Ardid et al., 2001; Anjaneyulu and Chopra, 2004), suggesting a facilitatory role for this receptor in neuropathic pain at least. By contrast, chronic administration of the 5-HT1A agonist F-13640 induced analgesia in an animal model of constriction injury of the infraorbital nerve (Colpaert, 2006; Colpaert et al., 2006). This response could be due to the desensitization of autoreceptors in supraspinal areas following chronic 5-HT1A administration. Therefore, the pro-nociceptive effects of 5-HT1A agonist administration have been attributed to pre-synaptic 5-HT1A, while anti-nociceptive effects could be due to the post-synaptic 5-HT1A activation at the spinal level (Colpaert, 2006).

Antagonism of 5-HT2 and 5-HT3 receptors is thought to dampen analgesia or potentiate the effect of some drugs due to its role in descending facilitation pain (Ali et al., 1996; Green et al., 2000). Interestingly, there are increases in the prominence of these receptors in association with chronic pain. Thus, an increase of 5-HT2A receptor mRNA was evident in DRGs, the RMN, ventrolateral PAG (vlPAG), dorsal raphe nucleus (DRN) and dorsal horn in a model of inflammatory pain (Zhang et al., 2001, 2002). Similarly, an increase in the 5-HT2A receptor has been reported in the lumbar dorsal horn in association with neuropathic pain (Thibault et al., 2008). Clinical studies reported an increase in 5-HT2A receptor binding in the PFC related to the pain evoked by heat (Kupers et al., 2009), suggesting a clear facilitation role for this receptor. As such, antagonism of this receptor could be a potential target for the treatment of chronic pain.

Although 5-HT3 receptor expression remains unaltered in the dorsal spinal horn in neuropathic pain (Peters et al., 2010), antagonism of the 5-HT3 receptor reduces the second but not the first phase of the formalin test, suggesting that the agonism of the 5-HT3 receptor would facilitate chronic pain (Glaum et al., 1988, 1990; Green et al., 2000). In addition, an increase in serotonergic fibers (5 weeks after spinal cord injury -SCI) was proposed to contribute to the maintenance of mechanical allodynia via 5-HT3 receptor activation (Oatway et al., 2004). These findings suggest that 5-HT3 and 5-HT2A receptors that participate in facilitatory descending pain contribute to the central sensitization in chronic pain conditions (Bannister and Dickenson, 2017).

There is little information available from a clinical setting, although a decrease in mechanical allodynia was observed in some patients with neuropathic pain treated with a 5-HT3 receptor antagonist (McCleane et al., 2003) but not in others (Tuveson et al., 2011). Although selective 5-HT3 receptor antagonists (used as anti-emetics) have inflammatory and analgesic properties in patients suffering inflammatory rheumatic diseases and fibromyalgia (Stratz and Muller, 2000; Vergne-Salle et al., 2011), there are no clinically effective drugs that act on these receptors.

The 5-HT7 receptor has been little studied in chronic pain. While it is thought to be less prominent in the dorsal spinal cord of neuropathic rats, its antagonism seems to produce analgesic properties in neuropathic and inflammatory pain models (Rocha-González et al., 2005; Amaya-Castellanos et al., 2011; Bannister and Dickenson, 2017).

Thus, it is difficult to elucidate the role of 5-HT and its receptors in pain because such effects are highly dependent on the 5-HT receptor subtype stimulated but also, on the pathological state of the subject.



Dopamine

Interest in the role of the dopaminergic system in pain has augmented in the last decade. Some changes in the mesocorticolimbic circuit have been reported, considered as a possible target to combat the negative affective states associated with chronic pain. A decrease in D2 receptor expression has been reported in the nucleus accumbens (NAc) of animal models of neuropathic pain, as well as changes in D2 and D3 receptor expression in the hippocampus (Cardoso-Cruz et al., 2014; Sagheddu et al., 2015). In addition, a reorganization of NAc connectivity with cortical areas contralateral (to the injured limb) has been reported in a model of long-term neuropathic pain (Chang et al., 2014). The dopaminergic alterations studied seem to contribute to the negative motivational-affective (Taylor et al., 2003; Scott et al., 2006; Chang et al., 2014) and cognitive aspects of pain (Cardoso-Cruz et al., 2014).



Histamine

The histaminergic system seems play an important role in the development of hypersensitivity in neuropathic pain (Obara et al., 2019). Histamine is released peripherally by mast cells that are involved in the inflammatory process through the recruitment of macrophages and neutrophils following nerve injury (Calvo and Bennett, 2012). In fact, mast cell depletion prevents mechanical hypersensitivity in a mouse model of persistent pain (Kaur et al., 2017). These mast cells proliferate and can degranulate for up to 2 weeks or even for months under certain conditions of nerve injury (Hayashi et al., 2008). In terms of the histamine receptors, an increase in H1 receptor expression has been observed in nociceptive afferent neurons after nerve injury (Baron et al., 2001; Kashiba et al., 2001) and interestingly, histamine seems to activate the pruriceptors that induce the release of inflammatory mediators involved in pruritus (itching: Parsons and Ganellin, 2006). There is also evidence indicating that histamine-induced itching can convert into pain associated with neuropathic hypersensitivity (Baron et al., 2001). Thus, the histaminergic system may be subject to alterations that contribute to the maintenance of chronic pain.



ANALGESIC DRUGS WITH MONOAMINERGIC ACTION


Antidepressants

The analgesic activity of antidepressants has been widely demonstrated in animals and humans. Although antidepressants can be used to alleviate certain types of chronic pain, mainly neuropathies, their mechanism of action as analgesics remain unclear (Obata, 2017). Given the central role of monoamines in pain modulation it is highly likely that antidepressants exert some effect on pain circuits. The hypotheses regarding the analgesic activity of these drugs focuses on their ability to augment the presence of monoamines by inhibiting NA and 5-HT reuptake. Antidepressants block NA and 5-HT transporters, preventing presynaptic reuptake and thereby increasing the post-synaptic NA and/or 5-HT that reinforces descending pain inhibitory pathways (Hache et al., 2011; Obata, 2017). However, other actions on the monoaminergic system have also been described for these drugs, as described below (Table 2).


TABLE 2. Antidepressants with analgesic action via monoaminergic system.
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Action on the Noradrenergic System


Preclinical Studies

Animal studies suggest that α2-ARs are involved in the analgesia mediated by antidepressants (Ghelardini et al., 2000; Hajhashemi et al., 2014), the most relevant evidence provided by the loss of analgesia induced by amitriptyline in α2-AR KO mice (Ozdogan et al., 2004). In addition to α2-ARs, other adrenergic receptors have also been implicated in the analgesia mediated by antidepressants. Thus, the α1-AR antagonist prazosin blocked the anti-nociceptive effect of nortriptyline, maprotiline, milnacipran, and imipramine in the formalin test (Yokogawa et al., 2002). In terms of β-ARs, initial studies reported that β1- and β2-ARs participated in the analgesia mediated by desipramine (DMI) and nortriptyline, in both thermal and chemical models of acute pain (Mico et al., 1997). Interestingly, in neuropathic mice lacking β2-ARs chronic treatment with DMI, nortriptyline and reboxetine failed to produce analgesia (Yalcin et al., 2009), consistent with preclinical findings where repeated stimulation of β2-ARs seem to be necessary and sufficient to produce a therapeutic effect (Choucair-Jaafar et al., 2009, 2011; Yalcin et al., 2009, 2010). More recently, mianserin, a tetracyclic antidepressant, was shown to produce analgesia in a model of diabetic neuropathic pain through its interactions with both α2- and β-ARs (Ücel et al., 2015). In addition, antidepressants may possibly have peripheral effects, with nortriptyline and venlafaxine mediating the stimulation of β2-ARs in non-neuronal cells, thereby inhibiting the production of the cytokine tumor necrosis factor α (TNFα), provoking an anti-allodynic effect in a rat model of neuropathic pain (Bohren et al., 2013).

All the data available suggest that the analgesic action of antidepressants mainly occurs at the spinal level (Mico et al., 2006; Ito et al., 2018; Kremer et al., 2018). Indeed, it was recently verified that daily subcutaneous injections of duloxetine attenuate SNL hypersensitivity in rats through NA accumulation in the spinal cord (Ito et al., 2018). Given the role of the LC in analgesia through the descending pain pathway, the effect of antidepressants at this level has been evaluated. As expected, electrophysiological assays have demonstrated the action of antidepressants on the LC neurons, for example the acute administration of venlafaxine (a SNRI) completely inhibits the LC activity modulated by α2-ARs and 5-HT1A receptors (Berrocoso and Mico, 2007). Interestingly, DMI and duloxetine restored the functional changes in rat LC neurons affected by neuropathic pain, an event that correlated with analgesic behavior (Alba-Delgado et al., 2012). Similarly, functional Magnetic Resonance Imaging (fMRI) showed that chronic administration of DMI (14 days, daily i.p. of 10 mg/kg) produced greater activation of areas altered by chronic pain in a rat model of neuropathic pain: primary somatosensory cortex, insular cortex, medial globus pallidus, etc. (Jones et al., 2009).



Clinical Approach

Antidepressants that mainly inhibit noradrenaline reuptake, like DMI and maprotiline, are not a good choice for the treatment of human neuropathic pain (Max et al., 1991, 1992; Vrethem et al., 1997), yet they are used in patients who have not obtained pain relief with other treatments. Clinical evidence suggests that dual antidepressants provide better analgesic efficacy in chronic neuropathic pain. In this regard, the analgesic efficacy of amitriptyline (a tricyclic antidepressant -TCA) is the best-documented in complex regional pain syndrome, neuropathic and musculoskeletal pain, and fibromyalgia (Wiffen et al., 2013; Moore et al., 2015; Brown et al., 2016; van den Driest et al., 2017). However, due to the side effects of TCAs, the SNRI duloxetine has been the first choice treatment for peripheral diabetic neuropathic pain and fibromyalgia, with a good safety profile. Despite the efficacy revealed in these conditions, this class of antidepressants is not useful in relieving SCI, phantom limb and HIV neuropathy (Kieburtz et al., 1998; Cardenas et al., 2002; Robinson et al., 2004), yet there is insufficient evidence to prescribe antidepressants for inflammatory chronic pain (Perrot et al., 2006; Richards et al., 2011). Thus, more clinical trials are needed in this area.

Regarding the mechanisms of action, it is believed that the increase of monoamines associated with the inhibition of NA and 5-HT reuptake reinforces inhibitory descending pain pathways (Obata, 2017). Clinical studies have reported the importance of stimulating α2A-AR to induce analgesia and indeed, α2 agonist administration has anti-nociceptive activity alone or in combination with opioids (Eisenach et al., 1994, 1995). In clinical practice, antidepressants exhibit little or only intermediate efficacy against acute nociceptive stimuli, while they induce significant analgesia in chronic pain (Poree et al., 1998; Sawynok et al., 2001; Paqueron et al., 2003; Mico et al., 2006). Interestingly, enhanced α2A-AR efficiency could explain why antidepressants induce spinal analgesia in chronic pain (Luo et al., 1994; Malmberg et al., 2001; Bantel et al., 2005). Accordingly, drugs acting through α2-ARs such as clonidine is effective in patients with neuropathic pain at doses that are inactive in post-operative pain (Eisenach et al., 1995). Although preclinical evidence indicates that β2-ARs are necessary to produce a therapeutic effect (Choucair-Jaafar et al., 2009, 2011; Yalcin et al., 2009, 2010), there is one clinical report supporting the efficacy of β2-ARs in combating neuropathic pain (Cok et al., 2010).



Action on the Serotonergic System


Preclinical Studies

Like noradrenaline, the main putative analgesic mechanism for 5-HT is the increase of 5-HT neurotransmission by 5-HT receptor stimulation and the ensuing modulation of descending pain inhibition. However, specific 5-HT receptor subtypes can dampen or enhance neuronal spinal cord activity (Millan, 2002), thereby weakening or potentiating descending pain transmission. Therefore, the role of 5-HT in analgesia remains controversial.

The effect of selectively inhibiting 5-HT reuptake has mainly been studied using SSRIs like fluoxetine. The anti-nociceptive effect of fluoxetine has been demonstrated in several animal models of acute and chronic pain (tail flick, hot plate and streptozotocin diabetic mice), although the data obtained have at times been contradictory (Singh et al., 2001; Cervantes-Durán et al., 2013). Thus, 5-HT has a pro-nociceptive peripheral effect, as reflected by the enhanced pain in the formalin test after local fluoxetine injection. However, systemic and intrathecal injection reduces any pro-nociceptive behavior in this test (Cervantes-Durán et al., 2013). The peripheral pro-nociceptive effect seems to be mediated by the activation of 5-HT2A/2B/2C/3/4/6/7 receptors, while systemic and intrathecal anti-nociception seems to be mediated by 5-HT1A/1B/1D/5A receptor activation.

The pro-nociceptive effect of 5-HT on some 5-HT receptors reveals the importance of co-administering certain 5-HT antagonists in pain management. As such, analgesia is enhanced when 5-HT1A receptors are blocked with drugs that augment 5-HT. Accordingly, the anti-nociceptive effect of the SNRI venlafaxine (injected subcutaneously) was potentiated in the hot plate test by 5-HT1A receptors antagonism. Similarly, systemic co-administration of a 5-HT1A receptor antagonist enhanced fluoxetine-induced anti-nociception in the acetic acid test (Singh et al., 2001). Moreover, several studies showed that systemic blockage of 5-HT1A receptors enhances the analgesic effect of SSRIs like fluoxetine (Anjaneyulu and Chopra, 2004) and clomipramine (Ardid et al., 2001) in chronic pain models. In fact, chronic intracerebroventricular (ICV) administration of an antisense oligodeoxynucleotide that silences 5-HT1A receptor synthesis decreases mechanical hypersensitivity of neuropathic rats (Hernandez et al., 2004). These results provide strong evidence of the importance of co-administering selective 5-HT1A antagonists to potentiate the anti-nociceptive efficacy of antidepressants.

The antagonism of 5-HT2 receptors potentiates the anti-nociceptive effect of paroxetine, effect that is blocked by 5-HT3 antagonist in the acetic acid test (Kesim et al., 2005). However, ketanserin (a 5-HT2A/AC receptor antagonist) antagonizes the anti-allodynic effect of fluvoxamine in a mice model of neuropathic pain. These findings suggest that SSRIs would have an opposite effect on 5-HT2A/2C receptors in acute or chronic pain (Honda et al., 2006).

There is little information about the role of 5-HT receptors in chronic pain and despite the influence of 5-HT on pain modulation, some preclinical studies have reported that the analgesia produced by SSRIs is less potent in chronic than in acute pain models (Bardin et al., 2000; Pichon et al., 2010). In fact, the stimulation of 5-HT2A receptors induces analgesia in healthy but not diabetic neuropathic rats. Thus, the alterations to 5-HT2A receptors that occurs in neuropathic pain is thought to be one of the causes of this inefficacy. In fact, pharmacological disruption of the association between spinal serotonin type 2A (5-HT2A) receptors and their associated PDZ proteins suppresses the analgesia induced by fluoxetine in diabetic and SNL rats (Pichon et al., 2010). Hence, 5-HT2A receptors and PDZ protein interactions might influence the resistance to SSRI-induced analgesia in the management of chronic neuropathic pain. Coupling the pro-nociceptive stimulation of some 5-HT receptors to the 5-HT alterations observed in chronic pain possibly explains the inefficacy of SSRIs in the management of chronic pain.



Clinical Approach

Although modulation of the 5-HT system could dampen or enhance the magnitude of pain, antidepressants like SSRIs that selectively acting through 5-HT are thought to be relatively poor in combating chronic pain (Johansson and Von Knorring, 1979; Anderberg et al., 2000) and therefore, they are not recommended as a first-line therapy for chronic pain. Fluoxetine and paroxetine have been used unsuccessfully to manage non-neuropathic chronic pain like headache and migraine (Saper et al., 1994, 1995), and paroxetine and citalopram have minimal effects on patients suffering painful diabetic neuropathy. Similarly, fluoxetine had no effect in patients with painful diabetic neuropathy (Sindrup et al., 1990, 1992; Max et al., 1992). Animal studies have helped us to elucidate some possible mechanisms responsible for the ineffectiveness of SSRIs in chronic pain, such as the facilitatory role of serotonin on 5-HT3 receptors and the alterations to 5-HT2A receptors in this condition. However, other drugs with dual action on NA and 5-HT reuptake inhibitors have proved to be efficacious in treating several forms of chronic pain, such as venlafaxine and duloxetine for fibromyalgia, migraine and diabetic neuropathy (Kaur et al., 2011; King et al., 2015; Burch, 2019). Hence, further studies should be carried out to assess how to achieve effective analgesia through the 5-HT system. By contrast, there is no evidence to support the use of SSRIs to combat inflammatory chronic pain like rheumatoid arthritis or osteoarthritis (Perrot et al., 2008).



Action on the Dopaminergic System


Preclinical Studies

The descending release of DA in the spinal cord plays an important role in pain modulation, although there are limited studies into the dopaminergic influence on the analgesic effect of antidepressants. Intrathecal injection of bupropion produces a dose-dependent anti-hyperalgesic effect in neuropathic rats, coincident with an increase in NA and DA in the spinal cord (Hoshino et al., 2015). In addition, the norepinephrine-dopamine reuptake inhibitor nomifensine has a similar potency and efficacy to morphine in the formalin test (Gilbert and Franklin, 2001). It was recently reported that spinal DA receptors are implicated in the anti-hyperalgesic effect of antidepressants in a model of spinal nerve ligation. Pretreatment with a dopamine D2 receptor antagonist abolished the anti-hyperalgesic effects of intraperitoneal amitriptyline, duloxetine, milnacipran and fluoxetine administration (Chen et al., 2017), suggesting that DA would exert a role in the spinal inhibitory effect of antidepressants. Nevertheless, further studies into the implication of the DA system in pain should be carried out.



Clinical Approach

Few studies have evaluated the analgesic effectiveness of specific DA reuptake inhibition in chronic pain patients. In this regard, the atypical antidepressant bupropion (a dual noradrenaline and dopamine reuptake inhibitor) decreases the intensity of pain and improves the quality of life of neuropathic pain patients (Semenchuk and Davis, 2000). However, the side effects of this drug are an important drawback as bupropion may be an excessively strong stimulant, inhibiting the appetite. As such, it is absolutely contraindicated in patients with a history of seizures or eating disorders.

Nonetheless, new TRIs have been designed that block all three monoamines by acting on their transporters (DAT, NAT and SERT: dopamine, noradrenaline, and serotonin transporters: Hache et al., 2011). These drugs should theoretically be very efficacious in treating chronic pain and they could be useful when pain is co-morbid with other conditions in which the availability of some monoamines is compromised, such as in depression or Parkinson’s disease. However, whether these drugs truly represent an interesting new strategy remains to be fully explored.



Gabapentinoids


Preclinical Studies

Gabapentin was introduced as an antiepileptic drug in 1993 and it was subsequently recognized as a first-line drug for several types of chronic pain. Gabapentinoids have been widely used to treat neuropathic pain and they are mainly characterized by their action on α2δ subunits in primary afferents. However, they may also act on supraspinal areas and stimulate descending pain inhibition, with their supraspinal effects mediated by spinal α2-ARs (Table 3; Takasu et al., 2006). Accordingly, high doses of gabapentin and pregabalin (ICV), and i.v. administration of gabapentin, enhances NA turnover in the spinal cord (Takeuchi et al., 2007; Hayashida et al., 2008; Tanabe et al., 2008), provoking spinal α2-AR mediated analgesia. In murine models of neuropathic pain, α2 antagonists suppress the anti-hypersensitivity effect of gabapentinoids following ICV administration (Tanabe et al., 2008). There have been few studies into gabapentinoids and the serotonergic system, yet the increase in 5-HT3 receptors after injury determines the analgesic actions of gabapentinoids (Bee and Dickenson, 2008). Conversely, pregabalin induced pain relief via the intra-accumbens nucleus induces DA release during early but not late neuropathic pain (Kato et al., 2016). Hence, pain chronification leads to dysfunction of the reward circuit, which should be studied as a target for the management of chronic pain.


TABLE 3. Analgesic action of gabapentinoids, opioids, NSAID’s and histaminergic drugs via monoaminergic system.
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Clinical Approach

Gabapentinoids are mainly effective in the treatment of chronic neuropathic pain, with gabapentin and pregabalin the drugs considered to most effectively relieve neuropathic pain (e.g., diabetic neuropathy and post-herpetic neuralgia). However, in terms of non-neuropathic pain only pregabalin has been seen to be efficacious in the treatment of fibromyalgia (Wiffen et al., 2013). Most clinical trials indicate that antidepressants and gabapentinoids produce comparable analgesia, mainly in neuropathic pain patients, yet more recent trials attempted to see if analgesia is improved by combining these two drugs. For neuropathic pain (diabetic neuropathy or post-herpetic neuralgia), the combined action of gabapentin and the TCA nortriptyline proved to be more efficacious than either drug alone (Gilron et al., 2009). The combination of pregabalin and duloxetine was well tolerated in diabetic neuropathy patients, although it did not produce better analgesia than either drug alone (Tesfaye et al., 2013). Interestingly, this combination produced a notably better clinical outcome in fibromyalgia when compared to monotherapy (Gilron et al., 2016). There is little data regarding the use of gabapentinoids in pain with a pure inflammatory component, although a recent study indicated that the combination of pregabalin with a NSAID in knee osteoarthritis patients with neuropathic pain was more effective than monotherapy with the NSAID alone (Filatova et al., 2017).



The Combination of Monoamines and Opioids


Preclinical Studies

Opioids are first line treatments for many types of chronic pain and several studies have reported combined effects between the opioid and monoaminergic systems (Table 3; Schroder et al., 2011; Bravo et al., 2017). Opioid receptor agonists induce NA release at supraspinal, spinal and peripheral sites (Wigdor and Wilcox, 1987; Grabow et al., 1999) where they would exert analgesic actions. Early studies reported that α2-ARs mediate analgesia of β-endorphin at the spinal cord (Crisp et al., 1989) and that naloxone antagonizes intrathecal NA-induced anti-nociception, suggesting that opioids are involved in NA spinal analgesia. Interestingly, co-administration of TCAs and morphine enhance analgesia in mice (Kellstein et al., 1984; Hwang and Wilcox, 1987; Gray et al., 1999; Reimann et al., 1999), and α2-ARs are thought to be responsible for this synergistic action (Stone et al., 1999). Recent studies demonstrated that opioids and cannabinoids induce peripheral anti-nociception by releasing NA, which activates the α2-, α1- and β-ARs (Romero et al., 2012).

However, there are is some controversy as to whether opioids mediate spinal anti-nociception via NA or 5-HT. Inhibition of both NA and 5-HT reuptake appears to induce analgesic synergy with morphine in the formalin test, although excess 5-HT may stimulate 5-HT3 receptors and reduces this synergy (Shen et al., 2013). Alternatively, there is evidence that opioids mediate spinal 5-HT anti-nociception (Kellstein et al., 1988; Kishimoto et al., 2001) and moreover, the anti-nociceptive effect of fluoxetine in the acetic acid test is sensitive to blockade by naloxone (Singh et al., 2001), suggesting a clear opioid component in this effect.



Clinical Approach

Combining monoamines and opioids enhances analgesia in animal models, although in only one clinical trial were benefits reported using the combination of nortriptyline and morphine (Gilron et al., 2015). Unfortunately, this combination induces the classic adverse effects of opioids (constipation, dry mouth and somnolence) and could compromise patient safety. Hence, drugs are being designed that offer a reasonable safety profile and that combine monoaminergic and opioid actions. This is the case of tramadol, a mu-opioid agonist and SNRI, and tapentadol, a potent mu-opioid agonist and NA reuptake inhibitor. These drugs relieve certain types of chronic pain but they do not appear to have a reliable effect on neuropathies (Silverfield et al., 2002; Duehmke et al., 2017), which has led to them being more commonly recommend as second-line therapy.



NSAIDs


Preclinical Studies

Preclinical and clinical studies demonstrated the efficacy of NSAIDs, mainly in chronic inflammatory pain (Cohen and Harris, 1987; Vo et al., 2009), and they are commonly prescribed for acute and persistent inflammatory pain. The peripheral inhibition of prostaglandins is not the only analgesic mechanism of action, given its central action on the noradrenergic and serotonergic system (Table 3). Acetyl salicylic acid (ASA) induced analgesia is accompanied by an increase in the turnover of 5-HT, NA and DA (Bensemana and Gascon, 1978), and a potent relationship has been described between 5-HT and NSAIDs. Acute administration of phenazone decreases 5-HT binding, whereas chronic treatment provokes an increase in 5-HT binding sites in the pontine and cortical areas, induced by an increase in 5-HT (Sandrini et al., 1998). The anti-nociceptive effect of ASA was impeded by i.p. pre-treatment with a 5-HT neurotoxin in the hot plate test (Pini et al., 1996). Moreover, ASA potentiated the anti-nociceptive effect of morphine in the second phase of the formalin test, accompanied by an increase in extracellular 5-HT and a decrease in 5-HT2 receptors in the cortex (Sandrini et al., 1998). Similar findings were reported with the combination of paracetamol and morphine. More recently, adrenergic receptors have been implicated in the anti-nociceptive effect of NSAIDs. Thus, intrathecal ketorolac enhances the effect of clonidine against a noxious heat stimulus in rats, yet it lacks efficacy when administered alone (Conklin and Eisenach, 2003). Additionally, the peripheral depletion of NA prevented the anti-nociceptive effect of dipyrone and diclofenac in a model of inflammatory pain, while prazosin (an α1 antagonist) and propranolol (a β-adrenergic antagonist) blocked the anti-nociceptive effect of dipyrone and diclofenac (Silva et al., 2015), suggesting that NSAID analgesia is mediated by adrenergic receptors. There are no relevant studies into the analgesic efficacy of NSAIDs in animal models of neuropathic pain (Lashbrook et al., 1999), yet further preclinical studies into both chronic neuropathic and inflammatory pain should elucidate the possible interaction between NSAIDs and monoamines.



Clinical Approach

NSAIDs are routinely prescribed for the management of chronic inflammatory pain since their main mechanism of action involves the peripheral inhibition of inflammatory mediators (prostaglandins), provoking weaker peripheral sensitization. However, the oral NSAIDs used have more severe adverse effects when administered chronically (peptic ulcer disease, acute renal failure and stroke/myocardial infarction) and thus, topical rather than oral administration is recommended. In clinical practice, NSAIDs have relevant peripheral activity but recently, there is recent evidence that they may facilitate activation of the descending inhibitory circuitry at the level of the spinal cord and brain (Hodkinson et al., 2015). In terms of neuropathic pain, NSAIDs have no effect and there is only modest evidence of efficacy in patients with chronic low back pain (Enthoven et al., 2017).



Histaminergic Drugs

Recent, preclinical findings support the use of ligands of histamine receptors as analgesics in neuropathic and inflammatory pain (Table 3; Obara et al., 2019). For example, the systemic administration of H1 and H2 receptor antagonists (like chlorpheniramine and ranitidine, respectively) produces anti-allodynic effects in a model of neuropathic pain in rats (Khalilzadeh et al., 2018). Interestingly, several studies suggest that H1 but not H2 receptors are involved in the development of hypersensitivity following partial ligation of the sciatic nerve and in vincristine-induced models of neuropathic pain (Yu et al., 2016; Jaggi et al., 2017).

Although most studies suggest that the systemic use of histamine H3 receptor antagonists produces inhibitory effects on nociceptive responses in neuropathic pain (Farzin and Nosrati, 2007; Chaumette et al., 2018; Popiolek-Barczyk et al., 2018), there is evidence that activation of H3 receptors has inhibitory effects on pain (Cannon et al., 2003). Interestingly, chronic oral administration of S38093 or A-960656, selective H3 receptor antagonist/inverse agonists, increased the paw withdrawal threshold to mechanical stimuli in neuropathic and inflammatory pain models, showing similar effects to gabapentin and/or pregabalin (Cowart et al., 2012; Chaumette et al., 2018). Moreover, the analgesic effect of S38093 is thought to be partially mediated by a2-AR desensitization in the LC, suggesting that the noradrenergic system is crucial for H3 antagonists to produce antinociception (Chaumette et al., 2018). In fact, bilateral lesions of the LC and spinal cord transection completely inhibited the effects of H3 antagonist, on spontaneous and evoked firing of spinal neurons in neuropathic rats (McGaraughty et al., 2012). Like H3 receptors, H4 receptor agonists and antagonists have different effects on the nociceptive response. Thus, systemic administration of JNJ 7777120, a histamine H4 receptor antagonist, reduced mechanical hypersensitivity in chronic constriction injury (CCI) and SNL neuropathic models (Hsieh et al., 2010). In addition, single doses of the selective H4 receptor antagonist TR-7 elicit a strong analgesic effect (Popiolek-Barczyk et al., 2018). By contrast, local ICV administration of the H4 receptor agonists ST-1006 and VUF8430, reduced nociceptive thresholds in mice with neuropathic pain (Sanna et al., 2015).

Overall, there appears to be a clear effect of histamine in chronic pain that depends on multiple factors, such as the localization of the receptors, or the affinity and selectivity of ligands for histamine receptors (Obara et al., 2019). Thus, a better understanding of the histaminergic system in pain modulation will help us to identify histaminergic targets that could lead to more efficient pharmacological therapy for neuropathic pain.



DISCUSSION

The monoaminergic system is important in both the healthy state and in pain modulation, the correct balance between the excitatory and inhibitory inputs on descending pain pathways producing analgesia. However, when biological pain shifts to pathological pain, the monoaminergic system suffers alterations that would contribute to the sensitization and maintenance of pain. To search for pharmacological new targets, the monoaminergic mechanisms underlying chronic pain are of great interest. In fact, chronic pain, and explicitly neuropathic pain, is treated with medications that affect monoamines. Antidepressants are drugs that effect monoamines directly, although they were designed to treat depression and they are currently used as first line treatments for neuropathic pain due to their intrinsic analgesic action. In recent decades, antidepressants have been seen to have greater clinical efficacy in neuropathic pain than in inflammatory pain (Finnerup et al., 2005; Sindrup et al., 2005). From an etiological point of view, neuropathic pain is due to lesion or dysfunction in the PNS/CNS that causes monoaminergic dysfunction, yet inflammatory pain is caused by the action of inflammatory mediators on nociceptors in the periphery and subsequently, changes in the excitability of central neurons. The analgesic mechanism of action of antidepressants is thought to involve inhibition of both NA and 5-HT reuptake at spinal and brain levels, and the subsequent modulation of descending pain pathways. Thus, it is plausible that antidepressants exert positive clinical outcomes in pain with a neuropathic component.

In addition, antidepressants exhibit significant analgesia in chronic pain, yet moderate efficacy against acute pain (Poree et al., 1998; Sawynok et al., 2001; Paqueron et al., 2003; Mico et al., 2006). As indicated, the increase of α2-AR efficacy at the spinal level seems to promote better analgesia of antidepressants (Stone et al., 1999; Bantel et al., 2005). Moreover, supraspinal noradrenergic centers like the LC are altered in chronic pain, alterations that are relevant for the development of chronic pain-related co-morbidities like anxiety and depression (Alba-Delgado et al., 2013, 2018), and which are commonly treated with antidepressants. Although antidepressants mainly act through the NA and 5-HT system, the repercussion of each system on anti-nociception remains unclear. Antidepressants that affect both noradrenaline and serotonin levels, like duloxetine and amitriptyline, are more potent and efficient than SSRIs in relieving chronic pain (Marchand et al., 2003; Finnerup et al., 2005). Considering data from animal studies, milnacipran (a SNRI) but not paroxetine (a SSRI) attenuates mechanical hypersensitivity in a model of neuropathic pain (SNL: Bomholt et al., 2005). Furthermore, the anti-nociceptive effect of drugs that act selectively on 5-HT (e.g., SSRIs) is less potent in chronic than in acute pain (Bardin et al., 2000; Pichon et al., 2010). This phenomenon could be explained by the pro-nociceptive effect of spinal 5-HT receptors in some states of chronic pain and by the alterations to 5-HT2A receptors observed in neuropathic pain (Honda et al., 2006; Pichon et al., 2010). These studies reveal the importance of studying 5-HT receptor agonists/antagonists in pain management. Currently, no drugs used to manage chronic pain target 5-HT receptors, except the 5-HT1B/1D agonists used to treat chronic migraine and headache. Interestingly, drugs that mainly inhibit noradrenaline reuptake, like DMI and maprotiline, are not a good choice for pain relief, as reflected by their moderate relief in the treatment of human neuropathic pain (Max et al., 1991, 1992; Vrethem et al., 1997), revealing the importance of increasing both extracellular NA and 5-HT.

Clinical evidence suggests TCAs are more efficacious in several chronic pain conditions. In particular, amytriptiline is considered the gold standard to manage neuropathic pain irrespective of its etiology (Saarto and Wiffen, 2007), although the main drawback of these drugs are their adverse effects. However, optimum analgesia is usually achieved at lower doses than those required for their antidepressant activity and thus, such side effects occur less frequently. Non-tricyclic antidepressants are thought to be safer than TCAs, and duloxetine is the first antidepressant approved by the FDA to treat neuropathic pain, considered the best election for peripheral diabetic neuropathic pain (Kaur et al., 2011; King et al., 2015). Less convincing results have been obtained in terms of the selective action on 5-HT receptors, yet preclinical studies indicate that the co-administration of antidepressants with certain 5-HT receptor antagonists (e.g., those of the 5-HT1A receptor) potentiates the analgesic effect of these drugs (Ardid et al., 2001; Singh et al., 2001; Anjaneyulu and Chopra, 2004). Recently, other atypical antidepressants like melatonin and agomelatonine have been shown to have promising analgesic effects to treat neuropathic pain, acting via MT1/MT2 melatonin receptors and the monoaminergic system (Ambriz-Tututi et al., 2009; Lopez-Canul et al., 2015; Chenaf et al., 2017). Moreover, the introduction of TRIs represents a new strategy that can be explored in the management of chronic pain. As indicated, chronic pain induces important changes in the NA, 5-HT and DA system, and as such, these drugs would maintain optimal levels of these neurotransmitters that allow a longer interaction with the appropriate receptors.

In addition to antidepressants, other drugs that directly and indirectly effect the monoaminergic system are also used to treat chronic pain. Thus, atypical opioids that combine monoaminergic and opioid effects are more efficacious than other opioids in neuropathic pain models (Christoph et al., 2007; Meske et al., 2014). In fact, tramadol tapentadol are situated on the second third step of the WHO analgesic scale (WHO, Bravo et al., 2017). Conversely, gabapentinoids mediate analgesia via spinal α2-ARs (Takasu et al., 2006) and they have been approved by the FDA to treat neuropathic pain (Goodman and Brett, 2019). The efficacy of gabapentinoids is comparable to that of antidepressant drugs in clinical trials, yet they differ in safety and tolerability (Morello et al., 1999; Sindrup and Jensen, 2000). They now represent an alternative for neuropathic pain patients for whom amytriptiline is contraindicated. Finally, NSAIDs are drugs that act on the monoaminergic system, yet with limited information regarding their mechanism of action. In general, NSAIDs seem to potentiate the analgesic effect of drugs like morphine and tramadol, and recently, their activity was associated with α1- and β-ARs (Silva et al., 2015). Clinically, there is a little evidence of the potency and efficacy of NSAIDs in chronic pain, or of their use in combination with other drugs (Ong et al., 2007). Finally, although there are no histaminergic drugs that relieve chronic pain, preclinical studies indicate that it is time to reconsider the histamine system as a therapeutic target for the management of inflammatory and neuropathic pain.

In conclusion, an extracellular increase in NA and 5-HT significantly helps relieve chronic pain. Indeed, chronic neuropathic pain is commonly treated with TCA and SNRI antidepressants, and by gabapentinoid drugs when antidepressants are contraindicated. Given that the monoaminergic system is closely linked to disorders like depression and anxiety, clinical situations frequently associated with chronic pain, the monoaminergic system is a pharmacological target that could help treat the sensory and emotional aspects of chronic pain. However, despite the promising preclinical and clinical results obtained, complete relief from chronic pain via the monoaminergic system remains a challenge. Thus, there is a need for further preclinical and clinical studies to further assess the selective targeting of the monoaminergic system to achieve successful analgesia for the treatment of chronic pain.



AUTHOR CONTRIBUTIONS

JM and LB performed the design of the structure of manuscript, analyzed the literature searching, wrote and revised several drafts of the manuscript. Also, they revised tables and contribute to perform the Figure 1. ML-T wrote the first part of the manuscript, revised the first draft of manuscript and elaborated the tables and the figure. EB analyzed the literature searching and revised the tables and the final draft of the manuscript.



FUNDING

This study was supported by grants co-financed by the “Fondo Europeo de Desarrollo Regional” (FEDER)-UE “A way to build Europe” from the “Ministerio de Economía y Competitividad” (Ministerio de Ciencia, Innovación y Universidades:Salud RTI2018-099778-B-I00) and the “Ministerio de Salud-Instituto de Carlos III (PI18/01691), as well as funding from the “Consejería de Salud de la Junta de Andalucía” (PI-0134-2018); the “Programa Operativo de Andalucía FEDER, Iniciativa Territorial Integrada ITI 2014-2020 Consejería Salud, Junta de Andalucía” (PI-0080-2017); the “Consejería de Economía, Innovación, Ciencia y Empleo de la Junta de Andalucía” (CTS-510); and the “Centro de Investigación Biomédica en Red de Salud Mental – CIBERSAM” (CB/07/09/0033) and a Young Investigator Grant from the Brain Behavior Research Foundation (NARSAD23982).


ACKNOWLEDGMENTS

The authors thank Mark Sefton of BIOMEDRED SL. Madrid, Spain for correcting the English language in this article.


REFERENCES

Aimone, L. D., and Gebhart, G. F. (1986). Stimulation-produced spinal inhibition from the midbrain in the rat is mediated by an excitatory amino acid neurotransmitter in the medial medulla. J. Neurosci. 6, 1803–1813. doi: 10.1523/jneurosci.06-06-01803.1986

Alba-Delgado, C., Borges, G., Sanchez-Blazquez, P., Ortega, J. E., Horrillo, I., Mico, J. A., et al. (2012). The function of alpha-2-adrenoceptors in the rat locus coeruleus is preserved in the chronic constriction injury model of neuropathic pain. Psychopharmacology 221, 53–65. doi: 10.1007/s00213-011-2542-7

Alba-Delgado, C., Llorca-Torralba, M., Horrillo, I., Ortega, J. E., Mico, J. A., Sanchez-Blazquez, P., et al. (2013). Chronic pain leads to concomitant noradrenergic impairment and mood disorders. Biol. Psychiatry 73, 54–62. doi: 10.1016/j.biopsych.2012.06.033

Alba-Delgado, C., Llorca-Torralba, M., Mico, J. A., and Berrocoso, E. (2018). The onset of treatment with the antidepressant desipramine is critical for the emotional consequences of neuropathic pain. Pain 159, 2606–2619. doi: 10.1097/j.pain.0000000000001372

Aley, K. O., Martin, A., McMahon, T., Mok, J., Levine, J. D., and Messing, R. O. (2001). Nociceptor sensitization by extracellular signal-regulated kinases. J. Neurosci. 21, 6933–6939. doi: 10.1523/jneurosci.21-17-06933.2001

Alhaider, A. A., and Wilcox, G. L. (1993). Differential roles of 5-hydroxytryptamine1A and 5-hydroxytryptamine1B receptor subtypes in modulating spinal nociceptive transmission in mice. J. Pharmacol. Exp. Ther. 265, 378–385.

Ali, H., Choi, O. H., Fraundorfer, P. F., Yamada, K., Gonzaga, H. M., and Beaven, M. A. (1996). Sustained activation of phospholipase D via adenosine A3 receptors is associated with enhancement of antigen- and Ca(2+)-ionophore-induced secretion in a rat mast cell line. J. Pharmacol. Exp. Ther. 276, 837–845.

Amaya-Castellanos, E., Pineda-Farias, J. B., Castaneda-Corral, G., Vidal-Cantu, G. C., Murbartian, J., Rocha-Gonzalez, H. I., et al. (2011). Blockade of 5-HT7 receptors reduces tactile allodynia in the rat. Pharmacol. Biochem. Behav. 99, 591–597. doi: 10.1016/j.pbb.2011.06.005

Ambriz-Tututi, M., Rocha-Gonzalez, H. I., Cruz, S. L., and Granados-Soto, V. (2009). Melatonin: a hormone that modulates pain. Life Sci. 84, 489–498. doi: 10.1016/j.lfs.2009.01.024

Anderberg, U. M., Marteinsdottir, I., and Von Knorring, L. (2000). Citalopram in patients with fibromyalgia–a randomized, double-blind, placebo-controlled study. Eur. J. Pain 4, 27–35. doi: 10.1053/eujp.1999.0148

Anjaneyulu, M., and Chopra, K. (2004). Fluoxetine attenuates thermal hyperalgesia through 5-HT1/2 receptors in streptozotocin-induced diabetic mice. Eur. J. Pharmacol. 497, 285–292. doi: 10.1016/j.ejphar.2004.06.063

Ansah, O. B., Leite-Almeida, H., Wei, H., and Pertovaara, A. (2007). Striatal dopamine D2 receptors attenuate neuropathic hypersensitivity in the rat. Exp. Neurol. 205, 536–546. doi: 10.1016/j.expneurol.2007.03.010

Ardid, D., Alloui, A., Brousse, G., Jourdan, D., Picard, P., Dubray, C., et al. (2001). Potentiation of the antinociceptive effect of clomipramine by a 5-ht(1A) antagonist in neuropathic pain in rats. Br. J. Pharmacol. 132, 1118–1126. doi: 10.1038/sj.bjp.0703897

Asano, T., Dohi, S., Ohta, S., Shimonaka, H., and Iida, H. (2000). Antinociception by epidural and systemic alpha(2)-adrenoceptor agonists and their binding affinity in rat spinal cord and brain. Anesth. Analg. 90, 400–407. doi: 10.1097/00000539-200002000-00030

Baik, J. H. (2013). Dopamine signaling in reward-related behaviors. Front. Neural Circ. 7:152. doi: 10.3389/fncir.2013.00152

Bannister, K., Bee, L. A., and Dickenson, A. H. (2009). Preclinical and early clinical investigations related to monoaminergic pain modulation. Neurotherapeutics 6, 703–712. doi: 10.1016/j.nurt.2009.07.009

Bannister, K., and Dickenson, A. H. (2016). What do monoamines do in pain modulation? Curr. Opin. Support. Palliat. Care 10, 143–148. doi: 10.1097/SPC.0000000000000207

Bannister, K., and Dickenson, A. H. (2017). The plasticity of descending controls in pain: translational probing. J. Physiol. 595, 4159–4166. doi: 10.1113/JP274165

Bannister, K., Lockwood, S., Goncalves, L., Patel, R., and Dickenson, A. H. (2017). An investigation into the inhibitory function of serotonin in diffuse noxious inhibitory controls in the neuropathic rat. Eur. J. Pain 21, 750–760. doi: 10.1002/ejp.979

Bantel, C., Eisenach, J. C., Duflo, F., Tobin, J. R., and Childers, S. R. (2005). Spinal nerve ligation increases alpha2-adrenergic receptor G-protein coupling in the spinal cord. Brain Res. 1038, 76–82. doi: 10.1016/j.brainres.2005.01.016

Bardin, L., Jourdan, D., Alloui, A., Lavarenne, J., and Eschalier, A. (1997). Differential influence of two serotonin 5-HT3 receptor antagonists on spinal serotonin-induced analgesia in rats. Brain Res. 765, 267–272. doi: 10.1016/s0006-8993(97)00566-0

Bardin, L., Schmidt, J., Alloui, A., and Eschalier, A. (2000). Effect of intrathecal administration of serotonin in chronic pain models in rats. Eur. J. Pharmacol. 409, 37–43. doi: 10.1016/s0014-2999(00)00796-2

Bardin, L., Tarayre, J. P., Koek, W., and Colpaert, F. C. (2001). In the formalin model of tonic nociceptive pain, 8-OH-DPAT produces 5-HT1A receptor-mediated, behaviorally specific analgesia. Eur. J. Pharmacol. 421, 109–114. doi: 10.1016/s0014-2999(01)01029-9

Baron, R., Schwarz, K., Kleinert, A., Schattschneider, J., and Wasner, G. (2001). Histamine-induced itch converts into pain in neuropathic hyperalgesia. Neuroreport 12, 3475–3478. doi: 10.1097/00001756-200111160-00020

Bee, L. A., and Dickenson, A. H. (2008). Descending facilitation from the brainstem determines behavioural and neuronal hypersensitivity following nerve injury and efficacy of pregabalin. Pain 140, 209–223. doi: 10.1016/j.pain.2008.08.008

Bensemana, D., and Gascon, A. L. (1978). Relationship between analgesia and turnover of brain biogenic amines. Can. J. Physiol. Pharmacol. 56, 721–730. doi: 10.1139/y78-115

Bernard, J. M., Kick, O., and Bonnet, F. (1994). Which way for the administration of alpha 2-adrenergic agents to obtain the best analgesia? Cah. Anesthesiol. 42, 223–228.

Berrocoso, E., and Mico, J. A. (2007). In vivo effect of venlafaxine on locus coeruleus neurons: role of opioid, alpha(2)-adrenergic, and 5-hydroxytryptamine(1A) receptors. J. Pharmacol. Exp. Ther. 322, 101–107. doi: 10.1124/jpet.107.120915

Bohren, Y., Tessier, L. H., Megat, S., Petitjean, H., Hugel, S., Daniel, D., et al. (2013). Antidepressants suppress neuropathic pain by a peripheral beta2-adrenoceptor mediated anti-TNFalpha mechanism. Neurobiol. Dis. 60, 39–50. doi: 10.1016/j.nbd.2013.08.012

Bomholt, S. F., Mikkelsen, J. D., and Blackburn-Munro, G. (2005). Antinociceptive effects of the antidepressants amitriptyline, duloxetine, mirtazapine and citalopram in animal models of acute, persistent and neuropathic pain. Neuropharmacology 48, 252–263. doi: 10.1016/j.neuropharm.2004.09.012

Bossut, D. F., and Perl, E. R. (1995). Effects of nerve injury on sympathetic excitation of A delta mechanical nociceptors. J. Neurophysiol. 73, 1721–1723. doi: 10.1152/jn.1995.73.4.1721

Brandt, S. A., and Livingston, A. (1990). Receptor changes in the spinal cord of sheep associated with exposure to chronic pain. Pain 42, 323–329. doi: 10.1016/0304-3959(90)91145-9

Bravo, L., Mico, J. A., and Berrocoso, E. (2017). Discovery and development of tramadol for the treatment of pain. Expert Opin. Drug Discov. 12, 1281–1291. doi: 10.1080/17460441.2017.1377697

Brown, R. E., Stevens, D. R., and Haas, H. L. (2001). The physiology of brain histamine. Prog. Neurobiol. 63, 637–672. doi: 10.1016/s0301-0082(00)00039-3

Brown, S., Johnston, B., Amaria, K., Watkins, J., Campbell, F., Pehora, C., et al. (2016). A randomized controlled trial of amitriptyline versus gabapentin for complex regional pain syndrome type I and neuropathic pain in children. Scand. J. Pain 13, 156–163. doi: 10.1016/j.sjpain.2016.05.039

Bruinstroop, E., Cano, G., Vanderhorst, V. G., Cavalcante, J. C., Wirth, J., Sena-Esteves, M., et al. (2012). Spinal projections of the A5, A6 (locus coeruleus), and A7 noradrenergic cell groups in rats. J. Comp. Neurol. 520, 1985–2001. doi: 10.1002/cne.23024

Buerkle, H., and Yaksh, T. L. (1998). Pharmacological evidence for different alpha 2-adrenergic receptor sites mediating analgesia and sedation in the rat. Br. J. Anaesth. 81, 208–215. doi: 10.1093/bja/81.2.208

Burch, R. (2019). Antidepressants for preventive treatment of migraine. Curr. Treat. Options Neurol. 21:18. doi: 10.1007/s11940-019-0557-2

Burkey, A. R., Carstens, E., and Jasmin, L. (1999). Dopamine reuptake inhibition in the rostral agranular insular cortex produces antinociception. J. Neurosci. 19, 4169–4179. doi: 10.1523/jneurosci.19-10-04169.1999

Calvo, M., and Bennett, D. L. (2012). The mechanisms of microgliosis and pain following peripheral nerve injury. Exp. Neurol. 234, 271–282. doi: 10.1016/j.expneurol.2011.08.018

Cannon, K. E., Nalwalk, J. W., Stadel, R., Ge, P., Lawson, D., Silos-Santiago, I., et al. (2003). Activation of spinal histamine H3 receptors inhibits mechanical nociception. Eur. J. Pharmacol. 470, 139–147. doi: 10.1016/s0014-2999(03)01737-0

Carboni, E., and Silvagni, A. (2004). Dopamine reuptake by norepinephrine neurons: exception or rule? Crit. Rev. Neurobiol. 16, 121–128. doi: 10.1615/critrevneurobiol.v16.i12.130

Cardenas, D. D., Warms, C. A., Turner, J. A., Marshall, H., Brooke, M. M., and Loeser, J. D. (2002). Efficacy of amitriptyline for relief of pain in spinal cord injury: results of a randomized controlled trial. Pain 96, 365–373. doi: 10.1016/s0304-3959(01)00483-3

Cardoso-Cruz, H., Dourado, M., Monteiro, C., Matos, M. R., and Galhardo, V. (2014). Activation of dopaminergic D2/D3 receptors modulates dorsoventral connectivity in the hippocampus and reverses the impairment of working memory after nerve injury. J. Neurosci. 34, 5861–5873. doi: 10.1523/JNEUROSCI.0021-14.2014

Cervantes-Durán, C., Rocha-Gonzalez, H. I., and Granados-Soto, V. (2013). Peripheral and spinal 5-HT receptors participate in the pronociceptive and antinociceptive effects of fluoxetine in rats. Neuroscience 252, 396–409. doi: 10.1016/j.neuroscience.2013.08.022

Chang, P. C., Pollema-Mays, S. L., Centeno, M. V., Procissi, D., Contini, M., Baria, A. T., et al. (2014). Role of nucleus accumbens in neuropathic pain: linked multi-scale evidence in the rat transitioning to neuropathic pain. Pain 155, 1128–1139. doi: 10.1016/j.pain.2014.02.019

Chaumette, T., Chapuy, E., Berrocoso, E., Llorca-Torralba, M., Bravo, L., Mico, J. A., et al. (2018). Effects of S 38093, an antagonist/inverse agonist of histamine H3 receptors, in models of neuropathic pain in rats. Eur. J. Pain 22, 127–141. doi: 10.1002/ejp.1097

Chen, M., Hoshino, H., Saito, S., Yang, Y., and Obata, H. (2017). Spinal dopaminergic involvement in the antihyperalgesic effect of antidepressants in a rat model of neuropathic pain. Neurosci. Lett. 649, 116–123. doi: 10.1016/j.neulet.2017.04.017

Chenaf, C., Chapuy, E., Libert, F., Marchand, F., Courteix, C., Bertrand, M., et al. (2017). Agomelatine: a new opportunity to reduce neuropathic pain-preclinical evidence. Pain 158, 149–160. doi: 10.1097/j.pain.0000000000000738

Choucair-Jaafar, N., Beetz, N., Gilsbach, R., Yalcin, I., Waltisperger, E., Freund-Mercier, M. J., et al. (2011). Cardiovascular effects of chronic treatment with a beta2-adrenoceptor agonist relieving neuropathic pain in mice. Neuropharmacology 61, 51–60. doi: 10.1016/j.neuropharm.2011.02.015

Choucair-Jaafar, N., Yalcin, I., Rodeau, J. L., Waltisperger, E., Freund-Mercier, M. J., and Barrot, M. (2009). Beta2-adrenoceptor agonists alleviate neuropathic allodynia in mice after chronic treatment. Br. J. Pharmacol. 158, 1683–1694. doi: 10.1111/j.1476-5381.2009.00510.x

Christoph, T., Kogel, B., Strassburger, W., and Schug, S. A. (2007). Tramadol has a better potency ratio relative to morphine in neuropathic than in nociceptive pain models. Drugs R D 8, 51–57. doi: 10.2165/00126839-200708010-00005

Coffeen, U., Lopez-Avila, A., Ortega-Legaspi, J. M., Del Angel, R., Lopez-Munoz, F. J., and Pellicer, F. (2008). Dopamine receptors in the anterior insular cortex modulate long-term nociception in the rat. Eur. J. Pain 12, 535–543. doi: 10.1016/j.ejpain.2007.08.008

Cohen, K. L., and Harris, S. (1987). Efficacy and safety of nonsteroidal anti-inflammatory drugs in the therapy of diabetic neuropathy. Arch. Intern. Med. 147, 1442–1444. doi: 10.1001/archinte.147.8.1442

Cok, O. Y., Eker, H. E., Yalcin, I., Barrot, M., and Aribogan, A. (2010). Is there a place for beta-mimetics in clinical management of neuropathic pain? Salbutamol therapy in six cases. Anesthesiology 112, 1276–1279. doi: 10.1097/aln.0b013e3181d40399

Colpaert, F. C. (2006). 5-HT(1A) receptor activation: new molecular and neuroadaptive mechanisms of pain relief. Curr. Opin. Investig. Drugs 7, 40–47.

Colpaert, F. C., Deseure, K., Stinus, L., and Adriaensen, H. (2006). High-efficacy 5-hydroxytryptamine 1A receptor activation counteracts opioid hyperallodynia and affective conditioning. J. Pharmacol. Exp. Ther. 316, 892–899. doi: 10.1124/jpet.105.095109

Coluzzi, F., Fornasari, D., Pergolizzi, J., and Romualdi, P. (2017). From acute to chronic pain: tapentadol in the progressive stages of this disease entity. Eur. Rev. Med. Pharmacol. Sci. 21, 1672–1683.

Conklin, D. R., and Eisenach, J. C. (2003). Intrathecal ketorolac enhances antinociception from clonidine. Anesth. Analg. 96, 191–194. doi: 10.1097/00000539-200301000-00040

Connelly, W. M., Shenton, F. C., Lethbridge, N., Leurs, R., Waldvogel, H. J., Faull, R. L., et al. (2009). The histamine H4 receptor is functionally expressed on neurons in the mammalian CNS. Br. J. Pharmacol. 157, 55–63. doi: 10.1111/j.1476-5381.2009.00227.x

Cowart, M., Hsieh, G., Black, L. A., Zhan, C., Gomez, E. J., Pai, M., et al. (2012). Pharmacological characterization of A-960656, a histamine H(3) receptor antagonist with efficacy in animal models of osteoarthritis and neuropathic pain. Eur. J. Pharmacol. 684, 87–94. doi: 10.1016/j.ejphar.2012.03.048

Crisp, T., Stafinsky, J. L., Hess, J. E., and Uram, M. (1989). Spinal beta-endorphin analgesia involves an interaction with local monoaminergic systems. Eur. J. Pharmacol. 160, 211–217. doi: 10.1016/0014-2999(89)90493-7

Crisp, T., Stafinsky, J. L., Uram, M., Perni, V. C., Weaver, M. F., and Spanos, L. J. (1991). Serotonin contributes to the spinal antinociceptive effects of morphine. Pharmacol. Biochem. Behav. 39, 591–595. doi: 10.1016/0091-3057(91)90133-m

Davis, K. D., Treede, R. D., Raja, S. N., Meyer, R. A., and Campbell, J. N. (1991). Topical application of clonidine relieves hyperalgesia in patients with sympathetically maintained pain. Pain 47, 309–317. doi: 10.1016/0304-3959(91)90221-i

Dawson, L. F., Phillips, J. K., Finch, P. M., Inglis, J. J., and Drummond, P. D. (2011). Expression of alpha1-adrenoceptors on peripheral nociceptive neurons. Neuroscience 175, 300–314. doi: 10.1016/j.neuroscience.2010.11.064

Dogrul, A., and Uzbay, I. T. (2004). Topical clonidine antinociception. Pain 111, 385–391. doi: 10.1016/j.pain.2004.07.020

Drummond, P. D., Drummond, E. S., Dawson, L. F., Mitchell, V., Finch, P. M., Vaughan, C. W., et al. (2014). Upregulation of α1-adrenoceptors on cutaneous nerve fibres after partial sciatic nerve ligation and in complex regional pain syndrome type II. Pain 155, 606–616. doi: 10.1016/j.pain.2013.12.021

Duehmke, R. M., Derry, S., Wiffen, P. J., Bell, R. F., Aldington, D., and Moore, R. A. (2017). Tramadol for neuropathic pain in adults. Cochrane Database Syst. Rev. 6:CD003726. doi: 10.1002/14651858.CD003726.pub4

Eisenach, J. C., D’angelo, R., Taylor, C., and Hood, D. D. (1994). An isobolographic study of epidural clonidine and fentanyl after cesarean section. Anesth. Analg. 79, 285–290.

Eisenach, J. C., Dupen, S., Dubois, M., Miguel, R., and Allin, D. (1995). Epidural clonidine analgesia for intractable cancer pain. The epidural clonidine study group. Pain 61, 391–399. doi: 10.1016/0304-3959(94)00209-w

Enthoven, W. T. M., Roelofs, P. D., and Koes, B. W. (2017). NSAIDs for chronic low back pain. JAMA 317, 2327–2328. doi: 10.1001/jama.2017.4571

Erfanparast, A., Tamaddonfard, E., Farshid, A. A., and Khalilzadeh, E. (2010). Effect of microinjection of histamine into the dorsal hippocampus on the orofacial formalin-induced pain in rats. Eur. J. Pharmacol. 627, 119–123. doi: 10.1016/j.ejphar.2009.10.063

Ernberg, M., Lundeberg, T., and Kopp, S. (2000). Effect of propranolol and granisetron on experimentally induced pain and allodynia/hyperalgesia by intramuscular injection of serotonin into the human masseter muscle. Pain 84, 339–346. doi: 10.1016/s0304-3959(99)00221-3

Farzin, D., and Nosrati, F. (2007). Modification of formalin-induced nociception by different histamine receptor agonists and antagonists. Eur. Neuropsychopharmacol. 17, 122–128 doi: 10.1016/j.euroneuro.2006.03.005

Fields, H. (2004). State-dependent opioid control of pain. Nat. Rev. Neurosci. 5, 565–575. doi: 10.1038/nrn1431

Filatova, E. S., Turovskaya, E. F., and Alekseeva, L. I. (2017). Evaluation of the efficacy of pregabalin in the therapy of chronic pain in patients with knee osteoarthritis. Ter. Arkh. 89, 81–85. doi: 10.17116/terarkh2017891281-85

Finnerup, N. B., Otto, M., Mcquay, H. J., Jensen, T. S., and Sindrup, S. H. (2005). Algorithm for neuropathic pain treatment: an evidence based proposal. Pain 118, 289–305. doi: 10.1016/j.pain.2005.08.013

Fleetwood-Walker, S. M., Hope, P. J., and Mitchell, R. (1988). Antinociceptive actions of descending dopaminergic tracts on cat and rat dorsal horn somatosensory neurones. J. Physiol. 399, 335–348. doi: 10.1113/jphysiol.1988.sp017084

Flores, J. A., El Banoua, F., Galan-Rodriguez, B., and Fernandez-Espejo, E. (2004). Opiate anti-nociception is attenuated following lesion of large dopamine neurons of the periaqueductal grey: critical role for D1 (not D2) dopamine receptors. Pain 110, 205–214. doi: 10.1016/j.pain.2004.03.036

Gao, X., Zhang, Y., and Wu, G. (2001). Effects of dopaminergic agents on carrageenan hyperalgesia after intrathecal administration to rats. Eur. J. Pharmacol. 418, 73–77. doi: 10.1016/s0014-2999(01)00930-x

Ghelardini, C., Galeotti, N., and Bartolini, A. (2000). Antinociception induced by amitriptyline and imipramine is mediated by alpha2A-adrenoceptors. Jpn. J. Pharmacol. 82, 130–137. doi: 10.1254/jjp.82.130

Gilbert, A. K., and Franklin, K. B. (2001). Characterization of the analgesic properties of nomifensine in rats. Pharmacol. Biochem. Behav. 68, 783–787. doi: 10.1016/s0091-3057(01)00479-8

Gilron, I., Bailey, J. M., Tu, D., Holden, R. R., Jackson, A. C., and Houlden, R. L. (2009). Nortriptyline and gabapentin, alone and in combination for neuropathic pain: a double-blind, randomised controlled crossover trial. Lancet 374, 1252–1261. doi: 10.1016/S0140-6736(09)61081-3

Gilron, I., Chaparro, L. E., Tu, D., Holden, R. R., Milev, R., Towheed, T., et al. (2016). Combination of pregabalin with duloxetine for fibromyalgia: a randomized controlled trial. Pain 157, 1532–1540. doi: 10.1097/j.pain.0000000000000558

Gilron, I., Tu, D., Holden, R. R., Jackson, A. C., and Dumerton-Shore, D. (2015). Combination of morphine with nortriptyline for neuropathic pain. Pain 156, 1440–1448. doi: 10.1097/j.pain.0000000000000149

Glaum, S. R., Proudfit, H. K., and Anderson, E. G. (1988). Reversal of the antinociceptive effects of intrathecally administered serotonin in the rat by a selective 5-HT3 receptor antagonist. Neurosci. Lett. 95, 313–317. doi: 10.1016/0304-3940(88)90677-5

Glaum, S. R., Proudfit, H. K., and Anderson, E. G. (1990). 5-HT3 receptors modulate spinal nociceptive reflexes. Brain Res. 510, 12–16. doi: 10.1016/0006-8993(90)90721-m

Godinez-Chaparro, B., Barragan-Iglesias, P., Castaneda-Corral, G., Rocha-Gonzalez, H. I., and Granados-Soto, V. (2011). Role of peripheral 5-HT(4), 5-HT(6), and 5-HT(7) receptors in development and maintenance of secondary mechanical allodynia and hyperalgesia. Pain 152, 687–697. doi: 10.1016/j.pain.2010.12.020

Goodman, C. W., and Brett, A. S. (2019). A clinical overview of off-label use of gabapentinoid drugs. JAMA Intern. Med. 179, 695–701. doi: 10.1001/jamainternmed.2019.0086

Grabow, T. S., Hurley, R. W., Banfor, P. N., and Hammond, D. L. (1999). Supraspinal and spinal delta(2) opioid receptor-mediated antinociceptive synergy is mediated by spinal alpha(2) adrenoceptors. Pain 83, 47–55. doi: 10.1016/s0304-3959(99)00084-6

Gray, A. M., Pache, D. M., and Sewell, R. D. (1999). Do alpha2-adrenoceptors play an integral role in the antinociceptive mechanism of action of antidepressant compounds? Eur. J. Pharmacol. 378, 161–168. doi: 10.1016/s0014-2999(99)00464-1

Green, G. M., Scarth, J., and Dickenson, A. (2000). An excitatory role for 5-HT in spinal inflammatory nociceptive transmission; state-dependent actions via dorsal horn 5-HT(3) receptors in the anaesthetized rat. Pain 89, 81–88. doi: 10.1016/s0304-3959(00)00346-8

Guiard, B. P., El Mansari, M., and Blier, P. (2008). Cross-talk between dopaminergic and noradrenergic systems in the rat ventral tegmental area, locus ceruleus, and dorsal hippocampus. Mol. Pharmacol. 74, 1463–1475. doi: 10.1124/mol.108.048033

Hache, G., Coudore, F., Gardier, A. M., and Guiard, B. P. (2011). Monoaminergic antidepressants in the relief of pain: potential therapeutic utility of triple reuptake inhibitors (TRIs). Pharmaceuticals 4, 285–342. doi: 10.3390/ph4020285

Hains, B. C., Everhart, A. W., Fullwood, S. D., and Hulsebosch, C. E. (2002). Changes in serotonin, serotonin transporter expression and serotonin denervation supersensitivity: involvement in chronic central pain after spinal hemisection in the rat. Exp. Neurol. 175, 347–362. doi: 10.1006/exnr.2002.7892

Hajhashemi, V., Banafshe, H. R., Minaiyan, M., Mesdaghinia, A., and Abed, A. (2014). Antinociceptive effects of venlafaxine in a rat model of peripheral neuropathy: role of alpha2-adrenergic receptors. Eur. J. Pharmacol. 738, 230–236. doi: 10.1016/j.ejphar.2014.04.046

Hayashi, R., Xiao, W., Kawamoto, M., Yuge, O., and Bennett, G. J. (2008). Systemic glucocorticoid therapy reduces pain and the number of endoneurial tumor necrosis factor-alpha (TNFalpha)-positive mast cells in rats with a painful peripheral neuropathy. J. Pharmacol. Sci. 106, 559–565. doi: 10.1254/jphs.fp0072181

Hayashida, K., Obata, H., Nakajima, K., and Eisenach, J. C. (2008). Gabapentin acts within the locus coeruleus to alleviate neuropathic pain. Anesthesiology 109, 1077–1084. doi: 10.1097/ALN.0b013e31818dac9c

Heinricher, M. M., Morgan, M. M., Tortorici, V., and Fields, H. L. (1994). Disinhibition of off-cells and antinociception produced by an opioid action within the rostral ventromedial medulla. Neuroscience 63, 279–288. doi: 10.1016/0306-4522(94)90022-1

Heinricher, M. M., Tavares, I., Leith, J. L., and Lumb, B. M. (2009). Descending control of nociception: specificity, recruitment and plasticity. Brain Res. Rev. 60, 214–225. doi: 10.1016/j.brainresrev.2008.12.009

Hernandez, A., Constandil, L., Laurido, C., Pelissier, T., Marchand, F., Ardid, D., et al. (2004). Venlafaxine-induced depression of wind-up activity in mononeuropathic rats is potentiated by inhibition of brain 5-HT1A receptor expression in vivo. Int. J. Neurosci. 114, 229–242. doi: 10.1080/00207450490269453

Hirschberg, S., Li, Y., Randall, A., Kremer, E. J., and Pickering, A. E. (2017). Functional dichotomy in spinal- vs prefrontal-projecting locus coeruleus modules splits descending noradrenergic analgesia from ascending aversion and anxiety in rats. eLife 6:e29808. doi: 10.7554/eLife.29808

Hodkinson, D. J., Khawaja, N., O’daly, O., Thacker, M. A., Zelaya, F. O., Wooldridge, C. L., et al. (2015). Cerebral analgesic response to nonsteroidal anti-inflammatory drug ibuprofen. Pain 156, 1301–1310. doi: 10.1097/j.pain.0000000000000176

Honda, M., Uchida, K., Tanabe, M., and Ono, H. (2006). Fluvoxamine, a selective serotonin reuptake inhibitor, exerts its antiallodynic effects on neuropathic pain in mice via 5-HT2A/2C receptors. Neuropharmacology 51, 866–872. doi: 10.1016/j.neuropharm.2006.05.031

Hoshino, H., Obata, H., Nakajima, K., Mieda, R., and Saito, S. (2015). The antihyperalgesic effects of intrathecal bupropion, a dopamine and noradrenaline reuptake inhibitor, in a rat model of neuropathic pain. Anesth. Analg. 120, 460–466. doi: 10.1213/ANE.0000000000000540

Hough, L. B., and Rice, F. L. (2011). H3 receptors and pain modulation: peripheral, spinal, and brain interactions. J. Pharmacol. Exp. Ther. 336, 30–37. doi: 10.1124/jpet.110.171264

Howorth, P. W., Teschemacher, A. G., and Pickering, A. E. (2009). Retrograde adenoviral vector targeting of nociresponsive pontospinal noradrenergic neurons in the rat in vivo. J. Comp. Neurol. 512, 141–157. doi: 10.1002/cne.21879

Hsieh, G. C., Chandran, P., Salyers, A. K., Pai, M., Zhu, C. Z., Wensink, E. J., et al. (2010). H4 receptor antagonism exhibits anti-nociceptive effects in inflammatory and neuropathic pain models in rats. Pharmacol. Biochem. Behav. 95, 41–50. doi: 10.1016/j.pbb.2009.12.004

Hughes, S. W., Hickey, L., Hulse, R. P., Lumb, B. M., and Pickering, A. E. (2013). Endogenous analgesic action of the pontospinal noradrenergic system spatially restricts and temporally delays the progression of neuropathic pain following tibial nerve injury. Pain 154, 1680–1690. doi: 10.1016/j.pain.2013.05.010

Hwang, A. S., and Wilcox, G. L. (1987). Analgesic properties of intrathecally administered heterocyclic antidepressants. Pain 28, 343–355. doi: 10.1016/0304-3959(87)90068-6

Ito, S., Suto, T., Saito, S., and Obata, H. (2018). Repeated administration of duloxetine suppresses neuropathic pain by accumulating effects of noradrenaline in the spinal cord. Anesth. Analg. 126, 298–307. doi: 10.1213/ANE.0000000000002380

Jaggi, A. S., Kaur, G., Bali, A., and Singh, N. (2017). Pharmacological investigations on mast cell stabilizer and histamine receptor antagonists in vincristine-induced neuropathic pain. Naunyn Schmiedebergs Arch. Pharmacol. 390, 1087–1096. doi: 10.1007/s00210-017-1426-8

Jensen, T. S., and Yaksh, T. L. (1989). Comparison of the antinociceptive effect of morphine and glutamate at coincidental sites in the periaqueductal gray and medial medulla in rats. Brain Res. 476, 1–9. doi: 10.1016/0006-8993(89)91529-1

Johansson, F., and Von Knorring, L. (1979). A double-blind controlled study of seratonin uptake inhibitor (Zimelidine) versus placebo in chronic pain patients. Pain 7, 69–78. doi: 10.1016/0304-3959(79)90108-8

Jones, K. L., Finn, D. P., Governo, R. J., Prior, M. J., Morris, P. G., Kendall, D. A., et al. (2009). Identification of discrete sites of action of chronic treatment with desipramine in a model of neuropathic pain. Neuropharmacology 56, 405–413. doi: 10.1016/j.neuropharm.2008.09.010

Kajihara, Y., Murakami, M., Imagawa, T., Otsuguro, K., Ito, S., and Ohta, T. (2010). Histamine potentiates acid-induced responses mediating transient receptor potential V1 in mouse primary sensory neurons. Neuroscience 166, 292–304. doi: 10.1016/j.neuroscience.2009.12.001

Kashiba, H., Fukui, H., and Senba, E. (2001). Histamine H1 receptor mRNA is expressed in capsaicin-insensitive sensory neurons with neuropeptide Y-immunoreactivity in guinea pigs. Brain Res. 901, 85–93. doi: 10.1016/s0006-8993(01)02287-9

Kato, T., Ide, S., and Minami, M. (2016). Pain relief induces dopamine release in the rat nucleus accumbens during the early but not late phase of neuropathic pain. Neurosci. Lett. 629, 73–78. doi: 10.1016/j.neulet.2016.06.060

Kaur, G., Singh, N., and Jaggi, A. S. (2017). Mast cells in neuropathic pain: an increasing spectrum of their involvement in pathophysiology. Rev. Neurosci. 28, 759–766. doi: 10.1515/revneuro-2017-0007

Kaur, S., Pandhi, P., and Dutta, P. (2011). Painful diabetic neuropathy: an update. Ann. Neurosci. 18, 168–175. doi: 10.5214/ans.0972-7531.1118409

Kellstein, D. E., Malseed, R. T., and Goldstein, F. J. (1984). Contrasting effects of acute vs. chronic tricyclic antidepressant treatment on central morphine analgesia. Pain 20, 323–334. doi: 10.1016/0304-3959(84)90110-6

Kellstein, D. E., Malseed, R. T., and Goldstein, F. J. (1988). Opioid-monoamine interactions in spinal antinociception: evidence for serotonin but not norepinephrine reciprocity. Pain 34, 85–92. doi: 10.1016/0304-3959(88)90185-6

Kesim, M., Duman, E. N., Kadioglu, M., Yaris, E., Kalyoncu, N. I., and Erciyes, N. (2005). The different roles of 5-HT(2) and 5-HT(3) receptors on antinociceptive effect of paroxetine in chemical stimuli in mice. J. Pharmacol. Sci. 97, 61–66. doi: 10.1254/jphs.fp0040153

Khalilzadeh, E., Azarpey, F., Hazrati, R., and Vafaei Saiah, G. (2018). Evaluation of different classes of histamine H1 and H2 receptor antagonist effects on neuropathic nociceptive behavior following tibial nerve transection in rats. Eur. J. Pharmacol. 834, 221–229. doi: 10.1016/j.ejphar.2018.07.011

Khasar, S. G., Mccarter, G., and Levine, J. D. (1999). Epinephrine produces a beta-adrenergic receptor-mediated mechanical hyperalgesia and in vitro sensitization of rat nociceptors. J. Neurophysiol. 81, 1104–1112. doi: 10.1152/jn.1999.81.3.1104

Kieburtz, K., Simpson, D., Yiannoutsos, C., Max, M. B., Hall, C. D., Ellis, R. J., et al. (1998). A randomized trial of amitriptyline and mexiletine for painful neuropathy in HIV infection. AIDS clinical trial group 242 protocol team. Neurology 51, 1682–1688. doi: 10.1212/wnl.51.6.1682

Kim, D. S., Choi, J. O., Rim, H. D., and Cho, H. J. (2002). Downregulation of voltage-gated potassium channel alpha gene expression in dorsal root ganglia following chronic constriction injury of the rat sciatic nerve. Brain Res. Mol. Brain Res. 105, 146–152. doi: 10.1016/s0169-328x(02)00388-1

Kim, D. S., Lee, S. J., Park, S. Y., Yoo, H. J., Kim, S. H., Kim, K. J., et al. (2001). Differentially expressed genes in rat dorsal root ganglia following peripheral nerve injury. Neuroreport 12, 3401–3405. doi: 10.1097/00001756-200110290-00050

Kim, J. Y., Tillu, D. V., Quinn, T. L., Mejia, G. L., Shy, A., Asiedu, M. N., et al. (2015). Spinal dopaminergic projections control the transition to pathological pain plasticity via a D1/D5-mediated mechanism. J. Neurosci. 35, 6307–6317. doi: 10.1523/JNEUROSCI.3481-14.2015

King, J. B., Schauerhamer, M. B., and Bellows, B. K. (2015). A review of the clinical utility of duloxetine in the treatment of diabetic peripheral neuropathic pain. Ther. Clin. Risk Manag. 11, 1163–1175. doi: 10.2147/TCRM.S74165

Kishimoto, K., Koyama, S., and Akaike, N. (2001). Synergistic mu-opioid and 5-HT1A presynaptic inhibition of GABA release in rat periaqueductal gray neurons. Neuropharmacology 41, 529–538. doi: 10.1016/s0028-3908(01)00100-9

Kremer, M., Yalcin, I., Goumon, Y., Wurtz, X., Nexon, L., Daniel, D., et al. (2018). A dual noradrenergic mechanism for the relief of neuropathic allodynia by the antidepressant drugs duloxetine and amitriptyline. J. Neurosci. 38, 9934–9954. doi: 10.1523/JNEUROSCI.1004-18.2018

Kupers, R., Frokjaer, V. G., Naert, A., Christensen, R., Budtz-Joergensen, E., Kehlet, H., et al. (2009). A PET [18F]altanserin study of 5-HT2A receptor binding in the human brain and responses to painful heat stimulation. Neuroimage 44, 1001–1007. doi: 10.1016/j.neuroimage.2008.10.011

Lang, P. M., Moalem-Taylor, G., Tracey, D. J., Bostock, H., and Grafe, P. (2006). Activity-dependent modulation of axonal excitability in unmyelinated peripheral rat nerve fibers by the 5-HT(3) serotonin receptor. J. Neurophysiol. 96, 2963–2971. doi: 10.1152/jn.00716.2006

Lashbrook, J. M., Ossipov, M. H., Hunter, J. C., Raffa, R. B., Tallarida, R. J., and Porreca, F. (1999). Synergistic antiallodynic effects of spinal morphine with ketorolac and selective COX1- and COX2-inhibitors in nerve-injured rats. Pain 82, 65–72. doi: 10.1016/s0304-3959(99)00031-7

Lima, D., and Almeida, A. (2002). The medullary dorsal reticular nucleus as a pronociceptive centre of the pain control system. Prog. Neurobiol. 66, 81–108. doi: 10.1016/s0301-0082(01)00025-9

Lischetzki, G., Rukwied, R., Handwerker, H. O., and Schmelz, M. (2001). Nociceptor activation and protein extravasation induced by inflammatory mediators in human skin. Eur. J. Pain 5, 49–57. doi: 10.1053/eujp.2000.0214

Llorca-Torralba, M., Borges, G., Neto, F., Mico, J. A., and Berrocoso, E. (2016). Noradrenergic locus coeruleus pathways in pain modulation. Neuroscience 338, 93–113. doi: 10.1016/j.neuroscience.2016.05.057

Llorca-Torralba, M., Suarez-Pereira, I., Bravo, L., Camarena-Delgado, C., Garcia-Partida, J. A., Mico, J. A., et al. (2019). Chemogenetic silencing of the locus coeruleus-basolateral amygdala pathway abolishes pain-induced anxiety and enhanced aversive learning in rats. Biol. Psychiatry 85, 1021–1035. doi: 10.1016/j.biopsych.2019.02.018

Lopez-Canul, M., Comai, S., Dominguez-Lopez, S., Granados-Soto, V., and Gobbi, G. (2015). Antinociceptive properties of selective MT(2) melatonin receptor partial agonists. Eur. J. Pharmacol. 764, 424–432. doi: 10.1016/j.ejphar.2015.07.010

Loughlin, S. E., Foote, S. L., and Grzanna, R. (1986). Efferent projections of nucleus locus coeruleus: morphologic subpopulations have different efferent targets. Neuroscience 18, 307–319. doi: 10.1016/0306-4522(86)90156-9

Luo, L., Puke, M. J., and Wiesenfeld-Hallin, Z. (1994). The effects of intrathecal morphine and clonidine on the prevention and reversal of spinal cord hyperexcitability following sciatic nerve section in the rat. Pain 58, 245–252. doi: 10.1016/0304-3959(94)90205-4

Magnusson, J. E., and Fisher, K. (2000). The involvement of dopamine in nociception: the role of D(1) and D(2) receptors in the dorsolateral striatum. Brain Res. 855, 260–266. doi: 10.1016/s0006-8993(99)02396-3

Malmberg, K. J., Arulampalam, V., Ichihara, F., Petersson, M., Seki, K., Andersson, T., et al. (2001). Inhibition of activated/memory (CD45RO(+)) T cells by oxidative stress associated with block of NF-kappaB activation. J. Immunol. 167, 2595–2601. doi: 10.4049/jimmunol.167.5.2595

Marchand, F., Alloui, A., Chapuy, E., Hernandez, A., Pelissier, T., Ardid, D., et al. (2003). The antihyperalgesic effect of venlafaxine in diabetic rats does not involve the opioid system. Neurosci. Lett. 342, 105–108. doi: 10.1016/s0304-3940(03)00270-2

Martins, I., Carvalho, P., De Vries, M. G., Teixeira-Pinto, A., Wilson, S. P., Westerink, B. H., et al. (2015). Increased noradrenergic neurotransmission to a pain facilitatory area of the brain is implicated in facilitation of chronic pain. Anesthesiology 123, 642–653. doi: 10.1097/ALN.0000000000000749

Maruo, K., Yamamoto, H., Yamamoto, S., Nagata, T., Fujikawa, H., Kanno, T., et al. (2006). Modulation of P2X receptors via adrenergic pathways in rat dorsal root ganglion neurons after sciatic nerve injury. Pain 120, 106–112. doi: 10.1016/j.pain.2005.10.016

Max, M. B., Kishore-Kumar, R., Schafer, S. C., Meister, B., Gracely, R. H., Smoller, B., et al. (1991). Efficacy of desipramine in painful diabetic neuropathy: a placebo-controlled trial. Pain 45, 3–9; discussion 1–2.

Max, M. B., Lynch, S. A., Muir, J., Shoaf, S. E., Smoller, B., and Dubner, R. (1992). Effects of desipramine, amitriptyline, and fluoxetine on pain in diabetic neuropathy. N. Engl. J. Med. 326, 1250–1256. doi: 10.1056/nejm199205073261904

McCleane, G. J., Suzuki, R., and Dickenson, A. H. (2003). Does a single intravenous injection of the 5HT3 receptor antagonist ondansetron have an analgesic effect in neuropathic pain? A double-blinded, placebo-controlled cross-over study. Anesth. Analg. 97, 1474–1478. doi: 10.1213/01.ane.0000085640.69855.51

McGaraughty, S., Chu, K. L., Cowart, M. D., and Brioni, J. D. (2012). Antagonism of supraspinal histamine H3 receptors modulates spinal neuronal activity in neuropathic rats. J. Pharmacol. Exp. Ther. 343, 13–20. doi: 10.1124/jpet.112.194761

McLachlan, E. M., Janig, W., Devor, M., and Michaelis, M. (1993). Peripheral nerve injury triggers noradrenergic sprouting within dorsal root ganglia. Nature 363, 543–546. doi: 10.1038/363543a0

Meske, D. S., Xie, J. Y., Oyarzo, J., Badghisi, H., Ossipov, M. H., and Porreca, F. (2014). Opioid and noradrenergic contributions of tapentadol in experimental neuropathic pain. Neurosci. Lett. 562, 91–96. doi: 10.1016/j.neulet.2013.08.017

Meyer, P. J., Morgan, M. M., Kozell, L. B., and Ingram, S. L. (2009). Contribution of dopamine receptors to periaqueductal gray-mediated antinociception. Psychopharmacology 204, 531–540. doi: 10.1007/s00213-009-1482-y

Michaelis, M., and Janig, W. (1998). Sympathetic nervous system and pain: pathophysiological mechanisms. Schmerz 12, 261–271.

Mico, J. A., Ardid, D., Berrocoso, E., and Eschalier, A. (2006). Antidepressants and pain. Trends Pharmacol. Sci. 27, 348–354.

Mico, J. A., Gibert-Rahola, J., Casas, J., Rojas, O., Serrano, M. I., and Serrano, J. S. (1997). Implication of beta 1- and beta 2-adrenergic receptors in the antinociceptive effect of tricyclic antidepressants. Eur. Neuropsychopharmacol. 7, 139–145. doi: 10.1016/s0924-977x(97)00411-2

Millan, M. J. (2002). Descending control of pain. Prog. Neurobiol. 66, 355–474.

Mojtahedin, A. (2016). Effects of cholinergic system in antinociception induced by H-1 and H-2 receptor antagonists on somatic pain in rats. Int. J. Med. Res. Health Sci. 5, 378–383.

Moore, R. A., Derry, S., Aldington, D., Cole, P., and Wiffen, P. J. (2015). Amitriptyline for neuropathic pain in adults. Cochrane Database Syst. Rev. 7:CD008242.

Morello, C. M., Leckband, S. G., Stoner, C. P., Moorhouse, D. F., and Sahagian, G. A. (1999). Randomized double-blind study comparing the efficacy of gabapentin with amitriptyline on diabetic peripheral neuropathy pain. Arch. Intern. Med. 159, 1931–1937.

Morgado, C., Silva, L., Pereira-Terra, P., and Tavares, I. (2011). Changes in serotoninergic and noradrenergic descending pain pathways during painful diabetic neuropathy: the preventive action of IGF1. Neurobiol. Dis. 43, 275–284. doi: 10.1016/j.nbd.2011.04.001

Moron, J. A., Brockington, A., Wise, R. A., Rocha, B. A., and Hope, B. T. (2002). Dopamine uptake through the norepinephrine transporter in brain regions with low levels of the dopamine transporter: evidence from knock-out mouse lines. J. Neurosci. 22, 389–395. doi: 10.1523/jneurosci.22-02-00389.2002

Nakajima, K., Obata, H., Ito, N., Goto, F., and Saito, S. (2009). The nociceptive mechanism of 5-hydroxytryptamine released into the peripheral tissue in acute inflammatory pain in rats. Eur. J. Pain 13, 441–447. doi: 10.1016/j.ejpain.2008.06.007

Nakamura, M., and Ferreira, S. H. (1988). Peripheral analgesic action of clonidine: mediation by release of endogenous enkephalin-like substances. Eur. J. Pharmacol. 146, 223–228. doi: 10.1016/0014-2999(88)90296-8

Navratilova, E., Xie, J. Y., Okun, A., Qu, C., Eyde, N., Ci, S., et al. (2012). Pain relief produces negative reinforcement through activation of mesolimbic reward-valuation circuitry. Proc. Natl. Acad. Sci. U.S.A. 109, 20709–20713. doi: 10.1073/pnas.1214605109

Neubert, M. J., Kincaid, W., and Heinricher, M. M. (2004). Nociceptive facilitating neurons in the rostral ventromedial medulla. Pain 110, 158–165. doi: 10.1016/j.pain.2004.03.017

Oatway, M. A., Chen, Y., and Weaver, L. C. (2004). The 5-HT3 receptor facilitates at-level mechanical allodynia following spinal cord injury. Pain 110, 259–268. doi: 10.1016/j.pain.2004.03.040

Obara, I., Telezhkin, V., Alrashdi, I., and Chazot, P. L. (2019). Histamine, histamine receptors, and neuropathic pain relief. Br. J. Pharmacol. doi: 10.1111/bph.14696 [Epub ahead of print].

Obata, H. (2017). Analgesic mechanisms of antidepressants for neuropathic pain. Int. J. Mol. Sci. 18:2483. doi: 10.3390/ijms18112483

Obata, H., Saito, S., Sasaki, M., Ishizaki, K., and Goto, F. (2001). Antiallodynic effect of intrathecally administered 5-HT(2) agonists in rats with nerve ligation. Pain 90, 173–179. doi: 10.1016/s0304-3959(00)00401-2

Oliveras, J. L., Redjemi, F., Guilbaud, G., and Besson, J. M. (1975). Analgesia induced by electrical stimulation of the inferior centralis nucleus of the raphe in the cat. Pain 1, 139–145. doi: 10.1016/0304-3959(75)90098-6

Ong, C. K., Lirk, P., Tan, C. H., and Seymour, R. A. (2007). An evidence-based update on nonsteroidal anti-inflammatory drugs. Clin. Med. Res. 5, 19–34. doi: 10.3121/cmr.2007.698

Ozdogan, U. K., Lahdesmaki, J., Mansikka, H., and Scheinin, M. (2004). Loss of amitriptyline analgesia in alpha 2A-adrenoceptor deficient mice. Eur. J. Pharmacol. 485, 193–196. doi: 10.1016/j.ejphar.2003.11.047

Panula, P., Chazot, P. L., Cowart, M., Gutzmer, R., Leurs, R., Liu, W. L., et al. (2015). International union of basic and clinical pharmacology. XCVIII. Histamine receptors. Pharmacol. Rev. 67, 601–655. doi: 10.1124/pr.114.010249

Paqueron, X., Leguen, M., Rosenthal, D., Coriat, P., Willer, J. C., and Danziger, N. (2003). The phenomenology of body image distortions induced by regional anaesthesia. Brain 126, 702–712. doi: 10.1093/brain/awg063

Parada, C. A., Yeh, J. J., Joseph, E. K., and Levine, J. D. (2003). Tumor necrosis factor receptor type-1 in sensory neurons contributes to induction of chronic enhancement of inflammatory hyperalgesia in rat. Eur. J. Neurosci. 17, 1847–1852. doi: 10.1046/j.1460-9568.2003.02626.x

Parsons, M. E., and Ganellin, C. R. (2006). Histamine and its receptors. Br. J. Pharmacol. 147(Suppl. 1), S127–S135.

Paulus, W., and Trenkwalder, C. (2006). Less is more: pathophysiology of dopaminergic-therapy-related augmentation in restless legs syndrome. Lancet Neurol. 5, 878–886. doi: 10.1016/s1474-4422(06)70576-2

Perrot, S., Javier, R. M., Marty, M., Le Jeunne, C., Laroche, F., CEDR, et al. (2008). Is there any evidence to support the use of anti-depressants in painful rheumatological conditions? Systematic review of pharmacological and clinical studies. Rheumatology 47, 1117–1123. doi: 10.1093/rheumatology/ken110

Perrot, S., Maheu, E., Javier, R. M., Eschalier, A., Coutaux, A., LeBars, M., et al. (2006). Guidelines for the use of antidepressants in painful rheumatic conditions. Eur. J. Pain 10, 185–192.

Pertovaara, A. (2006). Noradrenergic pain modulation. Prog. Neurobiol. 80, 53–83. doi: 10.1016/j.pneurobio.2006.08.001

Peters, C. M., Hayashida, K., Ewan, E. E., Nakajima, K., Obata, H., Xu, Q., et al. (2010). Lack of analgesic efficacy of spinal ondansetron on thermal and mechanical hypersensitivity following spinal nerve ligation in the rat. Brain Res. 1352, 83–93. doi: 10.1016/j.brainres.2010.07.020

Pichon, X., Wattiez, A. S., Becamel, C., Ehrlich, I., Bockaert, J., Eschalier, A., et al. (2010). Disrupting 5-HT(2A) receptor/PDZ protein interactions reduces hyperalgesia and enhances SSRI efficacy in neuropathic pain. Mol. Ther. 18, 1462–1470. doi: 10.1038/mt.2010.101

Pierce, P. A., Xie, G. X., Levine, J. D., and Peroutka, S. J. (1996). 5-Hydroxytryptamine receptor subtype messenger RNAs in rat peripheral sensory and sympathetic ganglia: a polymerase chain reaction study. Neuroscience 70, 553–559. doi: 10.1016/0306-4522(95)00329-0

Pini, L. A., Sandrini, M., and Vitale, G. (1996). The antinociceptive action of paracetamol is associated with changes in the serotonergic system in the rat brain. Eur. J. Pharmacol. 308, 31–40. doi: 10.1016/0014-2999(96)00261-0

Popiolek-Barczyk, K., Lazewska, D., Latacz, G., Olejarz, A., Makuch, W., Stark, H., et al. (2018). Antinociceptive effects of novel histamine H3 and H4 receptor antagonists and their influence on morphine analgesia of neuropathic pain in the mouse. Br. J. Pharmacol. 175, 2897–2910. doi: 10.1111/bph.14185

Poree, L. R., Guo, T. Z., Kingery, W. S., and Maze, M. (1998). The analgesic potency of dexmedetomidine is enhanced after nerve injury: a possible role for peripheral alpha2-adrenoceptors. Anesth. Analg. 87, 941–948. doi: 10.1097/00000539-199810000-00037

Potvin, S., Grignon, S., and Marchand, S. (2009). Human evidence of a supra-spinal modulating role of dopamine on pain perception. Synapse 63, 390–402. doi: 10.1002/syn.20616

Rahman, W., Suzuki, R., Webber, M., Hunt, S. P., and Dickenson, A. H. (2006). Depletion of endogenous spinal 5-HT attenuates the behavioural hypersensitivity to mechanical and cooling stimuli induced by spinal nerve ligation. Pain 123, 264–274. doi: 10.1016/j.pain.2006.02.033

Reimann, W., Schlutz, H., and Selve, N. (1999). The antinociceptive effects of morphine, desipramine, and serotonin and their combinations after intrathecal injection in the rat. Anesth. Analg. 88, 141–145. doi: 10.1097/00000539-199901000-00026

Richards, B. L., Whittle, S. L., and Buchbinder, R. (2011). Antidepressants for pain management in rheumatoid arthritis. Cochrane Database Syst. Rev. 11:CD008920. doi: 10.1002/14651858.CD008920.pub2

Robinson, L. R., Czerniecki, J. M., Ehde, D. M., Edwards, W. T., Judish, D. A., Goldberg, M. L., et al. (2004). Trial of amitriptyline for relief of pain in amputees: results of a randomized controlled study. Arch. Phys. Med. Rehabil. 85, 1–6.

Rocha-González, H. I., Meneses, A., Carlton, S. M., and Granados-Soto, V. (2005). Pronociceptive role of peripheral and spinal 5-HT7 receptors in the formalin test. Pain 117, 182–192. doi: 10.1016/j.pain.2005.06.011

Rojas-Corrales, M. O., Berrocoso, E., and Mico, J. A. (2005). Role of 5-HT1A and 5-HT1B receptors in the antinociceptive effect of tramadol. Eur. J. Pharmacol. 511, 21–26. doi: 10.1016/j.ejphar.2005.02.006

Rojas-Corrales, M. O., Ortega-Alvaro, A., Gibert-Rahola, J., Roca-Vinardell, A., and Mico, J. A. (2000). Pindolol, a beta-adrenoceptor blocker/5-hydroxytryptamine(1A/1B) antagonist, enhances the analgesic effect of tramadol. Pain 88, 119–124. doi: 10.1016/s0304-3959(00)00299-2

Rojo, M. L., Rodriguez-Gaztelumendi, A., Pazos, A., and Diaz, A. (2012). Differential adaptive changes on serotonin and noradrenaline transporters in a rat model of peripheral neuropathic pain. Neurosci. Lett. 515, 181–186. doi: 10.1016/j.neulet.2012.03.050

Romero, T. R., Guzzo, L. S., and Duarte, I. D. (2012). Mu, delta, and kappa opioid receptor agonists induce peripheral antinociception by activation of endogenous noradrenergic system. J. Neurosci. Res. 90, 1654–1661. doi: 10.1002/jnr.23050

Ruffolo, R. R. Jr., and Hieble, J. P. (1994). Alpha-adrenoceptors. Pharmacol. Ther. 61, 1–64.

Saarto, T., and Wiffen, P. J. (2007). Antidepressants for neuropathic pain. Cochrane Database Syst. Rev. 4:CD005454.

Sagheddu, C., Aroni, S., De Felice, M., Lecca, S., Luchicchi, A., Melis, M., et al. (2015). Enhanced serotonin and mesolimbic dopamine transmissions in a rat model of neuropathic pain. Neuropharmacology 97, 383–393. doi: 10.1016/j.neuropharm.2015.06.003

Sandrini, M., Ottani, A., Vitale, G., and Pini, L. A. (1998). Acetylsalicylic acid potentiates the antinociceptive effect of morphine in the rat: involvement of the central serotonergic system. Eur. J. Pharmacol. 355, 133–140. doi: 10.1016/s0014-2999(98)00496-8

Sanna, M. D., Lucarini, L., Durante, M., Ghelardini, C., Masini, E., and Galeotti, N. (2017). Histamine H4 receptor agonist-induced relief from painful peripheral neuropathy is mediated by inhibition of spinal neuroinflammation and oxidative stress. Br. J. Pharmacol. 174, 28–40. doi: 10.1111/bph.13644

Sanna, M. D., Stark, H., Lucarini, L., Ghelardini, C., Masini, E., and Galeotti, N. (2015). Histamine H4 receptor activation alleviates neuropathic pain through differential regulation of ERK, JNK, and P38 MAPK phosphorylation. Pain 156, 2492–2504. doi: 10.1097/j.pain.0000000000000319

Saper, J. R., Silberstein, S. D., Lake, A. E. III, and Winters, M. E. (1994). Double-blind trial of fluoxetine: chronic daily headache and migraine. Headache 34, 497–502. doi: 10.1111/j.1526-4610.1994.hed3409497.x

Saper, J. R., Silberstein, S. D., Lake, A. E. III, and Winters, M. E. (1995). Fluoxetine and migraine: comparison of double-blind trials. Headache 35:233. doi: 10.1111/j.1526-4610.1995.hed3504233_1.x

Sara, S. J., and Bouret, S. (2012). Orienting and reorienting: the locus coeruleus mediates cognition through arousal. Neuron 76, 130–141. doi: 10.1016/j.neuron.2012.09.011

Sato, J., and Perl, E. R. (1991). Adrenergic excitation of cutaneous pain receptors induced by peripheral nerve injury. Science 251, 1608–1610. doi: 10.1126/science.2011742

Satoh, M., Oku, R., and Akaike, A. (1983). Analgesia produced by microinjection of L-glutamate into the rostral ventromedial bulbar nuclei of the rat and its inhibition by intrathecal alpha-adrenergic blocking agents. Brain Res. 261, 361–364. doi: 10.1016/0006-8993(83)90646-7

Sawynok, J., Esser, M. J., and Reid, A. R. (2001). Antidepressants as analgesics: an overview of central and peripheral mechanisms of action. J. Psychiatry Neurosci. 26, 21–29.

Schroder, W., Tzschentke, T. M., Terlinden, R., De Vry, J., Jahnel, U., Christoph, T., et al. (2011). Synergistic interaction between the two mechanisms of action of tapentadol in analgesia. J. Pharmacol. Exp. Ther. 337, 312–320. doi: 10.1124/jpet.110.175042

Scott, D. J., Heitzeg, M. M., Koeppe, R. A., Stohler, C. S., and Zubieta, J. K. (2006). Variations in the human pain stress experience mediated by ventral and dorsal basal ganglia dopamine activity. J. Neurosci. 26, 10789–10795. doi: 10.1523/jneurosci.2577-06.2006

Semenchuk, M. R., and Davis, B. (2000). Efficacy of sustained-release bupropion in neuropathic pain: an open-label study. Clin. J. Pain 16, 6–11. doi: 10.1097/00002508-200003000-00002

Shea, V. K., and Perl, E. R. (1985). Failure of sympathetic stimulation to affect responsiveness of rabbit polymodal nociceptors. J. Neurophysiol. 54, 513–519. doi: 10.1152/jn.1985.54.3.513

Shen, F., Tsuruda, P. R., Smith, J. A., Obedencio, G. P., and Martin, W. J. (2013). Relative contributions of norepinephrine and serotonin transporters to antinociceptive synergy between monoamine reuptake inhibitors and morphine in the rat formalin model. PLoS One 8:e74891. doi: 10.1371/journal.pone.0074891

Shi, T. S., Winzer-Serhan, U., Leslie, F., and Hokfelt, T. (2000). Distribution and regulation of alpha(2)-adrenoceptors in rat dorsal root ganglia. Pain 84, 319–330. doi: 10.1016/s0304-3959(99)00224-9

Silva, L. C., Miranda, E., Castor, M. G., Souza, T. C., Duarte, I. D., and Romero, T. R. (2015). NSAIDs induce peripheral antinociception by interaction with the adrenergic system. Life Sci. 130, 7–11. doi: 10.1016/j.lfs.2015.03.011

Silverfield, J. C., Kamin, M., Wu, S. C., Rosenthal, N., and Group, C.-S. (2002). Tramadol/acetaminophen combination tablets for the treatment of osteoarthritis flare pain: a multicenter, outpatient, randomized, double-blind, placebo-controlled, parallel-group, add-on study. Clin. Ther. 24, 282–297. doi: 10.1016/s0149-2918(02)85024-x

Sindrup, S. H., Bjerre, U., Dejgaard, A., Brosen, K., Aaes-Jorgensen, T., and Gram, L. F. (1992). The selective serotonin reuptake inhibitor citalopram relieves the symptoms of diabetic neuropathy. Clin. Pharmacol. Ther. 52, 547–552. doi: 10.1038/clpt.1992.183

Sindrup, S. H., Gram, L. F., Brosen, K., Eshoj, O., and Mogensen, E. F. (1990). The selective serotonin reuptake inhibitor paroxetine is effective in the treatment of diabetic neuropathy symptoms. Pain 42, 135–144. doi: 10.1016/0304-3959(90)91157-e

Sindrup, S. H., and Jensen, T. S. (2000). Pharmacologic treatment of pain in polyneuropathy. Neurology 55, 915–920. doi: 10.1212/wnl.55.7.915

Sindrup, S. H., Otto, M., Finnerup, N. B., and Jensen, T. S. (2005). Antidepressants in the treatment of neuropathic pain. Basic Clin. Pharmacol. Toxicol. 96, 399–409.

Singh, V. P., Jain, N. K., and Kulkarni, S. K. (2001). On the antinociceptive effect of fluoxetine, a selective serotonin reuptake inhibitor. Brain Res. 915, 218–226. doi: 10.1016/s0006-8993(01)02854-2

Sounvoravong, S., Nakashima, M. N., Wada, M., and Nakashima, K. (2004). Decrease in serotonin concentration in raphe magnus nucleus and attenuation of morphine analgesia in two mice models of neuropathic pain. Eur. J. Pharmacol. 484, 217–223. doi: 10.1016/j.ejphar.2003.11.028

Sprouse, J. S., and Aghajanian, G. K. (1987). Electrophysiological responses of serotoninergic dorsal raphe neurons to 5-HT1A and 5-HT1B agonists. Synapse 1, 3–9. doi: 10.1002/syn.890010103

Stone, L. S., Vulchanova, L., Riedl, M. S., Wang, J., Williams, F. G., Wilcox, G. L., et al. (1999). Effects of peripheral nerve injury on alpha-2A and alpha-2C adrenergic receptor immunoreactivity in the rat spinal cord. Neuroscience 93, 1399–1407. doi: 10.1016/s0306-4522(99)00209-2

Stratz, T., and Muller, W. (2000). The use of 5-HT3 receptor antagonists in various rheumatic diseases–a clue to the mechanism of action of these agents in fibromyalgia? Scand. J. Rheumatol. Suppl. 113, 66–71. doi: 10.1080/030097400446689

Suzuki, R., Rygh, L. J., and Dickenson, A. H. (2004). Bad news from the brain: descending 5-HT pathways that control spinal pain processing. Trends Pharmacol. Sci. 25, 613–617. doi: 10.1016/j.tips.2004.10.002

Taiwo, Y. O., Heller, P. H., and Levine, J. D. (1992). Mediation of serotonin hyperalgesia by the cAMP second messenger system. Neuroscience 48, 479–483. doi: 10.1016/0306-4522(92)90507-x

Takasu, K., Honda, M., Ono, H., and Tanabe, M. (2006). Spinal alpha(2)-adrenergic and muscarinic receptors and the NO release cascade mediate supraspinally produced effectiveness of gabapentin at decreasing mechanical hypersensitivity in mice after partial nerve injury. Br. J. Pharmacol. 148, 233–244. doi: 10.1038/sj.bjp.0706731

Takeuchi, Y., Takasu, K., Honda, M., Ono, H., and Tanabe, M. (2007). Neurochemical evidence that supraspinally administered gabapentin activates the descending noradrenergic system after peripheral nerve injury. Eur. J. Pharmacol. 556, 69–74. doi: 10.1016/j.ejphar.2006.10.059

Tamaddonfard, E., and Hamzeh-Gooshchi, N. (2014). Effects of administration of histamine and its H1, H2, and H3 receptor antagonists into the primary somatosensory cortex on inflammatory pain in rats. Iran J. Basic Med. Sci. 17, 55–61.

Tanabe, M., Takasu, K., Takeuchi, Y., and Ono, H. (2008). Pain relief by gabapentin and pregabalin via supraspinal mechanisms after peripheral nerve injury. J. Neurosci. Res. 86, 3258–3264. doi: 10.1002/jnr.21786

Taylor, B. K., Joshi, C., and Uppal, H. (2003). Stimulation of dopamine D2 receptors in the nucleus accumbens inhibits inflammatory pain. Brain Res. 987, 135–143. doi: 10.1016/s0006-8993(03)03318-3

Tazawa, T., Kamiya, Y., Kobayashi, A., Saeki, K., Takiguchi, M., Nakahashi, Y., et al. (2015). Spinal cord stimulation modulates supraspinal centers of the descending antinociceptive system in rats with unilateral spinal nerve injury. Mol. Pain 11:36. doi: 10.1186/s12990-015-0039-9

Tesfaye, S., Wilhelm, S., Lledo, A., Schacht, A., Tolle, T., Bouhassira, D., et al. (2013). Duloxetine and pregabalin: high-dose monotherapy or their combination? The “COMBO-DN study”–a multinational, randomized, double-blind, parallel-group study in patients with diabetic peripheral neuropathic pain. Pain 154, 2616–2625. doi: 10.1016/j.pain.2013.05.043

Thibault, K., Van Steenwinckel, J., Brisorgueil, M. J., Fischer, J., Hamon, M., Calvino, B., et al. (2008). Serotonin 5-HT2A receptor involvement and Fos expression at the spinal level in vincristine-induced neuropathy in the rat. Pain 140, 305–322. doi: 10.1016/j.pain.2008.09.006

Tracey, I., and Bushnell, M. C. (2009). How neuroimaging studies have challenged us to rethink: is chronic pain a disease? J. Pain 10, 1113–1120. doi: 10.1016/j.jpain.2009.09.001

Tuveson, B., Leffler, A. S., and Hansson, P. (2011). Ondansetron, a 5HT3-antagonist, does not alter dynamic mechanical allodynia or spontaneous ongoing pain in peripheral neuropathy. Clin. J. Pain 27, 323–329. doi: 10.1097/AJP.0b013e31820215c5

Ücel, U. I., Can, O. D., Demir Ozkay, U., and Ozturk, Y. (2015). Antihyperalgesic and antiallodynic effects of mianserin on diabetic neuropathic pain: a study on mechanism of action. Eur. J. Pharmacol. 756, 92–106. doi: 10.1016/j.ejphar.2015.02.048

Urban, M. O., and Gebhart, G. F. (1999). Supraspinal contributions to hyperalgesia. Proc. Natl. Acad. Sci. U.S.A. 96, 7687–7692. doi: 10.1073/pnas.96.14.7687

van den Driest, J. J., Bierma-Zeinstra, S. M. A., Bindels, P. J. E., and Schiphof, D. (2017). Amitriptyline for musculoskeletal complaints: a systematic review. Fam. Pract. 34, 138–146. doi: 10.1093/fampra/cmw134

Van Hecke, O., Torrance, N., and Smith, B. H. (2013). Chronic pain epidemiology and its clinical relevance. Br. J. Anaesth. 111, 13–18. doi: 10.1093/bja/aet123

Vergne-Salle, P., Dufauret-Lombard, C., Bonnet, C., Simon, A., Treves, R., Bonnabau, H., et al. (2011). A randomised, double-blind, placebo-controlled trial of dolasetron, a 5-hydroxytryptamine 3 receptor antagonist, in patients with fibromyalgia. Eur. J. Pain 15, 509–514. doi: 10.1016/j.ejpain.2010.09.013

Viguier, F., Michot, B., Hamon, M., and Bourgoin, S. (2013). Multiple roles of serotonin in pain control mechanisms–implications of 5-HT(7) and other 5-HT receptor types. Eur. J. Pharmacol. 716, 8–16. doi: 10.1016/j.ejphar.2013.01.074

Vo, T., Rice, A. S., and Dworkin, R. H. (2009). Non-steroidal anti-inflammatory drugs for neuropathic pain: how do we explain continued widespread use? Pain 143, 169–171. doi: 10.1016/j.pain.2009.03.013

Vogel, C., Mössner, R., Gerlach, M., Heinemann, T., Murphy, D. L., Riederer, P., et al. (2003). Absence of thermal hyperalgesia in serotonin transporter-deficient mice. J. Neurosci. 23, 708–715. doi: 10.1523/jneurosci.23-02-00708.2003

Vrethem, M., Boivie, J., Arnqvist, H., Holmgren, H., Lindstrom, T., and Thorell, L. H. (1997). A comparison a amitriptyline and maprotiline in the treatment of painful polyneuropathy in diabetics and nondiabetics. Clin. J. Pain 13, 313–323. doi: 10.1097/00002508-199712000-00009

Wei, H., and Pertovaara, A. (2013). Regulation of neuropathic hypersensitivity by alpha(2) -adrenoceptors in the pontine A7 cell group. Basic Clin. Pharmacol. Toxicol. 112, 90–95. doi: 10.1111/j.1742-7843.2012.00930.x

Wiffen, P. J., Derry, S., Moore, R. A., Aldington, D., Cole, P., Rice, A. S., et al. (2013). Antiepileptic drugs for neuropathic pain and fibromyalgia - an overview of Cochrane reviews. Cochrane Database Syst. Rev. 11:CD010567. doi: 10.1002/14651858.CD010567.pub2

Wigdor, S., and Wilcox, G. L. (1987). Central and systemic morphine-induced antinociception in mice: contribution of descending serotonergic and noradrenergic pathways. J. Pharmacol. Exp. Ther. 242, 90–95.

Wu, S., Zhu, M., Wang, W., Wang, Y., Li, Y., and Yew, D. T. (2001). Changes of the expression of 5-HT receptor subtype mRNAs in rat dorsal root ganglion by complete Freund’s adjuvant-induced inflammation. Neurosci. Lett. 307, 183–186. doi: 10.1016/s0304-3940(01)01946-2

Xie, J., Ho Lee, Y., Wang, C., Mo Chung, J., and Chung, K. (2001). Differential expression of alpha1-adrenoceptor subtype mRNAs in the dorsal root ganglion after spinal nerve ligation. Brain Res. Mol. Brain Res. 93, 164–172. doi: 10.1016/s0169-328x(01)00201-7

Yalcin, I., Tessier, L. H., Petit-Demouliere, N., Doridot, S., Hein, L., Freund-Mercier, M. J., et al. (2009). Beta2-adrenoceptors are essential for desipramine, venlafaxine or reboxetine action in neuropathic pain. Neurobiol. Dis. 33, 386–394. doi: 10.1016/j.nbd.2008.11.003

Yalcin, I., Tessier, L. H., Petit-Demouliere, N., Waltisperger, E., Hein, L., Freund-Mercier, M. J., et al. (2010). Chronic treatment with agonists of beta(2)-adrenergic receptors in neuropathic pain. Exp. Neurol. 221, 115–121. doi: 10.1016/j.expneurol.2009.10.008

Yang, H. W., Zhou, L. J., Hu, N. W., Xin, W. J., and Liu, X. G. (2005). Activation of spinal d1/d5 receptors induces late-phase LTP of C-fiber-evoked field potentials in rat spinal dorsal horn. J. Neurophysiol. 94, 961–967. doi: 10.1152/jn.01324.2004

Yokogawa, F., Kiuchi, Y., Ishikawa, Y., Otsuka, N., Masuda, Y., Oguchi, K., et al. (2002). An investigation of monoamine receptors involved in antinociceptive effects of antidepressants. Anesth. Analg. 95, 163–168, table of contents.

Yoshida, A., Mobarakeh, J. I., Sakurai, E., Sakurada, S., Orito, T., Kuramasu, A., et al. (2005). Intrathecally-administered histamine facilitates nociception through tachykinin NK1 and histamine H1 receptors: a study in histidine decarboxylase gene knockout mice. Eur. J. Pharmacol. 522, 55–62. doi: 10.1016/j.ejphar.2005.08.037

Yu, J., Tang, Y. Y., Wang, R. R., Lou, G. D., Hu, T. T., Hou, W. W., et al. (2016). A critical time window for the analgesic effect of central histamine in the partial sciatic ligation model of neuropathic pain. J. Neuroinflammation 13:163. doi: 10.1186/s12974-016-0637-0

Zhang, X. Y., Yu, L., Zhuang, Q. X., Peng, S. Y., Zhu, J. N., and Wang, J. J. (2013). Postsynaptic mechanisms underlying the excitatory action of histamine on medial vestibular nucleus neurons in rats. Br. J. Pharmacol. 170, 156–169. doi: 10.1111/bph.12256

Zhang, Y. Q., Gao, X., Ji, G. C., Huang, Y. L., Wu, G. C., and Zhao, Z. Q. (2002). Expression of 5-HT1A receptor mRNA in rat lumbar spinal dorsal horn neurons after peripheral inflammation. Pain 98, 287–295. doi: 10.1016/s0304-3959(02)00026-x

Zhang, Y. Q., Gao, X., Ji, G. C., and Wu, G. C. (2001). Expression of 5-HT2A receptor mRNA in rat spinal dorsal horn and some nuclei of brainstem after peripheral inflammation. Brain Res. 900, 146–151. doi: 10.1016/s0006-8993(01)02283-1

Zorman, G., Hentall, I. D., Adams, J. E., and Fields, H. L. (1981). Naloxone-reversible analgesia produced by microstimulation in the rat medulla. Brain Res. 219, 137–148. doi: 10.1016/0006-8993(81)90273-0

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

Copyright © 2019 Bravo, Llorca-Torralba, Berrocoso and Micó. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.






ORIGINAL RESEARCH
published: 06 December 2019
doi: 10.3389/fphar.2019.01439

[image: image2]


Inhibition of Cytochrome P450 Side-Chain Cleavage Attenuates the Development of Mechanical Allodynia by Reducing Spinal D-Serine Production in a Murine Model of Neuropathic Pain

Sheu-Ran Choi 1, Alvin J. Beitz 2 and Jang-Hern Lee 1*

1 Department of Veterinary Physiology, College of Veterinary Medicine and Research Institute for Veterinary Science, BK21 PLUS Program for Creative Veterinary Science Research, Seoul National University, Seoul, South Korea, 2 Department of Veterinary and Biomedical Sciences, College of Veterinary Medicine, University of Minnesota, St Paul, MN, United States



Edited by:
 Michael Costigan, Harvard Medical School, United States

Reviewed by:
 Xian-Guo Liu, Sun Yat-sen University, China 
Anna Maria Pittaluga, University of Genoa, Italy

*Correspondence:
Jang-Hern Lee
jhl1101@snu.ac.kr

Specialty section:
 This article was submitted to Neuropharmacology, a section of the journal Frontiers in Pharmacology

Received: 22 August 2019

Accepted: 11 November 2019

Published: 06 December 2019

Citation:
 Choi S-R, Beitz AJ and Lee J-H (2019) Inhibition of Cytochrome P450 Side-Chain Cleavage Attenuates the Development of Mechanical Allodynia by Reducing Spinal D-Serine Production in a Murine Model of Neuropathic Pain. Front. Pharmacol. 10:1439. doi: 10.3389/fphar.2019.01439



Research indicates that neurosteroids are locally synthesized in the central nervous system and play an important modulatory role in nociception. While the neurosteroidogenic enzyme, cytochrome P450 side-chain cleavage enzyme (P450scc), is the initiating enzyme of steroidogenesis, P450scc has not been examined under the pathophysiological conditions associated with peripheral neuropathy. Thus, we investigated whether chronic constriction injury (CCI) of the sciatic nerve increases the expression of P450scc in the spinal cord and whether this increase modulates serine racemase (Srr) expression and D-serine production contributing to the development of neuropathic pain. CCI increased the immunoreactivity of P450scc in astrocytes of the ipsilateral lumbar spinal cord dorsal horn. Intrathecal administration of the P450scc inhibitor, aminoglutethimide, during the induction phase of neuropathic pain (days 0 to 3 post-surgery) significantly suppressed the CCI-induced development of mechanical allodynia and thermal hyperalgesia, the increased expression of astrocyte Srr in both the total and cytosol levels, and the increases in D-serine immunoreactivity at day 3 post-surgery. By contrast, intrathecal administration of aminoglutethimide during the maintenance phase of pain (days 14 to 17 post-surgery) had no effect on the developed neuropathic pain nor the expression of spinal Srr and D-serine immunoreactivity at day 17 post-surgery. Intrathecal administration of exogenous D-serine during the induction phase of neuropathic pain (days 0 to 3 post-surgery) restored the development of mechanical allodynia, but not the thermal hyperalgesia, that were suppressed by aminoglutethimide administration. Collectively, these results demonstrate that spinal P450scc increases the expression of astrocyte Srr and D-serine production, ultimately contributing to the development of mechanical allodynia induced by peripheral nerve injury.

Keywords: cytochrome P450 side-chain cleavage, D-serine, serine racemase, astrocyte, neuropathic pain



Introduction

Evidence to date shows that activation of spinal N-methyl-D-aspartate (NMDA) receptors plays a critical role in the changes in synaptic excitability and the development of neuropathic pain (Woolf and Thompson, 1991; Mao et al., 1992). Intrathecal (i.t.) administration of NMDA receptor antagonists to human significantly reduces neurogenic wind-up pain (Kristensen et al., 1992) as well as allodynia in neuropathic pain patients (Felsby et al., 1996). Competitive and non-competitive NMDA receptor antagonists may have serious side effects that are not seen with glycine site antagonists, and the glycine binding site on the NMDA receptor has become a more attractive pharmacological target (Willetts et al., 1990; Kristensen et al., 1992; Leeson and Iversen, 1994; Ren et al., 2006). NMDA receptors are activated by the binding of glutamate at the glutamate binding site, but also of a co-agonist D-serine or glycine at the glycine binding site (Mothet et al., 2000). D-serine is generated from L-serine by the activity of serine racemase (Srr) in astrocytes; thus, D-serine can play a role as a gliotransmitter released from glia to influence nearby neurons (Wolosker et al., 1999; Wolosker et al., 2002; Ren et al., 2006; Moon et al., 2015). Several reports suggest that peripheral nerve injury increases the expression of Srr in astrocytes and concomitant D-serine production, which play important roles in the functional potentiation of NMDA receptors and the development of peripheral neuropathic pain (Lefèvre et al., 2015; Moon et al., 2015; Choi et al., 2017). Since D-serine can convey nociceptive signaling from glial cells to neurons and change neuronal excitability via activation of NMDA receptors, it is important to investigate the regulatory mechanisms underlying the nerve injury–induced increase in the expression and/or activation of astrocyte Srr and accompanying D-serine production.

In the nervous system, “neurosteroids” are synthesized locally rather than in classic steroidogenic organs, and they serve to modulate nervous system activity (Baulieu, 1997; Mellon and Griffin, 2002). The production of endogenous neurosteroids in the spinal cord has been demonstrated by a variety of studies, which showed the presence and activity of several steroidogenic enzymes in the spinal cord (Mensah-Nyagan et al., 2008). The first step in the synthesis of all classes of neurosteroids is the conversion of cholesterol to pregnenolone (PREG). Cytochrome P450 side-chain cleavage enzyme (P450scc) catalyzes this reaction; thus, P450scc plays a crucial role in the initiation of neurosteroids biosynthesis (Le Goascogne et al., 1987; Karri et al., 2007). Then, PREG can be converted to dehydroepiandrosterone (DHEA) by cytochrome P450c17 or to progesterone by 3β-hydroxysteroid dehydrogenase (Compagnone and Mellon, 2000). It has been suggested that neurosteroids are related to the modulation of nociception; thus, neurosteroidogenic enzymes can be potential key therapeutic targets for pain control (Yoon et al., 2010; Porcu et al., 2016; Joksimovic et al., 2018). In previous studies from our laboratories, we suggested that the expression of cytochrome P450c17 is significantly increased in spinal astrocytes following chronic constriction injury (CCI) of the sciatic nerve and inhibition of this enzyme reduces not only the pathophysiological activation of spinal astrocytes but also the development of neuropathic pain (Choi et al., 2019a; Choi et al., 2019c). However, there is limited understanding of the potential role of P450scc, which initiates neurosteroidogenesis, in neuropathic pain under the pathophysiological conditions following peripheral neuropathy.

Thus, we aimed to demonstrate that spinal P450scc-induced initiation of neurosteroidogenesis plays an important role in the development of neuropathic pain and that D-serine could be a potential mediator of this spinal nociceptive transmission. In this regard, we investigated whether: (1) sciatic nerve injury increases the immunoreactivity of P450scc in the spinal cord; (2) i.t. administration of the P450scc inhibitor, aminoglutethimide (AMG), suppresses the CCI-induced mechanical allodynia and thermal hyperalgesia in a mouse model of neuropathic pain; (3) i.t. administration of AMG inhibits the CCI-induced increased expression and/or activation of Srr and D-serine production in the spinal cord; and (4) exogenous D-serine restores the CCI-induced development of the neuropathic pain that was suppressed by the inhibition of P450scc.




Material and Methods



Animals

Male Crl:CD1[Institute of Cancer Research (ICR)] mice (20–25 g; 4 weeks old) were obtained from the Laboratory Animal Center of Seoul National University (SNU) in South Korea. Animals were housed under standard laboratory conditions (23±2°C, 12/12 h light/dark cycle) with free access to food and water. All mice were allowed at least 3 days acclimatization period before being used in experiments. The experimental protocols for animal usage were reviewed and approved by the SNU Institutional Animal Care and Use Committee following the National Institutes of Health guide for the care and use of laboratory animals (NIH Publications No. 96-01) revised in 1996.




Peripheral Nerve Injury Model

Peripheral nerve injury induced by CCI of the sciatic nerve was performed using the method originally described by Bennett and Xie (Bennett and Xie, 1988), while the ligation material was changed from catgut to silk that induces more stable neuropathic pain behaviors in murine CCI models (van der Wal et al., 2015). Briefly, mice were anesthetized with 3% isoflurane in a mixture of N2O/O2 gas. The right sciatic nerve was exposed and loosely ligated with three ligatures of 6-0 silk thread. Sham surgery was performed by exposing the right sciatic nerve in the same manner, but without ligating the nerve.




Drugs and i.t. Administration

Drugs used in the present study are as follows: 3-(4-aminophenyl)-3-ethylpiperidine-2,6-dione (AMG, a P450scc inhibitor; 3, 30, 300 nmol); D-serine (500 nmol); and L-serine (D-serine’s enantiomer; 500 nmol). All drugs were purchased from Sigma-Aldrich (St. Louis, MO, USA). The doses of all drugs were selected based on doses previously used in the literature including our previous study (Moon et al., 2015; Choi et al., 2017). D-serine and L-serine were dissolved in physiological saline (5 µl), and AMG was dissolved in a 5 µl mixture of 5% dimethyl sulfoxide and corn oil. All drugs were administered twice a day on postoperative days 0–3 (the induction phase of neuropathic pain) or on postoperative days 14–17 (the maintenance phase of neuropathic pain). Drugs were administered intrathecally using the method described by Hylden and Wilcox (Hylden and Wilcox, 1980) using a 50 μl Hamilton syringe with a 30-gauge needle. Mice were anesthetized with 3% isoflurane in a mixture of N2O/O2 gas. The insertion of the needle was performed into the L5–6 intervertebral space, and a tail flick response was used as an indicator of successful insertion. Each drug was slowly administered for 10 s.




Nociceptive Behavioral Tests

Mechanical allodynia test was performed using a von Frey filament (North Coast Medical, Morgan Hill, CA) as described previously (Choi et al., 2019a). A von Frey filament with a force of 0.16 g was applied 10 times to the ipsilateral hind paw; then, we recorded the number of paw withdrawal responses. The results were expressed as a percent paw withdrawal response frequency (PWF, %), which represented the percentage of paw withdrawals out of the maximum of 10. Thermal hyperalgesia test was performed using a plantar analgesia meter (Model 390, IITC Life Science Inc., Woodland Hills, CA) as described by Hargreaves et al. with minor modification (Hargreaves et al., 1988). A radiant heat source was applied to the ipsilateral hind paw; then, we measured the paw withdrawal latency (PWL, s) in response to radiant heat. The test was duplicated for the hind paw of each mouse, and the mean withdrawal latency was calculated. A cutoff time of 20 s was used to prevent tissue damage in absence of response. Nociceptive behavioral tests were performed 1 day before surgery to obtain normal baseline values; then, animals were randomly assigned to control and experimental groups. Tests were performed again at 1, 3, 6, 9, 14, and 21 days following surgery in one set of mice or at 3, 6, 9, 14, 15, 17, and 21 days following surgery in a second set of mice. Since we were focusing on the effect of the repeated administration of drugs during the induction and maintenance phase of neuropathic pain, nociceptive behavioral tests were performed at least 4 h post–drug administration to avoid potential effects of a single drug administration. All behavioral analyses were performed blindly.




Western Blot Assay

The Western blot assay was performed as described previously (Choi et al., 2013; Choi et al., 2019a). Animals were anesthetized with 3% isoflurane in a mixture of N2O/O2 gas at postoperative day 3 or 17, and sacrificed by transcardial perfusion with calcium-free Tyrode’s solution. The spinal cord segments were extracted by pressure expulsion with air into an ice-cooled and saline-filled glass dish. Next, the spinal cord segments were separated into left (contralateral) and right (ipsilateral) halves under a neurosurgical microscope (Roh et al., 2008). The spinal cord was subsequently further subdivided into dorsal and ventral halves by cutting straight across from the central canal laterally to a midpoint in the white matter. The separated ipsilateral dorsal quadrants of each spinal cord were then used for Western blot analysis. For preparation of Srr cytosolic fraction, the spinal cord dorsal horns were homogenized in lysis buffer A and then centrifuged at 15,000 rpm for 40 min at 4°C. The supernatant was used for Western blot assay. For preparation of total proteins, the spinal cord dorsal horns were homogenized first in lysis buffer A containing 1% Triton X-100 and then centrifuged at 15,000 rpm for 40 min at 4°C. The supernatant was used for Western blot assay. Homogenates (20–25 µg protein) were transferred to nitrocellulose membrane after separation by sodium dodecylsulfate–polyacrylamide gel electrophoresis. The blots were incubated overnight at 4°C with anti-Srr antibody (1:1K, cat# sc-48741, Santa Cruz Biotechnology Inc.) or anti–β-actin antibody (1:5K, cat# sc-47778, Santa Cruz Biotechnology Inc.) and then incubated with a horseradish peroxidase (HRP)-conjugated secondary antibody (1:10K, Santa Cruz Biotechnology Inc.). The intensities of the specific bands were quantified by ImageJ software (ImageJ 1.45s; NIH, USA) and normalized against the loading control. The % change relative to the mean value of control groups was calculated in each group.




Immunohistochemistry and Image Analysis

Animals were anesthetized at postoperative day 3 or 17, and perfused transcardially with calcium-free Tyrode’s solution followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The spinal cords were collected, post-fixed overnight, and then placed in 30% sucrose in phosphate-buffered saline at 4°C. Transverse L4–5 spinal cord sections (40 μm) were cut using a cryostat (Leica CM1520, Leica Biosystems, Germany). Free floating sections were incubated in blocking solution for 1 h at room temperature and then incubated for 2 days at 4°C with anti–cytochrome P450 (scc) antibody (1:1K, cat# ABS236, Millipore Co.), anti–glial fibrillary acidic protein (GFAP) antibody (1:1K, cat# MAB360, Millipore Co.), anti–neuronal nuclei (NeuN) antibody (1:1K, cat# MAB377, Millipore Co.), anti–ionized calcium-binding adaptor molecule 1 (Iba-1) antibody (1:500, cat# ab5076, Abcam plc.), anti-Srr antibody (1:500, cat# sc-48741, Santa Cruz Biotechnology Inc.), or anti–D-serine antibody (1:500, cat# ab6472, Abcam plc.). Tissue sections are incubated with Alexa 488–conjugated anti-mouse, anti-goat, or anti-rabbit antibody (1:400, Life Technologies), Alexa 555–conjugated anti-mouse or anti-goat antibody (1:400, Life Technologies), or Alexa 568–conjugated anti-rabbit antibody (1:400, Life Technologies) for 1.5 h at room temperature. Fluorescent images were acquired using a confocal microscope (Fluoview 300, Olympus, Japan; Nikon Eclipse TE2000-E, Nikon, Japan).

Tissue sections from the ipsilateral lumbar spinal cord segments were randomly selected from each animal and were analyzed using a computer-assisted image analysis system (Metamorph version 7.7.2.0; PA, USA). Spinal cord dorsal horn was divided into three regions; superficial dorsal horn (SDH, laminae I and II), nucleus proprius (NP, laminae III and IV), and neck region (NECK, laminae V and VI). The positive pixel area of D-serine immunoreactivity was counted on % threshold area [(positive pixel area/pixel area in each region) × 100] in each region per section from each animal. To analyze the extent of colocalization of P450scc with GFAP (a marker of astrocytes), NeuN (a marker of neurons), or Iba-1 (a marker of microglial cells), we counted the number of cells visualized as yellow pixels in merged images. Colocalization was quantitated in the three dorsal horn regions as described above.




Data Presentation and Statistical Analysis

The statistical significances of differences were assessed using Prism 5.0 (Graph Pad Software, San Diego, USA). Data obtained from the behavioral tests were analyzed by repeated measures two-way analysis of variance, and data obtained from the Western blot assay and immunohistochemistry were analyzed by one-way analysis of variance. The Bonferroni’s multiple comparison test was used for post-hoc analysis. All data are expressed as the mean ± SEM, and P values less than 0.05 were considered statistically significant.





Results



Intrathecal Administration of AMG Suppresses the Development of Neuropathic Pain, but Not Developed Pain in CCI Mice

To verify whether P450scc activation in the spinal cord is involved in the CCI-induced neuropathic pain, we intrathecally injected the P450scc inhibitor, AMG, during the induction phase and maintenance phase of neuropathic pain. CCI increased the paw withdrawal frequency (PWF, %) to innocuous mechanical stimuli and decreased the paw withdrawal response latency (PWL, s) to noxious heat stimulation (Figure 1). Intrathecal administration of AMG (3, 30, and 300 nmol) during the induction phase of neuropathic pain (days 0 to 3 post-surgery) dose-dependently attenuated both the CCI-induced development of mechanical allodynia (Figure 1A; group: F3,161 = 36.77, P < 0.0001; time: F6,161 = 17.60, P < 0.0001; interaction: F18,161 = 1.551, P = 0.0792) and thermal hyperalgesia (Figure 1B; group: F3,161 = 10.69, P < 0.0001; time: F6,161 = 26.23, P < 0.0001; interaction: F18,161 = 0.6662, P = 0.8404) as compared with vehicle (VEH)-treated CCI mice (Figures 1A, B; *P < 0.05, **P < 0.01, ***P < 0.001 vs. VEH-treated group).By contrast, i.t. administration of AMG (300 nmol) during the maintenance phase of neuropathic pain (days 14 to 17 post-surgery) had no effect on the developed mechanical allodynia (Figure 1C; group: F1,88 = 1.673, P = 0.1993; time: F7,88 = 9.668, P < 0.0001; interaction: F7,88 = 0.1719, P = 0.9902) and thermal hyperalgesia (Figure 1D; group: F1,88 = 0.2465, P = 0.6208; time: F7,88 = 26.65, P < 0.0001; interaction: F7,88 = 0.8918, P = 0.5166).
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Figure 1 | Graphs illustrating the effect of intrathecal (i.t.) administration of the P450scc inhibitor, aminoglutethimide (AMG), on neuropathic pain in chronic constriction injury (CCI) mice. (A–D) Paw withdrawal frequency (PWF, %) was measured in the hind paw using a von Frey filament (0.16 g), and paw withdrawal latency (PWL, s) was measured in the hind paw using a plantar analgesia meter. Administration of AMG (3, 30, 300 nmol) during the induction phase of neuropathic pain (from days 0 to 3 post-surgery) dose-dependently attenuated the CCI-induced development of mechanical allodynia (A) and thermal hyperalgesia (B). On the other hand, administration of AMG (300 nmol) during the maintenance phase of neuropathic pain (from days 14 to 17 post-surgery) had no effect on the developed mechanical allodynia (C) and thermal hyperalgesia (D). n = 5–9 mice/group. *P < 0.05, **P < 0.01, ***P < 0.001 vs. VEH-treated group.






Colocalization of P450scc With GFAP in the Spinal Cord Dorsal Horn Is Increased Following CCI

To determine the cellular localization of P450scc in the spinal cord dorsal horn of sham- and CCI-operated mice, double immunohistochemistry was performed at day 3 post-surgery. P450scc immunoreactivity was colocalized with GFAP immunoreactivity in the SDHs of sham- and CCI-operated mice (Figures 2A, B) and with NeuN immunoreactivity in the superficial and deep dorsal horns of sham- and CCI-operated mice (Figures 2C, D), whereas there was no colocalization of P450scc with Iba-1 immunoreactivity (Figures 2E, F). In addition, the number of P450scc-immunostained astrocytes was significantly increased in the SDH (laminae I–II) and NP (laminae III–IV) regions following CCI [Figure 2G; **P < 0.01, ***P < 0.001 vs. sham; SDH: t(10) = 3.606, P = 0.0048; NP: t(10) = 5.828, P = 0.0002; NECK: t(10) = 0.7851, P = 0.4506]. By contrast, the number of P450scc-immunostained neurons did not change by CCI [Figure 2H; SDH: t(10) = 0.2552, P = 0.8037; NP: t(10) = 1.393, P = 0.1940; NECK: t(10) = 0.5195, P = 0.6147].
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Figure 2 | Images showing the cellular localization of P450scc in the lumbar spinal cord dorsal horn of sham- and CCI-operated mice and a graph showing the changes in the cytochrome P450 side-chain cleavage enzyme (P450scc) immunoreactivity within glial fibrillary acidic protein (GFAP)– or neuronal nuclei (NeuN)–immunoreactive cells following CCI. (A–F) Using a double-labeling immunohistochemical approach, these representative images depict colocalization (yellow) of P450scc with GFAP (A and B; green, a marker of astrocytes) or NeuN (C and D; green, a marker of neurons), but not with ionized calcium-binding adaptor molecule 1 (Iba-1) (E and F; green, a marker of microglial cells) at day 3 post-surgery in the lumbar spinal cord dorsal horn of sham- and CCI-operated mice. The arrows of higher magnification images depict examples of colocalization of P450scc with GFAP (A and B) and NeuN (C and D). Scale bar = 200 μm. (G and H) Colocalization was quantitated in the superficial dorsal horn (SDH, laminae I–II), nucleus proprius (NP, laminae III–IV), and neck region (NECK, laminae V–VI). The number of P450scc-immunostained GFAP-positive cells (G) was increased in the SDH and NP regions following CCI of the sciatic nerve, while the number of P450scc-immunostained NeuN-positive cells (H) did not change following CCI. The arrowheads of images depict examples of colocalization of P450scc with GFAP (G) and NeuN (H). Scale bar = 50 μm. n = 6 mice/group. **P < 0.01, ***P < 0.001 vs. sham.






Intrathecal Administration of AMG Given During the Induction Phase Inhibits Spinal Srr Expression in CCI Mice

In order to investigate the potential role of spinal P450scc on the expression and/or activation of Srr, a D-serine synthesizing enzyme, we examined the total (T) expression of spinal Srr, either the active form of Srr in their functional state at the cytosol (C) using a Western blot assay. CCI increased Srr expression in both the total (Figure 3A) and cytosol (Figure 3B) fractions of the lumbar spinal cord dorsal horn at day 3 after surgery (*P < 0.05 vs. sham). Intrathecal administration of AMG (300 nmol) during the induction phase of neuropathic pain (days 0 to 3 post-surgery) significantly suppressed this increase in both the total [Figure 3A; F (2,15) = 5.607, P = 0.0152] and cytosol [Figure 3B; F (2,15) = 6.605, P = 0.0088] fractions (#P < 0.05 vs. VEH-treated group). By contrast, there was no change in the Srr expression in both the total (Figure 3C) and cytosol (Figure 3D) fractions of the lumbar spinal cord dorsal horn at day 17 post-surgery when compared to the sham group. Administration of AMG (300 nmol) during the maintenance phase of neuropathic pain (days 14 to 17 post-surgery) had no effect on the Srr expression in the total [Figure 3C; F (2,9) = 0.1825, P = 0.8362] and cytosol [Figure 3D; F (2,9) = 0.1911, P = 0.8293] fractions as compared with the vehicle-treated group. Srr immunoreactivity was colocalized with GFAP immunoreactivity in the spinal cord dorsal horn of CCI mice, whereas there was no colocalization of Srr with NeuN or Iba-1 immunoreactivity (Figure 3E).
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Figure 3 | Western blots and graphs showing the effect of i.t. administration of the P450scc inhibitor, AMG, on serine racemase (Srr) expression in both the total (T) and cytosol (C) fractions of the lumbar spinal cord dorsal horn in CCI mice. (A and B) The graphs depicting the changes in the protein expression of Srr in the lumbar spinal cord dorsal horn are shown in the upper portion, while representative immunoblots are presented in the lower portion. Administration of AMG (300 nmol) given during the induction phase (from days 0 to 3 post-surgery) suppressed the CCI-induced increase in Srr expression in both the total (A) and cytosol (B) fractions. The spinal cord dorsal horn was sampled at 3 days after surgery. n = 6 mice/group. (C and D) By contrast, the total (C) and the cytosol (D) protein expression of Srr at day 17 post-surgery did not show any change after CCI. Administration of AMG (300 nmol) given during the maintenance phase (from days 14 to 17 post-surgery) had no effect on the Srr expression. The spinal cord dorsal horn was sampled at 17 days after surgery. n = 4 mice/group. *P < 0.05 vs. sham; #P < 0.05 vs. VEH-treated group. (E) Using a double-labeling immunohistochemical approach, these representative images depict colocalization (yellow) of Srr (green) with GFAP (red, a marker of astrocytes), but not with NeuN (red, a marker of neurons) or Iba-1 (red, a marker of microglial cells) at day 3 post-surgery in the lumbar spinal cord dorsal horn of CCI mice. The arrows in the first row of images depict examples of colocalization of Srr with GFAP in astrocytes. Scale bar = 50 μm.






Intrathecal Administration of AMG Given During the Induction Phase Inhibits Spinal D-Serine Immunoreactivity in CCI Mice

We next examined changes in D-serine immunoreactivity in the lumbar spinal cord dorsal horn using immunohistochemical analysis. CCI significantly increased D-serine immunoreactivity in the SDH (laminae I–II) and NP (laminae III–IV) regions of the spinal cords at day 3 post-surgery (Figure 4A; ***P < 0.001 vs. sham), and this increase was suppressed by i.t. administration of AMG (300 nmol) during the induction phase of neuropathic pain (days 0 to 3 post-surgery) [Figure 4A; #P < 0.05 vs. VEH-treated group; SDH: F (2,15) = 11.17, P = 0.0011; NP: F (2,15) = 18.01, P = 0.0001; NECK: F (2,15) = 0.0408, P = 0.1276]. By contrast, there was no change in D-serine immunoreactivity at day 17 post-surgery when compared to the sham group (Figure 4B). Administration of AMG (300 nmol) during the maintenance phase of neuropathic pain (days 14 to 17 post-surgery) had no effect on D-serine immunoreactivity at day 17 post-surgery as compared with vehicle-treated group [Figure 4B; SDH: F (2,9) = 0.1617, P = 0.8531; NP: F (2,9) = 0.09139, P = 0.9135; NECK: F (2,9) = 0.2312, P = 0.7982]. Representative photomicrographs of L4–5 spinal cord sections illustrating D-serine immunoreactivity in the sham group, vehicle-treated CCI group, and AMG-treated group are shown in Figure 4C. D-serine immunoreactivity was colocalized with GFAP and NeuN immunoreactivity in the spinal cord dorsal horn of CCI mice, whereas there was no colocalization of D-serine with Iba-1 immunoreactivity (Figure 4D).
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Figure 4 | Graphs and photomicrographs illustrating the effect of i.t. administration of the P450scc inhibitor, AMG, on D-serine immunostaining in the lumbar spinal cord dorsal horn of CCI mice. (A) The fluorescence of D-serine immunoreactivity was quantitated in the SDH (laminae I–II), NP (laminae III–IV), and NECK (laminae V–VI) of mice. CCI increased D-serine immunoreactivity in the SDH and NP regions of the lumbar spinal cord dorsal horns at day 3 post-surgery. Administration of AMG (300 nmol) given during the induction phase (from days 0 to 3 post-surgery) suppressed the CCI-induced increase in D-serine expression. The spinal cord dorsal horn was sampled at 3 days after surgery. n = 6 mice/group. ***P < 0.001 vs. sham; #P < 0.05 vs. VEH-treated group. (B) By contrast, D-serine immunoreactivity at day 17 post-surgery did not show any change after CCI and administration of AMG (300 nmol) given during the maintenance phase (from days 14 to 17 post-surgery) had no effect on D-serine expression. The spinal cord dorsal horn was sampled at 17 days after surgery. n = 4 mice/group. (C) Representative images showing the changes in D-serine immunoreactivity at post-operative day 3 and 17 in the lumbar spinal cord dorsal horns of CCI mice using immunohistochemistry. Arrows indicate D-serine–immunoreactive cells. Scale bar = 200 μm. (D) Using a double-labeling immunohistochemical approach these representative images depict colocalization (yellow) of D-serine (green) with GFAP (red, a marker of astrocytes) or NeuN (red, a marker of neurons), but not with Iba-1 (red, a marker of microglial cells) at day 3 post-surgery in the lumbar spinal cord dorsal horn of CCI mice. The arrows in the first and second rows of images depict examples of colocalization of D-serine with GFAP and NeuN, respectively. Scale bar = 50 μm.






Co-Administration of D-Serine With AMG Given During the Induction Phase Restores the Development of Mechanical Allodynia in CCI Mice

To confirm the potential role of D-serine in the development of neuropathic pain induced by activation of P450scc in CCI mice, D-serine was co-administrated with AMG during the induction phase of neuropathic pain (days 0 to 3 post-surgery). Intrathecal administration of AMG (300 nmol) inhibited the CCI-induced increase in the PWF (%) to innocuous mechanical stimuli and the CCI-induced decrease in the PWL (s) to noxious heat stimulation (Figure 5; *P < 0.05, **P < 0.01, ***P < 0.001 vs. VEH-treated group). Co-administration of D-serine (500 nmol) with AMG restored the CCI-induced development of mechanical allodynia that was inhibited by AMG administration alone (Figure 5A; #P < 0.05, ###P < 0.001 vs. AMG+VEH-treated group; group: F3,140 = 35.39, P < 0.0001; time: F6,140 = 22.96, P < 0.0001; interaction: F18,140 = 2.717, P = 0.0005). By contrast, co-administration of D-serine (500 nmol) with AMG had no effect on the CCI-induced development of thermal hyperalgesia that was inhibited by AMG administration alone (Figure 5B; group: F3,140 = 6.236, P = 0.0005; time: F6,140 = 20.88, P < 0.0001; interaction: F18,140 = 0.8239, P = 0.6698). Co-administration of D-serine’s enantiomer, L-serine (500 nmol), with AMG had no effect on the development of mechanical allodynia (Figure 5A) or thermal hyperalgesia (Figure 5B) that was inhibited by AMG administration alone in CCI mice.
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Figure 5 | Graphs illustrating the effects of concomitant D-serine and AMG treatment on the development of neuropathic pain in CCI mice. (A and B) PWF (%) was measured in the hind paw using a von Frey filament (0.16 g), and PWL (s) was measured in the hind paw using a plantar analgesia meter. Intrathecal administration of AMG (300 nmol) given during the induction phase (from days 0 to 3 post-surgery) attenuated the CCI-induced development of mechanical allodynia (A) and thermal hyperalgesia (B). Co-administration of exogenous D-serine (500 nmol) with AMG restored the CCI-induced mechanical allodynia that was initially blocked by AMG administration (A). On the other hand, co-administration of D-serine (500 nmol) with AMG had no effect on the CCI-induced development of thermal hyperalgesia (B). Similarly, co-administration of D-serine’s enantiomer, L-serine (500 nmol), with AMG had no effect on the CCI-induced development of mechanical allodynia (A) and thermal hyperalgesia (B) that were initially blocked by AMG administration alone. n = 6 mice/group. *P < 0.05, **P < 0.01, ***P < 0.001 vs. VEH+VEH-treated group; #P < 0.05, ###P < 0.001 vs. AMG+VEH-treated group.







Discussion

Neurosteroids are locally synthesized in the central nervous system and are involved in modulating a number of neural functions including nociception (Yoon et al., 2010; Joksimovic et al., 2018). It has been suggested that direct administration of neurosteroids regulates many pathophysiological responses, but use of neurosteroids to treat epilepsy, neuropsychiatric disorders, pain, and other neurologic issues has been met with several challenges, including pharmacokinetics, low bioavailability, safety, and tolerability, which limit its therapeutic use. Therefore, modulation of neurosteroidogenesis to restore the altered endogenous neurosteroid tone may represent a better therapeutic approach than direct injection of neurosteroids (Porcu et al., 2016). In previous studies from our laboratories, we have shown that activation of P450c17 plays an important role in the spinal nociceptive signal transmission following peripheral neuropathy, and that early increased pro-inflammatory cytokine interleukin-1β controls the expression of P450c17 in the spinal cord astrocytes of CCI mice (Choi et al., 2019b; Choi et al., 2019c). However, there is limited understanding of the potential role of P450scc, which catalyzes the first rate-limiting step in neurosteroid biosynthesis, in neuropathic pain. In the present study, our findings demonstrate for the first time that spinal P450scc activation plays an important role in the increases in astrocyte Srr expression and accompanying D-serine production in a murine model of neuropathic pain, ultimately contributing to the development of mechanical allodynia in CCI mice.

It has been suggested that glial cells play a prominent role in the local production of neurosteroids and in the mediation of neurosteroid effects on neurons and glial cells (García-Estrada et al., 1999; Garcia-Segura and Melcangi, 2006). In the present study, P450scc immunoreactivity in the spinal cord of CCI-operated mice was increased in GFAP-positive astrocytes, while there was no change in P450scc expression in NeuN-positive neurons, suggesting the possibility that the conversion of cholesterol to PREG catalyzed by P450scc is increased in GFAP-positive astrocytes following peripheral neuropathy. In addition, i.t. administration of the P450scc inhibitor, AMG, during the early phase of neuropathic pain significantly reduced the CCI-induced increase in Srr expression in both the total and cytosol fractions of the spinal cord. Since the cytosolic Srr is largely active, exhibiting about 10 times of the specific activity observed with the membrane-bound enzyme (Balan et al., 2009), a decrease in the cytosol fraction of Srr has been considered to represent a decrease in the active form of the Srr. These results suggest the possibility that increased neurosteroidogenesis initiated by astrocyte P450scc during the induction phase of neuropathic pain plays an important role in the modulation of Srr activation and expression in astrocytes following peripheral nerve injury.

There are two potential mechanisms by which Srr expression may be modulated by spinal P450scc activation. It is generally accepted that neurosteroids can mediate their actions, not only through classic steroid hormone nuclear receptors leading to regulation of gene expression, but also through other mechanisms such as the direct or indirect modulation of membrane-bound receptors including NMDA (Baulieu, 1997; Compagnone and Mellon, 2000), γ-aminobutyric acid type A (GABAA) (Haage and Johansson, 1999), and sigma-1 receptors (Ueda et al., 2001; Maurice, 2004). These receptors play an important role in neuronal excitability and nociceptive signal transmission in the spinal cord dorsal horn (Qu et al., 2009; Gwak and Hulsebosch, 2011; Castany et al., 2019). In a previous study from our laboratories, we showed that sigma-1 receptors are exclusively expressed in astrocytes and co-localized with Srr immunoreactivity in the spinal cord dorsal horn (Moon et al., 2014; Moon et al., 2015). The activation of this receptor increases Srr expression and concomitant D-serine production following peripheral nerve injury (Moon et al., 2015). Since neurosteroids such as PREG-sulfate (PREG-S) and DHEA-sulfate (DHEA-S) activate sigma-1 receptors via agonistic stimulation (Hayashi and Su, 2007), P450scc-induced neurosteroidogenesis may modulate the expression of Srr through a sigma-1 receptor–dependent pathway. In addition, it has been suggested that PREG-S and DHEA-S are allosteric inhibitors of the GABAA receptor (Sachidanandan and Bera, 2015); thus, neurosteroids synthesized by activation of P450scc may also decrease GABAergic inhibitory signaling in astrocytes. Although these results suggest the possibility that neurosteroidogenesis induced by sciatic nerve injury may increase astrocyte Srr expression via regulation of steroid hormone nuclear receptors and/or membrane-bound receptors, the specific details of the underlying mechanisms remain to be elucidated.

D-serine is an endogenous co-agonist for the glycine site on the NMDA receptors and contributes to NMDA receptor–mediated neurotransmission (Mothet et al., 2000). In the present study, early inhibition of P450scc significantly inhibited the CCI-induced increase in D-serine production, which was primarily increased in the SDH (laminae I–II) and NP (laminae III–IV) regions in the spinal cord following CCI. These results are supported by a study demonstrating that the expression of the cytochrome P450scc increases in the SDH region and this increase spreads into the NP region of the cord following sciatic nerve ligation (Patte-Mensah et al., 2006). Since primary afferent C-fibers and A-fibers terminate and synapse with second-order neurons in the SDH and NP regions (Todd, 2010), the current results suggest the possibility that CCI-induced early activation of P450scc may play a critical role in the dorsal horn transmission of nociceptive signaling at least partially through modulation of D-serine production. In addition, we previously demonstrated that D-serine plays an important role in the functional potentiation of NMDA receptors via increases in phosphorylation of the GluN1 subunit (Choi et al., 2017), which is known to be an essential contributor to the process of central sensitization (Kim et al., 2006; Roh et al., 2008). While D-serine’s modulation of nociceptive transmission may contribute to the induction of central sensitization and the development of mechanical allodynia following peripheral nerve injury, the CCI-induced development of thermal hyperalgesia appears to be associated with different mechanisms, which are P450scc-mediated but not D-serine–dependent.

NMDA receptors have three major subunits: GluN1, GluN2 (A–D), and GluN3 (A or B) (Traynelis et al., 2010). While GluN1 and GluN3 bind D-serine or glycine, GluN2 binds glutamate. Activation of GluN2-containing receptors requires both D-serine or glycine and glutamate, whereas receptors composed of GluN1 and GluN3 subunits can be activated by D-serine or glycine in the absence of glutamate (Chatterton et al., 2002; Awobuluyi et al., 2007; Balasuriya et al., 2014). In the spinal cord, GluN1 is expressed in all laminae of the spinal cord, and GluN2B is mostly distributed in the SDH (Qu et al., 2009). In a previous study from our laboratories, we showed that sciatic nerve injury increases the expression of GluN1 subunit in the spinal cord dorsal horn during the induction phase of neuropathic pain (Roh et al., 2008). Furthermore, it has been suggested that i.t. administration of GluN2B antagonists decreases not only the C-fiber responses of dorsal horn wide dynamic range neurons, but also nerve injury–induced mechanical allodynia (Qu et al., 2009). While RNA sequencing data revealed a high level of GluN3 messenger RNAs (mRNAs) in the dorsal root ganglia, the physiological and pathological roles of GluN3 subunits in regulating nociception remains unclear. In the present study, co-administration of exogenous D-serine with AMG during the induction phase of neuropathic pain restored the development of mechanical allodynia that was originally suppressed by inhibition of P450scc. Exogenous D-serine may activate NMDA receptors via binding to GluN1 and/or GluN3 subunits, but this should be further investigated. On the other hand, i.t. administration of L-serine, the enantiomer of D-serine, had no effect on the CCI-induced neuropathic pain. Since L-serine is inactive and should be metabolized to D-serine by Srr, AMG-induced inhibition of Srr expression and activation would suppress the metabolism of L-serine to D-serine, thus reducing this conversion and the potential effects of D-serine from this metabolic pathway.

In the present study, inhibition of P450scc during the induction phase (days 0 to 3 post-surgery) significantly reduces the development of neuropathic pain, while inhibition of P450scc during the maintenance phase (days 14 to 17 post-surgery) had no effect on the later stages of neuropathic pain. These results raise the possibility that the net effect of neurosteroidogenesis is pro-nociceptive during the early phase, but without effect during the late phase of neuropathic pain. In this regard, it has been shown that PREG, which is synthesized by P450scc, can be catalyzed by cytochrome P450c17 and converted to DHEA. DHEA is then capable of producing rapid pronociceptive effects (Kibaly et al., 2008). Furthermore, PREG can be converted to progesterone and its reduced metabolite allopregnanolone, which stimulate GABAA receptors and induce analgesia (Meyer et al., 2008). Thus, the net effect of neurosteroidogenesis appears to be dependent on the changes in downstream enzyme activity. This is supported by a previous study showing that the level of cytochrome P450c17 mRNA in the rat spinal cord is significantly decreased at 10 days post–CCI surgery (Kibaly et al., 2008), while the enzymatic activity of 3α-hydroxysteroid oxidoreductase, an allopregnanolone synthesizing enzyme, is increased in the spinal cord at 10 days post–CCI surgery in rats (Meyer et al., 2008). Meyer and colleagues also demonstrated that inhibition of 3α-hydroxysteroid oxidoreductase during this maintenance phase potentiated the neuropathic pain following CCI and suggested that a large portion of neurosteroidogenesis that occurs during the maintenance phase may constitute an endogenous control mechanism to overcome the chronic pain state induced by peripheral nerve injury (Meyer et al., 2008). Furthermore, recent findings suggest that descending pain facilitatory and inhibitory circuits are likely to be an important element in determining whether pain may become chronic (Ossipov et al., 2014). Abnormal activation of glial cells in the spinal cord also plays important role in the maintenance of chronic pain (Gwak and Hulsebosch, 2011). In this regard, we plan to investigate the detailed mechanisms underlying the maintenance of chronic neuropathic pain in future studies.

In conclusion, the present study shows that sciatic nerve injury significantly increases the expression of P450scc in spinal astrocytes, but not neurons, during the induction phase of neuropathic pain, and that early inhibition of P450scc with AMG significantly suppresses the development of neuropathic pain following peripheral nerve injury. Moreover P450scc modulates the expression and activation of astrocyte Srr and the concomitant production of D-serine that potentiates NMDA receptor–mediated signaling, and ultimately contributes to the development of mechanical allodynia following peripheral neuropathy. This study suggests the potential therapeutic use of P450scc inhibitors to prevent or modulate the development of peripheral neuropathic pain.
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Chronic pain afflicts as much as 50% of the population at any given time but our methods to address pain remain limited, ineffective and addictive. In order to develop new therapies an understanding of the mechanisms of painful sensitization is essential. We discuss here recent progress in the understanding of mechanisms underlying pain, and how these mechanisms are being targeted to produce modern, specific therapies for pain. Finally, we make recommendations for the next generation of targeted, effective, and safe pain therapies.
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INTRODUCTION

Pain represents a major challenge to modern medicine. Chronic pain is the most common neurological disorder and migraine, a subtype of pain, is the most common reason for presentation to a neurologist. Chronic pain is exceptionally disabling, and assessments of the global burden of disease consistently rank headache and low back pain as the diseases causing the greatest global disability burden (Menken et al., 2000; GBD 2016 Neurology Collaborators et al., 2019). Chronic pain affects a large number of individuals with estimates of prevalence of chronic pain (all forms) up-to 50% with severely disabling pain affecting up to 14% of the population (Fayaz et al., 2016) although estimates of prevalence vary considerably (Dahlhamer et al., 2018). Pain medications remain amongst the most commonly prescribed treatments (AHRQ, 2019) and pain ranks as the primary reason patients suffering any disease present to their doctors (Schappert and Burt, 2001). Pain is defined by the International Association For The Study of Pain as “an unpleasant sensory and emotional experience associated with actual or potential tissue damage, or described in terms of such damage” (IASP, 2012) although it will likely be updated to reflect that resemblance to this state should be sufficient and that an inability to communicate is not reflective of a lack of pain (IASP, 2019). Pain provides a reinforcing stimulus to prevent damage and an affective emotional component to encourage avoidance of damaging stimuli in the future. Whilst our bodies need a system to detect damage in order to protect ourselves from such damage, the system is highly susceptible to pathological sensitization causing substantial disability. Given the current crisis in pain therapy, we examine the hallmarks of pathological transitions to chronic pain with particular focus on peripheral and spinal mechanisms and finally we examine recent efforts to generate long-lasting, local therapies for pain by targeting these mechanisms.



PAIN STRATIFICATION

Pain is currently stratified into chronic, subacute, and acute pain. Chronic pain is defined as persistent or recurrent pain that lasts longer than the typical healing process often arbitrarily considered 3 months; acute pain being that lasting under 6 weeks and subacute pain lasting between 6 and 12 weeks (IASP, 2012). Since acute to chronic pain transitions occur early in pain pathogenesis in preclinical models, it is unclear if these distinctions are useful for patients (Bennett and Xie, 1988; Decosterd and Woolf, 2000; Price et al., 2018). Additionally, pain can be further stratified into three distinct groupings based on the assumed mechanism of action and these groupings can dictate treatment in some cases (Costigan et al., 2009). These are dysfunctional, inflammatory (caused by inflammatory conditions) and neuropathic pain (caused by nervous system damage). Dysfunctional pain is possibly the most poorly understood where there is no clear lesion to the central nervous system or inflammation that can adequately explain the pain. A breakdown of these conditions and current treatment strategies is provided in Table 1. Chronic pain conditions cause a variety of symptoms, particularly hyperalgesia, where painful stimuli are perceived as more painful than they actually are, and allodynia where normally non-noxious stimuli elicit a pain response. Given differential treatment efficacy of analgesia for pain subtypes, further stratification of pain disorders may be highly desirable (Themistocleous et al., 2018).


TABLE 1. Stratification of pain by cause.

[image: Table 1]
Inflammatory Pain

Inflammatory pain disorders include pain caused by inflammation generally elicited by some kind of noxious insult or degeneration for example the disorders of rheumatoid arthritis, osteoarthritis and after tissue trauma where inflammatory mediators and immune cells are recruited and secrete inflammatory mediators directly causing peripheral sensitization and later central sensitization. Inflammatory disorders are more commonly associated with hyperalgesia rather than allodynia. These conditions remain highly prevalent and are becoming more so with an aging population given that many are age-related conditions. Inflammatory pain is likely a protective phenomenon; when injured it is necessary to prevent use of the affected area to promote healing.



Neuropathic Pain

Neuropathic pain disorders are among the most treatment resilient pain conditions. Unlike inflammatory pain, neuropathic pain appears entirely maladaptive. Neuropathic pain by definition involves lesion or inflammation of the nervous system and includes diseases such as trigeminal neuralgias, peripheral neuropathies, and post-herpetic neuralgia. The uniting factor is the etiology of lesion to peripheral or central nervous system (IASP, 2012), although in some cases of clinical neuropathic pain there is no obvious lesion, for example many cases of trigeminal neuralgias (Ko et al., 2015). Neuropathic pain is generally identified by its specific character, neuroanatomical distribution, plausibility, lesion confirmation and co-occurrence with disorders such as diabetes mellitus (Themistocleous et al., 2018). The character of neuropathic pain is described as sharp, shooting pain with similarity to electric shocks. The sensations of tingling, pins and needles, and alternating numbness are also very common. Neuropathic pain is particularly associated with touch allodynia where innocuous touch stimuli become excruciatingly painful and this can occur with very minor stimuli including the touch of clothing or the wind (Woolf and Mannion, 1999).



Dysfunctional Pain

Dysfunctional pain disorders include bladder pain syndrome (previously interstitial cystitis) (Offiah et al., 2013), irritable bowel syndrome (IBS), and fibromyalgia. A tentative definition is: pain disorders associated with abnormal functioning of the somatosensory system (Costigan et al., 2009) These are pain conditions associated with a lack of detectable inflammation or tissue damage and an obvious mechanism (IASP, 2012). A unifying feature amongst these conditions is, with the notable exception of fibromyalgia, their location in viscera rather than affecting afferents of the skin. Given the focus of research on primary skin afferents, it is perhaps unsurprising we have a more limited understanding of these conditions. Dysfunctional pain has thus far been a defined grouping of potentially loosely associated disorders and it is unclear whether the lack of detectable inflammation, nervous system damage, or acute noxious stimuli may be more a consequence of insensitive tools rather than reflective of the nature of the condition. Indeed in the case of interstitial cystitis more recent evidence from biopsy gene expression analyses suggests patients suffer from an inflammatory condition in the bladder (Offiah et al., 2016). Dysfunctional pain disorders often entail a mix of pain behaviors including multimodal allodynia and hyperalgesia. Given our lack of understanding and previous debates as to “the existence” of central pain disorders (Wolfe et al., 2009); it is perhaps unsurprising that there are few effective treatments for these diseases.



PERIPHERAL SENSITIZATION

Peripheral sensitization can be a feature of any type of pain. It is defined as any increase in the responsiveness of the nociceptive circuit at the level of the periphery and a lowering of the threshold at which pain is perceived. Primarily, there is the peripheral release of the ‘inflammatory soup’ (Figure 1) consisting of an assortment of different mediators. The principle sources of these molecules are the resident mast cells, and infiltrating neutrophils, macrophages, platelets, other immune cells and direct releases from tissue damage, however it is also increasingly recognized that non-host factors including bacterial toxins also play a direct role in this process (Basbaum et al., 2009). These mediators include histamine, adenosine triphosphate (ATP), nerve growth factor (NGF), substance P, bradykinin, calcitonin gene-related peptide (CGRP), various cytokines, prostaglandins, adenosine, and acids. During activation of nociceptors by the mediators, the properties of nociceptive ion channels (that sense or modulate pain transmission) such as TRPV1 (Caterina et al., 1997), TRPA1 (Bautista et al., 2006), Nav1.7 (Cox et al., 2006), Nav1.8 (Faber et al., 2012), and Nav1.9 (Dib-Hajj et al., 2015) are altered via phosphorylation or alternative mechanisms, leading to increased neuronal activity, reduced activation thresholds or increased currents (Pinho-Ribeiro et al., 2017).
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FIGURE 1. A range of immune cells, direct release from tissue, toxins, and bacteria contribute an inflammatory milieu that sensitizes immune cells. The principle mechanisms of sensitization are through modulation of signaling cascades triggering various cellular responses, and upregulation of trafficking of receptors to the membrane. Furthermore, receptor activation can also lead to post-translational modification of receptors and ion channels and the modulation of their activity causing sensitization. The receptor activation by the inflammatory soup is triggered principally through G protein coupled receptors (GPCRs), receptor tyrosine kinases (RTKs), and ligand gated ion channel type receptors (LGIC/iontropic receptors or the modulation of ion channels that underlie the intrinsic excitability of cells such as nav1.7.



Sources of the Soup


Innate Immunity

The innate immune system has a major role in driving nociceptive hypersensitivity. Macrophages, a major component of innate immunity, plays dual roles during injury: they act to promote inflammation, and drive the immune response to non-host factors (in the M1 macrophage state) triggered by interferons, bacterial infection markers and other immune mediators; and conversely (in the M2 state) act in an opposing manner and behave in an anti-inflammatory, healing and repair-focused state, triggered by mediators like Il-4 (Murray, 2017). When in the M1 state, macrophages act to sensitize nociceptors by releasing inflammatory cytokines including tumor necrosis factor alpha (TNFα), Il-1β, Il-6, growth factors, and lipids mediators such as prostaglandin E2 (Pinho-Ribeiro et al., 2017). Platelets are another component of the innate immune system known to induce nociceptive sensitivity through the release of pain causing factors (Ringkamp et al., 1994) triggering the release of ATP, Il-1β, and others that sensitize nerve terminals (Weth et al., 2015). Mast cells are activated during injury or stimulation of nociceptors, by vasoactive and proinflammatory neuropeptides Substance P and CGRP. Upon activation, mast cells release molecules including neuropeptides, histamine and other pain-causing mediators which proceed to further sensitize nociceptors (Gupta and Harvima, 2018). Importantly, in mouse models without mast cells, hypersensitivity does still develop indicating that multiple different immune cells are involved in this mechanism (Lopes et al., 2017). For example, in carrageenan-induced inflammatory pain models, neutrophils increase nociceptive sensitivity by producing cytokines and prostaglandin E2 (PGE2) (Cunha et al., 2008).



Adaptive Immunity

This role of the immune system in pain sensitization is not limited to the innate immune system, with the adaptive immune system also playing an important role in modulating nociceptive hypersensitivity. T cells including Th1 and proinflammatory Th17 subsets play a role in neuropathic pain by acting as a source of IFN-γ, chemokines, and IL-17A. IL-17A acts at nerve terminals to sensitize nociceptors by decreasing the rheobase (depolarization required to trigger an action potential) (Hu et al., 2007). The adaptive immune response also plays an important role in mediating local tissue damage and has been hypothesized to act as another source of mediators for the inflammatory soup. However, strong evidence suggests that T-cells do not have an essential role in pain sensitization in Complete Freund’s Adjuvant (CFA) induced hypersensitivity (Ghasemlou et al., 2015). B cells may also act as a source for components of the inflammatory soup and are able to secrete IgG antibodies that form IgG-immune complexes that can directly activate nociceptors (Jiang et al., 2017).

The interaction between nociceptors and immune cells is not limited to the site of injury as immune cells also interact with nociceptor cell bodies within the DRGs to produce pain, alter protein synthesis and induce sensitization (Kim and Moalem-Taylor, 2011) Many disease models show increased numbers of monocyte/macrophages, neutrophils, and T cells in the DRG (Hu et al., 2007), for example during nerve injury in rats, T cells are recruited and cause neuronal sensitization due to the serine protease inhibitor SerpinA3N inhibiting T cell-derived leukocyte elastase (Vicuña et al., 2015).



Components of the Inflammatory Soup

The inflammatory mediators have a number of targets of action. Some of these molecules directly activate or modulate nociceptors, for example protons that directly enter terminals. Other molecules such as prostaglandins, bradykinin and ATP have their own receptors coupled to signaling cascades that enhance neuronal activity. Activation of these signaling cascades can cause modification of existing channels, an upregulation of trafficking of receptors or the downstream regulation of transcription.


Growth Factors and Cytokines

Growth factors such as NGF, are important regulators of neuronal survival during development (Ritter et al., 1991; Indo et al., 1996; Einarsdottir et al., 2004). However, importantly, in post-natal neurons the level of NGF regulates nociceptive sensitivity, and the increase in NGF derived from an unknown source of cells (Denk et al., 2017), causes an increase in nociceptive sensitivity (Lewin et al., 1993; Bennett et al., 1998) predominantly through the modulation of the capsaicin receptor TRPV1 (Chuang et al., 2001). Importantly, neutralizing this developmental process in the adult is a successful method for attenuating inflammatory pain in rodents and humans (Koltzenburg et al., 1999) and NGF antibodies represent an important new class of disease modifying drugs effective for the treatment of osteoarthritis (Lane et al., 2010).

Cytokines are small secreted proteins that include chemokines, interleukins, TNFα, colony stimulating factors, and interferons among others. Cytokines have a major established role in pain sensitization.

Pro-inflammatory cytokines, are a major class of secreted cytokines that include TNFα, IL-1, IL-17, IL-2, IL-4, and IFN also play a major role in nociceptive hypersensitivity. These molecules can have a major role in promoting hypersensitivity. This role is partly through activation of other local cells. For instance, TNF-alpha activity can induce IL-1β and NGF expression to increase pain sensitivity (Woolf et al., 1997). Primary afferents also maintain a repertoire of receptors for pro-inflammatory cytokines that have direct and indirect effects. For example, IL-1β signaling causes sensitization of sodium currents in primary afferents through p38-MAPK activation causing a reduction in the voltage dependent block of Nav1.8 and Nav1.9 (Binshtok et al., 2008).

Chemotactic cytokines, known as chemokines, have a particular established role in pain. By definition, in the immune system, these molecules have a chemotactic effect and a major part of their role in pain sensitization is recruitment of immune cells. However, many chemokines have receptors on sensory neurons that are directly activated GPCRs, able to modulate receptors and coupled to their own signaling cascades, for example CCL3 can sensitize TRPV1 currents (Zhang et al., 2005), and CCL5, CCL22, CXCL12 directly elicit calcium flux, in cultured neurons and cause pain hypersensitivity in rats (Oh et al., 2001).



Neuroactive Molecules

Neuroactive molecules including serotonin, derived from platelets, mast cells, and endothelium (Bardin, 2011), and histamine, derived from mast cells (Cenac et al., 2010), are other components of the inflammatory soup. The pain sensitizing action of histamine appears related to its ability to modulate TRPV1 sensitivity. For histamine, activation of Histamine Receptor H1 (HRH1) can drive nociceptive sensitization (Murray, 2017), through the activation of phospholipase C (PLC), a second messenger, to hydrolyze PIP2, that naturally antagonizes TRPV1. In a parallel pathway HRH1 activity through PLC can co-currently activate protein kinase C (PKC), which directly triggers TRPV1 sensitization through phosphorylation (Cao et al., 2013). Importantly, the HRH1 also acts via the TRPV1 channel to induce visceral hypersensitivity in patients with IBS and antagonists of HRH1 attenuate visceral nociceptive hypersensitivity ex vivo. Furthermore when IBS patients are treated with Ebastine, an antagonist for the H1 receptor, visceral neurons become significantly less sensitive, and in patients who had visceral hypersensitivity, their sensitivity reduced (Wouters et al., 2016).



Neuropeptides

Neuropeptides such as bradykinin and tachykinin are important nociceptor sensitizing agents released during tissue damage (Cesare and McNaughton, 1996). For instance, bradykinin release acts in two ways to sensitize neurons exposed to repeated noxious heat stimuli, firstly by releasing intracellular calcium by activating an inward current (Rang et al., 1991), depolarizing the nociceptor and generating action potentials, and secondly through activation of PKC and reducing the heat sensitive current threshold. PKC is regarded as a master regulator of both peripheral sensitization and central sensitization. PKC activation drives phosphorylation of a variety of target receptors and ion channels causing modulation of their activity. In particular PKC activity can drive receptor phosphorylation (Velázquez et al., 2007), it is also known to modulate cation flux through Nav1.9 and Nav1.8 sodium channels (Baker, 2005). Tachykinin peptides represent an important group of neuropeptides that are active in many physiological processes (Otsuka and Yoshioka, 1993). Tachykinins are key modulators of primary nociceptive afferents. Tachykinins control electrical excitability after repeated activation or injury. Tachykinin knockout mice (Tac1 KO) show rapid adaptation in response to tonic mechanical stimuli and are not able to properly encode repetitive stimuli. Moreover, mechanical sensitization does not occur, hypersensitivity and paw edema were reduced after paw incisions (Gutierrez et al., 2019). Whilst Tachykinins have an established role in mammalian pain, drugging tachykinins has proved complicated. Neurokinin-1 receptor antagonists that prevent the actions of multiple pain related tachykinins such as substance P and neurokinin A have not been successful as analgesics in clinical trials despite their efficacy in preclinical models (Hill, 2000). Part of this failure may be due to lack of CNS penetration, and differences at the protein level in rodents. This also reflects the limitations of animal models which are affected by emotional aspects such as stress and also variations in compounds that affect stress such as NK1, potentially confounding analgesic affects.



Lipids

Another major class of inflammatory mediators are arachidonic acid and its lipid metabolites. A key group of lipid mediators are eicosanoids including the prostacyclins and the prostaglandins (PGE2), which induce nociceptor hypersensitivity. During inflammation the enzyme cyclo-oxygenase (COX), converts arachidonic acid to eicosanoids including PGE2 which increase nociceptive sensitivity, PGE2 sensitizes nociceptors partly through sensitizing TRPV1 responses through PKC and PKA activity (Sachs et al., 2009). There are two forms of the COX enzyme, COX1 and COX2. COX1 is constitutively expressed across the body however, it plays a major role in the regulation of gut physiology including mucosal protection, gastrointestinal secretion and motility (Hawkey, 2001). COX2 expression is induced by inflammation, and COX2 activity is the main contributor to eicosanoid-induced nociceptor hypersensitivity. Non-selective COX1/2 inhibitors are widely used for the treatment of inflammatory pain with varying efficacy and include ‘blockbuster’ drugs, indomethacin, ibuprofen, diclofenac and aspirin. Although, selective COX2 inhibitors were originally predicted to have a positive side-effect profile in reality the drugs showed a similar profile to existing drugs (Bresalier et al., 2005; Solomon et al., 2005; Nissen et al., 2016).



Non-host Factors

Non-host factors from bacteria, venoms, virus and parasites mediate sensitizing responses in nociceptive sensory neurons and may cause pain (Lau et al., 2019). This pain is partly the result of sensitization of nociceptors in reaction to the immune system, and partly triggered by the presence of pathogen derived molecules. For example, lipopolysaccaride (LPS) is a common surface molecule found on the membrane of Gram-negative bacteria and is a noxious by-product of bacterial lysis. LPS activates the Toll-like receptor 4 (TLR4) driving depolarization via the TRPV1 channel (Diogenes et al., 2011). In addition to TLR4/TRPV1 activation, LPS also acts directly on the TRPA1 channel independently of the TLR4 pathway (Meseguer et al., 2014). Moreover flagellin, bacterial toxins, and zymosan may also trigger detection of a pathogen by nociceptors and the resultant pain (Pinho-Ribeiro et al., 2017). The bacteria Staphylococcus aureus induces pain in mice independently of immune cell activity. Bacterial N-formylated peptides and the pore forming toxin α-hemolysin, induce calcium influx and action potentials in nociceptor neurons, inducing pain, and in the case of α-hemolysin most probably through direct pore formation (Chiu et al., 2013).



Peripheral Glia

Afferent associated glia play an important role in sensitizing responses. In part peripheral glia may act as damage sensors. CCL2 for instance induces the migration of macrophages, which signal to Schwann cells to maintain the infiltration of macrophages and ongoing allodynia (De Logu et al., 2017).

Recent evidence suggests that skin-resident peripheral glia, and in particular activation of specialized Schwann cells that act as mechanotransducers, are both necessary and sufficient for mechanical pain sensation (Abdo et al., 2019), however the potential role that these cells play in sensitization remains to be assessed. These cells appear to have a role in setting sensory thresholds and acute damage to these cells may therefore affect somatosensory thresholds, consequently targeting these cells has strong therapeutic potential. Given there seem to be particular cell types involved in nociceptive pain, the potential arises to target pain without impacting non-nociceptive modalities such as touch. These findings are reminiscent of Merkel cells that contain Piezo2 channels which are necessary for the encoding of tactile stimuli for A-beta fibers. Piezo2 positive merkel cells have been shown to be required for capsaicin mediated tactile hypersensitivity (Ikeda et al., 2014; Maksimovic et al., 2014). Together these studies suggest new therapeutic pathways to target specific cells involved in pain perception.



General Principles of Peripheral Sensitization

As alluded to these mechanisms function at a transcriptional and post-translational level to initiate pro-sensitization cascades that drive peripheral sensitization. Activation of p38 mitogen activated protein kinase by signaling cascades for instance is sufficient to further stimulate the transcriptional upregulation of TNF-α and IL-1β which then feedback to amplify the inflammatory response and maintain nociceptive sensitization.



CENTRAL SENSITIZATION

Central sensitization refers to the increase in nociceptive sensitivity driven following injury at a central rather than a peripheral level. This is not narrowly defined, so some of these mechanisms also function at the level of the brain rather than solely at the level of the spinal cord (Latremoliere and Woolf, 2009). Moreover, these mechanisms function in many cell types (Figure 2), including neuronal, astrocytes, and microglia and to a lesser extent oligodendrocytes may also contribute.
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FIGURE 2. Glia and nociceptors are involved in cross talk mechanisms. Nociceptors, tissue damage and nociceptive neurons secrete factors that activate glia and trigger microglial activation. Microglia maintain nociceptive hypersensitivity through a range of mediators and astrocytes contribute further to this process. Oligodendrocytes may act as a further source of mediators.



Glia


The Sequence of Glial Activation

Over recent years it has become increasingly apparent that multiple cell types are involved in the transition to chronic pain following injury. Some researchers have attempted to define the causes of these sequential responses. For example, ERK activation occurs in many spinal cord cells in a particular order. Using ERK phosphorylation as a surrogate for activation, it is apparent the first cells responding to nerve injury are neuronal and then microglia follow in the early (<2 days) phase, while astrocytes are activated last (Zhuang et al., 2005). It is clear that both microglia and astrocytes are both activated by nerve injuries and both populations show substantial morphological changes. This activation appears to be important for the maintenance of neuropathic pain (Zhuang et al., 2006). Oligodendrocytes also have a reported role in this transition however, the time frame and exact role have not been as well-characterized as the role of microglia and astrocytes.



Astrocytic

Astrocyte activation has been associated with mainly the late (maintenance) phases of neuropathic pain. Ablation of astrocytes using intrathecal astrocyte targeted toxins is able to reverse established neuropathic pain (>10 days in rats), although curiously this represents only a transient effect suggesting that inhibiting astrocytic activation alone is not a viable strategy for the alleviation of neuropathic pain. Moreover, spinal nerve ligations (SNLs), a model of neuropathic pain, induce the activation of cJUN in spinal astrocytes and inhibition of cJun activity is able to therapeutically reverse established neuropathic pain (Zhuang et al., 2006). Astrocytes can act as a source of activating chemotactic factors including CXCL13 and CCL2. CXCL13 appears to be mainly upregulated in astrocytes, and seems to be essential for neuropathic pain. There is evidence indicating that CCL2 and CXCL13 are acting through microglia (Jiang et al., 2016) Knockout of the cognate receptor for CXCL13, CXCR5, causes loss of SNL-induced hypersensitivity together with reduced microglial activation (Jiang et al., 2016). In common with other inciting factors from glia, it is not clear that astrocytes represent the major source for all of the inciting molecules. CCL2 is also expressed in injured neurons after nerve injury and it is unclear if CCL2 derived from astrocytes plays an important role in neuropathic pain since the source after nerve injury appears largely neuronal (Thacker et al., 2009). Given that astrocytes are mostly post-mitotic (Sofroniew and Vinters, 2010) and neuropathic pain in the post-injury state is maintained, it is possible that the role of astrocytes is to maintain continual microglial activation through microglial cell division.



Microglial Activation

Following tissue damage, inflammatory mediators are released into the spinal cord in much the same way that peripheral sensitization happens at the periphery. A key target and source of these inflammatory mediators is the microglia. In particular the spinal upregulation and activation of ionotropic, purinergic (ATP) receptors P2X7 and P2X4 (Tsuda et al., 2003) triggers an inflammatory cascade culminating in the release of brain derived neurotrophic factor (BDNF) (Ulmann et al., 2008) and eicosanoids such as PGE2. Damaged peripheral neurons are hypothesized to trigger this cascade through the secretion of inflammatory factors from vesicular release and through damage. Specifically, the damaging of a neuron triggers the trafficking of chemokine-containing vesicles and their release from neurons (de Jong et al., 2008). For example, the release of CCL21 from nociceptors (or intrathecal injection) triggers the upregulation of P2X4 receptors in microglia and blocking this upregulation in knockouts attenuates neuropathic pain (Biber et al., 2011). Moreover, the direct injection of these inflammatory mediators is sufficient to elicit a neuropathic-like condition. Alternatively, the early release of pro-inflammatory cytokines including TNF-alpha following tissue injury also activates pro-inflammatory pathways. For instance, TNF-α is able to activate the expression of matrix metalloproteinase 9 (MMP-9) in cultured DRG neurons. MMP-9 can then cleave IL-1β causing its releases and this in turn activates spinal microglia (Kawasaki et al., 2008).

The importance of microglia in chronic pain transition is now uncontroversial however, the exact mechanisms require further investigation to identify the druggable components of this response. Multiple groups have shown that inhibiting microglial function is sufficient for the prevention of the development of neuropathic pain although there are only limited effects on established neuropathic pain (Coull et al., 2005). Moreover, the delivery of microglia stimulated with ATP is sufficient to elicit temporary neuropathic pain like symptoms in rats, although the delivery of intrathecal stimulated microglia may not truly reflect neuropathic pain. Microglial BDNF expression is suggested to be responsible for this effect in male mice since conditional deletion in microglia (CX3CR1 positive cells) inhibits pain after nerve injury (Sorge et al., 2015), although, necessarily, these studies utilized tamoxifen which could have sex-dimorphic effects due to estrogen receptor targeting (Birzniece and Ho, 2015; Ceasrine et al., 2019); so more research will be essential to understand this sex-dimorphism. The microglia source of BDNF has good genetic (Sorge et al., 2015), pharmacological and immunolabeling support (Ramer et al., 2007) however it remains controversial. Embryonic fate mapping experiments and in situ hybridization have suggested that BDNF is not expressed in naïve spinal microglia (Dembo et al., 2018) and sequencing evidence suggests an absence of Bdnf transcripts in spinal microglia after partial nerve injury (Denk et al., 2016), so repeating the lineage tracing experiments in the context of nerve injury will be essential for resolution. Together, microglia play an important role in increasing nociceptive sensitivity by providing pro-inflammatory factors, functioning similarly to peripheral immune cells, although their exact roles remain unclear and the pathways are not convincingly established.



Oligodendrocytes

Oligodendrocytes may also have a role in this transition to neuropathic pain. There is conflicting evidence that oligodendrocytes may be both pro-inflammatory and anti-inflammatory. Ablation of oligodendrocytes can trigger a central pain syndrome (Gritsch et al., 2014). Other reports indicate that the production of IL-33 may cause activation of astrocytes and microglia, although the factors that trigger oligodendrocyte changes remain unresolved (Shi et al., 2016). Similarly, to the issues we describe in microglia, it is complex to ascribe the function of IL-33 to oligodendrocytes since a major source of IL-33 is astrocytes (Vainchtein et al., 2018). Whilst these studies show oligodendrocytes may be able to modulate pain, the mechanistic evidence for their role remains highly limited and the directionality remains controversial.



Central Spinal Circuit Potentiation

High frequency activity at nociceptive connections in the spinal cord can cause mechanisms akin to long term potentiation (LTP) to occur wherein there is synaptic strengthening and a lower threshold is required to elicit a depolarization (Woolf, 1983). Similarly to LTP (Bliss and Lomo, 1973), there are several potential mechanisms all of which converge on increased intracellular calcium. In the same way as central sensitization, the key mechanism is NMDA (N-methyl-D-aspartate) receptor opening. The NMDA receptor is blocked at rest by a magnesium ion in its pore (Mayer et al., 1984). The coincidence of glycine (or serine or alanine), glutamate and strong voltage depolarization removes the magnesium block to the pore. The NMDA receptor shows high selectivity for calcium and the rise in intracellular calcium triggers cytosolic protein kinases which modulate receptor activity and increased excitability, in particular causing synaptic strengthening partly by increasing the AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors at the synaptic cleft through increased trafficking to the plasma membrane, receptor phosphorylation (Zou et al., 2000) and partly through a calcium-dependent transcriptional cascade. The most general mechanism of LTP holds true in dorsal horn neurons undergoing heavy stimulation and repetitive stimulation is known to cause synaptic strengthening (Ji et al., 2003). However, there are some critical differences to classical hippocampal LTP, for instance they do not drive the same transcriptional cascades and some signaling molecules such as p38-MAPK follow a different pattern, wherein inhibition supports LTP (Kelly et al., 2003) but p38 increases in some pain sensitization states (Crown et al., 2008). Moreover classical LTP only causes synaptic strengthening, whilst in dorsal horn neurons undergoing central sensitization there are a wide variety of neuronal responses (Ji et al., 2003) suggesting that classical LTP does not completely explain neuropathic pain. Regardless of the differences between LTP and its spinal correlate, central circuit potentiation theories have had a fundamental impact on the way that we treat post-operative pain (Wall, 1988; Woolf and Chong, 1993) and encouraged the development of blocking analgesic approaches to post-operative pain relief. Mechanisms of central sensitization are interlinked, and disinhibition for instance (the loss of inhibition in neuropathic pain) is directly linked to mechanisms of central sensitization through coupling proteins such as STEP61, that promote NMDA subunit (GluN2B) phosphorylation during loss of inhibition.



Disinhibition

The gate control theory of Wall and Melzack posited that certain kinds of chronic pain were triggered by a loss of a central gate for pain (Melzack and Wall, 1965). The idea of this gate was that non-painful stimuli may activate nociceptors but not be able to overcome this gate. A proposed structure is that A-Beta touch fibers fire and activate interneurons which then inhibit firing of second order projection neurons. Conversely when there is sufficient nociceptive c-fiber firing, the gate is overcome and pain is transmitted through projection neurons. They thought this in part because rubbing can relieve pain suggesting integration between touch and pain and that A-beta touch fibers may inhibit c-fibers (Figure 3) Moreover, during allodynia non-painful stimuli become painful, and finally lesions of the system do not relieve neuropathic pain suggesting a major central component. There is significant experimental evidence that the activity of low threshold mechanoreceptors is able to gate nociceptors and that increasing nociceptor activity is necessary to overcome the gate. Experimentally, activation of a-fiber nociceptors with channel rhodopsin can cause pain and this can be inhibited by the co-activation of low threshold mechanoceptors (Arcourt et al., 2017). A proposed identity of the classic gate is the inhibitory GABAergic and glycinergic neurons of the dorsal horn. In neuropathic pain conditions, central disinhibition represents a potentially important pathological mechanism. Specifically, electrophysiological recordings have identified that there is a decrease in the inhibitory post-synaptic potential (Moore et al., 2002) suggesting a loss of inhibitory tone. More recent work in Drosophila shows that this loss of inhibition is a strongly conserved mechanism essential for at least some forms of nerve injury associated hypersensitivity (Khuong et al., 2019a, b). Moreover, the specific ablation of spinal inhibitory interneurons seems sufficient to cause neuropathic pain reinforcing that dorsal horn inhibitory interneurons can act as pain gates (Foster et al., 2015; Petitjean et al., 2015). A number of mechanisms have been suggested that could explain the observed decrease in central inhibition.
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FIGURE 3. (A) In the healthy state insufficient activation by the C fibers is unable to trigger neurotransmission because they are gated by activation of inhibitory neurons by A beta fibers. Together this means that a beta activation inhibits pain transmission. (B) In the sensitized state, activation of a beta fibers is unable to block c-fiber response. There are multiple contributing mechanisms for this phenomena. (1) After nerve damage there is an overall loss of afferent fibers, some of these fibers feed onto inhibitory neurons so the loss may decrease activation. (2) Inhibitory interneurons can be lost at a whole level. (3) The GABAergic synapse may be less efficient if there is a change in the ability of GABA to hyperpolarize cells.



Anatomical Loss of GABAergic Neurons

One of the first theories to explain loss of inhibition was anatomical loss of GABAergic neurons in the spinal cord (Moore et al., 2002). Following nerve injury by CCI and SNI, firstly in the rat but also in mice, some groups have observed a decrease in the numbers of spinal neurons (Inquimbert et al., 2018). The mechanism for this is hypothesized to be primarily excitotoxic, and some groups have described a rescue of these phenotypes with both caspase inhibition or anti-oxidant treatments (Scholz et al., 2005; Yowtak et al., 2013) However, these hypotheses remain controversial. Multiple detailed stereological anatomical studies have suggested there is no loss of GABAergic neurons following nerve injuries, and two independent groups have suggested tactile allodynia occurs in the absence of a decrease in GABAergic neurons (Polgár et al., 2003, 2005; Polgár and Todd, 2008; Leitner et al., 2013). Moreover, the estimates from the groups who report dorsal horn cell death vary very widely, from as little as 10% in lamina I-II of the dorsal horn to as much as 25% of total neurons in the dorsal horn (Scholz et al., 2005; Inquimbert et al., 2018). Finally, the dying cells have not been reliably identified as neurons and other groups suggest that the apoptotic profiles are co-localized with microglial markers (Polgár et al., 2005). Therefore, the relative contribution of GABAergic cell death to neuropathic pain remains unresolved. Whilst some evidence exists, the evidence of the contribution is contradictory and conflicting, and further investigation with more precise techniques is in order.



Loss of Peripheral Input

An additional theory explaining these observations is that following a loss of peripheral afferents there is a loss of activity to inhibitory neurons and in a feed-forward manner this causes the loss of inhibition since there is less primary afferent input (Leitner et al., 2013). Given that there are fewer primary afferents of all classes there are less feed-forward inputs to inhibitory interneurons as such this can cause a decrease in activity and explain the decrease in inhibitory post-synaptic potentials. And indeed, spinal recordings do show a reduction of spinal inhibitory post-synaptic potential in the interneurons connecting to projection neurons when stimulated from mechanosensitive A-beta fibers following nerve injury (Lu et al., 2013). Thus there is evidence that a loss of peripheral input upon central inhibitor neurons can underlie some of the phenotype of reduced pain sensitivity however, this evidence remains limited to only a few pain conditions and again future studies are warranted.



Changing Role of GABA and the Regulation of KCC2

The inhibitory nature of GABA receptor activation itself is also proposed to shift during the transition to a neuropathic pain state more similar to the role of GABA in the developing brain. Due to the chloride balance of the early brain, GABA has a divergent depolarizing rather than hyperpolarizing activity in this context. In such circumstances, GABA effectively acts as an excitatory neurotransmitter (Ben-Ari, 2002) and in early development actually represents the primary excitatory neurotransmitter (Leinekugel et al., 1999). Part of the reason for this appears to be that BDNF stimulates a transcriptional pathway culminating in the decreased expression of KCC2, a potassium chloride co-transporter (which under normal conditions will extrude chloride ions), thus enhancing the intracellular concentration of chloride ions. This shifts the intracellular balance of chloride ions and makes GABA excitatory. This pathway is also proposed to have a role in the development of neuropathic pain given that BDNF is released following nerve injury from microglial activation cascades (Coull et al., 2005). Since, the primary role of GABA in these circuits is thought to be analgesic (or more precisely gating stimuli), this changing role causes hypersensitivity. This mechanism is not limited to rodent models and KCC2 mediated disinhibition is observed in human models (Dedek et al., 2019). Finally, targeting this pathway with KCC2 activating small molecules is an effective and fairly specific method for analgesia in rodents (Gagnon et al., 2013). However, given that increasing GABAergic inhibition causes a general suppression of pain in neuropathic pain models (Hwang and Yaksh, 1997; Eaton et al., 1999; Zhang et al., 2011; Bráz et al., 2012; Petitjean et al., 2015; Fandel et al., 2016) as well as patients (Zuniga et al., 2000; Harmer and Larson, 2002) the exact details of this potential mechanism remain somewhat unclear, since the observations of GABA induced analgesia are inconsistent with a complete reversal of GABAergic function. It is therefore more likely that in most cases this represents only a contributory phenomenon, whereby hyperpolarizing currents are attenuated in response to GABA in a small subsets of neurons, rather than a complete current reversal underlying neuropathic pain as originally claimed. Recent studies in the hippocampus suggest that KCC2 downregulation may only have a limited impact on GABAergic signaling. The downregulation of potassium leak conductance may actually underlie the observations of increased excitability following nerve injury potentially unifying these apparently dichotomous results. Whilst the intracellular change in chloride does result in depolarization of the reversal potential of chloride (the electrochemical potential of the membrane at which there is no motive force on ions), the change in the reversal potential is almost entirely compensated by an increase in the resting membrane potential limiting the impact on GABAergic signaling. Loss of KCC2 downregulates the membrane expression of Task-3 in the hippocampus and this downregulation appears to enhance the coupling between excitatory inputs, importantly this is independent of GABAergic signaling (Goutierre et al., 2019). KCC2 downregulation has an important role in neuropathic pain and targeting KCC2 appears to have a good analgesic efficacy in preclinical models and importantly changes in KCC2 mediated inhibition are conserved to human models (Dedek et al., 2019).



A Decline in Inhibitory Neurotransmitter Synthesis

A decline in GABA levels in the spinal cord and brain may underlie some aspects of neuropathic pain and changes in the GABAergic synthesis system have been identified in a wide variety of models at both central and spinal levels. In the nucleus raphe magnus (NRM), following Nerve injury and CFA injection in Rats, there is a decline in Glutamic acid decarboxylase (Gad) 2, and reversing this using Histone deacetylase (HDAC) inhibition relieves aspects of neuropathic pain (Zhang et al., 2011). This represents a potential supraspinal site of regulation of pain, since critical descending analgesic circuits are located here. Whilst there are clear differences at supraspinal sites, other studies have also examined GABA at a spinal level. Many studies have examined the loss of GABA machinery at the transcriptional level; it is clear that Gad2 (encoding for GAD65) transcripts are decreased in the spine although it is unclear whether this change is driven by transcriptional downregulation or a loss of neurons (Bráz et al., 2012). There is no clear difference in GAD67 levels potentially arguing against a general loss of GABA neurons, since GABAergic neurons express both forms. However, these effects could also be a result of negative feedback mechanisms that maintain GAD67. Other studies have measured the concentration of amino acids in the spinal dorsal horn by high performance liquid chromatography (HPLC) and electron microscopy, these studies have found somewhat contradictory results. Some investigators suggest a substantial decline in GABA concentration in the dorsal horn (Liu et al., 2004) in central pain (from spinal injury), and peripheral nerve injuries (Shen et al., 2014) however, others have detected no significant changes by immunolabeling and electron microscopy (Polgár and Todd, 2008). Moreover, many of these studies do not address the mechanism of changes in GABA synthesis since the majority of these studies have not been able to determine the etiology of loss of GABA. Therefore, the relative role of loss of GABA synthesis remains somewhat unclear.



Loss of Central Inhibition in Human Systems

The system shows additional complexity as the reduction in GABA is not limited to the spinal cord. At least in neuropathic human patients there is a loss of central GABA using quantitative magnetic resonance spectroscopy, a method by which an MRI can resolve the molecular composition by examining the amino acid concentrations of a specific space. The only study so far to utilize this technique showed that there was a significant decrease in the levels of GABA in the contralateral thalamus (the contralateral thalamus is innervated by the ipsilateral side). This suggests multiple levels of regulation of pain transmission including multiple levels of inhibition (Henderson et al., 2013). The utility of this technique has been somewhat limited by the fact that it is technically complex to image at the spinal cord level and this has meant it is not possible to determine whether there is a loss of GABA at the spinal level in human patients. Whilst, it is unclear if GABAergic signaling is defective in the spinal cord of human patients, administration of GABA receptor agonist baclofen spinally through intrathecal injection can both cause some relief in cases of neuropathic pain amongst human patients as well as in pre-clinical models (Hwang and Yaksh, 1997; Zuniga et al., 2000; Harmer and Larson, 2002). However, it is difficult to isolate the effects of the GABA receptor agonists on brain regions rather than acting locally in the spinal cord since the route of administration (intrathecal) provides no certainty of spinal specificity. Other drugs which are known to target GABAergic pathways are also used in treatment refractory neuropathic pain patients including GABA reuptake inhibitors (Todorov et al., 2005), and GABA transaminase inhibitors including valproic acid (Gill et al., 2011). However, many of these drugs are regarded to be promiscuous and target many pathways making it difficult to identify the specific mechanism of action. Moreover, many of these drugs are general off-label indications with limited clinical trial support (Gill et al., 2011). All of these drugs also necessarily act centrally; the central action of GABA modulating drugs means the assignment of these drugs to any spinal mechanism cannot be reliably assessed since modulating inhibition in the brain could also explain analgesia and the separation of these functions is non-trivial. Together, there is evidence of a reduction of inhibitory tone in humans and reinforcing central inhibitory tone through treatments that increase levels of inhibitory spinal transmitters may relieve neuropathic pain, although the level at which these treatments functions remains unclear and their exact mechanism is not well-understood.



CURRENT ISSUES IN THE TREATMENT OF PAIN

Superficially alleviating pain is obvious (Figure 4), treating the underlying condition removes inciting factors underlying the pain state and is expected to alleviate the pain. However, in some cases relieving the underlying cause of pain does not relieve the pain. Moreover, in many cases there is no clear etiology or targetable biological cause for the pain. A range of medications and interventions have been developed to address this problem however, they provide limited relief and cause their own problems.
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FIGURE 4. Pain therapies at present have a number of challenges. Opioids remain a key class of analgesics and are heavily associated with addiction, this property may be shared by many pain killers including the gabapentinoids. Current and emerging treatments are both associated with substantial side effects including gastrointestinal and central effects. Many existing treatments do not have a substantial evidence base supporting their use from robust randomized clinical trials. Pain relief does not act in a specific localized manner at present and side-effects are partly due to this. Finally, many pain treatments lack substantial efficacy and the number needed to treat is often greater than 5.



Addictive Properties of Analgesics

Addiction due to pain relief now represents a major crisis in medicine. Since the early 1990s, opioids have played a much more important role in treating pain in the community, with devastating results (Makary et al., 2017; Curtis et al., 2019; Glare et al., 2019). Opioid addiction is a severely disabling condition and is associated with a high disease morbidity and devastating social results (reviewed in depth by Volkow et al., 2019). The rise in opioid treatment has led to a public health crisis, driven primarily by prescription drugs, causing a fivefold increase in the rate of overdoses since 1999 (Centers for Disease Control and Prevention [CDC], 2013). Opioids are not positive disease modifying drugs for pain and cause tolerance and hyperalgesia. The opioid epidemic has partly been driven by a failure in education; for instance many clinicians were misled by data suggesting addiction under normal brief use is rare (Porter and Hershel, 1980), partly this has been a result of extensive and misleading marketing campaigns by elements of the pharmaceutical industry for inappropriate indications (Meier, 2007; Van Zee, 2009; Leung et al., 2017). Recent, high quality evidence suggest that opioids cause substantial addiction under regular use and as many as one in 16 surgical patients become opioid addicted (Volkow and McLellan, 2016; Leung et al., 2017). Furthermore, longer term treatment with opioid drugs can induce hyperalgesia creating a cycle of heightened pain responses necessitating greater doses; subsequently, these drugs are no longer recommended (as first or second line treatments) for neuropathic pain (Finnerup et al., 2015). Finally, clinical trial evidence suggests the efficacy of opioids is actually somewhat limited (corresponding to an improvement of around 0.67 cm on a 10 cm pain scale). Whilst other analgesics such as gabapentinoids were initially suggested to not have addictive properties, there is increasing evidence that these drugs are also addictive (Chiappini and Schifano, 2016). This highlights the importance of increasing analgesic specificity to avoid addiction.



Evidence for Existing Long-Term Treatments

Many current methods for relieving pain diseases in the long-term, such as low back pain, lack a solid evidence base from randomized clinical trials (Fairbank et al., 2005). In particular there is no high-quality evidence that patients benefit from many of the surgical procedures prescribed to treat chronic pain such as dorsal rhizotomies, spinal fusions and arthroscopies. Orthopedics is based on the assumption that correcting tissue anatomy will resolve pain. In fact in many cases a placebo surgery may be just as effective and overall cure rates remain low from these procedures (Moseley et al., 2002; Fairbank et al., 2005), additionally these treatments can cause serious complications that should not be ignored. Moreover, the recent development of unregulated stem cell treatments including stromal derived material is concerning, as these therapies have not demonstrated efficacy through rigorous clinical trials (Turner, 2015). Ongoing pain makes patients vulnerable and patients require protection from procedures with poor evidence of efficacy.



Limited Efficacy of Long-Term Treatments

Whilst the relief of nerve compression can promote long-term relief in certain cases of trigeminal neuralgia, where there is microvascular compression of the trigeminal nerve, in general this kind of surgical approach is unsuitable for most forms of neuropathy which lack an obvious mechanical etiology. A number of more recent approaches have been created in an attempt to address the lack of long-term therapies. The most obvious local therapies for pain that show considerable efficacy in small animal models are nociceptive ablation using high doses of specific agonists and blocking transmission, for example using local anesthetic injections. However, the use of non-specific local anesthetics is associated with considerable side-effects since they are not selective to particular voltage gated sodium channels and nociceptor ablation using capsaicin creams shows only mild efficacy in the clinic (Finnerup et al., 2015). Finally the analgesic themselves retain often limited efficacy, for the most effective drugs with good evidence the number needed to treat (number of patients treated for one patient to receive > 50% analgesia) is 3.6 for tricyclic antidepressants and > 5 for pregabalin, gabapentin and serotonin noradrenaline reuptake inhibitors (Finnerup et al., 2015).



Specificity of Existing Pain Relief

Current pain relief works in a non-specific manner, In general current treatments for neuropathic pain focus on the block of signaling pathways (calcium and sodium channels) and the enhancement of descending control (for example opioids). For instance Gabapentinoids are largely calcium channel blockers originally developed for the treatment of epilepsy, conversely carbamazepine, an effective drug for trigeminal neuralgia blocks sodium channels. There are clear issues with this strategy. In general the nervous system uses conserved pathways for activity, whilst this means that drugs targeting other diseases, in particular epilepsy, are available, this also contributes to the broad array of side effects (Gilron et al., 2005; Derry et al., 2015; Mathieson et al., 2017). Many of these medications affect multiple neural systems, and cause side effects most importantly perhaps being fatigue. The limitations are not limited to drugs that act on the nervous system, for example selective COX-2 inhibitors Celecoxib and Rofecoxib cause severe thrombotic cardiovascular side-effects driven by their effects on non-target tissues (Bresalier et al., 2005; Solomon et al., 2005). This is highly problematic given target populations for these medications often have cardiovascular co-morbidities. Together the side effects impose significant limitations on the dose and efficacy of existing pain medications. Beyond the lack of efficacy and dose, these side effects impose a significant burden on quality of life in patients undergoing long term treatment. Even in cases where the pain is relieved, these side effects cause significant functional disability.



Affective and Psychological Components

Chronic pain and related conditions such as addiction impose a significant affective disease on people. Existing pain treatments do not adequately address the burden of living with pain in part because they do not address the affective component. Chronic pain often co-occurs with serious psychiatric diseases such as depression and anxiety. There is evidence that chronic pain may directly contributes to these conditions and acute pain causes depressive symptoms in mice through a central mechanism (Sieberg et al., 2018; Zhou et al., 2019). Pre-existing depression may also predispose an individual to pain and additionally depression’s manifestation frequently involves somatic symptoms (Simon et al., 1999). Current targets may not be adequately addressing these central pathologies and these factors are not typically addressed by current behavioral models. Psychological factors also affect the intensity of the pain that is experienced, with catastrophization representing markers for pain intensity that is experienced (Sullivan et al., 1998; Tripp et al., 2009; Ogunlana et al., 2015). It is important to reflect whether our existing strategies actually address these aspects of pain pathology and if not how these could be better modeled. Addressing pain through for example enhanced spousal support for instance can have a substantial positive benefit on quality of life and these non-pharmacological interventions should not be ignored (Ginting et al., 2010).

Existing treatments and some emerging therapies retain limitations in their ability to promote functional recovery. Firstly, the aforementioned pain comorbidities can make functional living difficult, including maintaining employment and additional costs related to healthcare are associated with residual pain. Beyond this, not effectively treating pain can be dangerous. There is evidence that patients tend to self-medicate, often with harmful consequences such as high alcohol intake or the use of drugs (Alford et al., 2016). Withdrawal effects of drugs and alcohol can cause hyperalgesia and this contributes to the pathology and co-morbid addiction further adds to the societal and personal harms of pain (Egli et al., 2012). Not adequately addressing pain risks is exacerbating these effects and is the result of inadequate pain control. Given that these associated affective and psychological components are a major element of pain pathology, it is important that they are better addressed through new therapies and that therapeutic combinations with psychological treatments could be more frequently utilized.



Pain Heterogeneity

At least part of the difficulty in treating pain is the biological heterogeneity of painful disorders. Superficially similar disorders such as neuropathic pain can have varying treatment efficacies that are even dependent on location of pain. For instance, trigeminal neuralgia, a neuropathic pain subtype specifically affecting the trigeminal nerve is unique in its strong therapeutic response to carbamazepine (Wiffen et al., 2014). Stratifying pain patients by symptomology already has utility, for instance in differentiating inflammatory and neuropathic pain. However, more detailed molecular analyses now suggest substantial heterogeneity in the pathologies underlying pain even with apparently similar symptomology. For instance, in the biologically heterogenous bladder pain syndrome, elements of the disease mechanism can be identified by finding clusters of patients and key genes that are responsible for these phenotypes such as the identification of CCL21 and FGF8 in bladder sensitization (Offiah et al., 2016). Similarly IBS-C (IBS with constipation), a subform of IBS typified by constipation, shows specific regulation of 5-Oxo-eicosatetraenoic acid (5-OxoETE), a polyunsaturated fatty acid in colonic biopsies (Bautzova et al., 2018). 5-OxoETE triggers sensitization and these results suggest that IBS can be sub-classified to reveal specific disease targets. Considering their different etiologies, targeting different aspects of the pathway may be more effective in some instances for relief than common elements with the caveat that this may substantially increase treatment costs. However, if subtypes classify treatment responses to existing medications this may have substantial and immediate therapeutic potential. In order to better classify pain diseases, we will need better biomarkers. Some promising approaches have been put forward in this field. For instance proteomic studies of the cerebrospinal fluid from pain patients have identified new potential biomarkers for complex diseases such as fibromyalgia (Khoonsari et al., 2019), studies like this offer substantial potential as sources for both the discovery of disease mechanisms and biomarkers. Similarly in neuropathic pain, deeper datasets characterizing the changes that occur in biopsies, quantitative sensory testing (to identify defective modalities), proteomic and genetic screening strategies may be able to identify subtypes of neuropathic illness (Themistocleous et al., 2018). There will be substantial promise in using these emergent methods to classify and provide more personalized pain treatments that are stratified by the underlying mechanism of disease.



DEVELOPING LONG TERM AND LOCAL THERAPIES FOR PAIN

Whilst there are many available treatments for the short-term relief of pain, it has proved difficult to relieve pain in the longer term in any mammalian system without substantial side effects. This is particularly the case for neuropathic pain. A key reason for this is that current available therapies for neuropathic pain focus on the block of peripheral or central neurotransmission rather than altering factors underlying the maintenance of pain such as glial activation, central sensitization and loss of inhibition. Furthermore, all systemically acting drugs have potential for widespread side effects given their lack of specificity for neurons in the pain pathway. Historical approaches to the problem of intractable chronic neuropathic pain have been largely surgical, and the majority of these approaches revealed a singular truth, simply lesioning parts of the nervous system does not create pain relief in the long-term and many of these procedures had considerable adverse effects (Melzack and Wall, 1965). The expansion of molecular biological methods in pain research have driven further expansion in the potential pathways for treatment. Here, we explore how these advances have paved the way for new treatments (Figure 5).
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FIGURE 5. Novel and emerging therapies are generally targeted to specific parts of the nociceptive circuit. Antibodies, specific small molecules and non-host factors can be targeted at afferent nerve endings. The dorsal root ganglia (DRG) can be targeted with Gene and cell therapies. A major growing target for therapy is the spinal cord. In nociceptive sensitization this appears to be a major site of hypersensitivity and targeted toxins, cell transplants, gene therapies, micro-RNA therapies, and antibodies have all shown some efficacy in long term pain.



Genetic Therapies

Gene therapies have been increasingly proposed to treat intractable pain. Early methods involved the gene transfer using GAD65 using herpes simplex viral vectors to enhance inhibitory tone (Liu et al., 2004). More recent efforts have used the delivery of adeno-associated virus (AAV) containing glutamate activated chloride channels to peripheral neurons to promote long lasting pain relief by increasing hyperpolarizing GABA currents after ivermectin (designer drug) administration (Weir et al., 2017). Not all of these strategies will necessarily target neurons, delivery of anti-inflammatory cytokine IL-10 using lentiviral mediated transfer has also shown promise for neuropathic pain (He et al., 2013). Another recent development is the targeting of novel miRNA pathways; there is growing evidence for the involvement of miRNAs in both the maintenance and in initiation of chronic pain. Synthesized single strand inhibitors of these miRNAs have recently shown prolonged efficacy of weeks (Tramullas et al., 2018). An advantage of these methodologies is they show long lasting relief and, in some cases, may provide local relief targeting pain specific pathways or using drugs unable to cross the blood–brain barrier. Whilst some miRNAs have a role in maintenance of pain, overexpression of other miRNAs may have a role in promoting resolution most likely through modulation of chemokines. A considerable disadvantage of genetic therapies for pain is that we do not yet understand the consequences of long-term inhibition of these pathways, moreover, the route to market for genetic therapies is complex and there remain doubts as to the safety of viral vectors for genetic engineering. Whilst AAVs for instance have been safely used in many clinical trials (Seymour and Thrasher, 2012), there is good evidence that AAV integrations can cause hepatocellular carcinoma in mice (Donsante et al., 2007; Chandler et al., 2015) and recent evidence shows that novel CRISPR gene targeting methods may increase the risk of AAV integration (Nelson et al., 2019) and this could also be genotoxic. Furthermore, host responses to viral vectors have not yet been fully addressed in the spinal cord or dorsal root ganglia (DRG) and it is conceivable that these immunogenic responses could have long term negative effects. Moreover, the generation of targeting methods to affect specific cell types of interest may improve efficacy and tolerability, although without specific targeting, options are limited to vectors that have few negative effects in other local cell types. Together genetic therapies offer considerable promise for pain however, the limitations affecting much of the gene therapy field impose similar limits in pain therapeutics.



Cellular Therapies

As in other fields some researchers have proposed and developed cell transplants to address pain. These cell transplants have focused on two major therapeutic targets, enhancing central inhibition by increasing spinal GABAergic signaling and inhibiting inflammation. Early work in pain cellular therapies utilized genetically modified cancer cell lines that were designed to act as GABA pumps however, the source of cells is not considered suitable for therapeutic purposes (Eaton et al., 1999). Later work suggested that it was possible to implant precursors from mouse fetal forebrain (the medial ganglionic eminence) of GABAergic neurons into mouse spinal cords and that with this method it was possible to relieve neuropathic pain for weeks from a spared nerve injury (Bráz et al., 2012) and chemotherapy induced neuropathy (Bráz et al., 2015). These cells differentiated largely into GABAergic neurons however there are important caveats, namely that these cells were derived from embryonic mice which is not a suitable source of cells for human transplants, as mouse cells cannot be used in humans without significant genetic modification. Moreover whilst there is a large bias toward GABAergic specification, (30%) other cell types including astrocytes were present in the grafts (Bráz et al., 2012, 2015; Etlin et al., 2016). Following the success of this work another group was able to create mouse forebrain-like progenitor cells from human embryonic stem cells and implant these into the injured spinal cord. These cells survived (in immunodeficient hosts) and this transplantation was able to reverse some of the side-effects of spinal cord injury specifically, heat hyperalgesia, mechanical allodynia and bladder dysfunction in long term studies (∼6 months therapy) (Fandel et al., 2016). However, these studies together retain substantial limitations; in particular, we do not fully understand the potential consequences on sensory-motor function of increasing the number of inhibitory neurons in the spinal cord or whether long term spinal cord reorganization could become pathological. Moreover, it is not clear if the transplantation of progenitor cells which are proliferating may have negative effects. Further studies will be essential to identify whether synaptic reorganization is a limiting factor for cell transplants targeting these pathways. There is substantial promise for these therapies to be adapted for iPSC, creating the possibility of autologous cell therapies. An alternative promising cellular approach is inhibiting inflammation using bone marrow-derived stromal cells (BMSCs) delivered intrathecally (Chen et al., 2015). In contrast to GABAergic transplants, these cells act as a source of pain killing mediators, in particular, releasing TGF-β1. These cells can home in on injured DRGs and only small numbers appear to be required for analgesia. Whilst these cells show considerable potential, their survival and potentially their efficacy appears limited to ∼70 days, so it remains unclear if these are a viable pain therapeutic at present. There are also general limitations to this approach, in vitro expansion of mesenchymal stem cells appears to cause an increase in their immunogenicity and autologous mesenchymal-type stem cells including BMSCs may be subject to NK-cell mediated lysis in vivo (Sotiropoulou et al., 2006; Spaggiari, 2006). Furthermore, these experiments used rodent MSCs and there is no evidence that human cells have the same effect. Together these therapies show substantial promise although their long-term safety, tolerability and efficacy remains unclear.



Antibodies and Targeted Therapies

Antibodies are now a significant group of therapeutics in immunology (Chan and Carter, 2010) and a growing class of therapeutics for pain. Modulating the immune system has therapeutic potential for pain by resolving inflammation and moreover a number of pain specific therapies have been developed in recent years. NGF represents a major drug target for pain. Therapeutic antibodies have been developed that target NGF since it is a critical component of inflammatory pain (Denk et al., 2017). These antibodies can show considerable efficacy however, they are also associated with side effects. In particular, NGF neutralization can trigger neuropathy through a loss of trophic support (Einarsdottir et al., 2004; Testa et al., 2018). Moreover, a complete loss of pain perception is not necessarily helpful and treatment with anti-NGF medications can cause an increase in osteoarthritis pathology that caused an initial halting of anti-NGF therapies (Lane et al., 2010). This is thought to be partly driven through a loss of protective pain sensation. Additionally, these treatments at higher doses cause sensory abnormalities in many patients. More recent trials have not suggested a high frequency of these adverse events so it remains hopeful that anti-NGF therapies will become effective clinical tools for osteoarthritis. Similarly anti-CGRP antibodies have substantial promise for migraine therapy (reviewed in depth by Goadsby et al., 2017 and Silberstein et al., 2017). Alternatively, similar antibody strategies have been developed in an attempt to target microglial sensitization, in this case targeting the P2X4 (the ionotropic A TP receptor subunit-4) cascade. These show some efficacy, although only short-term outcomes have thus far been examined (∼7 days treatment), moreover these antibodies do not offer full relief from pain (Williams et al., 2019). Finally, many therapeutic antibodies only weakly permeate the blood–brain barrier, limiting analgesic targets to the periphery. Because chronic pain conditions are entrenched, repeated dosing may be required so antibodies that are able to pass the blood–brain barrier may be preferred. Together, antibodies appear to hold substantial potential as a method to neutralize pain mediators, a careful re-examination of targets may yet reveal exciting new therapies for pain.

A somewhat complementary approach is the recent development of targeting central spinal neurons using botulinum neurotoxin A conjugated to substance P or dermorphin. Using these approaches, specific classes of spinal neuron that express receptors for these ligands can be targeted, in this case NK1 or MOR expressing neurons respectively, and this can then inhibit inflammatory or neuropathic pain pathways. Whilst exceptionally promising these approaches have limited efficacy at present and do not seem able to restore pain to near baseline levels. However, the injection of dermorphin targeted botulinum toxin had an effect even when administered 2 weeks after nerve injury suggesting that silencing dorsal horn neurons is a therapeutic possibility for inhibiting pain that is already established (Maiarù et al., 2018). Together, these protein-based therapies have substantial potential for the future treatment of pain.



Epigenetic Therapies

It has become increasingly apparent that certain epigenetic changes may underlie factors that maintain neuropathic pain (Descalzi et al., 2015), partly because they are likely to stabilize abnormal transcriptional profiles in the long term. Therefore, targeting these pain entrenching mechanisms may have therapeutic potential. It is thought that regulation of histone acetylation may play a role in the pathogenesis of pain. The pre-treatment of rats with histone de-acetylase (HDAC) specific inhibitors for instance is sufficient to attenuate neuropathic pain (Denk et al., 2013). However, the role of HDAC inhibitors is not limited to neuropathic injuries. Indeed, it is reported that inflammatory pain may be partially caused by a loss of GAD65 as a result of epigenetic repression. In this case, the deacetylation of histone residues around GAD65 leads to a decrease in expression through HDAC activity. Moreover, there is a requirement for GAD65 since the response doesn’t occur in GAD65 knockout mice (Zhang et al., 2011). Alternatively, the down regulation of potassium channels by G9a, a histone dimethyltransferase, after nerve injury appears to be involved in the chronic pain transition and this pathway is druggable with chaetocin (Laumet et al., 2015). A large issue with many of these pharmacological experiments is the lack of specificity of HDAC and methyltransferase inhibiting drugs, meaning it is unclear if the effects are mediated by HDAC modulation of epigenetic function. The agents commonly used to manipulate HDACs include valproate, sodium phenylbutyrate, and trichostatin A, which have other effects including GABA transporter inhibition, autophagic inhibition, tubulin stabilization and endoplasmic reticulum stress inhibition (Ricobaraza et al., 2009; Abematsu et al., 2010; Godena et al., 2014; Bondulich et al., 2016) that is mainly related to non-epigenetic roles of HDACs and drug promiscuity. Given that investigators rarely demonstrate the specificity of their effect, the mechanism by which these drugs improve pain symptoms remains unclear. Additionally, as of yet we do not understand enough about the specificity of epigenetic regulation within nociceptors and blunt instruments such as HDAC inhibition or histone methyltransferase inhibition are likely to have many of the problems associated with current pain therapies, namely specificity. As a result, until we are able to directly target the epigenetic state of nociceptors, therapies targeting epigenetic pathways remain unlikely until this can be overcome.

A potentially more fruitful approach is the direct modulation of the epigenetic state at specific loci. AKAP150 is reportedly involved in discogenic back pain, and epigenetic silencing using a dead cas9 tethered to a KRAB (kruppel associated box protein), that causes transcriptional silencing through depositing repressive H3K9me3 (Histone 3 Lysine 9 Trimethylated) marks can be achieved. This showed some promise in an in vitro model, but it has not been demonstrated in vivo (Stover et al., 2017).



Nociceptor Specific Small Molecule Therapies

Since the discovery of congenital insensitivity to pain linked to Nav1.7 (SCN9A) mutations, Nav1.7 has emerged as a key drug target. Since Nav1.7 initially appeared to only be required for smell and pain (Cox et al., 2006), it was a tempting drug target with few potential side effects. Later evidence has shown that Nav1.7 may also contribute to the regulation of feeding and obesity through a centrally mediated mechanism, but given that its role in pain is thought to be peripheral, this may not have a significant impact on Nav1.7 inhibitors that do not pass the blood–brain barrier (Branco et al., 2016). Nav1.7 blockers have shown efficacy in clinical trials targeting erythromyalgia and diabetic neuropathy (Cao et al., 2016). However, they also highlight a considerable issue for the sensory neuron silencing approaches; where silencing of sensory neurons invariably causes neuropathy. Recent evidence suggests that neuropathy is a common consequence of Nav1.7 mutations that cause pain insensitivity and it remains to be seen if targeting nociceptors with long-term silencing agents also causes neuropathy in a more general sense (McDermott et al., 2019). If neuropathy is a general side-effect of targeting nociceptors, it will be important to balance pain relief with the risk of painless neuropathy. In a similar manner to Nav1.7 antagonists, membrane impermeant sodium channel blocker QX-314 (a lidocaine derivative) can show specificity to nociceptors when targeted using capsaicin agonism which dilates the TRPV1 pore enough to allow entry through the channel (Binshtok et al., 2007). If the problems of silencing can be addressed, these nociceptor-specific therapies offer substantial promise for pain. Similarly, because toxins can create pores for example staphylococcus aureus, these can also permit the specific entry of QX-314 (Blake et al., 2018) again targeting the analgesia to affected nerve fibers only. By targeting only nociceptors using small molecular therapies, there is considerable potential to create new, safer drugs. Moreover small molecules may have an easier route to market than genetic or cell therapies.



Non-host Factors From Bacteria and Venomous Organisms

Toxins can cause substantial pain and suffering, in the case of toxin-induced pain, directly inhibiting toxin actions using molecular antidotes should be regarded as a potential therapy for pain. For example, the severe pain induced by venom from the box jellyfish, Chironex fleckeri, can be inhibited by targeting mechanisms linked to its ability to cause cell death specifically by treating with a cyclodextrin that removes cholesterol from cellular membranes is able to attenuate acute pain, sensitization and necrosis in mice (Lau et al., 2019). Whilst Chironex fleckeri envenomation remains rare, targeting snake envenomation using similar approaches may have potential for neglected tropical diseases that are having a growing impact owing to increased costs of anti-venoms and lack of antivenom efficacy in many cases (Isbister, 2010; Mohapatra et al., 2011; Brown, 2012). Similarly, in the case of bacterial infections, a frequent cause of pain is formylpeptide induced pain through the FPR1 receptor (Chiu et al., 2013), these can be targeted using antagonists to FPR1 such as boc-MLF (Chiu et al., 2013). Given that bacteria and venomous animals produce a host of toxins with diverse mechanisms of action, further investigation of the factors that cause pain and molecular therapies targeting these mechanisms have significant therapeutic potential. Moreover, similar processes may underlie the pain-causing potential of endogenous components of the inflammatory soup and targeting specific components using some of these strategies is feasible. Finally, pain caused by bacterial infection can inhibit immune function, targeting of these nociceptors is potentially critical to allowing the immune system to clear pathogens more effectively (Baral et al., 2018; Pinho-Ribeiro et al., 2018) and this highlights the importance of targeting pain not only for patient comfort but as a major pathological element of disease.

In addition to targeting these non-host factors, toxins and venoms seem to be an effective source of potential new analgesic compounds. Through an understanding of the components of venoms and toxins, many therapeutic compounds can be identified. For instance mycolactone from Mycobacterium ulcerans can elicit analgesia (En et al., 2008) through angiotensin receptor dependent potassium channel mediated hyperpolarization. This does not elicit nerve damage and therefore shows potential as an analgesic (Marion et al., 2014). Similarly, the identification of analgesic conotoxins derived from cone snail led to the development of conotoxins for pain. For instance, the intrathecal injection of Ziconotide can be used to inhibit severe chronic pain (Schmidtko et al., 2010). The delivery method also requires implantation of a intrathecal catheter which has practical limitations (Schmidtko et al., 2010). Currently, CNS side effects resulting from lack of specificity to pain neurons narrow the therapeutic window. Given that there are over 70,000 conopeptides these approaches have substantial promise both to find specific conotoxins for nociceptive neurons and to understand basic mechanisms of pain (Klimis et al., 2011; Adams et al., 2012; Mohammadi and Christie, 2015).



Targeting Later Phases of Pain Sensitization

Whilst a lot of progress has been made developing therapies applied early in injury, prior to injury and during injury, more limited progress has been made in finding treatments for established neuropathic pain. Given that many patients have lived with pain for years, and patients who will go on to develop chronic pain are not necessarily easy to identify, it is unclear if the models we are currently using can identify effective treatments and moreover it is unclear the extent to which these pathologies are being effectively modeled in mice. With only a select few examples, in most studies the time frame of analgesia development is still limited to 3 weeks and most therapies are not tested for long-term efficacy. Examining therapies in the context of long-term treatments and efficacy is critical to developing new therapies that work in the clinic.



HOW CAN WE DESIGN MODERN TREATMENTS FOR PAIN?

Chronic pain was historically seen as a symptom of a disease rather than a disease in its own right. Modern therapies for pain will need to consider pain as a disease in its own right and therefore we should take a mechanistic approach to its treatment. Pain should also be regarded as a highly heterogeneous disorder. In all probability, many pain mechanisms function together to create a complex pathological disorder. Studies must now look to address which of these mechanisms function together, and examine cross-talk between different pathways in greater depth. By understanding potential cross-talk and convergence between these mechanisms, we are likely to gain a better understanding of pain targets. Furthermore if we accept that pain is a heterogeneous condition, the stratification of patients by mechanism of action may be essential for effective treatments. Beyond pain itself we must not ignore the negative psychological and social effects of pain. We know that treating a disease alone is not necessarily enough to solve pain, we should accept that resolution of pain whilst ignoring the affective components of the disorder and the central components of the disease may be similarly ineffective.

Pain therapy itself is in crisis; addiction and poorly targeted drugs plague our current strategy for alleviation of chronic pain. Therefore, disease-modifying therapies which address central and peripheral sensitization are urgently needed. Whilst developing these new therapies we must be more careful to only recommend treatments with good evidence of efficacy obtained from randomized clinical trials and not subject patients to un-necessary and dangerous treatments. Finally, modern pain therapies should use targeting strategies that specifically target nociception and pain and move away from promiscuous drugs that have off-target central modulatory effects that underlie many of the side effects of analgesia. As we gain a deeper insight into the central mechanisms of pain disorders, we should be better able to treat pain diseases.
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Objective: The pain numerical rating scale (NRS) is widely used in pain research and clinical settings to represent pain intensity. For an individual with chronic pain, NRS reporting requires representation of a complex subjective state as a numeral. To evaluate the process of NRS reporting, this study examined the relationship between reported pain NRS levels and imagined painful events reported by study subjects.

Design: A total of 149 subjects with chronic low back pain characterized by the NIH Research Task Force Recommended Minimal Dataset reported current pain NRS and provided imagined examples of painful experiences also attributing to these an NRS. We present a quantitative and qualitative analysis of the 797 pain examples provided by the study subjects.

Results: Study subjects tended to be able to imagine both highly painful 10/10 events and non-painful events with relative agreement across subjects. While NRS for the pain examples tended to increase with example severity, for many types of examples there was wide dispersion around the mean pain level. Examination of pain examples indicated unexpected relationships between current pain and the intensity and nature of the imagined painful events.

Conclusions: Our results indicate that the pain NRS does not provide a reliably interpretable assessment of current physical pain intensity for an individual with chronic pain at a specific moment.

Keywords: pain numerical rating scale, chronic pain, low back pain, qualitative pain, pain assessment, measurement


INTRODUCTION

Low back pain has widespread socioeconomic impact worldwide, with an estimated 539,907,000 cases of low back pain in 2015 resulting in its status as the leading cause of years lived with disability globally (Gbd 2015 Diease and Injury Incidence and Prevalence Collaborators, 2016), and has been the subject of extensive research. Both in the back pain literature, and in the clinical care of individuals with low back pain, the problem of evaluating, quantifying, and reporting back pain is a crucial concern (Chapman et al., 2011; Deyo et al., 2014; Chiarotto et al., 2015). The pain numerical rating scale (NRS) is ubiquitously relied upon for the quantification of pain intensity in both research and clinical practice, yet reported as dissatisfactory by pain clinicians (Backonja and Farrar, 2015). The construct validity of the pain NRS, i.e., whether it actually measures what it is used to measure (Elasy and Gaddy, 1998), has not been fully resolved (Jensen et al., 1999; Chapman et al., 2011). This is particularly an issue in chronic pain settings, where the subjective experience of pain and patient’s report of pain may be affected by multiple factors other than sensory pain intensity (Doleys, 2017). From a psychometric standpoint, efforts have been made to evaluate the validity of the pain NRS in terms of its sensitivity to treatments directed to reduce pain intensity, for example (Jensen et al., 1999). Researchers have also attempted to assess criterion validity of the pain NRS with reference to an external standard of painful stimulation in the cold pressor test in a healthy student population (Ferreira-Valente et al., 2011). The extent to which brief cool water immersion is a reasonable “gold standard” for pain intensity experienced by chronic pain patients remains unclear, however.

Several researchers have interrogated the validity of the pain NRS via qualitative inquiry directed at clarifying the process patients undergo as they engage in formulating and providing a pain score. Specifically, de C. Williams and colleagues, in a structured interview approach, found that chronic pain patients reported multiple factors unrelated to sensory pain intensity influence the reported NRS (Williams et al., 2000). In their study, pain patients reported incorporating function and distress into the NRS, as well as influence by social circumstances, while a striking number expressed difficulty with numerically quantifying pain intensity at all. More recently, Robinson-papp et al. (2016) conducted a qualitative focus group study identifying several themes in the attitudes of pain patients to pain NRS reporting: subjects doubted the possibility of measurement of pain as a phenomenon, voiced confusion related to the definition of pain, expressed uncertainty about anchors/referents for the NRS, and expressed difficulty with the concept of “average pain” over a time interval.

Our primary hypothesis was that individuals with chronic low back pain would vary widely in their specific understanding of the pain NRS range, thereby demonstrating that the pain NRS may not be interpretable as a straightforward index of pain intensity level. To test this hypothesis, we asked 149 study subjects with low back pain to report imagined examples of painful events or experiences, and then to attribute a pain NRS to each imagined example. We then conducted a quantitative and qualitative descriptive analysis of the reported pain examples and NRS reports. Eliciting and analyzing pain NRS anchors in an open-ended manner constitutes a novel approach to investigate the pain NRS. We additionally hypothesized, given the discomfort with and uncertainty about interpretation of the NRS score range and anchors reported by Robinson-papp et al. (2016), that study subjects would prefer providing additional qualitatively described experiences as references for their reported pain NRS level to providing the NRS without additional explanatory information.



MATERIALS AND METHODS


Study Design

Institutional review board approval was obtained from the Hospital for Special Surgery. Study subjects were recruited from patients presenting to the Hospital for Special Surgery outpatient pain center for evaluation and management of low back pain and/or lumbar radicular pain between May 12, 2016 and September 1, 2016. Throughout the text, the term “low back pain” will be used to include sciatica and lumbar radicular pain as well as pain localized to the lumbosacral area per se. Patients over age 18 years presenting for either new patient evaluation or follow up visit with a primary complaint of either low back pain or lumbar radicular pain were eligible for inclusion. Subjects were excluded if they were unable to speak or write in English, were cognitively impaired, or had 0/10 current back pain on the NRS. Upon enrollment in the study, patients were provided a written survey. The survey included the NIH Pain Consortium Research Task Force (RTF) Recommended Minimum Dataset, the NIH Research Task Force Impact Stratification (Deyo et al., 2014) instrument, and the Pain Catastrophizing Scale (Sullivan et al., 1995). The pain catastrophizing scale is a widely used instrument intended to capture pain-related rumination, magnification, and helplessness (Sullivan et al., 1995). The NIH RTF recommended minimum dataset constitutes a set of key features of medical history, demographics, function, and symptoms, recommended to be reported for all research studies of chronic low back pain (Deyo et al., 2014). The NIH RTF impact stratification instrument, a subset of the recommended minimum dataset, was intended to quantify “personal impact” of low back pain by incorporating self-reported pain intensity, pain interference, and functional status (Deyo et al., 2014) using previously validated items from the PROMIS-29 clinical outcome instrument (Cella et al., 2010; Deyo et al., 2015). T-scores for PROMIS-29 items (Cella et al., 2010) included in the NIH RTF instrument were obtained using www.assessmentcenter.net (PROMIS, RRID:SCR_004718). In addition to the PROMIS-29 (Cella et al., 2010), the NIH RTF recommended minimum dataset includes a two item conjoint substance abuse screen (Brown et al., 2001) and a survey of back pain characteristics and demographics. Subjects were then asked to report current pain numerical rating on a scale of 0–10. Next, subjects were asked to list up to five events or experiences that they felt were less intensely painful than their current pain level, up to five events or experiences that they felt were similar in pain intensity to their current pain intensity level, and up to five events or experiences that they felt were greater in intensity than their current pain intensity level. They were asked to provide examples of pain events that were unrelated to their back pain or sciatica. Subjects were finally asked to report whether they felt that the above information communicated their pain better than, equivalently to, or less well than the pain NRS in isolation. Study data were collected and managed using REDCap electronic data capture tools.



Data Review and Processing

Qualitative pain examples reported by patients were reviewed by the study investigators, and classified as “abstract” or only painful in the context of a specific painful condition of the study subject. Further analysis was conducted only on examples judged to be abstract. This distinction was made based on whether the reported experience could be interpreted as a painful or otherwise unpleasant experience without the inference of additional patient specific information. For example, “stepped on a nail” or “pain after knee replacement” and “many mosquito bites itching” were considered “abstract” pain-related experiences, while “walking” rated 6/10 was considered specific to the subject’s low back pain or other painful condition. Experiences attributed a NRS of 0/10 or 1/10 were included in further analyses without regard to making a subject specific vs. abstract distinction. For example “walking” was included in additional analysis when rated 0/10 or 1/10, but not when rated 9/10 by the subject. This resulted in a list of subject-reported pain examples attributed a pain NRS by the study subjects. The reported pain examples were then restated by the study investigators to standardize wording while retaining the painful event. For example, “toe stub”, “stubbed toe”, “bumping toe at door frame”, and “stubbing a great toe” were all restated as “stubbed toe”. Next, the restated pain examples were classified according to pain stimulus type (mechanical, thermal, inflammatory, visceral, neuropathic, medical procedure associated, or psychological) and stimulus intensity. Routine daily events without associated physical trauma were classified as “non-painful” or “low intensity,” examples associated with minor trauma were classified as “moderate intensity,” and examples associated with significant potential trauma or injury were classified as “high intensity”.



Data Analysis

Sample size was selected based on a number expected to be sufficient to support the exploratory, qualitative analysis of a large number of patient examples. Because the analytic approach is novel without a similar study to draw on in the medical literature, sample size calculation could not be empirical. This was felt reasonable given this effort was deemed a preliminary study using a novel analytic approach with no potential harm to the study subjects other than the risks associated with providing survey responses and storing and reviewing that information. The data were primarily displayed in graphical format to facilitate exploratory review of the reported qualitative pain experiences. Univariate association between number of examples and demographic predictor variables was assessed with linear regression for quantitative variables and one-way ANOVA for categorical variables. The Chi square test applied to available cases was used to evaluate preference for reporting pain NRS vs. providing qualitative examples related to pain. Quantitative diagrams demonstrate mean NRS score with error bars indicating 95% confidence intervals calculated from 1000 bootstrap samples from the data. To analyze the association between pain example NRS and pain catastrophizing score, we used a linear mixed effects model with a fixed effect of pain catastrophizing score category and a random intercept by study subject. The likelihood ratio test was used to compare this model to the random intercept model. Data analysis and statistical calculations were done using Python (RRID:SCR_008934) and R (RRID:SCR_001905).



RESULTS

During the enrollment period of 113 days, 264 potential subjects were approached for consent, and 77 declined to participate. 13 were excluded due to non-English speaking, 12 excluded due to 0/10 current back pain, eleven were excluded due to current injection done at office visit, one was excluded due to cognitive impairment, one was excluded due to age <18, resulting in 149 patients responding to the written interview, comprising 56.4% of those approached for consent. Demographic and back pain characteristics for the study subjects collected according to the NIH Research Task Force recommended minimum dataset for chronic low back pain (Deyo et al., 2015) are presented in Tables 1–4. Study subjects had elevated levels of pain interference and low levels of physical function relative to the United States general population mean based on PROMIS-29 scoring (Table 2). Subjects tended to be low to moderate on the pain catastrophizing scale, with 22.1% of subjects scoring over 30 (Table 2). 65.1% of patients reported “moderate” or “high” pain impact based on the RTF impact classification score (Table 2). 20.8% of subjects were positive on the 2-item conjoint substance abuse screen (Table 1). Study participants tended to have back pain with over 1 years’ duration (69.1%), with back pain either daily or more than half of days (71.8%) (Table 3). Pain at sites other than the low back was frequent in the population. 8.7% of subjects had history of ever having been out of work/unemployed due to back pain for 1 month or more. Opioid use was common in this patient sample, with 47.6% reporting opioid use (Table 4). Among other treatment approaches, 51.7% utilized injections, 69.8% utilized exercise therapy, and 7.4% used psychological counseling (Table 4).


TABLE 1. Demographics and comorbid conditions.
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TABLE 2. Pain impact.
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TABLE 3. Back pain characteristics.
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TABLE 4. Back pain treatment.

[image: Table 4]The study subjects provided a total of 1142 qualitatively reported examples of painful events/states. 83 were provided without an attributed pain NRS and were discarded from further analysis. 10 were associated with an NRS greater than 10, and these were treated as though 10 had been reported consistent with the instructions for the 0–10 pain NRS. Of the remaining pain examples, 262 required a co-existing pain condition to be interpretable as painful and were also discarded from further analysis. This resulted in 797 pain examples, which were studied in the remaining analysis to follow. Study subjects varied in the frequency of pain example provided per patient (Figure 1). There was no univariate association between the number of pain examples for each subject and any of the demographic predictors of age, gender, race, employment, level of education, pain catastrophizing score, substance abuse, BMI, PROMIS-29 subscore, pain duration, pain in other body areas, prior history of surgery, disability status, or prior treatment with opioids, exercise, or psychological therapy (P > 0.05 for each).
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FIGURE 1. Distribution of the number of pain examples that were attributed a pain NRS by the reporting study subject and could be interpreted without reference to the subject’s specific painful condition and considered for further analysis. Each study subject provided between 0 and 15 total examples.


The examples of pain given by patients vary in frequency according to pain NRS score (Figure 2A), with experiences attributed a 10/10 pain score occurring most frequently among the responses. Examples of pain also vary in frequency according to painful stimulus modality (Figure 2B). Inflammatory and mechanical examples are much more frequent than the other modalities, with neuropathic being the least frequent. Figure 2B also shows that examples of mechanical modality are more likely to be used as “less painful” while medical procedures, trauma, or childbirth are more likely to be used as “more painful” examples. Similarly (Figure 2C), medical procedure associated pain tended to be associated with higher pain NRS than other somatosensory pain types. Two individuals (1.3% of the total study sample) also contributed a total of six pain examples (Table 5) that were purely psychosocial in nature.


[image: image]

FIGURE 2. Characteristics of qualitative pain examples provided by study subjects. (A) Number of reported pain examples according to pain NRS attributed to the pain example given by the reporting study subject. (B) Number of pain examples per investigator-attributed pain classification. Examples are sub-grouped according to whether the study subject indicated the pain example as more painful, similarly painful, or less painful as compared to current low back pain. (C) Mean NRS ± 95% confidence interval calculated from 1000 bootstrap samples from the data.



TABLE 5. Specific examples reported by study subjects (n = 2) as painful experiences worse than current pain, which were classified by investigators as “psychological.”

[image: Table 5]Next, we examined the frequency of occurrence and pain score range of pain examples restated from the patient’s exact wording to match patient examples that were highly similar across subjects. We refer to these throughout the manuscript as “frequently occurring similar examples”. The NRS scores for each consensus statement display different levels of variation. Figure 3A shows the quartiles for each of the frequently occurring similar examples that were used as examples at least 10 times by the study subjects. Points on the boxplot indicate the frequency of occurrence of each consensus statement. We observed that certain frequently occurring similar examples were rated consistently across different patients; for example, childbirth was almost always rated at an NRS score of 10 among study subjects who reported childbirth as an example. On the other hand, some frequently occurring similar examples display high levels of variation: for example, muscle cramp varies widely in its NRS score, with a range of 1–10. Figure 3B shows the standard deviation of the NRS scores for each consensus statement, with number shown in Figure 3C. It appears that experiences at either end of the NRS score spectrum tend to be more consistent than experiences falling in the middle of the spectrum.
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FIGURE 3. Variation in pain NRS according to the type of example reported by the study subjects. (A) NRS attributed by study subjects to the pain examples reported by those subjects, grouped across study subjects as “frequently occurring similar examples” with box plots indicating quartiles of the NRS distribution for each consensus statement. Frequently occurring similar examples reported are those found 10 or more times in the database of pain examples. (B) Standard deviation of NRS attributed to the pain example according to the type of pain example. Error bars indicating 95% confidence intervals were calculated from 1000 bootstrap samples from the data. (C) Number of pain examples present in the data for each frequently occurring similar example.


To further characterize the pain examples reported by study subjects, we inferred stimulus intensity for each pain example based on the anticipated level of physical trauma that we would expect to be associated with the painful event. Higher-intensity examples tended to be associated with higher NRS scores, but the variation in attributed NRS scores was high, essentially spanning the entire NRS range for low and moderate intensity examples (Figure 4A). We did not observe a tendency for attributed pain NRS examples to vary when stratified by pain catastrophizing score category of the reporting subject (Figure 4B). Similarly, pain catastrophizing score category was not a significant predictor of pain example NRS in a linear mixed effects model either alone or including duration as an additional predictor. To identify instances in which the reported pain NRS associated with a pain example may differ from the expected pain intensity associated with the example given, we prepared a table reporting the specific pain examples of study subjects who reported low intensity stimuli associated with pain NRS of 7 or greater (Table 6; reported by 14/149 subjects), study subjects who reported high-intensity stimuli associated with pain NRS of 2 or less (Table 7A; reported by 2/149 subjects), study subjects who reported unpleasant, non-painful stimuli associated with pain NRS of greater than 2 (Table 7B; reported by 5/149 subjects). These pain examples may alter the interpretation for the subject’s back pain NRS scores. For example, one subject with current 7/10 back pain reported “paper cut 1 h old” as also 7/10 (Table 5), while another subject with current 6/10 back pain reported “burn with curling iron” as 2/10 (Table 7A), and a third subject with current 3/10 back pain reported “many mosquito bites itching” as 4/10.
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FIGURE 4. Variation in pain NRS according to stimulus intensity inferred for the reported pain examples. (A) NRS according to inferred stimulus intensity with box plots indicating quartiles of the NRS distribution for each pain modality. (B) NRS according to inferred stimulus intensity stratified by pain catastrophizing score of the reporting subject with box plots indicating quartiles of the NRS distribution.



TABLE 6. Specific pain examples provided and attributed NRS ≥ 7 by study subjects (n = 14) that were classified as low intensity.

[image: Table 6]
TABLE 7. Specific pain examples as reported by study subjects.

[image: Table 7]In the total study sample of 149 subjects, who were all seen in the context of an outpatient office visit with no procedure or other medical intervention done at the time of the visit, seven subjects reported current pain of 10/10. Their pain examples and comparison to current pain level are presented (Table 8). 2/7 of these subjects left the section of the questionnaire eliciting pain experiences worse than current pain unanswered, consistent with the expected definition of NRS 10/10 pain. 1/7 of the subjects stated “My answer for number 2 could all be greater,” essentially indicating a variety of disparate pain examples with potentially varying pain NRS relative to one another. 2/7 of the subjects with 10/10 pain modified the NRS 0–10 pain scale by indicating pain examples worse than current pain with numbers greater than 10.


TABLE 8. All pain examples reported by study subjects (n = 7) with 10/10 current back pain.

[image: Table 8]Figure 5 shows that 38.6% of patients agreed that the descriptions communicated the intensity of their pain better than the NRS scores. 19.3% of patients thought that the descriptions communicated worse than the NRS scores. This distribution of responses deviated significantly from a uniform distribution (X2 = 10.5, d.f. = 2, P < 0.01).


[image: image]

FIGURE 5. Stated preference for using the NRS alone to report on current pain, no preference, or preference for NRS with pain examples to report on current pain.




DISCUSSION

In this study, we asked study subjects with chronic back pain to use the pain NRS to rate their pain, and to think about or imagine painful states, and then attribute to those imagined examples a pain NRS to help provide context for the process of pain NRS reporting. This was motivated by our interest in the construct validity of the pain NRS in individuals with chronic back pain, particularly in the context of a clinical encounter setting, in which the clinician assumes the task of using the reported pain NRS score to infer the pain intensity state of the patient. We observed a tendency for higher intensity pain examples to be associated with higher pain scores. However, the dispersion observed in our data set was such that outside the extremes of painful or non-painful events, a single pain NRS did not provide reliable information about the intensity of the event the subject was thinking of. We do not expect to unseat the pain NRS as a clinical outcome instrument, given that it is widely used with properties indicating psychometric validity in clinical study settings (Jensen et al., 1999; Farrar et al., 2000, 2001; Chien et al., 2013; Smith et al., 2016). Rather, we question the relentless use of the NRS pain score in clinical settings, in which NRS reports do not benefit from sample-based averaging over many individuals’ idiosyncratic interpretations of the NRS range and anchors, or from the opportunity to train study subjects to improve the accuracy of pain score reporting (Smith et al., 2016; Treister et al., 2018).

There were a number of findings in the study that raise questions about the extent to which any individual pain NRS may be interpretable as a measurement of “pain intensity” or a reliable indicator of a specific individual’s pain state. For pain examples at moderate levels of pain intensity there was wide dispersion in the NRS scores associated with these examples by the subjects reporting them. There was consensus around more extreme pain such as childbirth or postsurgical pain, on the other hand. This latter observation also highlights the context-sensitivity of the pain NRS given that postsurgical pain and labor pain both vary widely between and within individuals, while later memory of these events is likely dependent on the most painful moments (Redelmeier and Kahneman, 1996; Redelmeier et al., 2003; Christensen-Szalanski, 2007). This is consistent with the findings of Ferreira-Valente et al. (2011) in their validation study of the pain NRS using the cold pressor test: while pain NRS was sensitive to changing cold temperature, the standard deviation of pain NRS for each temperature was wide, with both 4/10 and 7/10 within one standard deviation of the mean for each temperature tested. As a result, a 6/10 report in one person would not be useful as a means to infer the probable temperature of the water bath, analogous to the task of using a single pain NRS in a clinical setting to infer an individual’s clinical pain state.

Strikingly, the 10/10 pain score was the most frequently used pain intensity number for the imagined examples provided by the study subjects. Our impression is that the 10/10 pain score indicates communication failure between subject and interviewer or between patient and clinician. Imagined 10/10 pain examples in the current study included stimuli as disparate as “hitting shin on a bar,” “being burned alive,” “childbirth,” “loss of my dog,” “pain after back surgery”, and “plantar fasciitis”. One study participant reporting current 10/10 back pain listed several pain examples as “equal to current pain” including “severe toothache,” “burn,” “Achilles tendon tear,” “broken bone,” and “recovering from stomach surgery,” and for the questionnaire prompt “worse than current pain” simply provided the response “My answer for number 2 could all be greater.” This response highlights the breakdown in communication occurring around the 10/10 anchor point for the pain scale. It is difficult to understand the concept of current 10/10 pain as the worst possible pain in the context of an outpatient ambulatory office visit due to chronic low back pain. The clinician in an office encounter is likely able to imagine various medical circumstances that may seem far more severely painful than what the patient could possibly be experiencing at the moment of the encounter, when the pain NRS is interpreted purely as a measurement of sensory pain intensity level.

While the communication breakdown associated with 10/10 pain NRS was most striking, there were frequent, similar findings with regard to intermediate pain scores in terms of discrepancies between the expected stimulus intensity of an event and the associated NRS score. If an individual describes “paper cut 1 h old” as 7/10 pain NRS should this alter interpretation of that same individual’s report of 7/10 NRS low back pain?

Considering the reported pain NRS in light of Eric Cassel’s framework described in “The Nature of Suffering and the Goals of Medicine” (Cassel, 1982) may suggest that rather than a measurement of pain intensity, the reported NRS may be a reflection of the threat to the individual’s “personhood,” a more complex concept including disruption of self-image and personal plans, as well as altered cultural, familial, and economic roles. This interpretation would help explain the wide range of dispersion in NRS associated with moderately painful events, where the potential threat to person is likely more variable. Similarly, the un-interpretability of individual NRS scores suggested by the present exploratory study is coherent with the hypothetical construct model of pain advocated by Daniel Doelys (Doleys, 2017) in which successful treatment of chronic pain requires analysis and management of a complex system of interacting factors which produce a chronic pain state, rather than excessive preoccupation with sensory pain intensity itself. Such a model calls for an interrogative/narrative based form of pain evaluation (Cepeda et al., 2008; Rosti, 2017) rather than a purely reductionist approach based on the quantitative NRS score. Narrative examples or concrete anchors may not capture the full complexity of painful events which may vary in intensity within a single event, while the memory of pain intensity may differ from contemporaneously reported pain intensity (Redelmeier and Kahneman, 1996; Redelmeier et al., 2003; Daoust et al., 2017), but based on the present study, we suspect these examples will more closely communicate patient’s pain intensity than a purely abstract numeral. More widespread use of multidimensional, comprehensive outcome instruments such as the PROMIS-29 (Cella et al., 2010; Deyo et al., 2015) or more focused instruments oriented toward chronic pain or associated constructs (Turk et al., 2016) such as the CARE Scale-7 (Ziadni et al., 2018), or toward underlying pain mechanisms (Scholz et al., 2009; Vardeh et al., 2016), may be valuable in avoiding some of the false reduction of dimensionality inherent in the use of the NRS in the chronic pain setting.

The present findings underscore the need for improved communication about NRS pain score reporting and interpretation between study investigators and study participants in chronic pain clinical trials, when there is little inter-individual agreement about moderately painful events. Recent research has indicated that chronic pain studies may be improved by pre-training subjects in pain intensity reporting (Smith et al., 2016; Treister et al., 2018). For example, Treister et al. (2018) demonstrated that prior training in pain intensity reporting with reference to a standardized set of mechanically painful stimuli may have potential for reducing placebo effect magnitude in chronic pain studies. Similarly, the action-project study indicated that training study participants in pain intensity reporting may improve NRS discriminant validity (Smith et al., 2016). These observations, given that they indicate that NRS reporting is malleable, further question the utility of raw NRS reports in clinical settings.

The present study has several limitations. First, the study was designed as an exploratory, hypothesis-generating study, and the analysis was primarily qualitative in nature. Second, the study sample was primarily Caucasian and relatively highly educated; this may limit generalizability of the findings. This highlights the potential need for additional qualitative research to investigate attitudes and qualitative responses to NRS scores in subjects with lower levels of education and in samples with greater range of race, ethnicity, and cultural background. Third, the study was limited to chronic low back pain patients, and it is not clear that the present findings would be as relevant to acute pain settings, such as acute postsurgical pain.



CONCLUSION

The current exploratory study of qualitative experiences imagined by patients and their association with pain NRS scores indicates a number of potential problems with interpreting pain NRS scores as straightforward measurements of pain intensity level in chronic low back pain patients. Specifically, there is wide dispersion in interpretation of moderately painful events, while the frequent reporting of imagined 10/10 painful events indicates that it may be difficult for individuals to distinguish severely painful events from one another in terms of pain intensity. Going forward, there are a number of potential options that merit additional investigation for revising pain assessment tools. Specifically, it may be valuable to investigate pain scales using concrete examples rather than abstract numerals as anchor points to represent pain intensity. There also may be potential for improved construct validity of pain intensity assessment tools relative to the abstract pain NRS by developing empirical, example-based anchors specific for particular pain contexts, such as pain intensity of chronic low back pain or pain intensity after total knee arthroplasty. The present preliminary study presents data which may be useful as a starting point to support construction of such a scale in the context of chronic low back pain.
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Correlation of Artemin and GFRα3 With Osteoarthritis Pain: Early Evidence From Naturally Occurring Osteoarthritis-Associated Chronic Pain in Dogs
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Arthritis, including osteoarthritis (OA) and other musculoskeletal-associated pain, is a worldwide problem, however, effective drug options are limited. Several receptors, neurotransmitters, and endogenous mediators have been identified in rodent models, but the relevance of these molecules in disease-associated pain is not always clear. Artemin, a neurotrophic factor, and its receptor, glial-derived neurotrophic factor (GDNF) family receptor alpha-3 (GFRα3), have been identified as involved in pain in rodents. Their role in OA-associated pain is unknown. To explore a possible association, we analyzed tissue from naturally occurring OA in dogs to characterize the correlation with chronic pain. We used behavioral assessment, objective measures of limb use, and molecular tools to identify whether artemin and GFRα3 might be associated with OA pain. Our results using banked tissue from well-phenotyped dogs indicates that artemin/GFRα3 may play an important, and hitherto unrecognized, role in chronic OA-associated pain. Elevated serum levels of artemin from osteoarthritic humans compared to healthy individuals suggest translational relevance. Our data provide compelling evidence that the artemin/GFRα3 signaling pathway may be important in OA pain in both non-humans and humans and may ultimately lead to novel therapeutics.
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INTRODUCTION

A significant proportion of the economic burden of chronic pain is due to musculoskeletal pain, and yet treatment options remain limited and insufficient for the alleviation of osteoarthritis (OA)-associated pain, the major component of musculoskeletal pain (Burgess and Williams, 2010). Despite significant successes arising from basic pain research in terms of our understanding of molecular mechanisms and the growing number of potential targets for new drug development, drug candidates are failing when they enter Phase II (efficacy) trials in humans due to limited knowledge of the cellular and molecular components involved in disease conditions. Diseases in companion animals have been suggested to be good models of certain human conditions, including OA (Mogil, 2009; Percie du Sert and Rice, 2014; Klinck et al., 2017; Lascelles et al., 2018).

The glial cell line-derived neurotrophic factor (GDNF) family members (GDNF, neurturin, and artemin) sensitize nociceptors; in particular, artemin is an important effector in inflammatory hyperalgesia (Malin et al., 2006). Artemin is thought to be an important endogenous mediator for inflammation, migraine, burning mouth syndrome, and neuropathic cold allodynia (Lippoldt et al., 2013, 2016; Shinoda et al., 2015; Shang et al., 2016; Nencini et al., 2018). Recently, artemin signaling pathways have been shown to be involved in the pathogenesis of bone pain (Nencini et al., 2018). Another important role of artemin has been identified in the trigeminal ganglia (TG), where artemin regulates an inducible form of nitric oxide synthase (iNOS). The regulation of iNOS might be involved in the mechanism through which artemin participates in the trigeminal pain pathways (Shang et al., 2017). Furthermore, anti-artemin therapy has been shown to be effective in preventing and reversing ongoing bladder hyperalgesia in an animal model of cystitis (DeBerry et al., 2015). In contrast, artemin exerts an antinociceptive effect on herpes-related pain by modulating the dynorphin levels in the central nervous system of HSV-inoculated mice (Asano et al., 2006). Based on this evidence, peripheral artemin is involved in generating pain signals in rodents.

The GDNF family of ligands mediate their effects through GDNF receptors, and, at this point, four different members of this family have been identified (GFRα1-4). GDNF binds to GFRα1, neurturin activates the GFRα2 receptor, and artemin binds to the GFRα3 receptor. All of the GDNF-receptors form a complex with the tyrosine kinase RET, and then, through RET, activate several intracellular signaling pathways (Baloh et al., 1998a, b). GFRα1 and GFRα2 receptor expression has been demonstrated in the non-peptidergic neuronal populations, but, in contrast, GFRα3 is predominantly expressed by a subpopulation of nociceptive sensory neurons that are peptidergic (Orozco et al., 2001; Elitt et al., 2006), some or all of which also express the Ret receptor tyrosine kinase, and by the transient receptor potential (TRP) ion channel proteins TRPV1 and TRPA1 (Orozco et al., 2001; Elitt et al., 2006; Goswami et al., 2014). Furthermore, the GFRα3 receptor is also expressed by transient receptor potential cation channel subfamily melastatin (TRPM8) expressing neurons that are involved in encoding cold sensations (Lippoldt et al., 2013, 2016). Outside of the dorsal root ganglia (DRG), other reports suggest the expression of GFRα3 in non-neuronal cells (Yang et al., 2006; Thai et al., 2019). Another receptor sub-family, GFRα4, is not functionally expressed in the DRG (Lindahl et al., 2000; Luo et al., 2007). All evidence considered, it is clear that GFRα3 is exclusively expressed in nociceptive neurons in the DRG, suggesting that artemin/GFRα3 interaction is important in the transmission of pain and could be a potential target in the development of analgesia.

Overall, artemin/GFRα3 is involved in inflammation and bone pain in rodents, but its expression and functional correlation with pain in naturally occurring OA are unknown, to the best of our knowledge. By analyzing samples from dogs with naturally occurring OA, we aimed to identify relevant and translationally resilient pharmacological target(s). We employed this innovative approach to identify whether artemin/GFRα3 may play a role in OA-associated pain. We analyzed DRG from pet dogs with naturally occurring OA and found significantly increased GFRα3 in the DRG serving osteoarthritic joints. This led us to hypothesize that the expression of its ligand, artemin, would be increased in serum and that synovial fluid artemin may be related to joint pain in dogs with OA. Next, we explored the relationship between serum artemin and OA status in humans. In summary, our results provide the first evidence of a link between artemin/GFRα3 and OA-associated pain in the natural disease state.



MATERIALS AND METHODS


Collection of Tissues and Fluids

The serum and synovial fluid samples used in the work described here were collected from client-owned pet dogs that had been carefully evaluated and found to have OA-associated pain or found to be normal (i.e., pain-phenotyped animals), as a result of their involvement in veterinary clinical research studies (Muller et al., 2019) or ongoing translational pain research studies at NC State College of Veterinary Medicine. The breeds of dogs included were representative of the medium to large breed dogs that present for OA-associated pain. None of these dogs were receiving or had received analgesics for 4 weeks prior to sample collection. All dogs had undergone radiographic evaluation and examination by a specialist veterinary orthopedic surgeon and had clinical metrology instrument data available to define whether OA was present and whether pain was associated with it. In addition, these data were supported in some cases by force plate data on limb use. The characteristics of dogs used in various parts of this work are detailed in Table 1.


TABLE 1. Demographic and pain status characteristics of dogs used in the various experiments reported.

[image: Table 1]Peripheral nervous system tissue samples (lumbar DRG) were collected after euthanasia from well-phenotyped research animals of known pain and OA status [similar to a previous study (Little et al., 2016)]. These were mixed-breed hounds, and they had not received any analgesic treatment. DRG (L4-L6) samples were collected within 30 min of euthanasia, with DRG identified by counting lumbar vertebrae. All these dogs had radiographic confirmation of OA and force plate data verifying unilateral joint pain (Table 1, column 4). DRG samples for the pilot data (not shown here) were collected from pet client-owned dogs being euthanized due to unilateral OA pain that were examined and evaluated by a veterinarian prior to euthanasia.

All original studies and sample collection were conducted with informed and written owner consent and Institutional Animal Care and Use Committee (IACUC) approval. All samples were stored at −80°C within 2 h of collection, or 2 h of euthanasia in the case of DRG, and all the samples to be used in this study were collected within the last 5 years.



Measurement Ground Reaction Forces

Kinetic gait analysis of limb use was performed using dual in-series force plates (ATMI, Watertown, MA, United States). Dogs (Table 1, column 3) were specifically recruited for having single limb lameness, as demonstrated by a lower peak vertical force [(PVF) expressed as a percentage of bodyweight] compared to the contralateral limb, detectable pain on manipulation, and radiographic evidence of OA in one joint in the index limb. Dogs were trotted over the force plates, and trials were accepted as valid if the dog trotted across the force plate in a straight line and an observer confirmed foot strikes on the plates without noting any unusual activity by the dog (pulling, visually detectable movement of the head from side to side), with a target velocity of 1.7–2.1 m/s and within acceleration changes of ±0.5 m/s2. Gait velocity and acceleration were measured by means of five photometric switches (photocells 50 cm apart) connected to the computer analysis system. Five valid trials were collected from each dog during trotting, and data were collected for all limbs. A single handler and observer performed all gait analysis. Specialized computer software (Sharon software, DeWitt, MI, United States) was used to calculate the ground reaction forces (GRFs) of the limbs. GRFs were expressed in percent body weight, and then symmetry indices were calculated for the index limb and the contralateral limb. Symmetry indices (SI) for PVF and vertical impulse (VI) were calculated by the use of the following equation.

[image: image]

where xi is the mean of a given gait variable for the index limb, and xc is the mean of a given gait variable for the contralateral limb. By using symmetry indices, data for fore and hind limbs can be combined.



Clinical Metrology Instrument Assessments of Pain and Mobility Impairment

Where applicable, caregiver (owner) assessments of pain, activity, and function were captured using validated clinical metrology instruments (questionnaires): the Liverpool Osteoarthritis in Dogs (LOAD) (Hercock et al., 2009; Walton et al., 2013) and the Canine Brief Pain Inventory (CBPI) (Brown et al., 2007). The LOAD is a 13-item instrument with all items reported on a five-point Likert-type scale. Each item is scored between 0 and 4, and the item scores are summed to give an overall instrument score. The LOAD covers three domains: activity/exercise, stiffness/lameness, and the effect of weather (Walton et al., 2013). The CBPI is a two-part instrument based on the human Brief Pain Inventory; the pain severity score (CBPI PSS) is the arithmetic mean of four items scored on an 11-point (0 to 10) numerical scale, and the pain interference score (CBPI PIS) is the mean of six items scored similarly. It has been reported to measure two dimensions (pain and interference) (Walton et al., 2013).



Quantitative RT-PCR

Total RNA was extracted from DRG using Qiagen’s RNAeasy kit and converted into cDNA. Quantitative real-time PCR was accomplished using commercially available TaqMan primer sets. Samples were run in triplicate. Amplification efficiencies were normalized against GAPDH, a standard housekeeping gene (Wheeler et al., 2019). Individual CT values were calculated using StepOne Software v2.2.2. Relative expression (ΔCT) of each gene was calculated with the following equation: ΔCT=CT,GAPDH-CT,GOI, where GOI is the gene of interest. ΔCT values were linearized using 2−ΔCT and then multiplied by 1000 so that the y-axis is on a more intuitive scale. Standard deviation was calculated using the linearized ΔCT values and used in the SEM calculation: [image: image], where ntechnical is the number of technical replicates. The Taqman probes for the dog genes studied were purchased from Thermofisher, Carlsbad, CA, United States: TRPV1 (Cf027233943), GFRα3 (Cf02675182), and GAPDH (Cf04419463).



Western Blot

To extract total protein, DRG were homogenized using a tissue homogenizer in the presence of 100 μl of ice-cold RIPA buffer supplemented with protease inhibitor tablets ı(PierceTM). Total protein of lysates was measured using standard BCA (Bicinchoninic Acid Assay). Protein lysates were then denatured by heating at 95°C in Laemmli’s buffer containing 2% w/v SDS, 62.5 mM Tris (pH 6.8), 10% glycerol, 50 mM DTT, and 0.01% w/v bromophenol blue (Pitake et al., 2019). The lysates were cooled on ice and briefly micro-centrifuged. Aliquots of 35 μg of DRG protein were loaded onto a 4–12% SDS-PAGE gel, and subsequently electro-blotted onto PVDF membranes. Membranes were incubated in 15 ml of blocking buffer (20 mM Tris base and 140 mM NaCl, 5% bovine serum albumin, and 0.1% Tween-20) for 1 h. Membranes were then incubated with the desired primary antibody [rabbit anti-GFRα3 primary antibody (RA30017), 0.2 μg/ml; loading control mouse anti-GAPDH (Cat. sc-32233)] diluted in 10 ml of blocking buffer at 4°C overnight. The next day, the membrane was washed and incubated with an appropriate horseradish peroxidase-conjugated secondary antibody [secondary goat anti-rabbit-HRP from Santa Cruz (sc-2030); secondary goat anti-mouse IgG HRP) (1:1000)] in 10 ml blocking buffer for 1 h at room temperature. Immuno-reactive proteins were revealed using enhanced chemiluminescence detection (Pierce ECLTM). Densitometry analysis was performed using open-source ImageJ software from NIH.



Quantitative Measurement of Artemin

Artemin was analyzed using a quantitative competitive enzyme-linked immunosorbent assay (ELISA). Canine serum samples from OA dogs and normal dogs (n = 25 OA; n = 11 normal) were stored at −80°C and thawed and vortexed before use. Canine serum samples were run according to the protocol provided by the kit (ABclonal Canine Artemin ELISA Kit CA0039). The stop solution changes color from blue to yellow; the intensity of the color was measured at 450 nm using a spectrophotometer (Labsystems Fluoroskan Ascent FL ELISA plate reader) and sample concentrations were determined by comparison to the standard curve.

Artemin levels from human serum were measured using the R&D Systems Human Artemin DueSet ELISA (R&D, DY2589) and the associated protocol. Human serum samples were obtained from Reprocell (Beltsville, MD) after searching their database of available samples. All OA serum samples (n = 5) were from middle-aged (45–63), female patients who had endured chronic, multiple-joint OA pain for a minimum of 13 years. Non-OA control serum samples (n = 4) were obtained from the same company and matched for age and gender. Serum samples were stored at −80°C until used, at which point they were vortexed and aliquoted for the ELISA. All samples were run in triplicate. Spectrophotometer readings were at 450 and 570 nm. The 570 nm readings were subtracted from the 450 nm for the most accurate results. Sample concentrations were determined by comparison to the standard curve.



Statistical Approach Including Sample Size Estimations

Data are expressed as mean ± SEM. All assays were performed by individuals who were blinded to the metadata. Statistical analysis was performed in GraphPad Prism and JMP statistical software. For canine serum artemin, differences between the two groups were examined using a parametric Student’s t-test, with p < 0.05 considered significant and p > 0.05 considered non-significant. A formal sample size estimation was used for serum artemin concentrations, based on pilot data, and indicated that a total sample size of 28 would be required for a power of 0.8, at an alpha of 0.05. Canine serum artemin concentrations were compared to force plate data (symmetry indexes) and owner questionnaires using linear regression. Correlation coefficients (R-squared values) and p-values were generated using JMP-Pro software. The threshold to determine whether a correlation was significant was set at a p-value of 0.05. Similar sample size calculations for the RT-PCR pilot data indicated that a paired sample size of 7 was needed for a power of 0.8 at an alpha of 0.05. No other sample size estimations were performed. For Western blot assay, we performed a pairwise t-test and determined the statistical significance. Sample size for human serum samples was limited due to the availability of the samples; a 2-tailed Student’s t-test was used to evaluate the data statistically. Data were tested for normal or non-normal distribution, and appropriate statistical tests were used. Animals and data points were not excluded from the analysis. All relevant data are available from the authors.



RESULTS


DRG Sensory Neurons Express GFRα3

In early pilot work, we evaluated dog DRG tissue for multiple receptors that we had found to be expressed on TRPV1-expressing neurons in the dorsal root ganglia (DRG) in mice (Goswami et al., 2014). This pilot work indicated increased GFRα3 in DRG serving osteoarthritic joints in dogs. Therefore, we determined the expression levels of GFRα3 in the lumbar (L4-L6) DRG serving contralateral versus ipsilateral joints with associated pain within the same dog (n = 7; Table 1, column 4) by using quantitative RT-PCR. Our results showed an approximately 4-fold increase in GFRα3 expression in ipsilateral DRG serving OA joints compared to those serving normal joints (Figure 1A) suggesting a role of GFRα3 in OA pain. We also compared the expression of TRPV1 receptors, a well-known molecule involved in pain signal transduction (Mishra et al., 2011). Our results demonstrated an increase in the expression of Trpv1 mRNA in the ipsilateral DRG compared to contralateral from OA dogs.


[image: image]

FIGURE 1. DRG tissue of osteoarthritis dogs shows an increase in expression of GFRα3-receptors. (A) Quantitative PCR was used to quantify the expression of Gfrα3 and Trpv1 genes relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in contralateral (black) and osteoarthritis ipsilateral (gray) DRG. An approximately 3.5-fold change in GFRα3 expression compared to the contralateral side was observed in osteoarthritis ipsilateral DRM, at a level comparable with Trpv1, a well-known pain receptor for thermal pain. Data represent mean ± SEM for cDNA preparations n = 7. Significance was determined by Student’s t-test, p ≤ 0.05; ∗∗p ≤ 0.01. (B) Western blotting was used to quantify the expression of GFRα3-receptor at the protein level, and we found that osteoarthritis dogs (ipsilateral; gray) have an approximately 3-fold increase in GFRα3 receptor protein relative to the contralateral side (black). Data represent mean ± SEM for protein detection, n = 6. Significance was determined by using pairwise t-test, ∗p ≤ 0.05.


Next, we examined the expression of GFRα3 at the protein level in the DRG sensory neurons. Due to an absence of a dog-specific GFRα3 antibody and because of high homology between the dog and mouse protein sequences (76% identity) for the GFRα3 receptor, we used an anti-mouse GFRα3 antibody for the Western blotting. In addition to overall sequence homology, the synthetic peptide corresponding to amino acids from 347 to 360 of the murine GFRα3 has 90% identity with the dog-predicted GFRα3 receptor. We performed GFRα3 antibody characterization using negative control (heart tissue) and secondary antibody control (data not shown). However, these methods still do not validate the specificity of the antibody, which needs to be further tested either in GFRα3 knockout mice or using pre-adsorption with GFRα3 synthetic protein/peptide. We used Western blotting to detect and quantify the presence of GFRα3 receptors in the DRG serving contralateral versus painful OA (ipsilateral) joints within the same dog. We identified GFRα3 protein in DRG from contralateral DRGs and found an increase in GFRα3-receptor protein in the ipsilateral OA DRGs, again suggesting a role of GFRα3 in pain sensitivity (Figure 1B).



Upregulation of Serum Artemin in Osteoarthritic Dogs

The endogenous ligand for GFRα3 is artemin (Baloh et al., 1998a, b; Wang et al., 2006). Having found increased expression of GFRα3, we investigated whether circulating or local levels of artemin were increased in dogs with painful OA. Serum samples were collected from non-OA healthy controls and dogs with OA-associated pain at the time of screening, prior to their involvement in a clinical study (Muller et al., 2019). The demographics of the dogs are tabulated in Table 1 (columns 1 and 2). The OA dogs were older, but otherwise there were no differences between the groups. We measured serum artemin concentrations using ELISA, which showed an increased concentration of artemin in dogs with OA-associated pain compared to pain-free healthy dogs (Figure 2A). Pain and disability in pet dogs with OA can be measured using validated clinical metrology instruments (CMIs), and we found that higher serum artemin concentrations were associated with higher scores on the CMIs and thus greater levels of pain and functional impairment. There was a significant relationship between LOAD index values and serum artemin concentrations (R2 = 0.11; p = 0.05) and significant relationships between serum artemin and the Canine Brief Pain Inventory (CBPI) pain (R2 = 0.11; p = 0.049) and CBPI interference (R2 = 0.16; p = 0.014) sub-scales (Figure 2B).


[image: image]

FIGURE 2. Endogenous ligand artemin and its correlation with pain. (A) Quantification of serum artemin concentrations (ng/mL) in healthy dogs (n = 11) and the dogs with OA-associated pain (n = 26) using ELISA. Data are represented as mean ± SEM. Significance was determined by using Student’s t-test, ∗p ≤ 0.05. (B) Plot of serum artemin concentrations (ng/mL) against owner-assessed disability (CBPI interference score), showing that increased serum artemin concentrations are associated with greater disability in dogs (R2 = 0.16; p = 0.014). (C) Plot of synovial fluid artemin concentrations (ng/mL) against limb use (n = 8), expressed as a Symmetry Index (SI) of peak vertical force. Negative values of SI correspond to decreased limb use, and the plot shows that increased synovial fluid concentrations of artemin correspond to less limb use (R2 = 0.62; p = 0.02). (D) Human serum samples obtained from OA and healthy individuals were measured using ELISA. Data are represented as mean ± SEM (non-OA control, n = 4; OA, n = 5; p = 0.1). P-value was determined via 2-tailed t-test.


Next, we evaluated local concentrations of artemin in synovial fluid and compared synovial fluid artemin concentrations with objectively measured limb use (a measure of joint pain). Synovial fluid samples were collected from dogs enrolled in a pilot study aimed at assessing the efficacy of a TNFα fusion protein injected intra-articularly (unpublished data). The demographics of the dogs are tabulated in Table 1. Synovial fluid artemin concentrations were normally distributed. There was a significant, negative relationship between synovial fluid levels and index limb use compared to contralateral limb, expressed as the symmetry index of PVF (R2 = 0.62; p = 0.02) (Figure 2C), and a similar pattern was seen for the symmetry index of vertical impulse (VI) (Supplementary Figure S1).



Upregulation of Serum Artemin in Osteoarthritic Human Serum

After finding upregulation of artemin in canine serum samples, we investigated whether this relationship held true in humans. Human serum samples were obtained from patients with well-characterized OA and from age- and sex-matched controls (Reprocell, Beltsville, MD). Samples were from female patients who had been suffering from OA for a minimum of 13 years (n = 5) and age/gender-matched controls (n = 4). Samples were analyzed for artemin with an ELISA. Our results showed a trend of an increased level of artemin in people with OA-associated pain compared to pain-free healthy individuals (Figure 2D, p = 0.1).



DISCUSSION

OA patients experience chronic pain, however, the molecular basis for chronic pain in these patients is still largely unknown (Eitner et al., 2017). Although it has recently been revealed that neurotrophic factors play an important role in pain transduction by activating the receptors present on the DRG sensory neurons in mice (Orozco et al., 2001; Elitt et al., 2006; Malin et al., 2006; Kashyap et al., 2018; Nencini et al., 2018), it is currently unknown whether artemin, an endogenous neurotrophic factor, and its receptor, GFRα3, play an important role in pain hypersensitivity in OA patients. Here, we combined molecular and immunological methods to explore the association of artemin and GFRα3 with OA-associated pain in dogs with OA. Using within-dog control tissues, we found increased expression of GFRα3 in DRG serving painful OA joints. We found a positive association between peripherally released artemin in the synovial fluid and joint pain, as measured by limb use. Although the work with both DRG and synovial fluid only involved small numbers of dogs, it does suggest that the artemin/GFRα3 axis is upregulated in OA pain states. Also, we found an association between serum artemin concentrations and OA, both in dogs and in humans. The positive correlation between artemin concentrations and owner questionnaire scores (LOAD and CBPI), albeit a weak correlation, is interesting. The correlations between the questionnaires and serum artemin were low but are most significant for the CBPI pain and interference subscales. The CBPI focuses primarily on pain and the impact of pain on the ability to perform activities. The relationship between serum artemin and such scores should not be interpreted as evidence of a serum biomarker but rather as additional evidence of a potential role for artemin in the OA pain state. It must be cautioned that our data only show a correlation or association between OA pain and artemin/GFRα3, not causation. Regardless, we believe these data form a compelling rationale for investigating the role of artemin/GFRα3 in OA pain in rodent OA models.

Initially, glial cell line-derived neurotrophic factors (GDNFs), such as artemin, were studied for their role in development and neuronal survival (Luo et al., 2007), but recently there has been a shift to examining their role in the modulation of pain. There is already evidence that artemin and GFRα3 have a role in pain in rodents. Several researchers have found increased levels of artemin associated with tissue damage or inflammation in rodent pain models, such as CFA injection (Malin et al., 2006; Ikeda-Miyagawa et al., 2015; Lippoldt et al., 2016) and the nitroglycerin (NTG) migraine model (Shang et al., 2016). GFRα3 expression has also been tied to painful conditions such as cold allodynia and thermal hypersensitivity (Malin et al., 2006; Lippoldt et al., 2016). Other data indicate that GFRα3 knockout mice do not acquire the hypersensitivity normally seen with CFA injection, nerve injury, or chemotherapy (Lippoldt et al., 2016). GDNF, a ligand in the same family as artemin, has been implicated in pain sensitivity in dogs in a study by Plassais et al. (2016), which found that a mutation that decreased the expression of GDNF was responsible for pain insensitivity in dogs with self-mutilation syndrome. There has recently been an investigation into the role of GDNFs in inflammatory bone pain using an acute CFA-induced model in rats. The investigators found that artemin was able to sensitize bone afferent neurons to mechanical stimulation, but they found no upregulation of GFRα3 (Nencini et al., 2018).

Part of the interest in the role of GFRα3 in pain comes from its co-localization and interactions with the TRPV1 ion channel. TRPV1 and GFRα3 are highly co-localized, and knockdown of GFRα3 results in a lack of axotomy-induced increase in TRPV1 expression (Jankowski et al., 2010). Further, investigations have shown that artemin injections can induce the upregulation of TRPV1 (Ikeda-Miyagawa et al., 2015) and can sensitize TRPV1, producing heat hyperalgesia (Malin et al., 2006). Interestingly, our results suggest similar findings, with GFRα3 expression increases occurring in conjunction with TRPV1 expression in dog DRG as measured by qPCR. In the future, it will be interesting to determine the different subpopulations of neuronal types in the dog DRG by developing some canine-specific antibodies, which will provide information about various subsets of neurons that have been identified in mouse DRG.

The exact cellular mechanisms for artemin’s potential actions in OA have not been investigated. OA is a disease characterized by hypersensitivity to hot, cold, and mechanical pain (Arendt-Nielsen et al., 2018), and this hypersensitivity is driven by neuronal changes in the DRG. This may be mediated in part by GFRα3. Data suggest that artemin/GFRα3 is upstream in a pathway that regulates TRP channels (Ikeda-Miyagawa et al., 2015). The GFRα3 signaling pathway acts through the activation of the tyrosine kinase RET, possibly the RET51 isoform, and downstream effects may be due to the ERK/MAPK pathway (Li et al., 2009). A role in the development and maintenance of OA pain and sensitivity, possibly through the ERK/MAPK pathway, would fit in with our current knowledge of GFRα3/artemin. However, this needs to be investigated in the future.

Next, our results indicate that artemin/GFRα3 may play a hitherto unrecognized role in OA-associated pain and hypersensitivity. We have shown that artemin is related to various measures of OA-associated pain, which suggests a possible mechanism for broad thermal and mechanical hypersensitivity in OA patients. By using samples from naturally occurring OA in dogs, we were able to identify this potential target in the natural disease state. There is growing interest in this general approach—so-called reverse translation or multidirectional translation—with neurobiological evidence from the target condition being used to validate the model and inform mechanistic research (Dawes et al., 2011, 2014). Companion animals are particularly useful in this regard, as they share the same environment and habits as their human owners, making them ideal for investigations into diseases that affect both species, such as osteoarthritis. Future research will determine whether such a reverse translational approach is a good way to identify relevant targets for mechanistic evaluation in rodent models.

Osteoarthritis in pet dogs is very similar to human OA [biomechanically, structurally, histologically, genomically, and molecularly (Clements et al., 2006; Proffen et al., 2012; McCoy, 2015)], and recent reviews have highlighted the potential of using pet dogs to inform the translational process, particularly for efficacy screening of putative analgesics prior to human clinical trials (Klinck et al., 2017; Lascelles et al., 2018). It has been proposed that using tissue from naturally occurring disease states will better inform the direction of basic research and the development of novel targets (Klinck et al., 2017; Lascelles et al., 2018). Interestingly, during the drafting of this manuscript, Regeneron announced that it was advancing a fully human antibody to the GFRα3 neurotrophic factor receptor into clinical studies for OA pain in humans. Some limitations of this study include a small sample size of human serum samples and an age discrepancy between the control and OA dogs. Our study highlights a clinically relevant avenue for further research to determine the role of artemin/GFRα3 in OA pain.
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FIGURE S1 | Correlations of artemin and limb use during pain. Plot of synovial fluid artemin concentrations (ng/ml) against limb use, expressed as a symmetry index (SI) of vertical impulse (VI). Negative values of SI correspond to decreased limb use, and the plot shows that increased synovial fluid concentrations of artemin correspond to less limb use (R2 = 0.44; n = 8; p = 0.074).
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Cytotoxicity and consequent cell death pathways are a critical component of the immune response to infection, disease or injury. While numerous examples of inflammation causing neuronal sensitization and pain have been described, there is a growing appreciation of the role of cytotoxic immunity in response to painful nerve injury. In this review we highlight the functions of cytotoxic immune effector cells, focusing in particular on natural killer (NK) cells, and describe the consequent action of these cells in the injured nerve as well as other chronic pain conditions and peripheral neuropathies. We describe how targeted delivery of cytotoxic factors via the immune synapse operates alongside Wallerian degeneration to allow local axon degeneration in the absence of cell death and is well-placed to support the restoration of homeostasis within the nerve. We also summarize the evidence for the expression of endogenous ligands and receptors on injured nerve targets and infiltrating immune cells that facilitate direct neuro-immune interactions, as well as modulation of the surrounding immune milieu. A number of chronic pain and peripheral neuropathies appear comorbid with a loss of function of cellular cytotoxicity suggesting such mechanisms may actually help to resolve neuropathic pain. Thus while the immune response to peripheral nerve injury is a major driver of maladaptive pain, it is simultaneously capable of directing resolution of injury in part through the pathways of cellular cytotoxicity. Our growing knowledge in tuning immune function away from inflammation toward recovery from nerve injury therefore holds promise for interventions aimed at preventing the transition from acute to chronic pain.
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INTRODUCTION

The role played by the immune system in the context of nerve injury and pain is extensive (Ren and Dubner, 2010; Totsch and Sorge, 2017; Raoof et al., 2018). The two key effector mechanisms of the cellular immune response are inflammation and cytotoxicity. The importance of inflammation has long been recognized. The cardinal signs of inflammation – calor (warmth), dolor (pain), tumor (swelling), and rubor (redness and hyperemia) – were first documented by the Roman physician Celsus in the 1st century AD (Scott et al., 2004). These symptoms are in large part the product of the actions of inflammatory mediators such as chemokines, cytokines and vasodilators released from immune cells in a process designed to protect and facilitate the repair of injured tissue. The role of cytotoxicity, on the other hand, is to kill living cells and/or degenerate tissues via apoptotic mechanisms and is a critical function of immunity against cancer – another term introduced to the latin lexicon by Celsus (Hajdu, 2016). Pathways leading from immune activation to inflammation and their contribution to the generation of neuropathic pain are relatively well documented (Calvo et al., 2012). However, recent evidence points to a role of cytotoxicity in the immune response to nerve injury, which can in turn affect pain outcomes (Davies et al., 2019).

Neuropathic pain is defined as that arising from a lesion or disease of the somatosensory nervous system (Treede et al., 2008; Costigan et al., 2009b). Peripheral neuropathies leading to pain almost invariably result from a partial loss of innervation. This may occur either from disconnection of nerve branches from their peripheral target by physical injury (Bennett and Xie, 1988; Seltzer et al., 1990; Kim and Chung, 1992; Decosterd and Woolf, 2000) or a dying-back of axons from their terminals due to metabolic (O’Brien et al., 2014) or chemical neurotoxicity (Hoke and Ray, 2014). Axonal loss after injury is characterized by the mechanisms of Wallerian degeneration: a neuron-autonomous (i.e., self-determined) process involving active metabolic signaling within the axon leading to cytoskeletal destabilization and fragmentation (Gerdts et al., 2016; Llobet Rosell and Neukomm, 2019). Additionally, dying back of axons utilizes apoptotic pathways, while protecting the cell body from death (Yaron and Schuldiner, 2016).

The cellular response to nerve injury involves dedifferentiation of resident Schwann cells, and dynamic infiltration of systemic immune cells (Rotshenker, 2011). Normally this process would clear the way for axonal regeneration and nerve repair, resulting in transient hypersensitivity followed by recovery. However, interruption of this complex cascade of degeneration and regeneration can lead to aberrant processing which in some cases can transition into chronic pain (Xie et al., 2017; Davies et al., 2019). Thus, peripheral neuropathies lie at the intersection of multiple degeneration, immune and cell death-related pathways, and how these interact influences pain outcome over time.



NK CELLS AS SURVEYORS OF STRESS AND DISEASE

Natural killer cells are a key component of the innate immune response (Eberl et al., 2015), originally identified in the 1970’s as a population of large granular lymphocytes. NK cells were found to be spontaneously cytotoxic to freshly isolated cells and many tumor or immortalized cell lines (Timonen et al., 1981). Toxicity occurred despite the lymphocytes originating from healthy donors, and without the cells being deliberately sensitized. This non-adaptive, non-major histocompatibility complex (MHC)-restricted cytotoxicity was defined as ‘natural’ cytotoxicity (Trinchieri, 1989). Later, a system of classification of human cytotoxic lymphocytes was proposed by Lanier and Phillips based on CD3 expression, and whether or not cytotoxicity was MHC restricted (Lanier and Phillips, 1986), leading to CD8+ T cells (CTLs) and natural killer (NK) cells, with NK cells further divided into CD3 positive (NKT) and negative populations. A smaller population of ‘unconventional’ T cells defined by expression of the gamma and delta (γδ) T cell receptor chains are also capable of cytotoxic functions (Chien et al., 2014).

Natural killer cells develop from a lymphoid precursor common to B and T cells, but unlike their adaptive cousins, NK cells lack the machinery for somatic recombination and thus do not generate antigen-specific receptors. NK cells instead possess three main sets of receptors that control target cell recognition: natural killer group 2 (NKG2); killer-cell immunoglobulin-like receptors (KIR) and natural cytotoxicity receptors (NCR). These receptor families inhibit or activate NK cell function through a host of target cell surface ligands (Guia et al., 2018). Target cells can undergo loss of MHC-I ligands (known as ‘missing-self’), which normally are inhibitory to NK cells, or alternately NK cells can recognize stress-induced ligands expressed by the target cell (‘self-recognition’). The net result of these interactions is to allow NK cells to define and subsequently remove transformed or damaged cells (Chiossone et al., 2018).

Critical to NK cell cytotoxicity is the recognition and adhesion to the target cell, forming an ‘immune synapse’ (Davis et al., 1999). Target cell engagement is followed by exocytosis and fusion of lytic granules containing pore-forming perforin proteins and serine proteases such as the granzyme family (Henkart, 1985; Figure 1). NK cells can also induce target cell death signaling via activation of intracellular caspase cascades including tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) and Fas (CD95/Apo 1)-mediated apoptosis (Zamai et al., 1998). In addition, NK cells can effect target cell removal through antibody-dependent cellular cytotoxicity (ADCC) (Wang et al., 2015; Figure 2).
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FIGURE 1. The cytotoxic neuro-immune synapse: Potential downstream intracellular pathways. Cytotoxic natural killer cells form an immunological synapse upon recognition and adhesion to a target, in this case the axon of a stressed sensory neuron. (1) Cytotoxic/lytic granules are held by the microtubule organizing center (MTOC) of the NK cell. Immune synapse formation triggers reorientation and polarization of the granules by the MTOC which directs the fusion of the granules to the synaptic membrane. This mechanism ensures the precision release of the cytotoxic contents directly through the targeted axonal membrane. (2) The assembly of perforin pore complexes in the axonal membrane from individual perforin subunits released to the extracellular space allows the flow of ions including Ca2+, and larger molecules such as the serine protease granzyme B, into the intracellular environment of the target neuron. (3) Ca2+ flux leads to rapid axon microtubule destabilization and axon degeneration. The full mechanism of cytotoxicity in the axon is unclear. However, in the case of neuron-autonomous Wallerian degeneration, the late-phase Ca2+ elevation and subsequent calpain activation required for microtubule destabilization is gated by a metabolic signaling cascade involving depletion of nicotinamide adenine dinucleotide (NAD+), activation of Sterile-alpha and armadillo motif containing protein (SARM) and C-Jun N-terminal kinase (JNK) (Llobet Rosell and Neukomm, 2019). Although caspase 3 is a major target of granzyme B protease activity (Adrain et al., 2005), its role in cytotoxic axon degeneration remains unclear. Pathways shown in gray italics are yet to be determined specifically in cytotoxicity-induced axonal degeneration.
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FIGURE 2. The receptors and ligands of cellular cytotoxicity. There are several key cellular effector mechanisms capable of evoking intracellular cell death pathways. In the case of nerve injury this could be a targeted sensory axon. Natural killer (NK) cells are specialist cytotoxic effector cells expressing multiple receptors and ligands for executing cellular cytotoxicity. (1) CD95 (Fas) is a transmembrane protein that belongs to the tumor necrosis factor (TNF) family. Engagement with its ligand CD95L (FasL) expressed on NK cells (as well as activated CD8+ T cells and plasma cells) triggers apoptotic signaling in the target cell. Apoptosis may also be induced by tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) via its receptor on target axons. (2) Cross-linking of an antigen-antibody complex with the low affinity Fc receptor FcγRIIIa (CD16a) on human NK cells (FcγRIII/CD16 in mice) can trigger cytotoxic granule release (Rosales, 2017). (3) NK cells express a host of activating receptors such as NKG2D which recognize ligands expressed at times of neural stress, tumorigenesis or infection. Cytotoxic activity by either Fc or activator receptor function is kept in balance by inhibitory signaling from major histocompatibility complex (MHC) class I molecules or human leukocyte antigens (HLA), present on nearly all somatic cells; these molecules signal through inhibitory receptors expressed on NK cells, e.g., Ly49 family in mice, and killer immunoglobulin-like receptors (KIR) in humans. (4) Macrophages may elicit a form of antibody-dependent cellular phagocytosis (ADCP) via engagement with another low affinity Fc receptor FcγRIIa (CD32a) in humans. Macrophages/monocytes may also express natural killer receptors and ligands allowing them to recognize stressed target cells as well as interact with NK cells via natural killer receptor ligands (e.g., RAE1) while protecting themselves from killing by inhibitory MHC I molecules such as Qa1b (in mice) (Zhou et al., 2012). (5) Sensitized CD8+ T cells recognize MHC I-presented antigens at the target membrane surface via corresponding T cell receptors (TCR), which together with co-stimulation via receptors such as NKG2D, triggers cytotoxic granule release in a manner similar to NK cells. CD8+ T cells may also trigger apoptosis in target cells via FasL. (6) Neutrophils can recognize opsonized targets, such as antibody-antigen complexes, via complement receptors (e.g., C3R) or Fc receptors including FcγRIIa (Rosales, 2017). Complement or antibody Fc receptor signaling neutrophils can lead to respiratory burst and the release of reactive oxygen species (ROS), or an active mechanical disruption of the target cell membrane known as ‘trogoptosis’ (Matlung et al., 2018). Signaling via death receptor 6 (DR6) is thought to be involved in axon degeneration in the peripheral nervous system as well as neurodegeneration in the brain but the extrinsic signal for the receptor remains unknown (Gamage et al., 2017). ‘+’ and ‘−’ within the immune cell denotes stimulatory and inhibitory signaling, respectively.


Human NK cells can be broadly separated into cytotoxic CD56dimCD16+ cells and cytokine producing CD56brightCD16– (Poli et al., 2009); the equivalent populations in mice being CD27–CD11b+ and CD27+CD11b–, respectively (Crinier et al., 2018). In addition to cytotoxicity, CD56bright NK cells can shape the immune response in their vicinity by secreting a host of signaling molecules including interferon-gamma (IFN-γ), tumor necrosis factor-alpha (TNFα) and colony-stimulating factor 2 (CSF2) (Vivier et al., 2008; Poli et al., 2009) allowing functional interactions with T cells, dendritic cells and macrophages (Michel et al., 2012; Ferlazzo and Moretta, 2014; Pallmer and Oxenius, 2016). Unlike other innate immune cells, NK cells are not generally considered phagocytic, although phagocytosis of fungal pathogens by NK cells has been reported (Voigt et al., 2014).

Two major families of stress-induced ligands for the activatory receptor NKG2 member D (NKG2D) receptor have been identified in humans: MHC class I chain-related protein A (MICA) and B (MICB), and UL16-binding proteins (ULBP1-6), encoded by the family of retinoic acid early transcript 1 (RAET1) genes (Spear et al., 2013). The homologous ligands in the mouse are separated into three families: Histocompatibility 60 (H-60) (Diefenbach et al., 2001), murine UL16-binding protein-like transcript 1 (MULT1) (Carayannopoulos et al., 2002) and the RAE1 proteins family encoded by five Raet1 genes (α, β, γ, δ and ε) (Cerwenka et al., 2000). NKG2D ligands are often expressed by tumors or virally infected cells (Guia et al., 2018); for example, influenza infection has been shown to upregulate Raet1 gene expression in mouse sensory neurons in vitro (Backstrom et al., 2007). NKG2D ligands may also be expressed by other cell stressors such as during DNA damage or tissue injury (Raulet et al., 2013). The Raet1 gene family (not to be confused with ribonucleic acid export 1, Rae1) was originally identified by its expression in a mouse carcinoma cell line in response to retinoic acid treatment (Nomura et al., 1994).



NK CELLS IN THE INJURED PERIPHERAL NERVE

One of the first descriptions of NK cell-mediated neurotoxicity was in sympathetic ganglion neurons following systemic treatment with guanethidine (Hickey et al., 1992). NK cells harvested from adult mice and stimulated ex vivo with the cytokine interleukin-2 (IL-2) were also cytotoxic to dissociated embryonic dorsal root ganglion (DRG) neurons (Backstrom et al., 2000). A clue to the molecular interactions involved was a reduction in DRG cell cytotoxicity by blockade of the NKG2D receptor on NK cells (Backstrom et al., 2003), as well as the high basal expression of Raet1 in the embryonic sensory neurons (Nomura et al., 1996), which is likely the result of downstream signaling from retinoic acid. Retinoic acid signaling is critical in neurodevelopment (Maden, 2007), providing neurotrophic effects on axonal outgrowth (Corcoran et al., 2000) and acting as a regeneration mediator after nerve injury in adult neurons (Puttagunta and Di Giovanni, 2011).

In contrast to embryonic neurons, Raet1 expression is minimal in uninjured adult sensory neurons (Backstrom et al., 2000; Davies et al., 2019). Transcripts for Raet1a, Raet1b and Raet1e, as well as Ulbp1 (encoding MULT1) and H60b, were identified in single DRG neurons isolated from 6 to 8 week old mice, although abundance was low (Usoskin et al., 2015). Raet1 transcripts are however significantly upregulated in DRG neurons after peripheral nerve injury as detected by whole tissue quantitative-PCR and in situ hybridization (Davies et al., 2019). The Raet1e transcript specifically was also identified by RNA sequencing of mouse DRG, though it did not reach significance as a differentially expressed gene, likely due to the low abundance at the early time points assessed after injury (<24 h) (Rozenbaum et al., 2018). Additionally, deep sequencing of the rat sciatic nerve showed significant upregulation of Raet1 4 days after crush injury (Yi et al., 2015), suggesting either local expression within the injured axon, or additional expression by resident cells within the nerve. Recruitment of NK cells into the injured peripheral nerve (Cui et al., 2000; Hu et al., 2007; Davies et al., 2019) allows for the targeting of RAE1–expressing injured axons for degeneration (Davies et al., 2019) as well as possibly targeting other cell types within the nerve (Yi et al., 2015).

The signaling process driving Raet1 expression in injured sensory neurons is currently unclear. RAE1 expression during herpes virus infection occurs via the inhibition of histone deacetylase 3 (HDAC3), which normally acts as constitutive repressor of NKG2D-ligand gene expression (Greene et al., 2016). HDAC3 is also exported from the nucleus of injured DRG neurons (Cho et al., 2013) contributing to the histone acetylation which is thought to be necessary for ‘regeneration associated gene’ expression (Cho and Cavalli, 2014). The potential for autoimmune neurodegeneration by NK cells raises the interesting question of epigenetic influences on NKG2D ligand expression as a possible cause of sensory autoimmune neuropathies (Schleinitz et al., 2010). This has been demonstrated in principle by conditional overexpression of Raet1e within a population of TRPV1 receptor-positive sensory neurons, which resulted in a loss of heat sensitivity compared to littermate controls, consistent with the absence of peripheral signaling from this important subset of heat-sensitive nociceptive fibers (Davies et al., 2019). Trpv1 expression in the cell bodies of these sensory nerves was preserved, however, suggesting that the effect of Raet1e overexpression occurred in the peripheral axons, much like after injury (Davies et al., 2019). Further work is required to examine the dynamics of the expression of immune ligands within sensory neurons in health and disease.



NK CELLS IN CHEMICALLY INDUCED NEUROPATHIES

Peripheral neuropathy is a common side-effect of many chemotherapeutic agents. Axon degeneration occurs after treatment with oxaliplatin or vincristine, despite differences in the mode of action of these drugs (Starobova and Vetter, 2017). Oxaliplatin is a platinum-based chemotherapeutic, which blocks tumor cell replication through DNA binding thus leading to apoptosis, but is also associated with significant toxic side-effects including neurotoxicity (Oun et al., 2018). Accumulation of oxaliplatin in the DRG specifically is thought to contribute to the symptoms of peripheral sensory neuropathy (Sprowl et al., 2013) with functional changes to nerve excitability early in treatment correlating with the severity of neuropathy over time (Park et al., 2009). Vincristine is a vinca alkaloid drug which binds tubulin, resulting in microtubule destabilization and interruption of mitosis in dividing cells (Bates and Eastman, 2017). In sensory neurons, microtubule arrangement alterations are observed particularly in the large myelinated axons of rat sciatic nerves following vincristine treatment but prior to significant axon degeneration (Topp et al., 2000). The mechanisms of peripheral neuropathy by vincristine treatment in vivo are likely to involve mitochondrial toxicity and disruption of axonal transport (Fukuda et al., 2017). Neuronal microtubules are highly dynamic and participate in the transport of newly synthesized RNA, proteins and organelles required for nerve homeostasis (Prior et al., 2017). Disruption of axonal transport will therefore likely affect the local expression of RNA and protein that is critical for the efficient wiring and function of developing and regenerating axons (Poulopoulos et al., 2019) and likely explains why the longest axons tend to be affected, resulting in a ‘stocking and glove’ distribution of symptoms at the extremities (Starobova and Vetter, 2017). Non-neuron-autonomous effects from other cell types including immune cells may also contribute to the neuropathic effect of vincristine (Lees et al., 2017).

Chemotherapeutic agents upregulate stress-related proteins in tumor (as well as other) cells, including ligands for NK cells (Zingoni et al., 2017). For example, low-dose chemotherapeutic agents, including oxaliplatin, are capable of upregulating ligands for the activating receptors NKG2D and DNAX accessory molecule-1 (DNAM-1; CD226) and TRAIL in multiple tumor lines leading to enhanced susceptibility to NK cell cytotoxicity (Soriani et al., 2009; Siew et al., 2015). Vincristine and oxaliplatin themselves only mildly impair NK cell cytotoxicity (Markasz et al., 2007). Chemotherapeutic agents can also enhance NK cell function by down-regulation of inhibitory ‘self’ ligands on the target cell surface (Fine et al., 2010); therefore the sensitivity of tumor or other target cells to NK cell cytotoxicity can be initiated by modulation of activating and inhibitory ligands (Quirk and Ganapathy-Kanniappan, 2017). Pre-treatment with the cytokine interleukin 2 (IL-2) increases the anti-tumor response rate to oxaliplatin particularly in patients with low blood lymphocyte counts (Lissoni et al., 2005) but there are currently no data available on how this immune modulation may impact on the neuropathic side effects of chemotherapy.


Neurotoxicity of Immunotherapies

Immunotherapies that recruit cytotoxic effectors cells (Cifaldi et al., 2017), such as tumor-targeted monoclonal antibodies (mAbs) and checkpoint inhibitors, are also prone to inducing peripheral neuropathic side-effects (Federico et al., 2017; Spain et al., 2017) and in rare cases the inflammatory polyneuropathy Guillain-Barré syndrome (GBS) (McNeill et al., 2019). Tumor targeting by mAbs is fast becoming a mainstay in immunotherapy. Both NK cells and macrophages contribute to ADCC. Binding of the Fc portion of immunoglobulins (IgG) to Fc receptors FcγRIIIa (CD16) or FcγRIIa (CD32) transmits a stimulatory signal to NK cells triggering cytotoxic attack, as well as the release of cytokines such as IFNγ (Cheung and Dyer, 2013; Figure 2). However, the increased use of mAbs has brought an appreciation of significant side effects, in particular autoimmune disease (Hansel et al., 2010) and neurological complications (Bosch et al., 2011). For example, dinutuximab (ch14.18) is a mAb licensed for the treatment for high-risk childhood neuroblastoma and targets the disialosyl glycolipid GD2. NK cells are thought to be the main driver of the anti-tumor effect of neuroblastoma immunotherapy (Main et al., 1985; Lode et al., 1998; Wang et al., 2015) such that gain of NK cell function is often sought in combination with antibody treatment (Koehn et al., 2012). The combination of anti-GD2 mAbs with IL-2 improves outcomes in high-risk neuroblastoma patients suggesting that cellular effectors, in particular NK cells, are key to this response (Yu et al., 2010). However, during anti-GD2 mAb immunotherapy patients experience significant neuropathic pain (Cheung et al., 1987) and in severe cases irreversible peripheral sensory neuropathy. Anti-GD2 mAbs recognize the GD2 antigen on axons and affect peripheral nerve function in vivo (Slart et al., 1997; Xiao et al., 1997) but how this occurs remains unclear. The anti-tumor effect of anti-GD2 antibodies involves activation of the complement system (complement-dependent cytotoxicity, CDC) in addition to ADCC (Imai et al., 2005). Research has until now focused on antibody modifications designed to reduce complement activation, which has had some success in reducing neuropathic side effects in rat models (Sorkin et al., 2010). However, trials with newer mAb isoforms with impaired complement activity still report significant peripheral nerve toxicities (Navid et al., 2014; Anghelescu et al., 2015; Federico et al., 2017), suggesting that other mechanisms of mAb-induced neuropathy are at play (Calvo et al., 2012). Although immune-mediated inflammation has been proposed as a possible cause of chemotherapy and immunotherapy-induced pain (Starobova and Vetter, 2017), the role of cellular cytotoxicity in these pathologies requires further investigation.



AXON DEGENERATION AND CELL DEATH PATHWAYS IN NERVE INJURY

Wallerian degeneration, the process responsible for axonal degeneration following nerve axotomy in vivo and in the severed axons of cultured sensory neurons in vitro, is an active processes intrinsic to the neuron (Lunn et al., 1989; Perry et al., 1990). The discovery of a spontaneous mouse mutation with delayed or ‘slow’ Wallerian degeneration (WldS) demonstrated that over-activity of the nicotinamide adenine dinucleotide (NAD+) biosynthetic enzyme NMNAT1, is sufficient to protect the severed axon from fragmentation (Araki et al., 2004; Sasaki et al., 2009). A Drosophila screen of axon degeneration after olfactory neuron axotomy led to the identification of dSarm and its mammalian ortholog: Sterile alpha and TIR motif-containing 1 (SARM1) (Osterloh et al., 2012). SARM1 rapidly breaks down NAD+ and therefore acts as the key regulator of axonal degeneration after injury (Gerdts et al., 2015; Figure 1). SARM1 has been proposed to be a point of convergence for axonal degeneration associated with chemotherapy (Geisler et al., 2016) and metabolic neuropathies (Turkiew et al., 2017) but interestingly, not neuronal death (Geisler et al., 2019a).

Axonal loss may also occur in intact neurons by pruning or dying back. These processes share many features with Wallerian degeneration such as disruption of microtubules and cytoskeleton rearrangement (Luo and O’Leary, 2005). However, in contrast to the Wallerian degeneration of severed axons, axonal pruning during development uses the machinery of apoptosis while avoiding neuronal death via the endogenous caspase inhibitor, X-linked inhibitor of apoptosis protein (XIAP) (Unsain et al., 2013; Yaron and Schuldiner, 2016; Figure 3). The degree of peripheral axon pruning after injury may also be driven by a combination of trophic and axon guidance factors, which also co-opt apoptotic pathways (Vanderhaeghen and Cheng, 2010).
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FIGURE 3. Inhibition of apoptosis in the cell bodies of sensory neurons. Adult sensory neurons are protected from cell death by expression of Bcl2 (B-cell lymphoma 2). The gene product BCL-2 suppresses the function of the pro-apoptotic protein BAX (BCL2 Associated X) which can be induced by cell death signaling. The expression of further anti-apoptotic genes in the cell bodies of sensory neurons prevent axon degeneration intracellular signaling cascades from causing neuronal death. For example, expression of Hspb1 (Heat shock protein family B1), also known as HSP27, prevents sensory neuron death after nerve injury. X-linked inhibitor of apoptosis protein (XIAP) prevents cell death during developmental axon pruning by inhibiting caspases in the cell body. Thus axonal activation of caspases 3, 6 and 9, which is sufficient for certain forms of axon-restricted degeneration, occurs in the absence of cell apoptosis (Simon et al., 2012; Cusack et al., 2013).


Genes related to programed cell death have long been known to be regulated within the dorsal root ganglia (DRG) of injured sensory neurons (Costigan et al., 2002). For example, the elevation of pro-apoptotic caspases occurs in injured DRG neurons as well as surrounding non-neuronal glial cells (Vigneswara et al., 2013; Wiberg et al., 2018), and single cell analysis of sensory ganglia shows that caspase 3 is upregulated in all sensory neuron subtypes after injury (Hu et al., 2016). In fact more than 10 cell death-related genes are among the top 438 genes commonly induced by nerve injury in more than 5 sensory neuron subtypes revealed by single cell gene ontology analysis (Renthal et al., 2019). Other cell death-related genes, such as programed cell death 2 (Pdcd2) are upregulated only in the non-peptidergic (NP) population of nociceptive neurons; conversely, NP neurons showed a down-regulation of the neuronal survival related genes ISL LIM homeobox 1 (Isl1) and oxidation resistance 1 (Oxr1) (Hu et al., 2016), suggesting a selective sensitivity of this nociceptive neuron subpopulation to cell-death mechanisms.

While substantial neuronal death can occur in the DRG in neonatal animals after nerve injury (Himes and Tessler, 1989), such sensory loss is limited in adults (Whiteside et al., 1998; Tandrup et al., 2000; Shi et al., 2001). Nerve injury in young animals (up to 3 weeks of age) results in a reduced expression of the neuroprotective anti-apoptotic gene Bcl-2 (Gillardon et al., 1994; Farlie et al., 1995); this developmental period correlates with the lack of neuropathic pain development following peripheral nerve injury (Howard et al., 2005; Costigan et al., 2009a; Fitzgerald and McKelvey, 2016). In adults, DRG expression of Bcl-2 remains high (Merry et al., 1994) regardless of nerve injury type (Gillardon et al., 1994). The upregulation of heat shock proteins such as HSP27 (encoded by Hspb1) also support neuronal survival after axotomy (Costigan et al., 1998; Lewis et al., 1999; Figure 3). Conversely, after peripheral nerve transection, adult mice deficient in the pro-apoptotic gene Bax display greater autotomy (self-mutilation) (Lyu et al., 2017), a sign of ongoing neuropathic pain (Bennett and Xie, 1988), suggesting that certain apoptotic or ‘cell death’-related pathways may in fact be pain-protective in the face of nerve injury. Similarly, cross-linking of the death receptor Fas (also known as CD95) on sensory neurons enhances neurite outgrowth and nerve regeneration after sciatic nerve crush (Desbarats et al., 2003). Upregulation of Fas ligand within the injured nerve (Li et al., 2018) is therefore likely to have an important bearing on the resolution of nerve injury via non-apoptotic signaling to neurons (Desbarats et al., 2003) and immune cells (Williams et al., 2018) in addition to apoptotic mechanisms (Li et al., 2018; Figure 2).

Despite the role of SARM1 as the gate-keeper of intrinsic axon degeneration after injury (DiAntonio, 2019), extrinsic factors also influence axon degeneration (Conforti et al., 2014). For example, recent evidence points to the potential of extracellular signaling driving Wallerian degeneration through the orphan death receptor 6 (DR6) (Gamage et al., 2017). The cytotoxic machinery of NK cells is also well-placed to initiate axon degeneration. Immune-synapse formation with a target cell, followed by perforin pore formation and granzyme entry to the cytoplasm, typically triggers a cascade of calcium-dependent signaling events which in many cell types then leads to apoptosis (Trapani and Smyth, 2002). In sensory neurons, increases in axonal calcium either through the perforin pore or released from intracellular stores, appears critical to the subsequent localized axon degeneration by NK cells (Davies et al., 2019; Figure 1). The ability of calpain inhibitors to prevent axonal degeneration after nerve injury (McGonigal et al., 2010; Ma et al., 2013), as well as injury by complement-mediated membrane attack complex (MAC) pore formation (O’Hanlon et al., 2003), suggests that calcium-dependent processes are sufficient for degeneration. Thus the formation of a ‘neuro-immune synapse’ and its consequent actions within the axon represents an important extrinsic mechanism of axon degeneration in the periphery (Figure 1). The exact mechanisms downstream from granzyme entry into the axoplasm and how these interact with the known intrinsic pathways of axon degeneration, including SARM1, are currently unknown.


Axon Degeneration and Neuropathic Pain

The relationship between axon degeneration and neuropathic pain is complex. Experiments in Wallerian degeneration null mice show that while chronic constriction injury and chemotherapy-induced ‘pain’ does appear to require axon degeneration (Ramer et al., 1997; Geisler et al., 2016), other nerve injury models, such as spinal nerve transection, do not (Ramer and Bisby, 1998). On the other hand, complete nerve crush injury inducing Wallerian degeneration of the injured axons results in less long-term mechanical hypersensitivity than a partial or ‘moderate’ crush injury (Huang et al., 2012; Davies et al., 2019). Thus it appears that axon degeneration is neither necessary nor sufficient for neuropathic pain. Instead, the relative proportion of the injured and uninjured axon fibers and their functional subtypes or modalities is a more likely determining factor, reflective of the fact that most pre-clinical neuropathic pain models are based on a partial injury of the nerve (Seltzer et al., 1990; Kim and Chung, 1992; Decosterd and Woolf, 2000). In addition, neuropathies as a result of physical trauma, metabolic or chemical injury result in an intermediate state of injury between normal and axotomized, as evidenced by the pathological changes observed in axons the absence of complete Wallerian degeneration (Topp et al., 2000; Park et al., 2009; Huang et al., 2012; Davies et al., 2019). Axons in such a ‘metastable’ state of injury (Williams et al., 2014), may also be defined by the expression of cell-stress markers, including immune ligands, on their membranes (Davies et al., 2019). These findings suggest that peripheral nerve recovery may be achieved by either axonal stabilization (Geisler et al., 2019b) if intervention is performed early, or by accelerated degeneration if significant injury has already occurred (Davies et al., 2019).



GRANZYMES IN NEUROPATHY

Granzymes are a family of serine proteases produced by cytotoxic NK and T cells that have recently been linked to nerve injury and pain. Granzyme B is detected within the mouse peripheral nerve after transection and crush injuries, of which NK cells are a significant source (Davies et al., 2019). In vitro, the presence of granzyme B in the culture media is not sufficient to induce DRG axon toxicity, indicating that granzymes are delivered to the axon cytosol by direct contact between cytotoxic cells and sensory nerves (Davies et al., 2019). This suggests the formation of a neuro-immune synapse is critical in the neurodegenerative effect of cellular cytotoxicity by NK cells (Figure 1). In clinical neuropathies, granzymes have been labeled in the peripheral nerves (Noguchi et al., 2005; Ni Mhaolcatha et al., 2019), and granzyme B positive lymphocytes are seen in close apposition to neurons in the DRG in the late-stages of Guillain-Barré syndrome (GBS) in which axon degeneration is observed (Wanschitz et al., 2003). In the central nervous system (CNS) granzyme B-positive cells can be found next to apoptotic neurons following stroke (Chaitanya et al., 2011). Further studies are required to determine the exact role of these cytotoxic effector proteins following nerve injury.

Besides direct cytotoxicity, another potential target for granzymes are protease-activated receptors (PARs), a number of which have been implicated in pain pathogenesis (McDougall and Muley, 2015). For example, PAR-4 activation by the serine protease cathepsin G is capable of suppressing sensory neuron excitability (Sessenwein et al., 2017). Granzymes have been implicated in pain phenotypes more broadly, for example in a genome wide association study (GWAS) of healthy human twins the gene GZMM, encoding granzyme M, was identified as strongly associated to thermal nociception (Williams et al., 2012). Conversely, an inhibitor of granzyme B, serpinA3N, is produced by DRG neurons after peripheral nerve injury (Vega-Avelaira et al., 2009) where it is thought to attenuate mechanical allodynia in mice by inhibition of another serine protease, leukocyte elastase (Vicuna et al., 2015). Treatment of mice with small molecule inhibitors of leukocyte elastase after nerve injury temporarily reduced established neuropathic mechanical allodynia (Bali and Kuner, 2017). Furthermore, serpinA3N is capable of rescuing human fetal neuronal cell death mediated by anti-CD3 and anti-CD28 activated T cells (Haile et al., 2015). What role serpinA3N or other serine protease inhibitors may have in mitigating cytotoxic effector functions in the peripheral nerve after injury remains to be explored.



CELLULAR CONSPIRATORS IN AXONAL DEGENERATION


Macrophage Cytotoxicity in Nerve Injury

Natural killer cells now join macrophages as immune cells participating in the degeneration process after peripheral nerve injury (Chen et al., 2015). Macrophages are phagocytic cells that may be tissue resident or originate from the monocyte population of the blood and are an important component of the innate immune response to nerve injury (Zigmond and Echevarria, 2019). Macrophages play a key role in the removal and degradation of myelin debris during Wallerian degeneration (Stoll et al., 1989), and appear capable of degenerating both myelinated and unmyelinated fibers, as liposome depletion of macrophages prior to partial nerve ligation led to a preservation of both fiber types (Liu et al., 2000). However, macrophages do not appear capable of overriding the intrinsic delay in Wallerian degeneration in the WldS mouse despite their recruitment to the injured nerve (Rosenberg et al., 2012). In the absence of frank nerve injury, however, macrophages could play an active role in the peripheral axon degeneration that occurs in aged mice (Yuan et al., 2018).

Monocytes and macrophages exert cytotoxicity via cell-contact dependent phagocytosis (Munn and Cheung, 1990; Gul et al., 2014; Figure 2). Neuron morphology may be affected by the phagocytosis of viable axons and dendrites, in a process termed ‘neurophagy’ (Vilalta and Brown, 2018). After peripheral nerve injury for example, both central and peripheral projections of primary afferent neurons display signals for phagocytosis by microglia (Maeda et al., 2010) and macrophages (Wakatsuki et al., 2017), respectively. Macrophages can recognize the loss of sialic acid residues on membrane-bound glycolipids (desialylation) leading to the removal of neurites by phagocytosis (Linnartz-Gerlach et al., 2016). Neurite phagocytosis by macrophages requires the cell adhesion molecule CD11b, part of the complement C3 receptor (CR3), which recognizes deposition of the complement component C1 on desialyated glycolipids (Linnartz-Gerlach et al., 2016). Thus the complement system works in synergy with innate immunity to mark neuronal membranes for removal. In a model of simian immunodeficiency virus (SIV) infection, monocyte chemotaxis within the DRG led to neuronal loss which correlated the loss of intraepidermal nerve fibers (IENF) (Lakritz et al., 2015). Conversely, sialylation of DRG neuronal cell bodies after injury may help to prevent cytotoxic attack (Peng et al., 2004) by engaging inhibitory signaling via SIGLECs (sialic acid-binding immunoglobulin-type lectins) on innate immune cells, including NK cells and monocytes (Nicoll et al., 1999; Crocker and Varki, 2001).



Neutrophil Cytotoxicity in Nerve Injury

Neutrophils respond to tissue injury within minutes by sensing necrotic cell debris and damage-associated molecular patterns (DAMPs) (Wang, 2018). Initial contact by patrolling neutrophils results in their death by apoptosis and recruitment of a neutrophil swarm (Kienle and Lammermann, 2016). Neutrophil swarming often leads to collateral damage, although cloaking of the damage site by tissue resident macrophage may help to limit the inflammatory cascade (Kienle and Lammermann, 2016; Uderhardt et al., 2019). Neutrophil accumulation requires IL-1 and TNF receptor signaling, probably via IL-1β and TNFα released from resident cells early after injury (Nadeau et al., 2011). Neutrophil depletion experiments confirm their importance in the subsequent development of hyperalgesia after nerve injury (Perkins and Tracey, 2000; Nadeau et al., 2011). Blockade of CXCL1 cytokine signaling led to a reduction in neutrophil recruitment, and also reduced mechanical hyperalgesia in a model of post-surgical pain (Carreira et al., 2013) although the source of CXCL1 in the nerve and DRG after injury remains unclear (Silva et al., 2017).

Although traditionally known for amplifying the inflammatory response to tissue injury, neutrophils also contribute to tissue repair by the release of growth factors, and polarizing phagocytic macrophages to release anti-inflammatory cytokines such as TGFβ and IL-10 (Wang, 2018). Neutrophils appear to be critical for regeneration of CNS axons, such as after optic nerve crush (Kurimoto et al., 2013), although in the peripheral nervous system no significant deficits in recovery from sciatic nerve injury were observed after neutrophil depletion (Nadeau et al., 2011). More recent evidence suggests that in the absence of infiltrating monocyte-derived macrophages, neutrophils also perform a significant phagocytic role in the injured peripheral nerve (Lindborg et al., 2017).

Neutrophils can release reactive oxygen species (ROS) in a metabolic event known as a respiratory burst, or release of neutrophil extracellular traps (NETs) in a cell death processes known as NETosis. These cytotoxic mechanisms are typically targeted at invading pathogens but may be dysregulated in immune-related disease (Papayannopoulos, 2018). A novel form of cytotoxicity enacted by neutrophils has recently been described. Clearance of antibody-coated or ‘opsonized’ cancer cells, termed ‘trogoptosis,’ results from target cell membrane disruption leading to necrotic death (Matlung et al., 2018). Opsonization of peripheral nerve components such as myelin may occur after injury either by coating with IgG (Vargas et al., 2010) or complement C3 (Bruck and Friede, 1991). The C3 receptor (also known as CD11b/CD18) is expressed by NK cells, macrophages, monocytes and granulocytes (Arnaout, 1990) as well as neutrophils, where it has been shown to be critical for immune synapse formation and ADCC (van Spriel et al., 2001; Figure 2). Thus the same processes known to mediate phagocytosis of cellular debris in the injured nerve may serve the dual purpose of engaging cell death pathways by infiltrating immune cells.



Schwann Cell Cytotoxicity in Nerve Injury

Schwann cells, which form the myelinating units of the peripheral nerve, respond dynamically within minutes of injury (Wong et al., 2017). Schwann cells collaborate with macrophages to phagocytose degenerated myelin after nerve injury utilizing both Tyro3-Axl-Mer (TAM) receptor-mediated and autophagic mechanisms (Brosius Lutz et al., 2017). Recent evidence suggests that Schwann cells may themselves be early participants in peripheral axon degeneration (Catenaccio et al., 2017), and delaying dedifferentiation of Schwann cells prolongs the survival of axons after crush injury (Catenaccio et al., 2017). The presence of newly discovered Schwann cells adjacent to free nerve endings in the skin are ideally placed to mediate in the dying back of nerve terminals that occurs in multiple peripheral neuropathies (Abdo et al., 2019). However, the role of Schwann cells in triggering Wallerian degeneration remains unclear.



T Cell Cytotoxicity in Nerve Injury

Peripheral nerve injury recruits CD8+ T cells to the injured sciatic nerve (Hu et al., 2007; Bali and Kuner, 2017) where expression of antigen-presenting MHC class I molecules are increased (Bombeiro et al., 2016). Although sensory neurons express IFN-γ receptors (typically required for MHC I induction) they fail to upregulate MHC class I in response to IFN-γ signaling (Turnley et al., 2002). Correspondingly, MHC class I expression in axons of the injured nerve is low (Bombeiro et al., 2016). Therefore, the mechanism of CD8+ T cell activation by MHC class I induction and antigen presentation after acute nerve injury is unclear. In vitro, antigen-specific CD8+ T cells are known to cause axonal injury (Meuth et al., 2009; Sauer et al., 2013). Lentivirus infection of sensory neurons leads to damage by CD8+ T cells via CD40-CD154 mediated signaling (Zhu et al., 2006). Conversely, trigeminal ganglion neurons infected with herpes simplex virus type I are resistant to apoptosis induced by CD8+ T cells (Knickelbein et al., 2008), suggesting that the mechanisms controlling T cell mediated neurodegeneration are context dependent.

CD8+ T cells (as well as γδ T cells) express the receptor NKG2D and engagement with ligands such as RAE1 augments CD8+ T cell function, but only after prior stimulation by antigen-specific T cell receptors (TCRs) (Lanier, 2015), suggesting that NK cells are an important responder to ‘stressed-self’ in the non-immunized state. NK and CD8+ T cells exhibit mutually antagonistic responses to IL-2 immune stimulation (Alvarez et al., 2014) meaning that despite their overlapping cytotoxic roles one or other population will tend to dominate in any given immune response. An example of this is the aberrant expression of RAE1 in pulmonary epithelial cells, which has previously been shown to contribute to chronic obstructive pulmonary disease (COPD) via cytotoxic lymphocytes in an NK but not T-cell dependent manner (Borchers et al., 2009). Similarly, in the case of peripheral nerve injury NK cells are sufficient for degeneration of axons after IL-2/anti-IL-2 antibody complex stimulation (Davies et al., 2019) despite the simultaneous expansion of CD8+ T cells (Boyman et al., 2006). However, additional roles for CD8+ T cells within the nerve post-injury cannot be ruled out. Interestingly, resolution of neuropathic pain in mouse models of chemotherapy-induced neuropathy requires CD8+ T cells (Krukowski et al., 2016; Laumet et al., 2019a); in these studies the authors propose an indirect involvement of CD8+ T cells in suppressing DRG neuron activity by upregulation of IL-10 signaling (Krukowski et al., 2016). T cells are frequently identified in cellular and genetic analysis of peripheral neuropathies (Moalem et al., 2004; Costigan et al., 2009a; Vicuna et al., 2015; Cobos et al., 2018) and there is mounting evidence of their involvement in numerous pain states (Laumet et al., 2019b). Whether such an association between pain and T-cells require cytotoxic effector functions remains to be determined.



EVIDENCE OF NK CELL FUNCTION IN PAIN SYNDROMES

Acute pain (self-administered painful electrical stimulation) transiently increases functional NK cell activity as well as the proportion of NK cells in peripheral blood (Greisen et al., 1999); this effect was abolished by application of a local anesthetic to the skin, suggesting a neurogenic activation of NK cells (Greisen et al., 1999). NK cell function can also be stimulated by electro-acupuncture in rats (Kim et al., 2005). Peripheral nerve injury increased blood NK cytotoxicity in the 1st week after injury in mice (Kang et al., 2007), whereas splenic NK function assessed 3 weeks after nerve ligation was reduced (Sunagawa et al., 2000) suggesting a window of time after injury in which NK function is active followed by either recovery or exhaustion.

Gene ontology analysis of differentially expressed genes (DEG) shows significant upregulation of NK cell cytotoxicity-related genes after peripheral nerve injury (Costigan et al., 2009a) and during myelination in vitro (Wu, 2018). Cell senescence in the aging vertebral disc, a risk factor for low back pain, has also recently been associated with a differential expression of NK cell mediated cytotoxicity-related genes (Liu et al., 2018). Few studies have directly analyzed NK cells in pain conditions in humans. Low back pain patients presented with a lower percentage of NK cells in peripheral blood than asymptomatic subjects (Brennan et al., 1994), while recent studies in a similar cohort of chronic lower back pain patients identified an increase in anti-inflammatory T regulatory (Treg) cells (Luchting et al., 2014, 2015). In the context of tumor immunotherapy, the efficiency of NK cell cytotoxicity benefits from a simultaneous suppression of Treg cell function (Ni et al., 2012; Littwitz-Salomon et al., 2015). Similarly an imbalance in NK and Treg cells leading to loss of NK cell function by the release of immuno-suppressive cytokine such as TGF-β may contribute to low back pain (Luchting et al., 2014, 2015). On the other hand, treatment of radicular pain patients with pulsed radiofrequency to the DRG, which led to improved pain outcomes, reduced NK cell frequency in cerebrospinal fluid (CSF) (Das et al., 2018), although peripheral blood counts were not reported.


Immune Phenotyping After Injury or Pain

A number of studies have used mass cytometry to assess immune cell subsets, including NK cells, in patients after surgery or trauma. In patients undergoing hip arthroplasty for non-traumatic osteoarthritis NK cells increased 1.6-fold in the blood within an hour of surgical trauma, followed by contraction at 24 and 72 h (Gaudilliere et al., 2014). In a study of severe trauma patients, NK cells expressing the transcription factor T-bet peaked in the blood 1 day after injury suggesting the recruitment of immature NK cells from the bone marrow (Seshadri et al., 2017). Traumatic brain injury resulted in a higher frequency of inhibitory receptor (KIR2D+NKG2A+) expressing NK cells in the circulation compared to healthy or major surgery controls, which interestingly correlated with a loss of HLA class I in monocytes and impaired cytotoxicity to missing-self (Roquilly et al., 2017). While these studies suggest a significant alterations of NK cell function in the aftermath of injury, including to the central nervous system, the NK cell phenotype has yet to be explored in patients with defined injury to a peripheral nerve.

Recent studies with more broadly defined chronic pain conditions failed to find an association between NK cell frequencies and pain groups. The percentage of CD56brightCD16+ cells were slightly increased in patients with broadly defined severe chronic pain, however, generalized NK cell cytotoxic activity and the frequency of the major NK cell subsets were not significantly different (Yoon et al., 2018). In a study of 14 patients with complex regional pain syndrome (CRPS) and 14 controls, Russo and colleagues used mass cytometry to identify an expansion of both CD4+ and CD8+ memory T lymphocytes in patients compared to controls (Russo et al., 2019). NK cells (defined as CD56+ CD19–CD3–) were more than 50% elevated in CRPS patient blood but this did not reach significance. Thus results from human studies appear to show regulation of NK cells in chronic pain conditions, though the correlation between NK cell function and pain outcomes remains unclear. The inability to assign function from cell numbers alone is likely due to positive and negative effector functions and diverse cell subsets (Eberl et al., 2015). Appreciation of the differential NK cell subsets that are present in the blood, splenic compartments and injured nerves of mice and humans (Crinier et al., 2018) will aid further deep phenotyping to build a clearer picture of NK cell function in chronic pain.

There is no difference observed in the numbers of nerve-infiltrating NK cells in rats with mechanical allodynia after injury compared to those without (Cui et al., 2000). Furthermore, mice lacking NK cells after chronic depletion maintain a robust development of thermal and mechanical allodynia (Davies et al., 2019) in a well characterized model of neuropathic nerve injury (Kim and Chung, 1992). Therefore, NK cells do not appear to be necessary for the development of neuropathic pain. Instead, various factors may affect the pain-resolving potential of NK cells in the period after nerve injury (Davies et al., 2019). For example, long-term over-expression of NKG2D ligands such as Raet1 is known to cause a down-regulation of NK cell receptor expression and loss of function (Morvan et al., 2017). Additionally, activating ligands may be shed from damaged nerves, preventing their removal by NK cells. For example, cleavage of NKG2D ligands on tumor cells by disintegrins and metalloproteinases (ADAMs) (Waldhauer et al., 2008) helps tumors escape immuno-surveillance by NK cells (Ferrari de Andrade et al., 2018). As well as functions related to extracellular matrix remodeling (Yong, 2005), matrix metalloproteinases (MMPs) may affect the neuro-immune balance through the regulation of immune ligands on neurons and other cells of the nervous system. Specifically, MMP-9 and MMP-14 are capable of the cleavage of NKG2D ligands (Liu et al., 2010; Sun et al., 2011) are upregulated after nerve injury and contribute to neuropathic pain in preclinical models (Kawasaki et al., 2008; Tonello et al., 2019). Certain MMP gene variants have also been associated with the risk of low back pain in patients (Tegeder and Lotsch, 2009; Bjorland et al., 2017).

Natural killer cell function after nerve injury may also be compromised by morphine, which suppresses both spontaneous and cytokine-stimulated NK cell functions (Yeager et al., 1995). Immune suppression in response to chronic pain and neurological stress has long been known to affect tumor immunity and mortality (Liebeskind, 1991). Chronic stress paradigms, including surgical stress, reduces NK cell cytotoxic function in rodents (Aarstad et al., 1983; Pollock et al., 1987; Ben-Eliyahu et al., 1999) in an opioid-dependent manner (Shavit et al., 1984). Immune suppression after traumatic injury in patients, shown to be related to surgical stress (Blazar et al., 1986; Pollock et al., 1991), could have an important bearing on pain outcomes by reducing the anti-neuropathic function of cytotoxic effectors.



NK CELL-MACROPHAGE CROSSTALK IN PAIN?

Macrophages have a recognized involvement in pain hypersensitivity with multiple subtypes persisting within the nerve many months after injury (Liang et al., 2019). Depletion of peripheral monocytes/macrophages in mice by systemic treatment with clodronate liposomes reduced degeneration of both myelinated and unmyelinated fibers following nerve injury (Liu et al., 2000) and these mice also showed a reduced incidence of pain (Liu et al., 2000; Cobos et al., 2018). Incidence of neuropathic mechanical allodynia was also delayed by macrophage depletion in a rat model of diabetes (Mert et al., 2009). Activation of the angiotensin type 2 receptor (AT2R) in macrophages can drive neuropathic pain (Shepherd et al., 2018b). The cellular functions of macrophages within the injured nerve may include the production of reactive oxygen species (ROS) leading to nociceptor sensation (Shepherd et al., 2018a) as well as inflammatory cytokine production (Arango Duque and Descoteaux, 2014). Inflammatory macrophages (M1) within the nerve are also implicated in pain associated with diabetic neuropathy (Saika et al., 2019). M1 skewed macrophages within and around the damaged nerve likely precipitate neuropathic symptoms (Kiguchi et al., 2017; Saika et al., 2019) and conversely, macrophage polarization to an anti-inflammatory ‘M2’ phenotype can attenuate neuropathy-induced mechanical hypersensitivity via the production of opioids (Kiguchi et al., 2015; Pannell et al., 2016). Patients with complex regional pain syndrome show an elevation of CD14+ CD16+ monocytes in their blood (Ritz et al., 2011) suggesting that altered macrophage function at the systemic level is functionally related to nociplastic pain, i.e., pain that arises from altered nociceptive function in the absence of obvious precipitating cause (Aydede and Shriver, 2018). Transcriptomic analysis of human DRG from neuropathic pain sufferers suggests that sex differences in pain susceptibility may be driven by differential gene expression in macrophages (North et al., 2019). Interestingly, the transcriptomic profile of macrophages in mice differs between nerve and DRG compartments (Liang et al., 2019), and recent experiments using tissue-targeted macrophage depletion suggest that macrophages in DRG but not the sciatic nerve are required for mechanical allodynia after nerve injury (Yu et al., 2020). The divergence of neuropathic pain development in young and adult animals may also be a function of differential functional interactions between macrophage and cells within the DRG (Vega-Avelaira et al., 2009) or microglia/T cell signaling in the CNS (Sorge et al., 2015).

In mice, activated macrophages express NKG2D (Zhou et al., 2012) suggesting that in addition to NK cells, macrophages may interact with damaged axons via the expression of the ligand RAE1 after traumatic injury (Davies et al., 2019; Figure 2). Macrophages and NK cells communicate through a wide variety of cell contact cues and soluble factors (Michel et al., 2012). Functional influence is two-way, with macrophages able to either activate or inhibit NK cells (Nedvetzki et al., 2007; Krneta et al., 2017), and NK cells capable of killing over-stimulated macrophages (Nedvetzki et al., 2007). Thus activated NK cells in the immune milieu of the injured nerve may additionally help resolve neuropathic pain by eliminating M1 macrophages (Nedvetzki et al., 2007) as well as damaged axons (Davies et al., 2019).

Endometriosis is another example of a disease that may be influenced by a functional interaction between NK cells and macrophages. Endometriosis is the ectopic growth of endometrial cells forming lesions within the peritoneal cavity surrounding the uterus (Symons et al., 2018) leading to chronic pelvic pain and infertility (Thiruchelvam et al., 2015). A higher density of nerve fibers surrounded by macrophages are observed in endometrial lesions relative to surrounding tissue (Tran et al., 2009) and growth factor production by these cells has recently been proposed as a key driver of neurogenesis and nerve fiber sensitization in these lesions (Forster et al., 2019). Although inflammatory cytokines such as TNFα are elevated in the peritoneal cavity in painful endometriosis (Scholl et al., 2009), TNFα antagonists are yet to show clinical efficacy (Lu et al., 2013). Endometriosis pathophysiology is thought to involve a failure of NK cells to eliminate endometrial lesions from the peritoneal cavity (Sikora et al., 2011). Peripheral blood and peritoneal NK cells show reduced cytotoxic function in women with endometriosis (Garzetti et al., 1993; Thiruchelvam et al., 2015), and downregulation of NK cell cytotoxic capability via inhibitory interactions with macrophages (Yang et al., 2017). Disease severity is correlated with a loss of NK cell cytotoxicity as well as a resistance of the endometrial lesions to NK mediated attack (Oosterlynck et al., 1991). A failure of NK cell cytotoxicity to target aberrantly sprouting peripheral nerves in the presence of activated macrophages could therefore contribute to the symptoms of this disease. Early clinical trials of recombinant IL-2 treatment in endometriosis showed lower recurrence of pain symptoms (Acien et al., 2003), suggesting the potential benefit of the anti-neuropathic function NK cells (Davies et al., 2019). A registered trial aimed at assessing the potential use of an inhibitor of programed cell death 1 (PD-1) could lead to an immunotherapeutic treatment for endometriosis1.



NK CELLS IN HEMATOLOGICAL MALIGNANCIES AND INFLAMMATORY NEUROPATHIES

Interactions between NK cells and peripheral nerves precipitating neuropathy may also occur as a result of transformation of NK cells themselves. A case study in the 1990’s first reported an NK cell-specific leukemia with associated peripheral neuropathy presenting as tingling hands and back pain with progressive sensory loss in the extremities (Bobker and Deloughery, 1993); sural nerve biopsy revealed heavy lymphocytic infiltration although NK cell identity could not be confirmed (Bobker and Deloughery, 1993). Later, NK cell lymphoproliferative disease (NK-LPD) was reported as associated with peripheral neuropathy (Leitenberg et al., 1995), with steroid treatment improving neurological symptoms concurrent with a reduction in NK cell counts (Leitenberg et al., 1995). Prolonged F-wave latencies were consistent with a demyelinating sensorimotor polyneuropathy and sural nerve biopsies revealed an inflammatory neuropathy with myelin loss (Leitenberg et al., 1995). Subsequent cases of peripheral neuropathy coincidental to the NK lymphocytosis have been reported (Lackowski et al., 1998; de Boer et al., 1999; Noguchi et al., 2005). The effectiveness of steroids (Leitenberg et al., 1995; Sano et al., 2017) or an anti-CD52 antibody targeting a broad population of lymphocytes including NK cells (Chee et al., 2009) for the resolution of the peripheral lesions suggests the involvement of cellular immunity in the neurological aspect of the disease (Leitenberg et al., 1995). Nerve biopsies within these patients revealed lymphocytic infiltrates (Bobker and Deloughery, 1993; Rabbani et al., 1999) and labeling of granzyme and perforin suggest these cells possess cytotoxic activity (Noguchi et al., 2005). A recent observation of CD3– CD56+ cells in cutaneous nerve infiltration secondary to NK-LPD appears to confirm their NK cell identity (Ni Mhaolcatha et al., 2019). A longitudinal study of a severe polyneuropathy was additionally characterized by elevated serum levels of IL-2 and TNFα, as well as increased intrinsic NK cell cytotoxicity (Wex et al., 2005).

Overall, 3% of chronic NK-LPD cases appear to go on to develop peripheral neuropathy (Poullot et al., 2014). The reason for the development of neuropathy with NK cell proliferation in a minority of patients is currently unknown. NK cell leukemia is thought to be caused by a dysregulation of survival signals, including gain-of-function mutations of the transcription factor STAT3, leading to cell proliferation (Lamy et al., 2017). NK cells from lymphoproliferative disorders possess a skewed pattern of KIR gene expression (Hoffmann et al., 2000; Epling-Burnette et al., 2004) suggesting either a propensity for over-activation or loss of constitutive inhibition. Prior infection with Epstein-Barr virus (EBV) is also implicated in the pathogenesis of an aggressive form of NK-LPD (Hart et al., 1992; Hirose et al., 1997) and is itself a known risk-factor for peripheral neuropathy (Brizzi and Lyons, 2014). Prior transformation of the neurons or supporting cells of the nerve may therefore be a pre-requisite for target by NK cells.


Cellular Immunity in Inflammatory Neuropathies

Natural killer cells play an important role in the immune response to infections from EBV, cytomegalovirus (CMV), varicella zoster virus (VZV), and herpes simplex virus (HSV) (Orange, 2013), and each of these can precipitate peripheral neuropathy (Shin and Simpson, 2013; Brizzi and Lyons, 2014). GBS is a rapid-onset autoimmune peripheral neuropathy often preceded by bacterial or viral infection (Hartung, 1999). The most commonly identified prodromal infections are C. jejuni (32%), CMV (13%), EBV (10%) and M. pneumoniae (5%) (Jacobs et al., 1998). IL-2 is elevated in the serum of GBS patients, with levels returning to normal during the recovery phase (Hartung et al., 1991). However, NK cell activity is lower than baseline within a week of the onset of neuropathic symptoms in GBS (Yoshii and Shinohara, 1998), suggesting exhaustion or loss of NK cell function could exacerbate coincidental neuropathy. Analysis of KIR receptor and human leukocyte antigen (HLA) ligand gene combinations in GBS patients suggests a higher occurrence of inhibitory pairs that would in theory suppress NK cell function (Blum et al., 2014). Thus impairment of an otherwise beneficial innate immune response may contribute to the pathogenesis of GBS. This could explain why treatments designed to suppress the cellular immune response, such as corticosteroids, do not significantly reduce and may actually amplify disease severity (Hughes and van Doorn, 2012).

Chronic inflammatory demyelinating polyneuropathy (CIDP) is an inflammatory neuropathy typified by myelin loss and/or axonal damage of bilateral nerves of the extremities. The disease is characterized by a growing list of auto-antibodies found in patient sera that target peripheral nerve components (Fehmi et al., 2018). CIDP autoantibodies may exert a pathogenic effect by directly interrupting the axonal-myelination structure, or complement-dependent cytotoxicity (Rinaldi and Bennett, 2014). There is also an appreciation of cellular immune component to CIDP (Mathey et al., 2015). Both macrophage phagocytosis (Koike et al., 2018) and clonal expansion of auto-reactive T cells are thought to play a role in the disease, although direct evidence for a myelin antigen-specific auto-reactive T cell population is currently lacking (Schneider-Hohendorf et al., 2012). Reduced cellular cytotoxicity could also be a risk factor in CIDP. For example, missense loss-of-function mutations in perforin have been identified in some CIDP patients (Buttini et al., 2015), and a study of 22 CIDP patients and 22 healthy controls showed the proportion of CD3– CD56+ NK cells was lower in the blood of patients (Sanvito et al., 2009). CSF from inflammatory neuropathy patients contains elevated NK cells in association with GBS, whereas CD8+ T and CD3+ NKT cells levels were increased in CIDP patients (Heming et al., 2019). These findings suggest that heterogeneity in the cytotoxic cellular immune response could play role in differentiating the acute and chronic forms of inflammatory peripheral neuropathy.



CONCLUSION

Neurobiologists are increasingly aware of the critical role played by immune function and/or dysfunction in pain syndromes (Hore and Denk, 2019). Despite comprising a relatively minor proportion of peripheral blood cells, NK cells appear to play a unique role in the immune response to peripheral nerve activation and injury, enabled by the remarkable specificity of their innate receptor repertoire and the neuro-immune synapse. One beneficial function that these cells would be particularly suited to is the selective pruning of damaged or aberrantly sprouting peripheral axons following injury or disease. As the archetypal cytotoxic immune cell, NK cells have shone a light on the contribution of other immune cells, including macrophages, neutrophils and CD8+ T cells, whose cytotoxic potential in the response to nerve injury is yet to be fully elucidated. A number of chronic pain conditions, as well as pain risk-factors including chronic stress and opioid use, are co-morbid with loss of NK cell function, suggesting NK cell modulation as a potential therapy. Developments in the fields of cancer and immunotherapy are already providing tools to tune NK cells and therefore shift the immune response within the damaged nerve from maladaptive to adaptive. However, the potential role of cellular cytotoxicity in the resolution of neuropathic pain must be weighed against cytotoxic mechanisms themselves precipitating injury and therefore augmenting chronic pain. Thus, maintaining a homeostatic balance – a central tenant of immunology – remains the priority for immune function, including cellular cytotoxicity by NK and other cells, within the peripheral nerve.
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Background

Transcranial direct current stimulation (tDCS) is used for various chronic pain conditions, but experience with tDCS for acute postoperative pain is limited. This study investigated the effect of tDCS vs. sham stimulation on postoperative morphine consumption and pain intensity after thoracotomy.



Methods

This is a single-center, prospective, randomized, double-blind, sham-controlled trial in lung cancer patients undergoing thoracotomy under general anesthesia. All patients received patient-controlled (PCA) intravenous morphine and intercostal nerve blocks at the end of surgery. The intervention group (a-tDCS, n = 31) received anodal tDCS over the left primary motor cortex (C3-Fp2) for 20 min at 1.2 mA, on five consecutive days; the control group (n = 31) received sham stimulation. Morphine consumption, number of analgesia demands, and pain intensity at rest, with movement and with cough were recorded at the following intervals: immediately before (T1), immediately after intervention (T2), then every hour for 4 h (Т3–Т6), then every 6 h (Т7–Т31) for 5 days. We recorded outcomes on postoperative days 1 and 5 and conducted a phone interview inquiring about chronic pain 1 year later (NCT03005548).



Results

A total of 62 patients enrolled, but tDCS was prematurely stopped in six patients. Fifty-five patients (27 a-tDCS, 28 sham) had three or more tDCS applications and were included in the analysis. Cumulative morphine dose in the first 120 h after surgery was significantly lower in the tDCS [77.00 (54.00–123.00) mg] compared to sham group [112.00 (79.97–173.35) mg, p = 0.043, Cohen’s d = 0.42]. On postoperative day 5, maximum visual analog scale (VAS) pain score with cough was significantly lower in the tDCS group [29.00 (20.00–39.00) vs. 44.50 (30.00–61.75) mm, p = 0.018], and pain interference with cough was 80% lower [10.00 (0.00–30.00) vs. 50.00 (0.00–70.00), p = 0.013]. One year after surgery, there was no significant difference between groups with regard to chronic pain and analgesic use.



Conclusion

In lung cancer patients undergoing thoracotomy, three to five tDCS sessions significantly reduced cumulative postoperative morphine use, maximum VAS pain scores with cough, and pain interference with cough on postoperative day 5, but there was no obvious long-term benefit from tDCS.





Keywords: transcranial direct current stimulation, randomized double-blind study, prospective study, pain management, acute pain, analgesia



Introduction

Thoracotomy is a painful incision that involves multiple muscle layers, rib resection and pain is exacerbated by ongoing continuous movement due to breathing (Gerner, 2008). In addition, published data suggest that acute post-thoracotomy pain can influence the appearance and intensity of chronic post-thoracotomy pain (Katz et al., 1996; Bayman et al., 2017; Kampe et al., 2017).

Thoracic epidural analgesia is considered as gold standard for pain after thoracotomy, whereas systemic analgesia is used in patients not eligible for epidural analgesia (Gottschalk et al., 2006; Kampe et al., 2013; Kampe et al., 2014; Maxwell and Nicoara, 2014). Because multimodal analgesia regimens include pharmacological agents with potential for significant adverse events, there is an opportunity in post-thoracotomy pain management for development of new, improved techniques with fewer adverse events.

Transcranial direct current stimulation (tDCS) is a noninvasive cortical stimulation technique with neuromodulatory effects, altering cortical excitability through subthreshold modulation of neuronal resting membrane potentials by constant weak electrical current (Nitsche et al., 2003a; Nitsche et al., 2008; Stagg and Nitsche, 2011).

The proposed mechanism of pain alleviation by tDCS is based on modulation of cortical excitability in locations that can be considered as entry points for the wider areas of neuronal networks, the so-called “pain matrix” (Ayache et al., 2016). However, in addition to this mechanism, recent evidence indicates an interaction of tDCS with a number of neurotransmitter systems (serotonin, dopamine, GABA, acetylcholine) (Knotkova et al., 2013), as well as changes in serum brain-derived neurotrophic factor (BDNF) levels, which also take part in the processing of painful stimuli (Stefani et al., 2012). Furthermore, in addition to local effects in the area of stimulation, significant changes in remote connected areas related to processing of motor, cognitive, or pain information have also been demonstrated (Stagg et al., 2013).

Published data suggest that tDCS, when used as part of multimodal postoperative analgesia can result in reduced postoperative opioid use and reduced pain in patients undergoing endoscopic retrograde cholangiopancreatography (ERCP) (Borckardt et al., 2011), total knee arthroplasty (Borckardt et al., 2013; Borckardt et al., 2017; Khedr et al., 2017b), and hallux valgus surgery (Ribeiro et al., 2017), while results for patients who underwent lumbar spine surgery are equivocal (Dubois et al., 2013; Glaser et al., 2016).

Advantages of tDCS use for postoperative analgesia include simplicity of use, patient comfort, absence of a magnetic field, and low cost, and therefore tDCS is a promising option as non-pharmacological addition to a multimodal postoperative analgesia regimen (Borckardt et al., 2009; Bikson et al., 2016; Antal et al., 2017). Furthermore, tDCS with standard parameters seems to be safe, and the combination of tDCS with pain medications has not been associated with significant safety issues (Antal et al., 2017).

The primary objective of this single-center, prospective, randomized, double-blind clinical trial is to evaluate the effect of anodal tDCS combined with patient-controlled analgesia (PCA) morphine, on intravenous (IV) morphine consumption for analgesia after thoracotomy. The intervention group received treatment with anodal tDCS, whereas the control group received sham stimulation. We hypothesized that tDCS will result in reduced postoperative morphine use (primary outcome) and lower postoperative pain intensity at rest, with movement and with cough (secondary outcome) in patients receiving IV morphine PCA for analgesia after thoracotomy.



Methods


Study Design and Patient Selection

This prospective, randomized, double-blinded sham/controlled study was carried out in the Department of Cardiothoracic Surgery and the Department of Anesthesia and Intensive Care at the Military Medical Academy in Belgrade (Serbia) in the period from June 15, 2016 to March 27, 2018. The study was approved by the Institution Ethics Committee and was registered in Clinical Trials: https://clinicaltrias.gov (registration number NCT03005548). All eligible patients received detailed information about the study protocol and goals and gave written consent before enrolling in the study.

Inclusion criteria were patient willingness to participate, ability to understand the protocol and provide written informed consent, age 18–80, scheduled thoracotomy for confirmed primary malignant lung disease, and planned tracheal extubation in the operating room immediately after surgery. Exclusion criteria were pregnancy, treatment for neurological or psychiatric diseases, any chronic pain condition, history of alcohol or drug abuse, chemotherapy, history of previous thoracic or cardiac surgery, allergy to medications used in the study, presence of pacemaker, automatic implantable cardioverter/defibrillator or any other implanted device in the head, spinal cord, or peripheral nerves, and confirmed brain lesion, including tumor or metastasis (Woods et al., 2016). The flowchart of the study is presented in Figure 1.




Figure 1 | Study flowchart. VATS, video-assisted thoracoscopic surgery; tDCS, transcranial direct current stimulation.



Patients in both groups received intraoperative IV morphine followed by postoperative IV morphine PCA (bolus 1 mg, lockout time 10 min) using the CADDLegacy PCA Pump (Deltec, Inc.). Patients assigned to the active treatment group (a-tDCS, n = 31), received tDCS (20 min of 1.2 mA anodal tDCS over the left primary motor cortex for 5 days), whereas patients assigned to the sham control group (sham-tDCS, n = 31) received sham tDCS stimulations over the left primary motor cortex for 5 days.



Sample Size Calculation

Sample size calculation was conducted using the freely available from the University of Dusseldorf, Germany, G*Power statistical program v. 3.1.9.2 (Faul et al., 2007) and was based on the following assumptions: two tailed t-test, beta error = 0.2 (power of 80%), alpha = 0.05, mean morphine consumption 39 mg in one group vs. 62 mg in the other group with SD = 30, based on previously published data (Borckardt et al., 2008). Based on these assumptions, the required sample size would be 28 patients per group. Therefore, because we assumed 10% overall attrition rate, we decided to increase the sample size by 10% to 31 patients per group.

Participating patients were instructed to continue the study for 5 days. Criteria for early discontinuation of the study included the absence of any pain, patient request (for any reason), adverse analgesic medication or tDCS effects and any complications requiring prolonged postoperative intubation, mechanical ventilation, or additional surgical interventions.



Randomization and Blinding

In order to preserve blinding, only one independent physician (TVI) was in charge of the randomization procedure and adjusted tDCS in either anodal or placebo mode but had no contact with the patient and was not involved in any stage of collecting or processing data. All other investigators were blinded to group assignment. The tDCS stimulation session was performed by an investigator who had no knowledge of other aspects of patient data. After the first tDCS session, all patients were asked if they thought they were receiving active or sham stimulation. Analysis of their response did not show any significant findings, therefore we concluded that the blinding procedure was probably successful.

Group allocation was masked as group 1 or 2 for statistical analysis. Group allocation to the active tDCS (intervention) group or the sham (control) group was revealed after final data analysis.

A computer-generated permuted block randomization method (1:1) was used to allocate patients to the active or sham tDCS groups based on order of inclusion in the study, in order to ensure concealment.



Intervention

tDCS was transmitted through two circular Ag/AgCl electrodes (1 cm radius) with conductive gel fixed by the neoprene head cap and was delivered by a battery-driven, wireless Starstim tDCS neurostimulator (Neuroelectrics, Barcelona, Spain). The anode was placed over the left primary motor cortex, Brodmann area 4 (C3 position of the International 10-20 electroencephalogram electrode system), and the return electrode was placed over the contralateral supraorbital region (Fp2). The anodal tDCS group received stimulation for 20 min at 1.2 mA (current density 0.38 mA/cm2; charge density 0.127 mAh/cm2) per session. In sham stimulations, current was applied over the same electrode montage for 60 s with a ramp time of 10 s and then gradually turned off at the start of the 20-min period. At the end of the period, the current was ramped up slowly and then turned off more quickly (Nitsche et al., 2003b).



Anesthesia, Surgery, and Perioperative and Postoperative Pain Management Protocol

Patients were screened for possible inclusion in the study the day before surgery. Then, an investigator approached each eligible patient and provided information about the study, perioperative course, the expected level of acute postoperative pain, and incidence of chronic pain after thoracotomy. After signing a written consent, patients were instructed on the use of the visual analog (VAS) for assessment of pain and on the use of the PCA pump and received additional information about the tDCS procedure. In addition, on the morning of surgery patients were once again checked to ensure that they understand the pain assessment score and had their VAS for anxiety and depression assessed. After arrival in the operating room, standard monitoring was placed, IV access was obtained, and midazolam 2 mg was given as premedication. General anesthesia was induced using target-controlled infusion (TCI) of remifentanil (1–5 ng ml−1) and propofol (5 µg ml−1), while cis-atracurium (0.2 mg kg−1) was given for muscle relaxation. After induction, placement of double lumen endotracheal tube and confirmation of appropriate tube position with bronchoscopy, anesthesia was maintained with TCI of remifentanil (1–5 ng ml−1) and propofol (5 µg ml−1), while cis-atracurium (0.03 mg kg−1) was given as needed to maintain neuromuscular blockade. Entropy levels (Datex-Ohmeda S/5™ Anesthesia Monitor, GE Healthcare Finland Oy, Helsinki, Finland) were maintained in the 40–60 range throughout the procedure and FiO2 was set at 80% in order to keep SaO2 > 92%.

Thoracotomy was performed using a conventional anterolateral thoracotomy approach (Ferguson, 2007). The skin incision was 15 to 20 cm long, parallel to the ribs at the lateral part of the fifth intercostal space. The fifth intercostal space was crossed by subperiosteal rib resection along the superior border of the sixth rib. Rib spreader was used for two ribs retraction, with the superior part of the spreader moving apart the full content of the intercostal space (including the fifth intercostal nerve) against the inferior border of the fifth rib. The procedure was lobectomy or pneumonectomy depending on intraoperative findings.

During surgery, after resection of the lobe or lung was completed, we applied positive pressure to the bronchial stump and lobe in order to confirm the absence of significant postoperative air leak (“air leak test”) (Fell SC and Feins, 2018). After the “air leak test” morphine 2 mg was given as a bolus, morphine infusion was started at 0.01–0.05 mg/kg/h and paracetamol 1000 mg was infused over 30 min. At the beginning of chest closure, the surgeon performed ipsilateral intercostal blocks under direct vision at T4 to T7 levels using levobupivacaine 0.5%, 2 ml per level. At the end of surgery, intercostal drains were placed, and the intercostal space was closed by peri-costal sutures. After the end of surgery patients were extubated and transferred to the Post-Anesthesia Care Unit.

Postoperatively, as soon as VAS at rest was below 30 mm, tDCS was started and each patient was switched to morphine IV-PCA (bolus 1 mg, lockout time 10 min) with a dedicated PCA pump (CADDLegacy PCA Pump, Deltec, Inc., Ashford, Kent, UK). For patient convenience PCA morphine bolus was increased from 1 to 2 mg based on the individual increased number of attempted requests recorded with pump. Patients received IV morphine PCA for 5 days, but PCA was continued beyond postoperative day 5 if needed, but could also be discontinued earlier if no longer needed or at patient request. At the ward, all patients were monitored by pulse oximetry. If analgesia was inadequate (VAS score in rest ≥30 mm), the IV line was checked, additional morphine 1–2 mg was given as bolus, and analgesia was supplemented with IV diclofenac 75 mg twice a day and a single 1000 mg dose of IV paracetamol. After discontinuation of the IV PCA, patients received IV paracetamol 1000 mg every 6 h. After hospital discharge, patients received a prescription for oral nonsteroidal analgesics or paracetamol but not for any opioids. For the purposes of this study, data were collected during the first five postoperative days.



Outcomes and Assessments

The primary outcome of this study was the amount of morphine used for analgesia after thoracotomy in a group of patients receiving tDCS in comparison with the amount of morphine used for analgesia in patients receiving sham stimulation for up to 5 days.

Secondary outcomes were pain scores measured using VAS (from 0 no pain to 100 mm the worst possible pain) at rest, during movement, and during cough in patients receiving tDCS and IV morphine PCA, compared to patients receiving sham stimulation and IV morphine PCA.

After surgery, the first tDCS session was applied when the VAS pain score at rest fell below 30 mm. Morphine consumption, the number of analgesia demands, and pain intensity at rest, with movement and with cough were recorded at predetermined time intervals as follows: immediately before the intervention (T1), immediately after the intervention (T2), then regularly every 1 h for 4 h (Т3–Т6), and then every 6 h (Т7–Т31) for 5 days (Figure 2).




Figure 2 | Study design.



A researcher blinded to group assignments evaluated all patients in the morning on postoperative day 1 and postoperative day 5 using the patient-related outcomes (PRO) survey (Rothaug et al., 2013). The PRO survey consists of questions including the intensity of “the worst possible pain” (graded from 0 to 100); the percentage of time with severe pain (graded from 0 to 100%); pain interference with activity, cough, sleep, and mood (graded from 0 to 100); and patient satisfaction (0 to 100). The PRO survey was completed by the patients themselves; the researcher was only responsible for ensuring that all questions were answered. Baseline pain, anxiety, and depression were assessed on the morning of surgery and on the day of discharge from the hospital. Maximum VAS pain scores (i.e., the highest pain score number reported by each patient in each time frame) at rest, with movement and with cough were recorded. Demographic data and comorbidities were also recorded.

Baseline anxiety level was assessed with VAS for anxiety (Facco et al., 2013), whereas depressive symptoms were assessed with the Beck Depression Inventory (Beck et al., 1996). In addition, we recorded postoperative complications (surgical complications, allergy, pruritus, nausea, vomiting, hypotension, respiratory depression, delirium, weakness) and tDCS complications (headache, tiredness, nausea, tingling, itching sensations under the electrodes) (Stagg and Nitsche, 2011; Woods et al., 2016).

Management of the chest tube was at the discretion of the surgeon. Based on the publication by Bayman et al. (2017) a drain was recorded as “present” if it was present at 7:00 am during morning rounds. Respiratory complications were defined based on a study by Canet et al. (2010) and extrapulmonary complications were recorded based on the definitions of the PROVIHLO trial (Hemmes et al., 2014).

During hospitalization, after discontinuation of the intervention we recorded opioid analgesia requests besides regular paracetamol therapy and the amount of morphine used. If patients agreed to be contacted, a phone interview was conducted 1 year after surgery. The interview contained questions about presence of chronic pain after surgery; if pain was present, additional questions included time when pain appeared, medications used for pain treatment, and the influence of pain on daily activity. Because of concern about possible adverse effects of tDCS, we prepared a structured questionnaire in accordance with questionnaire surveys for tDCS adverse effects (Brunoni et al., 2011), and administered the questionnaire to all patients after each individual tDCS or sham session.



Statistical Analysis

In total, 55 patients who received three or more tDCS stimulation sessions were included in data analysis (Figure 1). Data were analyzed “per protocol” based on tDCS cumulative effect. Categorical variables [sex, American Society of Anesthesiologists Physical Status (ASA) score, smoking, comorbidities, surgery type, postoperative complications, reasons for tDCS termination, number of tDCS sessions, number of patients using nonopioid drugs and pharmacological treatment for chronic pain, and number of patients with chronic pain] were presented as frequency and were analyzed using the chi-square test. All continuous variables [age, body mass index (BMI), surgery duration, use of remifentanil, propofol and pre tDCS morphine loading, cumulative morphine dose, VAS, hospitalization duration, drain, anxiety level, mood, and Beck depression scale score] are presented as mean ( ± SD) for normally distributed data or median [interquartile range (IQR): 25–75 percentile] for non-normally distributed data. The Shapiro–Wilk test was used to test the normality of data distribution. For intergroup (active vs. sham) comparisons, the independent t-test was used for parametric variables (age, BMI, surgery duration, use of remifentanil, propofol, and pre-tDCS morphine loading), and the Mann–Whitney U test for non-parametric variables (cumulative morphine dose, VAS, hospitalization duration, drain, anxiety level, mood, and Beck depression scale score). The relationship between variables was evaluated using the Pearson’s coefficient correlation. Cohen’s d for the mean difference also was performed for a continuous variable of interest (cumulative morphine dose). Statistical analysis was conducted using IBM SPSS Statistics, version 19.0 (SPSS, Chicago, IL, USA) and statistical significance was defined as p < 0.05 for all comparisons. Missing values were less than 5%.

The period between two consecutive stimulations was used as a time frame for data analysis, starting with the time frame between the first and the second session, the second and the third, and so on, and therefore there were five time frames: time after the first session, after the 2nd tDCS, after the 3rd tDCS, after the 4th tDCS, and after the 5th tDCS session. Morphine dose was calculated as cumulative dose before every preceding stimulation, i.e., the dose of morphine between two consecutive stimulations, including the period 24 h after the last tDCS stimulation. VAS pain scores were recorded in three different conditions: at rest, with movement, and with cough at regular time intervals between consecutive tDCS sessions. The highest VAS score among these measurements for the individual patient served as representative for that time frame. Then, we calculated and presented a median (IQR) of maximum VAS pain scores of all patients in the group for a particular time frame. The same principle was applied separately for pain in different conditions.




Results

Overall 62 patients enrolled in the study. One patient was excluded because he required emergency re-operation. tDCS was prematurely stopped in six patients due to surgical complications (n = 2), absence of pain (n = 2), or per patient request without a specific reason (n = 2). Patients were included in the analysis only if they received three or more tDCS applications, and data were analyzed “per protocol” (27 in the tDCS and 28 in the sham group, 55 in total, as shown in Figure 1).

Baseline demographic data (Table 1), comorbidities (p = 0.525), intraoperative data (Table 2), and surgery type (p = 0.383) (Table 2), were not significantly different between groups. Maximum VAS pain scores at rest before intervention were not significantly different between the tDCS and the sham group [20.00 (10.00–29.00) vs. 29.00 (22.00–29.75), p = 0.102].


Table 1 | Demographic information.




Table 2 | Intraoperative data, presented as mean (SD) or number of cases.



Cumulative morphine dose administered during the first 120 h after surgery was lower by 31.25% (Cohen’s d = 0.42) in the tDCS group [77.00 (54.00–123.00) vs. 112.00 (79.97–173.35) mg, p = 0.043], and the difference was statistically significant (Figure 3). The number of analgesia requests delivered by PCA pump did not differ significantly between groups. Additional analysis comparing cumulative morphine use in men and women in both the tDCS and the sham groups did not show any significant differences between tDCS vs. sham in men or in women. However, cumulative morphine use was significantly higher in men, compared to women, in both the tDCS and the sham group at all time points (Table 3).




Figure 3 | Cumulative morphine dose administered during the first 120 h after surgery. Data are presented as median [(interquartile range (IQR)]. (○) represents outliers. Day 0 covers the period after the first transcranial direct current stimulation (tDCS) immediately after surgery until the second tDCS session; postoperative day 1 covers the period after the second tDCS session on the first postoperative day; postoperative day 2 covers the period after the third tDCS session; postoperative day 3 covers the period after the fourth tDCS session; postoperative day 4 covers the period after the fifth tDCS session. After the fifth interventional session, cumulative morphine dose was significantly lower (p = 0.043) in the tDCS group. *p < 0.05.




Table 3 | Cumulative morphine dose administered in the first 120 h after surgery.



On postoperative day 5, maximum VAS pain score with cough was lower by 34.83% in the tDCS group [29.00 (20.00–39.00)] vs. sham stimulation [44.50 (30.00–61.75)], p = 0.018; this difference was confirmed by PROs, where interference of pain with cough was 80.00% lower [10.00 (0.00-30.00) vs. 50.00 (0.00-70.00), p=0.013] (Figure 4C). There was no significant difference in maximum VAS pain scores during rest and movement, between the tDCS and the sham group (Figures 4A, B). Also, no difference in maximum VAS pain scores was found in men compared to women in both the tDCS and the sham group.




Figure 4 | Maximum visual analog scale (VAS) pain scores during rest (A), movement (B), and cough (C). Data are presented as median (IQR). (○) represents outliers. Day 0 covers the period after the first transcranial direct current stimulation (tDCS) immediately after the surgery until second tDCS session; postoperative day 1 covers the period after the second tDCS session on the first postoperative day; postoperative day 2 covers the period after the third tDCS session; postoperative day 3 covers the period after the fourth tDCS session; postoperative day 4 covers the period after the fifth tDCS session. (C) Significantly lower (p = 0.018) maximum VAS pain score with cough was recorded after the fifth interventional session in tDCS group. * p < 0.05.



We did not record any complications from tDCS, except for “itching” and “tingling” in the control group. Postoperative complications included respiratory complications, arrhythmias, surgical complications, and infections but there was no significant difference between groups (p = 0.522).

There was no significant difference between groups regarding anxiety, mood, and presence of depression (Table 4). While interference of pain with cough was significantly lower in the active tDCS group, we did not identify any other differences existed between groups with regard to PRO (Table 5). Data at discharge were not significantly different between groups (Table 6).


Table 4 | Anxiety level, mood and Beck depression scores preoperatively and on the day of discharge.




Table 5 | Patient-reported outcomes on postoperative day 1 and day 5.




Table 6 | Postoperative data; VAS-pain (P) on discharge, hospital length of stay, and presence of drain.



From the time tDCs was discontinued until discharge, the number of patients treated with opioids was not significantly different between groups: 4 (14.8%) patients in tDCS group and 7 (25%) in sham group (p = 0.544). Additionally, there was no significant difference in the amount of morphine used in tDCS vs. sham group patients (20.00 (4.25–54.50) mg vs. 8.00 (3.00–30.90) mg, (p = 0.788). The number of patients treated with nonsteroidal anti-inflammatory drugs was 6 (22.2%) in tDCS group vs. 3 (10.7%) in sham group (p = 0.295).

No patient contacted us after discharge due to pain problems. The phone interview conducted 1 year after surgery revealed that 9 of 21 (43%) patients in the tDCS group and 11 of 22 (50%) patients in the sham group had chronic pain (p = 0.87). Timing of chronic pain appearance was not significantly different between groups (p = 0.409): pain was persistent from the discharge in 4 (14.8%) tDCS patients and in 6 (27.3%) sham patients. Pharmacologic chronic pain treatment was needed by 6 (28.6%) patients in tDCS group vs. 8 (36.4%) patients in the sham group (p = 0.444), but only one patient in the tDCS group required opioid therapy. Pain influence on daily activities 1 year after surgery was reported by two patients in the sham group (p = 0.299).



Discussion

Our results suggest that three to five anodal tDCS sessions on consecutive post-operative days over the left primary motor cortex (Brodmann areas 4) as an adjunct to IV morphine PCA significantly reduce cumulative morphine use, pain with cough and interference of pain on cough in patients with acute pain after thoracotomy.

The use of opioid consumption given by IV PCA as the primary outcome in our study is based on the principle that all patients should have access to good quality postoperative analgesia. Several published studies (Borckardt et al., 2008; Borckardt et al., 2013; Glaser et al., 2016; Khedr et al., 2017b) have used tDCS as component of a multimodal analgesia regimen that also included IV opioids for pain after several different types of surgical procedures and have demonstrated significant reduction of cumulative PCA opioid use, comparable to our findings. A study published by Ribeiro et al. (2017) reported the best result with 73.25% reduction of opioid analgesic use with preoperative application of two tDCS sessions in patients undergoing hallux valgus surgery. However, the Ribeiro study included data collected from patient diaries after hospital discharge (Ribeiro et al., 2017), whereas opioid consumption data in our study as well as in several other hospital-based studies were collected in an objective manner, from PCA pumps in a hospital environment. The opioid sparing effect of M1-tDCS can be explained by acute motor cortex neuromodulation and direct increase of regional endogenous opioid release (Dossantos et al., 2012; Dossantos et al., 2014). Dossantos et al. (2012) have shown that acute tDCS reduces morphine (µ) opioid receptor (MOR) availability in pain-related regions during single-session tDCS in postherpetic neuralgia. The decreased binding of exogenous ligand during PET scan was explained as MOR occupancy by endogenous opioids (Maarrawi et al., 2007). However, Khedr et al. (2017b) suggested that the opioid sparing effect of tDCS could be the result of tDCS boosting the opioid effect or of reduced endogenous perception of pain.

The variable opioid-sparing effect in different tDCS studies can be explained by high heterogeneity of study protocols (twice daily vs. once daily), use of different cortical targets (motor cortex vs. prefrontal cortex), different non-opioid analgesics, including metamizole, paracetamol or ketorolac, different types of surgical procedures, and localization in the human body. Some studies used a combination of spinally delivered local anesthetic and opioid for intraoperative analgesia and postoperative systematic opioid (Khedr et al., 2017b; Ribeiro et al., 2017), while other studies, including our study, used perineural local anesthetic administration as adjunct to systemic opioid analgesia (Borckardt et al., 2013). Perineural local anesthetics (femoral nerve block, intercostals block) and systemic non-opioid analgesics (nonsteroidal and steroidal anti-inflammatory drugs) act primarily by peripheral mechanisms (Eisenach and Brennan, 2018), while spinally administered drugs and systemic opioids act primarily in the central nervous system (Eisenach and Brennan, 2018). Based on the works of Nitsche et al. (2003a) and Alonzo et al. (2012), different medications can influence tDCS efficacy, thereby influencing the results of clinical trials. The influence of multiple perioperative analgesics and regional analgesia techniques on tDCS efficacy needs to be explored in further studies.

In our study we tried to overcome some of these issues by excluding patients with chronic pain and preoperative opioid use. In an attempt to use fewer medications, propofol, and remifentanil were used for anesthesia, combined with a single intercostal block and a single dose of paracetamol intraoperatively, followed by postoperative analgesia using morphine IV-PCA. During the intraoperative period there was no difference in the amount of remifentanil infused for intraoperative analgesia and in the amount of morphine used to provide analgesia at rest (VAS < 30 mm), before the first intervention session in the immediate postoperative period. In the postoperative period, paracetamol was given only when a patient requested additional analgesia, and none of the patients requested it. However, despite well-defined exclusion criteria, our patients were still using different medications for treatment of chronic comorbidities.

Propofol was chosen as primary anesthetic because data suggest it confers neuroprotective effect against intercostal nerve injury after thoracotomy (Song et al., 2012) and may also have a role in preventing remifentanil-induced hyperalgesia (Song et al., 2012). Remifentanil was chosen for intraoperative use in order to minimize the impact of intraoperative opioid administration on postoperative analgesia and on the need for postoperative opioids. Morphine administration started at the time of the “air leak test” (testing of the bronchial stump and lobe for air leak), usually 40 min before closing the chest (Munoz et al., 2002).

Cumulative opioid use in our study showed divergent trajectories between the two groups, with the divergence getting wider after the second tDCS session, a finding similar to the results reported by Khedr et al. (2017b). Other studies have shown that the effect of tDCS becomes obvious 12 h after the first tDCS session or after two tDCS sessions (Glaser et al., 2016; Borckardt et al., 2017). Borckardt et al. (2017) have suggested that tDCS should be used immediately after surgery in order to maximize its effect, but in our study and in several other studies the first tDCS session started 30 min to 3 h after wound closure. In contrast to earlier studies which did not precisely evaluate pre tDCS pain intensity, the first tDCS session was started in our study only after patients received postoperative analgesics and VAS pain at rest was ≤30 mm, in order to have comfortable patients with similar pain intensity at the time of tDCS. The number of analgesia requests was recorded; however, PCA settings were adjusted in response to patients’ needs by increasing the bolus dose of morphine from 1 to 2 mg, and this is why there was no difference in the number of analgesia requests. Therefore, the amount of morphine used (not the number of analgesia requests) better reflects the quality of analgesia in this patient population.

While the Ribeiro et al. study only included female patients, our study included both men and women. When analyzing data in male patients only and in female patients only, we did not find any significant difference between tDCS vs. sham groups with regard to cumulative morphine use and maximum pain scores. However, when comparing male vs. female patients, data analysis showed significantly higher cumulative morphine use in male patients at all time points in the postoperative period. Published studies have not shown sex to be a consistent predictor of analgesic efficacy of morphine: some studies found reduced morphine efficacy (Cepeda and Carr, 2003; Miller and Ernst, 2004) or increased morphine efficacy (Niesters et al., 2010) in female patients, while other studies showed no difference (Fillingim et al., 2005), and there is a hypothesis that different genotypes, especially polymorphism of OPRM1 gene responsible for MOR synthesis (Janicki et al., 2006; Sia et al., 2008) might play an important role.

In our study, VAS pain scores at rest, with movement and with cough were not different between the two groups, but cumulative opioid use was significantly lower in the tDCS group. This finding is in agreement with the findings reported by Khedr et al. (2017b) and suggests that tDCS has a significant analgesic and opioid-sparing effect. However, because the main outcome of our study was cumulative opioid use, the study was not designed and did not have adequate power to assess differences in postoperative VAS scores between patient groups. Therefore, we decided to analyze the maximum value of pain during cough, i.e., “the worst possible pain” which, as suggested by Jensen et al. (2015) is more important than “average pain” for valid assessment of the treatment effect. In the tDCS treated group, maximum VAS pain during cough was significantly lower after the fifth tDCS session on postoperative day 5. This finding can be explained by a cumulative effect of repeated tDCS, as reported in tDCS studies on healthy volunteers and patients with chronic pain (Lima and Fregni, 2008; Alonzo et al., 2012).

Our decision to include in data analysis only patients who had three or more tDCS sessions was based on the concept of cumulative tDCS effect. Driven by the positive benefits of repeated rTMS sessions for the treatment of depression, many trials have applied the same concept using tDCS. Clinical trials have applied repeated tDCS sessions with the assumption that repeated stimulation will result in cumulative and sustained changes in cerebral function (Mori et al., 2010). Recent evidence suggests that the excitatory effects derived from tDCS might be cumulative both at the cortical (Alonzo et al., 2012) and at the behavioral level in healthy people as well as in different patient populations (Boggio et al., 2008a; Alonzo et al., 2012). Furthermore, tDCS alters cortical excitability more effectively when given daily rather than every other day over a 5-day period (Alonzo et al., 2012). Most studies showing an effect of tDCS on opioid consumption have design similar to our study, using four tDCS sessions, either as two sessions per day for 2 days or as one session per day for four consecutive days (Borckardt et al., 2013; Glaser et al., 2016; Khedr et al., 2017b), whereas two studies used only one tDCS session with different results (Borckardt et al., 2011; Dubois et al., 2013). Based on this knowledge, data analysis in our study was performed “per protocol”.

We believe that the 34.83% reduction of maximum VAS pain during cough observed after the fifth tDCS session is clinically significant, based on mean value which stratifies tDCS group patients with mild pain compared to moderate pain in sham group (Jensen et al., 2003; Younger et al., 2009).

Some published studies have not shown a benefit from tDCS with regard to pain scores (Khedr et al., 2017b). The best results have been reported with preoperative tDCS application (Ribeiro et al., 2017), but in that study data were recorded and collected by patients at home. The model of post-thoracotomy pain used in our study is challenging due to the complex origin of pain, including nociceptive (skin incision), somatic (muscles, ribs) caused by retraction and deeper tissue trauma, resection of ribs and dislocation of costovertebral joints, visceral (pleura) caused by chest tube irritation, and nerve involvement due to intercostal nerve injury and inflammation (Ochroch and Gottschalk, 2005). Intercostal nerves, and the vagus and phrenic nerves are all responsible for nociceptive input after thoracotomy. Intercostal nerve injury due to incision, retraction, or suture can have significant impact on post-thoracotomy pain (Benedetti et al., 1998), whereas phrenic nerve activity can cause shoulder pain (Scawn et al., 2001). Further work is needed to evaluate whether other surgical procedures are “responding” to the analgesic effect of tDCS.

Postoperative pain is complex and not a single entity. Use of tDCS in patients with chronic pain state (fibromyalgia) can result in mood improvement (Khedr et al., 2017a), whereas studies investigating acute postoperative pain, including our study, did not find a difference in mood and depression scores between patients treated with tDCS vs. sham (Borckardt et al., 2013; Khedr et al., 2017a). The different effect of tDCS on mood and depression scores in patients with acute vs. chronic pain can be explained by the different pain model, stimulation electrode location, lower number of tDCS sessions, and, perhaps more important, other psychological factors, including catastrophization, which are not evaluated in clinical acute pain studies (Borckardt et al., 2013; Khedr et al., 2017a; Lefaucheur et al., 2017).

In our study, tDCS showed short-term benefit as evidenced by significant reduction of morphine use. However, patient follow-up during hospital stay and the follow-up phone interview 1 year later did not show a difference between groups with regard to analgesic medication use and incidence of chronic pain, which were not the primary aims of the study. This short-term beneficial effect of tDCS could still be clinically relevant as part of multimodal post-thoracotomy pain treatment in cases where regional techniques have failed or are contraindicated. Because the severity of acute post-thoracotomy pain has been associated with chronic pain after surgery (Bayman et al., 2017; Niraj et al., 2017), different analgesic techniques, especially non-pharmacological opioid-sparing techniques with minimal side effects should be explored for their utility in clinical practice.

Strengths of our study include the use of a nonpharmacological and safe technique as part of multimodal analgesia regimen for a very painful surgery (thoracotomy), prospective study design, small but adequate sample size, sound blinding and randomization procedures, and a clinically meaningful primary outcome. The finding of reduced “worst possible pain” during cough is clinically important for patients in the postoperative period and is especially useful after video assisted thoracoscopic surgery (VATS) and in cases where epidural analgesia is contraindicated.

Limitations of our study include the small (but adequate, based on sample size calculation) number of patients, and the absence of preoperative qualitative sensory testing which could provide additional insight into the character of patient distress. The fifth intervention session was performed in 11 patients in the tDCS group and 16 patients in the sham group, therefore we calculated Cohen’s criteria of d 0.42, which shows that sample size has low impact on results.

Although previous publications have used two tDCS sessions per day (Borckardt et al., 2013; Glaser et al., 2016; Borckardt et al., 2017), we chose to use single tDCS session repeated daily based on previously published data (Borckardt et al., 2011; Khedr et al., 2017a). From our point of view, daily application of tDCS stimulation seems more feasible in the real world of a busy hospital.

The short-term (5 days) follow-up period is a significant limitation of this study, but was based on average hospital stay after thoracotomy in our Institution. This was a “proof of concept” study, as there are no published data about the effects of tDCS as part of multimodal management of acute post-thoracotomy pain. However, after patients leave the hospital, our experience showed that it is difficult to achieve high patient response rates to phone interviews and patients are generally not willing to participate in repeated follow-up audits. Therefore, in order to respect the wishes of our patients to only be contacted once after surgery, we determined that a 1-year follow-up period was the most suitable.

Recently, tDCS has been increasingly studied as an effective pain treatment technique (Woods et al., 2016). This type of non-invasive modulation has been studied previously in multiple target brain areas including the primary motor cortex, dorsolateral prefrontal cortex, and less frequently cerebellum (O'connell et al., 2014). In our study we decided to stimulate the primary motor cortex, since this pattern of stimulation has proven to be successful in a number of previous studies. This choice of target region is based on presumed modulation of the lateral thalamus hyperactivity by input from cortico-thalamic projections originating from the primary motor cortex, which is considered to be related to sensory-discriminative information processing (Boggio et al., 2008b). Considering limitations related to tDCS methodological issues, it should be noted that in this study we chose a pattern of stimulation based on the experience of most previous studies, applying standard electrode positioning (C3-Fp2), which, may have contributed to reduced stimulation efficacy. On the contrary, we opted for a relatively strong and focal stimulation, especially considering that these patients receive analgesics as primary therapy after surgery, and tDCS can be tolerated without significant side effects. It is also worth noting that with tDCS montage as applied, the return electrode positioned over the right prefrontal cortex (Fp2) could also contribute to pain alleviation. Moreover, studies on the processing of painful information in the brain, in addition to activation of the thalamus, insular cortex, anterior cingulate cortex, and primary and secondary areas of the somatosensory cortex, also indicate activation of the prefrontal cortex (Ong et al., 2019). Therefore, in future research, the protocol could be systematic shaping, with possible consideration of another anode position (C1 position would probably be the most suitable area for the thoracic area, instead of C3 as we used), and the choice of hemisphere stimulation could be adjusted so that tDCS can always be applied on the contralateral side, depending on the side of the chest where thoracotomy was performed.

Nonpharmacological techniques can be viewed as measures aiming to reduce postoperative opioid use. Resources among hospitals vary widely and not all analgesia modalities are available in every hospital; therefore, exploration of the appropriate use of certain analgesic techniques can widen the panel of analgesia techniques available and result in improved hospital analgesic protocols. We suggest that future studies could define proper timing for a preoperative tDCS session because there are data suggesting that preoperative tDCS can also be beneficial (Ribeiro et al., 2017).

In conclusion, our study suggests that postoperative daily tDCS confers significant benefits with regard to postoperative analgesia after thoracotomy, and this benefit is probably applicable not only for open thoracic surgery, but also for postoperative pain management after VATS, when planned thoracoscopic procedures require conversion to open surgery and after emergency thoracotomy. Because the conclusion about lack of long-term tDCS efficacy on pain in our study is based only on one telephone survey conducted 1 year after surgery, we suggest that future studies could better explore possible tDCS effects on chronic postoperative pain presence by also collecting data about pain 3 and 6 months after surgery.
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There is a strong relationship between palatable diet and pain sensitivity, and the cannabinoid and opioid systems might play an important role in this correlation. The palatable diet used in many animal models of obesity is the cafeteria (CAF) diet, based on human food with high sugar, salt, and fat content. In this study, we investigated whether long-term exposure to a CAF diet could modify pain sensitivity and explored the role of the cannabinergic system in this modification. Male Sprague–Dawley rats were divided into two groups: one fed with standard chow only (CO) and the other with extended access (EA) to a CAF diet. Hot plate and tail flick tests were used to evaluate pain sensitivity. At the end of a 40-day CAF exposure, EA rats showed a significant increase in the pain threshold compared to CO rats, finding probably due to up-regulation of CB1 and mu-opioid receptors. Instead, during abstinence from palatable foods, EA animals showed a significant increase in pain sensibility, which was ameliorated by repeated treatment with a fatty acid amide hydrolase inhibitor, PF-3845 (10 mg/kg, intraperitoneally), every other day for 28 days. Ex vivo analysis of the brains of these rats clearly showed that this effect was mediated by mu-opioid receptors, which were up-regulated following repeated treatment of PF-3845. Our data add to the knowledge about changes in pain perception in obese subjects, revealing a key role of CB1 and mu-opioid receptors and their possible pharmacological crosstalk and reinforcing the need to consider this modulation in planning effective pain management for obese patients.
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Introduction

The modern diet, or so-called Western diet, contains many sweetened beverages and foods rich in sugar, salt, and fat (Deshmukh-Taskar et al., 2009). The chronic consumption of energy-rich foods is motivated not only by their nutritional value but also the hedonic pleasure they impart (de Macedo et al., 2016), and thus subjects break energy homeostasis (Ghanemi et al., 2018), overeat, and become obese (Shafat et al., 2009).

To explain the lack of control of food intake, many studies hypothesized the concept of food addiction (Avena and Gold, 2011; Micioni Di Bonaventura et al., 2012; D'Addario et al., 2014), as these subjects seem to have an uncontrollable urge to eat large amounts of palatable foods based on a state of reward hyposensitivity comparable to that of drug addiction (Johnson and Kenny, 2010; Avena and Gold, 2011). In fact, in a dynamic similar to that of substance abuse, the eaters develop a compulsive-feeding behavior in search of reward, despite the negative consequences (Gold et al., 2003). Several studies demonstrated that rodents have such high motivation to obtain palatable food that they even expose themselves to extreme cold, noxious heat pain, or aversive foot shock (Cabanac and Johnson, 1983; Foo and Mason, 2005; Oswald et al., 2011). Moreover, in another study, mice fed with palatable food were much more likely to spend time in an aversive environment in order to obtain pleasant food compared to mice without experience of this diet (Teegarden and Bale, 2007). Intake of sucrose solutions and dietary fat alters pain sensitivity in animals, another finding that points to a relationship between endogenous opioid peptides and palatable foods (Davis et al., 1956; Blass et al., 1987; Klein and Green, 1988; Markskaufman et al., 1988; Shide and Blass, 1989; Kanarek et al., 1991; Frye et al., 1992). Human studies have produced similar observations. Consumption of a sucrose solution alleviated pain reactions and decreased crying after painful procedures in newborns (Blass and Hoffmeyer, 1991; Smith et al., 1992; Blass and Shide, 1994; Smith and Blass, 1996; Herschel et al., 1998; Overgaard and Knudsen, 1999). In children (Miller et al., 1994) and adult male subjects (Kakeda et al., 2008), sweet substances increased pain threshold, whereas a number of other works have observed that in adults the intake of palatable foods may have analgesic properties (Miller et al., 1994; Mercer and Holder, 1997; Lewkowski et al., 2003). Taken together, these results suggest that diet can modulate the action of central nervous system (CNS) mechanisms involved in pain sensitivity. This correlation extended to obesity and pain could have important implications for the treatment of pain in obese human subjects.

Different works have examined pain perception in obese animals and humans compared to nonobese subjects, but the debate is still open (Chin et al., 2019). A recent systematic review (Torensma et al., 2016) included two studies suggesting that obese subjects have a lower pain threshold than nonobese subjects (Pradalier et al., 1981; McKendall and Haier, 1983), but four studies indicating that obese subjects have a higher one (Zahorska-Markiewicz et al., 1988; Miscio et al., 2005; Maffiuletti et al., 2011; Dodet et al., 2013). Other findings concluded that body mass index and body fat may influence the pain threshold (Bohnert et al., 2013; Price et al., 2013; Tashani et al., 2017; Torensma et al., 2017), and the intensity of the perception of stimuli changes proportionally with the levels of subcutaneous fat in the affected body area. Price et al. (2013) reported that obese people have a higher pain threshold in the abdominal area compared to the hands and forearms. Tashani et al. (2017) showed different results: obese individuals were more sensitive to pressure pain but not to thermal pain, suggesting a more complex relationship between fat distribution and pain sensitivity. In the same year, in a study comparing obese patients and control patients in their pain perception and ability to grade pain, Torensma et al. (2016) reported that in experiments obese patients revealed hypoalgesia to noxious electrical stimuli and had difficulty grading noxious thermal and electrical stimuli set between the pain threshold and the tolerance level. In summary, all these studies indicate that pain perception may be altered in obese subjects, but the variability in the findings, related to different methodologies, pain tests, and selection of participants, makes it difficult to determine appropriate pain relief strategies for such patients. In this context, the study of cannabinoids and opioids may help our understanding of the mechanisms involved in overeating and pain perception.

Cannabinoids and opioids share many pharmacological properties, including analgesia and control of hunger (Fattore et al., 2005; Micioni Di Bonaventura et al., 2013). It has been reported that the opioid antagonist naloxone inhibited antinociception induced by a cannabinoid (Manzanares et al., 1998), and another study found that the antinociceptive properties of subeffective doses of both drugs were synergistic (Massi et al., 2001).

Repeated treatment with CB1 agonist increases proenkephalin gene expression and mu-opioid receptors (Corchero et al., 1997a; Corchero et al., 1997b; Corchero et al., 1999). In feeding regulation, the hyperphagic effect of endocannabinoid and the appetite suppression resulting from the blockade of CB1 have been clearly documented (see recent reviews, Koch, 2017; Tarragon and Moreno, 2019).

Similarly, opioid receptor agonists increase the intake of high-fat diets, whereas antagonists decrease it (reviewed in (Le Foll and Goldberg, 2005; Micioni Di Bonaventura et al., 2019). The interaction between these two systems may indicate that their relationship plays a role in the rewarding value of food and in the regulation of ingestive behavior (Cota et al., 2006).

Based on these considerations, we investigated in male Sprague–Dawley rats (i) how long-term exposure to a palatable diet and then abstinence from it could modify pain sensitivity and (ii) the possible role of the cannabinergic and opioidergic systems. For this purpose, we used the “cafeteria (CAF) diet,” consisting of energy-dense foods such as cheese, processed meats, chocolate, and cookies, which reflects the variety of the unhealthy human foods and CAF is used in many animal obesity models (Sclafani and Springer, 1976; Sampey et al., 2011). Pain sensitivity was evaluated at the end of 40 days of CAF exposure, and in the middle and at the end of the abstinence period from CAF (at days 54 and 68, respectively). To assess the involvement of the cannabinergic and opioidergic systems, during the abstinence period, we used PF-3845, a selective and long half-life fatty acid amide hydrolase (FAAH) inhibitor (Ahn et al., 2009; Mileni et al., 2010), in order to increase the acylethanolamide tone. With the choice of PF-3845, we were able to avoid the undesirable side effects that are observed with direct CB1 agonists.



Materials and Methods


Animals

Male Sprague–Dawley rats (300–350 g, 10–11 weeks old) were purchased from Charles River Laboratories (Calco, Italy) and housed in single plastic cages (40 × 60 × 30 cm) on fresh bedding with free access to food and water. The environment was controlled with a 12-h light–dark cycle and a room temperature of 22.0°C ± 2.0°C. The animals did not show any signs of stress (except nociception-related behavior) or illness throughout the experiment. All animal procedures in this study were conducted in strict accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (Italian Ministry of Health, protocol n.887/2015-PR; 19/01/2017) and associated guidelines from European Communities Council Directive (2010/63/EU), as well as the ethical standards of the International Association for the Study of Pain (Zimmermann, 1983).

All behavioral experiments were performed by experimenters who were blinded to the experimental groups and treatments.



Drugs

N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1Hpyrazole-3-carboxyamide hydrochloride (SR141716A, SR1) was obtained from the National Institute on Drug Abuse; naloxone hydrochloride (Nal) was purchased from Tocris (Bristol, UK), and N-3-pyridinyl-4-[[3-[[5-(trifluoromethyl)-2-pyridinyl]oxy]phenyl]methyl]-1-piperidinecarboxamide (PF-3845) was purchased from Selleck Chemicals (Aurogene, Rome, Italy). SR1 or Nal was dissolved in PEG400 and Tween 80 2:1 (Sigma-Aldrich, Milan, Italy) and kept overnight under gentle agitation with a micro stirring bar. Before injection, sterile saline was added, so that the final concentrations of PEG400 and Tween 80 were 20% and 10% vol/vol, respectively. SR1 was administered intraperitoneally (IP) at the dose of 1 mg/kg (La Rana et al., 2006); Nal was administered IP at the dose 1 mg/kg (Wager-Srdar et al., 1987).

PF-3845 was dissolved in a vehicle of PEG 400/Tween 80/saline (5%/5%/90%, vol/vol/vol) and was administered IP on alternating days at the dose of 10 mg/kg. All compounds were injected in a volume of 1 mL/kg.

The dose of PF-3845 was chosen on the basis of previous published work demonstrating that systemic administration of PF-3845 increased brain levels of FAAH substrates such as anandamide and oleoylethanolamide (Ahn et al., 2009; Booker et al., 2012; Nasirinezhad et al., 2015; Rock et al., 2015; Henry et al., 2017).



CAF Diet

The CAF diet consists of mortadella (3.2 kcal/g), cookies (4.8 kcal/g, Macine; Mulino Bianco, Novara, Italy), chocolate muffins (4.5 kcal/g, Mr Day; Vicenzi Group, San Giovanni Lupatoto, Verona, Italy), cheese chips (Fonzies; Mondelez, Milano, Italy; 5.3 kcal/g), cheese (4.3 kcal/g), sippets (5.5 kcal/g; San Carlo, Milano), and lard (9 kcal/g) which were individually weighed before being made available to the rats. Caloric intake from the various foods was calculated based on the nutritional information provided by the manufacturer. Body weight and food intake (expressed as mean kcal/kg ingested ± SEM) were measured daily.



Experimental Procedure

In the first experiment (Figure 1), we evaluated the pain threshold following CAF diet and during abstinence period. Rats were individually caged and randomly divided into two experimental groups as follows: (1) animals fed with standard chow only (CO) [4RF18; Mucedola, Settimo Milanese, Italy (2.6 kcal/g)] and (2) animals fed with both standard chow and extended access (EA) (24 h/24 h) to CAF diet for 40 days. From day 41, the EA group started a period of abstinence from CAF diet, receiving only chow until day 68, whereas CO rats were maintained with the same chow-only regimen as in the previous 40 days. Pain behavioral tests (hot plate and tail flick) were performed in the morning on days 40, 54, and 68. Rats were sacrificed on days 40 and 68, and their brains collected.




Figure 1 | Experimental design for animal model, behavioral studies, and biochemical and molecular analysis. In the first experiment, we evaluated pain threshold following cafeteria diet and during abstinence period. Rats were fed with chow only (CO) or fed 24 h with both chow and extended access to cafeteria diet (EA) for 40 days. On day 41, EA group was fed with only chow until day 68. Pain behavioral tests and Western blot analysis were performed on days 40, 54, and 68. In the second experiment, the CO and EA groups were treated with a selective FAAH inhibitor, PF-3845 (10 mg/kg, IP) from days 41 to 68. Pain behavioral tests were performed on days 54 and 68. Moreover, in the third experiment, at day 54, CB-1 and mu-opioid receptor antagonists were administrated 1 h before performing hot plate test.



In the following second and third experiments, CO and EA groups were subjected to the same diet protocol described in the first experiment, but during the abstinence they were treated every other day either with vehicle or with the selective FAAH inhibitor, PF-3845 (10 mg/kg, IP) from days 41 to 54.

In the second experiment, the hot plate test was performed on day 54, after which rats were sacrificed, and their brains collected.

Instead, in the third experiment, after PF-3845 treatment, CO and EA rats received on day 54 an acute IP administration of either CB1 or mu-opioid receptor antagonists, SR or Nal, 1 h before the hot plate test was performed.



Hot Plate Test

Commonly used for evaluating thermal pain sensitivity, the hot plate test provides rapid and precise screening of analgesic drug properties in animals (Le Bars et al., 2001). During the experiment, the rat is introduced into an open-ended cylindrical space with a floor consisting of a plate heated to a constant temperature (55.2°C ± 1°C). As the animal passes through the cylinder, paw licking and jumping, two supraspinally integrated responses, are measured in terms of their reaction times expressed in seconds. This test can only be performed once in each animal, once the jumping response is evaluated. A 60-s cutoff was imposed to avoid tissue damage.



Tail Flick Test

This nociceptive test used in rodents measures the latency of the avoidance response to thermal stimulus (Le Bars et al., 2001). In the standard method, radiant heat is focused on the dorsal surface of the tail, and the number of seconds it takes until the animal flicks the tail away from the beam is measured. This tail flick latency is a measure of nociceptive sensitivity and spinal nociceptive reflex. A 30-s cutoff was imposed to prevent tissue damage.



Western Blot Analysis

At days 40, 54, and 68, animals were sacrificed, and whole brains were extracted and homogenized in ice-cold lysis buffer [20 mM Tris–HCl (pH 7.5), 10 mM NaF, 150 mM NaCl, 1% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, 1 mM Na3VO4, leupeptin and trypsin inhibitor 10 μg/mL; 0.25/50 mg tissue]. After 1 h, tissue lysates were obtained by centrifugation at 20,000g for 15 min at 4°C. Protein concentrations were estimated by the Bio-Rad protein assay (Bio-Rad Laboratories, Milan, Italy) using bovine serum albumin as standard.

Brain lysate proteins (50 μg) were dissolved in Laemmli sample buffer, boiled for 5 min, and separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis, and then transferred to a nitrocellulose membrane (240 mA for 40 min at room temperature). The filter was then blocked with 1× phosphate-buffered saline (PBS) and 3% nonfat dried milk for 40 min at room temperature and probed with anti–cannabinoid receptor (CB) 1 (dilution 1:1,000; cat. no. NB120-23703; Novus Biologicals, Cambridge, UK) or anti–mu-opioid receptor antibody (dilution 1:1,000; cat. no. NBP1-96656; Novus Biologicals) in 1× PBS, 3% nonfat dried milk, and 0.1% Tween 20 at 4°C overnight. The secondary antibody was incubated for 1 h at room temperature. Subsequently, the blot was thoroughly washed with PBS and then developed using enhanced chemiluminescence detection reagents (Amersham Pharmacia Biotech, Piscataway, NJ, USA) according to the manufacturer's instructions, and the immune complex was visualized by Image Quant (GE Healthcare, Milan, Italy). The protein bands were scanned and densitometrically analyzed with a model GS-700 imaging densitometer (Bio-Rad Laboratories). To ascertain that blots were loaded with equal amounts of protein lysates, they were also incubated in the presence of the antibody against the β-actin protein (Sigma-Aldrich).



Statistical Analysis

In vivo and ex vivo data are presented as mean ± SEM. For the hot plate test and the tail flick test, data were presented as time of response express in seconds. The data were analyzed with analysis of variance (ANOVA) (Systat Software 10.0, San Jose, CA, USA) using the factors described in the Results. We used post hoc tests to follow up on significant interaction or main effects (P < 0.05) from the factorial ANOVAs. Resistant rats were excluded because they did not significantly increase body weight and did not develop obese phenotype (Cifani et al., 2015).




Results


Body Weight

In the first experiment, the statistical analysis, which included the between-subject factor of diet (CO, EA) and the within-subject factor of time (day), showed a significant difference in body weight (F(1,22) = 20.44; P < 0.01) and food intake (F(1,22) = 985.1; **P < 0.01) between the groups during the 40 days of free access to CAF and/or chow. Post hoc tests showed that EA rats immediately increased their food intake (**P < 0.01) (data not
shown), and after 8 days of this diet, the body weight of EA rats increased significantly compared to that of CO rats (*P < 0.05) until day 40 (Figure 2).




Figure 2 | Body weight measured throughout the experimental period. After 8 days, CAF diet significantly increased body weight in EA rats (black spot) if compared to CO rats (white spot) until day 40 (*P < 0.05). During the abstinence period (days 41–68), when only standard chow was available, a progressive and significant decrease in body weight in EA rats was observed. Data are shown as means ± SEM for the CO and EA groups (n = 6).



During the abstinence period (days 41–68), when only standard chow was available, EA rats displayed a significant reduction in caloric intake (F(1,10) = 144.92; **P < 0.01) and a progressive decrease in body weight (F(1,10) = 8.53; *P < 0.05). Post hoc tests are shown in Figure 2.

In the second and third experiments, EA rats significantly increased both their food intake (data not shown) and body weight in comparison to CO rats during the 40 days of CAF. During the abstinence days, the same reduction in body weight of Experiment 1 was recorded; thus, PF-3845 treatment did not affect feeding behavior (data not shown).



Pain Evaluation and Involvement of CB1 and Mu-Opioid Receptors After CAF Diet and During Abstinence Period

In the first behavioral experiment, the pain threshold at the end of the CAF exposure (day 40) and at the middle (day 54) and end (day 68) of the abstinence period was evaluated by hot plate and tail flick tests. At day 40, EA rats showed a significant increase of pain threshold in both the hot plate (F(1,10) = 22.59; **P < 0.01) (Figure 3A) and the tail flick (F(1,10) = 26.07; **P < 0.01) (Figure 3B) compared to CO animals. At day 54, in the middle of the abstinence period, EA rats showed increased pain sensitivity, but only in the hot plate test (F(1,10) = 13.70; *P < 0.05) (Figure 3C), as no significant effect was observed in the tail flick experiment (F(1,10) = 1.41; P > 0.05) (Figure 3D). Finally, at the end of the abstinence period on day 68, no difference was found between EA (F(1,10) = 2.78; P > 0.05) and CO (F(1,10) = 0.50; P > 0.05) animals in either test (Figures 3E, F).




Figure 3 | Pain threshold by hot plate and tail flick test were performed at the end of CAF exposure (day 40) and during abstinence period (54 and 68 days). EA rats showed a significant increase of pain threshold both in hot plate (A) and tail flick (B) tests compared to CO animals (**P < 0.01) at day 40. At day 54, in EA rats, pain sensitivity was significantly increased only in hot plate test (C; *P < 0.05). No significant effect was observed in tail flick test (D). At day 68, no difference was observed between EA and CO animals in both tests (E, F). Data are shown as mean ± SEM for the CO and EA groups (n = 6).



In order to correlate the increased pain threshold and the cannabinoid and opioid systems, CB1 and mu-opioid receptors expression was evaluated. At day 40, a significant increase in CB1 (F(1,10) = 16.45; **P < 0.01) and mu-opioid (F(1,10) = 22.91; **P < 0.01) receptors was found in the brain of EA rats (respectively, Figures 4A, B). While the variation in mu-opioid receptor expression has already been reported (Will et al., 2003), this article shows for the first time the correlation between CB1 receptors and highly palatable food.




Figure 4 | Expression of CB1 (A, B) and mu-opioid receptors (C, D) in CO and EA rat brain at the end of cafeteria exposure (day 40) and at the end of the abstinence period (day 68). On day 40, a significant increase in CB1 and mu-opioid receptor expression was found in EA rats brains (A, B) if compared to CO rats (**P < 0.01). On day 68, no difference was observed between the EA and CO rats (C, D). Representative immunoblots are shown, and densitometric analyses of protein bands of CB1 receptor and mu-opioid receptor are performed on three separate experiments. All data are expressed as mean ± SEM. Equal loading was confirmed by β-actin staining.



On day 68, no difference was observed between EA and CO animals in CB1 (F(1,10) = 0.15; P > 0.05) and mu-opioid receptors (F(1,10) = 3.37; P > 0.05) (Figures 4C, D).



Effect of PF-3845, A Selective FAAH Inhibitor, on Hypersensitivity by Cafeteria Abstinence and Role of Cannabinergic System

The statistical analysis, which included the between-subjects factors of diet (CO, EA) and treatment (vehicle, PF-3845), showed a significant interaction between the two factors (F(1,20) = 7.93; P < 0.05). Repeated treatment with PF-3845, administered every other day from days 41 to 54 during the second experiment, reduced pain sensitivity in PF-3845–CO rats, as compared to vehicle CO animals, as measured by the hot plate test (Figure 5; *P < 0.05). Similar effects were also found in the EA group. In fact, PF-3845–treated animals had a longer time of reaction to thermal stimulus than did vehicle-administered EA animals (Figure 5; ##P < 0.01)




Figure 5 | Pain threshold by hot plate test was performed during abstinence period (day 54) after repeated PF-3845 (PF, 10 mg/kg, IP) administration. In CO rats, PF treatment reduced pain sensitivity compared to vehicle CO animals (*P < 0.05). A similar effect was observed in EA rats; in fact, PF treatment increased time of reaction to thermal stimulus compared to vehicle EA animals (##P < 0.01). Data are shown as mean ± SEM for all groups (n = 6).



Next, we evaluated whether PF-3845 treatment was able to modify CB1 and mu-opioid receptor expression. On day 54, via Western blot analysis, we observed that PF-3845 treatment did not modify CB1 expression both in the CO (F(1,10) = 1.32; P > 0.05) and EA groups (F(1,10) = 1.83; P > 0.05) (Figure 6A), whereas mu-opioid receptor expression was increased in the CO (F(1,10) = 7.35; P < 0.05) and EA groups (F(1,10) = 24.47; P < 0.05) (Figure 6B).




Figure 6 | Expression of CB1 (A) and mu-opioid receptor (B) in CO and EA rat brain after FAAH inhibitor PF treatment at day 54. This drug did not modify CB1 expression (A), whereas mu-opioid receptor expression was significantly increased both in PF-CO and PF-EA rats if compared to their vehicle group (*P < 0.05 vs. CO, #P < 0.05 vs. EA) (B). Representative immunoblots are shown, and the densitometric analyses of protein bands of CB1 receptor and mu-opioid receptor are performed on three separate experiments. All data are expressed as mean ± SEM. Equal loading was confirmed by β-actin staining.



Finally, in order to evaluate CB1 and opioid receptor involvement, at day 54 of the third experiment, we administered a CB1 antagonist/inverse agonist, SR1 (1 mg/kg), or an opioid antagonist, naloxone (Nal, 1 mg/kg) in CO and EA rats. The statistical analysis in the CO group showed a significant effect of the treatment (F(3,20) = 8.38; P < 0.01). CB1 or mu-opioid antagonists were able to blunt the effect of FAAH inhibitor (Figure 7; *P < 0.05 and **P < 0.01). Analysis of variance in the EA group showed a significant effect of the treatment (F(3,20) = 18.75; P < 0.01). CB1 or mu-opioid antagonist reduced the effect of PF-3845 (Figure 7; #P < 0.05 and ##P < 0.01).




Figure 7 | Pain threshold by hot plate test performed at day 54 for evaluating CB1 and opioid receptor involvement. CB1 antagonist, SR1416A (SR1, 1 mg/kg), and an opioid antagonist, naloxone (Nal, 1 mg/kg), were administered in CO and EA rats 1 h before performing hot plate test. In PF-CO and PF-EA rats, treatment with both CB1 and mu-opioid receptors antagonists was able to blunt the effect of FAAH inhibitor (*P < 0.05, **P < 0.01 vs. PF-CO; #P < 0.05 and ##P < 0.01 vs. PF-EA; °P < 0.05 and °°P < 0.01 vs. veh). Data are shown as mean ± SEM for all groups (n = 6).






Discussion

Cannabinoid–opioid receptor cross-talk has been studied extensively, especially regarding the interaction between the molecular and cellular mechanisms in pain threshold (Vigano et al., 2005a; Parolaro et al., 2010), as well as its function in eating behavior (Cota et al., 2006). It is now generally accepted that both systems and the activation of their receptors play a key role in acute and chronic pain modulation (Vigano et al., 2005a; Parolaro et al., 2010; Siuda et al., 2017). Many authors have underlined the important contribution of these two systems in a wide range of physiological processes, including appetite regulation and eating behaviors (Calignano et al., 1998; Pagotto et al., 2006; Cota, 2008). Although it is still unclear whether obesity can alter pain sensitivity (Hitt et al., 2007; Somers et al., 2011), several authors have shown a correlation between an increase of body weight and a significant alteration of pain sensitivity (Torensma et al., 2016; Chin et al., 2019). Obesity is usually associated with musculoskeletal system disorders such as back pain or osteoarthritis. Moreover, many studies indicate that it could be one of the risk factors in some nociceptive pain conditions, and more recently, it has been demonstrated that obesity is associated with worsening in neuropathic pain intensity (Hozumi et al., 2016). On the other hand, patients with intense chronic pain more frequently suffer from eating disorders (Godfrey et al., 2018) and eat more sweet-tasting food when they feel pain, particularly if they are not able to control their impulses (Darbor et al., 2017). In recent years, more attention has been devoted to obesity and to the behavioral alterations due to continuous and compulsive consumption of highly palatable foods (Zheng and Berthoud, 2007). In fact, obesity from palatable diet induces a change in different neurotransmitter systems leading to changes in several CNS areas, such as the Ventral Tegmental Area (VTA), hypothalamus, and Nucleus Accumbens (NAc), the same zones involved in the reward system (Sampey et al., 2011). In this context, the CAF diet is a valid tool for imitating the contemporary diet, which is characterized by high salt content and high-calorie fatty and sugary foods (Johnson and Kenny, 2010; Sampey et al., 2011). Extended exposure to this kind of diet induces a significant modification of several signaling pathways related to physiological control, such as food intake and stimulation of the reward system. This suggests that palatable foods could lead to addiction through mechanisms that are similar to those in drug abuse (Pelchat, 2002; Wang et al., 2004; Johnson and Kenny, 2010). In this scenario, opioid and cannabinergic systems are significantly involved (Zhang et al., 2003; Erlanson-Albertsson, 2005).

The aim of our study was not only to study the correlation between obesity and pain in rats with an extended access to palatable foods, a topic still debated (Hitt et al., 2007; Somers et al., 2011), but also to evaluate the responses to pain during the period of abstinence from a highly palatable diet (Sampey et al., 2011). In particular, we studied (i) the difference in pain perception between animals fed for 40 days with extended access to CAF (EA rats) and rats fed with standard chow (CO rats); (ii) the contribution of the opioidergic and cannabinergic systems, through the involvement of CB1 and mu-opioid receptors in the brain. Results clearly indicate that, at the end of the CAF diet, EA animals showed a significant increase in pain threshold compared to rats fed with standard diet, perhaps due to an up-regulation of CB1 and mu-opioid receptors. Surprisingly, in this study, we have shown that palatable food increased CB1 receptor expression in the brain, suggesting that the observed analgesic effect was probably mediated by both the opioid and the cannabinoid systems.

Our results are in agreement with previous reports in which obese subjects were less sensitive to painful stimuli (Zahorska-Markiewicz et al., 1983; Zahorska-Markiewicz et al., 1988; Khimich, 1997). Taking into account that endogenous opioid levels were increased in obese humans (Givens et al., 1980; Cozzolino et al., 1996; Karayiannakis et al., 1998; Martinez-Guisasola et al., 2001) and animals (Smith et al., 2002; Barnes et al., 2003), the decrease in pain sensitivity observed here may be associated with these changes.

Regarding the CB1 receptor, studies have shown that CB1 antagonists reduce the intake of palatable sugar in rats (Gardner, 2005; Mathes et al., 2008) and prevent the orexigenic effect of the endocannabinoid agonist anandamide on food intake (Cota et al., 2006). Furthermore, endocannabinoids induce a neuromodulation in specific brain areas (e.g., NAc), and this neurochemical response contributes to subjective reward and positive reinforcement. These findings support a role of endocannabinoids in the hedonistic effects of natural rewards such as palatable food in eating disorders (Gardner, 2005; Parsons and Hurd, 2015; Pucci et al., 2016; Pucci et al., 2018; Pucci et al., 2019). We have also evaluated pain sensitivity after withdrawal of CAF diet, because deprivation of highly palatable food induces a neuroadaptive response associated with behavioral alteration (depression and anxiety) (Johnson and Kenny, 2010; de Macedo et al., 2016). Fourteen days after the end of the CAF diet (day 54), we observed a weak increase of pain sensitivity, which was significant in the hot plate test, but not in the tail flick test. These different results may suggest that there were alterations in the brain rather than in the spinal cord. In fact, it is well known that the hot plate test is a classic pain model for supraspinal stimuli, whereas the tail flick test is a model for spinal stimuli (Langerman et al., 1995). In agreement with these observations, Western blot analysis showed a slight increase of mu-opioid receptor expression in the brain of rats that previously had extended access to the CAF diet, but no difference was observed in spinal cord tissues between these two groups (data not shown).

These findings help to explain the results of our study of standard chow intake during abstinence from the CAF diet; ingestion behavior alone is probably insufficient to elicit analgesia, and instead the hedonic value from palatable food may be needed to inhibit the response to pain (Foo and Mason, 2009). Indeed, de Freitas et al. (2012) found that acute oral administration of sucrose can induce antinociception mediated by the actions of endogenous opioid peptide and mu-opioid receptor (de Freitas et al., 2012).

Opioids and cannabinoids share several pharmacological actions that may be relevant in understanding the therapeutic potential of cannabinoids, particularly as analgesics (Manzanares et al., 1999). These two systems are widely distributed throughout the CNS and have key role in both reward-related feeding (Cota et al., 2006; Pagotto et al., 2006) and modulating pain thresholds. The strong relationship between cannabinergic and opioidergic systems and the capability of a system to activate the other one is well known; in fact, CB1 agonists induce antinociception increasing opioid precursors' gene expression or releasing endogenous opioids (Houser et al., 2000; Valverde et al., 2001). It has be shown that extended treatment with a cannabinoid agonist induced a significant increase of mRNA levels of endogenous precursor opioid peptides in several CNS areas (Corchero et al., 1997a; Manzanares et al., 1998) and that CB1 agonist can induce down regulation of its receptor and enhance brain reward function producing reward effects (Daigle et al., 2008). On the other hand, it has been suggested that opioid receptor–mediated analgesia might be enhanced by an increase in endocannabinoid levels (Bushlin et al., 2010), because morphine-induced analgesia was enhanced by FAAH initiator in the CNS, as already reported (Pacheco Dda et al., 2009).

For these reasons, in this study, we used an indirect agonist, the selective endocannabinoid clearance inhibitor, PF-3845. Specifically, this FAAH inhibitor was used to evaluate the contribution of the CB1 receptor to pain perception during an abstinence period from the CAF diet. Our results clearly showed that repeated PF-3845 treatment decreased pain sensitivity in CO and EA rats compared to the respective vehicle groups. Surprisingly, a significant effect between in abstinence (EA + PF-3845) and normal (CO + PF-3845) rats was observed. This activity was mainly mu-opioid receptor mediated: Western blot analysis showed a significant up-regulation of this receptor following PF-3845 treatment. In support of our data, Vigano et al. (2005b) showed that repeated treatment with CB1 agonist significantly increased mu-opioid receptor density in the lateral hypothalamus and in the periaqueductal gray. Finally, we performed behavioral experiments to study pain, using both CB1 and opioid antagonists (SR1 and naloxone, respectively) to confirm our hypothesis. In fact, results showed that pretreatment with cannabinoid and even better opioid antagonists reduced PF-3845–increased sensitivity.

Our findings point out that an extended exposure to palatable food followed by abstinence from it induced a significant change in pain perception, leading to increased pain sensitivity. In this scenario, the cannabinergic system played a key role in regulating, “compulsive” food intake behavior and pain response.

Further work is necessary in this field to improve our understanding of the modulation of pain sensitivity in obese subjects. This is extremely important in order to plan appropriate pain management strategies for overweight patients, further considering that obesity is a rapidly growing a global pandemic problem (Collaborators et al., 2017; Chooi et al., 2019).
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Background: Patients with inflammatory bowel disease (IBD) experience depression, even in the remission phase of IBD symptoms. Although mapping depression-associated brain regions through the gut-brain axis can contribute to understanding the process, the mechanisms remain unclear. Our previous results support the idea that glutamatergic transmission in the ventrolateral periaqueductal gray (vlPAG) mediates stress-induced depression-like behaviors. Thus, we hypothesize that the vlPAG plays a role in regulating depression during remission of IBD.

Methods: We used dextran sulfate sodium (DSS)-induced visceral pain model to evoke depression-like behaviors, assessed by tail suspension test (TST) and sucrose preference test (SPT), and electrophysiological recordings from vlPAG.

Results: Symptoms of animals modeling IBD were relieved by replacing DSS solution with normal drinking water, but their depression-like behaviors sustained. Moreover, the impairment of glutamatergic neurotransmission in vlPAG was sustained as well. Pharmacologically, microinfusion of the glutamate receptor 1 (GluR1) antagonist NASPM into vlPAG mimicked the depression-like behaviors. Furthermore, intra-vlPAG application of AMPA and AMPA receptor-mediated antidepressant (2R,6R)-hydroxynorketamine [(2R,6R)-HNK] reversed the DSS-induced depression-like behaviors in the remission phase of visceral abnormalities.

Conclusion: Our results suggest that vlPAG glutamatergic transmission mediates depression-like behaviors during remission of DSS-induced visceral pain, suggesting that vlPAG mapping to the gut-brain axis contributes to depression during remission of IBD.

Keywords: inflammatory bowel diseases, depression, visceral pain, periaqueductal gray, electrophysiology, (2R, 6R)-hydroxynorketamine


HIGHLIGHTS


-DSS evokes short-term visceral abnormalities.

-DSS induces long-term depressive-like behaviors and impairs synaptic transmission in the vlPAG.

-Glutamatergic transmission in the vlPAG contributes to depressive-like behaviors in the remission of IBD-like symptoms.





INTRODUCTION

Inflammatory bowel disease is among the most common gastrointestinal disorder in human, affecting approximately 249–319 per 100,000 of the population in North America (Molodecky et al., 2012). The symptoms of IBD are long-lasting and often combined with other psychological mood disorders, including depression and anxiety (Regueiro et al., 2017; Bruce-Keller et al., 2018; Gracie et al., 2018). Moreover, patients in the remission phase of IBD have high prevalence of anxiety and depression (Simren et al., 2002; Abautret-Daly et al., 2018; Gracie et al., 2018). Establishing effective pharmacological therapies to maintain remission of IBD-related symptoms is a great challenge in the treatment of this disease.

Interestingly, bidirectional regulation of the gut-brain axis is thought to play the role of a relationship in the pathophysiology of gastrointestinal diseases, involving IBD and its related disorders, such as depression and anxiety (Mayer and Tillisch, 2011; Gracie et al., 2018).

The midbrain periaqueductal gray (PAG) is thought to serve as a pain control center (Mayer and Tillisch, 2011) involved in antinociception (Lau and Vaughan, 2014). Moreover, PAG is regulated by peripheral pain, including neuropathic pain (Ho et al., 2013, 2015) and visceral stimuli (Luczynski et al., 2017). The vlPAG, a subarea of the PAG, has been shown to be involved in defensive behaviors, including freezing, flight, and analgesia (Ho et al., 2011, 2013, 2015; Tovote et al., 2016), as well as in stress-induced depressive-like behaviors (Johnson et al., 2016; Chou et al., 2018; Ho et al., 2018). We have demonstrated that diminished GluR1-dependent synaptic transmission in the vlPAG contributes to chronic stress-induced depressive-like behaviors (Ho et al., 2018). In a more recent study, we showed that chronic stress-induced impairment of glutamatergic transmission in the vlPAG was rescued by the antidepressant (2R,6R)-HNK (Chou et al., 2018).

However, the mechanisms by which IBD map to brain circuits and function through the gut-brain axis, leading to psychological abnormalities, are still largely unknown (Van Oudenhove et al., 2016; Berthoud et al., 2017; Regueiro et al., 2017; Bruce-Keller et al., 2018). Those studies mentioned above raise the possibility that vlPAG glutamatergic neurotransmission plays a role in mediating depressive-like behaviors during remission of IBD. In the present study, we investigated this possibility using a DSS animal model, which is a widely used and reliable model of IBD-like symptoms (Schoellhammer et al., 2017).



MATERIALS AND METHODS


Reagents

Dextran sulfate sodium (#160110; MP Biomedicals), (-) bicuculline methiodide (#2503; Tocris Bioscience), tetrodotoxin (TTX, #1069), (RS)-AMPA (#0169; Tocris Bioscience), (2R,6R)-HNK hydrochloride (#6094; Tocris Bioscience), and 1-naphthyl acetyl spermine trihydrochloride (NASPM; #2766, Tocris Bioscience) dissolved in water or dimethyl sulfoxide (DMSO) were used in the study. The final concentrations of DMSO were controlled to be less than 0.1% in water.



Animals

Sprague–Dawley adult (6–8 weeks of age) male rats were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China). Animals were housed in a temperature- (25 ± 1°C) and humidity-controlled room on a 12-h light/dark cycle (lights on from 06:00 to 18:00) with access to food and water ad libitum. The animals were acclimated to the animal research facility for at least 1 week before the start of experiments. All procedures were performed during the light cycle, between 10:00 and 15:00. All experiments were performed in accordance with the guidelines of the Institutional Animal Care and Use Committee of The Second Affiliated Hospital of Fujian Medical University with the certificate number 2019-129. All efforts were made to minimize the number of animals used and the suffering of the animals.



Dextran Sulfate Sodium Administration

A 5% DSS solution was added to the drinking water for 7 days before replacing with normal drinking water for at least 14 days so the rats could recover, mimicking remission of IBD. During the experiments, a disease activity index score was used to evaluate the progression of colitis, including assessments of stool consistency, stool bleeding, and initial weight loss, as described previously (Chapman et al., 1985). Scores were defined as follows: stool consistency 0 (normal), 2 (soft), or 4 (watery stool); and stool bleeding 0 (no blood), 2 (visual pellet bleeding), or 4 (gross bleeding, blood around anus). Weight loss was calculated and normalized to the initial weight of each individual (day 0). The descending colons were dissected after DSS treatment (day 7), and after replacement of the DSS with regular drinking water (day 21). The colon lengths were measured and compared with those of the control group rats that received only normal drinking water throughout the experimental period.



Abdominal Withdrawal Reflex

Abdominal withdrawal reflex was used as an index of visceral hypersensitivity, as described previously (Vera-Portocarrero et al., 2003). Rats were first acclimated to the apparatus for 4 h daily for 3 days, and their abdominal hair was shaved. Immediately before the tests, rats were acclimated for at least for 1 h. The sensitivity of the animals was measured before DSS treatment (day 0), after DSS treatment (day 7), and after replacing the DSS solution with regular drinking water (days 14 and 21). Stimuli from von Frey filaments (bending forces from 0.07 to 6 g, with 6 g used as a ceiling) were applied to different points on the abdomen. Withdrawal responses were defined as (1) abdominal withdrawal from the von Frey filament, (2) consequent licking of the abdominal area, or (3) withdrawal of whole body. Reliable and consistent stimuli-responses (subthreshold stimuli-no response and suprathreshold stimuli-withdrawal) that occurred three times were used, and the intensity of suprathreshold stimuli was calculated. The time between stimuli was at least 5 min.



Colorectal Distension-Induced Visceral Motor Response

Colorectal distension (CRD)-induced visceral motor response (VMR) was used as an index of visceral hypersensitivity, as previously described (Hong et al., 2011; Peng et al., 2014). A PE-100 catheter with a 4-cm deflated flexible latex balloon lubricated with medical-grade lubricant at the tip was inserted intra-anally into the descending colon. The end of the balloon was 1 cm proximal to the anus. Water was infused into the balloon by injecting tube to maintain the intra-colonic pressure (ICP) at 0, 20, 40, or 60 mmHg. ICP was continuously recorded via the catheter connected to a pressure transducer (P23 ID; Gould-Statham, Quincy, IL, United States) on a computer system (MP30; Biopac, Santa Barbara, CA, United States) through a preamplifier (7P1; Grass, Cleveland, OH, United States). The data were recorded and measured using a program built in the recording software Student Lab BSL PRO (version 3.7; Biopac).

For electromyogram recordings, activity was detected by Teflon-coated stainless steel wire electrodes stitched into the external oblique musculature immediately superior to the inguinal ligament. The electromyogram signals were continuously recorded on a computer system (MP30; Biopac) through a preamplifier (P511AC; Grass) using a bandpass filter with a frequency range of 30–3000 Hz. The electromyogram activity was quantified offline by integrating the area under the rectified electromyogram signal using a program built in the recording software Student Lab BSL PRO (ver. 3.7; Biopac).



Tail Suspension Tests (TSTs)

Tail suspension tests were used to assess despair, a symptom of depression, as previously described (Chou et al., 2014). During the tests, rats were individually suspended by taping the tail to a vertical surface 1 cm from its tip. The total time a rat spent immobile, not expressing escape behavior, was calculated as the index of despair of depression. Rats were considered immobile only when they were passively suspended and remained completely motionless. The immobility time was measured by a blinded observer over the 5-min test.



Sucrose Preference Tests (SPTs)

Sucrose preference tests were used to assess anhedonia, a symptom of depression, as previously described (Chou et al., 2014, 2018). Rats were first exposed to water with 1% sucrose for 48 h, followed by a 4-h period of water deprivation. During the ensuing test period, each rat was exposed to identical bottles filled with 1% sucrose or water for 1 h. Sucrose solution and water consumption were recorded by measuring the changes in bottle volumes during the test period. Sucrose preference was defined as the ratio of the volume of sucrose solution versus total volume (sucrose solution plus water) consumed during the 1-h test period. The volumes of consumption and ratios were recorded and calculated by a blind observer.



Whole-Cell Patch-Clamp Recordings

Electrophysiological recordings in the vlPAG slices were conducted as described previously (Ho et al., 2013, 2018). Briefly, 300-μm-thick coronal midbrain PAG slices were dissected from rats. Brain slices were then equilibrated in artificial cerebral spinal fluid (aCSF) at room temperature for at least 1 h before electrophysiological recordings were taken. The aCSF contained 117 mM NaCl, 4.5 mM KCl, 2.5 mM CaCl2, 1.2 mM MgCl2, 1.2 mM NaH2PO4, 25 mM NaHCO3, and 11.4 mM dextrose, and was oxygenated with 95%/5% O2/CO2 (pH 7.4). Visualized whole-cell patch-clamp recordings were conducted under a stage-fixed upright IR-DIC microscope (BX51WI; Olympus, Tokyo, Japan) equipped with a 40 × water-immersion objective.

Synaptic currents were recorded with 4–6-MΩ microelectrodes filled with a Cs+-based internal solution containing 110 mM Cs+ gluconate, 5 mM TEA, 5 mM QX314, 0.5 mM CaCl2, 5 mM BAPTA, 10 mM HEPES, 5 mM MgATP, 0.33 mM GTP-Tris (pH 7.3), and 280 mOsm/L (liquid junction potential = 14.6 mV). Recording microelectrodes were filled with a Cs+-based internal solution, except in experiments measuring neuronal excitability, in which a K+-based internal solution was used. The K+-based internal solution contained 125 mM K+ gluconate, 5 mM KCl, 0.5 mM CaCl2, 5 mM BAPTA, 10 mM HEPES, MgATP 5, 0.33 mM GTP-Tris (pH 7.3), and 280 mOsm/L (liquid junction potential = 11.4 mV). Excitatory postsynaptic currents (EPSCs) and miniature EPSCs (mEPSCs) were recorded at −70 mV in the presence of (-)-bicuculline methiodide (10 μM), a GABAA receptor antagonist. Spontaneous mEPSCs were recorded in the presence of TTX (1 μM), a sodium channel blocker. Neurons with larger membrane capacitance (40–100 pF) and lower membrane resistance (250–750 MΩ) were recorded in the present study because neurons with these two passive membrane properties are more likely to be glutamatergic projection neurons in the vlPAG (Park et al., 2010; Ho et al., 2011).

Excitatory postsynaptic currents were evoked at 0.1 Hz by 150-μs-width pulses from a Grass stimulator (Grass Telefactor S88; W. Warwick, RI, United States) through a bipolar concentric electrode (Frederick Haer & Co., United States) placed 50–150 μm away from the recording electrode. Paired-pulse ratios (PPRs) of EPSCs were recorded with pulses of 50 ms given every 20 s. PPR was defined as the ratio of the averaged amplitude of the second EPSC/IPSC (EPSC2/IPSC2) to that of the first EPSC/IPSC (EPSC1/IPSC1).

All electrophysiological signals were acquired and analyzed using an Axon setup (Molecular Device/Axon Instruments, Foster City, CA, United States). Signals were sampled at 5–10 kHz by pClamp 9.2 with an Axopatch 200B amplifier and Digidata 1322A AD-converter, and analyzed by Clampfit 9.2. The access resistance was monitored continuously throughout the recordings and neurons were discarded if the access resistance changed by > 15%.



Brain Cannula Implantation and Microinjection

Brain cannula implantations and microinjections were performed with standard procedures, as described previously (Chou et al., 2018). Rats were first anesthetized with isoflurane (5% for induction, 2% for maintenance) and placed in a stereotaxic frame (Stoelting, Wood Dale, IL, United States). A 24-gauge, 12-mm stainless steel guide cannula was implanted stereotaxically into the vlPAG (AP: 7.8 mm; L: 0.5 mm; DV: 5.8 mm). Rats were allowed to recover for at least 7 days before the start of the experiments. For microinjection, drugs were microinfused into the vlPAG through a 30-gauge injection cannula via a 1 μL-Hamilton syringe connected to a microinfusion pump (KDS311; KD Scientific Inc., Holliston, MA, United States). A 0.2-μL drug solution was slowly infused into the vlPAG over 2 min before waiting for 3 min to prevent backflow of the drug. At the end of the experiments, the rats used in the behavioral tests were sacrificed by perfusion and the injection sites were evaluated for each animal. Only those rats that had accurate injections were chosen for analysis.



Statistical Analyses

The data in this study were analyzed using the Prism 5 software package (GraphPad software) and are expressed as mean ± standard error of mean (SEM). Data for time-course experiments were analyzed by repeated measure two-way analysis of variance (ANOVA). Data with two factors were analyzed by two-way ANOVA and those with one factor were analyzed by one-way ANOVA. Bonferroni’s post hoc analyses were used to compare the means of the groups. In other cases, unpaired Student’s t-tests were used to compare the means of groups. Significance was set at p < 0.05.




RESULTS


Establishing Remission in an IBD Animal Model

Rats first received DSS dissolved in drinking water, which was later replaced by normal drinking water to promote recovery (Figure 1A). IBD-like symptoms included increased stool consistency (Figure 1B, Time: F4,36 = 42.43, p < 0.0001; Treatment: F1,9 = 44.6, p < 0.0001; Interaction: F4,36 = 42.43, p < 0.0001; n = 10 in each group, repeated measure two-way ANOVA), appearance of blood in the stool (Figure 1C, Time: F4,36 = 55.53, p < 0.0001; Treatment: F1,9 = 40.09, p < 0.001; Interaction: F4,36 = 55.53, p < 0.0001; n = 10 in each group, repeated measure two-way ANOVA), decreased body weight (Figure 1D, Time: F4,36 = 41.53, p < 0.0001; Treatment: F1,9 = 85.84, p < 0.0001; Interaction: F4,36 = 66.52; p < 0.0001, n = 10 in each group, repeated measure two-way ANOVA), and decreased colon length (Figure 1E, t = 9.209, p < 0.0001, unpaired Student’s t-test) on day 7, compared with the control (Con). There were no differences after the recovery on days 14 and 21 (Figures 1B,C,F).
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FIGURE 1. DSS-evoked short-term visceral abnormalities. (A) Experimental design for treatment with DSS solution, which was later replaced by normal drinking water. (B,C) Summary of experiments showing time profiles of stool consistency and bleeding score in DSS-treated and control (Con) rats. (D) Summary of experiments showing changes in body weight over time in DSS-treated and Con rats. (E,F) Image and vertical scatterplot demonstrating colon lengths on days 7 and 21 in DSS-treated and Con rats. (G–I) Summary of experiments and representative recording traces illustrating DSS-induced visceral hypersensitivity in von Frey filaments-induced abdominal withdrawal and CRD-induced VMR. Statistics were analyzed by repeated measure two-way ANOVA followed by post hoc Bonferroni’s test and unpaired Student’s t-test. Data are represented as mean ± SEM. **p < 0.01, ***p < 0.001, comparing with Con. ###p < 0.001, compared with day 0.


Visceral hypersensitivity is recognized as a crucial symptom of IBD in patients and animals (Delvaux, 2002; Park et al., 2010; Luczynski et al., 2017). Therefore, we examined the visceral sensitivity by von Frey filament-induced abdominal withdrawal and by CRD-induced VMR. We found that DSS treatment dramatically decreased the abdominal withdrawal threshold (Figure 1G, Time: F3,27 = 26.82, p < 0.0001; Treatment: F1,9 = 35.81, p = 0.0002; Interaction: F3,27 = 30.95, p < 0.0001; n = 10 in each group, repeated measure two-way ANOVA) and enhanced CRD-induced VMR (Figures 1H,I, Time: F3,54 = 26.27, p < 0.0001; Stimuli intensity: F2,18 = 43.95, p < 0.0001; Interaction: F6,54 = 0.07832, p = 0.998; n = 7 in each group, repeated measure two-way ANOVA) on day 7, and no significant differences were observed after the recovery on days 14 or 21 (Figures 1G–I).



DSS Treatment Induces Long-Lasting Behavioral Changes

To test the behavioral performances during remission of IBD model animals, DSS-treated rats not only exclaimed by TSTs also measured by SPTs. DSS treatment significantly increased the time in the immobilized state during TSTs on days 7, 14, and 21 (Figure 2A, Time: F3,54 = 21.83, p < 0.0001; Treatment: F1,18 = 44.6, p < 0.0001; Interaction: F3,54 = 16.57, p < 0.0001; n = 10 in each group, repeated measure two-way ANOVA). Moreover, DSS treatment dramatically decreased the preference for sucrose in SPTs on day 7, day 14, and day 21 (Figure 2B, Time: F3,54 = 6.711, p = 0.0006; Treatment: F1,18 = 28.08, p < 0.0001; Interaction: F3,54 = 4.562, p = 0.0064; n = 10 in each group, repeated measure two-way ANOVA).
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FIGURE 2. DSS-induced long-term depressive-like behaviors. (A) Summary of experiments showing time profile of rats displaying immobilized behavior in TSTs in DSS-treated and Con rats. (B) Summary of experiments indicating time profile of preference in SPTs in DSS and Con rats. Statistics were analyzed by repeated measure two-way ANOVA followed by post hoc Bonferroni’s test. Data are represented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 comparing with Con.




DSS Treatment Causes Long-Lasting Impairment of Glutamatergic Transmission in the vlPAG

Based on our previous studies, diminished vlPAG glutamatergic transmission contributes to chronic stress-induced depressive-like behaviors (Chou et al., 2018; Ho et al., 2018). Thus, we investigated the role of vlPAG synaptic transmission in DSS-induced sustained depression. First, we assessed the impact of DSS treatment on basal synaptic transmission in the vlPAG by measuring current–voltage relationship of EPSCs in the vlPAG neurons evoked by electrical stimulation at various holding potentials. The EPSC amplitude of input–output curves was reduced in both DSS-treated (day 7) and DSS + water (day 21) groups (Figure 3A, Stimuli intensity: F4,60 = 5.795, p = 0.0005; Groups: F2,15 = 2.627, p = 0.1052; Interaction: F8,60 = 2.902, p = 0.0084; Con: n = 9; DSS: n = 4; DSS + water: n = 5, repeated measure two-way ANOVA).
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FIGURE 3. Long-lasting impairment of glutamatergic transmission in vlPAG by DSS treatment. (A) Representative traces of electrophysiological recordings and summary of experiments illustrating the input–output curve in vlPAG neurons obtained from Con (Day 0), DSS (Day 7), and later drinking water replacement (DSS + water; day 21). Calibration: 20 pA, 20 ms. (B) Representative recording traces and vertical scatterplot depicting the distribution of PPRs in vlPAG neurons evoked by two identical electric stimuli with 50 ms inter-pulse intervals, obtained from the Con, DSS, and DSS + water groups. Calibration: 20 pA, 20 ms. (C) Representative traces showing the mEPSCs recorded in the vlPAG obtained from the Con, DSS, and DSS + water groups. Calibration: 30 pA, 300 ms. (D,E) Vertical scatterplot depicting the distribution of the frequency and amplitude of mEPSCs in the Con, DSS, and DSS + water groups. (F) Representative traces and scatterplot showing AMPA (1 μM)-evoked inward currents in vlPAG neurons. Horizontal bars denote that AMPA was applied. The dashed line indicates the baseline. Calibration: 50 pA, 30 s. Statistics were analyzed by one-way and repeated measure two-way ANOVA followed by post hoc Bonferroni’s test. Data are represented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, comparing with Con.


To further investigate whether presynaptic mechanisms contributed to impairments, we examined PPRs. Results showed that both the DSS and DSS + water groups had enhanced PPRs (Figure 3B, F2,15 = 13.38, p = 0.0005; n = 6 in each group, one-way ANOVA), suggesting that a presynaptic mechanism might contribute to the impairment of synaptic transmission. Moreover, we investigated the mEPSCs in the vlPAG. The frequency (Figures 3C,D, F2,12 = 18.52, p = 0.0002; Con: n = 5; DSS: n = 4; DSS + water: n = 6, one-way ANOVA) and the amplitude (Figures 3C,E, F2,12 = 14.95, p = 0.0006; Con: n = 5; DSS: n = 4; DSS + water: n = 6, one-way ANOVA) of mEPSCs were decreased in both the DSS and DSS + water groups. These results suggest that both presynaptic and postsynaptic mechanisms contribute to the impairments.

We next examined whether postsynaptic mechanisms contributed to the impairments and found that AMPA-mediated currents in the vlPAG were depressed in both the DSS and DSS + water groups (Figure 3F, F2,14 = 17.62, p = 0.0002; Con: n = 5; DSS: n = 5; DSS + water: n = 7, one-way ANOVA).



vlPAG-Mediated Depressive-Like Behaviors in the Remission of DSS-Induced Visceral Abnormalities

To determine whether decreased AMPA function in the vlPAG contributes to DSS-induced animal depression, we microinjected the selective GluR1 antagonist NASPM into the vlPAG of naïve Con rats. As previously reported (Chou et al., 2018), intra-vlPAG application of NASPM increased immobility in TSTs (Figure 4A, t = 3.489, p = 0.0058; n = 6 in each group, unpaired Student’s t-test) and decreased the sucrose preference in SPTs (Figure 4B, t = 2.284, p = 0.0414; n = 7 in each group, unpaired Student’s t-test). These results suggest that inhibition of GluR1 AMPA receptor functions in the vlPAG is sufficient to evoke depressive-like behaviors.
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FIGURE 4. Glutamatergic transmission in vlPAG-mediated depressive-like behaviors during remission of DSS-induced visceral abnormalities. (A,B) Vertical scatterplot showing the distribution of the immobility in the TSTs and the preference in the SPTs. Naïve Con rats received either vehicle (Veh) or the selective GluR1 antagonist NASPM (5 μg/0.2 μL) via pre-implanted cannula targeting the vlPAG 1 h before the tests. The histology of the vlPAG representing each injecting site. (C,D) Scatterplot showing the performances of the Con and DSS + water (day 21) groups in the TSTs and SPTs. Rats received Veh, AMPA (0.05 μg/0.2 μL), or (2R,6R)-HNK (1 pg/0.2 μL) via pre-implanted cannula 1 h before the tests. The histology of the vlPAG represented each injecting site. Statistics were analyzed by one-way ANOVA followed by post hoc Bonferroni’s test and unpaired Student’s t-test. Data are represented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, comparing with Veh.


Moreover, we directly microinfused AMPA and the AMPA receptor-mediated antidepressant (2R,6R)-HNK into the vlPAG, which reversed DSS-induced enhancement of immobility in the TSTs [Figure 4C, F2,27 = 31.17, p < 0.0001; n = 7 in Con and n = 10 in Veh, AMPA, and (2R,6R)-HNK, one-way ANOVA] and blocked DSS-induced inhibition of preference in the SPTs [Figure 4D; F2,27 = 6.67, p = 0.0044; n = 7 in Con and n = 10 in Veh, AMPA, and (2R,6R)-HNK, one-way ANOVA] in the DSS + water group.




DISCUSSION

Our previous study reported that reduced glutamatergic transmission in the vlPAG contributes to chronic stress-induced depressive-like behaviors (Chou et al., 2018). The present results provide that DSS impairs vlPAG glutamatergic transmission, even after recovery from visceral abnormalities. The time profiles of the DSS-induced impairments of synaptic transmission in the vlPAG are highly associated with DSS-evoked increased the immobilized times in TSTs and decreased the sucrose preference in SPTs. Moreover, restoring vlPAG glutamatergic transmission by intra-vlPAG application of AMPA and (2R,6R)-HNK eliminated DSS-induced long-term behavioral changes (the immobilized times reduced in TSTs and the sucrose preference increased in SPTs). The present study suggests that vlPAG glutamatergic transmission mediates depressive-like behaviors in the remission of DSS-induced IBD-like symptoms.

Additionally, anxiety symptoms have also been observed during remission in IBD patients (Abautret-Daly et al., 2018). Similarly, we found that DSS did evoke long-term anxiety-like behaviors in our model animals; however, AMPA micro-infused into the vlPAG did not alter DSS-induced anxiety-like behaviors (Supplementary Material). Evidence indicates that DSS enhances the expression of various genes, including brain-derived neurotrophic factor, in the amygdala, hippocampus, and hypothalamus (Reichmann et al., 2015). Notably, these brain regions are highly associated with anxiety. It is putatively implied that DSS mapping the vlPAG to alter depressive-like behaviors and mapping those brain regions to influence anxiety-like behaviors.

The ketamine metabolite (2R,6R)-HNK was recently demonstrated to relieve depression in animals with rapid onset and long-lasting action (Zanos et al., 2016; Chou et al., 2018), and is considered a next-generation antidepressant candidate (Zanos et al., 2016). The antidepressant activity of (2R,6R)-HNK occurs through increasing AMPA receptor-dependent activity, and does not produce any of the side effects of ketamine (Zanos et al., 2016). In the present study, intra-vlPAG application of (2R,6R)-HNK significantly reversed DSS-induced long-term depressive-like behaviors, strengthening the evidence that vlPAG helps mediate animal depression. Notably, an explanation for TSTs or forced swim tests (FSTs) might not an ideal model of depression, it is thought as an adaptive behavior coping with the stressful condition (Molendijk and de Kloet, 2019).

The PAG receives high brain region inputs, including from the medial prefrontal cortex, anterior cingulate cortex, amygdala, and hypothalamus (Heinricher et al., 2009), and receives pain information from spinal neurons via the spinomesencephalic ascending tract (Basbaum et al., 2009). Results from the present study indicate that DSS-induced visceral pain impairs vlPAG glutamatergic input transmission. Future studies are needed to further clarify which neuronal circuit inputs contribute to DSS-induced impairment of synaptic transmission.

The PAG plays a crucial role in pain regulation through descending projections to the rostral ventral ventromedial medulla (Heinricher et al., 2009). In addition to pain modulation, the current study extends PAG function to mediating depression (Ho et al., 2018), perhaps through the control of dopaminergic neurons in the ventral tegmental area, leading them to ascendingly innervate high brain regions (Moloney et al., 2015; Ntamati et al., 2018). It is likely that the PAG acts as a relay center, exchanging information on visceral pain and depression, in which impairment of PAG glutamatergic transmission in pain mapping leads to depression, and relieving the impairment during pain remission leads to psychological well-being. Thus, as impairment of PAG glutamatergic transmission still occurs during remission of visceral pain, the possibility of additional mechanisms, such as epigenetic regulation, requires further investigation.

Mounting evidence suggests that gut microbiota is altered in IBD, leading to changes in brain function via the gut-brain axis and, interestingly, an enlarged PAG is involved in pain processing (Luczynski et al., 2017; Humbel et al., 2019). Notably, administration of probiotics in patients with gastrointestinal disorders was found to decrease their score of depression and to alter depression-associated brain activity (Pinto-Sanchez et al., 2017). Future work is needed to clarify the role of PAG in microbiota-induced brain mapping and in related diseases.



CONCLUSION

The present study indicates that DSS-induced visceral pain maps to the vlPAG by decreasing glutamatergic neurotransmission, which mediates depressive-like behaviors during remission of an IBD model in rodents. Our findings provide new insights into vlPAG glutamatergic transmission underlying the gut-brain axis and its involvement in visceral pain-induced psychological disorders.
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Pain and stress are both phenomena that challenge an individual’s homeostasis and have significant overlap in conceptual and physiological processes. Allostasis is the ability to adapt to pain and stress and maintain homeostasis; however, if either process becomes chronic, it may result in negative long-term outcomes. The negative effects of stress on health outcomes on physiology and behavior, including pain, have been well documented; however, the specific mechanisms of how stress and what quantity of stress contributes to the maintenance and exacerbation of pain have not been identified, and thus pharmacological interventions are lacking. The objective of this brief review is to: 1. identify the gaps in the literature on the impact of acute and chronic stress on chronic pain, 2. highlight future directions for stress and chronic pain research; and 3. introduce the Pain-Stress Model in the context of the current literature on stress and chronic pain. A better understanding of the connection between stress and chronic pain could provide greater insight into the neurobiology of these processes and contribute to individualized treatment for pain rehabilitation and drug development for these often comorbid conditions.
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INTRODUCTION

The objective of this brief review is to: 1. identify the gaps in the literature on the impact of acute and chronic stress on chronic pain, 2. highlight future directions for stress and chronic pain research; and 3. introduce the Pain-Stress Model in the context of the current literature on stress and chronic pain.


Chronic Pain

Defined as pain lasting longer than 3 months after the resolution or in the absence of an injury (Treede et al., 2015), chronic pain is a significant humanitarian burden affecting 11–40% of adults (Dahlhamer et al., 2018) and 5–38% of youth (King et al., 2011). Chronic pain has been associated with constraints in mobility and daily activities, dependence on opioids, increased levels of anxiety and depression, poor perceived health, and a reduced quality of life (Gureje et al., 1998; Smith et al., 2001; Dahlhamer et al., 2018). Different types of pain (chronic, acute, nociceptive, neuropathic, etc.), result in different modulation of each other, which leads to different consequences (Crofford and Casey, 1999). This brief review will focus solely on chronic pain and its complex and dynamic relationship to different types of psychological stress.



Stress

Costing over 300 billion dollars annually (Mucci et al., 2016), chronic stress is categorized as a “worldwide epidemic” by the World Health Organization, and has been associated with increased rates of mental illness and suicide (Rizvi et al., 2017). Although anxiety and stress are similar (Andolina et al., 2016; Ray et al., 2017), psychological stress is less clearly defined than anxiety disorders and as a result, there is not a recognized pharmacological treatment for stress. A review (Shekhar et al., 2005) summarized data supporting the hypotheses that stress induced plasticity within the amygdala may be a critical step in the pathophysiology of the development of chronic anxiety conditions. This evidence suggests that anxiety is a reaction to stress, however, both have been investigated as interchangeable mechanisms. Stress-related psychological conditions, such as anxiety, are frequently associated with pain (Felice et al., 2015; Luisi et al., 2015; O’Mahony et al., 2017), with multiple biological processes contributing to allostatic overload and influencing the pathophysiology of the central nervous system (CNS) (McEwen, 1998, 2000, 2005; Crimmins et al., 2003; Brotman et al., 2007; McEwen and Gianaros, 2011; Karatsoreos and McEwen, 2013). Chronic pain is one potential manifestation of this allostasis.



Link Between Chronic Pain and Stress

Chronic pain is highly comorbid with chronic stress (Davis et al., 2017). Anxiety, depression, and pain catastrophizing (i.e., excessive worry about pain) have been associated with the presence of chronic pain and with a poor prognosis in people with a wide array of pain conditions (Baum, 1990; van der Windt et al., 2002; McWilliams et al., 2003; Boersma and Linton, 2006). Many studies examining risk factors for pain report an association between musculoskeletal pain and pain-related psychosocial stress, including fear, catastrophizing, and negative coping (Linton, 2000; George and Stryker, 2011; Lumley et al., 2011; Crombez et al., 2012; Lucchetti et al., 2012). Exaggerated, prolonged, or recurrent activation of a sensitized stress response to pain or non-pain-related stressors may initiate or exacerbate chronic pain and disability (Heim et al., 2000; Tak and Rosmalen, 2010; Hall et al., 2011). Two existing theoretical models linking pain and stress include: 1. stress overload leads to the onset and persistence of chronic pain. Pain is one type of stress that adds strain on an individual which results in allostatic overload in the body and brain from chronic impairment in the regulation of physiological systems that are historically involved in adaptation to environmental challenges (Vachon-Presseau et al., 2013) and 2. allostatic overload triggers or induces chronic pain. Focusing on the long-term consequences, unforeseeable stress induces pain and a cycle of “feeding-forward” inadequate adjustments to the situations, thus resulting in physiological responses and susceptibility to pain persistence (Borsook et al., 2012). Both models emphasize that stress and pain are interconnected and are two components in a cycle of maladaptive responses to challenging environmental situations.

The body and the brain have substantial capacity for adaptive plasticity; however all exposures to stress are not necessarily irreversible (Korte et al., 2005). Studies (Schneiderman et al., 2005) also indicate that there may be differences in susceptibility to environmental stressors on three levels: behavioral, physiological, and genetic. A third model which is not specific to pain and stress but applicable to elucidating their potential relationship concerns biological reactivity. Specifically, the relationship between early adverse life events and development of an individual’s reactivity to stress is curvilinear, with high reactivity phenotypes emerging in both high stress and protected early social surroundings (low stress) (Boyce and Ellis, 2005). Individuals exposed to very low adversity may develop high biological sensitivity to take maximum advantage of positive environmental influences. This model supports recent findings from our group (Sieberg et al., 2018). We examined the effects of lifelong mild stress on levels of neuropathic pain and the effects of chronic neuropathic injury on anxiety-like behavior in mice with results demonstrating a strong link between chronic neuropathic pain and chronic anxiety (Soria et al., 2015), with the driver of this comorbidity being neuropathic pain as opposed to ongoing stress (Sieberg et al., 2018). However, the timing, severity, and type of stress needed to induce this cruel cycle is unclear, and alternatively, if there is a healthy or protective dose of stress that could buffer or prevent the onset of chronic pain, or how much stress is protective is also unknown.




MOUSE MODELS OF CHRONIC PAIN AND STRESS

Heightened risk of pain and psychological stress are often co-morbid in clinical studies (Noel et al., 2016; Sachs-Ericsson et al., 2017; Lo Curto et al., 2019; Beal et al., 2020), however, animal studies yield contradictory results about the nature of their interaction. Specifically, it has yet to be established in neither clinical nor animals studies if psychological distress is a precursor (Rivat et al., 2010) to or consequence (Eccleston and Clinch, 2007) of living with chronic pain.


Overview of Existing Literature

Liu et al. (2015) found that persistent inflammatory pain and social defeat stress-induced anxiety may not exacerbate one another in animal models of co-morbidity. Aizawa et al. (2018) showed that the role of G protein-coupled receptor 40/free fatty acid receptor 1 is a signal for the development of chronic pain and is induced by emotional dysfunction (Aizawa et al., 2018). These findings indicate that this specific impairment of regulation of this protein and fatty acid signaling the brain underlying stress conditions is directly related to the development of chronic pain. The same group of researchers also found that repeating the administration of naloxone exacerbated mechanical allodynia due to postoperative pain. This suggests that the underlying mechanism for pain exacerbation induced by inhibition of the G protein-coupled receptor 40/free fatty acid receptor 1 may be associated with naloxone-induced exacerbation of postoperative pain (Nakamoto et al., 2017). Using a chronic pain mouse model, Wang et al. (2017) investigated individual variance in two dimensions of pain behaviors: sensory and emotional. Results showed that mice displayed heterogeneous sensitivities in the chronic pain-induced anxiety- and depression-like behaviors of affective pain. Additionally, their molecular analyses revealed that the mice with higher vulnerabilities to developing emotional disorders, such as depression and anxiety, also revealed to have lower levels of protein in the amygdala, and more specifically, in the emotion-processing central nucleus (Wang et al., 2017). Their findings suggest that individual vulnerabilities to pain may be ingrained in the emotional aspect of chronic pain and remain consistent in aspects of negative emotions, in which adaptive changes in the role of the changed protein levels in central amygdala may have significant and long-term consequences.

A behavioral experiment conducted by our group (Sieberg et al., 2018) found that 1. the effects of long-term spared nerve injury (SNI) and life-long stress are not markedly different to SNI alone, suggesting that ongoing pain derived from nerve injury is the primary driver of the prominent anxiety-like phenotypes witnessed in the mice examined and 2. long-term SNI and chronic stress were almost equivalent in increasing plasma corticosterone levels, which suggests similar levels of signaling through this endogenous stress system for each condition. Glutamate is known to be the primary excitatory neurotransmitter modulating nociceptive networks, and Glt1 is critical in pain signaling termination (Greenwood-Van Meerveld and Johnson, 2017). Chronic emotional stress results in hyperalgesia that correlates with altered CNS glutamate processing (Greenwood-Van Meerveld and Johnson, 2017). Allostasis (from allostatic load to allostatic states) leads to decreased glutamate levels, an effect also observed in over-stressed rats (Ullmann et al., 2019). This research shows that allostasis may be a protective mechanism in rats for adapting to chronic stress (Ullmann et al., 2019). A recent study (Greenwood-Van Meerveld and Johnson, 2017) employed a rodent neuropathic pain model to assess the long-term impact of chronic pain on the hypothalamic pituitary adrenal (HPA) axis and limbic system. The results suggest that increased nociceptive sensitivity during chronic pain is associated with alterations in the limbic system, but is dissociated from HPA axis activation (Ulrich-Lai et al., 2006). This influence of long-term stress on nociception has been found to be relevant for numerous painful pathologies (Bardin et al., 2009). The effects of protracted or intermittent stress from daily, one hour restraint periods in cylinders, 4 days per week, over 5 weeks, on eight models of hyperalgesia and allodynia in rats was assessed. Their results showed that chronic stress can induce or trigger hyperalgesia and allodynia. As many conditions are characterized by hyperalgesia and allodynia, there is a need for a pre-clinical model integrating both chronic pain and stress. A model of prolonged or intermittent restraint stress is important to consider when investigating the mechanisms linking stress and chronic pain, and could provide insight to assessing the potential therapeutic efficacy of drugs targeted against painful pathologies with co-morbid stress (Bardin et al., 2009).



Conclusion

Animal models confirm the complexity of the relationship between chronic pain and stress. Further research is needed to translate these animal findings to clinical populations across ages, sex, and pain conditions. Additionally, these animal models do not ultimately define how much stress is needed to contribute to pain presentation, nor do they define the specific impact of the timing, severity, or type of stress, and alternatively, if there is a healthy or protective dose of stress that could buffer or prevent the onset of chronic pain. Further animal research and pre-clinical models should explore resiliency and protective factors and how they may mediate the relationship between stress and chronic pain.




QUANTITATIVE SENSORY TESTING, ACUTE STRESS, AND CHRONIC PAIN

Quantitative sensory testing (QST) is used to assess responses to standardized noxious stimuli in a controlled laboratory setting. Research using QST has highlighted variability in pain sensitivity and pain modulation as a putative phenotypic contributor to the risk for development of chronic pain (Hansson et al., 2007).


Acute Stress on Pain Perception and Sensory Functioning in Healthy Adults

The basis of individual differences in pain perception and neural responses to pain are not entirely understood. However, the neurophysiological mechanisms that regulate pain perception are influenced by the acute stress response. A review of 208 laboratory studies (Dickerson and Kemeny, 2004) assessing whether acute psychological stressors stimulate cortisol activation indicated that these acute psychological stressors do elicit cortisol activation, but certain stressors affect the HPA axis differently. Performance tasks with elements of social-evaluative threat and uncontrollability resulted in significant increases in cortisol levels and adrenocorticotropin hormone release (van den Bos et al., 2009; Engert et al., 2016; Goodman et al., 2017; Kluen et al., 2017).

It has been found that acute psychosocial stress has little effect on pain sensitivity, but significantly decreases an individual’s ability to regulate pain (Ahmad and Zakaria, 2015). The impact of acute psychosocial stress on heat pain perception was explored in a sample of healthy controls (Caceres and Burns, 1997) with results indicating that acute psychosocial stress did not impact heat pain threshold but slightly increased heat pain tolerance. Two studies have examined how pain perception and sensory functioning are influenced by acute stress in a healthy population. Geva et al. (2014) sought to examine the effect of acute stress on pain perception. The authors found that stress did not affect pain threshold and pain intolerance. However, stress did result in an increase in temporal summation of pain and a decrease in conditioned pain modulation, limiting the ability of participants to inhibit pain under acute psychological stress. Taken together, the results support the concept that the sensitivity to pain is not affected when an individual is exposed to acute psychosocial stress; however, the ability to modulate pain in a dose-response manner is significantly reduced. Considering the highly mixed results on the effect of acute stress on pain perception, it appears the type of stress and the magnitude of its appraisal determines its interaction with the pain system (Geva et al., 2014). Similarly, Gaab et al. (2016) sought to explore the impact of acute psychosocial stress on heat pain perception in a healthy sample. Results showed that acute psychosocial stress did not impact heat pain threshold but did slightly increase heat pain tolerance, suggesting that psychosocial stress is selectively analgesic for heat pain tolerance. To our knowledge, there is no published study investigating the effects of acute stress and pain perception and sensory functioning in children and adolescence, which would be an important area of inquiry.



Acute Stress on Pain Perception and Sensory Functioning in Populations With Chronic Pain

Quantitative sensory testing has been used to measure sensory functioning and pain perception in several chronic pain populations. Groups of individuals with fibromyalgia (Crettaz et al., 2013; Coppieters et al., 2016; Wodehouse et al., 2018), chronic type headache (Cathcart et al., 2008; Cathcart et al., 2012; Defrin, 2014), whiplash disorders (Scott et al., 2005; Häggman-Henrikson et al., 2013), musculoskeletal pain (Paananen et al., 2015; Clark et al., 2017), menstrual pain (Slater et al., 2015; Payne et al., 2019), and irritable bowel syndrome (Murray et al., 2004) have previously undergone QST after exposure to acute psychological stress. A majority of these studies examined the relationship between acute stress and pain perception in individuals with chronic pain versus healthy controls. Specifically it has been demonstrated that patients with fibromyalgia (Crettaz et al., 2013; Coppieters et al., 2016) and chronic type headaches (Cathcart et al., 2008) respond differently to acute stress compared to healthy individuals. Specifically, (1) stress may have a negative impact on pain modulation in patients with chronic pain but not in healthy controls or patients with acute pain conditions (Coppieters et al., 2016); (2) acute stress can result in an increase in sensitivity to pressure pain only in chronic pain, and not in healthy controls (Crettaz et al., 2013); and (3) stress has a more significant hyperalgesic effect on cephalic pressure pain sensitivity in people with chronic pain than in healthy individuals (Cathcart et al., 2012). Additionally, differences were found between subsets of the chronic pain populations. Cognitive and somatic anxiety, fear, and avoidance were strongly correlated with pain tolerance in women with chronic type headache but not in women with migraines. This suggests that headache or pain frequency is one factor mediating the relationship between fear of pain and pain tolerance, which may help to explain why the relationship between pain perception and pain tolerance differs in people who experience more pain more often (Bishop et al., 2001).



Conclusion

The question of why stress causes pain thresholds to decrease in certain people could be answered by examining changes in physiology. Alterations in physiological levels may modulate the impact of stress on pain. al’Absi and Petersen (2003) concluded that blood pressure levels mediated the effect of stress on pain ratings. They also noted that women with lower blood pressure had higher reports of pain, suggesting that men and women respond differently to acute stress due to different physiological changes. Similarly, Caceres and Burns (1997) found that men and women with high mean arterial pressure who were stressed before the cold pressor test had lower pain threshold and tolerance during the test than low mean arterial pressure reactors in the same conditions (Coppieters et al., 2016). Changes in physiological reactivity during stress exposure may determine how sensitive people are to pain and thus should be considered when investigating the impact of stress on the pathophysiology of chronic pain. Whereas acute stress often results in analgesia, chronic stress can trigger hyperalgesia/allodynia.




CHRONIC PAIN, CHRONIC STRESS, AND ALLOSTATIC LOAD

The association of between chronic stress and chronic pain has been historically assumed to be psychological, however, increasing recent research suggests physiological mechanisms may be relevant.


Neurobiology of Chronic Stress

Research suggests that stress can mitigate the harmful effects of pain on the corticolimbic system (Vachon-Presseau, 2018). The resulting disturbance in equilibrium of these brain circuits have significant consequences both for chronic pain and for the normal regulation of the stress response. These effects are primarily through feedback mechanisms controlling the HPA axis. Much of the previous research has focused on the effects of stress on the regulation of the HPA axis, although inconsistencies in the direction of the effect (Fuentes and Christianson, 2018) (hypoalgesic versus hyperalgesic) have made the extent and manner of impact on chronic pain unclear. Chronic pain patients have been shown to exhibit faulty adaption stress responses, including both normal experiences and in response to pain (Vachon-Presseau, 2018). Whether the weakened response is damaging or adaptive remains unknown, but is important to consider because lower cortisol levels have been reported in individuals with chronic pain (Trickett et al., 2010). Research has also found that those who showed a greater cortisol response reported less pain unpleasantness and showed reduced activation in the nucleus accumbens, mid-cingulate cortex, and posterior insula during the painful stimulus (Vachon-Presseau et al., 2013). These brain regions are involved in cognitive modulation of pain and interact with the descending inhibitory pain pathway (Apkarian, 2010), thus mediating the stress-induced hypoalgesia (Butler and Finn, 2009). Chronic stress also appears to lead to a number of structural neurobiological changes related to pain processing, including reduced corpus callosum size, and decreased development of the left neocortex, hippocampus, and amygdala (Teicher et al., 2003). Psychological factors mediating altered pain processing have been shown in a range of psychological domains, including depression, anxiety, somatization, anger/hostility, self-efficacy, self-esteem, and general emotional functioning in people with chronic pain (Simons et al., 2014).




WHAT ARE WE MISSING IN STRESS AND CHRONIC PAIN MODELS?

Although the relationship between chronic pain and stress is widely accepted, the interacting underlying biological mechanisms involved are less understood. A multidimensional model for considering the relationship of stress and chronic pain, along with the changing culture and mediating factors as environmental stress specifically among racial and ethnic minorities, and the impact of chronic pain remediations on stress.



ROLE OF CHRONIC ENVIRONMENTAL STRESS AMONG RACIAL AND ETHNIC MINORITIES

Stress is a consequence of racial and ethnic health disparities with the connection between stress and morbidity and mortality demonstrated across a variety of studies (Acabchuk et al., 1982; Berger and Sarnyai, 2015). Therefore, it is thought that greater exposure to stress over the life course increases susceptibility to morbidity and mortality among members of minority groups (Mocayar Marón et al., 2019). There is evidence of bias in pain management treatment, with White patients receiving higher levels of pharmacological pain treatment compared with Black patients (Drwecki et al., 2011). The presence of stress results in molecular, cellular, and neural-circuit level changes. Stress triggers activation of molecular processes that tag genes with “epigenetic marks” that result in long-lasting changes in how the molecular machinery of those neurons is expressed. Epigenetic marks can last for months, years, or perhaps even lifetimes, and the gene expression that results from these marks change how neurons respond to their environment as well as future adversity or stress (Kanherkar et al., 2014). The role of environmental stress among racial and ethnic minorities and the impact on the exacerbation of pain needs to be investigated.


Psychopharmacology, Stress, and Chronic Pain

While opioids and NSAIDS are used to treat acute pain (Schug and Goddard, 2014) and anti-convulsants and/or tricyclic anti-depressants (Finnerup et al., 2015) are used for treating neuropathic pain, pharmacological interventions for the treatment of co-morbid stress and pain are elusive. Sieberg et al. (2018) offered mechanistic evidence as to why many anxiolytic drugs may also effective with neuropathic pain medications. Such drugs can increase norepinephrine in the spinal cord, which alleviates pain (Pitzer et al., 2016); however, concluding from the results, it is possible that the reduction of high anxiety-like levels alone also contributes to the efficacy of these drugs. Anxiolytics coupled with neuropathic pain medication may reduce comorbid anxiety-like behavior as well as decreased pain-like behavior. Although stress and anxiety differ, researchers should consider these findings when moving forward with stress and pain research. Many patients suffering from comorbid chronic pain and stress would benefit from additional research investigating the impact of existing neuropathic and anxiolytic medications. Additionally, further elucidating the relationship between pain and stress can assist in the development of more targeted therapies. Established and valid biomarkers for pain and stress can help to determine and predict if a patient will respond better to specific treatments, thus improving the quality of life and decreasing pain of those who suffer from co-occurring chronic pain and stress.



Conclusion

There are many mediating factors contributing to the complex relationship of chronic pain and chronic stress. The role of environmental stress among racial and ethnic minorities and the impact on the exacerbation of pain needs to be further investigated. While numerous biomarkers including genetic (Cronin et al., 2018), molecular (König et al., 2017), neural (Smith et al., 2017), inflammatory (Arif-Rahu et al., 2012), and biobehavioral (Arif-Rahu et al., 2012) have been identified as contributing to chronic pain, there are currently no valid or reliable biomarkers for chronic pain. One biomarker alone is unlikely to fully explain the complexity of pain syndromes that are influenced by many factors, such as different types and levels of sensitivity to chronic stress. A multisystem approach is needed to improve the diagnosis, prognosis, and the evaluation of treatment responses, and inform drug development, as well as to elucidate the relationship between stress and chronic pain.




CONCLUSION

Stress has multifaceted effects on chronic pain. Chronic stress, impacting an individual’s capacity to cope, affects the brain. Similarly, chronic pain is widely considered a disease of the CNS. Stress can be a powerful inhibitor of nociception and inflammation but also contributes to enhanced pathological states including the initiation and maintenance of chronic pain (Vachon-Presseau, 2018). Understanding the complex relationship between stress and chronic pain requires interdisciplinary collaboration, translational models, and consideration of biopsychosocial factors, which will hopefully result in improved, standardized care.

It is unclear the amount, timing, severity, and type of stress needed to contribute, maintain and exacerbate chronic pain and whether alternatively there is a healthy or protective dose of stress that could buffer or prevent the onset of chronic pain. Based on the existing scant literature on stress and chronic pain, this seemingly paradoxical relationship can be better understood using our proposed theoretical model, labeled the Pain-Stress Model, adapted from both the Yerkes–Dodson Law (Diamond et al., 2007) and the biological reactivity to psychological stressors model (Boyce and Ellis, 2005; Figure 1). We theorize that chronic pain has a curvilinear relationship with chronic stress and a relatively linear relationship with acute stress, with various biopsychosocial mediators and moderators serving as both risks and protective factors. The Pain-Stress Model suggests that some stress is protective against the development of chronic pain; however, at a point the amount of and severity of the stress will become damaging. Moreover, we suggest that this relationship has a bidirectional effect, with chronic pain also negatively impacting stress levels. We propose that this model be empirically studied in order to further untangle the complicated relationship between stress and pain.


[image: image]

FIGURE 1. The newly conceptualized Pain-Stress Model, adapted from the Yerkes–Dodson Law, is a proposed curvilinear and linear model describing the multifaceted relationship between chronic pain and stress. The y-axis represents the Numerical/numeric Rating Scale (NRS), a standardized pain intensity assessment (mild: 1–3; moderate: 4–6; severe: 7–10 (Rivat et al., 2010). The Pain-Stress Model provides a framework for addressing the multi-factorial nature of stress and chronic pain. Approaches to studying multiple, interacting physiological systems and molecular pathways is needed for the development of translatable biomarkers that would facilitate the study of stress responses, resilience, and vulnerability across both human and animal studies. Not all individuals are susceptible to environmental stress factors, however, this model portrays the curvilinear relationship between chronic pain and stress and the linear relationship between stress and acute pain – it is unknown what amount of acute or chronic stress is protective for the nervous system of chronic pain patients and when it transitions to a damaging effect.
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Purpose: The purpose of this systematic review is to evaluate motor cortex reorganization in amputees as indexed by transcranial magnetic stimulation (TMS) cortical mapping and its relationship with phantom limb pain (PLP).

Methods: Pubmed database were systematically searched. Three independent researchers screened the relevant articles, and the data of motor output maps, including the number of effective stimulation sites, center of gravity (CoG) shift, and their clinical correlations were extracted. We calculated a pooled CoG shift for motor cortex TMS mapping.

Results: The search yielded 468 articles, 11 were included. Three studies performed correlation between the cortical changes and PLP intensity, and only one study compared cortical mapping changes between amputees with pain and without pain. Results showed (i) enlarged excitable area and a shift of CoG of neighboring areas toward the deafferented limb area; (ii) no correlation between motor cortex reorganization and level of pain and (iii) greater cortical reorganization in patients with PLP compared to amputation without pain.

Conclusion: Our review supports the evidence for cortical reorganization in the affected hemisphere following an amputation. The motor cortex reorganization could be a potential clinical target for prevention and treatment response of PLP.

Keywords: amputation, phantom limb pain, transcranial magnetic stimulation, motor cortex reorganization, cortical mapping


INTRODUCTION

Amputation leads to reorganization in the motor cortex. Several neurophysiological and neuroimaging studies pointed out that there is cortical reorganization associated with limb amputation (Schwenkreis et al., 2003) and that one of the consequences of reorganization is phantom limb pain (PLP) (Flor et al., 1995, 2001, 2006; Foell et al., 2014). Increasing evidence suggests that changes in the primary motor cortex are observed in amputees with PLP (Schwenkreis et al., 2001; Mercier and Léonard, 2011). Despite PLP having a high incidence, affecting up to 85% of the amputees (Sherman et al., 1980; Pezzin et al., 2000), PLP underlying mechanism remains controversial and unclear. One hypothesis is that the lack of inhibitory activity in the sensory-cortical feedback pathways leads to continued efferent motor cortical commands due to enhanced cortical excitability (Ziemann et al., 1998; Zagha et al., 2016; Ruddy et al., 2018). Therefore, cortical deafferentation and lack of inhibitory activity may play a role in phantom pain that still needs to be elucidated. This notion is also supported by studies showing decreased intracortical inhibition in neuropathic pain and other chronic pain syndromes (Castillo Saavedra et al., 2014; Tarrago Mda et al., 2016).

In this context, two techniques -transcranial magnetic stimulation (TMS) and magnetic resonance imaging (MRI)- have been used to assess cortical reorganization following an amputation and to elucidate pathophysiologic mechanisms of PLP, as well as provide clues to optimize the rehabilitation of individuals with PLP in the clinical context. TMS is used to brain mapping of the cortical regions (Wagner et al., 2007; Dayan et al., 2013; Rossini et al., 2015). For motor cortex mapping, by applying TMS to different locations in the scalp referenced by vertex, MEP amplitudes can be evoked in target muscles (Thickbroom et al., 1999). Then the map of the area is created by the MEP responses collected at contralateral muscle. The hot spot, center of gravity (CoG), and number of effective stimulation site are the main parameters evaluated. While hot spot represents the maximum value of the MEP response, the CoG is spatial average optimal site (Rossini et al., 2015). The number of effective sites represent the surface area of the muscle representation. In amputees, these can be especially useful in the characterization of cortical reorganization. The stability of TMS measures supports use of TMS to assess underlying cortical plasticity in amputees (Hetu et al., 2011).

TMS studies provide evidence of motor cortex excitability changes. Cohen et al. (1991) was the first to describe the motor cortex reorganization following an amputation, showing larger motor evoked potentials (MEP), and increased number of excitable stimulation sites for the muscles immediately proximal of the stump. Similarly, Pascual-Leone et al. (1996) performed TMS cortical mapping before and after upper limb amputation and showed cortical reorganization as the neighboring areas “invade” the deafferented zone (enlargement and/or shift of the targeted muscle motor area) in amputees (Pascual-Leone et al., 1996). These results further supported the evidence of motor output map alterations in amputees. However, Gagné et al. (2011) challenged these findings by showing no significant difference in the map areas or the shift of their locations in traumatic upper limb amputees (Gagné et al., 2011).

There is no clear understanding as to why and how amputation and subsequent cortical reorganization relates to pain as some TMS studies showed no correlation between pain intensity and shift in cortical map (Irlbacher et al., 2002; Schwenkreis et al., 2003). Even though changes in the cortical representation of neighboring areas are frequently observed (Flor et al., 1995; Lotze et al., 2001), the same mixed results are observed in fMRI studies. Lotze et al. (2001) show that upper limb amputees with PLP have a shift of the lip area into the deafferented hand motor area and that the shift is positively correlated with the PLP intensity. These results are also replicated in 5 fMRI studies (Lotze et al., 1999; MacIver et al., 2008; Diers et al., 2010; Foell et al., 2014; Raffin et al., 2016). However, although Makin et al. (2013) and Kikkert et al. (2018) also found a correlation between the level of reorganization and PLP, this correlation was negative indicating that the preserved structural and functional organization in the brain of the amputated limb area was related to more pain (Makin et al., 2013; Kikkert et al., 2018).

The TMS measurements of motor cortex can further help to clarify the discrepancy on cortical reorganization findings following an amputation and to define which are the neural correlates of phantom limb pain. Therefore, we conducted this review in studies including patients with lower or upper limb amputation that have been assessed by TMS cortical mapping as to determine (i) whether there is a shift in the center of gravity of the cortical mapping when combining data from these studies; (ii) whether this shift is associated with pain and (iii) whether there is a difference between amputation without pain and amputation with PLP.



METHODS


Literature Search

A systematic search was conducted in the PubMed database, utilizing the following keywords: “transcranial magnetic stimulation” or “TMS” or “cortical reorganization” and “amputees” or “amputation” and/or “phantom limb pain.” The last search update was run in December 2018. No additional filters (e.g., publication year) were set. A manual search was also conducted to find other potential articles based on references identified in the individual articles.



Literature Selection: Inclusion and Exclusion Criteria

We included all original articles and case reports that reported the assessment of cortical reorganization in amputees using TMS. Only articles written in English were included. We, therefore, excluded the following articles: (1) animal studies; (2) review articles; (3) letters to the editor; (4) editorials and (5) duplicate studies.

Duplicated records were removed and three reviewers (CBP, FGSV, FL) screened all titles and abstracts following the pre-specified framework and selection criteria. Discrepancies were solved by another reviewer independently (MEG). After the title and abstract selection, full text of selected reports was sought and analyzed discrepancies were solved by consensus between all authors.



Quality Assessment

To assess the quality of the included TMS studies, we used the checklist developed by Chipchase et al. (2012) following the standard procedure describe by the authors. This tool the factors that should be reported and/or controlled in TMS studies. We assigned a value of zero if they do not report and justify the criteria in the manuscript and one if they do so. Then, we calculate the total score per study, a higher number correspond high quality. The quality evaluation was assessed by two reviewers (MEG and KP-B), and discrepancies were solved by a third reviewer independently (FF).



Data Extraction

After a detailed review of the articles, the authors identified and collected the most significant parameters measured during the evaluation of cortical reorganization by TMS. Data were collected and reviewed by two authors independently (MEG and KP-B). The following list of variables was structured in order to extract the proper evaluation of cortical reorganization in amputees, when available:

a) TMS Evidence of Cortical Reorganization: Cortical Reorganization measured by Motor Output Maps including (i) number of effective stimulation sites and (ii) center of gravity (CoG) shift.

b) Clinical Correlations: Illustration of how previous parameters correlate with clinical characteristics (negative and positive correlations), including phantom limb pain, residual pain, telescoping, use of prosthesis, time since amputation, and level of amputation.



Pooled CoG Calculation

The formula used for data extraction, documented the Cz referenced medial-lateral coordinates in mm (x axis) ± SD, and posterior-anterior coordinates in mm (y axis) ± SD. The studies were divided according to the amputated limb (lower vs. upper), and according target muscle in the TMS protocol (upper-limb muscles, lower-limbs muscles, or face muscles), in order to avoid anatomical heterogeneity in analysis. Then we calculated the weighted arithmetical mean with the x and y values and the SD pooled, following the Cohen's effect size formula (Thalheimer and Cook, 2002; Durlak, 2009). We represented the pooled CoG in a cartesian plot and 3D brain template consider Cz as a reference. The data were processed using MATLAB R2018a software.



Management of Missing Data

In the case of unreported, missing, or unclear data regarding the primary outcome data (i.e., CoG) the authors were contacted. Besides that, we used Web Plot Digitizer v.3.11 to extract data from relevant graphs. If authors were unresponsive or extracting the data graphically was not possible, the study was excluded from the quantitative analysis.




RESULTS


Studies Retrieval

The results of search strategy summarized in Figure 1 as PRISMA statement flow diagram (Moher et al., 2009). The literature search resulted in 468 articles. Based on titles and abstracts screening, 440 articles were excluded. Then, the 28 remaining articles were screened by reading the full text for cortical reorganization measurements using TMS. In this phase, 17 excluded as they did not report measures cortical reorganizations and therefore, 11 articles were included.


[image: Figure 1]
FIGURE 1. Literature search flow-chart.




Demographic Findings

Table 1 indicates the demographic and clinical information of the sample included in the studies analyzed here. Ten studies were on upper limb amputees, only 1 study evaluated lower limb amputees. In the selected articles, the aggregate number of participants was 84 (77 upper limb amputees and seven lower limb amputees). Most participants were adults, and the average age was 36.3 (range of 14–78). The majority of participants was male, and gender distribution was 77 males and seven females. Time since amputation wasn't an inclusion criterion for the included articles, and it varied from 1 month to 52 years. From the 11 articles included, only seven studies reported if participants suffered or not from PLP; 32 participants (%38.1 of total) had PLP. In 4 studies that reported the level of PLP, the intensity was moderate (mean 4.3 on 0–10 scale; 0 no pain, ten worst pain imaginable).


Table 1. Characteristics of included studies.
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Study Design and Technical Aspects

Table 2 summarizes the neurophysiological parameters used in the studies included. All included studies used TMS with figure-of-eight-coil to perform cortical mapping. For surface EMG recording, the most frequent muscles evaluated for the case of the affected side in upper limb amputees were: (1) Biceps brachialis (8 papers); (2) deltoid (6 articles); (3) thenar eminence muscles (abductor pollicis brevis, oppones pollicis (1 article); and (4) flexor carpi radialis (1 article). For the case of studies that involved the evaluation of lower limb amputees, the only muscle evaluated was the quadriceps femoris. Also, a couple of studies utilized muscles in face area as controls (zygomaticus and depressor labi inferioris). In most of the cases, the homologous muscle of the healthy side was also evaluated.


Table 2. Neurophysiological parameters of included studies.

[image: Table 2]

Several sizes of grids were observed in the mapping protocol of either upper or lower limb areas. The distance between points in the grid varied from 1 up to 2 cm and the size areas ranged from 1 × 1 cm up to 7 × 9 cm. Another parameter is the number of pulses applied over each intersection of the grid. Numerous variations were observed, finding studies that applied only 3 stimuli per position while others applied either 4, 5, 8, or 15 stimulus per intersection.



Quality Assessment Results

We evaluated the quality of the 11 included studies, the range of points was from 13 to 20 (out of 26 possible applicable domains). They mostly did not report adequately the following domains: “Coil location and stability (with or without a neuronavigation system)” (90%), “Pulse shape” (90%) “Subjects prescribed medication” (77%), “Use of CNS active drugs (e.g., anti-convulsant)” (77%), “Any medical conditions” (77%), “Amount of relaxation/contraction of target muscles” (77%), and “The time between MEP trials” (72.7%). All studies did not report the “Prior motor activity of the muscle to be tested,” “History of specific repetitive motor activity,” “level of relaxation of muscles other than those being tested,” “Subject attention (level of arousal) during testing” (See Supplementary Table 1).



Cortical Mapping—Whether There Is a Shift in the Center of Gravity of the Cortical Mapping in Subjects With Limb Amputation

The CoG coordinates extracted are summarize in Figure 2. We calculated the CoG coordinates of upper-limb amputee patients from 6 studies (n = 42) (Dettmers et al., 1999; Hamzei et al., 2001; Karl et al., 2001; Schwenkreis et al., 2001; Irlbacher et al., 2002; Gagné et al., 2011), all of them used upper-limb muscles as TMS targets (biceps brachii, deltoid and trapezoid muscles). We showed a significant difference of CoG between the intact vs. affected hemisphere. The pooled CoG coordinates from the affected hemisphere (contralateral to amputation) were 43.7 ± 8.2 mm (medial-lateral) and 3.4 ± 4.4 mm (posterior-anterior), and from the intact hemisphere were 41.6 ± 7.1 mm (medial-lateral) and 4 ± 4.5 mm (posterior-anterior). We found one study (n = 7) (Schwenkreis et al., 2003) on lower-limb amputee patients (the target muscle was quadriceps femoris), the CoG coordinates the affected hemisphere were 13.4 ± 1.5 mm (medial-lateral) and 15.6 ± 5.3 mm (posterior-anterior), and from the intact hemisphere were 21.7 ± 4.3 mm (medial-lateral) and 12.6 ± 6.5 mm (posterior-anterior) (see Figure 3).


[image: Figure 2]
FIGURE 2. Cartesian plots presenting the CoG coordinates from the included studies and the pooled calculation. (A) Upper-limb amputation; (B) lower-limb amputation.



[image: Figure 3]
FIGURE 3. 3D brain representation of the CoG shift (affected vs. intact hemisphere) in upper and lower amputee patients.


Eight studies assessed the number of effective stimulation sites; six showed significant increase in affected hemisphere, one study compared traumatic amputees with congenital amputees and showed increase only in traumatic subjects. One study with 15 subjects evaluated separately each subject and showed increased in affected hemisphere in eight patients while only three were significant (see Table 1).



Clinical Correlation—Whether This Shift Is Associated With Pain

TMS parameters of cortical reorganization were not correlated with clinical characteristics of enrolled subjects. We found three articles in which investigators attempted to investigate possible correlations (Table 1) (Schwenkreis et al., 2001, 2003; Irlbacher et al., 2002). These studies evaluated age, time since amputation, phantom and stump pain intensity, and their correlation with CoG and number of effective stimulation sites. None of these studies reported any significant correlation between neurophysiologic TMS parameters and clinical features.



Whether There Is a Difference Between Amputation Without Pain and Amputation With PLP

Additionally, one study compared the CoG between groups with PLP and without PLP (Karl et al., 2001). They specifically reported that the target muscles' CoG were significantly more medial (toward the missing hand area) only in patients with PLP.




DISCUSSION

In this review, we evaluated cortical mapping reorganization in upper and lower limb amputees and how this correlates with clinical parameters such as phantom limb pain. We showed a pooled lateral mapping shifting (2.1 mm) in upper limp amputees and a medial shift in lower limb (8.3 mm). Besides that, the functional cortical representation of the missing limb was larger and more widespread than the non-affected one. However, most of the articles either did not investigate this change with PLP or those that did show no correlation between the changes in mapping and intensity of PLP.

There is a notion that changes in cortical mapping are related to the presence of acute and chronic pain. One of the ideas recently hypothesized is that pain can itself cause reorganization of the motor cortex (Pinto et al., 2016). The exact mechanisms by which these alterations can correlate with pain presence are far from being understood. Recently, several patterns of changes in the motor cortex and somatosensory cortex have been observed in patients that experience PLP such as (i) Invasion of neighboring areas into the zone of the deafferented limb area, CoG shift, and enlargement of the excitable area (Pascual-Leone et al., 1996); (ii) Clinical correlation between motor cortex reorganization and PLP, and whether cortical mapping changes would be a biomarker for the PLP vs. amputation with no pain; besides the previously mentioned, there are as well two contrasting findings of how these changes are associated with PLP (Karl et al., 2001); (iii) The intensity of pain is associated with the level of reorganization (maladaptive or abnormal/enlargement) (Lotze et al., 2001), or it is associated with the level of preservation of the limb representation (Makin et al., 2013). As to understand these critical patterns, we address each of them separately.


Invasion of Neighboring Areas Into the Zone of the Deafferented Limb Area; CoG Shift and Enlargement of the Excitable Area

Several research groups have shown that in human subjects, deafferentation of a limb leads to changes in the activity of contralateral cortical areas to the side of amputation (Cohen et al., 1991; Kew et al., 1994). In particular, there is an invasion of the neighboring areas into the deafferented space that corresponds to the missing limb. For example, fMRI studies showed that upper limb amputees that experience PLP have a medial shift in the sensorimotor representation of the lip area into the former hand area, these patients also had an enlarged representation of the lip area during lip movement when compared with amputees with no pain and healthy controls (Lotze et al., 2001). These results were also observed in this review, since following an amputation most of the studies also revealed evidence of cortical reorganization in the affected motor cortex (contralateral to the amputated side) for both lower and upper amputees. The findings of included studies showed displacements of the pooled CoG corresponding to the evaluated muscle (shift in neighboring areas), however, there was no consensus on the direction of the displacement as some authors showed lateralization of the muscle representation (Dettmers et al., 1999; Schwenkreis et al., 2001; Irlbacher et al., 2002) and others showed medial displacement (Pascual-Leone et al., 1996; Karl et al., 2001; Schwenkreis et al., 2003). In our review, one study investigated cortical organization before and after amputation with an single subject, and showed an invasion of the hand deafferented area by the face area (Pascual-Leone et al., 1996). The idea of deafferented zones, is also supported by observations of patients referring sensations in phantoms that are produced after stimulation of the adjacent areas as well as distant areas from the missing limb (Ramachandran et al., 1992). Similar findings were seen when changes of mapping were assessed by TMS, as studies most frequently showed an increase in the number of scalp stimulation sites for the most proximal muscles to the stump, suggesting an enlargement of the cortical representation. The above mentioned provides an insight into the potential underlying changes in cortical sensory-motor representations seen in association with pain in this population.



Clinical Correlation Between Motor Cortex Reorganization and PLP, and Whether Cortical Mapping Changes Would Be a Biomarker for the PLP vs. Amputation With no Pain

In our review, although none of TMS studies found a significant correlation between cortical mapping and intensity of PLP, as well as stump pain, almost all the analyzed manuscripts showed evidence of cortical reorganization. Considering the cortical reorganization findings seen in patients with PLP (Karl et al., 2001), our results suggest a dissociation between CoG shift and intensity of pain. Different from TMS studies, EEG and fMRI studies, reported correlations between the amount of cortical reorganization and the magnitude of PLP (Flor et al., 1995; Birbaumer et al., 1997; Grusser et al., 2001). Thus, rather than focusing on correlation with the intensity of the pain, future studies should focus on using TMS measurements as neurophysiologic predictors for the identification of potential patients with increased risk in developing phantom pain. Likewise, TMS evaluation can also be used as a follow-up measurement that will allow determining if a specific treatment is leading to plastic changes (in plain words the disorganization is being reorganized) and if these changes can be dependent on the treatment being tested (Pinto et al., 2016).

In regards of the relationship of cortical reorganization with the presence of PLP, only one TMS study compared amputees with and without PLP, showing a significant medial shift in the CoG (toward the missing hand area) only in upper limb amputees with PLP (Karl et al., 2001).

This study by Karl et al. (2001) included five upper limb amputees with PLP and five without PLP in which the first complete muscle above the stump was used as a target for the TMS assessments. Although the number of patients was limited, there was an increase of the mapped area for the muscles in the amputated site and a medial displacement of the CoG only in patients with PLP. Also, the five patients with PLP presented increased cortical excitability (motor-evoked potentials were larger) when compared with the ones without PLP. These changes in cortical excitability are another important pattern of cortical reorganization frequently observed in patients that experience PLP. TMS studies in amputees showed increased excitability in the stump muscles (lower motor threshold and higher motor evoked potential amplitudes), and this response could be observed in a large scalp area than in the intact hemisphere (Cohen et al., 1991; Kew et al., 1994; Röricht et al., 1999). Mechanistic studies suggest that the increase in excitability after amputation is a result of the down-regulation of gamma-aminobutyric acid (GABA)-related inhibitory circuits (Ziemann et al., 1998). Further TMS evidence shows the increased motor cortex excitability by decreased intracortical inhibition paradigms measured by paired-pulse stimulation (Chen et al., 1998; Schwenkreis et al., 2000; Hordacre et al., 2015). Moreover, studies using neuroimaging techniques, such as fMRI and Positron emission tomography (PET), are in agreement with TMS data showing that BOLD activations in both somatosensory and motor cortices are significantly greater in patients with phantom limb pain (Kew et al., 1994).

Besides the alterations in brain activity observed in the contralateral area corresponding to the amputated limb, there is strong evidence of increased motor excitability in areas ipsilateral to the lost limb. For example, ischemic nerve block of the right-hand induced a transient increase in motor control in the left hemisphere; this process seems also to be driven by changes in GABA-ergic modulation (Werhahn et al., 2002). Although this review did not focus in changes in motor cortex excitability measured by the TMS, data suggests that the lack of inhibition in the motor cortex may be contributing to the underlying phantom limb pain mechanisms.

Furthermore, the amputees with PLP presented a medial somatosensory displacement of the mouth area into the hand area, similarly to the motor cortex displacement (Karl et al., 2001). This somatosensory reorganization was significantly correlated with the intensity of PLP. Therefore, the motor cortex reorganization might be secondary to somatosensory cortex changes. These results suggest that the motor cortex reorganization might be a better marker for the presence of PLP vs. amputation with no pain. However, larger studies are needed to gather better data and adequately test the hypothesis in which the deafferentation results in disrupted functional cortical representations and that this disruption is associated with the presence of pain.



The Intensity of Pain Is Associated With the Level of Reorganization (Maladaptive or Abnormal/Enlargement), or It Is Related to the Level of Preservation of the Limb Representation

Although several studies documented an association between the presence and/or the intensity of PLP (and other types of chronic pain) with cortical reorganization alterations (shifts) in the representation of sensory and motor maps in humans, there is a current debate regarding the concept of reorganization. For example, fMRI studies showed that expansion or shift of the lip representation into the amputated hand area is correlated with higher pain levels: greater cortical remapping—more intense pain (Flor et al., 1995; Lotze et al., 2001; Raffin et al., 2016). Additionally, one study showed that after mirror therapy there is a reversal of this dysfunctional shift, which is significantly correlated with the reduction in phantom limb pain (Foell et al., 2014). However, it has been proposed that phantom pain in upper limb amputees is independent of cortical remapping, and it is associated with increased inputs into the cortical representation zone of the amputated limb (Makin et al., 2013). In this case, higher local activity and structural integrity lead to greater pain intensity. Some differences in techniques in the imaging analysis and experimental protocols could have been the reason for these mixed (but not mutually excluding) findings and should be considered when evaluating the literature. Even though TMS studies showed evidence of cortical reorganization following amputation and this reorganization is mainly observed in amputees with PLP, so far, the relationship between the intensity of pain with the amount of reorganization remains unclear. Our results suggest a lack of association between CoG shift and intensity of pain, but an association between these changes and the presence of pain—i.e., greater cortical remapping, the higher probability of having PLP. These observations suggest that deafferentation and alterations in local excitability patterns (decrease in inhibitory activity) showed by TMS and MRI studies can lead to shifts in network connections that can facilitate cortical reorganization that might lead to PLP. Moreover, the amount of reorganization—that could be a result of unmasking synaptic connection due to lack of inhibition—is associated with the intensity of pain as described by fMRI studies.

TMS assessment of cortical reorganization provides insights into PLP underlying mechanisms. Understanding the mechanisms of central reorganization can be used to explain the potential pain modulation effects of neuromodulation techniques, such as non-invasive brain stimulations (Collins et al., 2018; Meeker et al., 2019). Regarding the previous studies showing the top-down motor cortex modulation of pain networks through thalamocortical connections (Garcia-Larrea et al., 1999; Miranda et al., 2006; Yoon et al., 2014), the motor cortex can be a potential treatment target to decrease PLP. Therefore, the modulation of sensory-motor plasticity by non-invasive brain stimulation techniques, such as transcranial direct current stimulation, can play a role to optimize rehabilitation, and pain management of patients with amputation (Pinto et al., 2016).

However, the role of the somatosensory cortex and its reorganization after an amputation is far from being understood. Therefore, more studies evaluating larger samples and using more than one measurement of reorganization are necessary to elucidate this discussion. In the case of TMS studies, the main limitation is the numerous methodological variants observed across the performed studies as there is a wide variety of grid sizes, shape designs, and assessment protocols. Due to sample heterogeneity (upper or lower limbs amputation), several sizes of grids were observed as to account for the different sizes and position of the cortical representation of the evaluated limp or determined muscle. The variation of the prothesis use and type in studies can be another reason of the different results by affecting motor and sensory areas (Di Pino et al., 2014; Ferreri et al., 2014). The heterogeneity of trial design, population idiosyncrasy, and small sample sizes can also explain these mixed findings. The sample size among studies reviewed ranged from 1 to 15 patients, which may produce unpowered results and a more significant chance of a type II error.




CONCLUSION

In conclusion, our review provides further evidence for post-amputation cortical reorganization in the affected motor cortex and suggests that the cortical reorganization is seen mainly in patients with PLP but not correlated with the intensity of PLP. Besides that, the stability and reliability of TMS measures across time support the use of TMS in studying cortical plasticity in amputees (Hetu et al., 2011). Given the limitations of the current data, longitudinal studies with larger sample size, and more homogeneous populations are needed to define underlying cortical mechanisms of PLP and their association with clinical parameters. The role of motor cortex reorganization is of high clinical interest, especially when applied for prevention and treatment response of phantom limb pain.
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Bone cancer pain (BCP) is an intractable clinical problem, and lacked effective drugs for treating it. Recent research showed that several chemokines in the spinal cord are involved in the pathogenesis of BCP. In this study, the antinociceptive effects of liquiritin, which is an active component extracted from Glycyrrhizae Radix, were tested and the underlying mechanisms targeting spinal dorsal horn (SDH) were investigated. The BCP group displayed a significant decrease in the mechanical withdrawal threshold on days 6, 12, and 18 when compared with sham groups. Intrathecal administration of different doses of liquiritin alleviated mechanical allodynia in BCP rats. The results of immunofluorescent staining and western blotting showed that liquiritin inhibited BCP-induced activation of astrocytes in the spinal cord. Moreover, intrathecal administration of liquiritin effectively inhibited the activation of CXCL1/CXCR2 signaling pathway and production of IL-1β and IL-17 in BCP rats. In astroglial-enriched cultures, Lipopolysaccharides (LPS) elicited the release of chemokine CXCL1, and the release was decreased in a dose-dependent manner by liquiritin. In primary neurons, liquiritin indirectly reduced the increase of CXCR2 by astroglial-enriched-conditioned medium but not directly on the CXCR2 target site. These results suggested that liquiritin effectively attenuated BCP in rats by inhibiting the activation of spinal astrocytic CXCL1 and neuronal CXCR2 pathway. These findings provided evidence regarding the the antinociceptive effect of liquiritin on BCP.
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Background

Bone cancer pain (BCP) is often severe and intractable, and has a strong effect on the quality of life of cancer patients. But no breakthrough has been achieved yet with regard to the therapeutic strategies and mechanisms of BCP (Falk and Dickenson, 2014; van den Beuken-van Everdingen et al., 2018). Therefore, novel and more efficacious therapies are imperative to improve the quality life of patients. Research studies over the past decade have suggested that proinflammatory cytokines such as Interleukin-1 beta (IL-1β) and tumor necrosis factor alpha (TNF-α) from glial cells (astrocytes and microglia) are responsible for BCP and might augment nociceptive signals in the spinal cord (Chiang et al., 2012; Lu et al., 2015). The activated glial cells release the proinflammatory cytokines that act on their receptors and express on postsynaptic neurons, leading to post-synaptic hyperexcitability and facilitatory pain transmission (Guo et al., 2007; Jin et al., 2018; Wang et al., 2018).

CXCL1 belongs to the CXC family, and promote both nociceptor and central sensitization through its primary receptor CXCR2, which in turn is regarded as a promising target for novel analgesic drugs (Silva et al., 2017). Under varied pathological states, activated astrocytes are considered as the main source of CXCL1 (Zhang Z. J. et al., 2017). Recent findings strongly suggested that CXCL1 might act on CXCR2 via glial-neuronal interactions in the spinal cord in several pathological pain models (Cao et al., 2014; Chen et al., 2014). In addition to this, our recent study also demonstrated that CXCL1-CXCR2 signaling plays a critical role in glial-neuron interactions and in descending facilitation of BCP (Ni et al., 2019a).

Glycyrrhiza uralensis Fisch is used as a traditional Chinese herb from long time and is commonly used to treat injuries or swelling due to its association with wide range of pharmacological effects. Liquiritin (LQ) (Figure 1) is one of the major constituents of Glycyrrhizae Radix, which has a great potential in medical applications and pharmacological activities, such as in preventing inflammation and relieving pain, cancer, cough, and allergic reactions (Zhang and Ye, 2009; Xie et al., 2017; Li et al., 2018). Zhai et al. have reported that LQ ameliorates rheumatoid arthritis (RA) by reducing proinflammatory cytokines (IL-6) and blocking MAPK signalling (Zhai et al., 2019). In vivo studies have revealed that LQ is used for effective treatment of neuropathic pain by down-regulating the cytokines including TNF-α and IL-6, suggesting it as a promising anti-inflammatory and anti-nociceptive drug (Zhang M. T. et al., 2017). However, the role of LQ in BCP alleviation has not been reported yet, and the underlying mechanisms of anti-nociceptive effects of LQ on BCP require further elucidation.




Figure 1 | The chemical structure of Liquiritin (LQ, C21H22O9). The chemical class is flavonoids.



Hence, in the present study, the possible antinociceptive effects of LQ and its effects on glial activation were evaluated by utilizing the BCP model. Considering the inhibitory effects of LQ on inflammatory action, the expressions of several pro-inflammatory cytokines as well as CXCL1 after LQ administration were investigated. These results assisted in supporting the potential clinical application of LQ in preventing BCP.



Methods


Animals

All experiments were approved by the Animal Care and Use Committee of Jiaxing University (Jiaxing, China). Adult female Sprague-Dawley rats weighing 180–220 g were obtained from the Experimental Animal Center of Jiaxing University. All rats were housed at a constant room temperature of (23°C ± 1°C) on a 12-h light/dark cycle with free access to food and water. All efforts were made to minimize animal suffering and number of animals used.



Modeling of BCP Rats

The BCP model has been established as described in the previous study (Ni et al., 2016). In brief, the animals were first anesthetized by pentobarbital sodium [50 mg/kg, intraperitoneally (i.p.)]. A hole was then carefully drilled into the right tibia for inoculation. Walker 256 cells (1 × 106 cells/10 μl) or heat-killed cells (sham group) were cautiously injected into the bone medullary canal. After that, the cells were allowed to fill the bone cavity for 2 min. The syringe was withdrawn and the injection site was immediately closed with bone wax to prevent the leakage of the cells at the injection site.



Drugs and Administration

LQ (purity≥98.0%) was purchased from Beijing Zhongke Quality Inspection Biotechnology Co., Ltd. (lot no. 551-15-5) and was suspended in sodium carboxymethyl cellulose (0.5% CMC-Na). Next, sodium pentobarbital (Sigma, Germany) was dissolved in saline solution (0.9% NaCl), and then was injected i.p., whereas different concentrations of LQ (20, 100, 500, and 1,000 μg/kg, once daily) were injected intrathecally (i.t.) for 7 days and were freshly prepared prior to conducting the experiments.



Rotarod Testing

Motor dysfunction demonstrated evident effects in nociceptive behavioral tests. In order to assess whether intrathecal administration of LQ influenced motor function, the rats underwent rotarod tests by an accelerating rotating rod (UgoBasile, Varese, Italy). All animals were habituated for 3 min of training daily for at least 5 days before baseline testing. The rats were then placed on the rotarod, with a diameter of 70 mm, which was then linearly accelerated from 4 to 40 rpm within a course of 3 min time. The rat was placed on the rotating rod, and the time it stayed on the rod within a cut-off time of 3 min was measured. The final results are expressed as the percentage of baseline value of each group.



Mechanical Allodynia Test

Mechanical allodynia was tested by using a set of Von Frey monofilaments (BME-404, Institute of Biological Medicine, Academy of Medical Science, China) according to our previous report (Ni et al., 2019b). Firstly, all the animals were allowed to habituate to the testing environment daily for at least 2 days before undergoing baseline testing. The rats were then placed on a wire-mesh floor covered with a plexiglass chamber (20×10×10 cm) and allowed it for at least 30 min for habituation. The monofilaments were held against the plantar surface of the hind paw until the rats withdrew their paw or licked their feet. After five consecutive tests with 10 s intervals, the average values were taken to record and were defined as paw withdrawal thresholds (PWT). PWT was measured in rats prior to undergoing surgery and on days 3, 6, 12, or 18 post-surgery, as well as at various time points after intrathecal injection.



Primary Cell Culture

Primary astrocytes were cultured as described previously (Qian et al., 2015). In brief, cerebral cortices of neonatal rat brains were removed and triturated, followed by filtering through a 100 μm nylon screen. All cells were seeded into 75 cm2 flasks containing 10% FBS, penicillin (100 U/ml), and streptomycin (100 μg/ml) in high glucose DMEM. After culturing for 2 weeks, the astrocytes were prepared by shaking the flasks for 3 h and then incubated with 10 ml of 0.05% trypsin in an incubator for 15 min to separate the microglia and oligodendrocytes from the astrocytes. The prepared astrocytes exhibited a purity of 80%–95% as determined by glial fibrillary acidic protein (GFAP) immunoreactivity, which showed a star-shaped morphology with the processes extending from the soma.

Prior to stimulation with LPS, the DMEM medium was replaced by Opti-MEM medium. The cells were then incubated with LPS for different time periods ranging from 0.5 h to 6 h. LQ (1, 10, 100 μM) or vehicle was added into the medium 3 h after LPS treatment. After these treatments, the cells were collected for western blotting (WB) and real-time polymerase chain reaction (RT-PCR) analysis.

The cerebral cortices were harvested from the neonatal rat brains (within 24 h), and immersed in the digestive fluid. The cell suspension was planted into the plates pre-coated with cell adherent reagent. After incubation for 6 h in DMEM with 10% FBS, the medium was then changed to neurobasal medium containing B27 supplement and 0.5 mM glutamine. All the experiments were initiated 5–6 days after planting. The harvested neurons showed dendritic spine morphology and exhibited about 90% purity according to NeuN immunoreactivity. LQ (1, 10, 100 μM) and SB225002 (10 μM) treatments were initiated at 3 h and 60 min after LPS treatment (10 μg/ml, 60 min at 37°C), respectively. Astroglial-enriched-conditioned medium pre-treated with LQ (1, 10, 100 μM) was used as a substitute for half of the neuronal medium.



Cell Viability Analysis

The viability of astroglial-enriched cultures was assessed by MTT assay. In brief, the astroglial-enriched cultures were seeded into 96-well plates at a cell density of 4 × 104 cells/well. After that, the cells were stimulated with varied concentrations of LQ (0,10, 25, 50, 75, 100, 150, and 200 μM) with or without LPS (10 μg/ml) stimulation for 24 h followed by addition of 20 μl of MTT (5 mg/ml) and then incubation at 37°C for 4 h. The supernatant was discarded after centrifugation and DMSO (200 μl) was added followed by oscillation for 15 min to form crystal dissolution prior to measuring the absorbance at 570 nm (Thermo, Waltham, MA, USA).



Real-Time Quantitative PCR

Total RNA of L4-5 spinal segmental tissue or cultured cells was extracted using Trizol reagent (Invitrogen, Carlsbad, USA). One microgram of total RNA was reverse transcribed using a mixture of random primers according to the manufacturer’s protocol (Takara, Shiga, Japan). RT-PCR analysis was performed using the Real-time Detection System (Rotor-Gene 6000, Hamburg, Germany) by a SYBR Green PCR kit (Takara). The cDNA was amplified using the following primers: CXCL1 forward, 5′-GGCAGGGATTCACTTCAAGA-3′; CXCL1 reverse, 5′-ATCTTGAGCTCGGCAGTGTT -3′, CXCR2 forward, 5′-CGTTCTGGTGACTTTGCTGA-3′; CXCR2 reverse, 5′-ACAGAGCAGGTGCTTCGATT-3′; glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-forward (5′-AAATGGTGAAGGTCGGTGTGAAC-3′), and GAPDH-reverse (5′-CAACAATCTCCACTTTGCCACTG-3′). The PCR amplifications were performed at 95°C for 30 s, followed by 40 cycles of thermal cycling at 95°C for 5 s and 60°C for 45 s. Data were collected after each cycle and displayed graphically (Rotor-Gene 6000 Series Software 1.7). Quantification was performed by normalizing the cycle threshold (Ct) values with GAPDH Ct and analyzed using the 2−△△Ct method.



Western Blot

The L4-5 spinal segmental tissue or cultured cells was homogenized using RIPA lysis buffer (Millipore) containing a mixture of phosphatase and proteinase inhibitors. The sample was centrifuged at 15,000 rpm for 15 min and then the supernatant was collected. The protein concentrations were detected by BCA protein assay (Pierce). Equal amounts of protein (50 μg) were separated on 10% SDS-PAGE gel and then transferred onto the PVDF membrane. The membrane was blocked with 5% skimmed milk at room temperature (RT) for 2 h and incubated with antibodies CXCL1 (1:400, rabbit, Boster), CXCR2 (1:400, rabbit, Abcam), and GAPDH (rabbit, 1:20,000; Sigma-Aldrich) for overnight at 4°C. This membrane was washed and further incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (1:30,000, Bioworld) at RT for 2 h. The immunoreactive bands were detected by enhanced chemiluminescence (Thermo Scientific) and exposed to X-ray films. GAPDH was used as an internal control.



Immunofluorescence

Animals were deeply anesthetized with pentobarbital sodium (50 mg/kg, i.p.). After cardiac perfusion [with 0.01 M phosphate buffered saline (PBS), following 4% paraformaldehyde at 4°C at PH 7.4], the lumbar spinal cord tissues (L4-5) were harvested and fixed in 4% paraformaldehyde at PH 7.4 for 24 h at 4°C, followed by preservation in 30% sucrose for 24 h for subsequent cryoprotection. The coronal sections of spinal cord at 30-μm were collected with a freezing microtome and washed in 0.01 M PBS. The sections were blocked with 5% standard donkey serum and 0.3% Triton X-100 for 1 h at RT, and then incubated with primary antibodies for overnight at 4°C. Subsequently, the sections that were washed in 0.01 M PBS were incubated with secondary antibodies for 2 h at RT. The images of ipsilateral spinal cord were captured using a fluorescence microscope (Leica Microsystems, Wetzlar, Germany).

For determining the specificity of CXCR2 antibody, the antigenic peptide preabsorption/neutralization method was used according to the manufacturer’s instructions. A blocking peptide with antigenic sequence of CXCR2 protein (EDLSNYSYSSTLPPFLLDAAPC) was synthesized (Thermo Fisher Scientific). The CXCR2 antibody was mixed with a fivefold (by weight) excess of the blocking peptide in TBS. The mixture was then incubated for 2 h at room temperature. The normal staining protocol described above was then followed using the CXCR2 antibody only or CXCR2 antibody+blocking peptide. The staining intensities of these two groups were compared thereafter.

The cultured astrocytes and neurons after incubation with LPS combines with the Vehicle or LQ, followed by fixing with 4% paraformaldehyde for 30 min, and disposing for immunofluorescence with CXCL1 antibody (1:100), CXCR2 antibody (1:100), GFAP antibody (1:1,000), and NeuN antibody (1:300), as described above. Finally, DAPI (Bioss) was added for 20 min at 28 ± 2°C for nuclear staining.



Statistical Analysis

All data were analyzed by SPSS version 20.0 and expressed as means ± SEM. One-way analysis of variance (ANOVA) or two-way repeated measures ANOVA followed by Bonferroni’s were used for comparison among the groups. D’Agostino-Pearson omnibus and Levene’s tests were used to evaluate data distribution and equality of variance analysis. P < 0.05 was considered to be statistically significant.




Results


Mechanical Allodynia Induced by Bone Cancer and Effects of Intrathecal Repeated Administration of LQ on Rotarod Test

After injection of walker 256 cells, the PWT was measured on days 0, 3, 6, 12, or 18 post-surgery. The mechanical withdrawal threshold showed a significant decrease on day 6 and continued to decline at a certain speed as a sign of successful modeling (F2,21 = 22.94, ***P < 0.001 vs. control; n = 8, two way ANOVA, Figure 2A). In contrast, the sham group rats injected with heat-killed walker 256 cells showed no obvious change on the mechanical withdrawal threshold (F2,21 = 22.94, P > 0.05 vs. naïve; n = 8, two way ANOVA, Figure 2A).




Figure 2 | Mechanical allodynia induced by bone cancer and the effects of intrathecally administered Liquiritin (LQ) on motor performance of naïve rats in rotarod test. After operation, the mechanical pain domain has no obvious change in sham group. In contrast, in bone cancer pain (BCP) group, paw withdrawal thresholds (PWT) began to decrease on day 6 until day 18 (F2,21 = 22.94, ***P < 0.001 vs. control; n = 8, two way ANOVA, 2A). Compared with baseline response, intrathecal injection of Liquiritin (LQ) (20, 100, 500, and 1,000 ug/kg) for 7 days did not affect the motor performance (F4,35 = 0.5979, P > 0.05 vs. control; n = 8, two way ANOVA, 2B). The results were expressed as percentage of each rat’s own baseline value.



Motor dysfunction demonstrated evident effects on the results of nociceptive behavior and was considered essential for assessing whether the dosages of LQ (20, 100, 500, and 1,000 ug/kg) could induce impairment of motor functions. A rotarod test was performed to assess the influence of LQ by repeated administration on motor function. As shown in Figure 2B, no difference was observed in the performance of rats in the vehicle control group or in the LQ treatment (20, 100, 500, and 1,000 ug/kg) group, indicating that repeated intrathecal administration of LQ demonstrated no obvious measurable effect on motor functions (F4,35 = 0.5979, P > 0.05 vs. control; n = 8, two way ANOVA, Figure 2B).



LQ Ameliorates Bone Cancer-Induced Mechanical Allodynia in a Dose-Dependent Manner

To assess whether LQ ameliorates BCP, different doses (20, 100, 500, and 1,000 ug/kg) of LQ were i.t. injected once per day for 7 days from postoperative days (POD) 6–12. LQ treatment did not change the basal threshold in the rats of sham-operated group (data not shown). Compared with control group, intrathecal administration of LQ at 100, 500, and 1,000 ug/kg has significantly elevated the PWTs of BCP rats in a dose-dependent manner. Their effect was started on POD 8, i.t., 2 days after beginning LQ treatment, and the analgesic effects of LQ were still observed on POD 18, i.t., 6 days after the treatment was stopped (F5,42 = 21.4, **P < 0.01, ***P < 0.001 vs. BCP + Veh group, ##P < 0.01, ###P < 0.001 vs. BCP + 20 μg/kg group; n = 8, two way ANOVA, Figure 3A). However, the effect of LQ at low dosage, 20 μg/kg, was started on POD 10 and lasted only for 4 days after drug withdrawal (F5,42 = 21.4, **P < 0.01, ***P < 0.001 vs. BCP + Veh group; n = 8, two way ANOVA, Figure 3A). Compared with control group, the effects of LQ on BCP-induced mechanical allodynia were further calculated based on the log (dose)-response curve (Figure 3B). To calculate the median effective dose (ED50), the dose-response curve was also calculated (Figure 3C). The ED50 of LQ on bone cancer-induced mechanical allodynia was 46.85 μg/kg (Figure 3C). To examine whether the LQ effects the mechanical allodynia in the later period during BCP, single-dose LQ (20, 100, and 500 ug/kg) i.t. were given on POD 18. The effects were observed at 2 h after injection and lasted for 5 h, except for 20 ug/kg, wherein it works only after 3 h of injection (F5,42 = 105.8, **P < 0.01, ***P < 0.001 vs. BCP + Veh group; n = 8, two way ANOVA, Figure 3D).




Figure 3 | Effects of intrathecal Liquiritin (LQ) administration on bone cancer induced mechanical allodynia. (A) Intrathecal injection of LQ dose-dependently alleviated the mechanical allodynia in bone cancer pain (BCP) rats and this effect was still observed 6 days after drug withdrawal on day 18 (F5,42 = 21.4, **P < 0.01, ***P < 0.001 vs. BCP + Veh group, ##P < 0.01, ###P < 0.001 vs. BCP + 20 μg/kg group; n = 8, two way ANOVA, 3A). The dose-effect or log (dose)-effect curves for the analgesic effects of intrathecally administered LQ were shown in (B, C). The ED50 of LQ on bone cancer-induced mechanical allodynia was 46.85 μg/kg. (D) Intrathecal injection of single-dose of LQ on postoperative day (POD) 18 i.t. still alleviated paw withdrawal thresholds (PWT). The effects reached peak at 3 h after injection and then gradually faded away, where only the 20 ug/kg works at 3 h after injection. (F5,42 = 105.8, **P < 0.01, ***P < 0.001 vs. BCP + Veh group; n = 8, two way ANOVA).





LQ Inhibited BCP-Induced Elevated Astrocytic Activation

To verify whether the anti-allodynic effects of LQ are accompanied with the inhibition of glial activation, Iba1 (microglia marker) and GFAP (astrocyte marker) expressions at POD 12 among the groups were investigated. Immunohistochemical data showed that BCP induced Iba1 and GFAP expression in the ipsilateral spinal dorsal horn, especially in the spinal cord laminae I–II, on POD 12 when compared with sham + Veh group (Figures 4A, B, H, I). WB and immunoreactive intensity also verified the induction of Iba1 by BCP and GFAP expression (F4,15 = 18.54, ***P < 0.001 vs. sham + Veh group, P > 0.05 vs. BCP + Veh group; F4,15 = 19.82, ***P < 0.001 vs. sham + Veh group, P > 0.05 vs. BCP + Veh group; F4,15 = 37.49, ***P < 0.001 vs. sham + Veh group; #P < 0.05, ###P < 0.001 vs. BCP + Veh group; F4,15 = 25.18, ***P < 0.001 vs. sham + Veh group; #P < 0.05, ###P < 0.001 vs. BCP + Veh group; n = 4, one way ANOVA, Figures 4A–N). Intrathecal administration of LQ daily from POD 6 to 12 resulted in significantly decreased expression of GFAP in the spinal dorsal horn (Figures 4H–L). WB (Figure 4N) also demonstrated that the expression of GFAP was significantly attenuated with 20, 100, and 500 ug/kg LQ treatment (F4,15 = 25.18, ***P < 0.001 vs. sham + Veh group; #P < 0.05, ###P < 0.001 vs. BCP + Veh group; n = 4, one way ANOVA, Figure 4N). In contrast, intrathecal administration of LQ did not decrease Iba1 immunofluorescence and protein in spinal dorsal horn (F4,15 = 18.54, ***P < 0.001 vs. sham + Veh group, P > 0.05 vs. BCP + Veh group; F4,15 = 19.82, ***P < 0.001 vs. sham + Veh group, P > 0.05 vs. BCP + Veh group; n = 4, one way ANOVA, Figures 4F). This demonstrated that the proliferation of microglia was unaffected by LQ.




Figure 4 | Effect of intrathecal administration Liquiritin (LQ) on glial activation in the spinal dorsal horn of bone cancer pain (BCP) rats on postoperative day (POD) 12. (A–E) BCP induced a remarkable microglial activation, which was indicated by Iba1 upregulation in the ipsilateral spinal dorsal horn on POD 12. Intrathecal LQ administration did not inhibit the immunodensities of Iba1 in the ipsilateral spinal dorsal horn after BCP. Scale bar 100 μm; mean immunofluorescence intensity (F) and western blot (G) of Iba1 expressions after different treatments (F4,15 = 18.54, ***P < 0.001 vs. sham + Veh group, P > 0.05 vs. BCP + Veh group; F4,15 = 19.82, ***P < 0.001 vs. sham + Veh group, P > 0.05 vs. BCP + Veh group; n = 4, one way ANOVA, 4F, G). (H–L) BCP induced activation of astrocytes remarkably, which was indicated by GFAP upregulation in the ipsilateral spinal dorsal horn on POD 12. Intrathecal LQ administration inhibited immunodensities of GFAP in the ipsilateral spinal dorsal horn after BCP. Scale bar 100 μm; mean immunofluorescence intensity (M) and western blot (N) of GFAP expressions after different treatments (F4,15 = 37.49, ***P < 0.001 vs. sham + Veh group; #P < 0.05, ###P < 0.001 vs. BCP + Veh group; F4,15 = 25.18, ***P < 0.001 vs. sham + Veh group;#P < 0.05, ###P < 0.001 vs. BCP + Veh group; n = 4, one way ANOVA, 4M, N).





LQ Inhibited BCP-Induced CXCL1 Upregulation in the Spinal Astrocytes

The expression of CXCL1 in spinal astrocytes after LQ treatment was investigated. The spinal cords on POD 12 were harvested after continuous injection once per day from POD 6 to 12. Immunohistochemical data showed that CXCL1 expression was significantly increased on day 12 in BCP rats (Figures 5A, B). Additionally, all the 3 doses of LQ inhibited the increase of BCP-induced CXCL1 immunoreactivity in the spinal cord (Figures 5A–E). Statistical analysis of intensity and WB results further showed that LQ inhibited BCP-induced CXCL1 expression on day 12 (F4,15 = 82.27, #P < 0.05, ###P < 0.001 vs. BCP + Veh group; F4,15 = 79.38, ##P < 0.01, ###P < 0.001 vs. BCP + Veh group; n = 4, one way ANOVA, Figures 5F, G). Moreover, LQ attenuated BCP-induced increase in CXCL1 protein expression in the spinal cord, with high dose of LQ being the most effective (F4,15 = 82.27, #P < 0.05, ###P < 0.001 vs. BCP + Veh group; F4,15 = 79.38, ##P < 0.01, ###P < 0.001 vs. BCP + Veh group; n = 4, one way ANOVA, Figures 5F, G). These results suggested that intrathecal LQ has effectively inhibited CXCL1 upregulation in a dose-dependent manner. Accordingly, the double staining data demonstrated that CXCL1 showed its expression in astrocytes on POD 12 (Figures 5H–J).




Figure 5 | Effects of intrathecal injection of Liquiritin (LQ) on bone cancer pain (BCP)-induced CXCL1 upregulation in spinal astrocytes. (A–E) BCP induced a remarkable upregulation of CXCL1 in the ipsilateral spinal dorsal horn. Intrathecal LQ administration inhibited BCP-induced increase in CXCL1 immunoreactivity in the spinal cord. Scale bar 100 μm; mean immunofluorescence intensity (F) and western blot (G) of CXCL1 expressions after different treatments (F4,15 = 82.27, ***P < 0.001 vs. sham + Veh group; #P < 0.05,###P < 0.001 vs. BCP + Veh group; F4,15 = 79.38, ***P < 0.001 vs. sham + Veh group; ##P < 0.01, ###P < 0.001 vs. BCP + Veh group; n = 4, one way ANOVA, F, G). (H–J) Immunostaining images demonstrated CXCL1(green) was predominantly co-localized with GFAP (red) as shown by overlapped staining (the rightmost panel, yellow). Scale bar, 100 μm.





LQ Attenuated BCP-Induced CXCR2 Upregulation in Spinal Cord Neurons

Next, CXCR2 expression in the spinal cord after LQ injection was investigated. Immunohistochemical data showed that BCP-induced CXCR2 expression in the ipsilateral spinal dorsal horn on POD 12 when compared with sham controls (Figures 6A–E). The specificity of cxcr-2 antibody was confirmed by staining with first antibody preabsorbed with a blocking peptide with CXCR2-derived antigenic sequence (Supplementary 1). The daily intrathecal administration of LQ decreased CXCR2 immunofluorescence in the spinal dorsal horn (F4,15 = 66.22, ##P < 0.01, ###P < 0.001, vs. BCP + Veh group; n = 4, one way ANOVA, Figure 6F). Immunofluorescent data were further confirmed by WB analysis. Repeated LQ treatment down-regulated the expression of CXCR2 protein in the spinal cord of BCP rats (F4,15 = 72.94, ###P < 0.001 vs. BCP + Veh group; n = 4, one way ANOVA, Figure 6G). Intrathecal administration of 100 μg/kg LQ showed stronger effects on CXCR2 expression when compared with BCP-LQ (20 μg/kg) group (F4,15 = 66.22, ##P < 0.01, ###P < 0.001, vs. BCP + Veh group; F4,15 = 72.94, ###P < 0.001 vs. BCP + Veh group; n = 4, one way ANOVA, Figures 6F, G). These results suggested that intrathecal administration of LQ effectively inhibited CXCR2 upregulation in a dose-dependent manner. Double immunostaining of CXCR2/NeuN of walker 256 injection on 12 day animals indicated that CXCR2 was predominantly localized in spinal cord neurons (Figures 6H–J).




Figure 6 | Effects of intrathecal injection of Liquiritin (LQ) on bone cancer pain (BCP)-induced CXCR2 upregulation in the spinal neurons. (A–E) BCP induced a remarkable upregulation of CXCR2 in the ipsilateral spinal dorsal horn. Intrathecal LQ administration inhibited BCP-induced increase in CXCR2 immunoreactivity in the spinal cord. Scale bar 100 μm; mean immunofluorescence intensity (F) and western blot (G) of CXCR2 expressions after different treatments (F4,15 = 66.22, ***P < 0.001 vs. sham + Veh group; ##P < 0.01, ###P < 0.001, vs. BCP + Veh group; F4,15 = 72.94, ***P < 0.001 vs. sham + Veh group; ###P < 0.001 vs. BCP + Veh group; n = 4, one way ANOVA, 6F, G). (H–J) Immunostaining images demonstrated CXCR2 (green) was predominantly co-localized with NeuN (red) as shown by overlapped staining (the rightmost panel, yellow). Scale bar, 100 μm.





LQ Alleviated Proinflammatory Cytokines Production in the Spinal Cord

To evaluate the possible signal transduction pathways by which LQ alleviated BCP-induced hyperalgesia, the effect of intrathecal administration of LQ on the levels of pro-inflammatory cytokines such as IL-1β and IL-17 as well as chemokine ccl2 were investigated. LQ or vehicle was given daily for seven consecutive days and the spinal cord was dissected on day 12 after surgery. As shown in Figures 7A, C, no significant differences were observed in the levels of IL-1β, IL-17, and ccl2 between sham + Veh group and sham + LQ 500 μg/kg group (F5,18 = 138.6, P > 0.05 vs. sham +Veh group; F5,18 = 41.14, P > 0.05 vs. sham +Veh group; F5,18 = 284.8, P > 0.05 vs. sham +Veh group; n = 4, one way ANOVA, Figures 7A–C). RT-PCR results showed that the expression of IL-1β, IL-17, and ccl2 mRNA was increased by 3.80-, 2.11-, and 3.78-folds, respectively, on day 12 after injection of walker 256 cells (F5,18 = 138.6, ***P < 0.001 vs. sham +Veh group; F5,18 = 41.14, ***P < 0.001 vs. sham +Veh group; F5,18 = 284.8, ***P < 0.001 vs. sham +Veh group; n = 4, one way ANOVA, Figures 7A–C). LQ 500 μg/kg decreased the expression of IL-1β and IL-17 mRNA by 46.83% and 64.21%, respectively, when compared with BCP group injected with vehicle (F5,18 = 138.6, ###P < 0.001 vs. BCP + Veh group, F5,18 = 41.14, ###P < 0.001 vs. BCP + Veh group; n = 4, one way ANOVA, Figures 7A, B). By LQ 100 μg/kg, the expression of IL-1β and IL-17 mRNA was decreased to 73.41% and 78.83% (F5,18 = 138.6, ###P < 0.001 vs. BCP + Veh group, F5,18 = 41.14, ##P < 0.01 vs. BCP + Veh group; n = 4, one way ANOVA, Figures 7A, B). Only IL-1β mRNA showed a decrease in LQ 20 μg/kg group (F5,18 = 138.6, ##P < 0.01 vs. sham +Veh group; F5,18 = 41.14, P > 0.05 vs. sham +Veh group; F5,18 = 284.8, P > 0.05 vs. sham +Veh group; n = 4, one way ANOVA, Figures 7A–C). However, all the three dosages showed no obvious effects on the expression of ccl2 after BCP surgery (F5,18 = 284.8, P > 0.05 vs. BCP + Veh group; n = 4, one way ANOVA, Figure 7C).




Figure 7 | Effects of intrathecal injection of Liquiritin (LQ) on bone cancer pain (BCP)-induced upregulation of IL-1β, IL-17, and ccl2 levels in spinal dorsal horn were revealed by RT-PCR. (A–C) RT-PCR showed no remarkable differences regarding the levels of IL-1β, IL-17, and ccl2 between the sham + Veh group and sham + LQ 500 μg/kg group (F5,18 = 138.6, P > 0.05 vs. sham +Veh group; F5,18 = 41.14, P > 0.05 vs. sham +Veh group; F5,18 = 284.8, P > 0.05 vs. sham +Veh group; n = 4, one way ANOVA, 7A–C). A significant upregulation of levels of IL-1β, and IL-17 as well as chemokine ccl2 were observed in BCP, and were increased by 3.80-, 2.11-, and 3.78-folds, respectively, on day 12 after injection of walker 256 cells (F5,18 = 138.6, ***P < 0.001 vs. sham +Veh group; F5,18 = 41.14, ***P < 0.001 vs. sham +Veh group; F5,18 = 284.8, ***P < 0.001 vs. sham +Veh group; n = 4, one way ANOVA, 7A–C). Only IL-1β mRNA was decreased in the LQ 20 μg/kg group (F5,18 = 138.6, ##P < 0.01 vs. BCP + Veh group; n = 4, one way ANOVA, 7A). (A, B) LQ 100 μg/kg decreased the expression of IL-1β and IL-17 mRNA to 73.41% and 78.83%, respectively, when compared with BCP group injected with vehicle (F5,18 = 138.6, ###P < 0.001 vs. BCP + Veh group, F5,18 = 41.14, ##P < 0.01 vs. BCP + Veh group; n = 4, one way ANOVA, 7A, B). (A, B) Under the management of LQ 500 μg/kg, the expression of IL-1β and IL-17 mRNA was decreased to 46.83% and 64.21% (F5,18 = 138.6, ###P < 0.001 vs. BCP + Veh group, F5,18 = 41.14, ###P < 0.001 vs. BCP + Veh group; n = 4, one way ANOVA, 7A, B). (C) No significant decrease was observed in the levels of ccl2 after the three concentrations of LQ administration following BCP surgery (F5,18 = 284.8, ***P < 0.001 vs. sham +Veh group, P > 0.05 vs. BCP + Veh group; n = 4, one way ANOVA, 7C).





LQ Reduced LPS-Induced mRNA Increase of CXCL1 Expression in Astroglial-Enriched Cultures

To measure the cytotoxicity of LQ on astrocytes, the astrocytes were primarily cultured and then MTT assay was conducted. Figure 8A showed that the cell viability demonstrated no significant alterations during treatment with LQ for 24 h up to 200 μM concentration (F5,30 = 0.1567, P > 0.05 vs. control; n = 6, one way ANOVA, Figure 8A). Treatment with LQ (0–200 μM) followed by LPS (10 μg/ml) stimulation for 24 h showed acute toxicity from 150 μM (F6,35 = 19.61, ***P < 0.001 vs. control; n = 6, one way ANOVA, Figure 8B). Therefore, LQ concentration was fixed as 1, 50, and 100 μM in the subsequent experiments.




Figure 8 | Liquiritin (LQ) reduces LPS-induced mRNA increase of CXCL1 expression in primary cultured astrocytes. (A) Astrocytes were treated with indicated concentrations (1, 50, 100, 150, and 200 μm) of LQ and assessed using MTT assay. The control cells were treated with DMSO (F5,30 = 0.1567, P > 0.05 vs. control; n = 6, one way ANOVA, A). (B) LPS stimulated astrocytes were exposed to LQ (1, 50, 100, 150, and 200 μm) and assessed using MTT assay (F6,35 = 19.61, ***P < 0.001 vs. control; n = 6, one way ANOVA, 8B). (C–E) Double staining of CXCL1 with GFAP showed the CXCL1 expression by astrocytes. Scale bar = 50 μm (F) LPS (1 μg/ml) dramatically increased CXCL1 mRNA expression in primary astrocytes at 0.5, 1, 3 and 6 h (F4,15 = 24, **P < 0.01,***P < 0.001 vs. control; n = 4, one way ANOVA, F). (G, H) LPS-induced CXCL1 upregulation was decreased by treatment with LQ (F4,15 = 25.2,***P < 0.001 vs. naïve, #P < 0.05, ##P < 0.01,###P < 0.001 vs. control; F4,15 = 83.49, ***P < 0.001 vs. naïve, #P < 0.05, ###P < 0.001 vs. control; n = 4, one way ANOVA, 8G, H). All data are presented as means ± SEM.



To verify whether LPS treatment, which induces pro-inflammatory cytokine expression, could directly reproduce pathological increase in CXCL1 expression in astrocytes, immunohistochemistry was conducted for CXCL1 and GFAP, and WB and RT-PCR were conducted for CXCL1 were performed. Double immunostaining of CXCL1/GFAP in astroglial-enriched cultures indicated that CXCL1 was localized in astrocytes (Figures 8C–E). LPS treatment (1 μg/ml) induced a significant increase in CXCL1 expression in astroglial-enriched cultures in a time-dependent manner (Figure 8F), (F4,15 = 24, **P < 0.01,***P < 0.001 vs. control; n = 4, one way ANOVA, Figure 8F). The increase was obvious at 0.5 h and this was continued for more than 6 h. Notably, this increase was inhibited by LQ treatment for 24 h. LQ in a dose-dependent manner (1, 10, and 100 μM) suppressed LPS-induced CXCL1 release in astroglial-enriched cultures (Figures 8G, H), (F4,15 = 25.2, ***P < 0.001 vs. naïve, #P < 0.05, ##P < 0.01,###P < 0.001 vs. control; F4,15 = 83.49, ***P < 0.001 vs. naïve, #P < 0.05, ###P < 0.001 vs. control; n = 4, one way ANOVA, Figure 8G, H).



LQ Indirectly Reduced CXCR2 Upregulation in Primary Neurons Mediated by Astroglial-Enriched-Conditioned Medium

Furthermore, the effect of LQ on CXCR2 in primary neurons was tested. The results of double immunostaining of CXCR2/NeuN in primary neurons indicated that CXCR2 was localized in neurons (Figures 9A–C). LPS treatment (1 μg/ml, 6 h) evoked a significant increase in CXCR2 expression in primary neurons. Our previous study demonstrated that LQ inhibited the expression of CXCR2 in the spinal cord (Figures 6F, G), (F4,15 = 63.6, ###P < 0.001 vs. control group; F4,15 = 26.58, #P < 0.05, ###P < 0.001 vs. control group; n = 4, one way ANOVA, Figures 9F, G). Interestingly, the up-regulation of CXCR2 expression by LPS treatment in primary neurons was reduced by SB225002 (10 mM), which is a selective CXCR2 antagonist, but not in all the 3 LQ groups (Figures 9D, E), (F5,18 = 35.21, P > 0.05, ***P < 0.001, ###P < 0.001 vs. control, F5,18 = 40.77, P > 0.05, ***P < 0.001, ###P < 0.001 vs. control; n = 4, one way ANOVA, Figures 9D, E). To verify whether treatment with astrocyte conditioned medium pre-treated with LQ that is substituted with half neuronal medium, WB and RT-PCR were performed for CXCR2, and the results showed that upregulation of neuronal CXCR2 expression has become sensitive to the effect of LQ (F4,15 = 63.6, ***P < 0.001 vs. Naive, ###P < 0.001 vs. control, F4,15 = 26.58, ***P < 0.001 vs. naïve, #P < 0.05, ###P < 0.001 vs. control; n = 4, one way ANOVA, Figures 9F, G). These results suggested that LQ could indirectly reduce the increased CXCR2 expression mediated by astroglial-enriched-conditioned medium. Furthermore, LQ showed no effect on the increased CXCR2 expression when CXCL1 was inhibited and incubated with astrocyte-conditioned medium (Figures 9H, I), (F4,15 = 32.03, ***P < 0.001, P > 0.05 vs. control, F4,15 = 85.85, ***P < 0.001, P > 0.05 vs. control; n = 4, one way ANOVA, Figures 9H, I). These results further indicated the indirect effect of LQ in regulating CXCR2 expression.




Figure 9 | Liquiritin (LQ) indirectly reduces CXCR2 upregulation in primary neurons mediated by astrocyte-conditioned medium. (A–C) Double staining of CXCR2 with NeuN demonstrated the expression of CXCR2 by neurons. Scale bar = 50 mm. (D, E) LQ did not directly act on the increase in LPS-induced CXCR2 in primary neurons (F5,18 = 35.21, P > 0.05, ***P < 0.001, ###P < 0.001 vs. control, F5,18 = 40.77, P > 0.05, ***P < 0.001, ###P < 0.001 vs. control; n = 4, one way ANOVA, D, E). (F, G) LQ indirectly reduced the increase of CXCR2 mediated by astrocyte-conditioned medium (F4,15 = 63.6, ***P < 0.001 vs. Naive, ###P < 0.001 vs. control, F4,15 = 26.58, ***P < 0.001 vs. naïve, #P < 0.05,###P < 0.001 vs. control; n = 4, one way ANOVA, F, G). (H, I) The astrocyte-conditioned medium incubated with LQ showed no effect on the increase of CXCR2 when CXCL1 was inhibited (F4,15 = 32.03, ***P < 0.001, P > 0.05 vs. control, F4,15 = 85.85,***P < 0.001, P > 0.05 vs. control; n = 4, one way ANOVA, H, I). All data are presented as means ± SEM. N.S., No statistical difference was found between two groups, P > 0.05.






Discussion

Currently, BCP treatment severely influenced the quality of life of patients with bone metastasis, making it far from satisfactory. The present study examined the antinociceptive effects and possible underlying mechanisms of LQ in the BCP rat model. Firstly, the behavioral testing demonstrated that repeated administration of LQ alleviated mechanical allodynia of BCP rats. Secondly, LQ inhibited BCP-induced activation of astrocytes in the spinal cord. Thirdly, LQ effectively inhibited the activation of CXCL1/CXCR2 pathway and production of IL-1β and IL-17 in BCP rats. Finally, our results demonstrated that LQ treatment inhibited up-regulation of CXCL1 expression in astroglial-enriched cultures and indirectly acted on CXCR2 receptors in spinal cord neurons. Taken together, these results suggest that intrathecal LQ might attenuate BCP possibly by inhibiting the activation of astrocytes and production of proinflammatory cytokines and chemokines in the spinal cord. These findings demonstrated a new underlying mechanism and a new potential therapeutic target for BCP.

BCP involves a complex pain mechanism, exhibiting the elements of both inflammatory and neuropathic pain (Edwards and Mulvey, 2019). The BCP model of intramedullary injection of walker 256 cells is successfully established and is widely used to explore the mechanism of analgesic drugs due to its stable and sustaining pain-related behaviors (Akoury et al., 2019). In our present study, the mechanical withdrawal threshold showed a significant decrease on day 6 and continued to decline at a certain speed until day 18, which was in line with the previous research results (Hu et al., 2013; Ni et al., 2019a). LQ is one of the major constituents of Glycyrrhiza radix that exerts anti-inflammatory effect (Li et al., 2018), pro-apoptotic effect (Wei et al., 2017), neurotrophic effect (Chen et al., 2009), and anti-RA (Zhai et al., 2019). In addition, intragastric administration of LQ reduced hyperalgesia in a dose-dependent manner and inhibited the activation of glia (astrocyte and microglia) on CCI induced neuropathic pain (Zhang M. T. et al., 2017). In our present study, repeated intrathecal administration of LQ for seven consecutive days after injecting walker 256 cell reversed the established mechanical allodynia in rats, suggesting that LQ induced antinociception in BCP model and providing a direct evidence for the effect of LQ on the spinal cord. Interestingly, the analgesic effect of LQ at relatively higher doses was maintained till day 6 after drug withdrawal. Growing evidence also showed that LQ exerts considerable anti-tumor activities on various types of cancers (Zhou and Ho, 2014; He et al., 2017; Wei et al., 2017). These long-term analgesic and anti-tumor actions might make LQ as a potential therapeutic agent for BCP.

Spinal glial activation, mainly the microglia and astrocytes, is now considered as an important factor for the development and maintenance of allodynia and hyperalgesia in various chronic pain models, including inflammatory pain, neuropathic pain, and BCP (Cao et al., 2014; Ni et al., 2016; Jiang et al., 2017; Wang et al., 2018). The activated glial cells contributed to the early development and maintenance of chronic pain by releasing neuromodulators, such as proinflammatory cytokines and chemokines (Miyoshi et al., 2008; Liu et al., 2017). In the present study, BCP induced by intratibial inoculation of Walker 256 cells led to the activation of microglia and astrocytes in the spinal dorsal horn, which was consistent with that of the previous studies (Wang et al., 2011; Hu et al., 2012). The alleviation of mechanical allodynia after administration of LQ was also observed. Meanwhile, down-regulation of GFAP expression, but not Iba1, in the spinal dorsal horn was observed, indicating suppressed activity of only astrocytes and the proliferation of microglia remained unaffected by LQ. These data suggest that astrocyte signaling might act as suitable therapeutic targets of LQ for BCP.

The activated glial cells promoted pain transmission by releasing neuromodulators, such as chemokines and proinflammatory cytokines. The enhanced spinal neuroimmune and neuroinflammatory activities induce and maintain BCP (Shen et al., 2014; Lu et al., 2015; Liu et al., 2017). Mounting evidence suggests that chemokines and proinflammatory cytokines are mainly produced by glial cells in the spinal cord. For example, TNF-α and IL-6 are dominantly expressed in microglia (Berta et al., 2014; Rojewska et al., 2014, whereas CCL2, IL-17, and IL-1β are mainly expressed in the astrocytes of spinal cord (Zhang et al., 2005; Gao et al., 2009; Meng et al., 2013). We herein found that a high dose of LQ significantly decreased the expression of IL-1β and IL-17, suggesting the anti-inflammatory effect of LQ on astrocytes. Consistent with our results, LQ decreased the spinal IL-6, IL-1β, and TNF-α protein expression in chronic constriction injury induced neuropathic pain (Zhang M. T. et al., 2017).

Astrocyte response to LPS, a stimulator of inflammation, have been debated well for over two decades (Saura, 2007). LPS induced upregulation of proinflammatory cytokines in primary astrocytes (Ryu et al., 2019). In addition, LPS-induced proliferation was done through PI3K/AKT signaling pathway in normal human astrocytes (Zhang K. et al., 2017). LPS preconditioning also released HMGB-1 from reactive astrocytes (Xie et al., 2016), whereas recent scholars have stated that high purity of astrocytes culture did not respond to LPS (Liddelow et al., 2017). Various culture conditions (temperature or culture medium, etc) and sources of astrocytes (mouse or mice or human) can influence the results. For example, in highly purified astrocytes of mouse, LPS induced mostly an A1 (reactive astrocytes) predominant response, while human astrocytes did not (Tarassishin et al., 2014). The presence of microglia in astroglial-enriched cultures should not be ignored although there are certainly groups that used adequate methods to estimate and minimize the proportion of microglia (Saura, 2007). In our experiments we do not rule out the possibility of contamination with microglia cells. The presence of microglia in astroglial cultures in many cases is desirable as it allows the astroglial-microglial cross-talk that is extremely important in glial activation.

The results of MTT assay indicated that LQ has no effect on the viability of astroglial-enriched cultures. Further studies showed increased survival rate, which might be because of LPS-induced proliferation in astrocytes. LPS was also used to stimulate astrocytes and our results showed that LPS increased the expression of CXCL1 in astroglial-enriched cultures in a time-dependent manner. In vitro results revealed that LQ reduced inflammatory response in UVB-induced HACAT cells (Li et al., 2018). Here, we found that LQ suppressed the LPS-induced CXCL1 release in astroglial-enriched cultures in a dose-dependent manner. These data further supported the inhibitory role of LQ on the production of inflammatory mediators in the central nervous system.

Accumulating evidence indicated that immunemodulators play a key role in regulating synaptic plasticity and neuronal excitability, contributing to the persistence of various pain intensities (Jiang et al., 2017; Yang et al., 2017; Wu et al., 2019). The role of CXCL1, a member of the CXC family, depends on its primary receptor CXCR2 (Carreira et al., 2013). Spinal CXCL1 is produced by astrocytes and mediates pain via CXCR2 receptors in various chronic pain models (, 2014; Cao et al., 2014; Chen et al., 2014; Xu et al., 2014). Our previous study also found that CXCL1-CXCR2 signaling cascade played a role in glial-neuron interactions and in descending facilitation of BCP (Ni et al., 2019a). In agreement with these reports, the astrocytic CXCL1 and neural CXCR2 expression were increased in the spinal cord on day 12 after surgery. Additionally, the analgesic effects of LQ were mediated by downregulating CXCL1 and CXCR2. In in vitro conditions, LQ demonstrated no effect on the increase of CXCR2 in primary neurons, while it indirectly reduced the increase of CXCR2 mediated by astroglial enriched-conditioned medium. Interestingly, LQ showed no effect on the increase of CXCR2 when CXCL1 neutralizing antibody was used in astroglial enriched-conditioned medium, demonstrating an indirect effect of l-CDL in regulating CXCR2 expression.

In conclusion, LQ has a potent analgesic effect on BCP. Our results also indicated that the analgesic effect of LQ coincides with the inhibitory function of inflammatory reactions in SDH. Furthermore, the suppression of astrocytic CXCL1 and neural CXCR2 signaling cascade were involved in the analgesic effects of LQ. In astroglial-enriched cultures and primary neurons, CXCL1 was reduced by LQ in a dose-dependent manner, thus indirectly reducing the increase of CXCR2. These findings provided evidence for understanding the underlying mechanisms of anti-nociceptive effects of LQ in a BCP model and supported a novel strategy for treating BCP.
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Spinal Mobilization Prevents NGF-Induced Trunk Mechanical Hyperalgesia and Attenuates Expression of CGRP
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Introduction: Low back pain (LBP) is a complex and growing global health problem in need of more effective pain management strategies. Spinal mobilization (SM) is a non-pharmacological approach recommended by most clinical guidelines for LBP, but greater utilization and treatment optimization are hampered by a lack of mechanistic knowledge underlying its hypoalgesic clinical effects.

Methods: Groups of female Sprague-Dawley rats received unilateral trunk (L5 vertebral level) injections (50 μl) of either vehicle (phosphate-buffer solution, PBS; VEH) or nerve growth factor (NGF; 0.8 μM) on Days 0 and 5 with or without daily L5 SM (VEH, NGF, VEH + SM, VEH + SM). Daily passive SM (10 min) was delivered by a feedback motor (1.2 Hz, 0.9N) from Days 1 to 12. Changes in pain assays were determined for mechanical and thermal reflexive behavior, exploratory behavior (open field events) and spontaneous pain behavior (rat grimace scale). On Day 12, lumbar (L1–L6) dorsal root ganglia (DRG) were harvested bilaterally and calcitonin gene-related peptide (CGRP) positive immunoreactive neurons were quantified from 3 animals (1 DRG tissue section per segmental level) per experimental group.

Results: NGF induced bilateral trunk (left P = 0.006, right P = 0.001) mechanical hyperalgesia and unilateral hindpaw allodynia (P = 0.006) compared to the vehicle group by Day 12. Additionally, we found for the first time that NGF animals demonstrated decreased exploratory behaviors (total distance traveled) and increased grimace scale scoring compared to the VEH group. Passive SM prevented this development of local (trunk) mechanical hyperalgesia and distant (hindpaw) allodynia, and normalized grimace scale scores. NGF increased CGRP positive immunoreactive neurons in ipsilateral lumbar DRGs compared to the VEH group ([L1]P = 0.02; [L2]P = 0.007) and SM effectively negated this increase in pain-related neuropeptide CGRP expression.

Conclusion: SM prevents the development of local (trunk) NGF-induced mechanical hyperalgesia and distant (hindpaw) allodynia, in part, through attenuation of CGRP expression in lumbar DRG sensory neurons. NGF decreases rat exploratory behavior and increases spontaneous pain for which passive SM acts to mitigate these pain-related behavioral changes. These initial study findings suggest that beginning daily SM soon after injury onset might act to minimize or prevent the development of LBP by reducing production of pain-related neuropeptides.

Keywords: spinal mobilization, manual therapy, nerve growth factor, NGF, calcitonin gene-related peptide, CGRP, low back pain, mechanical hyperalgesia


INTRODUCTION

Low back pain (LBP) is a poorly managed, costly, and rapidly growing health problem that results in more disability than any other condition globally (Dagenais et al., 2008; Hoy et al., 2014; Dieleman et al., 2016). Thus, there exists an urgent need for more clinically effective therapeutic interventions or strategies that can minimize LBP severity and/or prevent the transition from acute to chronic LBP. Mild-to-moderate treatment efficacy, cost effectiveness, and high patient satisfaction (Bronfort et al., 2008; Hurwitz, 2012; Hidalgo et al., 2014; Nahin et al., 2016) have contributed to an increased number of clinical practice guidelines recommending the use of passive spinal manual therapy (spinal manipulation and spinal mobilization) for the treatment of non-specific LBP (Chou et al., 2017). However, a lack of a knowledge regarding physiological mechanisms responsible for spinal manual therapy-induced pain relief, as well as the inability to identify the most appropriate clinical subpopulations most likely to therapeutically benefit have severely hampered spinal manual therapy optimization and increased clinical utilization.

A recent systematic review of spinal mobilization (SM) reported existing evidence for SM-related physiological effects on sympathoexcitation, decreased neural mechanosensitivity, mechanical hypoalgesia, and improved muscle function (Lascurain-Aguirrebena et al., 2016). Mobilization has been reported to induce local and/or distant antihyperalgesic/analgesic effects in both preclinical models (Martins et al., 2012, 2013a,b; Santos et al., 2018; Salgado et al., 2019), and human studies (Vicenzino et al., 1996; La Touche et al., 2013; Salom-Moreno et al., 2014) but mechanistic knowledge related to peripheral/central pain processing remains severely limited. This gap in knowledge of specific anatomical structures, pathways, and molecular mechanisms responsible for SM-induced antihyperalgesia/analgesia is due in large part to a lack of adequate clinically relevant preclinical LBP models and non-reflex oriented behavioral assays in which to investigate LBP mechanisms and biological effects of pharmacological and non-pharmacological (active or passive) therapeutic interventions. LBP models that use minimally invasive techniques and/or endogeneously synthetized molecules may be preferable to some of the more invasive or traditional inflammatory LBP animal models (Shi et al., 2018).

Use of nerve growth factor (NGF) in a LBP preclinical model was first described by Hoheisel et al. (2013). They demonstrated that two unilateral NGF injections (delivered 5 days apart) into the adult male rat lumbar multifidi muscles results in persistent localized (unilateral) low back (trunk) mechanical hyperalgesia or LBP. The onset of this NGF-induced mechanical hyperalgesia started within hours after the second NGF injection and persisted through the end of their experimental period at Day 14. While the precise neurobiological mechanisms by which NGF induces sustained mechanical trunk hyperalgesia are not completely understood, evidence indicates that sensitization of skeletal muscle nociceptors (Mann et al., 2006; Murase et al., 2010), glial-dependent latent sensitization of dorsal horn neurons (Zhang et al., 2017), and spinal dorsal horn neuron hyperexcitability immediately following the 2nd NGF injection (Hoheisel et al., 2007, 2013; de Azambuja et al., 2018) all contribute. NGF is an endogenously produced neurotrophin involved in pain transduction that binds to tyrosine kinase receptor A in nociceptors (Klein et al., 1991; Pezet et al., 1999). It is implicated in the regulation of prolonged mechanical/thermal hyperalgesia in animals and humans (Dyck et al., 1997; Murase et al., 2010; Mills et al., 2013; Eskander et al., 2015; Kras et al., 2015), and when administered systemically produces widespread myalgias in humans, with the greatest frequency of myalgia occurring in the low back (Petty et al., 1994). NGF is released in skeletal muscle and is thought to contribute greatly to delayed onset muscle soreness (Nie et al., 2009) and increases are associated with greater pain behaviors (Murase et al., 2010; Hayashi et al., 2011). Clinical relevancy of NGF in musculoskeletal pain conditions is clearly evidenced by anti-NGF therapies which are currently in phase III clinical trials for the management of LBP (Miller et al., 2017; Norman and McDermott, 2017).

Despite multiple biological mechanisms contributing to the development of NGF-induced trunk mechanical hyperalgesia, increased nociceptive neuropeptide expression is most certainly involved as NGF has been associated with upregulation of calcitonin gene-related peptide (CGRP) in the dorsal root ganglia (DRG) and spinal cord dorsal horn (Malcangio et al., 1997; Supowit et al., 2001; Kimura et al., 2014). Activation of CGRP receptors on terminals of primary afferent neurons facilitate mechanical and thermal sensitization by lowering the activation threshold of second-order neurons and increasing the synaptic strength between nociceptors and spinal dorsal horn neurons (Seybold, 2009). These changes in intracellular signaling pathways contribute to long-term nociceptive neuron hyperexcitability resulting in persistent hyperalgesia. CGRP is widely distributed both peripherally and centrally, and is a known contributor to persistent musculoskeletal pain and neurogenic inflammation (Oku et al., 1987; Liu et al., 2011; Russo, 2015; Malon and Cao, 2016). Under normal physiological conditions, CGRP immunoreactivity labeling has been reported to be in approximately 40–46% of C-fiber, 33% of Aδ, and 17% of A α/β fiber neurons in lumbar DRG neurons (Lee et al., 1985; McCarthy and Lawson, 1990). However, following inflammation, persistent pain, neural injury, and/or limb immobilization, phenotypic changes are known to occur increasing the number of small as well as larger diameter DRG neurons showing CGRP immunoreactivity (Ohtori et al., 2001; Staton et al., 2007; Nishigami et al., 2009). Unlike smaller C and Aδ CGRP immunoreactive nociceptive fibers that terminate in the superficial laminae (I, II) of the dorsal horn, larger DRG fibers terminate in deeper spinal cord laminae that contain polymodal neurons which likely contributes to the development of persistent mechanical/thermal hyperalgesia or allodynia following musculoskeletal low back injury (Weng et al., 2003; Latremoliere and Woolf, 2009; Kimura et al., 2014).

The purpose of this initial study was to investigate whether passive SM could prevent the development of mechanical/thermal hyperalgesia, increase exploratory behavior, and lower spontaneous pain in a NGF-induced LBP model. In addition, this study served to determine whether SM potentially impacted NGF-mediated downstream CGRP changes in lumbar DRGs that likely contribute to LBP development. We used adult female rats in this initial SM study because there is growing evidence that women are more adversely affected by non-specific LBP than men (Schneider et al., 2006; Peterson et al., 2012; Coggon et al., 2017). Women also report greater LBP baseline intensity, more widespread LBP, more frequent recurrent LBP episodes, and experience more LBP-related disability compared to men (Hansson et al., 2006; Chenot et al., 2008; Peterson et al., 2012). Moreover, women utilize spinal manual therapy more often than men to help manage their musculoskeletal pain complaints (Hurwitz, 2012; Clarke et al., 2018). Ongoing NGF-induced LBP studies are investigating SM responses in adult male rats.



MATERIALS AND METHODS

All experiments were performed on adult female Sprague Dawley rats (187–270 g) and in compliance with the NIH Guide for the Care and Use of Laboratory Animals. All experiments were reviewed and approved by the University of Alabama at Birmingham Animal Care and Use Committee. Animals were group housed on a 12 h on/off light cycle with food and water provided ad libitum. For this initial study, no attempt was made to monitor or time stages of the estrous cycle due to the potential increases in stress-related responses associated with acquiring frequent vaginal smears. The experimental intervention, design and time course for our studies is displayed in Figure 1.
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FIGURE 1. Experimental set-up and timeline. (A) Digital image of experimental set-up of L5 spinal mobilization delivered by a feedback control motor (0.9N, 1.2 Hz). (B) Experimental design and timeline.



NGF Intramuscular Injections

Injections of NGF were made into the left multifidus muscle at the vertebral level of L5 (3 mm lateral to the spinous process) on Days 0 and 5 under brief isoflurane anesthesia as previously described (Hoheisel et al., 2013). NGF solution (0.8 μM; human recombinant, Sigma-Aldridge, St. Louis, MO, United States) was injected in fifty microliters of vehicle (phosphate-buffered saline, PBS; pH 7.2–7.3). This concentration of NGF has been shown to induce hyperalgesia when intramuscularly injected in animals and humans (Deising et al., 2012; Hoheisel et al., 2013; Weinkauf et al., 2015). Similar lumbar muscle injections of vehicle (VEH [PBS, 50 μl]) served as a control.



Treatment Groups

Animals (n = 32) were divided into 4 groups (VEH, NGF, VEH + SM, NGF + SM). Passive SM treatment began on Day 1 (the day following the first NGF or VEH injection) and was performed daily for 10 min using a computer controlled feedback motor (Figure 1) to deliver forces equivalent to 0.9N at 1.2 Hz under light isoflurane anesthesia (1–2%). For Day 5, SM treatment preceded the 2nd NGF injection to minimize any potential dispersal effect. To control for daily isoflurane exposure, all animal groups received 10 min of isoflurane daily under the same experimental conditions regardless of whether or not they received concurrent SM treatment. The laboratory personnel delivering SM was blinded to the injection content, but not to whether animals were to receive SM treatment. All behavioral testing was performed by the same individual in the same testing environment between 7 and 11:30 a.m.



Measurement of Mechanical/Thermal Hyperalgesia, Exploration, and Spontaneous Pain

All animals were habituated to the testing environment and laboratory personnel beginning 2–3 days prior to onset of data collection and 30–60 min prior to designated testing. To test for trunk mechanical hyperalgesia, pain pressure threshold of the lumbar paraspinal muscle was tested bilaterally at L5 using a Bioseb SMALGO® algometer with a blunt 5 mm tip which primarily stimulates deep tissue nociceptor response (Kosek et al., 1999). The head of the animals was briefly covered by a towel (calming effect) and mechanical pressure (g) was steadily applied with increasing intensity over the L5 paraspinal muscle until a pain-related reaction (withdrawal behavior, escape movements) was elicited (Hoheisel et al., 2013). Mechanical testing was performed 4x/experimental test day (Days 0, 2, 5, 7, 12) with a period of at least 5 min between consecutive trials. To determine if lumbar NGF injection caused distant mechanical allodynia, we examined hindpaw 50% withdrawal threshold response to mechanical stimulation using the von Frey (VF) “up and down method” (Dixon, 1980; Chaplan et al., 1994). Response thresholds were measured by calibrated VF filaments [Stoelting, Wood Dale, IL, ranging from 3.61 (0.407 g) to 5.46 (26 g) bending force] applied to the midplantar surface of the hindpaw (Dixon, 1980). Hindpaw mechanical testing was performed prior to the trunk algometry. Hindpaw thermal hyperalgesia testing using a hotplate assay (50°C; IITC Life Science, Woodlawn Hills, CA, United States) was performed on separate days than mechanical testing (Days –1, and 9) with a cut-off latency of 90s to prevent tissue injury.

The functional and spontaneous pain assays included the open field test and rat grimace scale (RGS). To prevent overstimulation of animals, these assays were typically performed on alternate days to reflexive pain behavioral assays (Figure 1). To test for alterations in exploratory activity during LBP, we performed automated open field exploratory activity including total movement distance (cm) and number of rearing events over 10 min duration using a Tru-Scan Activity Monitoring System (Colborne Instruments) on Days 0 and 11. To test spontaneous pain, we performed RGS scoring (Sotocinal et al., 2011). RGS testing was performed in the mornings between 7 and 9 a.m. and always prior to any mechanical or thermal trunk/hindpaw testing. To evaluate facial expressions consistent with grimacing to acute and severe pain states, rats were placed in clear plexiglass cubicles (20.3 × 10.2 cm) with video cameras at either end. Rats were video recorded for a period of 20 min and still-frame digital images taken every 2 min for RGS scoring by a blinded experimenter having no prior contact with the animals (Sotocinal et al., 2011). The RGS consisted of scoring a total of 4 action units: orbital tightening, nose bulge, ear position, and whisker changes as previously described (Sotocinal et al., 2011). Randomized images were assigned a value of 0, 1, or 2 for each of the four RGS action units: 0 was absent appearance of the unit, 1 was a moderate appearance of the unit, and 2 was an obvious appearance of the unit. RGS was performed on Days 0, 5 + 4 h, 8 and 10 (Figure 1).



DRG CGRP-Immunofluorescence Microscopy

Following Day 12 experimental testing, rats were euthanized and transcardially perfused with 4% paraformaldehyde in phosphate buffer (pH 7.4). Lumbar DRGs (L1–L6) were harvested bilaterally and fixed overnight at 4°C in 4% paraformaldehyde. Following fixation, DRGs were placed in 30% sucrose 1–2 days at 4°C, embedded in Tissue TEK OCT compound and quickly frozen until sectioned on a cryostat at 15 μm. Sections were washed in PBS with 0.3% Triton X-100 (Fluka) and 1% normal goat serum for 1 h, then incubated in primary antiserum, rabbit antiserum to CGRP (1:1000; Immnunostar, Hudson, WI, United States) overnight at 4°C. After 4 washes, sections were incubated in secondary antiserum, donkey anti-rabbit Cy-3 label IgG (1:200; Jackson Immunoresearch; West Grove, PA, United States) for 2 h. As a specificity control, certain slides were processed as described without primary antibody. Slides were coverslipped with Fluorogel II with DAPI (Electron Microscopy Sciences, Hatfield, PA, United States) and imaged under an epifluorescence microscope (Nikon Eclipse). Images were captured (10x) using a digital camera (Nikon) and analyzed using Nikon Elements® (v4.2 software) by an individual blinded to the experimental groups. DRG sections having a large circumference and cell/nerve root ratio were evaluated bilaterally from each lumbar level. One section per segmental DRG level (from 3 animals) was analyzed and cells with identifiable nuclear profiles were outlined using Nikon artificial overlays to quantify the number of CGRP-positive labeled neurons and determine their cross-sectional area. Those values were normalized to the total number of DRG neurons with nuclear profiles to provide the percentage of CGRP-positive labeled neurons. Subpopulations of CGRP-positive neurons were also categorized based on cross-sectional area using the criteria set by Noguchi and colleagues (Fukuoka et al., 2001; Obata et al., 2003). Neurons were separated into small-sized (<600 μm2), medium-sized (600–1200 μm2) and large-size (<1200 μm2) cell profiles (Figure 2). A single DRG section from each segmental level from 3 animals were averaged for each experimental group, and expressed as a mean percentage (± standard deviation; SD).
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FIGURE 2. CGRP-immunofluorescence. Digital image of a lumbar DRG with examples of small, medium, and large CGRP-positive immunoreactive neurons.




Statistical Analysis

The normality assumption was evaluated using Q-Q plots, and all data presented as ± SD. The effect of time was evaluated using repeated measures analysis of variance (ANOVA). Differences among experimental groups were determined by ANOVA followed by Tukey’s post hoc test as appropriate. A value of p < 0.05 was considered to be statistically significant. All the analysis was conducted using SAS 9.4 (Cary, NC).



RESULTS


Mechanical and Thermal Hyperalgesia/Allodynia and SM

By Day 12, significant trunk NGF group differences were demonstrated bilaterally when compared to the three other treatment groups (VEH [left P = 0.006, right P = 0.001]; VEH + SM [left P = 0.04, right P = 0.006); NGF + SM; [left P = 0.03; right side P = 0.04)] (Figure 3). Daily SM prevented Day 12 NGF-induced trunk mechanical hyperalgesia, maintaining the magnitude of change in mechanical trunk stimulus at or below Day 2 levels throughout experimental period (Figure 3). L5 SM by itself (VEH + SM) did not create trunk hyperalgesia to mechanical stimulation. NGF injections in female rats also induced the development of ipsilateral hindpaw mechanical allodynia by Day 12 which was effectively prevented by SM treatment (Figure 4). No significant changes in hindpaw thermal allodynia were noted between groups (Figure 5).
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FIGURE 3. Trunk mechanical hyperalgesia. Mean change from baseline of magnitude of mechanical trunk stimulus required to elicit a pain response (escape, withdraw behavior) following left VEH (50 μl; phosphate-buffer solution/PBS) or NGF (50 μl, 0.8 μM) injections (▲) and daily spinal mobilization (10 min; ∼0.9N). Female rats developed bilateral mechanical hyperalgesia that was prevented by daily spinal mobilization. Statistical analyses were performed by ANOVA followed by Tukey’s test at each time point and data are presented as mean ± SD (*P = 0.006, ∧P = 0.04, #P = 0.03, Φ P = 0.001).
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FIGURE 4. Hindpaw mechanical allodynia. Mean change in von Frey test of left and right hindpaw following two left injections (▲) of vehicle [phosphate-buffer solution (PBS); 50 μl] or nerve growth factor (NGF (50 μl, 0.8 μM) with and without spinal mobilization (SM). On Day 12 on the left hindpaw, significant differences were found between VEH and NGF (*P = 0.006), NGF and VEH + SM (Φ P = 0.001) and NGF and NGF + SM (■P = 0.002); right hindpaw differences were found between NGF and VEH + SM (■P = 0.002) and NGF and NGF + SM (#P = 0.03). Statistical analyses were performed by ANOVA followed by Tukey’s test at each time point and data are log transformed and reported as mean ± SD.
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FIGURE 5. Thermal allodynia. Mean change in thermal hindpaw response latency to 50°C stimulus. Rats were tested on Day –1 and Day 9. Trunk injection of NGF did not significantly alter distant noxious hindpaw thermal response latencies. Statistical analyses were performed by ANOVA and data reported as mean ± SD.




SM and Exploratory Activity in LBP Animals

To assess the effect of NGF and SM treatment on rat exploratory behavior, mean differences in total distance traveled (cm) and rearing events over 10 min were measured on Day 0 (prior to 1st NGF injection) and Day 11 using a Tru-Scan Activity Monitoring System when LBP had fully developed. Compared to the VEH group, the NGF-injected and VEH + SM animals traveled significantly less total distance (P = 0.04, Figure 6A). Animals in the NGF + SM group had no differences in total distance traveled compared to the VEH group (Figure 6A). While the NGF + SM group exhibited more mean exploratory activity compared to the NGF group, this increase in total travel distance failed to reach significance (Figure 6A). For rearing events, all groups exhibited an overall decrease in the number of rearing events on Day 11 compared to baseline (Day 0) but no differences were noted between groups (Figure 6B).
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FIGURE 6. Exploratory behavior. Mean difference in exploratory distance traveled (cm) (A) and rearing events (B) on Day 11 compared to Day 0. NGF and VEH + SM animals traveled less total distance than VEH injected animals over 10 min of open field testing (*P = 0.04). There were no differences in total distance traveled between VEH and NGF + SM groups. In addition, no differences in rearing events were noted. Statistical analyses were performed by ANOVA followed by Tukey’s test and data reported as mean ± SD.




SM Prevents Spontaneous Pain in LBP Animals

To assess spontaneous pain in NGF-injected animals and the potential impact of SM, we used RGS scoring as depicted in Figure 7A. Video recordings were performed on Days 0, 5+4 h, 8, and 10 with Day 5 recordings occurring 4 h after the 2nd NGF injection (Figure 1). Compared to baseline values, NGF increased RGS spontaneous pain scores on each day tested, however these increases reached significance only on Day 5 + 4 h (P = 0.03, Figure 7B). It should be noted that there were no significant differences in spontaneous pain scores between the VEH, VEH + SM and NGF + SM group at any time point and that VEH group RGS scoring remained fairly consistent throughout the experimental period (Figure 7B).
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FIGURE 7. Rat grimace scale (RGS). (A) Representative images of facial grimacing observed due to NGF-induced low back pain. Four action units (orbital tightening, ear changes, cheek, and whisker change) are analyzed and scored. Note changes in spontaneous pain shown by orbital tightening and whisker retraction presented in the NGF group beginning as early as 4 h after the 2nd NGF injection delivered on Day 5. (B) Mean differences in RGS from Baseline on Days 5 + 4 h (4 h after 2nd NGF injection), 8 and 10. Compared to the VEH group the mean difference in RGS scores for the NGF group was significantly greater on Day 5 + 4 h (▲P = 0.03). Compared to the NGF group, the VEH + SM (*P = 0.01) and NGF + SM group (■P = 0.02) were significantly decreased. While the NGF group demonstrated higher mean RGS differences than other groups on Days 8 and 10, these changes did not reach statistical significance. Statistical analyses were performed by ANOVA followed by Tukey’s test and data reported as mean ± SD.




SM Decreases CGRP-Positive DRG Neurons

NGF injections into the left L5 multifidus muscle resulted in an increase in the mean percentage of CGRP-positive DRG neurons at the left L1 and L2 segmental levels in the NGF group compared to the VEH (P = 0.02) and NGF + SM (P = 0.05) groups (Figure 8). Despite an elevation, CGRP-positive cell percentage did not significantly change contralaterally at the R1 and R2 in the NGF group relative to the other groups (Figure 8). The majority of lumbar DRGs among the VEH group exhibited a range of 30–40% of CGRP-positive labeled cells, whereas the upper lumbar DRGs in the NGF group demonstrated 45–60% CGRP-positive labeled cells (Figure 8). The NGF + SM group demonstrated similar CGRP-positive cell percentages as the VEH group across the majority of lumbar DRG levels (Figure 8). Among the NGF animals, the majority of CGRP-positive cells (58.4%) were small neurons (<600 μm2), followed by 33.5% medium (600–1200 μm2) and 8.1% large (>1200 μm2).
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FIGURE 8. CGRP-positive Cells. The percent of CGRP-positive cells of lumbar DRG neurons having DAPI labeled nuclei. NGF injections (left side at L5) resulted in significant increases in CGRP-positive cell profiles at L1 and L2 on the left compared to the VEH and NGF + SM groups (*P = 0.02, ▲P = 0.05, †P = 0.007, ■P = 0.01). Statistical analyses were performed by two-way ANOVA followed by Tukey’s test at each level and data reported as mean ± SD.




DISCUSSION

In the current study we investigated whether passive SM prevents the development of local (trunk) mechanical hyperalgesia and distant (hindpaw) allodynia in a NGF-induced LBP model, as well as, if SM decreases the number of CGRP-positive lumbar DRG neurons as a potential mechanism of action for any pain-related behavioral outcomes. To our knowledge, this is the first preclinical study demonstrating the effects of SM on muscular LBP and testing its ability to improve functional activity, prevent local and distant somatosensory alterations, and alleviate spontaneous pain potentially through the suppression of pain-related neuropeptides in primary afferent neurons.

Previous studies using this NGF-induced model of LBP were limited to adult male rats and demonstrated the development of unilateral localized (trunk) mechanical hyperalgesia (Hoheisel et al., 2013; Zhang et al., 2017; de Azambuja et al., 2018). This effect began within 4 h after the second NGF injection and continued through Day 14. Our data were in general agreement as there was the presence of trunk hyperalgesia at Day 12. However, we found that unilateral NGF injections in female rats resulted in bilateral trunk mechanical hyperalgesia and unilateral hindpaw mechanical allodynia (Figures 3, 4). Sex-related differences in both clinical and experimentally induced pain models are well established and widely documented (Mogil and Bailey, 2010; Sorge et al., 2015; Sorge and Totsch, 2017). Evidence that this preclinical NGF-induced LPB model may have sex-related differences in LBP is important as this finding would only strengthen its potential translational ability. Similar studies investigating the effects of SM in NGF-induced LBP in adult male rats are ongoing. We did not find that NGF-induced LBP or SM altered hindpaw thermal allodynia, while increases in latency responses among all groups was attributed to increased familiarity with the behavioral testing environment.

Current approaches in pain research are attempting to improve the translation of animal models to the human condition. One way to accomplish this is to evaluate more functional pain assays that show depressed activity during pain states. Previous studies using the NGF model did not utilize functional assays. Here we found for the first time that in addition to somatosensory alterations detected by reflexive pain behavioral assays, the NGF LBP model also induces non-reflexive LBP behaviors. Low back NGF injections into the lumbar multifidus muscle decreased total distance traveled compared to the VEH group (Figure 6). The overall decline in exploratory behavior among all experimental groups on subsequent testing is common and can be attributed to previous exposure/increased familiarity equating to a decline in environmental novelty. Our finding that NGF-induced LBP impacts functional behavior is important as it provides opportunity to evaluate how both non-pharmacological and pharmacological treatments improve pain assays and functional activities. It also opens up the opportunity to determine the underlying pathophysiological mechanisms of reflexive and functional pain behaviors, which may help to inform the optimization of current LBP treatments and identify new therapeutic targets in the future.

In addition to exploratory behavior, we examined spontaneous pain for the first time in the NGF model using the RGS. We found that NGF trunk injections increased RGS scoring throughout experimental testing, with significance achieved only during the early development of the persistent phase of LBP after the 2nd NGF injection but scores remained elevated throughout the entire study. Notably, SM prevented an increase in spontaneous pain immediately following the 2nd injection evidenced by no differences being found between VEH, VEH + SM, and NGF + SM groups. Electrophysiology experiments using this same NGF LBP model have demonstrated that spinal cord dorsal horn latent sensitization from the 1st NGF injection is activated very quickly (within 1–2 h) following the 2nd NGF injection and manifests itself as increased neural resting activity and evoked response, increased convergent input, and the appearance of new receptive fields (Hoheisel et al., 2013; de Azambuja et al., 2018). The acute effects of NGF’s actions were enough to influence significant increases in spontaneous pain. Our finding is similar to initial studies wherein a rodent grimace scale was able to detect the acute onset of pain for hours but did not detect increases when the pain persisted for days or weeks (Langford et al., 2010; Sotocinal et al., 2011) unless the pain was very severe (Akintola et al., 2017). It was proposed that this greater sensitivity to acute changes with RGS may reflect that in chronic pain the facial grimace changes are less likely detected as there are environmental advantages to suppressing a painful face (Sotocinal et al., 2011). Importantly, based upon the acute timing of SM’s effects on RGS in the NGF model, SM may be acting in part to prevent the pathophysiological mechanisms leading to dorsal horn latent sensitization. NGF acts through its receptors to have effects on many downstream targets and can upregulate many pro-nociceptive substances (neuropeptides, etc.) including CGRP in primary afferent neurons that are essential to the development and maintenance of persistent pain (Jankowski and Koerber, 2010). As significant increases in the RGS were only found acutely and SM was able to suppress that phase, it suggests that the actions of daily SM prevent NGF-induced dorsal horn neuronal hyperexcitability, which then suppresses several pain mechanisms that lead to persistent LBP. This model using multiple NGF injections may also reflect how muscle injury and inflammation can lead to increases in NGF, which may act through mechanisms like nociceptive (hyperalgesic) priming to change the phenotypic expression of neurons and result in a greater likelihood of reoccurrence or transition from acute to chronic LBP (Joseph and Levine, 2010; Hoheisel et al., 2013; Hoheisel and Mense, 2015). That SM was able to prevent the onset of the persistent LBP phase in this model supports further mechanistic studies of LBP and the effects of SM in this model.

To begin exploring the underlying mechanisms of NGF-induced LBP and how SM may alter those mechanisms to suppress pain, we examined the NGF-dependent pain neuropeptide CGRP in lumbar DRGs. Sensitization of sensory neurons is considered an important step in the transition from acute to chronic pain and NGF has been linked to upregulation of the pain-related neuropeptide CGRP within the DRG (Malcangio et al., 1997; Supowit et al., 2001). CGRP upregulation in the DRGs has been reported in other animal LBP models such as intervertebral disc injury, disc degeneration, and inflammation (Lee et al., 2009; Miyagi et al., 2011, 2014). We found that NGF injections into the left multifidus muscle at L5 significantly increased CGRP-positive cell expression at L1 and L2 DRGs on the ipsilateral side (Figure 8). These findings of increased CGRP-positive neurons in the upper lumbar DRGs are in agreement with the segmental innervation of spinal tissues at the L5 vertebral level (where our paraspinal injections were performed). Lumbar spinal tissues have multi-segmental innervation with the greatest representation occurring in the upper lumbar segments. For example, distribution of DRG neurons labeled following application of the fluorescent neurotracer 1,1′dioctadecyl-3,3,3′3′-tetramethylindocarbocyanine (DiI) into muscular tissues at the level of the rat iliac crest (near the rat L5 spinous process) was found to be the greatest at L2 (49.5%) with 95.5% of DiI labeled DRG neurons being found at the combined L1 and L2 levels (Takahashi et al., 2003). Similarly in a separate study, 70% of labeled neurons resulting from DiI injected into the L4 left multifidus were found to be in located in the L2 and L3 DRGs (Ohtori et al., 2003). These studies support our findings that the greatest increases in CGRP-positive cells occur in the upper lumbar DRGs given the anatomical location of our NGF injections. Other deep lumbar structures such as the rat L5/6 disc (Ohtori et al., 1999) and L5/6 facet joint (Suseki et al., 1996) also demonstrate multi-segmental innervation by DRGs spanning from T13-L6 and L1-L5 respectively. Forty-seven percent of L1-L5 DRG neurons were reported to be CGRP-immunoreactive following an L5/6 disc injection, (Ohtori et al., 2002) while a somewhat lower percentage (38%) was reported following a similar L5/6 facet injection (Ohtori et al., 2000). These CGRP-related studies support earlier work showing that approximately 40% of DRG cells express CGRP immunoreactivity (Lee et al., 1985). In our work, we found similar percentages of lumbar DRG CGRP-positive neurons labeled among the vehicle group (Figure 8). NGF injections increased CGRP-positive percentages to above 50% of neurons primarily in the upper lumbar DRGs. This upper lumbar location also coincides with NGF enhanced extracellular neuronal activity from the L2 spinal dorsal horn using this same NGF-induced LBP model (Hoheisel et al., 2013). A key new finding of the current work is that lumbar SM effectively prevented and/or attenuated increases in CGRP-positive DRG sensory neurons following muscular NGF injections. The specific SM-related mechanisms responsible for CGRP (and perhaps other pain-related neuropeptides) normalization are not clear at the present but will be investigated in greater detail in both sexes in the future.



CONCLUSION

Data from the current study show for the first time that passive SM has a preventative effect on the development of trunk mechanical hyperalgesia, decreases spontaneous pain, and attenuates CGRP-related response in lumbar DRG neurons caused by NGF-induced LBP in female rats. Unlike previous reports using male rats, female rats demonstrated bilateral trunk (local) mechanical hyperalgesia and ipsilateral hindpaw (distant) mechanical allodynia. As the understanding of sex-differences is an important consideration to manage the global problem of pain, this NGF model may allow mechanistic study of sex differences specific to muscular LBP. Early development of spontaneous pain was mitigated by daily short-duration SM treatment. Unilateral NGF injections into the L5 multifidus muscle increased CGRP immunoreactivity in primarily small DRG neurons located in the upper lumbar (L1 and L2) segments. This NGF-induced increase in CGRP-positive DRG neurons was also prevented and/or attenuated by mechanical stimulation related to passive SM. Much more work is needed to fully characterize the effects of SM in this NGF-induced LBP model, identify sex differences, and establish the biological mechanisms responsible for this therapeutic response to SM as well as to other non-pharmacological manual therapy interventions for LBP.
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Background: Physiological responses related to manual therapy (MT) treatment have been investigated over decades using various animal models. However, these studies have not been compiled and their collective findings appraised. The purpose of this scoping review was to assess current scientific knowledge on the physiological responses related to MT and/or simulated MT procedures in animal models so as to act as a resource to better inform future mechanistic and clinical research incorporating these therapeutic interventions.

Methods: PubMed, Cumulative Index to Nursing and Allied Health Literature (CINAHL), Cochrane, Embase, and Index of Chiropractic Literature (ICL) were searched from database inception to August 2019. Eligible studies were: (a) published in English; (b) non-cadaveric animal-based; (c) original data studies; (d) included a form of MT or simulated MT as treatment; (e) included quantification of at least one delivery parameter of MT treatment; (f) quantification of at least one physiological measure that could potentially contribute to therapeutic mechanisms of action of the MT. MT studies were categorized according to three main intervention types: (1) mobilization; (2) manipulation; and (3) massage. Two-phase screening procedures were conducted by a pair of independent reviewers, data were extracted from eligible studies and qualitatively reported.

Results: The literature search resulted in 231 articles of which 78 met inclusion criteria and were sorted by intervention type. Joint mobilization induced changes in nociceptive response and inflammatory profile, gene expression, receptor activation, neurotransmitter release and enzymatic activity. Spinal manipulation produced changes in muscle spindle response, nocifensive reflex response and neuronal activity, electromyography, and immunologic response. Physiological changes associated with massage therapy included autonomic, circulatory, lymphatic and immunologic functions, visceral response, gene expression, neuroanatomy, function and pathology, and cellular response to in vitro simulated massage.

Conclusion: Pre-clinical research supports an association between MT physiological response and multiple potential short-term MT therapeutic mechanisms. Optimization of MT delivery and/or treatment efficacy will require additional preclinical investigation in which MT delivery parameters are controlled and reported using pathological and/or chronic pain models that mimic neuromusculoskeletal conditions for which MT has demonstrated clinical benefit.

Keywords: joint mobilization, massage, spinal manipulation, manual therapy, physical medicine, animals, pain, scoping review


INTRODUCTION

Manual therapy (MT) techniques are considered one of the oldest interventions in medicine (Lennard et al., 2011) and may be defined as passive movements or forces applied to joints and soft tissues, often delivered by hand (American Physical Therapy Association, 1999; American Academy of Ortopaedic Manual Physical Therapists, 2008). Examples of MT techniques include, but are not limited to, mobilization, manipulation, and massage exhibiting both demonstrated and purported physiological and/or psychological benefits including increased range of motion and tissue extensibility, reduction of pain, inflammation and swelling, and/or relaxation (American Physical Therapy Association, 1999; American Academy of Ortopaedic Manual Physical Therapists, 2008). Initially, mechanistic investigations regarding the effects of MT were primarily biomechanically focused however, a recent shift toward neurophysiological and psychological effects of MT has been observed in the literature (Bialosky et al., 2009, 2018; Lennard et al., 2011; Vigotsky and Bruhns, 2015).

Clinical benefits of MT has been reported for a wide variety of conditions including hip (MacDonald et al., 2006) and knee osteoarthritis (Deyle et al., 2000), low back pain (Licciardone et al., 2003; Childs et al., 2004; Skelly et al., 2018), carpal tunnel syndrome (Rozmaryn et al., 1998; Akalin et al., 2002), among others. Despite therapeutic benefits and high patient satisfaction (Seferlis et al., 1998; Burke et al., 2007) observed with MT treatments, appropriate utilization, and/or patient referral of these interventions by healthcare providers remains low (Li and Bombardier, 2001; Bishop and Wing, 2003). In an attempt to address this issue, clinical prediction rules for identifying individuals likely to benefit from MT have been proposed but many have not been validated and thus need to be interpreted with caution (Flynn et al., 2002; Childs et al., 2004; Cleland et al., 2006, 2007; Vicenzino et al., 2009; Puentedura et al., 2012). Although the development of prediction rules based on signs and symptoms might prove beneficial to clinical practice, a greater understanding of underlying MT physiological responses and mechanisms of action will most likely be required in order to identify those individuals that will respond better to MT interventions.

Animal studies are conducted in a variety of health-related areas, such as drug and biomedical research (Hooijmans et al., 2018), with the intent to provide greater knowledge regarding physiological mechanisms, biological effects, and dose-response relationships of particular therapeutic interventions (Hackam and Redelmeier, 2006). Despite certain translational limitations, animal models continue to be acknowledged as essential to advancing scientific knowledge and mechanistic understanding of pharmacological and non-pharmacological therapeutic interventions (Jucker, 2010; Kitta et al., 2018). A comprehensive review of physiological responses associated with MT will better inform future research efforts within the field that may ultimately lead to increased MT therapeutic efficacy and appropriate utilization by healthcare providers.



MATERIALS AND METHODS

A scoping review methodology was selected in order to compile and appraise data pertaining to our research question and to offer new insights by comprehensively examining the current state of scientific knowledge available in the literature while identifying gaps which need to be addressed. The chosen framework was based on scoping review guidelines by Arksey and O'Malley (2005) and Preferred Reporting Items for Systematic reviews and Meta-Analyses extension for scoping reviews (PRISMA-ScR Supplementary Data Sheet 1; Tricco et al., 2018).


Step 1: Identifying the Research Question

The purpose of this scoping review was to identify physiological responses related to MT, and/or simulated MT, that have been investigated using animal models.



Step 2: Identifying Relevant Studies

A search strategy was developed with the assistance of a research librarian and the following databases were searched from their inception to August 2019: PubMed, Cumulative Index to Nursing and Allied Health Literature (CINAHL), Cochrane, Embase and Index of Chiropractic Literature (ICL). A combination of keywords and indexing terms relevant to three topics (physiological responses, MT inventions and animal models) was first created for PubMed and subsequently adapted to the other databases (Supplementary Data Sheet 2). An EndNote (version X9.2, Clarivate Analytics, Boston, MA, USA) library was created, duplicates excluded and the PRISMA flow chart used to report the number of selected/excluded studies throughout the review process (Figure 1).


[image: Figure 1]
FIGURE 1. Flowchart diagram.




Step 3: Study Selection


Inclusion and Exclusion Criteria

Inclusion criteria consisted of: (a) studies published in English; (b) non-cadaveric animal-based studies; (c) original data studies; (d) included a form of MT or simulated MT as a treatment/intervention; (e) included quantification of at least one delivery parameter of MT treatment (i.e., force, amplitude, direction, duration, or frequency); (f) outcomes included at least one physiological measure that potentially could contribute to therapeutic mechanisms of action of MT. Studies were excluded if classified as: human/clinical studies, practice guidelines, unpublished manuscripts, dissertations, reviews, expert comments, book and/or book chapters, government reports, conference proceedings, reported only nociceptive behavior, or biomechanical-related data.



Screening and Agreement

Search results were screened in two phases. Phase I consisted of title and abstract screening in order to include possible relevant studies and exclude irrelevant ones. Phase II consisted of full text screening of studies previously identified as possibly relevant in order to select eligible studies. Screenings, in both Phase I and II, were conducted by two independent reviewers (CRL, WRR) and any discrepancy regarding study eligibility was mediated by a third reviewer (DFM, n = 4).




Step 4: Data Charting

The following data were extracted from eligible studies: author(s), year of publication, purpose of the study, keywords, language, animal species, type of MT or simulated MT implemented, intervention parameters, and main physiological outcomes reported. Extraction parameters were jointly defined a priori by two authors (CRL, WRR). Data extraction was then performed by one author (CRL), and verified by a second author (WRR) to account for error minimization.



Step 5: Collating, Summarizing, and Reporting the Results

Data were descriptively summarized according to the following data items:

1. Basic numerical analysis: number of studies and trends regarding year of publication.

2. Summary of findings by intervention type: average ratio of delivery parameters reported, species selected, and physiological responses associated to each MT or simulated MT being used.

3. Implication of the results: we reported review findings according to three common MT intervention types (mobilization, manipulation, and massage therapy) identified in our search in order to facilitate experimental design and translational implications for future investigations.

For the purpose of this review, the operational definitions listed in Table 1 were considered when summarizing and reporting the results.


Table 1. Operational definitions.
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RESULTS

Basic Numerical Analysis

The database search conducted on August 16th, 2019 resulted in 231 articles. After duplicates were removed, 223 articles had their titles and abstracts screened on Phase I and 154 articles were considered relevant for eligibility screening on Phase II. Of these 154 articles, 76 were excluded because of failure to meet all eligibility requirements leaving a total of 78 articles included in this review (Figure 1). Seventeen articles (21.8%) were classified as mobilization studies, 21 (26.9%) as manipulation studies, 37 (47.4%) as massage studies, and 3 (3.8%) as hybrid studies where the physiological outcomes were interpreted in conjunction with another intervention (e.g., exercise + MT). More than half (53%) of the articles were published in the last 7 years (Figure 2).


[image: Figure 2]
FIGURE 2. Number of publications per year. Hybrid studies not included.




Mobilization

A total of 17 studies investigated underlying physiological effects associated with mobilization interventions. The number of studies reporting a specific MT delivery parameter (i.e., force, amplitude, direction, duration, and movement frequency) relative to the total number of articles reviewed is shown in Table 2. Species selected for mobilization interventions included: cats (1/17), mice (3/17), rabbits (4/17), and rats (9/17). Anatomical site of mobilization included the intervertebral joint (1/17), knee joint (7/17), ankle joint (8/17), and one multi-joint intervention (squatting and standing movements). Detailed information regarding the mobilization delivery parameters, species and outcome measures utilized can be found in Supplementary Data Sheet 3.


Table 2. Ratio of parameters reported.

[image: Table 2]


Ankle Joint Mobilization

A total of eight studies investigated the effects of ankle joint mobilization (AJM) on physiological outcomes (Martins et al., 2011, 2012, 2013a,b; da Silva et al., 2015; Santos et al., 2018; Zhu et al., 2018; Salgado et al., 2019). Of these eight studies, four investigated the effects of AJM on measures related to neuropathic pain (Martins et al., 2011; da Silva et al., 2015; Santos et al., 2018; Zhu et al., 2018). Collectively, these studies reported that AJM resulted in the following: (a) reduced glial markers' expression (monoclonal mouse anti-rat CD11b/c and glial fibrillary acidic protein—GFAP) and increased myelin sheath thickness in the sciatic nerve (Martins et al., 2011), (b) significant improvement in sciatic nerve regeneration following injury mediated by nerve growth factor (NGF) and myelin protein zero (MPZ) (da Silva et al., 2015), (c) significant reduction of substance P and transient receptor potential vanilloid 1 (TRPV1) levels in the dorsal root ganglions (DRGs) (Santos et al., 2018), and (d) significant increase in μ-opioid receptor (Santos et al., 2018) and significant difference in interleukin (IL)-1β level in the nerve trunk and branches limited to treated vs. non-treated sides (Zhu et al., 2018).

Four studies investigated the effects of AJM in post-operative models (Martins et al., 2012, 2013a,b; Jielile et al., 2016). Martins et al. (2012) assessed the effects of AJM on opioid receptor and leukocyte migration after naloxone and fucoidan injections, respectively in a post-operative pain model. The reduction in mechanical nocifensive reflex observed with 9 min of daily AJM, but not three, was mediated by opioid receptor availability. Martins et al. (2013a) investigated the contribution of cannabinoid receptors to the AJM anti-hyperalgesic effects. Central blockage of cannabinoid receptor 1 ended, and peripheral blockage of cannabinoid receptor 2 reversed the analgesic effects observed with AJM, thereby suggesting endocannabinoid system involvement in AJM-induced anti-hyperalgesia. In addition, the adenosinergic system was also found to play a role in the anti-hyperalgesic effects of AJM with these effects being mediated by adenosinergic receptors, adenosine A1 and α-2-adrenergic receptors and serotonergic pathways (Martins et al., 2013b). The last study assessed the effects of AJM on oxidative stress, mitochondrial function, protein carbonyls, antioxidant enzymes superoxide dismutase (SOD), and catalase (CAT) levels in a chronic post-ischemia pain model of complex regional pain syndrome type I. AJM-related reduction in pain behavior was attributed to the prevention of oxidative stress (malondialdehyde) and an increase in protein carbonyls and CAT (Salgado et al., 2019). Jielile et al. (2016), assessed the protein expression involved in Achilles tendon healing observed with early AJM in a post-operative model. Collapsin response mediator protein 2 (CRMP-2), galactokinase 1, tropomyosin-4, and transthyretin were identified as potential proteins involved in the tissue healing process observed with early mobilization.



Knee Joint Mobilization

A total of seven studies investigated the effects of knee joint mobilization (KJM) on physiological outcomes (Ip et al., 2000; Malisza et al., 2003a,b; Skyba et al., 2003; Ferretti et al., 2006; Ruhlen et al., 2014; Wang et al., 2015). Three studies examined gene transcriptional expression in knee inflammatory models (Ferretti et al., 2006; Ruhlen et al., 2014; Wang et al., 2015). Ferretti et al. (2006) looked at physiological responses (gene transcriptional activation and IL-10 expression) of joint mobilization in a knee osteoarthritis model of inflammation. Joint mobilization inhibited the transcriptional activation of pro-inflammatory genes [IL-1β, cyclooxygenase (COX)-2, and matrix metalloproteinase (MMP)-1] and upregulated IL-10 expression consequently improving local inflammation. Additionally, Wang et al. (2015) reported that a 9% elongation of the sciatic nerve by performing knee flexion/extension (30°-130°), 10 times daily for a total of 4 weeks, significantly reducing muscle ring finger (MuRf)-1 expression and slowing muscle atrophy. Conversely, Ruhlen et al. (2014) found no statistically significant differences in gene expression induced by KJM in the rat's spinal cord.

Skyba et al. (2003) investigated the involvement of neurotransmitter's receptors (γ-aminobutyric acid—GABAA; opioid; α2-adrenergic; and 5-HT1/2 receptors) on mechanical withdrawal threshold observed with KJM (3 × 3 min; 1 min rest) in a capsaicin-induced pain model. Blockade of 5-HT1/2 and α2-adrenergic receptors, respectively, prevented and reversed the anti-hyperalgesic effect of KJM. Additionally, the blockade of GABAA and opioid receptors did not significantly affect the anti-hyperalgesia observed with KJM.

Two studies (Malisza et al., 2003a,b) used functional magnetic resonance imaging (fMRI) to assess the analgesic effects of KJM (3 × 3 min; 1 min rest) at the cerebral and spinal cord level. Injection of capsaicin into the ankle joint or into the plantar surface of the hind-paw bilaterally activated pain processing areas within the brain (anterior cingulate, frontal cortex and sensory motor cortex) and spinal cord dorsal horn. KJM, however, did not significantly affect the brain or spinal cord activations in comparison to control animals receiving no mobilization. Additionally, Kang et al. (2001) found that slow spinal (L6) ramp and hold loading (at 25%, 50%, 75%, and 100% body weight) following chemosensitive afferent stimulation (subfascial or intramuscular injection of bradykinin/capsaicin) failed to alter paraspinal muscle spindle sensitivity.




Manipulation

A total of 21 studies investigated physiological responses for manipulation-related interventions. The number of studies reporting the specific MT delivery parameters (i.e., force, amplitude, direction, duration, and movement frequency) relative to the total number of articles reviewed is shown on Table 2. Species chosen for manipulative interventions included: dogs (1/21), sheep (3/21), rats (6/21), and cats (11/21). Site of intervention was unanimously the spine. Detailed information regarding the manipulation parameters, species and outcome measures being utilized can be found in Supplementary Data Sheet 3. Out of the 21 studies, 18 investigated electrophysiological aspects of spinal manipulation (SM) on physiological outcomes (Pickar and Wheeler, 2001; Sung et al., 2005; Pickar and Kang, 2006; Song et al., 2006, 2016; Pickar et al., 2007; Colloca et al., 2008; Cao et al., 2013; Reed et al., 2013, 2014a,b,c, 2015a,b, 2017a,b; Reed and Pickar, 2015; Duarte et al., 2019).


Muscle Spindle Afferent Response

Investigating paraspinal (multifidus and longissimus) muscle spindle response during the SM thrust, Pickar et al. found that lumbar SM (Posterior-to-Anterior direction—PA; 0, 200, 400, and 800 ms; 33, 66, or 100% body weight—BW thrust magnitude) demonstrated an abrupt increase in spindle discharge as thrust duration approached 100 ms which has clinical relevancy to manually delivered SM (Sung et al., 2005; Pickar and Kang, 2006; Pickar et al., 2007). They also noted higher spindle sensitivity to 1 mm vertebra displacements compared to 2 mm displacements during SM (Pickar et al., 2007). Additional studies by this group (Cao et al., 2013; Reed et al., 2013, 2014a,b,c, 2015a,b, 2017a,b; Reed and Pickar, 2015) extensively investigated paraspinal muscle spindle response to varied combinations of manipulative thrust durations, thrust magnitudes, thrust directions, anatomical location, as well as the impact of soft tissue preload and lumbar facet joint fixation on spindle response.

Reed et al. (2014a) investigated how soft tissue preload (18 and 43% of peak applied thrust force; at 1 or 4 s duration) prior to SM delivery affected lumbar spindle responses during and after SM (55% BW; 75 ms thrust duration). Smaller preload magnitudes and longer preload durations significantly increased spindle discharge during the manipulative thrust. The highest preload magnitude and longest duration led to a significantly greater mean decrease in resting spindle discharge following SM, but these decreases were fairly modest in magnitude.

Reed and Pickar (2015) investigated the effects of 4 specific anatomic SM thrust locations (L6 spinous process, L6 lamina, L6 inferior articular process, and L7 spinous process) on L6 spindle response. L6 SM (peak force of 21.3N; 100 ms pulse duration; PA direction) significantly increased spindle discharge at all L6 contact sites compared to the L7 contact site. However, there were no statistically significant differences between spindle response during SM between any of the L6 SM contact sites (Reed et al., 2015b). In addition, L6 spindle afferent response to SM thrust duration (55% BW; at 0, 75, 100, 150, and 250 ms) delivered at either L4 or L6 in different spinal joint conditions (L6 lumbar laminectomy-only followed by single and/or multiple spinal levels of unilateral facet fixation) was investigated. Independent of spinal joint condition, shorter L6 thrust durations (≤150 ms) elicited the greatest change in mean L6 spindle response. They also found that L4 SM elicited 60–80% of the L6 spindle response compared to when SM was delivered at the L6 spinous process in the presence or absence of spinal facet joint fixation. Together, these findings demonstrated for the first time the existence of a regional mechanoreceptor response gradient related to SM delivery and a proportional decrease in muscle spindle response to SM directly related to increases in spinal joint quasi-stiffness.

Muscle spindle response to extremely short (2–3 ms) SM thrust durations using two commercially available SM devices (Activator® and Pulstar®) were also investigated (Reed and Pickar, 2015; Reed et al., 2017b). Preliminary data suggests that post-SM thrust spindle responses are thrust parameter and device specific. These extremely short thrust durations decreased muscle spindle discharge upon delivery and depending on device force setting, between 44 and 80% (Pulstar®) and 11–63% (Activator®) of spindle responses required prolonged periods (>6 s) to return to within 95% of baseline mean frequency discharge (Reed et al., 2017b).



Neuronal Activity

Reed and colleagues also investigated the effects of different SM thrust magnitudes (0, 55, and 85% BW; at 100 ms pulse duration) and thrust durations (100 and 400 ms; at 85% BW) on mechanical trunk thresholds (PA; 45° caudal-ward; 45° cranial-ward directions) in lateral thalamic neurons (wide dynamic range—WDR; nociceptive specific—NS) (Reed et al., 2014b,c). There was a significant increase in mechanical trunk threshold among NS neurons at 85% BW in comparison to 0% (non-thrust) in the PA direction while no statistically significant differences were found among WDR neurons (Reed et al., 2014b). Additionally, SM thrust duration appeared not to impact the mechanical trunk threshold of NS lateral thalamic neurons (Reed et al., 2014c). Reed et al. (2017a), investigated the effect of lumbar SM (85% BW; 100 ms pulse duration; in PA direction) on spontaneous and noxiously evoked activity in medial thalamic submedius neurons. A significant reduction in spontaneous activity was found to occur 180–240 s following an L5 lumbar thrust and inhibitory evoked responses in the contralateral hind-paw were attenuated compared to non-thrust controls.

Song et al. (2006) demonstrated changes in mechanical and thermal sensitivity with SM (<0.1 ms; daily for 7 days and every other day for the following week) following lumbar inflammation that was induced by the injection of an inflammatory soup (bradykinin, 5-HT, histamine, and prostaglandin) into the L5 intervertebral foramen. In vitro electrophysiological recordings from L5 DRG neurons from these animals were performed and SM resulted in a significant reduction in neuronal hyperexcitability following induced tissue inflammation.



Electromyography

Colloca et al. (2006) investigated effects of varied force-time profiles of SM on multifidus muscle electromyographic (EMG) response in adolescent sheep. A significant increase in EMG response was recorded when the manipulative force was increased (20, 40, 60N) and SM thrust duration held constant (100 ms). On the other hand, no statistically significant differences were found for different thrust durations (10, 100, 200 ms) at constant force (80N). Similar EMG responses to SM were also found in animals with healthy or degenerative discs (Colloca et al., 2008). EMG responses (multifidus muscle) to SM (80N at 10 or 100 ms) in different models of spinal lesions (spondylolytic defects and annular lesions) were also determined (Colloca et al., 2012). Significant differences in EMG positive response were found between the annular lesion's group and its control (with the degenerative model expressing 25–30% reduction in positive EMG response), while no statistically significant EMG differences were found between the spondylosis group and its control (Colloca et al., 2012).



Immunologic Response

Song et al. (2016) determined the effects of SM (<0.1 ms pulse duration; rostrally at 40°-50° to the vertebral horizontal line) on a neuroinflammatory profile [neuron excitability, c-Fos and protein kinase C (PKC)-γ expression, IL-1β, TNF-α, IL-10] at the DRG and spinal cord level in both a neuropathic and post-operative pain models. SM significantly reduced DRG neuron hyperexcitability, c-Fos and PKCγ expression, as well as IL-1β in DRG neurons. Additionally, a significant increase in IL-10 levels was observed in the spinal cord. Just recently, Duarte and colleagues showed that SM prevented increases in lipid hyperoxides as well as nitric oxide (NO) metabolites and reduced CAT enzymatic activity in a knee immobilization pain model (Duarte et al., 2019).

In addition to the above studies, Wynd et al. (2008) reported that a series of 20 cervical manipulations failed to alter the area, length, or volume of a pre-existing experimentally-induced canine vertebral artery lesion.




Massage

A total of 37 studies investigated physiological responses to various massage interventions. The number of studies reporting specific MT parameters (i.e., force, amplitude, direction, duration, and movement frequency) relative to the total number of articles reviewed is shown in Table 2. Species chosen for massage interventions included: sheep (1/27), cats (1/27), mice (5/27), rabbits (6/27), and rats (24/27). Anatomic sites of intervention included various parts of the body (i.e., back, neck, eyelids, abdomen, and upper limb). Detailed information regarding the massage delivery parameters, species and outcome measures utilized can be found in Supplementary Data Sheet 3.


Autonomic and Circulatory-Related Responses

Kurosawa et al. (1995) looked at the effects of abdominal massage (ventral and/or lateral regions, 20 cm/s, 0.017–0.67 Hz, 100–150 mmH2O, for either 1 or 5 min) on arterial blood pressure (carotid artery) in anesthetized rats. Stroking the ventral or both the ventral and lateral abdominal regions for 1 min significantly reduced arterial blood pressure (50 mmHg) to a greater degree than by stroking the lateral side alone (30 mmHg) with blood pressure returning to baseline levels within 1 min after massage cessation. Lund et al. (1999) determined the effects of massage on blood pressure and heart rate (HR) in unanesthetized rats. Massage-like stroking maneuvers were delivered for either 2 or 5 min to the rat's abdomen or back. Five minutes of abdominal massage reduced blood pressure by 20mmHg and HR by 60 beats/min for up to 4 h, while 2 min of massage produced less pronounced effects. Spurgin et al. (2017) used an adapted sphygmomanometer to deliver controlled abdominal massage (20 or 40 mmHg; 5 min) to two strains of rats. Systolic blood pressure was significantly reduced at various time intervals following 20 and 40 mmHg massage in both strains with 40 mmHg yielding a greater reduction in both strains.



Lymphatic and Immune Response

Wolf et al. (1994) investigated the lymphotropic effects of massage by following the transport of nanoparticles using quantitative lymphography. After injection of labeled nanoparticles, the hind-paw was massaged for 9 min and quantitative lymphography of popliteal, presacral, and paraaortic nodes conducted every 10 min. Massaging the injection site significantly increased lymph flow rate and lymph node nanoparticles' accumulation demonstrating that gentle massage proved to be a powerful lymphotropic stimulus. Trubetskoy et al. (1998) studied the effects of massage (5 min) on liposome transportation via lymphatic pathways. Liposomes (200 nm) with incorporated angiotensin II (polyethyleneglycol-distearoyl phosphatidyl ethanolamine—PEG-PE; Plain egg phosphatidyl choline—EPC; and non-encapsulated angiotensin II) were injected in the front paw of New Zealand white rabbits and planar gamma-images of the rabbits' upper body were taken at 20 and 25 min after injection. Massage of the injection site was delivered between the two gamma recordings and significantly increased the percentage (40%) of injected liposome dose in the blood indicating that liposome release into the bloodstream is an event triggered by massage.

Major et al. (2015) investigated the immunologic modulation effects of massage (brush or hand stroking from thoracic to superior hind-limb region; 60 min for a total of 8 days) in mice. Significant increases in thymocyte number as well as CD4+CD8+, CD4+, and CD8+ subpopulations for the hand-massaged group were found in comparison to control (no massage/handling). These changes were accompanied by a significant reduction in noradrenergic innervation of lymphoid organs. No statistically significant differences were observed for the brush-massage group. Waters-Banker et al. (2014) studied the effects of 4 days soft tissue cyclic compressive loads (CCL) of varying forces (0N, 1.4N, 4.5N, and 11N; 30 min) on gene expression and immune response in healthy skeletal muscle. Results indicated that 534 genes were differentially expressed due to massage and 47% of the functional clusters expressed had immunological functions. Gene expression and immune response [Chemokine (C-C motif) receptor-2, Leukocyte immunoglobulin-like receptor (subfamily B, member 4), Cd74 molecule major histocompatibility complex (Class II), Lysozyme 2, and Chemokine (C-X-C motif) receptor-5] varied depending on the load being applied with up- and down-regulation being observed. These findings suggest that immunologic responses induced by massage are likely load dependent in healthy skeletal muscles. Miller et al. looked at the effects of CCL (4.5N, 0.5 Hz, 30 min, every other day for 8 days) on muscle regrowth following atrophy. Significant increases in gastrocnemius cross-sectional area and higher levels of cytosolic and myofibrillar proteins after CCL treatment compared to reloading alone and the contralateral limb (no massage) occurred. Significant increases in DNA synthesis were also observed after CCL compared to reloading (Miller et al., 2018). Additionally, Saitou and colleagues found that local CCL (50 mmHg intramuscular pressure waves, 1 Hz, for 30 min) significantly reduced muscle atrophy (increased cross-sectional area and force production) by modulation of local inflammatory responses (decreased TNF-α-positive, and F4/80- MCP-1-, or TNF-α- double positive) when compared to the contralateral non-massaged hind-limb (Saitou et al., 2018).

Haas and colleagues looked at the effects of varied duration (15 or 30 min), magnitude (5 or 10N) and frequency (0.25 or 0.50 Hz) of massage-like movements on skeletal muscle's recovery after exercise in a rabbit model. After 4 days of massage, significant differences were found for magnitude and frequency with 10N and 0.5 Hz eliciting the best recovery (reduction of myofibrils' damage and leukocyte infiltration), respectively. No statistically significant differences were found for duration (Haas et al., 2013b). This group further investigated the effects of immediate (right after exercise) and delayed (48 h after exercise) massage-like movements (0.5 Hz, 10N, for 15 min) for a total of 4 days on the tibialis anterior muscle recovery. Although significant increases were observed in peak torque output with immediate massage eliciting the greater increases, no statistically significant differences were found for inflammatory cell infiltration (RPN3/57 and CD11b staining) between the two groups (Haas et al., 2013a).



Visceral Response

Holst et al. (2005) investigated the effects of 5 min of repeated abdominal stroking (3 or 14 treatments every 2nd day) on plasma levels of gastrointestinal hormones (insulin, gastrin, glucose, and somatostatin) in male rats. Blood samples were collected 10 min after the last massage treatment, plasma separated and radioimmunoassay (gastrin and insulin) and spectrophotometry (glucose) performed. Three sessions of massage significantly decreased plasma levels of insulin and somatostatin, while 14 sessions significantly decreased plasma level of insulin and gastrin, and increased the level of glucose compared to the control group (only handling of the animal). Zhu et al. (2017) determined the effects of low and high intensity (low: 50 g, 50 times/min; high: 100 g, 150 times/min; 14 days) clockwise circular massage and drug administration (intragastric mosapride) on bowel dysfunction in a rodent model of spinal cord injury. Massage therapy showed significant improvement in weight, time to defecation, feces amount, fecal pellet traits, colon histology as well as a significant improvement of interstitial cells of Cajal, c-kit mRNA, and protein levels. Observed improvements were frequent- and pressure-dependent, with high intensity massage eliciting significantly better results compared to low massage intensity and drug administration. Additionally, Chapelle and Bove (2013) investigated the effects of massage (1 min, side to side, and clockwise motions) on gastrointestinal function in a model of post-operative ileus. Overall gastrointestinal function (reduced time to first fecal discharge and improved transit) and reduced intraperitoneal protein and leukocyte levels improved significantly, compared to the non-massaged group.

Bove and Chapelle (2012), Bove et al. (2017) investigated the preventive and treatment effects of abdominal massage (clockwise circles, immediately after surgery or 7 days later) on post-operative abdominal adhesions. Significant reductions in frequency and size of adhesions and a delay in trophic macrophage appearance intraperitoneally were reported. Jay et al. (1986) investigated the effects of digital massage to the closed eyelid (15 min) on intraocular pressure (IOP) and nerve blood flow (ocular and optical nerves). Immediately after massage, both the treated (right) and non-treated (left) eyes showed significant decreases in IOP. Additionally, nerve blood flow was lower during massage and significantly higher after massage for up to 15 min.



Gene Expression

Liu and colleagues determined the effects of massage on hepatic gene transfer after intravenous injection of plasmid DNA in mice. Digital pressure was applied using the thumbs to the mice's abdomen in antero-posterior direction using varied repetition and duration regimens. Abdominal massage of four times for 1 s each was the optimal dosage for gene transfer/protein expression in the liver and that this gene transfer is at least partially mediated by pressure and membrane changes in liver cells allowing for simple diffusion of naked DNA into the cell to occur (Liu and Huang, 2002; Liu et al., 2004).



Neuroanatomical Effects

Skouras et al. (2009) determined the effects of manual stimulation on axonal collateral branching, muscle reinnervation and functional recovery of vibrissal whisking after nerve reconstruction via facial-facial anastomosis. Five minutes of forward stroking on the whisker delivered daily for 4 months significantly increased whisker movement amplitude and significantly reduced poly-innervated endplates, but showed no statistically significant differences in axonal collateral branching after reconstruction. Raza et al. (2015) investigated the effects of massage-like tactile stimulation (3x daily for 15 min) on neuroanatomy in a rodent model of autism. Significant increases in dendritic branching and spine density in three distinct areas (medial prefrontal cortex, orbital frontal cortex, and amygdala) were observed. Similar neuroanatomical changes and improved motor function were observed after tactile stimulation (3x daily for 15 min) in different models of brain injury (frontal and somatosensory cortex) (Gibb et al., 2010). Tactile stimulation (3 min/day for 33 days) also resulted in reversal of some optic nerve cytoarchitecture changes caused by early iron deficiency (Horiquini-Barbosa et al., 2017).



Function and Pathology

Bove et al. (2019) investigated the preventive effects of massage to the forearm on musculoskeletal symptoms and tissue pathology induced by a volitional repetitive task. Massage therapy consisted of 10 cycles of lateral mobilization of forearm flexor muscles, 5 skin rolling over the forearm and long axis stretching of the entire upper limb. Maneuvers were performed for a total of 5 min during 3 weeks of treatment. Massage improved repetitive task performance and decreased discomfort-related rat behaviors. Electrophysiological recordings from the medial nerve showed that the injury + massage group had reduced ongoing neuronal activity in comparison to the injured + non-massage group. Massage also prevented the increase in CD68, neutrophils, collagen deposition and anti-degraded myelin basic protein (DMBP) in the median nerve. Pan et al. (2017) assessed the effects of Tuina massage therapy (0.98N, 30x/minute per acupoint, once daily for 20 days) on motor function, muscle mass and tissue plasminogen activator (tPA) and plasminogen activator inhibitor-1 (PAI-1) levels in a neuropathic pain (sciatic nerve) model. Treatment significantly improved motor function, decreased levels of tPA and PAI-1 and no muscle volume differences were observed. Other massage-related studies investigated its effects on muscle reinnervation/whisking function (Guntinas-Lichius et al., 2007; Grosheva et al., 2008; Ozsoy et al., 2014), nerve injury (Mei et al., 2010), angiogenesis-initiating factors (Ratajczak-Wielgomas et al., 2018), and supraoptic neuroendocrine cells (Myers and Jennings, 1985) with their findings summarized in Supplementary Data Sheet 3.



Cellular Response to Simulated in vitro Massage

Agarwal et al. (2001) assessed the effects of cyclic tensile strain (CTS) in temporomandibular joint inflammation in an attempt to investigate cellular effects of simulated massage. CTS modulated proinflammatory actions of human recombinant (rHuIL-1b) by suppressing IL-1β, isoform NO synthase (iNOS), COX-2, NO, prostaglandin (PG)E2, matrix metallopeptidase (MMP)-1, and proteoglycan syntheses. Additionally, CTS induced a greater MMP- 2 mRNA expression. Madhavan et al. (2007) found that CTS prevents NF-κB transcriptional activation and induces pro-inflammatory genes by regulating transforming growth factor beta-activated kinase (TAK)1 in its signaling cascade.




Hybrid Studies

A total of 3 studies were considered as hybrids where the intervention included MT or simulated MT combined with another type of intervention (Pollock et al., 1950; Andrzejewski et al., 2015; Bove et al., 2016). The MT physiological outcomes associated with these combinatorial studies were not interpreted in an isolated manner, thus making it difficult to isolate which physiological outcome was associated with a specific type of therapy. Despite this confounding factor, they still fell within the scope of this review and the decision was made to include them.

Pollock et al. (1950) reported that massage (leg and feet for 5 min) with passive joint mobilization (knee, ankle and toes; 10x per joint) diminished the development of contractures and observed fibrillations but no statistically significant differences in muscle atrophy or histologic appearance were noted. Andrzejewski et al. (2015) assessed the effects of massage (prior and during exercise) on vascular endothelial growth factor (VEGF)-A expression in muscle. Increased VEGF-A expression was observed on both groups (prior and during exercise) after week one indicating that massage likely contributes to the development of new and existing vascular networks in the muscle. Bove et al. (2016) found that massage and joint mobilization decreased deposition of collagen and transforming growth factor beta-1 (TGF-β1) in the forepaw tissues (median nerves and lumbrical muscles) compared to the control group.




DISCUSSION

The main objective of this scoping review was to identify and summarize physiological changes associated with MT delivered in animal models so as to serve as a resource to better understand and inform future mechanistic and clinical studies involving these increasingly popular integrative approaches to pain management and overall health. While we recognize that MT encompasses many additional forms of therapeutic application, articles for this review were restricted to three commonly used MT clinical interventions (mobilization [n = 17], manipulation [n = 21], and massage therapy [n = 37]). Due in part to the opioid crisis in pain management (Manchikanti et al., 2012; Vadivelu et al., 2018), mechanistic-oriented research interest in non-pharmacological approaches, such as MT, is rapidly growing as evidenced by more than half (53%) of the articles presently reviewed having been published within the last 7 years.

Mobilization interventions were constituted primarily of AJM and KJM studies. Joint mobilization was reported to induce changes in inflammatory profile (Ferretti et al., 2006; Martins et al., 2011; Zhu et al., 2018), gene and protein expression (Ferretti et al., 2006; Wang et al., 2015; Jielile et al., 2016), receptor activation (Skyba et al., 2003; Martins et al., 2012, 2013a,b), neurotransmitter release (da Silva et al., 2015; Santos et al., 2018), oxidative markers and enzymatic activity (Salgado et al., 2019). The majority of mobilization studies supported anti-hyperalgesic/analgesic effects and suggested a variety of potential peripheral and central biological mechanisms were potentially responsible using multiple types of pain models including neuropathic, inflammatory, post-operative, and chronic post-ischemia pain. Reduction of glial hyperactivation and neuropeptide release, coupled with increased endogenous opioid receptor and endocannabinoid system involvement, along with antioxidant enzyme activity collectively point to an increased rationale and need for additional study of joint mobilization in acute and chronic pain management. A present challenge for mobilization, as well as most other MT interventions, is the determination of the optimum treatment frequency and dosage necessary to maximize key physiological changes that sustain diminution of the acute and chronic pain experience. To successfully resolve this optimization of treatment challenge, a stronger scientific emphasis needs to be placed on determining causal mechanisms underlying these aforementioned and other yet to be elucidated physiological responses.

The manipulation studies were unanimously spinal in nature. SM was shown to elicit changes in muscle spindle activity (Pickar and Wheeler, 2001; Sung et al., 2005; Pickar and Kang, 2006; Cao et al., 2013; Reed et al., 2013, 2014a, 2017b), neuronal activity (Song et al., 2006; Reed et al., 2014b,c, 2017a), electromyography (Colloca et al., 2006, 2008, 2012), and immunologic response (Song et al., 2016; Duarte et al., 2019). Manipulation as a therapeutic intervention is distinct from mobilization in that typically a single high velocity, short duration (<150 ms) impulse or manipulative thrust is delivered into a joint. A long-acknowledged mechanistic challenge to clinical manipulation-related research remains the fact that biomechanical characteristics of clinically delivered SM are highly variable and often depend on the specific manipulative technique used, anatomical location to which SM is delivered, the physical complaint, findings on the physical exam or the presence of comorbidities, along with both the clinician's and/or patient's body-type. Evidence presented in this review suggests that peripheral and/or central physiological responses to SM are delivery parameter specific. For example, peripheral muscle spindle afferent response and/or central thalamic neuron activity were shown to be significantly impacted by the manipulative thrust magnitude, thrust duration, tissue preload, anatomic site, and/or joint condition at which the SM was delivered (Cao et al., 2013; Reed et al., 2013, 2014a,b,c, 2015a,b, 2017a,b; Reed and Pickar, 2015). Despite experimentally delivered SM thrusts typically being delivered to a specific vertebra, mechanoreceptor responses to these anatomically well-localized thrusts have been demonstrated to occur several vertebral segments away (Reed and Pickar, 2015) as would be anticipated to occur clinically with even less precise thrust delivery. This demonstration of an SM mechanoreceptor response gradient (Reed and Pickar, 2015) may have clinical implications, not only for SM but for other types of MT as well. The concept of delivery specificity (or clinically a lack thereof) becomes particularly important if it is determined that a specific threshold of MT mechanoreceptor activation is required at a particular anatomical site to elicit a clinical meaningful benefit. There continues to be a great need for mechanistic and clinical studies investigating physiological responses to MT that incorporate different SM dosage delivery parameters. In addition, unlike many of the joint mobilization studies, the majority of reviewed SM studies were performed in animal models which failed to mimic any musculoskeletal pain or pathological conditions. Physiological responses related to SM will no doubt be impacted by tissue inflammation, or neuromusculoskeletal pathology warranting additional preclinical/clinical SM investigations in more relevant models of pain or musculoskeletal pathophysiology.

Massage interventions were applied at various body locations and represented the largest number of published articles out of the three types of MT articles reviewed. Massage therapy was associated with changes in autonomic and circulatory functions (Kurosawa et al., 1995; Lund et al., 1999; Smith and Schober, 2013; Spurgin et al., 2017), lymphatic and immune functions (Wolf et al., 1994; Trubetskoy et al., 1998; Haas et al., 2013a,b; Waters-Banker et al., 2014; Major et al., 2015; Miller et al., 2018; Saitou et al., 2018), visceral response (Jay et al., 1986; Holst et al., 2005; Bove and Chapelle, 2012; Chapelle and Bove, 2013; Bove et al., 2017; Zhu et al., 2017), gene expression (Liu and Huang, 2002; Liu et al., 2004; Jiang et al., 2014), neuroanatomy (Skouras et al., 2009; Gibb et al., 2010; Raza et al., 2015), function and pathology (Vrontou et al., 2013; Pan et al., 2017; Bove et al., 2019), and cellular response to in vitro simulated massage (Agarwal et al., 2001; Madhavan et al., 2007; Sowa and Agarwal, 2008). The variability observed in the parameters, applied techniques, body parts, and experimental objectives of massage therapy reflects the broad applicability of this MT intervention and these should be taken into account in future experimental study design. However, such broad application variability can make comparison of physiological effects somewhat difficult, particularly considering that different application parameters (i.e., magnitude) will stimulate different tissues and/or nerve fibers. The overall average of delivery parameters being reported was highest for mobilization studies, followed by manipulation studies and lastly massage studies (Table 2). These five parameters (i.e., force, amplitude, direction, duration, or movement frequency) were selected because they were considered essential to general practice and potentially therapeutic outcomes of MT.



LIMITATIONS

Limitations associated with this scoping review include: (1) selecting publications in English only which could potentially reduce the number of studies being retrieved from the literature search; (2) although not the primary focus of this review, greater analysis of behavioral outcomes associated with these MTs could increase our mechanistic understanding of these therapies; (3) the large variability in delivery parameters (methodology differences even among identified MT techniques), involved tissues, and terminology/definition associated specifically with massage made it more difficult to assess for article inclusion than mobilization or manipulation. Various forms of tactile or soft tissue mechanical stimulation was often termed “massage” by authors, however it was not akin to the type of massage typically delivered for therapeutic purposes in an integrative healthcare setting. Thus, terminology differences used in the field of MT may have resulted in some relevant articles being overlooked or excluded. While this review primarily reports dichotomizations of effects, this strategy allowed a succinct summary of a large and diverse body of literature. A good number of publications failed to report all relevant data (i.e., actual P-values, effect sizes), contextual, and/or subordinate factors necessary to make pertinent comparisons within/between MT therapeutic interventions.



FUTURE DIRECTIONS

Despite the recent increase in the number of basic science investigations into various physiological changes associated with MT approaches, this review has identified numerous areas that require further study, if indeed the physiological and/or psychological mechanisms underlying MT therapeutic benefits are to be elucidated. Regardless of MT approach, limited evidence exists related to peripheral or central mechanisms involved, and the vast majority of in vivo physiological studies typically record outcomes immediately following (or very shortly thereafter) MT delivery. More long-term or longitudinal MT-related preclinical studies are needed as are studies investigating the physiological impact of various MT dosage. Preclinical studies are just beginning to recognize and demonstrate that analgesic modulation related to MT involve complex mechanistic interactions such as endogenous opioid, endocannabinoid, and/or neuroimmune contributions (Vigotsky and Bruhns, 2015), and these effects may require that certain MT dosage thresholds be achieved. Sustained lines of investigation incorporating new and existing preclinical models of neuromuscular pathophysiology and/or somatovisceral pain are needed to investigate each facet of the mechanistic comprehensive model described by Bialosky et al. (2009, 2018). Preclinical studies investigating MT effects on: gene expression, neurotransmitter/neuropeptide/cytokine release, mechanosensitive ion channel activation, neuroimmune response, global cortical/spinal circuit connectivity and descending inhibition, connective tissue stress and strain, neuronal hyperactivity, and synaptic organization are all sorely needed to advance the field and deepen our understanding of MT. As advancements are being made in small animal imaging technology, increased use of these tools will be extremely beneficial in MT preclinical studies allowing more complex and longitudinal study designs with appropriate controls. Use of larger animal models (sheep, pig, etc.) would also prove beneficial allowing MT to be biomechanically applied in a more similar manner to that being delivered in clinical settings.



CONCLUSIONS

Findings from this review suggest that MT approaches elicit numerous and varied physiological changes that alter neural, lymphatic, autonomic, genetic, and molecular responses. Mobilization was shown to modulate nocifensive reflexes potentially via a variety of peripheral and/or central mechanisms, while SM studies clearly demonstrated the importance of delivery parameters to physiological responses occurring at peripheral and/or central levels. Massage therapy was associated with many physiological effects, however due to the wide spectrum of application methodology, terminology, and lack of delivery parameter measurements, collective comparisons and/or relevancy is somewhat difficult. Taken together, these studies highlight the need and importance of capturing and reporting MT delivery parameters as well as the adoption of more uniform operational terminology among MT preclinical and clinical researchers in order to increase rigor, reproducibility and better allow for data comparisons between studies so as to obtain the ultimate goal of improving MT clinical care.
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Localized neuropathic pain can be relieved following the topical application of high-concentration capsaicin. This clinical effect is thought to be related to the temporary desensitization of capsaicin- and heat-sensitive epidermal nociceptors. The objective of the present study was to examine whether the changes in thermal sensitivity induced by high-concentration topical capsaicin can be explained entirely by desensitization of capsaicin-sensitive afferents. For this purpose, we characterized, in 20 healthy human volunteers, the time course and spatial extent of the changes in sensitivity to thermal stimuli preferentially activating heat-sensitive A-fiber nociceptors, heat-sensitive C-fiber afferents, and cool-sensitive A-fiber afferents. The volar forearm was treated with a high-concentration capsaicin patch for 1 h. Transient heat, warm and cold stimuli designed to activate Aδ- and C-fiber thermonociceptors, C-fiber warm receptors, and Aδ-fiber cold receptors were applied to the skin before and after treatment at days 1, 3, and 7. Reaction times, intensity ratings, and quality descriptors were collected. The stimuli were applied both within the capsaicin-treated skin and around the capsaicin-treated skin to map the changes in thermal sensitivity. We found that topical capsaicin selectively impairs heat sensitivity without any concomitant changes in cold sensitivity. Most interestingly, we observed a differential effect on the sensitivity to thermal inputs conveyed by Aδ- and C-fibers. Reduced sensitivity to Aδ-fiber-mediated heat was restricted to the capsaicin-treated skin, whereas reduced sensitivity to C-fiber-mediated heat extended well beyond the treated skin. Moreover, the time course of the reduced sensitivity to C-fiber-mediated input was more prolonged than the reduced sensitivity to Aδ-fiber-mediated input.
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Introduction

High-concentration topical capsaicin application is used to treat localized neuropathic pain. The relief of pain that may follow this topical treatment is thought to be related to the temporary deactivation of heat-sensitive epidermal nociceptors expressing the Transient Receptor Potential Vanilloid 1 (TRPV1) (Caterina et al., 1997; Wang et al., 2017). Skin biopsies conducted after prolonged or high-concentration application of capsaicin onto the skin have shown that it induces a marked reduction of intra-epidermal nerve fiber density (Nolano et al., 1999; Rage et al., 2010). Very recently, Wang et al. (2017) showed that this “axonal ablation” results from TRPV1-mediated calcium influx and the activation of calcium-dependent calpain. In healthy volunteers, topical capsaicin has been used to study the role of TRPV1 in heat perception (Nolano et al., 1999; Polydefkis et al., 2004; Kennedy et al., 2010; Rage et al., 2010; Lo Vecchio et al., 2018) and to investigate the contribution of TRPV1-positive fibers in sensitization and hyperalgesia (Ziegler et al., 1999; Magerl et al., 2001; Henrich et al., 2015). The reduced sensitivity to heat observed after topical capsaicin in healthy volunteers appears to be short lasting, with maximum effects observed 1–3 days after treatment followed by rapid recovery (Rage et al., 2010; Bauchy et al., 2016; Lo Vecchio et al., 2018). In healthy volunteers, a divergence has been reported between the quite rapid return of heat sensitivity and a slower return of visible epidermal nerve endings in skin biopsies (Kennedy et al., 2010; Rage et al., 2010).

Capsaicin is supposed to specifically act on TRPV1-expressing nociceptors in the skin, thereby selectively abolishing sensitivity to noxious temperatures (>46°C) (Treede et al., 1995; Ringkamp et al., 2001; Churyukanov et al., 2012). In rodents, it was shown that TRPV1 is one of three functionally-redundant TRP-receptors (TRPV1, TRPM3, and TRPA1), as the behavioral responses to noxious heat stimuli are abolished only when all three receptors are knocked out (Vandewauw et al., 2018). During the acute phase of topical capsaicin treatment (i.e. during its application and the hours that follow application), a marked hypersensitivity to heat and mechanical pinprick stimuli is observed at the treated area, as well as in the surrounding skin (Culp et al., 1989). Increased heat sensitivity has been ascribed to a direct effect of capsaicin on heat-sensitive TRPV1-expressing nociceptors (Caterina et al., 1997), whereas the increased sensitivity to mechanical pinprick stimuli is thought to be related to secondary hyperalgesia and sensitization at the level of the central nervous system (Henrich et al., 2015). These studies point out that capsaicin-responsive nerve fibers play a crucial role in the transduction and perception of acute thermal stimuli as well as in the adaptation of the central nervous system after harmful events such as noxious temperatures.

Since topical capsaicin is thought to temporarily deactivate a particular population of nerve fibers, those expressing TRPV1, it can be used to study the contribution of capsaicin-sensitive fibers to the perception of newly encountered sensory stimuli and the perceptual adaptation to a temporary loss of function of these fibers. To our knowledge, it was never investigated how sensory fibers in the skin surrounding the capsaicin-denervated area respond to the selective ablation of capsaicin-sensitive fibers. For this reason, in the present study, we performed a sensory mapping of the human skin using different types of thermal stimuli expected to preferentially activate different types of heat-sensitive afferents. Brief high-intensity heat stimuli were used to generate responses predominantly related to the activation of quickly responding type 2 Aδ-fiber heat nociceptors. Short-lasting intermediate- and low-intensity heat stimuli were used to generate responses related to the preferential activation of heat-sensitive C-fiber nociceptors or C-fiber warm receptors, having a lower thermal activation threshold than type 2 Aδ-fiber nociceptors (Hallin et al., 1982; Green and Cruz, 1998; Plaghki and Mouraux, 2003; Wooten et al., 2014). Finally, innocuous cool stimuli were used to produce responses related to the selective activation of cool-sensitive A-fiber afferents (Yarnitsky and Ochoa, 1991; Campero et al., 2001). All stimuli were applied not only within the capsaicin-treated area, but also at the border of the treated area, and at control sites distant from the treated area.

The study aimed to answer the following three questions. First, does topical capsaicin alter only the perception of noxious heat or are other thermal modalities affected? Second, what are the peripheral afferents involved in the reduced thermal sensitivity that follows treatment with topical capsaicin? Third, does capsaicin only affect thermal sensitivity within the treated skin, or does it also affect thermal sensitivity in the surrounding non-treated skin, possibly because the sensory system reorganizes in response to the ablation of capsaicin-sensitive fibers?



Materials and Methods


Participants

Twenty-one healthy volunteers were enrolled in this study (11 men and 10 women; aged 22–50 years; 27.0 ± 1.5 years [mean ± SEM]). The experiments were conducted according to the Declaration of Helsinki. Approval for the conduction of the experiment was obtained from the local Ethical Committee (UCLouvain commission d’éthique bio-médicale hospitalo-facultaire). All participants signed an informed consent form and received financial compensation for their participation.



Forearm Mapping

With the help of a template applied against the skin, 13 test areas were defined on the capsaicin-treated forearm as shown in Figure 1. Five test areas were located inside the 5 × 5-cm area of capsaicin-treated skin (C1–C5), whose center was positioned 8 cm distal from the cubital fossa. Four test areas were located close to the border of the treated skin (B1–B4; edge of test area 1.5 cm from the edge of the capsaicin-treated skin). Four test areas were defined further away from the treated skin, at more remote locations (R1–R4; edge of test area 3.5 cm away from the borders of the capsaicin-treated skin). Finally, four additional test areas were defined on the contralateral forearm, at the locations corresponding to the area of capsaicin application on the capsaicin-treated forearm (CON1–CON4).




Figure 1 | Time line, area stimulated, and sensory stimuli used in this study. (A) Sensory testing at baseline was performed on day 0 (D0), after which participants received a capsaicin patch for 1 h. Thereafter post-treatment sensory testing was conducted at days 1, 3, and 7 (D1, D3, D7) after capsaicin treatment. (B) Testing locations at the volar forearm: C1–C5: capsaicin-treated skin; B1–B4: border skin (1.5 cm away from the border of capsaicin-treated skin), R1–R4 remote skin (3.5 cm away from the border of capsaicin-treated skin). Additionally four locations at the contralateral arm were stimulated. For each type of stimulus, every single location was stimulated three times. (C) Different types of transient thermal stimuli were used to assess capsaicin-induced changes in thermal sensitivity.





Topical Capsaicin

High-concentration capsaicin patches were made using a 2% solution of capsaicin (capsaicin ≥ 95%, 8-methyl-N-vanillyl-trans-6-nonenamide M2028, Sigma Aldrich) diluted in 50:50 H2O/ethanol. It should be noted that Trevisani et al. (2002) found that ethanol potentiates the response of TRPV1 to capsaicin. The use of ethanol as vehicle could thus potentiate the effect of the capsaicin treatment (Trevisani et al., 2002).

Of this solution, 1 ml was dripped onto a 5 × 5-cm gauze (Sterilux® ES, Paul Hartmann AG, Heidenheim, Germany). The patches were then placed onto the skin, and wrapped using a self-adhesive transparent wound bandage (Opsite Flexifix Gentle, Smith & Nephew, Hull, England). The capsaicin patch remained in place for 1 h.

During the application, participants were asked to report the intensity of the capsaicin-induced sensation every 15 min using a 0–100 numerical rating scale (NRS) where 0 was defined as “no pain at all” and 100 was defined as “the maximum imaginable pain.” After treatment, the patch was removed and the arm was gently washed with water and soap to remove capsaicin residuals. Participants were asked to qualify the sensation induced by topical capsaicin by selecting one or more of the following quality descriptors: “not perceived,” “touch,” “tingling,” “pricking,” “pointed,” “warm,” “burning,” “electric shock,” “cool,” “wet,” and “unpleasant.”



Laser Heat Stimuli

Participants were seated comfortably on a chair, with their arms placed on a cushion on a table, volar forearms facing upwards.

Three different types of heat stimuli were delivered using a temperature-controlled CO2 laser stimulator (LSD, SIFEC, Belgium), with two different beam diameters: 6 mm (28 mm2) or 12 mm (113 mm2). This laser stimulator produces a laser beam with a flat-top rather than a Gaussian power density profile. Power output and, hence, target temperature, is thus homogeneously distributed throughout the stimulated surface. Laser stimuli were delivered perpendicular to the skin. The laser head was maintained above the forearms using a fixation tripod.

The first type of heat stimulus was a high-intensity 55°C stimulus lasting 100 ms and delivered using a 6-mm laser beam diameter. The second type of heat stimulus was an intermediate-intensity 44°C stimulus lasting 100 ms and delivered using a 12-mm beam diameter. The third type of heat stimulus was a low-intensity 38°C stimulus lasting 800 ms and delivered using a 12- mm beam diameter. On normal human skin, the high intensity stimulus can be expected to activate type 2 Aδ-fiber heat nociceptors as studies have shown that their thermal activation threshold to transient heat pulses is in the range of 46–53°C (Treede et al., 1995). Intermediate intensity stimuli can be expected to activate C-fiber thermonociceptors having a thermal activation threshold to transient heat stimuli of approximately 41°C (Wooten et al., 2014) without concomitantly activating Aδ-fiber heat nociceptors. Finally, low-intensity heat stimuli can be expected to selectively activate C-fiber warm receptors. Several previous studies have shown that the high-intensity stimulus used in the present study are detected with reaction times (RT) compatible with the conduction velocity of myelinated Aδ fibers, whereas the intermediate and low intensity stimuli are detected with much slower RTs compatible with the conduction velocity of unmyelinated C-fibers (Churyukanov et al., 2012). A 12-mm beam diameter was used for the intermediate (44°C) and low (38°C) intensity heat stimuli because in pilot experiments conducted for other studies (Churyukanov et al., 2012; Jankovski et al., 2013), we found that increasing beam diameter (12 mm instead of 6 mm) increased the likelihood for such stimuli to generate responses related to the selective activation of C-fiber afferents. The same approach of using a large stimulation surface has been used by other groups to record C-fiber-related laser-evoked responses (Cruccu et al., 2003).



Contact Cool Stimuli

In addition to assessing sensitivity to heat stimuli, we also assessed sensitivity to transient cool stimuli delivered using a contact thermode (TCS-II, QST.Lab, Strasbourg, France; cooling ramp >200°C/s). The stimulation surface of the thermode (9.6 cm2) is divided in five segments, each containing three micro-Peltier elements having a surface of 9.3 mm2. The cool stimuli consisted in cooling the skin to 10°C during 2000 ms using two adjacent segments of the five available segments, resulting in a total stimulation surface of 56 mm2.



Mechanical Pinprick Stimuli

Finally, we assessed sensitivity to mechanical pinprick stimuli using a custom made 128-mN probe consisting of a 0.35 mm flat-tip weighted needle mounted in a sliding cylinder (van den Broeke et al., 2016). The device was applied perpendicular to the skin during 1 s and subsequently removed.



Sensory Testing

Sensory testing was performed at baseline before application of the capsaicin patch (D0), the day after capsaicin treatment (D1), 3 days after treatment (D3), and 7 days after treatment (D7).

The different types of stimuli (55°C heat, 44°C heat, 38°C heat, 10°C cool, and pinprick) were applied in separate blocks (one block per stimulation modality for a total of five blocks), whose order was randomized across participants, except for the high-intensity heat stimulus that was always tested last to avoid skin sensitization from interfering with the other assessments.

Within each block, each testing site of each area was stimulated sequentially (the order of the sequence was randomized across one block). This sequence was repeated three times, resulting in a total of 5 × 3 = 15 stimuli delivered to the capsaicin-treated skin (C1–C5), 4 × 3 = 12 stimuli delivered close to the border of the treated skin (B1–B4), 4 × 3 = 12 stimuli delivered to remote locations of the capsaicin-treated forearm (R1–R4), and 4 × 3 = 12 stimuli delivered to the contralateral forearm (CON1–CON4). Each sequence was followed by a break lasting at least 5 min, and during which the participants were distracted from their task. They were asked for after sensations after each sequence and, in case these were present, the pause was extended until these sensations ceased. Because the testing sequence lasted approximately 10 min, the time interval between two stimuli applied to the same spot was at least 15 min.

For each stimulus, RTs were recorded by asking participants to press a button held in the contralateral hand as soon as they perceived the stimulus. Participants were told to look away from the stimulated forearm and were alerted verbally before stimulus application. Undetected trials were defined as trials that did not produce any reaction or trials detected with RT exceeding 2.5 s.

Immediately after the RT task, participants were asked to rate the intensity of the perceived sensation using a 0–100 NRS where 0 was defined as “no sensation at all”, 100 was defined as “the maximal imaginable intensity or pain” and 50 was defined as delimiting the transition between non-painful and painful domains of sensation. Undetected trials were ascribed an intensity of 0. Average intensity ratings were calculated for each stimulated area and time point. Then, for each stimulated area, intensity ratings were expressed as percentages relative to the average intensity ratings obtained at time point D0 (100% thus corresponds to no change in perception intensity as compared to baseline, and values greater or smaller than 100% correspond to increases and decreases in perception intensity relative to baseline).

Finally, participants were asked to choose one or more quality labels from the following list of descriptors: “not perceived,” “touch,” “tingling,” “pricking,” “pointed,” “warm,” “burning,” “electric shock,” “cool,” “wet,” “unpleasant.” The quality “not perceived” was exclusive, meaning that no other quality descriptors were assigned when stimuli were not detected. As previously mentioned, these trails received intensity rating 0, were counted in the number of non-perceived trials, and excluded from RT calculations. For each tested area and each descriptor of quality, the percentage of positive responses was calculated per total number of stimuli per area. Only the quality ratings that were assigned to more than 20% of total stimuli at baseline are reported.



Statistical Analysis

All data were tested for normality and equal variances. Data were not normally distributed. NRS scores were tested with a non-parametric one-way ANOVA followed by Friedman’s multiple comparison test. RTs, intensity and quality ratings were tested via repeated-measures two-way ANOVAs (mixed-effects model), with factors time (four levels: D0, D1, D3, and D7) and location (four levels: remote, border, center, contralateral), using Tukey’s multiple comparisons post-hoc test. Sphericity was not assumed, as such Geisser–Greenhouse correction was applied. Comparisons were performed across “location” and across “time.” P-values were corrected for post-hoc multiple comparison. P-values below 0.05 were considered as statistically significant.




Results


Capsaicin Treatment

The intensity of the burning sensation induced by capsaicin application increased from 0 to 46 ± 5.3 over the first 15 min (Figure 2A). Intensity was maximal at 30 min (66 ± 3.7, p < 0.001) and then tended to stabilize or slowly descend at 45 min (63 ± 3.3, p < 0.001) and 60 min (50 ± 4.9, p < 0.01). After removal of the patch, a clear cutaneous flare was visible at and around the application site (Figure 2B). Participants described the sensation induced by topical capsaicin as “warm,” “pricking,” “burning,” “itching,” and “unpleasant.”




Figure 2 | NRS scores during capsaicin treatment and flare response immediately after removal of the patch. (A) NRS scores increased after capsaicin treatment with mean scores peaking 30–45 min after application (n = 21). Individual ratings are represented as dots. Values in time were compared to t = 0 (** ≤ 0.01 and *** ≤ 0.001). (B) Flare response immediately after patch removal in one representative subject. Red dotted lines indicate the area of the patch. Generally, the flare disappeared within 2–3 h after patch removal. NRS, numerical rating scale.





Sensitivity to Short-Lasting High-Intensity Heat Stimuli (55°C)

At baseline (D0), short-lasting high-intensity heat stimuli were almost always detected; approximately 99% of all stimuli were perceived (non-perceived stimuli: capsaicin: 1 ± 1.0%, border: 2 ± 1.1%, remote: 1 ± 1.0%, and contralateral: 0%, Table 1) at all locations (Figures 3A, B) with rapid RTs (e.g. 392 ± 34 ms at C1–C5 locations) compatible with the conduction velocity of myelinated Aδ-fiber thermonociceptors (Figures 3C and 7; Table 1). The three descriptors most-often chosen by the participants to qualify the elicited sensation were “pricking,” “burning,” and “unpleasant” (Supplementary Figure S1).


Table 1 | Percentage of non-perceived stimuli, intensity ratings, and reaction time latencies at baseline (D0) and statistical analysis of the data-sets by repeated-measures two-way ANOVAs (mixed-effects model), with factors time (four levels: D0, D1, D3, and D7) and location (four levels: remote, border, center, contralateral), using Tukey’s multiple comparisons post-hoc test.






Figure 3 | Sensory responding to high-intensity heat stimuli at remote locations of the capsaicin-treated forearm (yellow), close to the border of the capsaicin-treated skin (orange), at the capsaicin-treated skin (red), and at the contralateral forearm (purple). (A) Percentage of non-perceived stimuli in response to high-intensity heat stimuli predominantly activating Aδ-fiber thermonociceptors [Aδ-fiber heat (55°C)]. (B) Intensity ratings. (C) Reaction times. Graphs represent mean ± SEM. The + indicates significant differences at D1–D7 compared to D0 within one location, *indicates significant differences between remote and capsaicin locations, #indicates significant difference between border and capsaicin locations, and °indicates significant differences between contralateral locations compared to the capsaicin-treated location (+/° ≤ 0.05, ++ ≤ 0.01 and ***/+++/###/°°° ≤ 0.001).



After topical capsaicin, the detection of high-intensity heat stimuli was markedly impaired at the treated skin (C1–C5), but not at the border of the treated skin (B1–B4), at remote skin of the treated forearm (R1–R4), and at the contralateral forearm (Figure 3B; Tables 2 and 3). Loss of sensitivity within the treated skin was maximal 24 h after capsaicin treatment (D1), with 64 ± 6.7% (p < 0.001) of stimuli delivered to the treated skin being undetected (Figure 3A; Tables 2 and 3) and intensity ratings dropping to 9 ± 3.0% (p < 0.001) of the ratings provided at D0 (Figure 3B; Tables 2 and 3). Furthermore, the average RT to detected stimuli (909 ± 87 ms) was markedly lengthened as compared to D0 (Figure 3C; Tables 2 and 3; p < 0.001). Three days after capsaicin application (D3), 24 ± 5.9% of the stimuli remained undetected (p < 0.001), and mean intensity ratings were still reduced (21 ± 3.4% relative to D0, p < 0.001). Such as at D1, average RTs of detected stimuli (804 ± 56 ms) were increased as compared to D0 (p < 0.001). Seven days after capsaicin treatment (D7), almost all stimuli were detected, with only 5 ± 1.9% undetected stimuli. Nevertheless, intensity ratings were still reduced when compared to baseline (66 ± 7.3% relative to D0, < 0.001). Likewise, RTs of detected stimuli remained moderately increased (515 ± 56 ms, Figures 3C and 7; Tables 2 and 3; p < 0.05).


Table 2 | Comparisons of the percentage of non-perceived stimuli, intensity ratings, and reaction times across sites.




Table 3 | Comparisons of the percentage of non-perceived stimuli, intensity ratings, and reaction times across time points.



Capsaicin treatment also affected the quality of the sensation elicited by stimulation of the treated skin, without affecting the quality of the sensations elicited by stimulation of the untreated skin. Most prominent, stimuli that were detected at D1 and D3 were no longer reported as “unpleasant” (Supplementary Figure S1).



Sensitivity to Short-Lasting Intermediate-Intensity Heat Stimuli (44°C)

At baseline (D0), intermediate-intensity heat stimuli were usually detected (~86% perceived; non-perceived stimuli: capsaicin: 12 ± 4.0% border: 8 ± 3.1% remote: 1 ± 1.0%, and contralateral: 11 ± 4.1%). RTs to these stimuli (e.g. at C1–5: 850 ± 69 ms) were markedly delayed as compared to the RTs to high-intensity heat stimuli (e.g. at C1–5: 392 ± 34 ms), compatible with our expectations that such stimuli would predominantly elicit sensations related to the activation of unmyelinated C-fiber thermonociceptors (Figures 4C and 7; Tables 2 and 3). The descriptor most-often chosen by the participants to qualify the elicited sensation was “warm,” sometimes “pricking” and “pointed.” A few times unpleasantness of the stimuli was reported (Supplementary Figure S2).




Figure 4 | Responding to intermediate-intensity heat stimuli at remote locations of the capsaicin-treated forearm (yellow), close to the border of the capsaicin-treated skin (orange), at the capsaicin-treated skin (red), and at the contralateral forearm (purple). (A) Percentage of non-perceived stimuli in response to intermediate-intensity heat stimuli predominantly activating C-fiber thermonociceptors [C-fiber heat (44°C)]. (B) Intensity ratings. (C) Reaction times. Graphs represent mean ± SEM. The +indicates significant differences at D1–D7 compared to D0 within one location, *indicates significant differences between remote and capsaicin locations, #indicates significant difference between border and capsaicin locations, and °indicates significant differences between the contralateral locations compared to the capsaicin-treated location (+ ≤ 0.05, ++ ≤ 0.01 and ***/+++/###/°°° ≤ 0.001).



After capsaicin, the number of non-perceived stimuli was 89 ± 3.0% at D1 (relative to D0, p < 0.001), 75 ± 5.2% at D3 (relative to D0, p < 0.001) and 27 ± 5.6% at D7 (relative to D0, p < 0.05), respectively (Figure 4A; Tables 2 and 3) at the capsaicin-treated area. Intensity ratings dropped massively at D1 (7 ± 3.5% relative to D0, p < 0.001) and D3 (10 ± 3.9% relative to D0, p < 0.001), and remained markedly reduced at D7 (40 ± 6.7% relative to D0, p < 0.001; Figure 4B; Tables 2 and 3). RTs of the still-perceived stimuli were somewhat increased at D1 relative to D0 (D0: 850 ± 69 ms vs D1: 983 ± 84, n.s., Figures 4C and 7; Tables 2 and 3). In contrast, RTs at D3 and D7 were similar to the RTs at D0 (D3: 894 ± 66 ms and D7: 790 ± 37 ms) at the capsaicin-treated area.

Most interestingly, capsaicin treatment impaired the detection of intermediate-intensity heat stimuli not only at the capsaicin-treated skin, but also at the border sites and even at the remote sites of the same forearm. As such, the percentages of non-perceived stimuli were at the remote site 23 ± 5.0% at D1 (relative to D0, p < 0.05), 21 ± 4.2% at D3 (relative to D0, p < 0.05), and 21 ± 4.9% at D7, and at the border site 27 ± 6.9% at D1 (relative to D0, p < 0.05), 20 ± 4.7% at D3 (relative to D0, p < 0.01), and 13 ± 3.9% at D7, respectively (Figure 4A; Tables 2 and 3). Intensity ratings were lowered relative to baseline values at the remote sites 52 ± 6.1% at D1 (p < 0.001), 56 ± 8.0% at D3 (p < 0.001), and 50 ± 5.5% at D7 (p < 0.001) and at the border sites 52 ± 7.0% at D1 (p < 0.001), 54 ± 7.3% at D3 (p < 0.001), and 63 ± 12.3% at D7 (p < 0.05) (Figure 4B; Tables 2 and 3).

At the contralateral forearm, no significant changes in perception were observed. Quality of the stimuli did not change much in time, as such, most of the intermediate-intensity stimuli were not perceived at all or were perceived as “warm” (Supplementary Figure S2).



Sensitivity to Low-Intensity Heat Stimuli (38°C)

At baseline (D0), approximately 80% of the low-intensity heat stimuli were detected (Figure 5A non-perceived stimuli: capsaicin: 13 ± 3.6% border: 14 ± 4.9% remote: 19 ± 4.0%, and contralateral: 11 ± 6.1%).) and in 1/3 of the participants these low-intensity heating stimuli were not detectable at all (data sets excluded). RTs to these stimuli (e.g. at C1–5 900 ± 64 ms) were compatible with our expectations that such stimuli would predominantly elicit sensations related to the activation of unmyelinated C-warm receptors (Figures 3C and 7; Tables 2 and 3). The descriptor most-often chosen by the participants to qualify the elicited sensation was “warm” and stimuli where never “unpleasant” (Supplementary Figure S3).




Figure 5 | Responding to low-intensity heat stimuli at remote locations of the capsaicin-treated forearm (yellow), close to the border of the capsaicin-treated skin (orange), at the capsaicin-treated skin (red), and at the contralateral forearm (purple). (A) Percentage of non-perceived stimuli in response to low-intensity heat stimuli preferentially activating C-warm afferents [C-warm (38°C)]. (B) Intensity ratings. (C) Reaction times. Graphs represent mean ± SEM. The + indicates significant differences at D1–D7 compared to D0 within one location, *indicates significant differences between remote and capsaicin locations, #indicates significant difference between border and capsaicin locations, and ° indicates significant differences between the contralateral locations compared to the capsaicin-treated location (+/° ≤ 0.05, ++/°° ≤ 0.01 and ***/+++/###/°°° ≤ 0.001).



After capsaicin, the number of undetected stimuli was 81 ± 5.8% at D1 (relative to D0 p < 0.001), 83 ± 5.5% at D3 (relative to D0 p < 0.001), and 43 ± 7.0% at D7 (relative to D0 p < 0.01) at the capsaicin-treated area, respectively (Figure 5A; Tables 2 and 3). Intensity ratings were strongly reduced at D1 (7 ± 2.8% relative to D0, p < 0.001) and D3 (7 ± 2.6% relative to D0, p < 0.001), and remained markedly reduced at D7 (40 ± 7.5% relative to D0, p < 0.001) at the capsaicin-treated area (Figure 5B; Tables 2 and 3). RTs of the still-perceived stimuli were 1337 ± 162 ms at D1, 1020 ± 95 ms at D3 and 1032 ± 48 ms at D7, compatible with the conduction velocity of unmyelinated C fibers (Figures 5C and 7; Tables 2 and 3).

Such as for intermediate-intensity heat stimuli, capsaicin treatment impaired the detection of innocuous low-intensity heat stimuli not only inside the capsaicin-treated skin, but also at border sites and even at the remote sites of the same forearm (Figures 5A, B; Tables 2 and 3). At the border and remote sites of the capsaicin-treated forearm, the percentage of non-detected stimuli tended to increase at D1 (border: 33 ± 6.7%, relative to D0 p < 0.01; remote: 33 ± 4.9%, relative to D0 p < 0.001), at D3 (border: 29 ± 6.8%, relative to D0 p < 0.05; remote: 30 ± 4.3%, relative to D0 p < 0.05) and at D7 (border: 27 ± 6.1%, relative to D0 n.s.: remote, 29 ± 5.2%, relative to D0 p < 0.05) as compared to D0 (D0: border: 14 ± 4.9%; remote: 18 ± 4.0%). Furthermore, at all three post-capsaicin time-points (D1, D3, and D7) intensity ratings were markedly reduced to approximately 50% of the ratings reported at D0 (Figure 5B; Tables 2 and 3; remote: D1: 63 ± 10.5%, relative to D0 p < 0.05; D3: 52 ± 9.7%, relative to D0 p < 0.01; D7: 60 ± 8.5% relative to D0 p < 0.01 and border: D1: 49 ± 7.7% relative to D0 p < 0.001; D3: 50 ± 8.5% relative to D0 p < 0.001; D7: 61 ± 14.2% n.s.)

No similar change in perception was observed at the contralateral forearm (Figure 5B; Tables 2 and 3). Moreover, the stimuli that were perceived were still qualified as being “warm” and were never rated as “unpleasant.”



Sensitivity to Cool Stimuli (10°C)

At baseline (D0), cool stimuli were usually detected (non-perceived stimuli: capsaicin: 1 ± 0.9% border: 3 ± 1.2% remote: 2 ± 1.2% contralateral: 0%, Table 1). RTs to these stimuli (total average: 517 ± 13.3 ms) were compatible with detections related to the activation of cool-sensitive Aδ-fiber afferents (Figures 6C and 7). The two descriptors most-often chosen by the participants to qualify the elicited sensation were “cool” and “wet” (Supplementary Figure S4).




Figure 6 | Responding to cooling stimuli at remote locations of the capsaicin-treated forearm (yellow), close to the border of the capsaicin-treated skin (orange), at the capsaicin-treated skin (red), and at the contralateral forearm (purple). (A) Percentage of non-perceived stimuli in response to cooling stimuli [Aδ-fiber cold (10°C)]. (B) Intensity ratings. (C) Reaction times. Graphs represent mean ± SEM.






Figure 7 | Reaction time frequency distribution of all sensed stimuli in response to the temperatures applied in this study. (A) Frequency distribution of reaction times detected before capsaicin treatment. (B) Frequency distribution of reaction times detected after capsaicin treatment. Red: Reaction times to 55°C stimuli. Dark orange: reaction times to 44°C stimuli. Orange: reaction times to 38°C stimuli. Blue: reaction times to 10°C stimuli.



Contrasting with the effects of capsaicin treatment on the ability to perceive heat stimuli, the cool sensation elicited by the 10°C stimuli was not significantly affected by capsaicin treatment. At all tested areas, the percentage of detections, intensity ratings and RTs were not significantly changed at D1, D3, and D7 (Figure 6).



Sensitivity to Mechanical Pinprick Stimuli

At baseline (D0), mechanical stimuli were systematically detected (Supplementary Figure S5, at all area 0% non-perceived). The descriptors most-frequently chosen by the participants to qualify the elicited sensation were “touch,” “pricking,” and “pointed.” Only rarely, these pinpricks were rated as “unpleasant” at baseline (Supplementary Figure S5F).

After capsaicin treatment, sensitivity to 128 mN pinprick stimuli was not affected significantly by capsaicin treatment at any time point, or at any location (Supplementary Figure S5). Moreover, the remote effects on sensitivity seen with the intermediate and low-intensity heat stimuli were not detectable for the pinprick stimulations. Of note, and in contrast with the other participants, two participants reported strongly increased pinprick sensitivity at all area at D1. This might reflect a prolonged capsaicin-induced secondary mechanical hyperalgesia that has been well described in other studies in the subacute phase after capsaicin application (Simone et al., 1989; LaMotte et al., 1991; Torebjork et al., 1992).




Discussion

Our results confirm that the topical application of high-concentration capsaicin during 1 h induces, in healthy human volunteers, a temporary reduction of the sensitivity to short-lasting heat stimuli, which is maximal on day 1 and then progressively recovers within 1 week. In contrast, topical capsaicin had no effect on the sensitivity to short-lasting cool stimuli. Interestingly, the capsaicin-induced changes in heat sensitivity affected not only the ability to perceive high-intensity heat stimuli activating A- and/or C-fiber thermonociceptors, but also affected the ability to perceive innocuous warm sensations that are often considered to not depend on TRPV1-sensitive afferents. Most importantly, whereas the reduced sensitivity to high-intensity heat stimuli (55°C) detected with RTs compatible with the conduction velocity of Aδ-fibers was restricted to the capsaicin-treated skin, the reduced sensitivity to intermediate- and low-intensity heat stimuli detected with RTs in the C-fiber conduction range (38°C and 44°C) extended well beyond the area of capsaicin-treated skin.


Capsaicin Desensitization Has No Effect on Cool Sensitivity

The sensitivity to short-lasting innocuous cool stimuli (10°C) was not affected by capsaicin-treatment. This is in accordance with findings of previous studies in humans and suggests a segregation within the thermal system regarding afferents responsible for sensing heating or cooling stimuli (Malmberg et al., 2004; Kennedy et al., 2010; Lo Vecchio et al., 2018). Additional evidence comes from transgenic mice models showing that the majority of neurons in the mammalian thermal system either responds to cooling or heating stimuli, and only a small fraction (~10%) is able to respond to both (Yarmolinsky et al., 2016). It is until today not clear however whether these bimodal neurons exist in humans, and if they would, whether they exist in the same proportions as in mice. Cool sensors express the TRPM8 receptor, and not TRPV1 under normal conditions (Kobayashi et al., 2005). Average RTs to cool stimuli had relatively short latencies (around 400 ms) compatible with the notion that the sensations elicited by short-lasting cool stimuli are predominantly related to the activation of cool-sensitive Aδ-fiber afferents (Campero et al., 2001; Churyukanov et al., 2012; De Keyser et al., 2018).



Capsaicin Desensitization Affects Aδ- and C-Fiber Related Responses Differently

At day 0, the short-lasting high-intensity heat stimuli (55°C) were detected with short-latency RTs compatible with the conduction velocity of Aδ-fiber nociceptors. These high-intensity heat stimuli had a clearly pricking and unpleasant quality, typical of the so-called sensation of “first pain” elicited by phasic high-intensity heat stimuli (Dusch et al., 2016). It is generally accepted that very brief pulses of radiant heat predominantly generate responses related to the activation of type 2 heat-sensitive A-fiber nociceptors as these afferents respond quickly to rapid changes in skin temperature whereas type 1 heat-sensitive A-fiber nociceptors generate sustained activity only if they are exposed to relatively long-lasting heat stimuli (Vallbo et al., 1995; Treede et al., 1998; Magerl et al., 2001). Sensitivity to the high-intensity heat stimuli was markedly reduced at day 1. In contrast, topical capsaicin did not significantly affect sensitivity to mechanical pinprick stimuli (Supplementary Figure S5). This further supports the notion that the reduced sensitivity to high intensity heat stimuli was due to reduced function of type 2 heat-sensitive nociceptors. Treede et al. showed that unlike type 2 heat-sensitive nociceptors, type 1 heat-sensitive nociceptors respond strongly to mechanical pinprick stimuli. Hence, an impairment of type 1 heat-sensitive nociceptors would be expected to result in a reduced sensitivity to pinprick stimulation (Treede et al., 1995; Treede et al., 1998).

At day 0, intermediate intensity heat stimuli (44°C) and low intensity heat stimuli (38°C) were detected with long-latency RTs compatible with the conduction velocity of unmyelinated C-fibers. The qualities of the elicited sensations were markedly different from those elicited by high-intensity heat stimuli. Intermediate intensity heat stimuli were most-often qualified as burning and/or warm, reminiscent of the “second pain” sensation which is related to thermal inputs conveyed by heat-sensitive C-fiber nociceptors (Plaghki and Mouraux, 2003). Low intensity heat stimuli were simply reported as warm (Yarnitsky and Ochoa, 1991).

Most interestingly, the time course and the extent of the change in sensitivity to C-fiber-mediated heat differed from the time course and the extent of the change in sensitivity to Aδ-fiber-mediated heat. Whereas the Aδ-fiber-mediated sensitivity to high-intensity heat stimuli recovered almost completely within 1 week, C-fiber-mediated insensitivity to intermediate and low-intensity heat stimuli was longer-lasting, and still markedly present at day 7. Furthermore, the loss of sensitivity to Aδ-fiber-mediated heat was restricted to the area of treated skin whereas the loss of sensitivity to C-fiber-mediated heat spread several centimeters beyond the treated skin.

A potential explanation for the spatial spread of the capsaicin-induced reduction in sensitivity to intermediate and low-intensity heat stimuli could reside in the fact that heat-sensitive C-fibers may have larger receptive fields than heat-sensitive type 2 Aδ-fiber nociceptors. Studies in humans have suggested that Aδ-fiber nociceptors have relatively small receptive fields (2 mm2) (Dusch et al., 2016), and this could explain the demarcated loss of Aδ-fiber-related sensitivity to high-intensity heat stimuli restricted to the capsaicin-treated skin. Conversely, depending on the stimuli used for receptive field mapping, C-fiber afferents appear to have receptive fields varying from relatively small oval-shaped receptive fields of mechanosensitive C-units (7–15 mm2 depending on the strength of the tactile stimulus applied) (Wessberg et al., 2003), to larger patch-like receptive fields of mechano- and heat-sensitive polymodal C-fibers (average 106 mm2) (Schmelz et al., 1996; Schmidt et al., 1997) and mechano-insensitive and heat-sensitive C-fibers (60 mm2 as measured at the foot and leg) (Schmelz et al., 1996; Schmelz and Schmidt, 2010). C-fiber afferents having large receptive fields spanning over both the capsaicin-treated skin and the neighboring untreated skin could explain, at least in part, a reduction of heat sensitivity within the neighboring skin. Furthermore, it has been suggested that in conditions of skin inflammation or after capsaicin application, receptive fields behave dynamically and insensitive branches of mechanosensitive C-nociceptors can become responsive (Schmelz et al., 1994). Another difference between Aδ- and C-fiber afferents could be receptor density, as it has been suggested that Aδ-nociceptors are less densely distributed than C-nociceptors (Bragard et al., 1996; Rage et al., 2010). Furthermore, it is increasingly recognized that non-neuronal cells may contribute to the transduction of nociceptive stimuli applied onto the skin. Indeed, it was demonstrated that TRPV1-mediated keratinocyte stimulation can induce spinal activity, nocifensive behavior and conditioned place aversion in mice (Pang et al., 2015). Furthermore, it was recently shown that a specialized type of Schwann cells resides at the epidermal/dermal border having direct contact to epidermal free nerve ending of CGRP-, P2RX3-, and TRPV1-positive nociceptors. Interestingly, optogenetic activation of these cells led to pain-related behaviors. Besides, these cells appeared to be mechanosensitive and were responsible for the interconnection between different nociceptive fibers in the epidermis (Abdo et al., 2019). These studies suggest that non-neural cells could contribute to the extent and dynamics of the receptive fields of free nerve endings.

The spatial spread of the capsaicin-induced reduction in sensitivity to C-fiber-mediated heat could also involve changes occurring at the level of the central nervous system (Henrich et al., 2015; Kronschlager et al., 2016). For example, it is well known that intense or sustained nociceptive stimulation of the skin can induce prolonged changes in the synaptic transmission of nociceptive input extending beyond the conditioned area, explaining for example the secondary hyperalgesia that follows acute topical capsaicin or high-frequency electrical stimulation of the skin (van den Broeke and Mouraux, 2014a; van den Broeke and Mouraux, 2014b; Henrich et al., 2015; van den Broeke et al., 2019). Similarly, it is also well known that noxious stimuli delivered at one location tends to suppress the spinal transmission of nociceptive input originating from other locations, through a mechanism referred to as diffuse noxious inhibitory control.

Another central mechanism possibly explaining the remote effects of capsaicin may be activity-dependent reorganization of thalamic or S1 somatosensory maps. These changes appear to occur rapidly after peripheral denervation or local anesthesia (Pettit and Schwark, 1993; Rasmusson et al., 1993). It is thought that loss of C-fiber input caused by capsaicin application relieves tonic inhibition of synapses at central level, inducing the reorganization of excitatory receptive fields of cuneate nuclei, thalamic and S1 sensory neurons (Rasmusson et al., 1993; Pettit and Schwark, 1996; Jones, 2000) and sometimes also inducing the appearance of new inhibitory receptive fields (Pettit and Schwark, 1996). Capsaicin-induced changes could be induced both by the short but intense period of overstimulation of capsaicin-sensitive fibers during patch application, and by the later period of axonal ablation leading to a temporary deafferentation of the previously overstimulated capsaicin sensitive peripheral terminals.

It should be noted that, although participants were naïve about the long-term effects of capsaicin on thermal sensitivity, the capsaicin treatment and the fact that this sensitivity was being tested over several days could have induced some expectations on potential after-effects. Importantly, it seems unlikely that such effects of expectations could have induced changes in thermal sensitivity having different time courses according to the type of thermal stimuli and their location.



Capsaicin Desensitization Impairs Innocuous Warmth Sensation

The sensitivity to innocuous warm stimuli (38°C) was markedly impaired after topical capsaicin treatment, and this impairment extended beyond the treated skin. This observation is in line with other studies reporting increased warm detection thresholds following capsaicin treatment (Mainka et al., 2016; Lo Vecchio et al., 2018). Yet, heat sensitivity outside the capsaicin-treated area was not investigated in these studies. Considering that, in physiological conditions, TRPV1 should not be activated by low-intensity warm stimuli, it has been suggested that the effect of capsaicin on the sensitivity to warmth could result from an interaction of TRPV1 with other TRP receptors such as TRPV3, TRPV4, and TRPM2 (Lo Vecchio et al., 2018; Jeon and Caterina, 2018). At least in mice it was shown that the complete population of warm-sensitive neurons expressed TRPV1 and that this was a population of neurons distinct from noxious heat-sensing neurons. Ablation of these neurons completely abolished sensitivity to warmth (Yarmolinsky et al., 2016). These studies and our current data suggest effects of topical capsaicin on TRPV1-positive C-fibers involved in the perception of innocuous warmth.




Conclusion

By mapping the spatial extent and characterizing the time course of the changes in sensitivity to heat, cold and pinprick following the topical application of high-concentration capsaicin during 1 h, we show that the reported “ablation” of epidermal nerve fibers that follows this treatment is associated with (1) a selective impairment of heat sensitivity without any concomitant changes in the sensitivity to cold and (2) a differential effect on the sensitivity to thermal inputs conveyed by Aδ- and C -fibers. Most interestingly, we observed that the reduced sensitivity to Aδ-fiber-mediated heat is restricted to the capsaicin-treated skin, whereas the reduced sensitivity to C-fiber-mediated heat extends well beyond the treated skin. Moreover, the time course of the reduced sensitivity to C-fiber-mediated input was more prolonged than the time course of the reduced sensitivity to Aδ-fiber-mediated input.



Significance Statement

We believe that our paper is of broad interest to those interested in pharmacological applications in pain research, in understanding the sensory afferents responsible for thermal and pain sensations, and in the perceptual reorganization after sensory loss and neural plasticity. Our data strengthen the view that topical capsaicin has a broader working mechanism than solely “desensitizing” capsaicin-sensitive afferents within the treated skin. Indeed, our results show that the reduced sensitivity to A-fiber-mediated heat stimuli following topical capsaicin is restricted to the capsaicin-treated skin and relatively short lasting, whereas the reduced sensitivity to C-fiber-mediated heat stimuli extends well beyond the treated skin and is longer lasting. This information, compatible with the view that the changes in thermal sensitivity following topical capsaicin may involve changes at the level of the central nervous system, is important for researchers aiming to understanding how topical capsaicin can attenuate pain in patients suffering from neuropathic pain.
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Supplementary figure S1 | Quality ratings in response to high intensity heat stimuli (55 °C) at remote locations of the capsaicin-treated forearm (yellow), close to the border of the capsaicin-treated skin (orange), at the capsaicin-treated skin (red), and at the contralateral forearm (purple). A. Quality ratings “Pricking”. B. Quality ratings “Pointed”. C. Quality ratings “Warm”. D. Quality ratings “Burning”. E. Quality ratings “Unpleasant”. Graphs show only quality descriptors that had been assigned ≥ 10% of total stimuli applied. Graphs represent mean ± SEM. The + indicates statistical significances compared to d0 within one location, whereas # demonstrates statistical significances between border and capsaicin location, the * between remote and capsaicin treated location, and the ° between the contralateral side and capsaicin treated area (+/*/° ≤ 0.05, ++/## ≤ 0.01 and ***/+++/### ≤ 0.001).

Supplementary figure S2 | Quality ratings in response to intermediate intensity heat stimuli (44 °C) at remote locations of the capsaicin-treated forearm (yellow), close to the border of the capsaicin-treated skin (orange), at the capsaicin-treated skin (red), and at the contralateral forearm (purple).A. Quality ratings “Pricking” B. Quality ratings “Warm” C. Quality ratings “Pointed”. D. Quality ratings “Unpleasant”. Graphs show only quality descriptors that had been assigned ≥ 10% of total stimuli applied. Graphs represent mean ± SEM. The + indicates statistical significances compared to d0 within one location, whereas # demonstrates statistical significances between border and capsaicin location, the * between remote and capsaicin treated location, and the ° between the contralateral side and capsaicin treated area (+/# ≤ 0.05, and ***/+++/###/°°° ≤ 0.001).

Supplementary figure S3 | Quality ratings in response to low intensity heat stimuli (38 °C) at remote locations of the capsaicin-treated forearm (yellow), close to the border of the capsaicin-treated skin (orange), at the capsaicin-treated skin (red), and at the contralateral forearm (purple). A. Quality ratings “Warm”. B. Quality ratings “Unpleasant”. Graphs show only quality descriptors that had been assigned ≥ 10% of total stimuli applied. Graphs represent mean ± SEM. The + indicates statistical significances compared to d0 within one location, whereas # demonstrates statistical significances between border and capsaicin location, the * between remote and capsaicin treated location, and the ° between the contralateral side and capsaicin treated area (+ ≤ 0.05, ++/°° ≤ 0.01 and ***/ +++/###/°°° ≤ 0.001).

Supplementary figure S4 | Quality ratings in response to cooling stimuli (10 °C) at remote locations of the capsaicin-treated forearm (yellow), close to the border of the capsaicin-treated skin (orange), at the capsaicin-treated skin (red), and at the contralateral forearm (purple). A. Quality ratings “Cool”. B. Quality ratings “Wet”. C. Quality ratings “Burning”. D. Quality ratings “Unpleasant”. Graphs show only quality descriptors that had been assigned ≥ 10% of total stimuli applied. Graphs represent mean ± SEM.

Supplementary figure S5 | Sensitivity to pinprick stimuli (128 mN) at remote locations of the capsaicin700 treated forearm (yellow), close to the border of the capsaicin-treated skin (orange), at the capsaicintreated skin (red), and at the contralateral forearm (purple). A. Intensity ratings. B. Non-perceived stimuli. C. Quality ratings “Touch”. D. Quality ratings “Pricking”. E. Quality ratings “Pointed”. F. Quality ratings “Unpleasant”. Graphs show only quality descriptors that had been assigned ≥ 10% of total stimuli applied. Graphs represent mean ± SEM.
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The prevalence of obesity skyrocketed over the past decades to become a significant public health problem. Obesity is recognized as a low-grade inflammatory disease and is linked with several comorbidities such as diabetes, circulatory disease, common neurodegenerative diseases, as well as chronic pain. Adipocytes are a major neuroendocrine organ that continually, and systemically, releases pro-inflammatory factors. While the exact mechanisms driving obesity-induced pain remain poorly defined, nociceptor hypersensitivity may result from the systemic state of inflammation characteristic of obesity as well as weight surplus-induced mechanical stress. Obesity and pain also share various genetic mutations, lifestyle risk factors, and metabolic pathways. For instance, fat pads are often found hyper-innervated and rich in immune cell types of multiple origins. These immunocytes release cytokines, amplifying nociceptor function, which, in turn, via locally released neuropeptides, sustain immunocytes’ function. Here, we posit that along with mechanical stress stemming from extra weight, the local neuro-immune interplay occurring within the fat pads maintains the state of chronic low-grade inflammation and heightens sensory hypersensitivity. Overall, stopping such harmful neuro-immune crosstalk may constitute a novel pathway to prevent obesity-associated comorbidities, including neuronal hypersensitivity.
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OBESITY

Obesity is defined as an excessive accumulation of fat associated with adverse health consequences and results from the complex interaction of socioeconomic, genetic, epigenetic, and lifestyle factors (WHO, 2018). Obesity prevalence has now reached epidemic proportions, affecting up to 1.9 billion adults worldwide, including 650 million patients who are clinically obese. The body mass index (BMI) is used to stratify adult patients as underweight (<18.5), normal weight (18.5–24.9), overweight (25–29.9), or obese (>30). The severity of obesity is further classified as class: I (30–34.9), II (35–39.9), or III (>40) (WHO, 2018).

In terms of mortality, it has been projected that obesity and obesity-associated chronic diseases will account for almost three-quarters of all deaths worldwide by 2020 (WHO, 2013). Thus, obesity is highly comorbid and constitutes a key risk factor for developing insulin resistance and type II diabetes, cardiovascular diseases, cancer, and dementia (Khaodhiar et al., 1999). In addition to these, obesity is now considered an important pain facilitator, as BMI and pain perception are strongly correlated (Table 1). For example, 40% of obese suffer from chronic pain, and the pain they report is more severe, often intractable, seeking more medical attention and consuming more painkillers (Thomazeau et al., 2014). Inversely, patients suffering from chronic pain are also more likely to become obese (Stone and Broderick, 2012). Being highly prone to develop osteoarthritis (OA), they chiefly report musculoskeletal pain (King et al., 2013). Finally, obesity-induced pain varies with the patients’ sex, diet, and body fat distribution.


TABLE 1. Pain sensitivity correlate with obesity status.

[image: Table 1]While significant advances were made in the understanding of the molecular mechanisms driving persistent pain, this knowledge has yet to translate into effective therapies. Thus, the management of chronic pain still constitutes a significant unmet clinical need (Yekkirala et al., 2017). The following section will explore the molecular mechanism and the relative contribution of (i) mechanical stress; (ii) chronic low-grade inflammation; and (iii) neuro-immunity to obesity-induced pain; and whether targeting such mechanism may constitute a therapeutic strategy to alleviate sensory hypersensitivity.



ORGANIZATION OF THE NERVOUS SYSTEM AND PAIN SENSATION

The nervous system is designed to quickly detect stimuli and direct avoidance behavior (Basbaum et al., 2009). In the periphery, autonomic neurons monitor and regulate organ functions (involuntary) while the somatic (voluntary) system provides sensitivity and motor control. In addition to these, nociceptors are a peripheral population of unmyelinated (C-fibers) or thinly myelinated (Aδ fibers) neurons specialized in sensing potentially damaging stimuli (pressure, temperature, chemical). These signals are transduced in electrical impulses, which are integrated centrally. In turn, effector signals are produced and transmitted to motor neurons activating muscle contraction (Albright et al., 2000) and occasionally tuning immune responses.

Upon activating nociceptor, the host generally experienced pain, which is defined as an unpleasant sensory and emotional experience (IASP, 2018). Pain is either acute, serving a protective physiological response to a harmful stimulus, or chronic, when physically debilitating and lasting over 3 months (IASP, 2018). Pain can also be stratified as (i) nociceptive, associated with the detection of potentially harmful tissue-damaging stimuli (Woolf and Ma, 2007); (ii) neuropathic, triggered by an injury/disease to the somatosensory nervous system (Costigan et al., 2009); (iii) dysfunctional, when associated to a disease state of the nociceptive nervous system (i.e., fibromyalgia) (Nagakura, 2015); or (iv) inflammatory, associated with tissue damage and active inflammation (Pinho-Ribeiro et al., 2017).

Nociceptors detect not just features typically thought of as causing a painful sensation, such as chemical and noxious temperature, but uncharacteristic signals ranging from cytokines, fungi, microbes, and immunoglobulins (Rajchgot et al., 2019). A revised portrait of neuron danger sensing include (i) ion channel transducers [transient receptor potential (TRP), Piezo]; (ii) receptor for sensitizing mediators [Mas-related G protein–coupled receptor (Mrgpr), prostaglandins (PG), protons (H), bradykinin (BK), etc.]; (iii) threat detectors including receptors for immunocyte-produced mediators (interleukins, chemokines, and immunoglobulins); and (iv) damage-associated molecular pattern (DAMP) detector (Crosson et al., 2019). Damage-associated molecular patterns, which include protease-activated receptors (PARs), toll-like receptors (TLRs), and pattern recognition receptors (PRRs), are families of specialized receptors for microbial proteins, and play an essential role in preserving mucosal homeostasis. Overall, nociceptors’ transcriptional data show the enormous variety of threat detection competences of nociceptor neurons, including immunocyte-produced cues (Wilson et al., 2013; Riol-Blanco et al., 2014; Talbot et al., 2015; Oetjen et al., 2017; Foster et al., 2017).

Inflammatory pain is characterized by the influx of immunocyte-producing cytokines, chemokines, and growth factors. These mediators typically bind to G protein-coupled receptors (GPCRs) and/or tyrosine kinase receptors expressed by nociceptor terminals and lead to intracellular kinases activation. Subsequently, these kinases decrease the activation threshold of ion channel transducer [i.e., transient receptor potential vanilloid-1 (TRPV1); transient receptor potential cation channel, subfamily A, member 1 (TRPA1)] and voltage-gated sodium channels (NaV) (i.e., NaV1.7, NaV1.8, and NaV1.9) (Caterina, 2000; Kerr et al., 2001; Nassar et al., 2004; Amaya et al., 2006; Bautista et al., 2006) or increased their membrane expression (Julius, 2013). Consequently, these effects sensitized nociceptors, which results in hypersensitivity to non-noxious stimuli, a situation termed allodynia (Woolf et al., 1992; Woolf and Ma, 2007). Besides, the nerve terminal “sensitized” state intensifies the response to painful trigger (termed hyperalgesia). Such hypersensitivity focuses the host on the injury site and leads to alternative behavioral (i.e., gait change). These effects are typically limited to the inflammatory sites, while systemic hypersensitivities result from central sensitization (Talbot and Couture, 2012; Rajchgot et al., 2019); see detailed review by Woolf et al. (1992) and Woolf and Ma (2007).

Known nociceptor sensitizer includes prostaglandin E2 (PGE2) produced by cyclooxygenase 2 (COX2) and nerve growth factor (NGF). Nociceptors express receptors for and were found to be sensitized by interleukin (IL)-1β (Binshtok et al., 2008) or Chemokine (C-C motif) ligand 3 (CCL3) (Zhang et al., 2005) in the context of pain, IL-5 in asthma (Talbot et al., 2015), IL-4 and thymic stromal lymphopoietin (TSLP) in atopic dermatitis (Oetjen et al., 2017), IL-31 during itch (Cevikbas and Steinhoff, 2012), IL-33 after contact with poison ivy (Liu et al., 2016), and IL-23 in the context of psoriasis (Riol-Blanco et al., 2014).



INFLAMMATION

Characterized by its pain, heat, redness, and edema (Larsen and Henson, 1983), inflammation suggests an immune-mediated phenomenon, but each of these characteristics can also stem from neuronal activation. Typically, noxious stimuli-induced action potential travels to the brain to initiate sensation (Talbot et al., 2016b; Azimi et al., 2017). When they reach the sensory neuron branch points, these electrical signals are also transmitted antidromically, back to the peripheral terminals, to initiate neurogenic inflammation via the local release of neuropeptides (Richardson and Vasko, 2002; Chiu et al., 2012). Subsequently, these peptides act on the endothelium to generate redness and heat (secondary to vasodilation) and edema (extravazation due to enhanced capillary permeability) (Foreman, 1987; Weidner et al., 2000).



IMMUNITY IN HOST DEFENSE

Innate immunity is the primary barrier against microbes (Janeway and Medzhitov, 2002), while adaptive immunity generated long-term antigen memory (Litman et al., 2010). Antigen-presenting cells integrate danger signals and communicate information to T helper cells driving either of type 1 (against intracellular microbes), type 2 (against parasites), or type 17 (against extracellular pathogens) responses (Iwasaki and Medzhitov, 2015). Other immunocytes include mast cells (type 2 effector cells) (Metcalfe et al., 1997; Barbara et al., 2007), neutrophils (type 1 and 17 effector cells) (Mayadas et al., 2014), and macrophages (Hume, 2015). Macrophages have an incredible plasticity ranging from M1 macrophages (IL-1β+, TNF-α+), which are involved in cell elimination, to M2 macrophages (IL-10+, TGF-β+), partaking in tissue restoration. Besides, innate lymphoid cells (ILCs) are tissue-resident TH cytokine-expressing cells (Lin–: TCRβ+, CD3ε+, CD19+, TCRγδ+, Ly6G+, F4/80+) (Spits et al., 2013), and as CD4 T cells, they are divided into three groups. ILC1 are TH1-like cells and produce INF-γ; ILC2 are TH2-like cells, express GATA3 and RORα, and produce IL-4, IL-5, and IL-13, while ILC3 are TH17-like, express RORγt, and secrete IL-17 and IL-22 (Artis and Spits, 2015). In the function of the cytokines they express, they guide response against pathogens, parasite, and fungi (Artis and Spits, 2015) and are also involved in autoimmune and inflammatory diseases (Fuchs and Colonna, 2013; Villanova et al., 2014).



MECHANICAL STRESS

Sustained overloading on the musculoskeletal structure of the lower back, hip, and knee joints prompts the development of OA in obese patients (King et al., 2013). Obesity-related OA is multifactorial and involves direct joint damage as well as genetic, biological, and metabolic factors (Davis et al., 1988). For instance, increased mechanical load changes the chondrocyte mechanotransducer signaling (Haudenschild et al., 2008), promotes cytokine secretion (IL-1β, IL-6, and TNF-α) and matrix metalloproteinases release, and contributes to establishing a pro-oxidative microenvironment (Stannus et al., 2010). These prompts the degradation of type II collagen, joint extracellular matrix, and hyaluronic acid fragmentation. These factors caused (i) imbalance between deterioration and repair of the cartilage; (ii) chondrocyte apoptosis; (iii) reduced synoviocyte fluid viscosity; and (iv) increased joint friction, all of which changed the patients’ posture and gait, reducing their mobility and increasing pain scores (Jordan et al., 2003).

While OA affects 16% of adults, it is present in 23% of overweight and 31% of obese patients (Vincent et al., 2012). As such, obese patients are 35% and 11% more at risk of developing knee and hip OA, respectively (Table 2; Jiang et al., 2012). Knee radiograph showed smaller width of the medial and lateral joint space in obese patients (Çimen et al., 2004), resulting in a 35% greater risk to undergo knee arthroplasty (Bourne et al., 2007).


TABLE 2. Obesity-mediated osteoarthritis (odds ratio).

[image: Table 2]These effects may be partly explained by the production of adipose tissue (AT)-secreted adipokines (leptin and adiponectin) (de Boer et al., 2012). These adipokines, whose circulating and cartilage levels correlate with BMI, activate their cognate receptors on the surface of chondrocytes, increasing the production of matrix metalloproteinases, nitric oxide (NO), and cytokines (IL-1β, IL-6, IL-8, TNF-α) (Figenschau et al., 2001). In turn, these mediators heighten synovial inflammation and pain hypersensitivity by driving fibroblast proliferation and immune cell infiltration (Francin et al., 2014).



OBESITY, A LOW-GRADE INFLAMMATION DISEASE

White adipose tissue (WAT) comprised pre-adipocytes, adipocytes, endothelial cells, and immunocytes and has a primary role in energy storage. Adipocytes originate from mesenchymal stem cells (Qian et al., 2010), and their production is mainly controlled by epigenetic regulators, growth factors, and CCAAT-enhancer-binding proteins (or C/EBPs) and peroxisome proliferator-activated receptor γ (PPARγ) transcriptional regulators (Wu et al., 1999). Increased mitochondrial metabolism and biogenesis results in reactive oxygen species production, which initiate adipocyte differentiation in a mammalian target of rapamycin complex 1 (mTORC1)-dependent manner (Tormos et al., 2011). White adipose tissue content strikingly increases during obesity and, therefore, constitutes a predominant source of circulating hormones, peptides, cytokines, and adipokines (Hotamisligil, 2006).

It is increasingly recognized that immunological factors drive obesity induction, a phenomenon present in the WAT as well as pancreas, liver, and intestines (Osborn and Olefsky, 2012; Jin et al., 2013; Winer et al., 2016). Thus, lean AT is mainly composed of M2 macrophages, ILC2s, eosinophils, regulatory T cells (Tregs), and TH2 cells, while the obese fat pad is dominated by neutrophils, ILC1, M1 macrophages, and cytotoxic T cells. Similarly, the fat stromal vascular fraction of lean mice is composed of anti-inflammatory immune cells such as M2 macrophages (Lumeng et al., 2007a), Treg (Feuerer et al., 2009), and ILC2 (Molofsky et al., 2013). In contrast, M1 macrophages represent 10% and 40–50% of obese mice and patient stromal fractions, respectively (O’Rourke et al., 2012; Blaszczak et al., 2019). Such alternative and inflammatory composition support insulin resistance and maintain low-grade inflammation.

Adipocytes release the monocyte chemoattractant protein-1 (MCP-1), which attracts C-C chemokine receptor type 2 (CCR2)-expressing monocytes and favors their differentiation into M1 macrophages (Arner et al., 2012). Once in the WAT, macrophages form “crown-shaped structures” around dead adipocytes (Cinti et al., 2005), producing TNF-α, IL-1β, and IL-6 (Lumeng et al., 2007a). Therefore, M1 macrophages constitute one of the main source of cytokines in obese-WAT (Lumeng et al., 2007b) and, through PPARγ production, stimulate adipogenesis (Rosen et al., 2000). In addition, adipocytes tend to rupture due to their limited expansion capacity observed during obesity. The massive apoptosis of these cells drastically increased the levels of cytokines within the fat pad microenvironment and leads to the chemotaxis of M1 macrophages (Lumeng et al., 2007b).

Along with macrophages, the numbers of circulating monocyte and neutrophil increased during obesity (Poitou et al., 2011). Given that monocytes originate from hematopoietic stem cells (HSCs) and that obese patients have increased circulating HSCs progenitors, it was posited that HSCs might give rise to leukocyte influx (Bellows et al., 2011). Thus, HSCs enhance macrophage generation, via the myeloid differentiation primary response 88 (MyD88), a protein known to serve as an intermediate between extracellular danger signals sensed by TLR and the activation of the transcription factor nuclear kappa β (NF-κB) (Singer et al., 2014). These macrophages then go on to accumulate within the dorsal root ganglion (DRG) of high-fat diet (HFD)-fed mice (Song et al., 2017).

Diet-induced obesity CD4+ T lymphocytes were found to have biased T cell receptor (TCR) repertoires, suggesting an antigen-specific expansion. Glucose homeostasis typically becomes dysregulated in diet-induced obesity, when numbers of IFN-γ-secreting TH1 cells overwhelm the non-expending pools of TH2 (CD4+GATA-3+) and Tregs (CD4+CD25+Foxp3+). Through TH2 cell increases, CD4+ T cell transfer into HFD Rag1–/– animals reversed weight increase and insulin resistance. Transient CD3 depletion also restores the TH1/Treg balance and reverses HFD-induced insulin resistance, suggesting an upstream role for CD4+ T cell in controlling obesity-associated metabolic abnormalities (Winer et al., 2009).

Adipose tissue macrophages (ATM) initiate WAT inflammation. However, recent data suggest that other tissue-resident innate immune cells, such as ILCs, also are major contributors (Yang et al., 2016). ILC2 number decreased in obese mice epididymis and human subcutaneous WAT (Brestoff et al., 2015). Being resident in lean AT, ILC2s maintain a TH2-like status of AT (Molofsky et al., 2013), in which ILC2-produced IL-5 and IL-13 promote the beiging of WAT (Molofsky et al., 2013; Brestoff et al., 2015; Hashiguchi et al., 2015). These effects are present in Rag1 null mice and are, therefore, independent of tissue-resident M2 macrophages (Hams et al., 2013; Molofsky et al., 2013). Thus, IL-33-driven WAT biogenesis suggests another role for an ILC2-inducing cytokine in regulating obesity (Brestoff et al., 2015; Lee et al., 2015). In effect, IL-33 null mice gain more weight than their wild-type counterpart and have reduced frequency of ILC2s. This phenomenon is also present in IL-33 KO mice fed a normal diet (Brestoff et al., 2015). Exogenous IL-33 rescued WAT ILC2s number and M2 macrophage (Brestoff et al., 2015).

High-fat diet -exposed mice have enhanced IFN-γ levels (Wensveen et al., 2015). The depletion of natural killer (NK) cells decreased HFD-induced insulin resistance and M1 macrophage levels but stopped the onset of obesity. Inversely, the adoptive transfer of splenic NK cells into IFN-γ null animals restores HFD-mediated insulin resistance (Wensveen et al., 2015). Tissue-resident ILC1 may directly promote obesity-induced insulin resistance without the influence of natural killer T (NKT) or T cells (O’Sullivan et al., 2016). IL-12 activated ILC1 lead IFN-γ production and subsequent polarization of M1 macrophages (O’Sullivan et al., 2016). ILC1-derived IFN-γ balanced out the effect of IL-33 mediated ILC2 activation within visceral AT (Oboki et al., 2010), providing an in situ negative regulators of ILC2 anti-obesity effects.

While untested, ILC3-derived IL-17 may drive obesity-related comorbidities (Kim et al., 2014). Thus, Rag1 and IL-17, a double knockout mice, failed to develop asthma exacerbation when fed with a HFD (Kim et al., 2014). ILC3-producing IL-22 promote liver metabolism and help stop insulin resistance (Wang et al., 2014). Accordingly, IL-22R null mice were highly susceptible to HFD-induced obesity and insulin resistance. In obese mice, exogenous IL-22 tones down diabetes-induced oxidative stress and islet β inflammation, rescuing insulin secretion and glucose sensitivity (Hasnain et al., 2014).

Overall, the influx and polarization of immunocytes by WAT-derived mediators enhance fat accumulation, speed up joint damages, and may directly sensitize nociceptor, as discussed in the next section. Blocking the inflammatory component of obesity may, therefore, constitute a potential therapeutic avenue to stop obesity progression and its comorbidities.



INNERVATION OF THE WAT

Under the control of a complex set of humoral and neural factors (Ismael et al., 2008; Dias et al., 2010; Talbot et al., 2012, 2016a; El Midaoui et al., 2015), WAT-released mediators tuned the host energy status as well as the number and phenotype of immune, vascular, and structural cells (Ouchi et al., 2011). Along with blood-derived factors, adipocyte size, lipid mobilization, and paracrine secretion are controlled by sensory nerve terminals (Bartness et al., 2014). Thus, fat pad sensory innervation is increased in obesity (Bamshad et al., 1998; Vaughan et al., 2014). In addition, evidences suggest a dual, yet segregated, sympathetic and parasympathetic innervation of WAT (Kreier et al., 2002). We refer the reader’s attention to the work of Bartness and colleagues for more information on WAT innervation (Bartness and Bamshad, 1998). Overall, neurons control WAT production of cytokines and immune influx, making fat innervation a central component player in obesity-induced low-grade inflammation.



AUTONOMIC NERVOUS SYSTEM IN OBESITY

Sympathetic neurons control catabolic functions (Migliorini et al., 1997) via neuropeptide Y (NPY) suppression of lipolysis and promotion of angiogenesis and heighten adipocyte differentiation (Kuo et al., 2007). It is worth noting that adipocytes and macrophage-produced cytokines increase sympathetic flow, while excessive cytokine levels, such as during severe inflammation, have the opposite effect (Pongratz and Straub, 2014).

Parasympathetic vagal neurons that innervate the fat pad have anabolic functions helping tune insulin-mediated glucose and free fatty acid uptake and help promote lipid accumulation (Bartness, 2002). Conversely, lipid accumulation further increases their anabolic functions (Bartness, 2002). In doing so, norepinephrine controls triacylglycerol lipolysis, NO production, and tissue remodeling (Nguyen et al., 2018). Fat pad denervation decreased transcript expression of resistin and leptin, without impacting the levels of adiponectin. It, therefore, supports an anabolic role for WAT-parasympathetic neurons (Bartness, 2002; Kreier et al., 2002).

These data support the long appreciated contribution of parasympathetic neurons as an inhibitor of splenic macrophage-mediated inflammation (Tracey, 2002; Andersson and Tracey, 2012). Thus, spleen innervating adrenergic activates acetylcholinergic T cells (Rosas-Ballina et al., 2011). By stimulating splenic macrophages’ alpha-7 nicotinic receptor, acetylcholine stops their production of TNF-α (Wang et al., 2003).

Harnessing such inflammatory reflex using bioelectronic devices (Chavan et al., 2017), non-invasive vagus neurons activate blunt inflammation in arthritic patients (Koopman et al., 2016) and mice with experimental inflammatory bowel disease (Ji et al., 2014). As such, parasympathetic neuron activation constitutes an innovative approach to tone down systemic inflammation, obesity progression, and obesity-associated comorbidities, such as pain hypersensitivity.



NEURO-IMMUNITY

The sensory nervous and immune systems work together to promote host defense and homeostasis (Talbot et al., 2016b) and interact through a common language of receptors, cytokines, neuropeptides, and enzymes (Cronin et al., 2018). While this crosstalk is adaptive, protecting the host from threat, it drives disease pathophysiology (Chiu et al., 2013; Wilson et al., 2013; Talbot et al., 2015, 2016b; Foster et al., 2017). In addition to prompting withdrawal reflexes, neurons’ interaction with immunocytes controls host defenses (Barnes, 1996; Spiller, 2002; LaMotte et al., 2014; Talbot et al., 2016b).

Clinically, the denervation of an arthritic joint reversed inflammation in that joint, supporting a role for nociceptor regulation of inflammatory processes (Courtright and Kuzell, 1965). The somatosensory neurons are ideally positioned in lymphoid tissues and in the mucosal barrier to control immune responses (Talbot et al., 2015). Such microenvironment allows nociceptors to interact with tissue-resident immune cells via the local release of neuropeptides (Downing and Miyan, 2000; Rosas-Ballina et al., 2011; Foster et al., 2015; McMahon et al., 2015; Veiga-Fernandes and Mucida, 2016). The peptides generated and locally secreted during neurogenic inflammation promote lymphocyte polarization, controlling the extent and type (1, 2, or 3) of inflammation experienced (Ganea and Delgado, 2001; Goetzl et al., 2001; Cunin et al., 2011; Nussbaum et al., 2013; Talbot et al., 2015) as well as stimulating antigen trafficking in the lymph node (LN) (Valijan, 1989; Chiu et al., 2012; Roberson et al., 2013; Talbot et al., 2016b).

The effects of sensory neurons on immunity seem to vary between inflammatory context (TH1/TH17 vs TH2), the neuron subpopulation implicated, as well as the nature of the peptides being secreted (Foster et al., 2015; Azimi et al., 2016, 2017; Talbot et al., 2016b). Typically, substance P (SP) promotes T cell activity and increased dendritic cell (DC) recruitment and recognition of non-self-antigens (Calvo et al., 1992; Siebenhaar et al., 2007). Calcitonin gene-related peptide (CGRP) have the inverse action, stopping T cell proliferation and reducing DC migration to LN (Mikami et al., 2011).

During allergic airway inflammation, IL-5, a type II effector cytokine secreted from several immunocytes, directly activates airway nociceptors, and this leads to the release of VIP. In turn, VIP stimulates ILC2 (Nussbaum et al., 2013; Talbot et al., 2015) and CD4+ cells to induce cytokine production, including IL-5, which initiates a positive feedforward pro-inflammatory cycle (Talbot et al., 2015, 2016b; Foster et al., 2017). Neuromedin U (NMU) also stimulates ILC2s, and when given alongside IL-25, it enhances asthma severity (Cardoso et al., 2017; Klose et al., 2017; Wallrapp et al., 2017). Blocking the NMU–NMUR1 axis decreased ILC2 activity and allergic inflammation (Wallrapp et al., 2017). Besides, while CGRP supports ILC2 production of IL-5 (Wallrapp et al., 2019), it inhibits alarmin-driven type 2 cytokine production, constrains IL-13 expression, and blocks ILC2 proliferation (Nagashima et al., 2019; Wallrapp et al., 2019; Xu et al., 2019).

Within the WAT microenvironment, locally released neuropeptides (CGRP, SP) increase immune influx and polarization, heightening WAT inflammation and nociceptor sensitivity (Foster and Bartness, 2006). From the data obtained in mouse models of allergic inflammation, one would imagine that CGRP produced by fat pad-innervating sensory neurons would block the function of ILC2s cells, unbalancing the type 1/type 2 immunocyte ratio within the WAT. By favoring TH1-mediated immunity, sensory neurons would enhance the influx of pro-inflammatory immune cells such as IL-1β and TNFα-secreting M1 macrophages and IFN-γ-producing ILC1. On the one hand, these cytokines would sensitize nociceptor neurons TRP and NaV channels, triggering pain hypersensitivity; on the other hand, the neurons would locally release more neuropeptides to further imbalance the fat pad local immunity (hypothesized integrated system in Figure 1). Blocking the neuro-immune interplay in such a context would have a twofold, yet synergistic, effect: (i) directly decreased obesity-induced pain trigger by inflammatory cytokines, and (ii) decreased chronic low-grade inflammation. We devised two translational approaches to do this.


[image: image]

FIGURE 1. Neuro-immune crosstalk controls obesity-induced pain. Lean individual’s adipose tissue is sparsely innervated and comprises few adipocytes and anti-inflammatory immunocytes. The accumulation of fat leads to the rupture of adipocytes and the secretion of adipokines. These mediators increase the chemotaxis of immune cells, enhancing the level of pro-inflammatory cytokines. By acting on their cognate receptors present on sensory nerves, these cytokines sensitize nociceptor neurons by increasing the expression and phosphorylation of NaV and TRP channels. Upon sensitization, the sensory neurons secrete neuropeptides, further polarizing the fat pad’s immune cells. QX-314 silences nociceptor neuron’s electrical activity, while CNCB2 prevents their release of neuropeptides. By stopping neuro-immune crosstalk, these treatments would help resolve fat pad inflammation and blunt pain hypersensitivity.




TARGETING NEURO-IMMUNE CROSSTALK

First, we modified an efficient pain and itch neuron-blocking strategy to locally silence tumor-innervating nociceptors (Roberson et al., 2013). This strategy uses large pore TRP channels as a specific drug delivery device to transport charged local anesthetic (such as QX-314) into nociceptor neurons to stop Na+ currents. In the context of inflammation, as found in the fat pad micro-environment, TRP channels open, allowing QX-314 (263 Da) to enter these neurons, producing a specific and durable electrical silencing (Binshtok et al., 2007). Of note, QX-314 did not impact immune cell function (Talbot et al., 2015), confirming its selectivity for inflammation-activated nociceptors (Talbot et al., 2015, 2020; Foster et al., 2017). This strategy offers three major potential advantages: (1) high specificity (the effect is limited only to sensory neurons that express activated large pore channels), (2) long-lasting activity, and (3) limited side effects; the charge on QX-314 would limit diffusion through lipid membranes and redistribution outside of the respiratory epithelium.

Second, Bean and colleagues devised novel charged N-type Ca2+ channel blockers, including an NCE termed CNCB2. The latter induced a prolonged pain blockade and was more potent than its neutral analog at inhibiting nociceptor release of CGRP and acted at lower concentrations to stop the neurogenic inflammation component of asthma. Such cationic molecules are therefore suited to treat pain by stopping potential action generation in nociceptive neurons and reducing inflammation by blocking pro-inflammatory neuropeptide release (Lee et al., 2019).



CONCLUDING REMARKS

Peripheral sensitization is a major contributor to inflammatory pain (Albright et al., 2000; Woolf and Ma, 2007; Ji et al., 2014). Because several sensitizing mediators are released simultaneously during inflammation, stopping one of these mediators is likely to have a limited impact. Silencing sensitized neurons or shared downstream signaling pathways should therefore have larger and provide more prolonged pain relief. Among the others, QX-314, CNCB2, or activation of parasympathetic neurons using bioelectronic medicine, may constitute such broadly acting strategy in reversing the neuro-immune component of obesity-induced inflammation and pain.
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Despite the identification of molecular mechanisms associated with pain persistence, no significant therapeutic improvements have been made. Advances in the understanding of the molecular mechanisms that induce pain hypersensitivity will allow the development of novel, effective, and safe therapies for chronic pain. Various pro-inflammatory cytokines are known to be increased during chronic pain, leading to sustained inflammation in the peripheral and central nervous systems. The pro-inflammatory environment activates additional metabolic routes, including the kynurenine (KYN) and tetrahydrobiopterin (BH4) pathways, which generate bioactive soluble metabolites with the potential to modulate neuropathic and inflammatory pain sensitivity. Inflammation-induced upregulation of indoleamine 2,3-dioxygenase 1 (IDO1) and guanosine triphosphate cyclohydrolase I (GTPCH), both rate-limiting enzymes of KYN and BH4 biosynthesis, respectively, have been identified in experimental chronic pain models as well in biological samples from patients affected by chronic pain. Inflammatory inducible KYN and BH4 pathways upregulation is characterized by increase in pronociceptive compounds, such as quinolinic acid (QUIN) and BH4, in addition to inflammatory mediators such as interferon gamma (IFN-γ) and tumor necrosis factor alpha (TNF-α). As expected, the pharmacologic and genetic experimental manipulation of both pathways confers analgesia. Many metabolic intermediates of these two pathways such as BH4, are known to sustain pain, while others, like xanthurenic acid (XA; a KYN pathway metabolite) have been recently shown to be an inhibitor of BH4 synthesis, opening a new avenue to treat chronic pain. This review will focus on the KYN/BH4 crosstalk in chronic pain and the potential modulation of these metabolic pathways that could induce analgesia without dependence or abuse liability.

Keywords: chronic pain, neuropathic pain, inflammatory pain, neuroinflammation, kynurenine, tetrahydrobiopterin, xanthurenic acid, central sensitization


INTRODUCTION

The immune and pain-signaling systems are evolutionarily designed to protect the organism by acutely responding to danger (Woolf and Ma, 2007; Woolf, 2010; O’neill et al., 2016). Typically, stimuli that activate both systems elicit inflammation and pain that are adaptive response to overcome the threat, increasing the life-time reproductive success (Beringer and Miossec, 2019). However, many injuries and diseases may perpetuate maladaptive inflammatory reactions, in which pro-inflammatory mediators persistently activate and sensitize neurons at different levels of the nociceptive pathway (Woolf and Costigan, 1999; Costigan et al., 2009a, 2010; Oikawa et al., 2019). These long-lasting sensory changes known as chronic pain, represents a major unmet clinical need (for a review see Woolf and Salter, 2000). This is a significant problem due to the high incidence worldwide (Rice et al., 2016) and lack of effective, specific and safe therapies (Varrassi et al., 2010; Dart et al., 2015; Jones, 2017).

Neuroinflammation is characterized by the infiltration of peripheral immune cells, activation of glial cells and production of inflammatory mediators in the peripheral and central nervous systems (PNS; CNS). This contributes to generate a peripheral and central sensitization that causes long-term pain (Kawasaki et al., 2008; Gao and Ji, 2010). Therefore, targeting these neuroinflammatory processes and molecules may result in an effective analgesic treatment for chronic pain.



CHRONIC PAIN

Chronic pain is a dysfunctional process defined by longstanding pain sensations of more than three months (IASP, 2019; Treede et al., 2019). Chronic pain is a major health problem worldwide that negatively impacts on the quality of life of the affected individuals, and represents a huge health public costs in both developed and emerging countries (Goren et al., 2014). Approximately 20% of the adult population in the United States (Dahlhamer et al., 2018), Canada (Shupler et al., 2019), and Europe (Breivik et al., 2006) are affected by chronic pain. Similar prevalence is observed in Australia, about 15% (Miller et al., 2017), and higher in countries like Brazil and Japan, with a prevalence of around 40% (Inoue et al., 2015; De Souza et al., 2017). Chronic pain is a major health burden to the society, with annual costs over $635 billion per year in the United States alone (Gereau et al., 2014). This exceeds the combined costs of common chronic conditions including, cancer, heart disease, and diabetes (Gereau et al., 2014). The global high incidence of chronic pain is aggravated by the lack of effective and safe treatments; in particular, the development of side effects such as addiction and the risk overdose leading to death (NIDA, 2020).

There are numerous classes of drugs used to treat pain, including serotonin reuptake inhibitors, non-steroidal anti-inflammatory drugs (NSAIDs), and opioids (Nalamachu, 2013). Each of these drugs are associated with different adverse events impacting the gastrointestinal, cardiovascular, and renal systems, and their efficacy against chronic pain is controversial (Macario and Lipman, 2001; Brueggemann et al., 2010; Skljarevski et al., 2012; Chou et al., 2014). A recent meta-analysis showed that opioids, the most efficient class of drug against acute pain, provided only minor improvements for people dealing with chronic pain caused by conditions other than cancer (Busse et al., 2018). Moreover, the repeated use of opioids is strongly associated with addiction and risk of death (NIDA, 2020). Therefore, more research is urgently needed to develop pain medications with higher efficacy and safety.

The exact mechanism driving pain persistence is poorly understood. Chronic pain conditions are likely to have distinctive underlying mechanisms that ultimately alter the long-term nociceptive signaling in patients. Indeed, a key and common feature for all chronic pain conditions is a long-term neuronal plasticity in pain-signaling circuits that result in increased neuronal responsiveness to their normal input and/or recruitment of a response to subthreshold inputs (for a review see Woolf and Salter, 2000). The pain-induced neuronal plasticity involves the sensitization of sensory neurons in different anatomical locations along of the PNS and CNS (Woolf, 1983; Latremoliere and Woolf, 2009).



NOCICEPTIVE SIGNALING PATHWAY AND PAIN HYPERSENSITIVITY

The peripheral primary sensory neurons from the pain-signaling pathway are activated by different noxious stimuli, including thermal, mechanical, or chemical stimuli that have potential or are currently damaging tissue. These specialized primary sensory cells are pseudo-unipolar neurons with the soma anatomically located in the dorsal root ganglia (DRG) and in the trigeminal ganglia (Kandel, 2013). The peripheral terminals of nociceptors are equipped with a range of receptors that transduce noxious stimuli into action potentials, which are then transmitted through the nervous systems. All primary sensory nociceptors, through their central terminals, make synaptic connections with second-order neurons in the spinal cord (for a review see Woolf and Ma, 2007). Some subsets of spinal dorsal horn neurons project axons and transmit pain messages to higher brain centers, including the reticular formation, thalamus, amygdala, and finally the cerebral cortex. These brain regions are associated with autonomic, hormonal, emotional and cognitive aspects of pain, including the perception and consciousness of pain (Mobbs et al., 2009). The neural activity along the pain transmission pathway is inhibited or amplified by ascending and descending neural circuits (for a revision see Woolf, 2018). This modulation allows a wide range of factors to modulate pain sensation and perception, including psychosocial and environmental factors (for a review see Chayadi and Mcconnell, 2019).



NEUROINFLAMMATION IN CHRONIC PAIN

Growing evidence suggests that persistent inflammation within the PNS and CNS is a factor that drives self-perpetuation and pathologic plasticity changes in sensory neurons, sustaining the chronicity of pain (Kawasaki et al., 2008; Gao and Ji, 2010). Injuries and diseases that directly or indirectly affect the PNS and CNS can elicit neuroinflammatory responses that include activation of resident immune cells, changes in capillary permeability and infiltration of peripheral blood cells (for a review see Zhuang et al., 2005). It has been demonstrated that during inflammation peripheral leukocytes (including neutrophils, monocytes/macrophages and T cells) are able to infiltrate the PNS and CNS, leading to overproduction of a variety of pro-inflammatory cytokines, chemokines, and other pain-related mediators (Costigan et al., 2009b; Kigerl et al., 2009). The neuroinflammatory response is further amplified by the activation of resident glial cells, including microglia and astrocytes. Once activated, these cells undergo hypertrophic changes and increase the release of glial mediators, including numerous trophic factors, chemokines and proinflammatory cytokines that can modulate pain sensitivity (Rojewska et al., 2014b; Figure 1).
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FIGURE 1. Merger of kynurenine (KYN) and tetrahydrobiopterin (BH4) pathways into inflammation cascade involved in pain hypersensitivity. After inflammatory activation, expression and activity from GTPCH (guanosine triphosphate cyclohydrolase I), IDO1 (indoleamine 2,3-dioxygenase), and KMO (kynurenine 3-monooxygenase) enzymes are enhanced in brain and immune cells. Inflammatory inducible KYN/BH4 pathways upregulation is characterized by increased nociceptive compounds, such as QUIN (quinolinic acid) and BH4. As a consequence, neurons undergo profound changes in activity, which eventually result in exacerbated pain sensations. The neuroactive compound QUIN is NMDAR (N-methyl-d-aspartate receptor) agonist it is proposed to exacerbate hypersensitivity throughout modulation of this receptor. The exact molecular mechanism by which BH4 induces pronociceptive effects is not fully elucidated. TNF-α, tumor necrosis factor alpha; IL-1β, interleukin-1beta; IFN-γ, interferon gamma; Glu, glutamate.


While acute neuroinflammation can produce transient peripheral and central sensitization, permanent or repeated neuroinflammation is associated with a long-lasting and even permanent sensitization (Christianson et al., 2011). The literature supports the association between neuroinflammation and various chronic pain conditions, such as neuropathic pain triggered by diabetes, nerve and spinal cord injury, inflammatory pain caused by arthritis, inflammatory bowel disease, cancer related pain, complex regional pain syndrome, and pain caused by drug therapy (Sweitzer et al., 2002; Chua et al., 2019). As an example, a study on post mortem spinal cord samples from human immunodeficiency virus (HIV)-infected patients with neuropathic pain showed increased glial activation and increased inflammatory cytokine levels (Shi et al., 2012).

The exact mechanisms by which neuroinflammation favors the transition from acute pain to persistent pain is still poorly defined. This lack of understanding of the basic mechanisms of pain perpetuation is reflected in the limited efficacy of anti-inflammatory drugs, in addition to the significant side effects (Enthoven et al., 2016). Therefore, new avenues need to be explored in order to manage this unmet clinical condition. In this paradigm, emerging mediators related to inflammation-enhanced metabolic pathways, i.e., tetrahydrobiopterin (BH4) and quinolinic acid (QUIN; a KYN pathway metabolite) have been proposed to favor pain hypersensitivity (Latremoliere et al., 2015; Laumet et al., 2017). The innate immune system once activated elicits the synthesis of pro-inflammatory mediators in order to coordinate the inflammatory response. Many of these mediators can transcriptionally upregulate the expression of inducible enzymes, activating the pathological production of BH4 and QUIN (for a review see Guillemin, 2012; Ghisoni et al., 2015a; Figure 1).



THE BIOSYNTHESIS OF BH4

BH4 is traditionally known as an essential cofactor for the catalytic activity of phenylalanine hydroxylase, tyrosine-3-hydroxylase, tryptophan-5-hydroxylase, alkylglycerol monooxygenase, and all nitric oxide synthase isoforms (Thöny et al., 2000). As a consequence, BH4 is crucial for hydroxylation of the aromatic amino acids, resulting in the catabolism of phenylalanine and the synthesis of the catecholaminergic neurotransmitters dopamine and serotonin. BH4 is also mandatory for the cleavage of ether lipids as well as the biosynthesis of nitric oxide (Thöny et al., 2000; Werner et al., 2011). Recently, our group has uncovered other fundamental physiological roles for basal BH4 levels, as having antioxidant and anti-inflammatory properties, and being a mitochondrial activator as well as a memory enhancer (Ghisoni et al., 2015a, b, 2016; De Paula Martins et al., 2018; Latini et al., 2018). We also described that exacerbated production of BH4 is pathogenic, causing pain, increasing the aggressiveness of the immune system and the progression of the symptoms of chronic diseases, including, chronic pain, asthma, multiple sclerosis, ulcerative colitis, rheumatoid arthritis, and cognitive impairment (Latremoliere et al., 2015; Cronin et al., 2018; Fujita et al., 2019).

Physiological basal levels of BH4 are at tightly controlled concentrations, requiring therefore, a tuned regulation of BH4 synthesis. Three metabolic pathways, namely de novo synthesis, recycling, and salvage pathways cooperate to maintain appropriate intracellular levels of BH4 (Figure 2). The de novo pathway generates BH4 from guanosine triphosphate (GTP) through a three-step enzymatic cascade starting with the rate-limiting enzyme guanosine triphosphate cyclohydrolase I (GTPCH), followed by 6-pyruvoyl tetrahydropterin synthase (PTPS) and sepiapterin reductase (SPR) (for a review see Ghisoni et al., 2015a). Alternative to de novo synthesis, intracellular BH4 levels can be produced via the salvage pathway using sepiapterin and 7,8-dihydrobiopterin as intermediates. Although this pathway is not fully understood, SPR and dihydrofolate reductase (DHFR) appear to be essential enzymes to maintain BH4 levels without consuming high-energy phosphate containing compounds (Werner et al., 2011). In addition, the catalytic activity of SPR can also be performed by non-specific enzymes, the aldoketo and carbonyl reductases (Hirakawa et al., 2009; Werner et al., 2011). Finally, the recycling pathway represents a mechanism that preserves energy and generates large quantities of pterin in high-BH4 demanding organs (e.g., hepatic metabolism of aromatic amino acids). After BH4 participates as a mandatory enzymatic cofactor, the unstable intermediate 4a-hydroxy-tetrahydrobiopterin is formed and undergoes a dehydration leading to the formation of quinonoid dihydrobiopterin, which is reduced back to BH4 by dihydropteridine reductase (Thöny et al., 2000; Longo, 2009).
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FIGURE 2. Crosstalk between the tetrahydrobiopterin (BH4) and kynurenine (KYN) pathways. It is highlighted in red the activation of the two metabolic pathways under inflammation. It is highlighted in green the KYN intermediate xanthurenic acid (XA), which recently was demonstrated to be an inhibitor of sepiapterina reductase (SPR) (Haruki et al., 2016). The formation of BH4 (highlighted in orange) by the de novo pathway involves the catalytic activity of GTPCH (guanosine triphosphate cyclohydrolase I), PTPS (followed by 6-pyruvoyl tetrahydropterin synthase) and SPR (sepiapterin reductase). SPR deficiencies may be overcome in target tissues by unspecific reductases of the salvage pathway, including aldoketo and carbonyl reductases (AKR; CR) (Hirakawa et al., 2009; Werner et al., 2011), which transform 6-pyruvoyl-tetrahydropterin into sepiapterin and BH2 (7,8-dihydrobiopterin), then the final reduction back to BH4 is performed by DHFR (dihydrofolate reductase). The recycling pathway maintains high levels of BH4 in the liver, where it is mainly used to metabolize phenylalanine. After BH4 oxidation, PCD (Pterin 4a-carbinolamine dehydratase) forms qBH2 (quinonoid dihydrobiopterin) to be reduced back to BH4 by DHPR (dihydropteridine reductase). The KYN pathway transforms tryptophan into a series of intermediates with different properties by combining the activity of several enzymes in different cells/tissues. The central intermediate KYN allows the production of XA, which inhibits SPR activity in the BH4 pathway. GTP, guanosine triphosphate; IDO1, indoleamine 2,3-dioxygenase; TDO, tryptophan 2,3-dioxygenase; KYNU, kynureninase; KYNA, kynurenic acid; KATs, kynurenine aminotransferases; KMO, kynurenine 3-monooxygenase; 3-HK, 3-hydroxykynurenine; AA, anthranilic acid; 3-HAA, 3-hydroxyanthranilic acid; 3-HAO, 3-hydroxyanthranilic acid 3,4-dioxygenase; QUIN, quinolinic acid; QPRT, quinolinate phosphoribosyltransferase; NAD+, nicotinamide adenine dinucleotide; ACMSD, 2-amino-3-carboxymuconate-6-semialdehyde decarboxylase; IFN-γ, interferon gamma, TNF-α, tumor necrosis factor alpha; IL-1β, interleukin 1beta; IL-6, interleukin-6; LPS, lipopolysaccharides.


Increased levels of BH4 are expected under cellular stress and requires the production of new blocks of BH4. GTPCH, the rate-limiting enzyme of the de novo BH4 pathway, is an inducible enzyme, having its expression controlled by pro-inflammatory mediators, such as interferon gamma (IFN-γ), tumor necrosis factor alpha (TNF-α), interleukin-1beta (IL-1β), and lipopolysaccharides (LPS) (Werner et al., 1990). During the pro-inflammatory response, expression of GCH1 (which codes for GTPCH), and GTPCH activity are markedly increased, while the downstream enzymes, PTPS and SPR, are only slightly augmented, resulting in PTPS as the rate-limiting enzyme of the BH4 de novo pathway during inflammation. Consequently, this pseudometabolic blockage favors the accumulation of the PTPS substrate, which non-enzymatically will be transformed in neopterin, a well-established and sensitive biomarker for immune system activation, and for the activation of the de novo BH4 pathway (for a review see Ghisoni et al., 2015a; Figure 2).



BH4 AND CHRONIC PAIN

The first human validation linking chronic pain to the BH4 metabolism comes from the identification of single nucleotide polymorphisms in the GCH1 loci, which correlated with reduced experimental and clinical persistent pain sensitivity (Tegeder et al., 2006, 2008). Human homozygous haplotypes were associated with decreased upregulation of GCH1 upon inflammatory stimulation, but without full loss of function of GTPCH, which would preserve baseline BH4 concentrations (Campbell et al., 2009; Doehring et al., 2009; Dabo et al., 2010; Kim et al., 2010, 2013). Indeed, it was demonstrated that this human protective-pain haplotype only influences nociceptive thresholds after pain sensitization (Tegeder et al., 2008). In addition, individuals carrying the homozygous from of the haplotype are less sensitive to persistent leg pain after discectomy or persistent pain in fibromyalgia (Tegeder et al., 2008; Kim et al., 2010, 2013). However, other studies demonstrated that carrying this human homozygous polymorphism does not protect from pancreatic pain, post dental surgery or post mastectomy pains, suggesting that the association between GCH1 and pain may be disease- or tissue-specific (Kim and Dionne, 2007; Lazarev et al., 2008; Holliday et al., 2009; Hickey et al., 2011).

In rodent models, the genetic ablation of Gch1 in DRGs generated evidence supporting the contribution of excessive levels of BH4 in chronic pain hypersensitivity (Kim et al., 2009; Latremoliere et al., 2015). DRG Gch1 null rats showed decreased mechanical pain hypersensitivity and microglial activation in the dorsal horn 14 days following spared nerve injury (SNI) (Kim et al., 2009). Similarly, the absence of Gch1 in the DRG of mice prevented excessive BH4 production in sensory neurons and mechanical pain hypersensitivity induced by nerve injury following 21 days of SNI and chronic constriction injury (CCI) as measured by the normalization of the mechanical threshold for pain (Latremoliere et al., 2015).

Expression and functional profiling in rodents has shown that enhanced BH4 biosynthetic enzymes transcription and activity in sensory neurons and immune cells lead to increased BH4 levels, which results in greater chronic pain hypersensitivity (Tegeder et al., 2006; Kim et al., 2009; Latremoliere et al., 2015; Cronin et al., 2018). For example, Gch1 and Spr were upregulated up to sixfold 21 days after SNI, indicating that elevated transcription for BH4 biosynthesis persists for some time after injury (Tegeder et al., 2006; Kim et al., 2009; Latremoliere et al., 2015). In parallel with persistent mechanical hypersensitivity, BH4 levels are increased in rat sensory neurons in response to both axonal injury and peripheral inflammation induced by SNI and intraplantar complete Freund’s adjuvant (CFA) injection, respectively (Tegeder et al., 2006). Furthermore, enhanced GCH1 transcription and increased BH4 levels were identified not only in injured sensory neurons, but also in leukocytes that infiltrated the tissue after SNI in mice, which underline the contribution of the immune system in the persistence of hypersensitivity induced by BH4 overproduction (Latremoliere et al., 2015). Collectively, the enhanced expression of the transcripts for the BH4 biosynthetic enzymes and increased BH4 levels correlate with the persistence of mechanical and cold hypersensitivity in rat and mice models for inflammatory and neuropathic pain, reinforcing the contribution of excessive levels of BH4 with chronic pain hypersensitivity (Tegeder et al., 2006; Latremoliere et al., 2015; Fujita et al., 2019).


Inhibition of Pathological BH4 Levels as a Novel Pathway to Induce Analgesia

One of the most effective current pharmacological therapies for controlling certain types of pain is the use of opioids. However, chronic opioid use lacks safety, effectiveness and has a substantial liability for abuse and high risk of death from overdose (NIDA, 2020). Therefore, the inhibition of inflammation-triggered BH4 production may represent an innovative and non-addictive strategy for managing persistent pain.

Analgesia induced by the pharmacological inhibition of GTPCH activity was demonstrated in rodents subjected to SNI and CCI. The use of 2,4-diamino-6-hydroxypyrimidine (DAHP; a GTPCH inhibitor) reversed the mechanical and cold hypersensitivity induced by the nerve injury (Tegeder et al., 2006). Similarly, DAHP treatment reduced tumor-evoked microglial activation in the spinal cord and reduced cancer-induced systemic hyperalgesia in mice (Pickert et al., 2012). These initial data indicated that targeting the flux of this metabolic pathway could represent new horizons in the clinical management of chronic pain. However, since GTPCH activity is essential for BH4 production, any pharmacological approaches should aim to reduce exacerbated BH4 levels back to basal levels, without compromising its physiological roles on endothelial function and metabolisms of neurotransmitters, lipids and nitric oxide.

A yeast three hybrid screen revealed that a Food and Drug Administration (FDA)-approved anti-inflammatory compound, sulfasalazine (SSZ), is an inhibitor of the BH4 synthesizing enzyme SPR (Haruki et al., 2013). The use of SSZ in mice subjected to SNI showed reduced mechanical pain hypersensitivity, without compromising essential BH4-related functions (Latremoliere et al., 2015). However, the analgesia induced was mild, probably due to the limited bioavailability, low potency, and complex metabolism of this drug in the gut (Pieniaszek and Bates, 1979). Thus, using a structure-based design, our group has developed new more potent SPR inhibitors (SPRi), SPRi3 and QM385. These SPRi have been shown to induce potent analgesic effects in neuropathic and inflammatory pain models, without inducing tolerance or adverse effects (Latremoliere et al., 2015; Fujita et al., 2019). Either a single or repeated SPR inhibitor intraperitoneal injection alleviated intraplantar CFA injection-, SNI-, and CCI-induced pain hypersensitivity in mice, with a maximal activity 1 h after the administration (Latremoliere et al., 2015). The analgesic effect of these SPRi were also demonstrated in the chronic phase of the collagen antibody-induced arthritis (CAIA) model of inflammatory joint pain, in which a rapid onset of clinical signs of arthritis is followed by a persistent pain-related hypersensitivity syndrome lasting at least 55 days (Fujita et al., 2019). We also demonstrated that SPRi reduced pain scores in mice submitted to a colitis experimental model, and that this effect was in part due to the absolute requirement of T cells for BH4 in order to expand and infiltrate tissues (Cronin et al., 2018). Another FDA-approved drug, Tranilast – an anti-allergic agent, was also demonstrated to inhibit SPR in protein- and cell-based assays (Moore et al., 2019) and to reduce pelvic pain caused by endometriosis in a clinical study (Honda et al., 2013).

Table 1 summarizes the half maximal inhibitory concentration (IC50) values of key SPRi, including the natural SPR inhibitors (e.g., N-acetyl-serotonin), the synthetic and FDA-approved compounds.


TABLE 1. Half maximal inhibitory concentration (IC50) for the known sepiapterin reductase inhibitors (SPRi).
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Sepiapterin as a Biological Marker for the Analgesic Effects of SPRi

Sepiapterin is a metabolic intermediate of the BH4 salvage pathway. It does not accumulate intracellularly, but is found at increased concentrations in the biological fluids of patients affected by mutations in the SPR gene (Carducci et al., 2015). The chemical stability of sepiapterin and its accumulation upon genetic and/or pharmacological manipulation of SPR make this metabolite a sensitive and specific biological marker of SPR inhibition (Fujita et al., 2019). Indeed, a dose-dependent increase of sepiapterin levels in plasma and urine from rodents, and humans were observed after the administration of SPRi (SSZ, SPRi3, QM385, and Q1195 in rodents and SSZ in humans (Latremoliere et al., 2015; Fujita et al., 2019; Meyer et al., 2019). In a recent publication by our group, the urinary sepiapterin was established as a reliable biomarker of SPR inhibition with high sensitivity (70–85%) and specificity (82–88%) in both mice and human health volunteers after the administration of SPRi3 and SSZ, respectively (Fujita et al., 2019).

In an effort to associate changes of sepiapterin and BH4 with analgesic effects induced by SPRi, Table 2 shows the changes on sepiapterin and BH4 levels identified in biological samples after treatment with different SPRi and the correspondent analgesic effects in different experimental pain models.


TABLE 2. Analgesic effects, tetrahydrobiopterin (BH4) and sepiapterin changes for the main sepiapterin reductase inhibitors (SPRi).
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THE KYN PATHWAY BIOSYNTHESIS

The KYN pathway is active in a variety of different tissues, but more notably in the liver through the enzyme tryptophan 2,3-dioxygenase (TDO); and in cells of the immune and nervous systems (including neurons, microglia and astrocytes) by indoleamine 2,3-dioxygenase 1 (IDO1) (Moroni et al., 1988a). IDO1 is the rate-limiting enzyme of the pathway in immune cells, playing key roles in immune system activation and regulation (Guillemin et al., 2005). The most potent activator of IDO1 is IFN-γ (Werner-Felmayer et al., 1989), but this enzyme is also activated by other mediators such as LPS, amyloid peptides, cytotoxic T lymphocyte antigen-4 (CTLA4) and HIV proteins (Guillemin et al., 2003; Jones et al., 2015). Around 95% of the dietary tryptophan (Trp) is metabolized into the KYN pathway, which can follow three different metabolic routes, synthesizing the essential cofactor nicotinamide adenine dinucleotide (NAD+), kynurenic acid (KYNA), or xanthurenic acid (XA) (Beadle et al., 1947; Wolf, 1974; Figure 2).

Initially, Trp can be oxidized into the instable metabolite N-formyl-kynurenine by TDO or IDO1, to be further transformed into KYN, the central intermediate of the pathway, by formamidase. KYN can be metabolized into anthranilic acid or KYNA by kynureninase and kynurenine aminotransferases (KATs I, II, and III), respectively. Additionally, kynurenine 3-monooxygenase (KMO) can transform KYN into 3-hydroxykynurenine (3-HK) to produce 3-hydroxyanthranilic acid (3-HAA) by kynureninase. 3-HAA in turn, forms picolinic acid, QUIN and NAD+ through the action of additional enzymes. 3-HK can be also metabolized by KATs into XA (Figure 2).



KYN PATHWAY AND CHRONIC PAIN

There is extensive evidence in literature that proinflammatory stimuli, mitochondrial dysfunction, oxidative stress, and the formation of neuroactive metabolites that can modulate glutamatergic receptors and neurotransmitter production are relevant to pain sensation (Moroni et al., 1988b; Turski et al., 1988). Several of the KYN pathway metabolites are neuroactive compounds able to regulate, for example, the activity of glutamatergic N−methyl−d−aspartate (NMDA) receptors inducing toxicity, favoring the excessive generation of reactive species (Stone and Perkins, 1981; Kessler et al., 1989), or compromising the activity of the energy metabolism by deficiencies in the synthesis of Trp-linked NAD+ (Massudi et al., 2012; Gomes et al., 2013; Zhu et al., 2015). For example, QUIN is a potent NMDA receptor agonist, which at nM levels induces excitotoxicity, mitochondrial damage, oxidative stress, destabilization of the cellular cytoskeleton, and disruption of autophagy, among other negative effects (Schwarcz et al., 1984; Guillemin, 2012). Thus, perturbations on the KYN pathway may favor the transition from acute to persistent pain by inducing these deleterious reactions. In this scenario, it is well established that glutamatergic neurotransmission is essential for peripheral (Pardutz et al., 2012) and central sensitization (Latremoliere and Woolf, 2009). Thus, the pharmacological antagonism of NMDA receptors has been explored as a key therapeutic target in pain disorders (Nasstrom et al., 1992; Chapman and Dickenson, 1995; Bannister et al., 2017).

It has been also demonstrated that increased IDO1 activity is inversely related to serotonin concentrations in human plasma (Lood et al., 2015), which has a relevant role in the pain inhibitory descendant modulation (Mico et al., 1997; Sawynok et al., 2001). Sustained Trp catabolism throught KYN pathway during chronic inflammation can compromise the availability of this aromatic amino acid to form serotonin, and thus decrease the serotonin inhibitory descendant pain modulation (Capuron and Dantzer, 2003; Kim et al., 2012). In line with this, a persistent mechanical and thermal hyperalgesia has been shown to be associate with a decreased serotonin/Trp ratio, and an increased KYN/Trp ratio in the hippocampus of rats under chronic arthritis inflammatory pain model induced by a joint CFA injection (Kim et al., 2012).

Clinical and preclinical studies have also demonstrated that the excessive IDO1 activation contributes to inflammation-induced pain (Kim et al., 2012; Huang et al., 2016). IDO1 expression is increased in several inflammatory and pain conditions, for example in the lungs and lymphoid tissue of mice with mechanical pain hypersensitivity induced by an acute and a chronic viral infection, respectively (Huang et al., 2016). In contrast, virus-induced mechanical pain hypersensitivity was not evident in mice lacking IDO1 genes (Huang et al., 2016). In a separate study of chronic arthritis inflammatory pain model, the IDO1 gene expression, protein content and activity were elevated in the hippocampus of rats, resulting in persistent pain hypersensitivity after 21 days of the CFA injection in the tibiotarsal joint (Kim et al., 2012). Blockage of IDO1 with the inhibitor 1-methyl-tryptophan (1-MT) attenuated persistent mechanical and thermal hyperalgesia in rats with chronic arthritis inflammatory pain (Kim et al., 2012). In a clinical observational study, patients affected with chronic back pain showed elevated plasma IDO1 and increased KYN/Trp ratio as compared with healthy controls (Kim et al., 2012).

In murine pre-clinical models, alterations in the KYN pathway and immune system contributing to pain hypersensitivity were demonstrated. For example, in sensory neurons from the DRG and spinal cord, sustained IDO1 and KMO activation due to nerve injury were associated with mechanical and thermal hypersensitivity in rats after 21 the CCI in the sciatic nerve (Rojewska et al., 2016, 2018). Furthermore, in cell culture models we demonstrated that the overexpression of KMO, and subsequent increase in QUIN production is mainly enhanced in monocytic cells, including macrophages and microglia during inflammation (Guillemin et al., 2003). Indeed, the administration of the microglial inhibitor minocycline was able to reduce mechanical hypersensitivity in parallel with a reduction of KMO expression in sensory neurons from rat submitted to the chronic neuropathic pain model induced by the CCI (Rojewska et al., 2014a, 2016). Similarly, treatment with inhibitors for IDO1 (1-MT) or KMO (Ro61-6048 and JM6) attenuated the persistent mechanical and thermal hypersensitivity, along with reduced markers of peripheral inflammation in rat the model of chronic neuropathic pain induced by the sciatic nerve CCI (Rojewska et al., 2016, 2018). These evidence strengthens the correlation between upregulation of KYN pathway, dysregulation of immune system and the development of persistent pain hypersensitivity.


XA, the Link Between the BH4 Metabolism and the KYN Pathway in Pain

XA was identified as a potent inhibitor of SPR during a screening of a collection of natural compounds (Haruki et al., 2016). This implies that this KYN pathway metabolite has potential to limit the pathological overproduction of BH4 observed in experimental pain models, and therefore induce similar analgesic effects as those elicited by synthetic SPRi, SPRi3 and QM385.

A role for XA in neurotransmission and neuromodulation has been suggested based on (i) the capacity to cross the BBB and spread heterogeneously within different mouse brain regions (Gobaille et al., 2008); (ii) the inhibitory effect on the rat brain vesicular release of glutamate, reducing the glutamatergic transmission (Neale et al., 2013); and (iii) the activity as an agonist of metabotropic glutamate receptors type II, which have been implicated in the negative modulation of nociceptive transmission (Fazio et al., 2016). Thus, the better understanding of the metabolic interaction between these two pathways during inflammation may open new avenues to pharmacologically modulate chronic pain. Indeed, XA has been proposed as an antinociceptive compound, as intraperitoneal administration of XA increased the threshold for nociception in rats (Heyliger et al., 1998) and lower levels of plasma XA were observed in patients affected by episodic and chronic cluster headache in a clinical observational study (Curto et al., 2016). However, to the best of our knowledge, XA-induced decreased SPR activity in a cellular system or a correlation between analgesic effects and SPR inhibition have not been explored yet.




CONCLUSION

Advances in the understanding of the mechanisms behind the development of chronic pain have identified a critical interaction between the immune system and the nervous system. These two systems synergistically promote local and systemic responses that restore homeostasis after tissue injury and/or infection. However, this bidirectional communication is also involved in maladaptive feedforward inflammatory loops at multiple levels of the neuroaxis contributing to the development of chronic pain. Neuro-immune interactions are able to control the metabolic flux of various metabolic pathways, including the BH4 and KYN pathways. Both are rapidly activated by inflammation, resulting in the production of several biologically active metabolites, which have been involved in pain states. Recently, XA, a KYN pathway intermediate, was identified as an endogenous inhibitor of the BH4 metabolism. This raises the possibility that XA can potentially modulate the pathological overproduction of BH4 reported in chronic pain hypersensitivity experimental models. The modulation of the KYN pathway can be directed toward the production of XA (through the kynureninase inhibition e.g.), resulting in alterations of BH4. Therefore, understanding the interaction between these two pathways during inflammation is likely to open new avenues to pharmacologically modulate chronic pain.

Altogether, strategies aiming to manipulate the production of bioactive metabolites from the BH4 and KYN pathways, especially in sensory neurons, immune and glia cells might represent promising new analgesic approaches to reduce the hypersensitivity triggered by chronic inflammation. However, given the major central functions of the metabolites produced through the BH4 and KYN pathways in physiological conditions, potential undesirable side effects could be triggered by therapeutic approaches involving the manipulation of both pathways. The relationship between BH4 and KYN pathways, and especially its possible relevance for inflammation-induced pain hypersensitivity, should be critically assessed, and pre-clinical experiments exploring the complex interconnection between both pathways and the production of clinical evidence are encouraged.
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ABBREVIATIONS

 1-MT, 1-methyl-tryptophan, an IDO1 inhibitor; 3-HAA, 3-hydroxyanthranilic acid; 3-HK, 3-hydroxykynurenine; AA, anthranilic acid; AKR, aldoketo reductase; BH4, tetrahydrobiopterin; CAIA, collagen antibody-induced arthritis; CCI, chronic constriction injury; CFA, complete Freund’s adjuvant; CNS, central nervous system; CR, carbonyl reductase; CTLA4, cytotoxic T lymphocyte antigen-4; DHFR, dihydrofolate reductase; DRG, dorsal root ganglia; FDA, Food and Drug Administration; GCH1, gene that codes for the human guanosine triphosphate cyclohydrolase I enzyme; Gch1, gene that codes for the murine guanosine triphosphate cyclohydrolase I; Glu, glutamate, GTP, guanosine triphosphate; GTPCH, guanosine triphosphate cyclohydrolase I; HIV, human immunodeficiency virus; IASP, International Association for the Study of Pain; IC50, concentration at half-maximal inhibition; IDO1, indoleamine 2,3-dioxygenase 1; IFN-γ, interferon gamma; IL-1 β, interleukin-1beta; IL-6, interleukin-6; JM6, a KMO inhibitor; KATs, kynurenine aminotransferases; KMO, kynurenine 3-monooxygenase; KYN, kynurenine; KYNA, kynurenic acid; KYNU, kynureninase; LPS, lipopolysaccharides; NAD+, nicotinamide adenine dinucleotide; NMDA, N − methyl − d − aspartate; NMDAR, N-methyl -d-aspartate receptor; NSAIDs, non-steroidal anti-inflammatory drugs; PCD, pterin 4a-carbinolamine dehydratase; PNS, peripheral nervous system; PTPS, 6-pyruvoyl tetrahydropterin synthase; Q-1195, a SPR inhibitor; QM385, a SPR inhibitor; QUIN, quinolinic acid; Ro61-6048, a KMO inhibitor; SNI, spared nerve injury; SPR, sepiapterin reductase; Spr, gene that codes for the murine sepiapterin reductase; SPRi, sepiapterin reductase inhibitors; SPRi3, a SPR inhibitor; SSZ, sulfasalazine; TDO, tryptophan 2,3-dioxygenase; TNF-α, tumor necrosis factor alpha; Trp, tryptophan; XA, xanthurenic acid.
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Neuropathic pain is a common complication of diabetes with high morbidity and poor treatment outcomes. Accumulating evidence suggests the immune system is involved in the development of diabetic neuropathy, whilst neuro-immune interactions involving the kynurenine (KYN) and tetrahydrobiopterin (BH4) pathways have been linked to neuropathic pain pre-clinically and in several chronic pain conditions. Here, using a multiplex assay, we quantified serum levels of 14 cytokines in 21 participants with type 1 diabetes mellitus, 13 of which were classified as having neuropathic pain. In addition, using high performance liquid chromatography and gas chromatography-mass spectrometry, all major KYN and BH4 pathway metabolites were quantified in serum from the same cohort. Our results show increases in GM-CSF and IL-8, suggesting immune cell involvement. We demonstrated increases in two inflammatory biomarkers: neopterin and the KYN/TRP ratio, a marker of indoleamine 2,3-dioxygenase activity. Moreover, the KYN/TRP ratio positively correlated with pain intensity. Total kynurenine aminotransferase activity was also higher in the diabetic neuropathic pain group, indicating there may be increased production of the KYN metabolite, xanthurenic acid. Overall, this study supports the idea that inflammatory activation of the KYN and BH4 pathways occurs due to elevated inflammatory cytokines, which might be involved in the pathogenesis of neuropathic pain in type 1 diabetes mellitus. Further studies should be carried out to investigate the role of KYN and BH4 pathways, which could strengthen the case for therapeutically targeting them in neuropathic pain conditions.
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INTRODUCTION

Peripheral diabetic neuropathy is a disorder of the peripheral nervous system that preferentially targets sensory axons, autonomic axons and later, to a lesser extent, motor axons (for a review see Feldman et al., 2019). Diabetic neuropathy is responsible for the greatest morbidity in terms of depression, anxiety, loss of sleep and non-compliance with treatment in diabetic patients (Holzer, 1998; Jensen et al., 2007). A sizable proportion of patients with peripheral diabetic neuropathy (25–60%) also develop neuropathic pain (diabetic neuropathic pain; DNP) (Tavakoli and Malik, 2008; Abbott et al., 2011; van Hecke et al., 2014), which is defined as “pain caused by a lesion or disease affecting the somatosensory system” (IASP, 2017). Management of DNP can be challenging for both the clinician and the patient, with pain being unresponsive, or only partially responsive, to existing pharmacological approaches (Jose et al., 2007). Thus, a pressing need exists to develop a greater understanding of the underlying molecular mechanisms responsible for the characteristic intractable chronic pain associated with diabetic neuropathy in order to develop more effective therapies.

Over the last two decades, advances in the understanding of the mechanisms eliciting chronic neuropathic pain have identified a critical interaction between the immune system and the nervous system (Austin and Moalem-Taylor, 2010). The two systems are tightly integrated, cooperating in local and systemic reflexes that restore homeostasis in response to tissue injury and infection. They further share a broad common language of cytokines, growth factors, and neuropeptides that enables bidirectional communication. However, this reciprocal crosstalk permits amplification of maladaptive feedforward inflammatory loops at multiple levels of the neuraxis, contributing to the development of both sensory and emotional aspects of chronic pain (for detailed reviews see Grace et al., 2014; Talbot et al., 2016; Austin and Fiore, 2019). A number of recent studies have identified elevated immune markers (C-reactive protein, tumor necrosis factor alpha (TNF-α), interleukin (IL) 6 (IL-6), toll-like receptor (TLR) 4, transforming growth factor beta 1 (TGF β 1) and the presence of antinuclear and anti-ganglioside auto-antibodies in diabetic neuropathy (Hussain et al., 2013, 2016; Janahi et al., 2015; Zhu et al., 2015; Ge et al., 2016), however these studies do not distinguish between painless and painful neuropathy.

The kynurenine (KYN) and tetrahydrobiopterin (BH4) pathways are critical regulators of neuro-immune crosstalk (Staats Pires et al., 2020). Inflammation rapidly activates both pathways, producing several neuroactive metabolites (Figure 1), and there is emerging evidence that KYN pathway (KP) activation contributes to the pathogenesis of chronic pain and co-morbid depression through resultant neuroinflammation and neurotoxicity (Kim et al., 2012; Walker et al., 2014; Zhou et al., 2015; Rojewska et al., 2016, 2018; Laumet et al., 2017). Inflammatory cytokines, such as interferon gamma (IFN-γ) and TNF-α, are activators of indoleamine 2,3-dioxygenase (IDO1), a major biosynthetic enzyme in the conversion of tryptophan (TRP) to KYN. KYN is metabolized by kynurenine 3-monooxygenase (KMO) into 3-hydroxy-kynurenine (3-HK). 3-HK is converted to the neurotoxic metabolite quinolinic acid (QUIN) in both macrophages and microglia by the enzymes kynureninase (KYNU) and 3-hydroxyanthralinic acid dioxygenase (HAO) (Guillemin, 2012). A recent study in over 17000 chronic pain patients identified QUIN as the most commonly elevated biomarker, with the authors suggesting a role in enhanced nociception through peripheral NMDA-receptor activation (Gunn et al., 2020). Moreover, the inhibition of IDO and KMO reduces allodynia and depressive-like behavior in rodent models of neuropathic pain (Rojewska et al., 2016, 2018; Laumet et al., 2017).
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FIGURE 1. A schematic diagram of the kynurenine (KYN) and tetrahydrobiopterin (BH4) pathways. Both KYN and BH4 pathways are activated by inflammatory cytokines such as IL-1β, Il-6, IFN-γ, TNF-α, and the immune activator LPS. LPS, lipopolysaccharide; GTP, Guanosine-5’-triphosphate; GTPCH, GTP cyclohydrolase I; PTPS, 6-pyruvoyl-tetrahydropterin synthase; IDO, Indoleamine 2,3-dioxygenase; TDO, tryptophan 2,3-dioxygenase; KATs, Kynurenine aminotransferases; KYNA, Kynurenine acid; XA, Xanthurenic acid; KYNU, Kynureninase; AA, Anthranilic acid; KMO, Kynurenine 3-monooxygenase; 3-HK, 3-Hydroxykynurenine; 3-HAA, 3-Hydroxyanthranilic acid; 3-HAO, 3-hydroxyanthranilate 3,4-dioxygenase; QUIN, Quinolinic acid.


GTP cyclohydrolase I (GTPCH), the rate-limiting enzyme of BH4 biosynthesis, is also activated by IFN-γ and TNF-α (Werner et al., 1990, 1993; Connor et al., 2008; Dias et al., 2016). BH4 has recently been identified as a key mediator of chronic pain. Elevated levels have been found in axotomized sensory neurons and macrophages infiltrating injured nerves, whilst inhibiting its production reduces pain sensitivity (Latremoliere et al., 2015; Fujita et al., 2019). BH4 acts as a mandatory cofactor for the production of catecholamines and nitric oxide (for a review see Ghisoni et al., 2015) and it is essential for the effective activation and proliferation of mature T cells (Cronin et al., 2018). Neopterin (NEO) is also downstream of GTPCH, however whilst production of BH4 relies on further enzymatic conversion from 6-pyruvoyl-tetrahydropterin synthase (PTPS) and others, NEO is produced by a non-enzymatic reaction. Consequently NEO is considered a more sensitive biomarker of immune activation than BH4 (Werner et al., 1990, 1993; Ghisoni et al., 2015).

Therefore, measurement of BH4, NEO and KP metabolites in biological fluids may offer relevant information about the progression and pathogenesis of DNP. Here, we present a comprehensive analysis of KP metabolites, as well as BH4 and NEO, in serum from diabetic individuals with chronic neuropathic pain (DNP) compared to diabetic controls with no pain (DC). Since pro-inflammatory cytokines activate KYN and BH4 pathways, we also analyzed a panel of 14 cytokines in the serum of these individuals.



MATERIALS AND METHODS


Participants

Participants were recruited by Genesis Research Services (Broadmeadow, NSW, Australia) between April 2018 and Sept 2019. The study included both male and female participants aged 40–71 years old, with definite clinical diagnosis of type 1 diabetes mellitus (n = 21). Thirteen of these participants were in the diabetic neuropathic pain group (DNP), as they had a definitive clinical diagnosis of painful diabetic peripheral neuropathy, whilst the remaining eight participants were classified in the diabetes control group (DC). Classification of the diabetes patients in to the DNP (n = 13) or DC (n = 8) groups was further confirmed using the Douleur Neuropathique 4 (DN4) questionnaire (Bouhassira et al., 2005), based on the absence (score < 4) or presence (score ≥ 4) of neuropathic pain. Exclusion criteria included age less than 18 years; chronic neuropathic pain lasting less than 3 months; presence of acute pain, non-neuropathic pain, or mixed pain; any neurological, psychiatric or pain condition that could confound the study endpoints; and pregnancy. For the DC group, further exclusion criteria included any evidence of peripheral neuropathy (i.e., numbness, non-painful paresthesias or tingling, non-painful sensory distortions or misinterpretations), or any other microvascular complications of diabetes (i.e., retinopathy, nephropathy). All participants were taking medication to manage their diabetes. On the day of blood collection, participants had ceased taking immune-modulating medications (e.g., NSAIDs, steroids or opioids) for at least 7 days, which was the longest wash-out clinically practicable.



Ethics Approval and Consent to Participate

This study was approved by the Human Ethics Committee from University of Sydney (HREC #2017/019) and Macquarie University (HREC #5201600401). Authorization for access to participants who fit the inclusion criteria was also granted by the Hunter New England Local Health District. Participation in the study was on a completely voluntary basis, and all participants signed informed consent. All demographic information and blood samples were de-identified from the study team.



Pain and Psychological Profiling

All participants rated pain intensity from 0 to 100 on a visual analog scale (VAS) and completed 5 questionnaires to assess pain and psychological variables: Short-form McGill Pain Questionnaire (SF-MPQ-2) (Dworkin et al., 2009), Short-form Depression, Anxiety and Stress Scale (DASS21) (Lovibond and Lovibond, 1995), Pain Self-Efficacy Questionnaire (PSEQ) (Nicholas, 2007), Tampa Scale for Kinesiophobia (TSK) (Roelofs et al., 2011) and Pain Catastrophizing Scale (PCS) (Sullivan et al., 1995).



Blood Collection Protocol

A non-fasted blood sample was taken by venepuncture from the antecubital fossa by a trained phlebotomist into a 5 mL tube. Samples were then incubated at room temperature for 15 min to allow the blot to clot, then centrifuged at 2,000 × g for 10 min. The supernatant was removed and stored in polypropylene aliquot tubes at −80°C until analysis.



Sample Preparation

Serum samples were deproteinised by adding 1 vol. of 10% trichloroacetic acid containing 6.5 mM dithioerythritol. Afterward, samples were centrifuged at 12,000 × g at 4oC for 15 min and filtered through a 0.20 μm PTFE syringe filter (Merck-Millipore, CA, United States). Supernatants were transferred to high performance liquid chromatography (HPLC) vials for analysis.



Metabolites Quantification by HPLC

Serum levels of xanthurenic acid (XA), TRP, KYN, 3-HK, 3-hydroxyanthranilic acid (3-HAA) and anthranilic acid (AA) were determined by HPLC and quantified using a sequential diode-array UV and fluorescence detection as previously described (Guillemin et al., 2007). The HPLC analysis was carried out in an uHPLC system (Agilent 1290 Infinity, CA, United States) by using an Agilent ZORBAX Rapid Resolution High Definition C18, reversed phase column (2.1 × 150 mm, 1.8 μm, Agilent Technologies, CA, United States). The temperature of the column compartment was set at 38°C. Injection volume was 20 μL and the autosampler tray temperature was set at 4oC to prevent sample degradation. The flow rate was set at 0.75 mL/min with an isocratic elution of 100% of 100 mM sodium acetate, pH 4.65. The identification and quantification of XA, KYN and 3-HK were performed by a UV detector (G4212A, Agilent, CA, United States) with absorbance at 250 nm and a reference signal at 350 nm for XA; and with absorbance at 365 nm and reference signal ‘off’ for KYN and 3-HK. The identification and quantification of TRP, 3-HAA and AA were performed by a fluorescence detector (G1321B xenon flash lamp, Agilent, CA, United States) with an emission wavelength of 438 nm and an excitation wavelength of 280 nm for TRP and 320 nm for 3-HAA and AA. The results were calculated by interpolation using a 6-point calibration curve and expressed as μmol/L or nmol/L.

NEO concentrations in serum samples were determined as previously described with some modifications (de Paula Martins et al., 2018). The same HPLC system and column described previously were used with a mobile phase of 100% of 15 mM potassium phosphate buffer, pH 6.4. The flow rate was set at 0.7 mL/min with an isocratic elution. The identification of NEO was performed by a fluorescence detector (G1321B xenon flash lamp, Agilent, CA, United States) with an emission wavelength of 438 nm and an excitation wavelength of 355 nm. The results were calculated by interpolation using 6-point calibration curve. Levels of NEO were calculated and expressed as nmol/L.

Kynurenic acid (KYNA) concentrations in serum samples were determined by HPLC (Agilent 1260 Infinity, Agilent, CA, United States) and an Agilent ZORBAX Rapid Resolution High Definition C18, reversed phase (4.6 × 100 mm, 3.5 μm, Agilent Technologies, CA, United States). Mobile phase consisted of 95% of 50 mM sodium acetate and 50 mM zinc acetate, pH 5.2 and 5% HPLC grade acetonitrile. The flow rate was set at 1.00 mL/min with an isocratic elution. The identification of KYNA was performed by a fluorescence detector (G1321B xenon flash lamp, Agilent, CA, United States) with emission wavelength of 388 nm and an excitation wavelength of 344 nm. The results were calculated by interpolation using a 6-point calibration curve. Levels of KYNA were calculated and expressed as nmol/L.



Metabolites Quantification by Gas Chromatography/Mass Spectrometry

QUIN and picolinic acid (PIC) concentrations in serum samples were determined using an Agilent 7890 gas chromatograph coupled with an Agilent 5975 mass spectrometer following a protocol previously described (Guillemin et al., 2007). Briefly, deproteinised-serum samples and deuterated internal standards were dried under vacuum and derivatized with trifluoroacetic anhydride and 1,1,1,3,3,3-hexafluoroisopropanol for an hour at 60 oC. Fluorinated esters were then extracted into toluene and washed with 5% sodium bicarbonate. The upper organic layer was collected and washed with 1 mL MilliQ water, and dried using sodium sulfate packed pipette tips. Samples were then injected under a splitless mode onto a HP-5MS GC capillary column (Agilent, CA, United States) and the analysis was carried out with the MS operating in negative chemical ionization mode. Selected ions (m/z 273 for PIC, m/z 277 for 4-PIC, m/z 467 for QUIN and m/z 470 for d3-QUIN) were simultaneously monitored. GC oven settings were as follows: oven temperature was held at 75°C for 3 min and then ramped to 290°C at a rate of 25°C/min and held at 290°C for 4 min for a total run time of 15.6 min. Quantification was achieved through normalization with respect to the internal standards and interpolation using 6-point calibration curves for each metabolite. Levels were calculated and expressed as nmol/L.



BH4 Quantification by ELISA

BH4 concentrations in serum samples were assessed by ELISA, using a commercial kit (Novus Biologicals, Colorado, United States), and following the manufacturer’s instructions. The levels of BH4 were estimated by interpolation from a standard curve by colorimetric measurements at 450 nm on a plate reader (PHERAstar® FSX, Offenburg, Germany). Results were calculated as nmol of BH4 per liter (nmol/L).



Cytokine Analysis

Aliquoted serum samples were thawed and filtered 0.22μm before being analyzed in duplicate by Eve Technologies (Calgary, AB, Canada) using a Milliplex human high sensitivity T-cell discovery array 14-plex assay kit (Millipore). Sample concentrations of the 14 analytes were determined using a 7-point standard curve using the manufacturer’s software.



Statistical Analysis

Fisher’s exact test was used to compare the proportion of male and female participants between the groups (Prism 6, GraphPad Software Inc.). All other data were first analyzed for the presence of multiple outliers using ROUT test and all the outliers were excluded. Subsequently, the data were analyzed for normality using the D’Agostino-Pearson normality test. Unpaired Student’s T-test (for normally distributed data), or a Mann–Whitney U-test (for non-normally distributed data) were used to test for statistically significant differences between the groups. Unpaired and two-tailed tests were used, and P < 0.05 was considered significant for these group comparisons. The relationship of pain and psychological variables, and cytokine levels to KYN- and BH4- metabolites was assessed using linear regression analyses, with the family-wise error rate corrected using the Benjamini-Hochberg procedure, at a false discovery rate of q < 0.1. This is the most appropriate and stringent methodology to correct for multiple comparisons and has been used by similar studies (Luchting et al., 2015; Russo et al., 2019). Only relationships that were significant following this correction are reported.



RESULTS

The demographics, clinical and psychological measures in DNP and DC participants are shown in Table 1. Among patients who had type 1 diabetes mellitus, 61.9% (n = 13) had DN4 scores ≥ 4 and presented with persistent pain for at least 3 months, meeting the criteria for chronic DNP (Bouhassira et al., 2005). This matched the clinical diagnosis of diabetic painful peripheral neuropathy in this group. The average time since pain onset in the DNP group was 9.08 years. All 13 DNP patients had pain in both lower limbs, 3 had pain in the left upper limb, and 2 had pain in the right upper limb. All of the DC group reported no neuropathic pain symptoms, scoring 0 on DN4, nor did they have any sensory deficits in the limbs or have any microvascular complications of diabetes. Therefore, we confirmed that there was no evidence of peripheral neuropathy (painful or otherwise) in the diabetic control group, but clear evidence of painful peripheral neuropathy in the DNP group.


TABLE 1. Demographics, clinical and psychological measures in type 1 diabetic neuropathic pain and type 1 diabetic control groups.

[image: Table 1]The proportion of females in the DNP group was greater than in the DC group, but this was not statistically significant (P = 0.67). Severe pain was confirmed in the DNP participants using the VAS pain scale (U = 0, P < 0.001) and the SF-MPQ-2 questionnaire (U = 0, P < 0.001). Psychological profiles were examined using the DASS21 scale, which showed moderate depression (U = 14, P < 0.01), moderate anxiety (U = 15, P < 0.01), and mild stress (U = 26, P = 0.06) in the DNP group. Kinesiophobia, pain catastrophizing and reduced pain self-efficacy were also found in the DNP group, which had significantly higher scores on the TSK (U = 3, P < 0.001), and PCS (U = 1.5, P < 0.001) scales, and lower scores in the PSEQ scale (U = 6, P < 0.001).

The serum protein levels of a panel of 14 cytokines were quantified in the DNP and DC groups (Table 2). Of particular interest are the significant increases in the levels of inflammatory cytokines GM-CSF (U = 16, P < 0.05, Figure 2A) and IL-8 (U = 6, P < 0.01, Figure 2B) in the DNP group compared to controls. There was no obvious pattern of differential cytokine levels between male and female participants. None of the other 12 cytokines showed significant differences between the two groups, although it is important to highlight that major pro-inflammatory cytokines, such as IFN-γ, TNF-α, IL-1b, IL-2, IL-17A, and IL-23 were highest in the DNP, whereas anti-inflammatory cytokines, IL-4 and IL-10, were lowest in the DNP group. The significant increases in IL-8 and GM-CSF suggest the presence of an inflammatory state in the DNP group.


TABLE 2. Cytokine protein levels in the serum of diabetic neuropathic pain and diabetic control groups.
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FIGURE 2. Cytokine levels in the serum of diabetic neuropathic pain and diabetic control groups. (A) GM-CSF and (B) IL-8 in serum of DNP participants and diabetic controls. *P < 0.05, **P < 0.01, unpaired two-tailed Mann–Whitney U-test. Circles represent male participants; triangles represent female participants.


This is further supported by a significant increase in the KYN/TRP ratio in the DNP group [t(18) = 2.348, P < 0.05] (Figure 3A). The KYN/TRP ratio is an indirect marker of the enzymatic activity of IDO1, which is activated by pro-inflammatory cytokines. Furthermore, the KYN/TRP ratio positively correlated with pain intensity in the DNP group (P < 0.05, R2 = 0.39), but not in diabetic controls (Figure 3C). There was no clear pattern of differential KYN/TRP ratio between male and female participants. Overall, these findings provide support that there is increased inflammatory activation in individuals with diabetic neuropathic pain.
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FIGURE 3. Levels of two major inflammatory biomarkers in the serum of diabetic neuropathic pain and diabetes control groups. (A) KYN/TRP ratio and (B) NEO in serum of DNP participants and diabetic controls. *P < 0.05, unpaired two-tailed Student’s T-test. (C) The relationship between pain intensity score and the KYN/TRP ratio in DNP and DC groups. *P < 0.05 & R2 linear regression analysis. Circles represent male participants; triangles represent female participants. TRP, Tryptophan; KYN, Kynurenine; NEO, neopterin; VAS, Visual analog scale.


Metabolites of the KP and BH4 pathway have been quantified in the serum of the DNP and diabetic control participants (Table 3). No significant alterations were observed in the different metabolic intermediates or end products of the KP. Lower levels of TRP and higher levels of KYN in the DNP group support the aforementioned significant increase in the KYN/TRP ratio (Figure 3A). The neurotoxic metabolite QUIN was 248.8 ± 191.2 nmol/L in the DNP group and 187.6 ± 110.6 nmol/L in the DC group, however this difference failed to reach significance due to high levels of individual variation [t(19) = 1.303, P = 0.21]. While BH4 levels were unaltered, the levels of the macrophage produced inflammatory biomarker NEO were significantly increased in the serum of DNP compared to DC participants [t(17) = 2.717, P < 0.05] (Figure 3B and Table 3).


TABLE 3. Levels of KYN and BH4 pathway metabolites in diabetic neuropathic pain and diabetic control groups.

[image: Table 3]In addition to the elevated activity of IDO1 predicted by the ratio of TRP/KYN, the activity of the other KP enzymes were estimated by the product/substrate ratios (Table 4). The kynurenine aminotransferase (KAT) activity responsible for the production of XA from the substrate 3-HK (identified here as KAT B) was significantly higher (U = 9, P < 0.01) in the DNP group. This is in line with lower levels of 3-HK and higher levels of XA (Table 3). Furthermore, the total KAT activity (calculated as the sum of KAT A and KAT B activities) was also significantly higher (U = 15, P < 0.05) in DNP participants, however given KAT A activity is not significantly different this is most likely the result of a significant change in KAT B. No other alterations were observed in the activity of the different enzymes of the KP.


TABLE 4. Activity of KP enzymes in the serum of DNP and diabetic control participants.

[image: Table 4]Given the known relationship between inflammatory cytokines and the KP and BH4 metabolites (Figure 1), linear regression was performed separately within the DNP and DC groups to uncover any relationships. Significant relationships were identified between inflammatory cytokines TNF-α and IL-1β and metabolites KYN, PIC and BH4 in the DNP group, but not the DC group (Figure 4). There were significant positive correlations between KYN (P < 0.01, R2 = 0.54, Figure 4A) and PIC (P < 0.001, R2 = 0.70, Figure 4B) with TNF-α within the DNP group. There was a significant positive correlation between IL-1β and BH4 in the DNP group (P < 0.01, R2 = 0.63, Figure 4C). These relationships exist in the DNP group despite the fact that none of these markers were significantly elevated compared to DC (Tables 2, 3). There were no obvious patterns between males and females. Overall, these findings suggest some degree of individual variation across the DNP group and that increased pro-inflammatory cytokine levels could be responsible for activation of the KP and BH4 pathway in some DNP participants.
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FIGURE 4. The relationships between TNF-α and IL-1β, and metabolites of the KYN and BH4 pathways in serum of diabetic neuropathic pain and diabetic control groups. (A) TNF-α and KYN expression correlate in the DNP group. (B) TNF-α and PIC expression correlate in the DNP group. (C) IL-1β and BH4 levels correlate in the DNP group. **P < 0.01, P < 0.001 & R2 from linear regression analysis. Circles represent male participants; triangles represent female participants.




DISCUSSION

In this study, we have demonstrated that the pro-inflammatory cytokines GM-CSF and IL-8, and the inflammatory biomarkers NEO and the KYN/TRP ratio, were elevated in participants with type 1 diabetes mellitus and neuropathic pain. The serum levels of a number of other pro-inflammatory cytokines positively correlated with metabolites of the KYN- and BH4- pathways, suggesting that immune mediators drive activation of these pathways.

It has been well documented that the appearance of peripheral neuropathy in type 1 and type 2 diabetes mellitus is strongly associated with increases in inflammatory biomarkers, including C-reactive protein, TNF-α, and IL-6 (Hussain et al., 2013; Zhu et al., 2015; Ge et al., 2016). Here, we specifically examined the serum levels of cytokines in participants with type 1 diabetes mellitus complicated by neuropathic pain (DNP group). We found that GM-CSF and IL-8 were elevated in the DNP group. GM-CSF promotes the survival and activation of macrophages, neutrophils and eosinophils, and has been shown to polarize macrophages toward an M1 pro-inflammatory phenotype (Hamilton, 2008). It has also been shown to sensitize peripheral nociceptors indirectly through the activation of macrophages, and cause sprouting of sensory nerve endings in the skin (Schweizerhof et al., 2009; Tewari et al., 2020). A recent study has confirmed a role for GM-CSF in neuropathic pain, where it can potentiate the release of pro-inflammatory mediators from spinal glial cells (Nicol et al., 2018). Moreover, GM-CSF was identified as an important biomarker in our recent study in complex regional pain syndrome (Russo et al., 2020). The chemokine IL-8 is predominantly released from macrophages, recruits both neutrophils and T lymphocytes, and has recently been associated with neuropathic pain in burning mouth syndrome and peripheral neuropathies (Barry et al., 2018; Langjahr et al., 2018). An imbalance of pro- and anti-inflammatory cytokines has previously been reported in other painful peripheral neuropathies (Uceyler et al., 2007). The mean serum level of IFN-γ was ∼40% higher in the DNP group compared to the control group (see Table 2), and although not a significant increase, it could be biological important as it is a major activator of IDO1. The cytokine profiles of DNP participants suggest an inflammatory state, involving GM-CSF and IL-8, may play a role in the development of neuropathic pain in type 1 diabetes mellitus. Given these cytokines may act indirectly through the activation of immune cells, particularly macrophages, an immunophenotyping study of blood from diabetics with neuropathic pain would shed further light on these findings.

Under inflammatory conditions, the rate-limiting enzyme of BH4 biosynthesis, GTP cyclohydrolase I (GTPCH), is upregulated up to 100-fold (Shi et al., 2004). This is in keeping with our observation of a strong positive relationship between BH4 serum levels and the pro-inflammatory cytokine IL-1β in the DNP group. This suggests that BH4 may be increased in individuals with higher levels of IL-1β despite not being significantly elevated in all DNP participants (Werner et al., 1990; Shi et al., 2004). Several pre-clinical studies have identified BH4 as a key mediator of chronic pain (Latremoliere et al., 2015; Fujita et al., 2019). The activity of PTPS and sepiapterin reductase, enzymes of the BH4 pathway downstream of GTPCH, are only slightly increased by inflammation, with the metabolic blockage resulting in the accumulation of NEO. NEO is therefore considered a far more sensitive biomarker for inflammatory activation, and proxy for GTPCH activity, than BH4 (Werner et al., 1990, 1993; Ghisoni et al., 2015). NEO is a macrophage activation marker, produced by macrophages stimulated by the Th1 T lymphocyte derived cytokine, IFN-γ (Huber et al., 1983), and is elevated in the dorsal root ganglia (DRG) (Tegeder et al., 2006). A study in HIV-infected patients with peripheral neuropathy found an increase in blood and CSF NEO levels, compared to HIV patients without neuropathy, together with an increase in CD14 + CD16 + monocytes (Wang et al., 2014). Given the significant increases in macrophage-related cytokines, GM-CSF and IL-8, in the DNP group, and the link to nerve injury and neuropathy, it is perhaps unsurprising that we were also able to observe an increase in NEO levels in the DNP group. These findings make NEO a potentially useful biomarker in diabetic neuropathic pain.

Two major enzymes catabolize TRP via the KP: tryptophan (2,3)-dioxygenase (TDO) in the liver, and IDO1 elsewhere (Schrocksnadel et al., 2006). The extrahepatic KP enzyme, IDO1, contributes very little (< 2%) to TRP degradation under normal conditions, however it assumes a greater quantitative significance after activation by cytokines, such as IFN-γ and TNF-α, and results in a decrease of TRP and an increase of KYN concentration in blood (Schrocksnadel et al., 2006). As a result, the KYN/TRP ratio is a well-established marker for IDO1 and inflammatory activation, with an elevated ratio observed in both chronic lower back pain and complex regional pain syndrome (Kim et al., 2012; Alexander et al., 2013). Here, we observed an increase in the KYN/TRP ratio in the DNP group compared to pain-free diabetic controls. Given the positive relationship between the KYN/TRP ratio and the pain intensity score, the KP is a candidate for direct involvement in pathological processes leading to diabetic neuropathic pain. However, we caution that an important follow up study should be undertaken to directly confirm an increase in IDO1 activity and mRNA levels in peripheral blood mononuclear cells from diabetics with neuropathic pain. Interestingly, KYN and PIC showed a significant positive correlation with the serum level of TNF-α in DNP, suggesting that TNF-α levels may be responsible for individual differences in KYN and PIC levels in the DNP group. A previous study showed that TNF-α works synergistically with IFN-γ to induce IDO1 expression, which increases production of KYN and other downstream KP metabolites (Pemberton et al., 1997; Robinson et al., 2003). Little is known about the physiological role of PIC, however a neuroprotective role has been suggested (Cockhill et al., 1992; Beninger et al., 1994). In summary, levels of GM-CSF and IL-8 were higher in the DNP group, and TNF-α and IL-1β positively correlated with KYN, PIC and BH4 levels, supporting the idea that immune activation leads to pathological activation of the KYN and BH4 pathways.

The pivotal metabolite KYN can be metabolized by different enzymes along distinct routes to produce several neuroactive metabolites that have been implicated in immune regulation and tolerance mechanisms (Munn et al., 1998). Evidence from pre-clinical studies has revealed the contribution of KP enzymes within the DRG, the spinal cord and the hippocampus in the development of neuropathic pain (Zhou et al., 2015; Rojewska et al., 2016, 2018; Laumet et al., 2017). An up-regulation of IDO1 and KMO in DRG and spinal cord neurons was associated with allodynia and hypersensitivity in a neuropathic pain model (Rojewska et al., 2016, 2018). Concurrently, the administration of KMO inhibitors (Ro61-6048 and JM6) or IDO1 inhibitor (1-methyl-D-tryptophan) decreased the pain hypersensitivity (Rojewska et al., 2016, 2018).

The present study suggests an activation of the KP with a possible conversion into QUIN and XA production in participants with type 1 diabetes mellitus and neuropathic pain. The QUIN serum levels were ∼30% higher in the DNP group than in the diabetic control group, and although this difference was not significant due to high variance amongst individuals, it provides the impetus for a larger follow up study. Similarly, our data demonstrated XA serum concentration was ∼20% higher in diabetes participants with neuropathic pain than in the diabetes pain-free control group, and this observation is supported by a significant increase in KAT activity, the enzyme responsible for the XA production. Furthermore, QUIN and XA were commonly elevated biomarkers in samples from a large cohort of patients with chronic pain (Gunn et al., 2020). Given these KP metabolites (i.e., QUIN and XA) are neuroactive compounds that act via glutamatergic receptors (Guillemin, 2012; Neale et al., 2013), further studies exploring their relevance for inflammation-induced pain hypersensitivity would shed further light on these findings.


Study Limitations

The limitations of this study are the small cohorts, and despite being non-significant, the different proportion of females and males in each group. In particular, sex differences in immune function and pain processing could represent a confounding factor in our findings (see review Mapplebeck et al., 2016), especially given sex differences in TRP and KYN metabolite serum levels (Badawy and Dougherty, 2016). The most significant limitation of our study is that subjects were not fasted prior to obtaining blood samples, which could lead to fluctuations in levels of some metabolites through food intake and dietary components (Badawy, 2010). Also, future studies should control for TRP and KYN modulators such as glucocorticoids and insulin, which play an important role in lowering serum TRP levels (Badawy, 2017). It is possible that the 7-day drug wash-out could leave residual effects on the immune system, since although myeloid cells have a rapid turnover, lymphocyte turnover is much slower, only 2% daily (De Boer et al., 2003).



CONCLUSION

In summary, our results suggest that inflammatory activation through elevated pro-inflammatory cytokines, neopterin and upregulation of the kynurenine pathway might be involved in the pathophysiology that leads to the appearance of neuropathic pain in type 1 diabetes mellitus. Our research encourages further studies exploring the role of neuro-immune interactions, particularly through the cytokines GM-CSF and IL-8 as well as the kynurenine and tetrahydrobiopterin pathways, in chronic pain conditions.
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Maresin 1 Attenuates Radicular Pain Through the Inhibition of NLRP3 Inflammasome-Induced Pyroptosis via NF-κB Signaling
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Background: The exposure of the nucleus pulposus (NP) causes an immune and inflammatory response, which is intrinsically linked to the pathogenesis of radicular pain. As a newly discovered pro-resolving lipid mediator, maresin 1 (MaR1) could exert powerful inflammatory resolution, neuroprotection, and analgesic activities. In the present research, the analgesic effect of MaR1 was observed. Then, the potential mechanism by which MaR1 attenuated radicular pain was also analyzed in a rat model.

Methods: Intrathecal administration of MaR1 (10 or 100 ng) was successively performed in a rat with non-compressive lumbar disk herniation for three postoperative days. Mechanical and thermal thresholds were determined to assess pain-related behavior from days 1 to 7 (n = 8/group). On day 7, the tissues of spinal dorsal horns from different groups were gathered to evaluate expression levels of inflammatory cytokines (IL-1β, IL-18, and TNF-α), the NLRP3 inflammasome and pyroptosis indicators (GSDMD, ASC, NLRP3, and Caspase-1), together with NF-κB/p65 activation (n = 6/group). TUNEL and PI staining were performed to further examine the process of pyroptosis.

Results: After intrathecal administration in the rat model, MaR1 exhibited potent analgesic effect dose-dependently. MaR1 significantly prompted the resolution of the increased inflammatory cytokine levels, reversed the up-regulated expression of the inflammasome and pyroptosis indicators, and reduced the cell death and the positive activation of NF-κB/p65 resulting from the NP application on the L5 dorsal root ganglion.

Conclusion: This study indicated that the activation of NLRP3 inflammasome and pyroptosis played a significant role in the inflammatory reaction of radicular pain. Also, MaR1 could effectively down-regulate the inflammatory response and attenuate pain by inhibiting NLRP3 inflammasome-induced pyroptosis via NF-κB signaling.
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INTRODUCTION

Radicular pain has become a public health concern with increasing prevalence and associated disability (Manchikanti and Hirsch, 2015), and lumbar disc herniation (LDH) is the most commonly identified contributor (Valat et al., 2010). There is increasing recognition that neuroinflammation caused by exposure of the nucleus pulposus (NP) is intrinsically linked to the pathogenesis of radicular pain (Geiss et al., 2007; Park et al., 2011; Di Martino et al., 2013). The avascular NP fails to acquire immunological tolerance under normal conditions (Geiss et al., 2009), so its exposure to the immune system causes an intense autoimmune and inflammatory cascade in the nervous system, which results in central sensitization and unbearable pain (Valat et al., 2010; Zhu et al., 2014). Proinflammatory cytokine IL-1β plays a crucial function in the development of inflammatory pain (Nadeau et al., 2011; Yano et al., 2013).

The NOD-like receptor (NLR) family pyrin domain-containing protein 3 (NLRP3) inflammasome is an important molecular platform (Lamkanfi and Dixit, 2014), which can be activated by endogenous and exogenous dangerous signals to contribute to releasing IL-18 and IL-1β and promoting their maturation (Nakahira et al., 2011; Walsh et al., 2014; Moon et al., 2016). Simultaneously, activated inflammasome triggers pyroptosis, a newly discovered proinflammatory programmed cell death, which cleaves cell membrane and induces extravasation of cellular contents, leading to inflammatory cascades (Shi et al., 2015). Several studies have shown that NLRP3 inflammasome activation contributed to the development of neuropathic pain (Jia et al., 2017; Jin et al., 2017; Pan et al., 2018). Meanwhile, pyroptosis was involved in the neuroinflammation induced by brain injury or multiple sclerosis (Liu et al., 2018; McKenzie et al., 2018). Therefore, the regulation of pyroptosis mediated by inflammasome is expected to be an ideal strategy for the therapy of neuroinflammatory pain.

It has been demonstrated that the inflammation resolution is regulated by endogenous specialized pro-resolving mediators (SPMs), e.g., lipoxins, resolvins, maresins, and protectins, indicating that it is an active, programmed process (Buckley et al., 2014; Serhan, 2014). Lipoxins and resolvins could effectively inhibit mechanical hypersensitivity and promote inflammatory resolution in our previous studies (Miao et al., 2015; Liu et al., 2016; Zhang et al., 2018). Maresins, a newly discovered pro-resolving family of docosahexaenoic acid (DHA)-derived mediators from macrophages, also exert pro-resolving and anti-inflammatory (Serhan et al., 2009), neuroprotective (Francos-Quijorna et al., 2017), and analgesic activities (Serhan et al., 2012) to maintain host homeostasis.

Pro-resolving lipid mediators could effectively suppress the immune response by repressing the activation of NLRP3 inflammasome (Lopategi et al., 2019). In addition, the nuclear factor-κB (NF-κB)/p65 signal functions in the generation of neuropathic pain (Sun et al., 2012) and inflammasome activation (Zhang et al., 2017). Also, Resolvin D1 relieved sciatica by modulating the expression of NF-κB (Liu et al., 2016). However, few studies have evaluated the role of SPMs in the process of pyroptosis, especially in models of neuropathic pain. We hypothesized that the exposure of NP activated inflammasome as an endogenous dangerous signal, which further triggered pyroptosis to exacerbate the immune response in radicular pain, and that maresin 1 (MaR1) could regulate pyroptosis to inhibit the immune and inflammatory responses via the NF-κB pathway.



MATERIALS AND METHODS


Experimental Animals

According to the International Association for the Study of Pain’s laboratory animal guidelines, Shandong University Animal Care and Use Committee approved this animal experiment. Rat models in this research were adult Sprague–Dawley rats (male, 220–260 g), which were supplied by Shandong University Experimental Animal Centre (Shandong, China). We separated the rats in groups (3–5 rats per cage). Each group was provided standard rodent chow and water and raised with a light/dark cycle of 12 h. The temperature was constantly maintained at 25 ± 1°C, and the humidity was in a comfortable range of 45 ± 5%.



Disc Herniation Model

The protocol for non-compressive lumbar disc herniation (NCLDH) models was performed as previously described in detail (Kim et al., 2011; You et al., 2013). The rats were anesthetized by being intraperitoneally injected with 50 mg/kg sodium pentobarbital. Then, over the lumbar spine, an incision was cut following the dorsal midline to separate the multifidus muscles following the L4–L6 spinous processes. Laminectomy was used to expose the dorsal root ganglion (DRG) as well as the right L5 spinal nerve root. The equivalent NP (about 5 mg) that was from two coccygeal intervertebral disks was placed on L5 DRG. It should be noted that the mechanical compression should be carefully minimized. The surgical process for the control group was consistent, including the extraction of NP, except for the application of the NP. All surgical procedures were performed under sterile conditions.



Intrathecal Catheterization

Once the model was successfully finished, the intrathecal injection was performed by embedding polyethylene catheters (PE-10; Smiths Medical, United Kingdom). The protocol was followed as previously described (Choi et al., 2005). From the L5–L6 intervertebral foramen, the intrathecal space was embedded with a PE-10 catheter until the cerebral spinal fluid outflowed. After being effectively fixed under the skin, the external catheter was sutured firmly at the head. Intrathecal catheterization was verified to be successful if the lower limbs of a rat dragged or were paralyzed by intrathecally injecting 2% lidocaine (10 μl) after recovery from anaesthesia.



Chemical Administration

MaR1 was obtained from Cayman Chemical Company (United States). Firstly, the reagent was sub-packed in EP tubes for separated rats. Following the manufacturer instructions, a gentle stream of nitrogen was used to evaporate the MaR1 from the solvent ethanol and then redissolved immediately in sterile phosphate-buffered saline (PBS). After being prepared, MaR1 was given to rats within 15 min. With a 10 μl microinjection syringe connected to the intrathecal catheter, MaR1 (10 or 100 ng, 10 μl) or vehicle (PBS, 10 μl) was administered to rats via intrathecal injection. The administration was conducted successively for the first 3 days after the operation. The dose of MaR1 was determined in accordance to Francos-Quijorna’s study (Francos-Quijorna et al., 2017), and we made a conversion in accordance with the weight and injective route.



Assessment of Pain-Related Behavior

Assessment of paw withdrawal latency (PWL) to thermal stimulus and that of paw withdrawal thresholds (PWTs) to mechanical stimulus were performed to evaluate the pain-related behavior, as described previously (Hargreaves et al., 1988; Chaplan et al., 1994). The concrete methods were performed according to the detailed description (Pan et al., 2018). The tests were conducted 1 day before the surgery, while successively from the 1st day to the 7th day after surgery. Before the test, rats were individually placed in the testing environment for 1 h for acclimation. The investigator was blinded to the medication of rats. The mechanical thresholds (PWTs) in each hind paw were assessed by using Von Frey filaments (1–10 g, Stoelting, United States) following the “up–down” approach. The degree of PWL, a measure of thermal thresholds, was measured using Hargreaves’ test (Ugo Basile, Varese, Italy). For both methods, we counted the mean value of five measurements for each animal per test section with intervals of 5 min or more.



Tissue Collection for ELISA, PCR, and Western Blot Analysis

The ipsilateral spinal dorsal horn tissue from lumbar enlargement was harvested on the 7th postoperative day (n = 6/group). Before tissue collection, the Sprague–Dawley rats were perfused fully with normal saline via the heart until their livers became white. All of these tissues were preserved in liquid nitrogen.



Reverse Transcription–Polymerase Chain Reaction

Complying with the manufacturer instructions, TRIzol reagent (Life Technologies, United States) was employed to extract the total RNA of ipsilateral spinal dorsal horn tissues. NanoDrop 2000 (Thermo Fisher Scientific, United States) was utilized to detect the RNA purity and concentration. Then, the PrimeScript RT reagent kit (Takara, Dalian, China) was used to reversely transcribe the RNA. SYBR Green Premix Ex Taq (TaKaRa, Dalian, China) was used for performing the polymerase chain reaction (PCR) amplifications, and a Light Cycler® 480 II (Roche, Switzerland) was employed to perform the reactions. Through the normalization of the levels of mRNA in relation to that of β-actin, the 2-ΔΔCt method was applied to perform the analysis of mRNA. The synthesis of the primers was conducted by BioSune Company (China); the sequences were presented in Table 1.


TABLE 1. The Primer Sequences for RT-PCR.
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Enzyme-Linked Immunosorbent Assay

To assess the inflammatory cytokines’ protein levels in the spinal dorsal horns, we used enzyme-linked immunosorbent assay (ELISA) kits (RD Systems, United States; ExCell, China). The tissues were harvested from the rats, followed by homogenization and centrifugation, as previously described (Liu et al., 2016). The supernatants were assayed following the instructions of ELISA kits.



Western Blot Analysis

Protein from tissues of spinal dorsal horn was extracted in RIPA lysis buffer, which was bought from Beyotime Biotechnology of China. Through BCA Protein Assay (Thermo Fisher Scientific), the protein concentration was assessed. To separate 30 μg of protein samples, sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) was then utilized. After separation, protein samples were placed in a polyvinylidene difluoride (PVDF) nitrocellulose membrane (Millipore, Boston, MA, United States), arrested by 5% fat-free dry milk at 25°C in TBST for 1 h and cultured at 4°C with primary antibodies overnight. Primary antibodies included the following: anti-ASC (1:500; ABclonal), anti-Nlrp3 (1:1000; Proteintech), anti-GSDMD (1:1000; Abcam), anti-cleaved Caspase-1 (1:1000; Proteintech), anti- NF-κB/p65 (1:2000; Abcam), and anti-GAPDH (1:10,000; Cell Signaling Technology, CST). The membranes were cultured with a rabbit or mouse HRP-conjugated secondary antibody (1:2000; Beyotime Biotechnology) at 25°C for 1 h after being washed in TBST. Finally, the densities of the target proteins relative to that of GAPDH were quantified using Image Pro Plus software.



Immunohistochemistry

Immunohistochemistry was performed according to a previous description (Liu et al., 2016). A series of spinal cord tissue processing steps were conducted, such as perfusion, fixation, embedding, dewaxing, rehydration, deparaffinization, and antigen retrieval. At 4°C, the sections were then cultured with anti-GSDMD antibody (1:1000; Abcam), anti-Nlrp3 (1:1000; Proteintech), and anti-NF-κB/p65 antibody (1:500; Abcam) overnight. Thereafter, the incubation of the sections with a secondary antibody was maintained at 37°C for 30 min. After staining, an Olympus BX60 microscope (Olympus Optical Co., Ltd., Tokyo, Japan) was applied to acquire images of the specimens.



Analysis of Cell Death

On the 7th day, the spinal cord tissues were collected and cryo-preserved at −80°C from different groups. For PI staining, the PI dye (1 mg/kg, 100 μl) was perfused intraperitoneally 1 h before the rats were killed. The frozen spinal cord sections (7 μm) were fixed in ice-cold acetone for 10 min. 0.1% Triton X-100 was added for 30 min before blocking with 5% FBS under shade for 1 h. Then, the sections were incubated with primary antibody (anti-Caspase-1, 1:100) at 4°C overnight. Following washing with PBST [0.5% Tween-20 with phosphate-buffered saline (PBS)] three times, proper secondary antibodies (Dylight 488, 1:200, Abcam, United States) were added to further incubate for 2 h at room temperature. For TUNEL staining, the sections were incubated with TUNEL dye (Roche, United States) for 30 min under shade. After being washed with TBST, the samples were counterstained with DAPI (1:1000, Sigma, United States) for 5 min. The sections were imaged under a fluorescence microscope (OLYMPUS, Japan).



Statistical Analysis

In the present study, all the results were given as the mean ± SD. Through one-way analysis of variance (ANOVA), we compared the differences between study groups, while for assessment of pain behaviors, we performed two-way ANOVA. Then, Bonferroni post hoc test was performed. 0.05 was the threshold of a two-sided P-value. SPSS 23.0 software (IBM, United States) was applied to perform the analysis, which was then illustrated by using GraphPad Prism® 7.04 (GraphPad Software, United States).



RESULTS


MaR1 Alleviated Mechanical Allodynia Induced by Non-compressive LDH

In order to investigate whether MaR1 contributed to the alleviation of neuropathic pain, we first assessed the pain behavior in a rat model of NCLDH. The results (Figures 1A,B) indicated that in comparison with the sham group, both PWL and PWTs in the vehicle group (n = 8) dropped remarkably from the 1st day to the 7th day (P < 0.001 on each day). Thermal hyperalgesia as well as mechanical allodynia in the vehicle group was considerably reversed after the administration of MaR1 (10 or 100 ng) from the 2nd day to the 7th day (P < 0.05 on each day). In the 100 ng MaR1 group, the thermal allodynia was mitigated more significantly than in the 10 ng MaR1 group through the observation days (P < 0.05 on each day), while the mechanical allodynia was alleviated more markedly only on 4th day to 7th day (P < 0.05 on each day).
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FIGURE 1. Application of MaR1 regulated pain behavior in a rat model of NCLDH (n = 8/group). (A,B) MaR1 (10 or 100 ng) reversed PWL and PWT induced by NCLDH from the 2nd day to the 7th postoperative day. Data are presented as the mean ± SD (**P < 0.01 versus the sham group; ##P < 0.01 versus the vehicle group; #P < 0.05 versus the vehicle group; ΔP < 0.05 versus the 10 ng MaR1 group).


In addition, the contralateral PWL and PWTs did not show any differences among the four groups (Supplementary Figures S1A,B). Then, to demonstrate that the administration of MaR1 to sham groups did not induce motor deficits, we found that the mechanical and thermal hypersensitivity were not different in the sham rats with or without MaR1 treatment (Supplementary Figures S1C,D).



MaR1 Attenuated the Proinflammatory Cytokines’ Expression

Our previous studies (Miao et al., 2015; Liu et al., 2016; Zhang et al., 2018) showed that SPMs inhibited mechanical hypersensitivity by regulating the levels of inflammatory cytokines. Therefore, ELISA was performed to evaluate whether MaR1 regulated the expression of IL-1β, IL-18, and TNF-α in ipsilateral spinal dorsal horns. As shown in Figures 2A–C, in comparison with the sham group, their protein levels markedly increased in the vehicle group (P < 0.001 for each cytokine). The dose-dependently intrathecal delivery of MaR1 (10 or 100 ng) significantly promoted the resolution of IL-1β (P = 0.001, P < 0.001), IL-18 (P = 0.001, P < 0.001), and TNF-α levels (P = 0.019, P < 0.001), compared with those in the vehicle group.
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FIGURE 2. MaR1 decreased the spinal cord’s proinflammatory protein levels (n = 6/group). ELISA was employed to measure the inflammatory cytokines’ protein levels. (A–C) MaR1 (10 or 100 ng) reversed the rising protein levels of IL-1β, IL-18, and TNF-α induced by NCLDH. Data are presented as the mean ± SD (**P < 0.01 versus the sham group; ##P < 0.001 versus the vehicle group; #P < 0.05 versus the vehicle group).




Activation of NLRP3 Inflammasome and Pyroptosis in an NCLDH Rat Model

The secretion and maturation of two proinflammatory cytokines IL-18 and IL-1β (Nakahira et al., 2011; Moon et al., 2016) can be promoted by NLRP3 inflammasome activation, which could also trigger pyroptosis (Shi et al., 2015), resulting in the expansion of the inflammatory response. The qRT-PCR results illustrated that the mRNA expression of the inflammasome indicators (NLRP3, P < 0.001; ASC, P < 0.001; Caspase-1, P < 0.001) was up-regulated in ipsilateral spinal dorsal horns after NP application (Figures 3A–C). Interestingly, Figure 3D showed a more significant increase of the mRNA expression of gasdermin D (GSDMD), which is the crucial protein in the process of pyroptosis (Shi et al., 2015), in the vehicle group (P < 0.001).
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FIGURE 3. MaR1 inhibited the mRNA and protein expressions of inflammasome and pyroptosis indicators in spinal cord (n = 6/group). The inflammasome and pyroptosis indicators’ expression levels were determined by qRT-PCR and Western blot analysis. (A–D) MaR1 (10 or 100 ng) reversed the rising mRNA levels of NLRP3, ASC, Caspase-1, and GSDMD induced by NCLDH. (E–I) MaR1 (10 or 100 ng) reversed the increased protein levels of NLRP3, ASC, Caspase-1, and GSDMD induced by NCLDH. Data are presented as the mean ± SD (**P < 0.01 versus the sham group; ##P < 0.01 versus the vehicle group; #P < 0.05 versus the vehicle group).


Western blot analysis was performed to assess inflammasome and pyroptosis related indicators’ protein expression levels in ipsilateral spinal dorsal horns (Figures 3D–H). In comparison with the sham group, the protein expression levels of these indicators, including NLRP3, ASC, cleaved Caspase-1, and GSDMD (P < 0.01 for each indicator), were significantly higher after NP was applied to the L5 DRG.

Moreover, to determine positive expression levels of the mentioned indicators in spinal dorsal horns, immunohistochemistry was conducted. Significantly, increased levels of positive expression of NLRP3 (P < 0.001) and GSDMD (P < 0.001) were exhibited in the vehicle group (Figures 4A–D).
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FIGURE 4. MaR1 inhibited the level of positive images of NLRP3 and GSDMD in spinal dorsal horns (n = 6/group). Immunohistochemistry was used to determine the levels of positive expression of NLRP3 and GSDMD. (A–D) MaR1 (10 or 100 ng) reversed the rising positive expression levels of NLRP3 and GSDMD induced by NCLDH. Data are presented as the mean ± SD (**P < 0.01 versus the sham group; ##P < 0.01 versus the vehicle group; #P < 0.05 versus the vehicle group).


To further examine the pyroptosis in spinal cord, we performed double immunofluorescence staining. It was determined as pyroptosis if double positive cleaved Caspase-1 and TUNEL (or PI) occurred. The PI staining measurement revealed that the double positive expressions were up-regulated in the vehicle group compared with the sham group (P < 0.001) (Figure 5A). The TUNEL staining measurement gave similar results (P < 0.001) (Figure 5B).
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FIGURE 5. MaR1 attenuated pyroptosis in spinal dorsal horns (n = 5/group). Double immunofluorescence staining was employed to examine the pyroptosis in spinal dorsal horns. It was determined as pyroptosis if double positive of cleaved Caspase-1 and TUNEL (or PI) occurred. (A,B) The frequency of pyroptotic in spinal cord was attenuated after the application of MaR1 dose-dependently. Data are given as the mean ± SD (**P < 0.01 versus the sham group; ##P < 0.01 versus the vehicle group; #P < 0.05 versus the vehicle group); scale bars = 25 μm.


These results revealed the presence of activation of NLRP3 inflammasome and pyroptosis in NCLDH models.



MaR1 Suppressed NLRP3 Inflammasome Activation and Pyroptosis

Whether MaR1 promoted inflammatory resolution and alleviated radicular pain by suppressing the activation of NLRP3 inflammasome and pyroptosis was evaluated in this study. Accordingly, after intrathecal delivery of MaR1 in the vehicle group, mRNA expression levels of inflammasome and pyroptosis-related indicators were first determined via qRT-PCR. The results showed that MaR1 (10 or 100 ng) could significantly attenuate the increased mRNA expression of NLRP3 (P < 0.01, P < 0.001), ASC (P = 0.039, P < 0.001), and Caspase-1 (P < 0.01, P < 0.001), induced by NCLDH, and that of GSDMD (P < 0.01, P < 0.001) dose-dependently (Figures 3A–D). The intrathecally injected MaR1 (10 or 100 ng) also appeared to significantly reverse the increased expression of NLRP3 (P < 0.01, P < 0.001), ASC (P = 0.023, P < 0.01), Caspase-1 p10 (P = 0.032, P < 0.01), and GSDMD (P = 0.033, P < 0.01) by Western blot analysis in a dose-dependent manner (Figures 3E–I).

The comparison of the change in positive expressions of GSDMD and NLRP3 in the spinal dorsal horns was performed using immunohistochemistry after delivery of MaR1. The results showed that intrathecal administration of MaR1 (10 or 100 ng) dose-dependently attenuated the NLRP3 activation (P = 0.043, P < 0.001) and GSDMD activation (P = 0.034, P = 0.011) (Figures 4A–D). Also, the cell death analysis revealed that MaR1 treatment attenuated pyroptosis dose-dependently according to PI staining (P = 0.028, P < 0.001) and TUNEL staining (P = 0.027, P < 0.001) (Figures 5A,B).

Then, we injected Caspase-1 inhibitor (VX-765) intraperitoneally to the operative rats with or without intrathecal administration of MaR1 to inspect the regulation of MaR1 on inflammasome-mediated pyroptosis. MaR1 and VX-765 alone both improved the mechanical and thermal hypersensitivity, and the combination of them made additional effect (Figures 6A,B). The mechanical allodynia in the co-treatment group was alleviated significantly than that in the VX-765 group on the 5th day (P = 0.041) and the 7th day (P = 0.045). For the thermal stimulus, the combination of MaR1 and VX-765 attenuated hyperalgesia markedly compared with the VX-765 group from the 3rd day (P = 0.033) to the 6th day (P = 0.043), except for the 5th day (P = 0.136). MaR1 blocked the protein expressions of NLRP3, ASC, and cleaved Caspase-1 induced by NCLDH, and Caspase-1 inhibition further enhanced the decreasing expression levels (Figures 6C–F). Meanwhile, VX-765 treatment decreased the GSDMD expression, and MaR1 injection further decreased the expression (Figure 6G). Then, we evaluated the effect of the levels of inflammatory cytokines. The IL-1β and IL-18 induction was suppressed by Caspase-1 inhibitor, and co-treatment with MaR1 strengthened the down-regulated IL-1β and IL-18 levels (Figures 6H,I).
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FIGURE 6. MaR1 attenuated inflammatory response by inhibiting NLRP3 inflammasome activation (n = 6/group). The operative rats were injected with Caspase-1 inhibitor (VX-765) intraperitoneally with or without intrathecal administration of MaR1. (A,B) The mechanical and thermal hypersensitivity were assessed to evaluate the analgesic effect. (C–G) The protein expressions of NLRP3 inflammasome and pyroptosis-related indicators were analyzed by Western blot. (H,I) The IL-1β and IL-18 protein levels were tested by ELISA. Data are given as the mean ± SD (**P < 0.01 versus the vehicle group; *P < 0.05 versus the vehicle group; #P < 0.05 versus the VX-765 group).


Therefore, we confirmed that MaR1 attenuated pyroptosis triggered by NCLDH, and NLRP3 inflammasome inactivation induced by Caspase-1 inhibition facilitated this process.



MaR1 Inhibited Pyroptosis via the NF-κB Pathway

Similar to our previous study (Liu et al., 2016), the results from Western blot and immunohistochemistry analyses indicated the marked increase in the expression of NF-κB/p65 (P < 0.001 for each) in the NCLDH model. According to Western blot, intrathecal administration of MaR1 (10 or 100 ng) reduced the expression level of NF-κB/p65 (P = 0.015, P < 0.01) (Figures 7A,B). The same results were validated by immunohistochemistry (P = 0.028, P < 0.01) (Figures 7C,D). Therefore, we conclude that MaR1 alleviated the inflammatory response and inhibited pyroptosis via the NF-κB/p65 pathway.


[image: image]

FIGURE 7. MaR1 reduced levels of protein expression and positive images of NF-κB/p65 (n = 6/group). Western blot and immunohistochemistry were used to determine the levels of positive expression of NF-κB/p65 in spinal dorsal horns. (A,B) MaR1 (10 or 100 ng) reversed the rising protein expression levels of NF-κB/p65 induced by NCLDH. (C,D) The immunostaining images of NF-κB/p65 in the spinal dorsal horns were significantly increased in the vehicle group. Intrathecal delivery of MaR1 (10 or 100 ng) decreased the positive expression of NF-κB/p65. Data are given as the mean ± SD (**P < 0.01 versus the sham group; ##P < 0.01 versus the vehicle group; #P < 0.05 versus the vehicle group).




DISCUSSION

It has been widely acknowledged that the immune and inflammatory cascades triggered by a protruded NP are solely responsible for the pathogenesis of radicular pain (Geiss et al., 2007; Park et al., 2011; Di Martino et al., 2013). This study indicated that the pyroptosis mediated by NLRP3 inflammasome critically contributed to the pathogenesis of radicular pain. MaR1 could inhibit the NLRP3 inflammasome activation and pyroptosis and thereby effectively promote inflammation resolution and improve signs of pain dose-dependently.

The inflammation resolution is biosynthetically active. During this process, endogenous SPMs play key roles in maintaining host homeostasis (Buckley et al., 2014; Serhan, 2014). As a novel family of DNA-derived pro-resolving lipid mediators, maresins are produced mainly by macrophages (Serhan et al., 2015). As the member identified firstly in this family, MaR1 displays a series of actions to re-establish host homeostasis, such as promoting inflammation resolution, accelerating tissue regeneration, and ameliorating neuropathic pain (Serhan et al., 2012). Increasing evidence has shown that the actions of MaR1 in anti-inflammatory and proinflammatory resolution are more promising than those already reported such as resolvins (Serhan et al., 2009, 2012; Dalli et al., 2013).

In our previous studies, we have proved the up-regulation of proinflammatory cytokines (IL-6, IL-1β, and TNF-α) in our animal model and that intrathecal administration of SPMs could effectively reduce the level of cytokines and alleviate mechanical allodynia by different pathways (Miao et al., 2015; Liu et al., 2016; Zhang et al., 2018). Similarly, in this study, MaR1 promoted the inflammatory response resolution (decreasing the TNF-α, IL-18, and IL-1β levels), thereby improving the pain behavior induced by NCLDH dose-dependently. However, the mechanism of cytokine generation is unclear. Whether MaR1 could inhibit the upstream inflammatory cascades is of great interest to us.

Inflammasomes recognized exogenous and endogenous dangerous signals involved in the process of neuroinflammation (Walsh et al., 2014). A growing number of researches have illustrated the contribution of NLRP3 inflammasome in developing neuropathic pain, e.g., chemotherapy-induced pain (Jia et al., 2017), injury-evoked pain (Pan et al., 2018), and diabetic neuropathic pain (Liu et al., 2017). However, it has been seldom reported whether cell pyroptosis contributes to radicular pain. We provided evidence in our current study that NLRP3 inflammasome activation and cell pyroptosis were associated with radiculopathy in a rat model of NCLDH.

The NLRP3 inflammasome is an important inflammasome complex that can cleave and activate Caspase-1 by directly interacting with ASC, triggering cell pyroptosis (Bergsbaken et al., 2009; Schroder et al., 2009). Our results showed that multiple proteins that were associated with inflammasome (e.g., NLRP3, ASC, and Caspase-1) were highly expressed in the ipsilateral spinal cord. Recent studies determined that GSDMD, with the gasdermin-N domain, was responsible for membrane pore-forming activity and pyroptosis execution (Shi et al., 2015; Sborgi et al., 2016). Therefore, we assumed that the GSDMD protein was essential for MaR1 to inhibit cell pyroptosis in the spinal cord. This study indicated that MaR1 could significantly inhibit the mRNA and protein expression of GSDMD. Also, MaR1 reduced cell death in spinal cord according to PI and TUNEL staining. Therefore, we concluded that MaR1 attenuated NLRP3 inflammasome and pyroptosis to promote inflammatory resolution.

In addition, our study showed that VX-765 injection could suppress the expression of proteins related to NLRP3 inflammasome and pyroptosis and attenuate mechanical and thermal allodynia. In a previous study, Caspase-1 inhibition by VX-765 has been shown to prevent NLRP3 inflammasome activation and pyroptosis (McKenzie et al., 2018). We have further evidence that MaR1 treatment could promote inflammatory resolution, attenuate radicular pain, and prevent NLRP3 inflammasome activation and pyroptosis. Therefore, we deduced that MaR1 relieved radicular pain targeting NLRP3 inflammasome and pyroptosis. However, which factor triggered the activation of NLRP3 inflammasome and pyroptosis in the model needed to be further studied. The reproduction of reactive oxygen species (ROS) is likely responsible for the pathology of intervertebral disc degeneration (Lin et al., 2018). Thus, we supposed that ROS induced by oxidative stress and inflammatory stimulus was the major factor to activate NLRP3 inflammasome. The specific mechanism will be evaluated in the following study.

In the process, we assumed that the antigenic NP tissue that was exposed to the systemic circulation in disc herniation induced the activation of NLRP3 inflammasome accompanied by proinflammatory cytokine secretion and cell pyroptosis. The inflammasome was further activated by the release of cell contents, leading to the inflammatory cascades. Excessive inflammatory and immune responses, which are mediated by inflammasome activation, could probably aggravate the injury of nerve tissue (Lamkanfi and Dixit, 2014; Guo et al., 2015), which induced central sensitization in the spinal cord and the pain syndrome (Moalem and Tracey, 2006; Ji et al., 2011). MaR1 prompted inflammatory resolution and neuroprotection (Francos-Quijorna et al., 2017) through inhibiting the upstream proinflammatory cascades. Similarly, we found that the combination of MaR1 and VX-765 made an additional effect. MaR1 probably mitigated pain symptom via other pathways.

It has been demonstrated that the NF-κB family could act as a crucial contributor in inflammation and immune processes (Barnes and Karin, 1997). By NF-κB signaling, local inflammation could be induced by inflammatory cytokines (IL-1β, IL-18, and TNF-α) (O’Neill and Greene, 1998; Lawrence, 2009). Our previous studies and other researches demonstrated that SPMs (e.g., lipoxin A4, resolvin D1, and Maresin 1) enabled inflammatory resolution by inhibiting NF-κB signaling (Miao et al., 2015; Li et al., 2016; Liu et al., 2016; Yin et al., 2017). Inflammasome-induced pyroptosis was alleviated by inhibiting the NF-κB/GSDMD pathway in mouse adipose tissue (Liu et al., 2017). It has been demonstrated that phosphorylated NF-κB bound upstream of the GSDMD promoter region to elevate GSDMD transcription (Liu et al., 2017). Therefore, we preliminarily determined that through the NF-κB pathway, MaR1 played a key role in inhibiting NLRP3 inflammasome activation and attenuating pyroptosis. Our results also indicated that the NF-κB/p65 protein expression had a significant up-regulation in the vehicle group and a reduction after administration of MaR1, which sufficiently proved our presumption.

In this study, the activation of NLRP3 inflammasome and pyroptosis were found to critically contribute to the radicular pain. Also, we demonstrated that MaR1 could effectively reduce inflammatory response and relieve neuropathic pain by inhibiting pyroptosis via NF-κB signaling. Our study revealed a novel role of MaR1 in inhibiting NLRP3 inflammasome-induced pyroptosis, providing a new potential mechanism for specialized pro-resolving mediators (SPMs) to promote inflammatory resolution and alleviate radicular pain.
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FIGURE S1 | Assessment of pain behavior in contralateral side and sham groups with MaR1 (n = 8/group). (A,B) The contralateral PWL and PWTs didn’t show any differences among the four groups. (C,D) The PWL and PWTs were not different in the sham rats with or without MaR1 treatment. Data are presented as the mean ± SD.

FIGURE S2 | Comparison of the stability of β-action and GAPDH mRNA expression in spinal dorsal horns (n = 5/group). The stability of β-actin expression was confirmed in spinal dorsal horns under several different treatments by comparison of Ct values of β-action and GAPDH.


ABBREVIATIONS

DRG, dorsal root ganglion; GSDMD, gasdermin D; NCLDH, non-compressive lumbar disc herniation; NLRP3, NOD-like receptor (NLR) family pyrin domain-containing protein 3; NP, nucleus pulposus; PWL, paw withdrawal latency; PWTs, paw withdrawal thresholds; ROS, reactive oxygen species.
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Supraspinal ligament stretch

Spinal stenosis

Oswestry Disability Index before the FJI
Moderate functional disability (ODI 21-40%)
Severe functional disability (ODI 41-61%)

Crippled (ODI 61-81%)

Surgical results

MacNab criteria, 6-months follow-up after FJI

Excellent

Good

Fair

Poor
Complications

Bleeding

Lower limb block

Vesical retention

Mean (SD)

52 (16.8)

27.0 (2.5)
46.2 (48.0)

8.9 (8.3)
6.6 (6.5)
7.2 (8.7)
7.6 (8.9)

n (%)

25 (58.1)
18 (41.9)

27 (62.8)
16 (37.2)

30 (69.8)
13 (30.2)
07 (16.3)
01 (2.3)

03 (7.0)

07 (16.3)
18 (41.9)
29 (67.4)
13 (30.2)
09 (21.0)
06 (14.0)
01 (2.3)

02 (4.7)

06 (14.0)

01 (2.3)
05 (11.6)
04 (9.3)
07 (16.3)
20 (46.5)
06 (14.0)
19 (44.2)
12 (27.9)
01 (2.3)
04 (9.3)
02 (4.7)
39 (90.7)
32 (74.4)
07 (16.3)
30 (69.8)
26 (60.5)
03 (7.0)
01 (2.3)

13 (30.2)
02 (4.7)

13 (30.2)
15 (34.9)
13 (30.2)

15 (35.0)
14 (32.5)
14 (32.5)

09 (20.9)
26 (60.5)
04 (9.3)
04 (9.3)
08 (18.6)
01 (2.3)
06 (14.0)
01 (2.3)

BMI = Body mass index; °?PCS = Pain Catastrophizing Scale; °BAIl = Beck Anxiety

Inventory; Y Beck Depression Inventor.
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Variables HR 95% ClI p

Age > 50 years 1.0 (0.4-2.3) 0.93
Male 1.1 (0.4-2.3) 0.89
BMI > 30 (kg m~2)? 1 (0.4-3.2) 0.83
Scholarship < 12 years 1.1 (0.5-2.5) 0.80
Manual work 12 (0.5-3.1) 0.62
Smoking 20.6 (1.8-227.8) 0.01
Diabetes Mellitus Il 2.0 (0.3-14.9) 0.51
Fibromyalgia 1.9 (0.7-5.3) 0.17
Hypertension 1.0 (0.4-2.3) 0.95
Sedentary lifestyle 2.3 (0.8-6.2) 0.09
Previous opioid use 1.1 (0.4-2.6) 0.78
Previous lumbar surgery 1.0 (0.4-2.8) 0.89
Time of pain duration > 24 m 141 (0.5-2.5) Q.75
MRI findings®

Facet arthropathy > 3 levels 12 (0.3-1.8) 0.60
Spine deformity 1.1 (0.3-1.6) 0.60
DDD® 14 (0.5-5.9) 0.35
Disc herniation 1.0 (0.4-2.5) 0.88
Spondylolisthesis 1.3 (0.5-3.4) 0.50
Facet synovial cyst 1.1 (0.1-8.6) 0.88
Lumbar muscle weakness 1.4 (0.6-3.6) 0.42
Supraspinal ligament stretch 1.0 (0.4-2.4) 0.94
Spinal stenosis 1.1 (0.4-2.6) 0.79
Psychiatric Symptoms

Catastrophizing, PCS9 > 5 4.6 (1.8-11.7) 0.001
Anxiety, BAI® > 10 3.0 (1.4-6.7) 0.007
Depression, BDI > 10 3.9 (1.6-9.6) 0.003

HR = Hazard ratio; Cl = Confidence interval; @Body mass index; °MRI = Magnetic
resonance imaging; °Degenerative disc disease; “Pain Catastrophizing Scale;
€Beck Anxiety Index; "Beck Depression Index.
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Advanced OA group Early OA group Healthy volunteers

Parameter (N =76) (N =42) N=6
PPT_TK_Pa 392(225) 423(227) 690(192)**
PPT_CK_Pa 427(327) 453(210) 628(62)*
PPT_TK 366(214) 339(155) 454(115)
PPT_CK 376(179) 367(153) 452(99)
PPT_TK_M 345(183) 359(164) 1020(231)***
PPT R 381(186) 374(143) 500(63)

PPTs are shown as mean and standard deviation in parentheses in kPa. Significant
differences with a Mann-Whitney U-test were: *p < 0.05, **p < 0.01, ***p < 0.001
between healthy controls and all OA subjects. There were no significant differ-
ences between advanced and early OA groups (p > 0.3). PPT, pain pressure
threshold; PPT_TK_Pa, PPT for the target knee at the patella; PPT_CK_Pa, PPT
at the contralateral patella; PPT_TK, PPT at for the whole knee; PPT_CK, PPT for
the contralateral knee; PPT_TK_M, PPT for the target knee side at the malleolus;
PPT_R, PPT at the right radius.
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Parameter Intercept  BMI Age HADS Total_Syn BML_Load CD_Load Ost_Load Accuracy
VAS
PValue 0.008 0.000 0.03 0.006 ns ns ns 0.004
Coefficient -5.77 0.154 0.057 0.087 0.068 33%
Standard error 212 0.040 0.026 0.030 0.023
WOMAC_P
P Value 0.040 0.000 ns 0.000 ns ns ns ns
Coefficient -42.6 164 111 32%
Standard error 205 0.39 0.30
PPT
PValue 0.000 ns ns 0.006 ns ns ns ns
Coefficient 858 -8.55 9%
Standarderror 185 3.04
CTX-1
PValue 0.179 ns ns Not included  0.01 ns ns 0.013
Coefficient 89.6 479 771 23%
Standard error 66.1 183 146
10 100 1500
o, .. 1000 -
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Parameter

Advanced OA group
(n =78)

Mild OA group
(n=42)

Healthy volunteers
(n=6)

Age (year) Age range (year)

68.9(7.7)151 — 88

64.1(9.6)47 — 85

45.0(5.6)"**36 — 51

Female, N (%) 50(64) 30(71) 6(100)
Body mass index (kg m~2) 32.3(5.6)ft 29.2(4.7) 23.3(3.6)***
WOMAC pain (0-100) 58.8(21.7)t1t 40.6(26.0) 0.6(1.4)***
VAS pain (0-10) 5.8(2.3)ft 3.7(2.8) 0(0y***
HADS (0-20) 12.5(7.1) 13.3(7.4) 7.5(5.8)
PPT (kPa) 394(223) 423(227) 690(192)**
Clinical management Total knee replacement Medical management None

Study demographics are shown as mean and standard deviation in parentheses. WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index; VAS, Visual
Analog Scale; HADS, Hospital Anxiety and Depression Scale; PPT, pain pressure threshold. Significant differences with a Mann-Whitney U-test were: **p < 0.01,
**%n < 0.001 between healthy controls and all OA subjects. TTp < 0.01, T7Tp < 0.007 between advanced and mild OA groups. A Chi-squared test was performed to
evaluate any female proportion comparisons. This showed a Chi-square value of 3.60, degrees of freedom 2, with a p-value of 0.16.
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Number of adverse events

Lidocaine (n/N)

0
110
1719

4/10
311
71
2/24
NA
11/16

NA

NA

16/22
5/10
19/24
16/19

NA

1715
18/16

0
0
NA

NA
1721
32/90

Placebo(n/N)

0
0/10
019

0/10
o011
1711
0724
NA
5/16

NA

NA

0/10
1724
2/19

NA

o015
6/13

0
0
NA

NA
0721
33/93

Adverse events reported

None
Transient drowsiness

Nausea & Lightheadedness (1)

None

Lightheadedness (4)

Nausea & perioral numbness (2); drowsiness, dysarthria, & tremor (1)
Lightheadedness (6), Nausea (1)

Circumoral paresthesia (2)

Dizziness, nausea, drowsiness, paresthesia, weakness, headache, palpitation
Lightheadedness/dizziness (7), somnolence (§), nausea/vomiting (3),
dysarthria/garbled speech (3), malaise (2), headache (1), tinnitus (1), blurred vision (1),
palpitation (1), facial numbness (1), dry mouth (1)

Lightheadedness, Sedation, and dry mouth

None

Somnolence, lightheadedness, out-of-body sensation changes in hearing/vision,
nausea, itching, unpleasant experience, paresthesia

Lightheadedness, perioral numbness, and garbled speech

Somnolence, perioral numbness (2)

Somnolence (1), dizziness (7), dysarthria (7), lightheadediness (7), blurred vision (3)
Tiredness (7), Nausea (4), Feeling drunk (3), Paresthesia (3), Blurred vision (3),
Dizziness (2), Changed taste (3), Dysarthria (3), Headache (2), Dry mouth (2)
Lightheadedness (10), perioral numbness & headaches (6); nausea (4), diplopia (3),
incoordination (3), throat tightness (3)

Lightheadedness (1)

Headache (2), Oral paresthesia (3), Dizziness (3), Somnolence (2), Memory
impairment (3), Discomfort in the head (2), Fatigue (5), Feeling abnorml (2), Dry
mouth (8), Nausea (3), Muscle spasms (2)

Not reported

Not reported

Somnolence (13), Dry mouth (5), Dizziness (5), Headache (3), Feeling flushed (2),
Confusion (1), Dysarthria (1), Tinnitus (1)

Nausea, vomiting, dizziness, drowsiness, paraesthesia, constipation, and dry mouth
Chest discomfort (1)

Drowsiness (5), Headache (§), Dizziness (19), Vormiting (2), Dry mouth (14), Metalic
taste (2), Numbness (3)

n/N, number of events/total number of participants; NA, not available; figures in parenthesis indicate number of patients reporting the side-effect.
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von Frey test 1 Latency ldazoxan (3 pg, i.t.)
Gabapentin 1 pgintra LC europathic: Randall-Selitto 1 Latency a2-AR |dazoxan (30 pg, i.t.) Rat Hayashida et al., 2008
SNL
Gabapentin 100 pgi.c.v. europathic: Plantar tes 1 Latency a2-AR ldazoxan (3 pg, i.t.) Mice Takeuchi et al., 2007
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Pregabalin 30i.c.v. von Frey test 4 Latency a2-AR
Gabapentin 100 mg/kg i.p. europathic: Plantar tes 1 Latency a2-AR Yohimbine (1 mg/kg i.p.; 3 pgi.t) Mice Tanabe et al., 2008
PSL
100 pgit. von Frey test 1 Latency
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Beta-endorphin 1 nmol /10 plit. Heat Tail-flick test 4 Latency 5-HT1 Spiroxatrine (15 wg/10 wl) Rat Crisp et al., 1989
stimulation
5-HT3 ICS 205-930 (15 png/10 pl)
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Morphine 7.5 nmol/10 wli.t Heat Tail-flick test 1 Latency 5-HT2 Ketanserin (50 nmol, i.t. Rat Kellstein et al., 1988
stimulation
Methysergide (20 nmol i.t.)
Fluoxetine 10 mg/kg i.p. Abdominal Acetic acid test 1 Writhes 5-HT1A Naloxone (5 mg/kg i.p.) Mice Singh et al., 2001
(7 days) constriction
Naltrexone (5 mg/kg i.p.)
NSAID’s
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Dypirone 20 pg/paw PGE2 Randall-Selitto 1 Latency a2-AR Yohimbine (2.5, 5, 10, 20 mg/paw) Rat Silva et al., 2015
(intraplantar)
Diclofenac 40 pg/paw a2C-AR RAU (10, 15, 20 png/paw)
al-AR Prazosin (0.5, 1, 2 ng/paw)
B-AR Propanolol (0.3, 0.6, 1.2 pg/paw)
Histamines
Chlorpheniramine 15 mg/kg i.p. Neuropathic: von Frey test 4 Latency HA1 Rat Khalilzadeh et al., 2018
TNT
Ranitidine 15 mg/kg i.p. Acetone test 1 Latency H2
Histidine 100 mg/kg, i.p. Neuropathic: von Frey test 4 Latency HA1 Mepyramine (200 ng/rat i.t. ori.c.v) Rat Yu et al., 2016
PSL
Plantar test 4 Latency
Promethazine 50, 100 mg/kg, Vincristine- Pinprick test 4 Latency H1 Rat Jaggi et al., 2017
i.p. (12 days) mediated
neuropathy
Ranitidine 20, 20 mg/kg, i.p. Acetone test 1 Latency 2
(12 days)
Hot plate test 4 Latency
E-162 1,5, 10, Neuropathic: von Frey test 1 Latency 3 Pyrilamine (H1 receptor antagonist, Mice Popiolek-Barczyk et al.,
20 mg/kg, i.p. CCl 10 ngit.) 2018
TR-7 Cold plate 4 Latency H4
Tail-flick test 1 Latency
S38093 1 mg/kg, p.o. europathic: Randall-Selitto 4 Latency H3 Rat Chaumette et al., 2018
4 days) CCl
A-960656 1, 3 mg/kg, p.o. europathic: Randall-Selitto 1 Latency H3 Rat Cowart et al., 2012
11 days) SNL
0.1, 0.3, nflammatory
1 mg/kg, p.o.
12 days)
JNJ7777120 28, 70 mg/kg i.p. europathic: Plantar test 1 Latency H4 Rat Hsieh et al., 2010
8 days) SNL
nflammatory
ST-1006 30 and 60 pg europathic: Plantar test 4 Latency H4 JNJ 101915684 (6 mg/kg p.o.) Mice Sanna et al., 2015, 2017
i.cv. SNI
VUF8430 20 and 40 ng Von Frey test 1 Latency
i.c.v.

AR, adrenoceptor; ASA, Acetylsalicylic acid; CCl, chronic constriction injury; i.c.v, intracerebroventricular injection; i.p., intraperitoneal injection; i.t. intrathecal injection; p.o, oral administration; PSL, partial ligation of the
sciatic nerve; s.c., subcutaneous injection; SNL, spinal nerve ligation; TNT, tibial nerve transection; SNI, spared nerve injury.
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Metabolite

TRP (uwmol/L)
KYN (mol/L)
3-HAA (nmol/L)
AA (nmol/L)
KYNA (nmol/L)
3-HK (nmol/L)
XA (nmol/L)
PIC (nmol/L)
QUIN (nmol/L)
BH4 (nmol/L)
NEO (nmol/L)

DC (X £+ SD; n = 8)

529 £6.1
18+04
188 +£3.6
1561 £3.5
30.4 £10.4
145+45
93+1.7
20.01 £5.4
187.6 +£110.6
2.575 +£0.6076
26.20 £0.8794

DNP (X & SD; n = 13)

46.8+7.1
22+05
19.4+6
15.05+ 3.9
27.3+ 147
121 +£35
11.1+£25
31.9+ 126
2488 +£191.2
2.458 £ 0.4672
32.72 £1.741*

TRR  Tryptophan; KYN, Kynurenine; 3-HAA, 3-Hydroxyanthranilic acid; AA,
Anthranilic acid (AA); KYNA, Kynurenine acid: 3-HK, 3-Hydroxykynurenine;
XA, Xanthurenic acid; QUIN, Quinolinic acid; PIC, Picolinic acid; BH4,
Tetrahydrobiopterin; NEO, Neopterin. All data are presented as mean =+ standard
deviation (X + SD). *P < 0.05, unpaired two-tailed Student’s T-test.
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Drugs Effective Dose Model of pain Nociceptive test Effect Receptors Effect Animal References
antagonized by
Noradrenaline
Acute pain Amitriptyline 156 mg/Kg i.p. Hot plate 4 Latency a2-AR Reserpine (2 mg/kg Mice Ghelardini et al.,
i.p.) 2000
Imipramine Abdominal Acetic acid test 1 No constriction Yohimbine
constriction 3 mg/kg i.p.)
a2A-AR BRL 44408
1 mg/kg i.p.)
(+) Oxaprotiline 10, 35 mg/kg i.p.  Abdominal Acetic acid test 1 No constriction a2-AR RX821002 Mice Gray et al., 1999
constriction 1 mg/kg s.c.)
Paroxetine 10 mg/kg i.p.
Sibutramine 5,25 mg/kg i.p.
Dothiepine 5, 30 mg/kg i.p.
Amitriptyline 5,25 mg/kg i.p.
TCA: Amitriptyline 10 mg/kg i.p. Heat stimulation Tail-flick test Not displays a2-AR a2-AR KO Mice Ozdogan et al.,
analgesic effect 2004
Desipramine 4, 20, 40 mg/kg Hot plate test 1 Latency B1-AR CGP20712A Mice Mico et al., 1997
i.p. (1 mg/kg s.c.)
Nortriptyline 2,4,20, Heat stimulation Tail flick test 4 Latency B2-AR I1C1118551
40 mg/kg i.p. (80 pgrkg s.c.)
Abdominal Acetic acid test 1 No constriction
constriction
Inflammatory Formalin test (first 1 licking time
phase)
Chronic pain Venlafaxine 40 mg/kg i.p. Neuropathic: CClI Plantar test 1 Latency a2-AR Yohimbine Rat Hajhashemi et al.,
(5 mg/kg i.p.) 2014
10, 20 mg/kg i.p. von Frey test 4 Withdrawal
(14 days) threshold
SNRI: Duloxetine 10 mg/kg s.c. Neuropathic: SNL ~ von Frey test 4 Withdrawal a2-AR Idazoxan Rat Ito et al., 2018
(3 days) threshold (80 pg/20 pgit)
Nortriptyline, 5 mg/kg i.p. Inflammatory Formalin test (late J Licking time al-AR Prazosin (1 mg/kg Rat Yokogawa et al.,
Imipramine phase) i.p.; 5 pg, i.cv.) 2002
Nisoxetine 2.5 mg/kg i.p.
Maprotiline 10 mg/kg i.p.
Milnacipran 5 mg/kg i.p.
Fluvoxamine 20 mg/kg i.p.
Mianserin 30, 45 mg/kg Neuropathic: STZ Randall-Selitto 4 Withdrawal a2-AR Phentolamine Rat Ucel et al., 2015
0.p. (14 days) threshold (5 mg/kg 0.p.;
14 days)
Von Frey 4 Withdrawal B-AR Propranolol
threshold (5 mg/kg o.p.
14 days)
Plantar test 1 Latency
Hot plate test 4 Latency
Nortriptyline 5 mg/kg i.p. Neuropathic: STZ von Frey test 4 Withdrawal B2-AR ICI118551 Mice Choucair-Jaafar
(2-3 weeks) threshold (2 mg/kgi.p.) et al., 2009
Desipramine 5 mg/kg i.p. Neuropathic: SNC  von Frey test 4 Withdrawal B2-AR ICI118551 B2-AR +/+ Mice Yalcin et al., 2009
(4 weeks) threshold (2 mg/kgip.;
3 days)
Venlafaxine 10 mg/kg i.p. p2-AR —/— KO
(4 weeks, Mice
Reboxetine 0.8 mg/kg i.p.
(4 weeks)
Nortriptyline 5 mg/kg i.p. Neuropathic: SNC  von Frey test Not displays B2-AR Terbutaline B2AR —/— Mice Bohren et al., 2013
(2-3 weeks) analgesic effect (0.5 mg/kg i.p.)
Venlafaxine 4 Withdrawal C57BL/6J Mice
threshold
Serotonin
Acute pain Venlafaxine 80 mg/kg i.p. Hot plate test 4 Latency 5-HT1A 8-OH-DPAT Mice Berrocoso and
(0.062 mg/kg s.c.) Mico, 2007
Fluoxetine 10 mg/kg i.p. Abdominal Acetic acid test 1 No constriction 5-HT1A Pindolol (10 mg/kg Mice Singh et al., 2001
(7 days) constriction i.p.)
Fluoxetine 0.3-1 nmol/paw Inflammatory Formalin test (first 4 Fliching Rat Cervantes-Duran
phase) etal., 2013
Paroxetine 5, 10, 20 mg/kg Abdominal Acetic acid test 1 No constriction 5-HT3 Ondansetron Mice Kesim et al., 2005
i.p. constriction 0.1 mg/kg)
Fluvoxamine 30 mg/kg i.p. Paw pressure test 1 Latency 5-HT3 Granisetron Mice Honda et al., 2006
1 mg/kg, s.c)
Chronic pain Fluvoxamine 10, 30 mg/kg i.p; © Neuropathic: Partia . von Frey test 4 Withdrawal 5-HT2A/AC Ketanserin Mice Honda et al., 2006
100 mg i.t. sciatic nerve injury threshold 3 mg/kgi.p.;
10 mgit.)
Fluoxetine 0.3-1 nmol/paw Formalin test (late 4 Fliching 5-HT2A Ketanserin Rat Cervantes-Duran
phase) 10 pmol/paw) etal., 2013
5-HT2B RS-127445
10 pmol/paw)
5-HT2C RS-102221
10 pmol/paw)
5-HT3 Ondansetron (10
nmol/paw)
5-HT4 GR-113808 (100
fmol/paw)
5-HT6 SB-258585
(10 pmol/paw)
5-HT7 SB-269970 (1
nmol/paw)
3 nmol/paw and J Fliching 5-HT1A WAY-100635 (1
it nmol i.t.)
5-HT1B/1D GR-127935 (1 nmol i.t.)
HT1B SB-224289 (1 nmol i.t.)
5-HT1D BRL-15572 (1 nmol i.t.)
mipramine 10 mg/kg i.p. Inflammatory Formalin test (late J Licking time 5-HT3 Ondansetron (1 mg/kg Rat Yokogawa et al.,
phase) i.p.) 2002
ortriptyline 5,10 mg/kg i.p. 5-HT2 Ketanserin (1, 2 mg/kg
i.p; 60 ngi.c.v.)
isoxetine 2.5 mg/kg i.p.
Maprotiline 10 mg/kg i.p.
Milnacipran 5 mg/kg i.p.
Fluvoxamine 20 mg/kg i.p.
mipramine 2.5 mg/kg i.p. Formalin test (late 4 Licking time 5-HT4 SDZ-205, 557
phase) (0.1 mg/kgi.p.)
Fluoxetine 10 mg/kg i.p. europathic: STZ Randall-Selitto 4 The vocalization 5-HT2A TAT-2ASCV peptide  Rat Pichon et al., 2010
(3 weeks) thresholds (80 ng/rat i.t.)
Hot plate 4 Latency
Fluoxetine 10, 20 mg/kg i.p. europathic: STZ  Tail inmersion 4 Latency 5-HT2A/2C Ritanserin (1, 2 mg/kg Mice Anjaneyulu and
i.p.) Chopra, 2004
Hot-plate test 4 Latency
Clomipramine 6 mg/kg i.v. europathic: CCl, Randall-Selitto 1 Vocalization 5-HT1A WAY 100, 635 (0.5, Rat Ardid et al., 2001
STZ thresholds 8 mg/kg s.c.)
Venlafaxine 5,10, 20 mg/kg europathic: CCl Randall-Selitto 4 Vocalization 5-HT1A OH-DPAT (0.5 mg/kg Rat Hernandez et al.,
i.v. thresholds 8iG7) 2004
Antisense
oligodeoxynucleotide
(0.1 nmol/pl)
Dopamine
Acute pain Nomifensine 1.25,12.5,:5, Tail inmersion Not displays D2 Eticlopride Rat Gilbert and
10 mg/kg s.c analgesic effect (181.3-270 mg/kg ip) Franklin, 2001
Hot plate Not displays
analgesic effect
Formalin test J Licking time
Chronic pain Amitriptyline 3-30 mg/kg i.p. Neuropathic: SNL  von Frey test 4 Withdrawal D2 Sulpiride (30 pgi.t.) Rat Chen et al., 2017
threshold
Milnacipran
Duloxetine
Fluoxetine

AR, adrenoceptor; CCl, chronic constriction injury; i.p., intraperitoneal injection; i.v, intravenous injection; i.t. intrathecal injection; s.c., subcutaneous injection; SNC: sciatic nerve cuffing; SNL, spinal nerve ligation; STZ,
streptozotocin-induced diabetic; o.p., oral administration.
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Cytokine (pg/mL)

GM-CSF
IFN-y
TNF-a
IL-1b
IL-2
IL-4
IL5
IL-6
IL-8
IL-10
IL-12
IL-13
IL-17A
IL-23

DC (X +SD; n=8)

211+ 116

106 £6.8
74+384
1.6 £06
3.8+1.9
1Bk 7T
1:5:£09
1.6+09
6116
5.4 +3.0
34+18
49+29

13.5 £ 8.1

323.4 +230.9

DNP (X + SD; n = 13)

72.6 £ 60.9"
14.6 £10
81+48
25+15
71+44
6.6+4.3
1.7 0.7
18+£07
9.1+£1.4"
49+383
41+24
38+1.9
183+ 11.6
474.2 + 358.0

*P < 0.05, **P < 0.01, unpaired two-tailed Mann-Whitney U-test.





OPS/images/fnins-14-00890/fnins-14-00890-t001.jpg
DC (n=8) DNP (n = 13)

Sex (FM) 4/4 5/8

Age (years) 54.1(43-70) 60.4 (40-71)

Painful peripheral wa 90896

neuropathy onset

(vears ago)

Lower limbs wa 1313

affected (LR)

Upper limbs wa 32

affected (UR)

DN4 Score (0-10) 0 560 +1.44

BMI (kg m~2) 30(29-37) 34.9(25.5-50.1)

Pain score (VAS 3837 558+ 24.4"

0-100)

SF-MPQ-2 (0-220) 152 959+ 45.8"

DASS21(0-42)  Depression 25+33 132:+106"
Anxiety 2237 12:£87
Stress 7292 146102

TSK (0-68) 206+38 443+£63™

PCS (0-62) 18428 20.4 £ 151

PSEQ (60-0) 572444 305+ 137

DN4, Douleur Neuropathique 4 questionnaire; VAS, Visual analog scale; SF-
MPQ-2, Short-form McGill Pain Questionnaire; DASS21, Short-form Depression,
Anxiety and Stress Scale; TSK, Tampa Scale for Kinesiophobia; PCS, Pain
Catastrophizing Scale; PSEQ, Pain Self-Efficacy Questionnaire. Data are presented
as mean + standard deviation (X + SD). P < 0.01, **P < 0.001, unpaired
two-tailed Mann-Whitney U-test.
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Weight match (n= 14)
Saline, 60 min (s.c., n=10)
14-O-MeM6SU

(253 nmol/kg, s.c., n=9)
14-O-MeM6SU

(506 nmol/kg, s.c. n=10)

14-O-MeM6SU
(1012 nmol/kg, s.c., n=95)

Weight match (n= 14)
Saline, 10 min (s.c., n=95)
Fentanyl

(25 nmol/kg, s.c., n=4)
Fentanyl

(50 nmol/kg, s.c., n=4)

Fentanyl
(100 nmol/kg, s.c., n=4)

Weight match (n= 14)
Saline, 30 min (s.c., n=95)
Morphine

(10 000 nmol/kg, s.c., n=5)
Morphine

(20 000 nmol/kg, s.c., n=5)
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System Finding reported Model of pain Animal References
Noradrenergic
Peripheral 1 a2-AR Sciatic nerve ligation Rat MclLachlan et al., 1993
(DRG) + a1B-AR SNL, Sciatic nerve ligation Rat Xie et al., 2001; Maruo et al., 2006
| Kv channel alpha CCl Rat Kim et al., 2001, 2002
Spinal 1 a2A-AR Inflammatory pain Sheep Brandt and Livingston, 1990
1 a2C-AR SNL Rat Stone et al., 1999
1 Efficacy of coupling between a-2AR and Ga SNL Rat Bantel et al., 2005
1+ NAT SNL Rat Rojo et al., 2012
Supraspinal 1+ TH
(locus coeruleus) 1+ NAT CCl Rat Alba-Delgado et al., 2013
1 a2-AR
1 DBH SNL Rat Tazawa et al., 2015
Serotonergic
Peripheral 1 5-HT2A in DRG Vincristine-induced neuropathy Rat Thibault et al., 2008
Spinal 1 5-HT2A in ipsilateral side of dorsal horn CFA Rat Zhang et al., 2001, 2002
1 5-HT2A in the lumbar dorsal horn Vincristine-induced neuropathy Rat Thibault et al., 2008
| 5-HT7 in dorsal spinal cord Formalin test Rat Rocha-Gonzalez et al., 2005
| 5-HT7 in ipsilateral dorsal spinal cord SNL Rat Amaya-Castellanos et al., 2011
Supraspinal 1 5-HT2A bilateral NRM CFA Rat
1 5-HT2A VIPAG CFA Rat Zhang et al., 2001, 2002
1 5-HT2A DRN CFA Rat
Dopaminergic
Supraspinal | D2 receptor in the NAc SNI Rat Sagheddu et al., 2015
Disruption on D2 and D3 receptors in the hippocampus SNI Rat Cardoso-Cruz et al., 2014
Histaminergic
Peripheral 1 H1 receptor in nociceptive afferent neurons Capsaicin-induced hyperalgesia Guinea pig Kashiba et al., 2001

AR, adrenoceptor; CCI, chronic constriction injury; CFA, complete Freund’s adjuvant; DBH, dopamine beta hydroxylase; DRG, dorsal root ganglion; DRN, dorsal raphe
nucleus; NAc: accumbens nucleus; NAT, noradrenaline transporter; NRM: raphe magnus; SNI, spared nerve injury; SNL, spinal nerve ligation; TH, tyrosine hydroxylase;
VIPAG, ventrolateral periaqueductal gray.
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SPRi

N-acetyl-
serotonin

SPRi3

QM385
Q-1195

Sulfasalazine

Analgesic effect

| Cold allodynia; | Mechanical allodynia (Tegeder

et al., 2006)
| Heat hyperalgesia (Tegeder et al., 2006)

| Heat hyperalgesia; || Mechanical allodynia (Fujita

etal., 2019)

U Mechanical allodynia (Latremoliere et al., 2015)

| Heat hyperalgesia; No changes in mechanical
allodynia (Latremoliere et al., 2015)

| Heat hyperalgesia (Fujita et al., 2019)

No changes in mechanical allodynia (Meyer et al.,

2019)

| Mechanical allodynia (Latremoliere et al., 2015)

Experimental pain model

Spared nerve injury neuropathic pain model

Granulomatous skin inflammatory pain model
(intra-plantar injection of CFA)

Collagen antibody-induced arthritis model

Chronic constriction injury and spared nerve
injury neuropathic pain models

Granulomatous skin inflammatory pain model
(intraplantar injection of CFA)

Collagen antibody-induced arthritis model
Spinal nerve ligation neuropathic pain model

Spared nerve injury neuropathic pain model

BH4 changes

[

{ in urine

1 in DRG,
sciatic nerve
and plasma
{ in plantar
skin

[}

 in DRG

Sepiapterin changes

[

1 in urine

1+ in DRG, sciatic nerve
and plasma

1 in plasma
1 in plasma and DRG

1 in plasma

¥ not evaluated. CFA, complete Freund’s adjuvant; DRG, dorsal root ganglia.
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Compounds IC50 value (LM)

In vitro In vivo
Protein-based Cellular
assay system
Natural SPRi
N-acetyl-serotonin 3.8" ] [
35m
1.2r
(Haruki et al., 2016)
11.61"
(Moore et al., 2019)
Xanthurenic acid 0.15" 7 7
0.053M
0.045"
(Haruki et al., 2016)
Synthetic SPRi
SPRI3 0.053" 0.452 1%
(Haruki et al., 2016) Latremoliere
etal., 2015
QM385 7 0.036° 7
0.074°¢
Cronin
et al.,, 2018
Q-1195 0.008" 7 2.2d
0.004"
Meyer et al., 2019
(Meyer
et al., 2019)
FDA-approved
Sulfasalazine 0.0070" 7 @
0.0078M
0.043"
(Haruki et al., 2016)
0.023"
(Haruki et al., 2013)
Tranilast 5.889" 7 @

(Moore et al., 2019)

Values are mean of at least 2 independent experiments. @, not determined. h,
human SPR; m, mouse SPR; r, rat SPR. a, mouse primary dorsal root ganglia cell
culture. b, mouse splenocytes cell culture. ¢, human peripheral blood mononuclear
cell culture. d, adult male Sprague-Dawley rats after spinal nerve injury. FDA, Food
and Drug Administration.
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Examples where pain is LESS than

current pain

Examples where pain is EQUAL to

current pain

Examples where pain is
GREATER than current pain

Back pain NRS pain catastrophizing

(PCS) pain duration

“Headache” 5/10 “Burn” 10/10 “Broken legs” 10/10 10 (6-9)
PCS 50
1-5 years
“Cutting finger” 1/10 10 (NA-NA)
PCS 0
Over 5 years
“Giving blood” 2/10 “Hitting shin on a bar really hard” 10/10 “Child birth” 14/10 10 (0-10)
“smashing finger on door” 7/10 “walking into a brick wall” 10/10 “cracked tooth” 13/10 PCS 29
“hitting shin on a bar” 8/10 “2nd degree skin burn” 14/10 1-5 years
“getting elbowed in head — hard” 3/10
“stub toe” 3/10
“Shoulder pain” 6/10 “Severe toothache” 10/10 “My answer for number 2 could 10 (7-10)
“acut” 6/10 “burn” 10/10 all be greater” *** PCS 39
“stubbing my toe” 5/10 “Achilles tendon tear” 10/10 11to 5 years
“broken bone” 10/10
“recovering from stomach surgeries” 10/10
“Fractured humerus” 8/10 “Child birth (labor)” 10/10 10 (7-10)
“breast pain due to caffeine” 8/10 PCS 28
Less than 1 month
“Twisted ankle” 9/10 “Broken bone” 10/10 “Getting shot” 10+/10 10 (1-10)
“shin bruise” 9/10 “migraine” 10/10 “shark bite” 10+/10 PCS 27
“ear ache” 8/10 “muscle tear” 10/10 1to 3 mos
“toothache” 9/10
“Paper cut” * “Bone bruise™ “Broken bone™* 10 (2-4) **
“blood test” “workout in gym new leg exercise” “heart attack” PCS NA
“stub toe” “body aches with fever” “close car door on finger” Over 5 years back pain

“migraine”
“bad leg cramp”

“car run over foot”
“getting tooth cavity filled no
anesthesia”

Each row corresponds to an individual study subject. *Subject provided no pain NRS. **Current NRS with best and worst over last 24 h as reported. ***Authors infer
that in this case “number 2” refers to “Examples where pain is EQUAL to current pain”.
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A

Pain example with attributed NRS Back pain NRS PCS Duration
“Poke in the eye” 2/10 5 (2-6) 27 Over 5 years
“Burn with curling iron” 2/10 6 (2-8) 20 Over 5 years
B

Pain Back pain NRS PCS Duration
“Many mosquito bites itching” 4/10 3(0-5) 9 Over 5 years
“medium nausea” 4/10

“Walking for 12 h” 2/10 2 (2-5) 5 Over 5 years
“Mosquito bite” 2/10 3(1-6) 5 1-5 years
“Standing still straight posture” 2/10 527 24 6-12 mos
“Mosquito bite” 2/10 4 (1-7) NA NA

Examples are reported according to reporting study subject (row), with the pain numerical rating scale (NRS) attributed by the study subject to the event, the subject’s
current reported back pain with range best to worst pain in the prior 24 h, the subject’s pain catastrophizing score (PCS), and the subject’s duration of low back pain.
(A) Exampiles classified by investigators as “high intensity” associated with subject-attributed NRS < 2 (n = 2). (B) Examples classified by investigators as “non-painful”

associated with subject attributed NRS > 2 (n = 5).





OPS/images/fnins-13-01331/fnins-13-01331-t006.jpg
Pain example with attributed NRS Back pain NRS PCS Duration

“Stub toe” 10/10 7 (4-9) 20 Over 5 years
“Walking on hot sand” 10/10 8 (4-8) 23 1-56 years
“Stab a toe” * 9/10 7(3-8) 26 Over 5 years
“earache” 7/10

“Ear ache” 8/10 10 (1-10) 27 1-3 mos
“Foot being stepped upon” 8/10 3 (1-6) 5 1-56 years
“Stubbing your toe” 8/10 5 (0-9) 13 1-5 years
“Bee sting” 8/10 6 (NA-NA) 29 Over 5 years
“Long bike ride 40 to 100 miles” 8/10 3 (3-5) 14 Over 5 years
“Grit in eye” 8/10 7(2-9 21 Over 5 years

“scraped knee” 8/10

“callus pressing against shoe” 7/10
“chafed groin” 7/10

“cramp in hands” 7/10

“paper cut 1 h old” 7/10

“twisted arm” 7/10

“Huge bruise along 5th metatarsal from accidentally kicking 7 (6-8) 16 Over 5 years
steel door frame while barefoot” 7/10
“huge poison ivy rash on both legs” 7/10

“Stub a toe” 7/10 7 (2-8) 30 1to 5 years
“Stubbing toe short term pain” 7/10 6 (1-7) 13 Over 5 years
“Stepping on broken shells on beach shortlived” 7/10 3 (0-8) 31 11to 5 years
“Poke with stick” 7/10 7 (4-8) 18 Over 5 years

Examples are reported according to reporting study subject (row), with the pain numerical rating scale (NRS) attributed by the study subject to the event, as well as the
subject’s current reported back pain with range best to worst pain in the prior 24 h, the subject’s pain catastrophizing score (PCS), and the subject’s duration of low back
pain. *This was taken to have meant “stub a toe” rather than “stab a toe.”
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Pain example with attributed NRS Back pain NRS PCS Duration
“Loss of my dog in 2010” 10/10 6 (2-6) 1 Over 5 years

“Deal with solution to family problems” 8/10 6 (6-6) 22 1-5 years
“occurrence of family crises ex: court dates” 8/10

“loss of very close friend” 7/10

“disrespect from family members” 7/10

“family crises like a preemie born in the family” 6/10

Examples are reported by reporting study subject, with the pain numerical rating scale (NRS) attributed by the study subject to the event, as well as the subject’s current
reported back pain with range best to worst pain in the prior 24 h, the subject’s pain catastrophizing score (PCS), and the subject’s duration of low back pain.
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Opioid painkillers
Yes - history of use
Yes — current use
No

Not sure

No response
Injections

Yes

No

Not sure

No response
Exercise therapy
Yes

No

Not sure

No response

Psychological counseling

Yes

No

Not sure

No response

71 (47.6%)

21 (14.1%)

69 (46.3%)
3 (2.0%)
6 (4.0%)

77 (51.7%)
56 (37.5%)
1(0.7%)
15 (10.1%)

104 (69.8%)
34 (22.8%)
1(0.7%)
10 (6.7%)

11 (7.4%)
122 (81.9%)

1(0.7%)
15 (10.1%)

N (% of 149).
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Duration
Less than 1 month
1-6 months
6-12 months
1-5 years
Over 5 years
Frequency
Less than half of days
More than half of days
Daily
Bothered a lot by pain in other areas
Extremity or joint pain
Widespread pain
Stomach pain
Headaches
Prior lumbar spine surgery
None
One prior surgery
More than one prior surgery
Ever been out of work or unemployed
for 1 month or more due to back pain
Received disability or compensation
due to pain

14 (9.4%)
18 (12.1%)
13 (8.7%)
42 (28.2%)
61 (40.9%)

36 (24.8%)
22 (14.8%)
85 (57.0%)

59 (39.6%)
15 (10.1%)
12 (8.1%)
11 (7.4%)

111 (74.5%)
24 (16.1%)
13 (8.7%)
13 (8.7%)

10 (6.7%)

N (% of 149).
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PROMIS29 scores

Pain interference
Depression/Sadness
Physical function

Sleep disturbance

Pain catastrophizing scale
Low (less than 20)

Moderate (20-29)

High (30 and over)

RTF impact classification score
Low (<27)

Moderate (28-34)

High (>34)

T Score mean + SD
63.68 + 7.74
50.35 + 9.67
36.34 + 6.06
51.22 + 4.46
N (% of 149)

66 (44.3)
43 (28.6)
33(22.1)
N (% of 149)
52 (34.9)
45 (30.2)
52 (34.9)
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Age (years; mean + SD)
Gender, N (% of 149)
Male
Female
Race, N (% of 149)
Asian
Black/African-American
White
American Indian/Alaskan Native
Unknown/Not reported
Decline
Education Level, N (% of 149)

High school or vocational/Occupational

Some College

Bachelor’s or Associate’s degree

Masters’, Professional, or Doctoral
Substance abuse, N (% of 149)

Positive two-item conjoint screen

Negative two-item conjoint screen
Smoking, N (% of 149)

Current or prior smoking

No smoking history
Obesity class (BMI range), N (% of 149)

Non-obese (18-24.9)

Overweight (25-29.9)

Class | obesity (30-34.9)

Class Il obesity (35-39.9)

Class Ill (Over 40)

57.3+15.8

60 (40.3%)
89 (59.7%)

8 (5.4%)
4 (2.7%)

133 (89.3%)
2 (1.3%)
3 (2.0%)
0 (0%)

12 (8.1%)

22 (14.8%)
55 (36.9%)
57 (38.3%)

31 (20.8%)
109 (73.1%)

57 (38.3%)
88 (569.1%)

47 (31.5%)
62 (41.6%)
29 (19.5%)
9 (6%)
1 (0.7%)
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Type of pain
Neuropathic

Inflammatory

Dystunctional

Examples

Tigeminal nevralgia,
post-herpetic Neuralgia,
trauma, Chematherapy
induced neuropathy,
antibiotic induced
neuropathy, diabetic
neuropathy, hereditary
neuropathies, scitica,
antireteoviralinduced
neuropathy, multile
sclerosis, tumors (Freyrhagen
and Bennett, 2000).

Rheumatoid Arthrits (L,
2013), osteoarhrts, gout
(Rocdy ctal, 2013), myosits,
Sogren's synarome
(Holdgate and St Ga, 2016),
systemic upus
enythematosus, tumors
(Schmict et a. 2010)
Bladdor pain syndromo
(Offah et al. 2010), irtable
bowel syndrome, paroxysmal
extreme pain disorders,
primary erythemmalga,
tomporomandiouar disorder,
and fbromyaiga (Crabree
and Ganty. 2016).

Treatment strategy

Removal of inciing agents for
chemotherapy and antibiotics
(dose-imiing) t-cycic:
antidepressants suchas
nortptyine,
‘Sorotonin-Noradrenaine
Re-uptake inhibitors such as.
duloxetine Anticonvulsants.
including lamotrigine and
carbamazepine. Surgical
options forlesions. Opicids in
‘some cases forintractable
pain (Freynhagen and
Bennet, 2000).
Anti-nfammatories, opiods,
disease modiying antioodies
such as Anti-TNF, surgical
approaches to remove
undertying sources of
infammation.

Fow, shares features of
neuopathic and
non-neuropathic pain,
exercise therapy, NSAIDs,
ant-depressants including
TCAS, monoarmine oxidase
nhibitors, SSRis and SNRs,
opioids, and anti-convusants
are used with varying levels of
effcacy.
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Gene

NLRP3

ASC

Caspase-1

GSDMD

B-actin

Length

291 bp

188 bp

137 bp

171 bp

138 bp

Primer

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Sequences

5" CTGCATGCCGTATCTGGTTG &
5" CGGCGTTAGCAGAAATCCAG 3’
5" CCATCCTGGACGCTCTTGAAA 3
5 TGTGAGCTCCAAGCCATACC 3'
5" GAACAAAGAAGGTGGCGCAT 3’
5" CAAGACGTGTACGAGTGGGT 3
5" CTGACTCTTCGAGAACCGCT &
5" CTGACGGCATGATCCACGAT &
5 TTACTGCCCTGGCTCCTAG 3’

5" CGTACTCCTGCTTGCTGATC 3’
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References Methodology Cause of pain Evaluable Lidocaine dosage Placebo Pain scale Time of Pain values as Mean (SD)
participants used measurement
post infusion
Lidocaine Placebo
Kastrup et al. (14) Crossover 5 weeks Painful diabetic neuropathy 15 Lidocaine 5 mg/kg x 30min ~ 0.9% saline 100-VAS  1-3 days 27.27 (24.59) 35.4(29.39)
washout
Ellemann et al. (13) Crossover 1 week washout Neuropathic cancer pain 10 Lidocaine 5 mg/kg x 30min  0.9% saline 10VAS  Immediately NA NA
after &at 1h
Rowbothamet al. (11)  Crossover 2 days washout PHN 19 Lidocaine 5 mg/kg x 1h 0.9% saline 100-VAS  Up to 60min 208(245) 43.6(29.3)
Brueraetal. (12) Crossover 2 days washout - Neuropathic pain from 10 Lidocaine 5 mg/kg x 30min  0.9% saline 100VAS  Immediately after  369(26)  34.1(29.8)
cancer &upto2days
Marchettini et al. (45 Crossover washout ot Peripheral neuropathic pain 10 Lidocaine 1.5 mg/kg over  0.9% saline 100-VAS  At85min 593 (25) 65 (14)
reported 1 min
Sorensen et al. (44) Crossover 1 week washout Fibromyalgia 12 Lidocaine 5 mg/kg x 30min ~ 0.9% saline 100-VAS  Up to 60min NA NA
Wallace et al. (49) Crossover 1 week washout Neuropathic pain from 11 Lidocaine IV infusions 0.9% saline 100-VAS  Till postinfusion  24.82 (19.61) 55.1 (36.66)
peripheral nerve injury targeted to deliver plasma
concentrations of 0.5, 1.0,
15, 2.0, and 2.5 meg/ml
Baranowski et al. (50) Crossover 1 week washout PHN 24 Lidocaine IV at 1 and 5 mg/kg 0.9% saline 100-VAS Till post infusion  17.5(31.35)  10.08 (27.24)
x2h
Medrik et al. (47) Crossover 2-7 day Painful lumbosacral 30 Lidocaine 5 mg/kg IV x 1-2h  0.9% saline 100-VAS Upto1h 31(27.39) 38 (27.39)
washout radiculopathy
Attal et al. (48) Crossover 3 weeks Neuropathic pain from 16 Lidocaine 5 mg/kg x 30min ~ 0.9% saline 100VAS il postinfusion 31 (28) 46 (24)
‘washout stroke and spinal cord injury
Wallace et al. (40) Crossover 1 week washout Complex regional pain 16 Lidocaine IV infusions Diphenhydramine  100-VAS At 20min NA NA
syndrome targeted to deliver plasma 70-80mg
concentrations of 0.5, 1.0,
15, 2.0, and 3 mog/ml
Wuetal. (51) Crossover 1 day washout ~ Postamputation pain, stump 22 Lidocaine 1 mg/kg bolus and  Diphenhydramine, 100-VAS  Up to 30min 365(235)  50.1(25.5)
pain a4 mg/kg v infusion for 10mg bolus iv +
40min 40mg infusion
Kvarnstrdm et al. (39)  Crossover 1 week washout Peripheral neuropathic pain 12 Lidocaine 1.0 mg/kg for 0.9% saline 10VAS  Upto 150min NA NA
(trauma, surgery, 10min and then 1.5 mg/kg for
compression) 30min
Attal et al. (43) Crossover with 2 weeks ~ Trauma, PHN 22 Lidocaine 5 mg/kg x 30min  0.9% saline 100-VAS  At60min 19(22) 38(22)
washout
Kvarnstrém et al. (41)  Crossover 4 days washout Traumatic spinal cord injury 10 Lidocaine 1.0 mg/kg for 0.9% saline 10-VAS Up to 150min NA NA
10min and then 1.5 mg/kg for
30min
Finnerup et al. (42) Crossover 6 days washout Trauma or disease of the 12 Lidocaine 5 mg/kg x 30min ~ 0.9% saline 100-VAS  At35min 42.67(28.86) 59.42 (18.6)
spinal cord or cauda equina
Gottrup et al. (46) Crossover 2 days washout Peripheral neuropathic pain 19 Lidocaine 5 mg/kg x 30min ~ 0.9% saline 100-VAS  Up to 40min 45 (29) 49(25)
Tremont-Lukats et al. (56) Parallel Peripheral neuropathic pain 31 Lidocaine at 1, 3, and 5 0.9% saline 100VAS  Upto 10h NA NA
mg/kg/h as 6h infusion
Viola et al. (55) Crossover 4 weeks Painful diabetic neuropathy 15 Lignocaine 5 and 7.6 mg/kg  0.9% saline MPQ At day 14 NA NA
‘washout over 4h for 4 weeks
Gormsen et al. (54) Crossover 3-11 days Peripheral nerve injury 13 Lidocaine 5 mg/kg x 30min  09%salne +  100VAS  Upto24h NA NA
washout vitamin B
Viainich et al. (53) Parallel Fibromyalgia 30 (15 each  Lidocaine 240 mg dilutedin  0.9% saline 10VAS  Atdweeks 4123 4@
group) 125 mL infused over a period
of 1h, once a week, for 4
weeks
Park et al. (19) Crossover 2 weeks Neuropathic pain of failed 18 Lidociane 1 mg/kgand 5 0.9% saline 100-VAS  Up to 60min NA NA
washout back surgery syndrome mg/kg at 60 mih
Stavropoulou et al. (18)  Crossover 2 days washout ~ Trigeminal neuralgia 20(1=40) Lidocaine 5 mg/kg x 1hin  0.9% saline 10-VAS  Tilpostinfusion  1.46(137)  3.33(2.02)
two sessions
Albertoni et al. (16) Parallel Fibromyalgia 38 (19 each Lidocaine 240 mg dilutedin  0.9% saline 10-VAS  Atdweeks 33(16) 44@7)
group) 125 mLinfused over a period
of 1h, once a week, for 4
weeks
Kimet al. (17) Parallel PHN or Complex regional 42 (21 each  Lidocaine 8 mg/kginfused  0.9% saline 10VAS  Atdweeks 29253  474(267)
pain syndrome type Il group)  over a period of 1h, once a
week, for 4 weeks
Liu et al. (52) Parallel PHN 183 Lidocaine 5 mg/kg x 1.5h  0.9% saline 10-VAS Up to 4 weeks NA NA

SD, Standard Deviation; VAS, Visual analog scale; PHN, Post herpetic neuralgia; h, Hours; NA, Not available; wk, week; mins, minutes; MPQ, McGill Pain Questionnaire.
*Each participant underwent two sessions of treatment and placebo.
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S-ketamine Placebo
(n=12) (n=12)
Mean (SD) Mean (SD) P-value
Age (years) 26.0 (3.6) 28.5 (3.3 0.29
Weight (Kg) 73.3 (10.7) 84.1 (11.1) 017
Height (cm) 176.3 (6.3) 181.0 (7.5) 0.29
Education (years) 16.9 (1.2) 18.3 (1.7) 0.86
Beck depression inventory (BDI-II) 1.2(1.0) 3.0(1.1) 0.01
Trait anxiety (STAI-T) 16.4 (2.5) 18.3 (2.5) 0.29
State anxiety (STAI-E) 20.6 (3.2) 21.3 (3.5) 0.69
Concentrated attention test 95.0 (36.3) 81.3 (32.6) 0.49

Data are presented as mean and standard deviation (n = 24).
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S-ketamine (n = 12) Placebo (n =12)

Before infusion After infusion SMD P-value * Before infusion After infusion SMD P-value*

Response time (ms)

851.9 (395.4) 855.12 (420.4) - 0.942 826.6 (281.8) 902.05 (406.1) - 0.402
Sedation score

13.21 (18.0) 29.64 (22.4) - 0.295 18.21 (16.6) 19.64 (16.3) - 0.238
Euphoria rating

2.50 (2.3) 2.21 (2.5) - 0.413 3.29 (2.37) 3.07 (2.1) - 0.281

Pain-related words (Target-words)
Positive 0.01 (0.03) 0.03 (0.04) - 0.212 0.03 (0.03) 0.03 (0.03) - 0.681
Neutral 0.16 (0.07) 0.24 (0.10) 0.25 0.052 0.16 (0.07) 0.19 (0.07) - 0.417
Negative 0.83 (0.09) 0.73 (0.11) —0.09 0.041 0.81 (0.09) 0.78 (0.08) - 0.402
Non-pain-related words (Non-target words)
Positive 0.51 (0.06) 0.40 (0.15) -0.17 0.041 0.56 (0.05) 0.49 (0.16) - 0.356
Neutral 0.24 (0.07) 0.48 (0.16) 0.40 < 0.01 0.18 (0.08) 0.37 (0.17) 0.41 0.032
Negative 0.25 (0.02) 0.12 (0.03) —0.53 < 0.01 0.26 (0.04) 0.14 (0.03) —0.44 < 0.01

Data are presented as mean percentages and standard deviations (n = 24). Standardized difference means (SDM); the blank signal (=) indicates that the SDM was not
calculated; *P-value of comparisons within groups by paired t-test adjusted by Bonferroni test for multiple comparisons.
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Parameter Active group Sham group

=27 (n=28)
Hospital length of 7.00(650-800 800 (7.00-11.25)
stay (days)
Drain length of 345200450, 250 (1.00-4.00)
presence (days)
VAS-P rest (mm) 0.00(0.00-0.00]  0.00(0.00-0.00)
VAS-P movement 10.00(000-2500)  0.00(0.00-30.00)
(oom)

VAS-P cough (mm) 2000 (0.00-3500) .00 (0.00-30.00)

P Value

o.126°
o.166°

o7z
083°

0219°

Data ars presentect as mecdin (OF). Data anayss didnot show any signifcant iferences

betwoen (ho actve vs. sham group.
Mann-Whitney est.
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Variable

Maximal VAS-P (mm)
Day 1

Day 5

Percentage of time
in severe pain (%)
Day 1

Day s

Day 5
Satisfaction with
pain management
Day 1

Days

Active group
(n=27)

400 (30.00-70.00)
5000 (27.50-70.00)

5.00(5.00-10.00)
2000 (10.00-30.00)

10.00 0.00-30.00)
2000 (0.00-5000)

0.00 (0.00-6.00)
1000 (0.00-30.00)

0.00 (0.00-0.00)
10.00 (00.00-30.00)

10000 (80.00-
100.00)
100.00(90.00-
100.00)

‘Sham group
=28

5500 (40.00-7000)
50,00 (40.00-80.00)

1000 (5.00-10.00)
30,00 (10.00-45.00)

7.50(0.00-17.50)
40,00 (0.00-60.00)

500(0.00-10.00)
50.00(0.00-7000)

000(0.00-000)
20,00 (0.00-6000)

100.00 (80.00-
100.00)
100.00 (80.00-
100.00)

P Value

0339°
0473

0220°
012

0.400°
0394°

0.160°
0013

0806°
0.834°

0919°

ozt

Data aro presontod as medtan (QF). Pain iteforenc with cough was sgnifcanty hgher
inthe sham group on day 5 (5 < 0.013)

cMann—Whitney fest.
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Variable Active group. Sham group »

=27 (=28 Value
Anciety VAS-A

(mm)

Preoperatively 200000004100 1950 (00.00-30.00) 0.793°
Discharge 000(0000-0000) 000 (00.00-0000)  0.634°
Mood VAS (mm)

Preoperatively 85.00(60.00-9500)  89.50 (8225-97.25)  0.294°
Discharge 10000 (95.00-100.00) 10000 (90.00-100.00) 0.507°
Beck depression

scale (points)

Preoperatively 400 (1.00-6.00) 200(000-500  0.396°
Discharge 5.00(1.00-7.00) 300(050-7.00)  0.465°

Data arspresented as median (QF). Data anayss i o show any significant diferences
petwoen tho active vs. sham group.
cMann—Whitney f6st.
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Day 0
Day 1
Day2
Day3
Day 4

Active group. ‘Sham group.
o=21) n=28)

Fomale  Malo(a=16)  Fomalo(n=5) Male(n=23)
=11

D@46 AQITSSAS 200647 443568
50(28-68  865(6425-1058) 4665735  80(68-1215)
68(20-793) 985(6625-13888) 57 (15-79) 103 (B8.45-150)
66029-793) 1065(665-16390) 7130486755 115 (89-174)
68029-793) 1065(665-18580) 763 63-9556) 1238 (60-174.95)

Female Male Active group.

(1DCS ve. sham), (1DCS ve. sham), (female vs. male),
palue Palue palue
0913 054 0050
o827 0601 0007
1000 0373 0008
oes1 0404 0008
oaa1 0373 0008

Sham group.
(femalo vs. male),
P value

0009
0019
0008
o007
0016

Dota o prosantcas mocin torquarto ango 1GR. ay 0 covers th perodafr to st ranscranel droct urent stk 10CS) immocate afrsurgryunt 1 50007 10CS
sossion; postopativ da 1 covers tho perod e ho socond DCS 550 0 1ho st POSIOPrato iy pOSIGPORI0 Gy 2 GO tho e e ho I IDCS sossion
postoperatio day 3 coers o poro afor 1 rth DCS sasson: postoporali iy 4 cones thoparod ale h i 10CS 5050, Compared 0 men, cumdato morphing coso was
Sricanty lowor o woman i boh (0 0CS and i o ham g1 at af s

% < 005 fvim-Wihitoey U 2ead.
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Variable Active group  Sham group p Value

(n=27) (n=28)

Surgery duration (min) 14444 33.16) 16236 (3327) 0.381°

Remifentanil g) 64687 (35029)  751.04 (552.47) 0.409°

Propofol (mg) 129072 190618 0897
(@11.65) (466.45)

Pre tDCS morphine loading 1628(675  17.43(69) 0537

(mg)

Surgery type

Lobectomy 23 19 LR

Preumonectomy 4 9

Data analyss G not show any signcant iferences betwoen the actve vs. sham group.
Pre-DCS morphine oading s the amount of morphine needed t0 actieve visual anaog
scal (VAS) pain <30.t rest.

(DCS, transcrarial ict cument timuation.

“ndependent ttst.

DChi-square fest.
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Variable Activegroup  Sham group.

=27 (n=28)
Age (years) 6144 (7.98) 6189 (6.79)
BMI (kg m?) 2601 (4:34) 2581 (4.89)
Sex (female/male) 11716 523
ASA (2/3) 4123 a5
Smoking at present 12 (44.4%) 16 (53.6%)

p Value

0g12*
0873
o116
0959°
0248

Data aro presontct as mean (SD) o number (percentage). Daa analsis 6 ot show any

Sgnifcant iferencos betwoen tho activo vs. Sham group.

B, body mass index; ASA, American Sodiety o Anesibesidogsts Physical Status.

“ndependent Ltest
DChi-square fest.
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Phase

Rogimens
Treatment group

0.,025,05,1,25,5, 10mg

Ocagopant

25,50, 100, 200, 300, 400, 600 mg

Tecagepant (MK.0074)

150 mg, 300 mg Tecagepant
50, 150,300 mg Tecagepant
140 mg, 260 mg Tecagepant
300 mg, 280 mg Tecagepant
50,200, 400 mg B1 44370 TA
25.5,10,20,50, 100,200 mg
MK:3207
10,25,75, 150, 300, 800 mg
Rimegepant @BMS-S27711)
1,10,25, 50, 100 mg Ubrogopant

Gontrol group.
Placcbo

10mg Rzatiptan or placebo
5 mg Zoimiiptan or lacebo
Pracebo

Praceto

10mg Rizatrptan

40 mg Ektiptan or placebo
Placcbo.

100 mg Sumatrptan o piacebo.

Pracebo

Blinding

Dousiobind
Dousio-bind

Doutsio-bind
Doutse-bind
Dou-bind
Doubio-bind
Doubio-bind
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Dousio-bind
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CBPI pain score (mean + SD, range)
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Joints affected with OA-associated pain* (left
and right included as separate entries); OR,
Index joints (synovial fluid)

SI PVF (mean + SD, range)

SIVI(mean + SD, range)
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*OA dogs had multiple joints affected by OA and pain. Serum and synovial fluid samples were procured from different cohorts of dogs: @Samples taken from pet
dogs at screening prior to clinical study (Muller et al., 2019); PSamples taken from pet dogs in pilot study prior to intra-articular injection of an experimental therapeutic

(unpublished); °Samples taken at euthanasia of research dogs with unilateral OA.
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Trial # Country Subjects  Starty)  Status Remarks. References.

pressant
Duioretin (Sinbalta®) UMINOOOO17647  Japan o 2015 Ongoing Phase Il Matsuoka et al. 2017
UMINOOOO11854  Japan % 2013 Completed Phase i piot randornised tria: Hiayama et o, 2015
reduction of pain symptoms
NCTO0489411 United States 231 2008 Completed Phase Il - sinifcant reduction Smith et al. 2013
of pain score
NCT00489411 United States 106 2008 Completed Phase Il - signifcant reduction Smith et el 2017
of pain score
Amitcptyine - Finland " 2008 Completed Proventve protocal; se not Kauto et al. 2008
supported
= Finland w 2002 Completed Therapeutic protocol; improve: Kautio et al. 2008
symptoms of GNP
Anticonvuilsant
Gabapentin (Newontin®) NCT00027963 United States: 100 2002 Completed Phase Il - use ot supported Raoet al., 2007
Pregabalin (Lyrica®) NCTO2394951 United States % 2015 Completed Results not mentioned
- Urited States 46 2012 Completed Plot study; PTX-treated Shindotal, 2016
patients; use not supported
NCTO0380874 Europe/asia® 6 2006 Torminated Phase IV
NCTO0407511 Latin America® 121 2006 Completed Phase V- not conclusive for Xochical-Morales et al 201C
one
Lamotiigine (Lamictal®) - United States 181 2004 Completed Use not supported Rao et al., 2008
Ethosuimide Zarontin®) NCTO1278004 United Kingdom 15 2011 Completed Phase I - esults not menioned
NCTO2100046 France 114 2014 Completed Phase Il ~use not supported Kerckhove et a, 2018
Antipsychotic
Loxapine NCTO2820519 United States. 4 2016 Terminated Phase I~ intolerable high
amount of adverse eflcts
Associations
Memantine XR-pregabalin combination  NCT03272919 United States 2 2017 Recniting Observational study.
Baclofen-Anitptyine NCTO0516503 United States: 28 2007 Completed Phase Il - reduced pain Barton et al, 20
Hydrochiorde-Ketarmine gel BAK) symptom
of
Doxtomethorphan (Robitussin?) NCT02271898 France w© 2014 Recruiting Phase | Martn et al, 2015
Neuroprotector
Olesorime (TRO19622) NCTO0876538 France 4 2009 Completed Phase Il - esuits not mentioned
Camangatodpir (P1edOx%) NCT03854729 United States 20 2018 Reciting Phase il
NCTO1619428 United States 186 2012 Completed Phaso | and I-OXA treated Glimelus et ol 2018
patents; reckiced pain
symptom
Leteprinim (Neotrofii®) NCT00041795 United States 50 2002 Completed Phase - resuits not mentioned
Glutatrione United States. 195 200 Completed Phase i - PTX-treated Lealetal, 2014
patients; use ot supported
Weight loss
Lorcaserin @evig®) NCT03812528 United States. 50 2019 Not et recruiting Phase ll - O¥A-treated patients.
‘Cannabinoid agonists
Canabinoids NCT03782402 United States: 100 2019 Not yet recruiing Phase Il - taxane-incuced
newopathy
Natiximol (Sativex®) NCTOO872144 Canada i 2000 Completed Phase l - reduced pain Lynehetal, 2014
symptoms
Nabione NCT00380965 United States. 2 2006 Completed Phase IV~ resuls not
mentioned
Toxins
Botulinum Toxn A NCTO3671334 United States. w0 2018 Not yet recruiing Phase I
Tetrodotoxin NCTO1655823 United States 125 2012 Terminated Phase l—nterim analysis
determined the procedure o
phase il tial
Anaesthetic
Lidocaine NCTO3254394 United States. £ 2017 Phase I - OXA-treated
patients
TRPs agonist
Capsaicin 8% patch NCTO3317613 France 8 2017 Recriting Phasell
(Qutenza®)
- Poland 18 2013 Completed OXAtreated patients: reduction Filpezak Bryniarska et ., 2017
of pain symptoms
Menthol NCTO1855607 United States: & 2013 Unknown Phase
Nutraceutic
L-Carnitine L-tatrate: NCTO0754767 United States. 2 2007 Terminated Phase IV - unable to accrue
study partcipants
Acety L-cannitine NCTO1526564 China 289 2012 Completed Phase i - results net
mentioned
NCTO0775645 United States. 137 2008 Completed Phase Il - use ot supported Hershman etal, 2013
NCTO0S8191 United States. £ 2004 Completed Phase - use not supported Calander ot ., 2014
Nicotinamide Riboside NCT03642900 United States. % 2019 Recniting Phase I
‘Omega-aVitamin 03 NCTO2294149 Canada 1300 2014 Unknown Phase i
Vitamin € NCT00363129 United States 207 2008 Completed Prase i - use not supported Kottschade ot al 2011
aLipoic acid - United States 62 Completed Use not supported Guoetal, 2014
Antibiotic
Minocycline hydrochioride NCTO2297412 United States. a7 2014 Completed Phase ll - PTX-treated patints; Pachman et al, 2017
use not supported

PTX, pacitaxel; OXA, oxalplatin; *Piizer (Australla, Gemany, el Spain, Korea, Taiwan)

"Pizer (Colombia, Equator; Mexico, Peru, Venezuela). Source: Pubmed and wwww ClnicalTrals.gov, accessed in April 26 2019,
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Rosigitazone

Rosigitazone

Piogitazone

Piogitazone
Rosigitazone

Piogltazone
Piogitazone
Piogitazone

Piogitazone

Model
Spinal cord injury.

Partal sciatic nerve figation
Spared Nerve Injury

Tibial and sural nerve transection

Partal sciatic nerve figation

Spared nerve injury

Spinal nerve transection
Oxalipatin-induced neuropathic pain

Spared Nerve Injury
Spinal nerve ligation
Tigeminalinflammatory compression

Cisplatin-induced neuropathic pain

Specie
Rats

Mice

Rats

Rats

Mice

Rats

Rats
Rats

Rats

Rats

Mice

Mice

Main effects

Improvement of motor function recovery and
prevention of heat hypersensitty.

Reversal of mecharical alodyria and heat
hyperalgesia.

Reversal of mechanical and cold allodynia.

Attenuation of mecharical and cold
hyperaigesia.
Attenuation of mechanical alodynia

Prevention of mechanical and cokd
hypersensitiviies

Prevention of mechanical hypersensitiity
Prevention of mechanical and cold hyperalgesia

Reversal of mechanical and cold allodynia
Prevention of mechanica, cold and heat
hypersensitivities

Attenuation of mechanical allodynia

Reduction of mechanical and cold hyperalgesia

Mechanism of action

Reduction of neuronal damage, inflammation
and myelin loss in the spinal cord.

Reduction of infammation in the sciatic nerve,
DRG and spinal cord.
Transcription-independent mechanism in the
spinal cord.

Inhibition of oxidative stress and inflammation in
the sciatic nerve.

Regulation of macrophage infilvation and
pro-infiammatory molecues production in the
sciatic nerve.

Inhibition of microga and/or astrocyte
activation in the spinal cord.

Inhibition of neuro-infiammation in spinal cord.
Prevention of oxidative stress in the DRG and
spinal cord by increasing catelase actty.
Inhibiton of astrooyte activation by
non-genomic mecharisms.

Inhibition of oxidative stress, inflammation and
apoptosis in the spinal cord.

Activation of PPARy in the trigeminal brainstem
sensory nucleus.

Reduction of oxidative stress in the DRG by
increasing SOD activity.

References
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Morgenweck et al., 2013
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AMINOPTERIN
Partial remission of
pediatric leukemia.

NITROGEN MUSTARD
Approved by the FDA
to treat Hodgkin
lymphoma.

CHEMOTHERAPY AND CINP OVER THE DECADES

VINCRISTIN

Vinblastine (Velban, Velsar)
is approved for inducing
some leukemias  and
lymphomas into remission.
Vincristine  (Oncovin), a
sister drug to vinblastine, is
approved in 1963. Also
called "microtubule drugs”.

1967

1st Scientific mention of
induced

Chemotherapy-i

1977

CISPLATIN

Associated with vinblas-
tine (Velban, Velsar) and
bleomycin (Blenoxane) (a
regimen referred to as PVB)
provided full remissions of
advanced testicular cancer.
Cisplatin approved by the
FDA.

{1980

1989

CARBOPLATIN

Available as a second

line of therapy for

neurotoxicity (vincristin)
(Moress etal., 1967)

ovarian cancer, after
research shows that it
promotes tumor
shrinkage.

DOCETAXEL
Effective to treat
non-small cell lung
cancer, particularly
when combined with
cisplatin.

PACLITAXEL
FDA approval for
advanced ovarian
cancer.

OXALIPLATIN

Oxaliplatin (Eloxatin) combined
with 5-fluorouracil and leucovorin
(aregimen called FOLFOX) is
approved to treat advanced colon
cancer.

BORTEZOMIB

(formerly PS-341), received
accelerated approval from the FDA
to treat progressive myeloma after
previous treatment.

THALIDOMIDE Supported use of
Officially approved for DULOXETIN to
use to treat myeloma in treat CINP.
combination with the

steroid dexamethasone

in 2006.

Itlaunched a new era of
“novel therapies”
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