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Abstract

:

Pain is the most frequent cause triggering patients to visit a physician. The worldwide incidence of chronic pain is in the range of 20% of adults, and chronic pain conditions are frequently associated with several comorbidities and a drastic decrease in patients’ quality of life. Although several approved analgesics are available, such therapy is often not satisfying due to insufficient efficacy and/or severe side effects. Therefore, novel strategies for the development of safe and highly efficacious pain killers are urgently needed. To reach this goal, it is necessary to clarify the causes and signal transduction cascades underlying the onset and progression of the different types of chronic pain. The papers in this Special Issue cover a wide variety of mechanisms involved in different pain types such as inflammatory, neuropathic or cancer pain. Therefore, the results summarized here might contribute to a better understanding of the mechanisms in chronic pain and thereby to the development of novel therapeutic strategies for pain patients.
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Pain may arise from different causes and is a symptom of many underlying diseases. The sensation of pain can be triggered by acute nociceptive stimulation, inflammation, nerve damage or cancer. Acute pain is characterized by an obvious stimulus and a short duration and is therefore an important warning and protection mechanism of the body. In contrast, pathophysiological pain which lasts for several weeks, months or years constitutes a social and ecological problem causing a drastic decrease in the quality of life for the patients and a high cost for the health systems. Although several analgesic drugs are available, treatment is often hampered by side effects or insufficient efficacy [1,2]. Therefore, it is necessary to investigate the detailed mechanism of different pain types and to develop novel treatment approaches. This Special Issue is composed of six original research studies and two reviews which cover a variety of different pain types. New aspects on the mechanisms and treatment of inflammatory nociception, neuropathic and tumor pain are provided. The studies summarized here can therefore increase our knowledge on the different, clinically relevant pain types and might put forward the development of novel treatment strategies for pain patients.



One study dealt with the principle action of an important nociceptor protein which is involved in acute and pathophysiological pain. In particular, the group of Sinica et al. intended to investigate differences in the characteristics of human and mouse orthologues of the transient receptor potential ankyrin 1 channel (TRPA1). This protein is stimulated by noxious heat and noxious cold as well as chemical stimulation, however, its temperature-sensitive properties appear to differ between species [3]. The authors used electrophysiological and modeling approaches to compare human and mouse TRPA1. They could confirm that human and mouse orthologues are activated by heat, suggesting that a heat-sensitive domain occurs in both human and mouse orthologues. However, kinetically distinct components of voltage-dependent gating are differentially modulated by heat and cold. Furthermore, mouse and human TRPA1 could be activated by cold after simultaneous application of voltage and heat. The results of this study indicate a conserved molecular mechanism for the temperature- and voltage-dependent gating of TRPA1 across different species which is conversely discussed in the published literature. The authors suggest that variability in TRPA1 temperature responsiveness is rather due to allosteric mechanisms [4].



The group of Gross et al. used models of inflammatory nociception in mice to investigate a potential function of the small GTPase Rab27a. Rab27a has been described for its expression in neurons and its contribution to the regulation of exocytosis in various cell types [5] but its role in pain had not been investigated before. Rab27a expression was detected in nociceptive neurons of the spinal cord and the dorsal root ganglia (DRGs) of naïve mice, thus supporting a potential role in pain. The authors applied different models of inflammatory nociception including injection of formalin, zymosan or CFA into the hind paw of mice, respectively. For further experiments, Rab27a wild type and knock-down mice were used to assess differences in nociceptive behavior. The Rab27a wild type and knock-down mice did not show differences in the neuronal composition and were also similar in their acute nociceptive behavior. In addition, rapid sensitization of pain pathways, as occurs after formalin injection, was unaltered in the Rab27a knock-out mice. In contrast, inflammatory mechanical hyperalgesia as well as spontaneous pain behavior induced by zymosan or CFA, respectively, was significantly reduced in Rab27 mutant mice. These data strongly point to a novel role of Rab27a in inflammatory nociception [6].



The studies of Cohnen et al. and Lucarini et al. both lie at the interphase between neuropathic pain and painful inflammatory mechanisms. The progression of cancer may lead to the damage of nerves by the tumor itself or by metastasis which grow into the proximity of nerves [7]. The underlying mechanisms for this tumor-induced neuropathic pain are not completely elucidated. It has been suggested several times that pain is due to a mechanical compression or invasion of tumor cells into the affected peripheral nerves. The group of Cohnen et al. investigated the effect of different tumor cell types implanted near the sciatic nerve on neuronal damage and the development of pain. Their results showed that melanoma, adenocarcinoma and fibrosarcoma cells are inducing sensory deficits as indicated by mechanical hypersensitivity and thermal hyposensitivity. These effects on pain sensitivity were independent of infiltration of cancer cells into the sciatic nerve. Changes in pain sensitivity are rather due to an increase in immune cells which then locate to the outside of the sciatic nerve and cause a local inflammatory reaction. In addition, after tumor cell implantation, microlesions in the epineurom of the sciatic nerve were observed associated with reduced levels of perineural tight junction proteins such as ZO-1 and claudin-1 and an increased uptake of fluorescence-labeled nanoparticles. A further lipidomic approach indicated the damage of neuronal myelin sheaths, decreased energy metabolism and the loss of epineural adipocytes which have an important protective role in peripheral nerves. The authors concluded that inhibition of inflammatory processes at the sciatic nerve or preserving peri- and epineural integrity might constitute suitable approaches to decrease tumor-induced pain [8].



Visceral pain is often a result of inflammatory bowel disease (IBD) or inflammatory bowel syndrome (IBS). However, pain intensity and the extent of inflammation in IBD or IBS do not correlate very well and current treatments are not sufficient [9]. The study of Lucarini et al. focused on the interplay of the bowel and the nervous system and potential treatment approaches in a rat model of painful colitis induced by injection of 2,4-dinitrobenzenesulfonic acid (DNBS). Using this model, the authors could show that abdominal pain is a mixed-type nociception consisting of inflammatory and neuropathy mechanisms in both the peripheral and central nervous systems. Histologically, they observed a partial restitution of the tunica mucosa, transmural collagen deposition, infiltration of mast cells and eosinophils, and upregulation of substance P (SP)-positive nerve fibers, which were surrounded by immune cells. In the spinal cord, a significant activation of microglia and astrocytes was determined. From their results, the authors concluded that persistence of abdominal pain in a colitis model is due to maladaptive plasticity of the enteric, peripheral and central nervous systems [10].



Most of the published papers in this Special Issue focused on mechanisms of neuropathic pain. Neuropathic pain is often associated with dysfunctional reinnervation after peripheral nerve injury [11]. Two studies assessed reinnervation processes with one study focusing on the mode of sprouting of DRG neurons and the other one on a potential treatment approach with repurposed drugs which enhance neuronal regeneration. The group of Leibovich et al. adapted a multispectral retrograde labeling technology [12] to label DRGs (“Pain Bow”) which then allowed the characterization of the amount and type (nociceptive, non-nociceptive) of DRG neurons innervating specific areas in the rat’s plantar hind paw skin. Using this technique, they assessed the reinnervation patterns in the rat paw after applying the SNI model of neuropathic pain. Their results revealed that mainly large non-nociceptive neurons of dorsal root ganglia contribute to the reinnervation of the affected areas during the development of hyperalgesia and allodynia. In addition, they could show a decrease in the number of DRG neurons that innervate these areas. These changes in innervation could be correlated with symptoms of neuropathic pain. In a further approach, they enhanced the sprouting of nerves by the drug oubain and observed that this treatment drastically reduced the neuropathic pain behavior. From these results, it can be concluded that dysfunctional reinnervation of injured areas is involved in the development of neuropathic pain and that pharmacological support of reinnervation, e.g., by oubain, might exert a useful approach for the treatment of nerve injury-induced pain [13]. David Romeo-Guitart and Caty Casas described a new approach to modulate axonal regeneration and neuropathic pain at the same time by the use of a drug combination called NeuroHeal which has been identified using machine learning [14]. NeuroHeal is composed of two repurposed drugs, Acomprostate and Ribavirin. In models of spared nerve injury and nerve crush in rats, NeuroHeal alleviated neuropathic pain behavior and enhanced sensory axon regeneration. As molecular mechanisms of the drug effects, the authors suggest a resolution of cell-protective autophagy, a modulation of P2X4-BDNF-KCC2 pathways and a decrease in glia activation. These effects contribute to restoration of axonal integrity, on the one hand, and inhibition of neuropathic pain, on the other. The combination of the drugs showed superior effects compared to administration of either drug alone [15].



In addition to the original research articles, there are two review articles which focus on mechanisms of neuropathy. Asiri et al. summarized information on the role of amyloid proteins which contribute to painful peripheral neuropathy by the formation of tissue deposits. Aggregation of amyloid fibril-forming proteins affects cells involved in amyloid protein production or clearing, vascular cells and Schwann cells and thereby induces tissue dysregulation and damage, e.g., in the nervous system. This disruption of the homeostasis of diverse cell types together with the neurotoxic action of amyloids contributes to the damage of neurons. Therefore, aggregated amyloids have been associated with amyloid neuropathies [16]. Several diseases based on acquired (e.g., in type II diabetes) or familial (e.g., familial amyloid polyneuropathy (FAP)) extracellular deposits of aggregated, misfolded proteins are known and occasionally show neuropathic pain as one of the symptoms [17,18]. As potential mechanisms, the authors discuss protein–membrane interactions, ER stress, mitochondrial dysfunction and inflammatory mechanisms in particular with contribution of macrophages and microglia, and disturbances in autophagic processes as well as microangiopathy. With regard to the collected data, the authors suggest that amyloid disturbances might be involved in neuropathy in some common diseases which have not yet been considered as amyloid neuropathies and that further research in this field is very important [19].



The group of Cao et al. reviewed studies dealing with the role of brain derived neurotrophic factor (BDNF) and its receptors in neuropathic pain. BDNF is an important neurotrophin in the nervous system contributing to developmental processes as well as neuronal survival and functional recovery after nerve damage. Furthermore, it has been associated with pain processing in the CNS several times [20]. Tyrosine receptor kinase B (TrkB) is a major receptor for BDNF and is expressed in three different isoforms (a full length TrkB.FL, and two truncated forms, TrkB.T1 and TrkB.T2). TrkB.FL and TrkB.T2 are mainly expressed in neurons, and TrkB.T1 shows a high expression in astrocytes. While BDNF-induced activation of the full length receptor TrkB.FL has neuroprotective effects and promotes cell survival after nerve injury, mutations in TrkB.FL are associated with neurodegenerative diseases [21]. TrkB.T1 and TrkB.FL can form heterodimers in which TrkB.T1 acts as an inhibitor of TrkB.FL due to its lack of kinase activity. Consequently, upregulation of TrkB.T1 in response to injury and inflammation may contribute to harmful effects and has been associated with neuropathic pain. In contrast, TrkB.T1 inhibition is linked to reduced neuropathic pain. [22]. As one potential mechanism for the TrkB.T1 effects, the authors suggest its nerve injury-induced upregulation in astrocytes where it modulates calcium release and interacts with neurotrophins, thereby influencing the cell cycle. This might subsequently cause neuronal cell death, immune cell proliferation/activation and inhibition of cell regeneration and repair. The authors conclude that a complete deletion of TrkB receptors as a therapeutic measure in pain might be harmful due to the protective effects of TrkB.FL. However, a specific deletion of the TrkB.T1 receptor could be associated with beneficial effects such as improved functional recovery and a decrease in pain after nerve injury. Therefore, they suggest that this truncated receptor might constitute a suitable therapeutic target for several neurological diseases and neuropathic pain [23].



In conclusion, this Special Issue once more provides evidence that “pain” is a multifactorial disease, in which molecular mechanisms are still far from being completely elucidated. The articles add new knowledge as well as potential starting points for further studies which will then further put forward the understanding of pain signaling as well as the development of novel treatment strategies for pain patients.






Funding


This research received no external funding.




Conflicts of Interest


The author declares no conflict of interest




References


	



Melnikova, I. Pain market. Nat. Rev. Drug Discov. 2010, 9, 589–590. [Google Scholar] [CrossRef] [PubMed]

	



Yekkirala, A.S.; Roberson, D.P.; Bean, B.P.; Woolf, C.J. Breaking barriers to novel analgesic drug development. Nat. Rev. Drug Discov. 2017, 16, 545–564. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Kang, D.; Xu, J.; Lake, M.; Hogan, J.O.; Sun, C.; Walter, K.; Yao, B.; Kim, D. Species differences and molecular determinant of TRPA1 cold sensitivity. Nat. Commun. 2013, 4, 2501. [Google Scholar] [CrossRef]

	



Sinica, V.; Zimova, L.; Barvikova, K.; Macikova, L.; Barvík, I.; Vlachová, V. Human and Mouse TRPA1 Are Heat and Cold Sensors Differentially Tuned by Voltage. Cells 2019, 9, 57. [Google Scholar] [CrossRef] [PubMed]

	



Zeisel, A.; Hochgerner, H.; Lönnerberg, P.; Johnsson, A.; Memic, F.; Van Der Zwan, J.; Häring, M.; Braun, E.; Borm, L.E.; La Manno, G.; et al. Molecular Architecture of the Mouse Nervous System. Cell 2018, 174, 999–1014. [Google Scholar] [CrossRef] [PubMed]

	



Gross, T.; Wack, G.; Syhr, K.M.J.; Tolmachova, T.; Seabra, M.C.; Geisslinger, G.; Niederberger, E.; Schmidtko, A.; Kallenborn-Gerhardt, W. Rab27a Contributes to the Processing of Inflammatory Pain in Mice. Cells 2020, 9, 1488. [Google Scholar] [CrossRef]

	



Mantyh, P.W. Cancer pain and its impact on diagnosis, survival and quality of life. Nat. Rev. Neurosci. 2006, 7, 797–809. [Google Scholar] [CrossRef]

	



Cohnen, J.; Kornstädt, L.; Hahnefeld, L.; Ferreirós, N.; Pierre, S.; Köhl, U.; Deller, T.; Geisslinger, G.; Scholich, K. Tumors Provoke Inflammation and Perineural Microlesions at Adjacent Peripheral Nerves. Cells 2020, 9, 320. [Google Scholar] [CrossRef]

	



Collett, B. Visceral pain: The importance of pain management services. Br. J. Pain 2013, 7, 6–7. [Google Scholar] [CrossRef]

	



Lucarini, E.; Parisio, C.; Branca, J.J.V.; Segnani, C.; Ippolito, C.; Pellegrini, C.; Antonioli, L.; Fornai, M.; Micheli, L.; Pacini, A.; et al. Deepening the Mechanisms of Visceral Pain Persistence: An Evaluation of the Gut-Spinal Cord Relationship. Cells 2020, 9, 1772. [Google Scholar] [CrossRef]

	



Cobianchi, S.; de Cruz, J.; Navarro, X. Assessment of sensory thresholds and nociceptive fiber growth after sciatic nerve injury reveals the differential contribution of collateral reinnervation and nerve regeneration to neuropathic pain. Exp. Neurol. 2014, 255, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Tsuriel, S.; Gudes, S.; Draft, R.W.; Binshtok, A.M.; Lichtman, J.W. Multispectral labeling technique to map many neighboring axonal projections in the same tissue. Nat. Methods 2015, 12, 547–552. [Google Scholar] [CrossRef]

	



Leibovich, H.; Buzaglo, N.; Tsuriel, S.; Peretz, L.; Caspi, Y.; Katz, B.; Lev, S.; Lichtstein, D.; Binshtok, A.M. Abnormal Reinnervation of Denervated Areas Following Nerve Injury Facilitates Neuropathic Pain. Cells 2020, 9, 1007. [Google Scholar] [CrossRef] [PubMed]

	



Romeo-Guitart, D.; Forés, J.; Herrando-Grabulosa, M.; Valls, R.; Leiva-Rodriguez, T.; Galea, E.; González-Pérez, F.; Navarro, X.; Petegnief, V.; Bosch, A.; et al. Neuroprotective Drug for Nerve Trauma Revealed Using Artificial Intelligence. Sci. Rep. 2018, 8, 1879. [Google Scholar] [CrossRef] [PubMed]

	



Romeo-Guitart, D.; Casas, C. NeuroHeal Treatment Alleviates Neuropathic Pain and Enhances Sensory Axon Regeneration. Cells 2020, 9, 808. [Google Scholar] [CrossRef]

	



Wechalekar, A.D.; Gillmore, J.D.; Hawkins, P.N. Systemic amyloidosis. Lancet 2016, 387, 2641–2654. [Google Scholar] [CrossRef]

	



Vital, C.; Vital, A.; Bouillot-Eimer, S.; Brechenmacher, C.; Ferrer, X.; Lagueny, A. Amyloid neuropathy: A retrospective study of 35 peripheral nerve biopsies. J. Peripher. Nerv. Syst. 2004, 9, 232–241. [Google Scholar] [CrossRef]

	



Hoppener, J.W.; Ahren, B.; Lips, C.J. Islet amyloid and type 2 diabetes mellitus. N. Engl. J. Med. 2000, 343, 411–419. [Google Scholar] [CrossRef]

	



Asiri, M.M.H.; Engelsman, S.; Eijkelkamp, N.; Höppener, J.W.M. Amyloid Proteins and Peripheral Neuropathy. Cells 2020, 9, 1553. [Google Scholar] [CrossRef]

	



Pezet, S.; McMahon, S.B. Neurotrophins: Mediators and modulators of pain. Annu. Rev. Neurosci. 2006, 29, 507–538. [Google Scholar] [CrossRef]

	



Zuccato, C.; Cattaneo, E. Brain-derived neurotrophic factor in neurodegenerative diseases. Nat. Rev. Neurol. 2009, 5, 311–322. [Google Scholar] [CrossRef] [PubMed]

	



Wu, J.; Renn, C.L.; Faden, A.I.; Dorsey, S.G. TrkB.T1 contributes to neuropathic pain after spinal cord injury through regulation of cell cycle pathways. J. Neurosci. 2013, 33, 12447–12463. [Google Scholar] [CrossRef] [PubMed]

	



Cao, T.; Matyas, J.J.; Renn, C.L.; Faden, A.I.; Dorsey, S.G.; Wu, J. Function and Mechanisms of Truncated BDNF Receptor TrkB.T1 in Neuropathic Pain. Cells 2020, 9, 1194. [Google Scholar] [CrossRef] [PubMed]







© 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  cells-09-02220


  
    		
      cells-09-02220
    


  




  





