
Page | 144 
 

References 
 

 

[1] S.N. Raja, D.B. Carr, M. Cohen, N.B. Finnerup, H. Flor, S. Gibson, F. Keefe, 

J.S. Mogil, M. Ringkamp, K.A. Sluka, The revised IASP definition of pain: 

Concepts, challenges, and compromises, Pain. 161 (2020) 1976. 

[2] A.I. Basbaum, D.M. Bautista, G. Scherrer, D. Julius, Cellular and molecular 

mechanisms of pain, Cell. 139 (2009) 267–284. 

[3] M. Nicholas, J.W.S. Vlaeyen, W. Rief, A. Barke, Q. Aziz, R. Benoliel, M. 

Cohen, S. Evers, M.A. Giamberardino, A. Goebel, The IASP classification of 

chronic pain for ICD-11: chronic primary pain, Pain. 160 (2019) 28–37. 

[4] S.P. Cohen, L. Vase, W.M. Hooten, Chronic pain: an update on burden, best 

practices, and new advances, Lancet. 397 (2021) 2082–2097. 

[5] D.J. Gaskin, P. Richard, The economic costs of pain in the United States, J. Pain. 

13 (2012) 715–724. 

[6] J.R. Bunch, X. Qian, Pharmacological Management of Chronic Pain, in: D.E. 

Longnecker, S.C. Mackey, M.F. Newman, W.S. Sandberg, W.M. Zapol (Eds.), 

Anesthesiol. 3e, McGraw-Hill Education, New York, NY, 2017. 

http://accessanesthesiology.mhmedical.com/content.aspx?aid=1144137418. 

[7] J.D. Loeser, R.-D. Treede, The Kyoto protocol of IASP basic pain 

Terminology☆, Pain. 137 (2008) 473–477. 

[8] S.A. Prescott, S. Ratté, Somatosensation and pain, in: Conn’s Transl. Neurosci., 

Elsevier, 2017: pp. 517–539. 

[9] T.S. Jensen, N.B. Finnerup, Allodynia and hyperalgesia in neuropathic pain: 

clinical manifestations and mechanisms, Lancet Neurol. 13 (2014) 924–935. 

[10] K.N. Sá, L. Moreira, A.F. Baptista, L.T. Yeng, M.J. Teixeira, R. Galhardoni, 

D.C. de Andrade, Prevalence of chronic pain in developing countries: systematic 

review and meta-analysis, Pain Reports. 4 (2019). 

[11] Ó.A. Steingrímsdóttir, T. Landmark, G.J. Macfarlane, C.S. Nielsen, Defining 

chronic pain in epidemiological studies: a systematic review and meta-analysis, 

Pain. 158 (2017) 2092–2107. 

[12] S.E.E. Mills, K.P. Nicolson, B.H. Smith, Chronic pain: a review of its 

epidemiology and associated factors in population-based studies, Br. J. Anaesth. 

123 (2019) e273–e283. 

[13] G.S. Rovner, K.S. Sunnerhagen, A. Björkdahl, B. Gerdle, B. Börsbo, F. 

Johansson, D. Gillanders, Chronic pain and sex-differences; women accept and 



References 

Page | 145 
 

move, while men feel blue, PLoS One. 12 (2017) e0175737. 

[14] B.J. Wainger, G.J. Brenner, Mechanisms of Chronic Pain, in: D.E. Longnecker, 

S.C. Mackey, M.F. Newman, W.S. Sandberg, W.M. Zapol (Eds.), Anesthesiol. 

3e, McGraw-Hill Education, New York, NY, 2017. 

http://accessanesthesiology.mhmedical.com/content.aspx?aid=1144136914. 

[15] C.J. Woolf, What is this thing called pain?, J. Clin. Invest. 120 (2010) 3742–

3744. 

[16] L. Colloca, T. Ludman, D. Bouhassira, R. Baron, A.H. Dickenson, D. Yarnitsky, 

R. Freeman, A. Truini, N. Attal, N.B. Finnerup, Neuropathic pain, Nat. Rev. Dis. 

Prim. 3 (2017) 17002. 

[17] M. Costigan, J. Scholz, C.J. Woolf, Neuropathic pain: a maladaptive response of 

the nervous system to damage, Annu. Rev. Neurosci. 32 (2009) 1–32. 

[18] K.B. Jensen, E. Kosek, F. Petzke, S. Carville, P. Fransson, H. Marcus, S.C.R. 

Williams, E. Choy, T. Giesecke, Y. Mainguy, Evidence of dysfunctional pain 

inhibition in Fibromyalgia reflected in rACC during provoked pain, PAIN®. 144 

(2009) 95–100. 

[19] S.A. Prescott, Q. Ma, Y. De Koninck, Normal and abnormal coding of 

somatosensory stimuli causing pain, Nat. Neurosci. 17 (2014) 183–191. 

[20] J. Hans, J. Broman, P. van Domburg, The somatosensory system, Clin. 

Neuroanat. Brain Circuitry Its Disord. (2020) 171. 

[21] W.D. Tracey Jr, Nociception, Curr. Biol. 27 (2017) R129–R133. 

[22] E.S. Krames, The dorsal root ganglion in chronic pain and as a target for 

neuromodulation: a review, Neuromodulation Technol. Neural Interface. 18 

(2015) 24–32. 

[23] R.A. Meyer, M. Ringkamp, J.N. Campbell, S.N. Raja, Neural mechanisms of 

hyperalgesia after tissue injury, Johns Hopkins APL Tech. Dig. 26 (2005) 56–

66. 

[24] E.R. Perl, Ideas about pain, a historical view, Nat. Rev. Neurosci. 8 (2007) 71–

80. 

[25] R.V. Haberberger, C. Barry, N. Dominguez, D. Matusica, Human dorsal root 

ganglia, Front. Cell. Neurosci. (2019) 271. 

[26] X. Du, H. Hao, Y. Yang, S. Huang, C. Wang, S. Gigout, R. Ramli, X. Li, E. 

Jaworska, I. Edwards, Local GABAergic signaling within sensory ganglia 

controls peripheral nociceptive transmission, J. Clin. Invest. 127 (2017) 1741–

1756. 

[27] R. D’Mello, A.H. Dickenson, Spinal cord mechanisms of pain, Br. J. Anaesth. 



References 

Page | 146 
 

101 (2008) 8–16. 

[28] C.L. Stucky, M.S. Gold, X. Zhang, Mechanisms of pain, Proc. Natl. Acad. Sci. 

98 (2001) 11845–11846. 

[29] R. Melzack, P.D. Wall, Pain Mechanisms: A New Theory: A gate control system 

modulates sensory input from the skin before it evokes pain perception and 

response., Science (80-. ). 150 (1965) 971–979. 

[30] R. Melzack, J. Katz, The gate control theory: Reaching for the brain, Pain 

Psychol. Perspect. (2004) 13–34. 

[31] C. Peirs, R.P. Seal, Neural circuits for pain: recent advances and current views, 

Science (80-. ). 354 (2016) 578–584. 

[32] A.J. Todd, Neuronal circuitry for pain processing in the dorsal horn, Nat. Rev. 

Neurosci. 11 (2010) 823–836. 

[33] C.E. Steeds, The anatomy and physiology of pain, Surg. 27 (2009) 507–511. 

[34] E.L. Garland, Pain processing in the human nervous system: a selective review 

of nociceptive and biobehavioral pathways, Prim. Care Clin. Off. Pract. 39 

(2012) 561–571. 

[35] J. Huang, V.M. Gadotti, L. Chen, I.A. Souza, S. Huang, D. Wang, C. 

Ramakrishnan, K. Deisseroth, Z. Zhang, G.W. Zamponi, A neuronal circuit for 

activating descending modulation of neuropathic pain, Nat. Neurosci. 22 (2019) 

1659–1668. 

[36] J.N. Wood, The oxford handbook of the neurobiology of pain, Oxford University 

Press, 2020. 

[37] M. Kwon, M. Altin, H. Duenas, L. Alev, The role of descending inhibitory 

pathways on chronic pain modulation and clinical implications, Pain Pract. 14 

(2014) 656–667. 

[38] D. Julius, TRP channels and pain, Annu. Rev. Cell Dev. Biol. 29 (2013) 355–

384. 

[39] D.D. McKemy, How cold is it? TRPM8 and TRPA1 in the molecular logic of 

cold sensation, Mol. Pain. 1 (2005) 1744–8069. 

[40] S.E. Murthy, M.C. Loud, I. Daou, K.L. Marshall, F. Schwaller, J. Kühnemund, 

A.G. Francisco, W.T. Keenan, A.E. Dubin, G.R. Lewin, The mechanosensitive 

ion channel Piezo2 mediates sensitivity to mechanical pain in mice, Sci. Transl. 

Med. 10 (2018) eaat9897. 

[41] J.G.J. Hoeijmakers, C.G. Faber, I.S.J. Merkies, S.G. Waxman, Painful peripheral 

neuropathy and sodium channel mutations, Neurosci. Lett. 596 (2015) 51–59. 



References 

Page | 147 
 

[42] S.G. Waxman, I.S.J. Merkies, M.M. Gerrits, S.D. Dib-Hajj, G. Lauria, J.J. Cox, 

J.N. Wood, C.G. Woods, J.P.H. Drenth, C.G. Faber, Sodium channel genes in 

pain-related disorders: phenotype–genotype associations and recommendations 

for clinical use, Lancet Neurol. 13 (2014) 1152–1160. 

[43] M. Costigan, C.J. Woolf, Pain: molecular mechanisms, J. Pain. 1 (2000) 35–44. 

[44] P. Rainville, Brain mechanisms of pain affect and pain modulation, Curr. Opin. 

Neurobiol. 12 (2002) 195–204. 

[45] D. Yarnitsky, Role of endogenous pain modulation in chronic pain mechanisms 

and treatment, Pain. 156 (2015) S24–S31. 

[46] E.R. Perl, T. Kumazawa, B. Lynn, P. Kenins, Sensitization of high threshold 

receptors with unmyelinated (C) afferent fibers, in: Prog. Brain Res., Elsevier, 

1976: pp. 263–277. 

[47] H. Wang, C. Ehnert, G.J. Brenner, C.J. Woolf, Bradykinin and peripheral 

sensitization, (2006). 

[48] D. Fornasari, Pain mechanisms in patients with chronic pain, Clin. Drug Investig. 

32 (2012) 45–52. 

[49] T.J. Price, A.I. Basbaum, J. Bresnahan, J.F. Chambers, Y. De Koninck, R.R. 

Edwards, R.-R. Ji, J. Katz, A. Kavelaars, J.D. Levine, Transition to chronic pain: 

opportunities for novel therapeutics, Nat. Rev. Neurosci. 19 (2018) 383–384. 

[50] R.-R. Ji, A. Nackley, Y. Huh, N. Terrando, W. Maixner, Neuroinflammation and 

central sensitization in chronic and widespread pain, Anesthesiology. 129 (2018) 

343. 

[51] C.J. Woolf, Central sensitization: uncovering the relation between pain and 

plasticity, J. Am. Soc. Anesthesiol. 106 (2007) 864–867. 

[52] X. Zhao, Z. Tang, H. Zhang, F.E. Atianjoh, J.-Y. Zhao, L. Liang, W. Wang, X. 

Guan, S.-C. Kao, V. Tiwari, A long noncoding RNA contributes to neuropathic 

pain by silencing Kcna2 in primary afferent neurons, Nat. Neurosci. 16 (2013) 

1024–1031. 

[53] A. Uniyal, V. Thakur, M. Rani, V. Tiwari, Akhilesh, A. Gadepalli, O. 

Ummadisetty, A. Modi, V. Tiwari, Kinesin Nanomotors Mediated Trafficking 

of NMDA-Loaded Cargo as A Novel Target in Chronic Pain, ACS Chem. 

Neurosci. (2021). 

[54] J. Borzan, R.A. Meyer, Neuropathic pain, in: Encycl. Neurosci., Elsevier Ltd, 

2009: pp. 749–757. 

[55] T.S. Jensen, P. Karlsson, S.S. Gylfadottir, S.T. Andersen, D.L. Bennett, H. 

Tankisi, N.B. Finnerup, A.J. Terkelsen, K. Khan, A.C. Themistocleous, Painful 

and non-painful diabetic neuropathy, diagnostic challenges and implications for 



References 

Page | 148 
 

future management, Brain. 144 (2021) 1632–1645. 

[56] K. Meacham, A. Shepherd, D.P. Mohapatra, S. Haroutounian, Neuropathic pain: 

central vs. peripheral mechanisms, Curr. Pain Headache Rep. 21 (2017) 1–11. 

[57] B. Nicholson, S. Verma, Comorbidities in chronic neuropathic pain, Pain Med. 

5 (2004) S9–S27. 

[58] D.C. Turk, J. Audette, R.M. Levy, S.C. Mackey, S. Stanos, Assessment and 

treatment of psychosocial comorbidities in patients with neuropathic pain, in: 

Mayo Clin. Proc., Elsevier, 2010: pp. S42–S50. 

[59] N.B. Finnerup, R. Kuner, T.S. Jensen, Neuropathic pain: from mechanisms to 

treatment, Physiol. Rev. (2020). 

[60] S.R.A. Alles, P.A. Smith, Etiology and pharmacology of neuropathic pain, 

Pharmacol. Rev. 70 (2018) 315–347. 

[61] M.C. Pace, L. Mazzariello, M.B. Passavanti, P. Sansone, M. Barbarisi, C. 

Aurilio, Neurobiology of pain, J. Cell. Physiol. 209 (2006) 8–12. 

[62] A.H. Dickenson, E.A. Matthews, R. Suzuki, Neurobiology of neuropathic pain: 

mode of action of anticonvulsants, Eur. J. Pain. 6 (2002) 51–60. 

[63] M.B. Xavier, M.G.B. do Nascimento, K. de N.M. Batista, D.N. Somensi, F.O.M. 

Juca Neto, T.X. Carneiro, C.M.C. Gomes, C.E.P. Corbett, Peripheral nerve 

abnormality in HIV leprosy patients, PLoS Negl. Trop. Dis. 12 (2018) e0006633. 

[64] G.R. Tibbs, D.J. Posson, P.A. Goldstein, Voltage-gated ion channels in the PNS: 

novel therapies for neuropathic pain?, Trends Pharmacol. Sci. 37 (2016) 522–

542. 

[65] V. Tiwari, S.Q. He, Q. Huang, L. Liang, F. Yang, Z. Chen, V. Tiwari, W. Fujita, 

L.A. Devi, X. Dong, Y. Guan, S.N. Raja, Activation of µ-δ opioid receptor 

heteromers inhibits neuropathic pain behavior in rodents, Pain. (2020). 

https://doi.org/10.1097/j.pain.0000000000001768. 

[66] B. Abrahamsen, J. Zhao, C.O. Asante, C.M. Cendan, S. Marsh, J.P. Martinez-

Barbera, M.A. Nassar, A.H. Dickenson, J.N. Wood, The cell and molecular basis 

of mechanical, cold, and inflammatory pain, Science (80-. ). 321 (2008) 702–

705. 

[67] B.L. Kidd, L.A. Urban, Mechanisms of inflammatory pain, Br. J. Anaesth. 87 

(2001) 3–11. 

[68] R. Pahwa, A. Goyal, P. Bansal, I. Jialal, Chronic Inflammation.[Updated 2020 

Nov 20], StatPearls [Internet]. Treasure Isl. StatPearls Publ. (2021). 

[69] G. Yuan, S. Yang, M. Gautam, W. Luo, S. Yang, Macrophage regulator of G-

protein signaling 12 contributes to inflammatory pain hypersensitivity, Ann. 



References 

Page | 149 
 

Transl. Med. 9 (2021). 

[70] P.G. Conaghan, A.D. Cook, J.A. Hamilton, P.P. Tak, Therapeutic options for 

targeting inflammatory osteoarthritis pain, Nat. Rev. Rheumatol. 15 (2019) 355–

363. 

[71] Q. Xu, T.L. Yaksh, A brief comparison of the pathophysiology of inflammatory 

versus neuropathic pain, Curr. Opin. Anaesthesiol. 24 (2011) 400. 

[72] J.E. Linley, K. Rose, L. Ooi, N. Gamper, Understanding inflammatory pain: ion 

channels contributing to acute and chronic nociception, Pflügers Arch. J. 

Physiol. 459 (2010) 657–669. 

[73] A.D. Cook, A.D. Christensen, D. Tewari, S.B. McMahon, J.A. Hamilton, 

Immune cytokines and their receptors in inflammatory pain, Trends Immunol. 

39 (2018) 240–255. 

[74] S. Wang, Y. Dai, T. Fukuoka, H. Yamanaka, K. Kobayashi, K. Obata, X. Cui, 

M. Tominaga, K. Noguchi, Phospholipase C and protein kinase A mediate 

bradykinin sensitization of TRPA1: a molecular mechanism of inflammatory 

pain, Brain. 131 (2008) 1241–1251. 

[75] M. Matsuda, Y. Huh, R.-R. Ji, Roles of inflammation, neurogenic inflammation, 

and neuroinflammation in pain, J. Anesth. 33 (2019) 131–139. 

[76] H. Wang, T. Kohno, F. Amaya, G.J. Brenner, N. Ito, A. Allchorne, R.-R. Ji, C.J. 

Woolf, Bradykinin produces pain hypersensitivity by potentiating spinal cord 

glutamatergic synaptic transmission, J. Neurosci. 25 (2005) 7986–7992. 

[77] L. Chen, G. Yang, T. Grosser, Prostanoids and inflammatory pain, 

Prostaglandins Other Lipid Mediat. 104 (2013) 58–66. 

[78] K.Y. Ho, K.A. Gwee, Y.K. Cheng, K.H. Yoon, H.T. Hee, A.R. Omar, 

Nonsteroidal anti-inflammatory drugs in chronic pain: implications of new data 

for clinical practice, J. Pain Res. 11 (2018) 1937. 

[79] R. Doomra, A. Goyal, NSAIDs and self-medication: a serious concern, J. Fam. 

Med. Prim. Care. 9 (2020) 2183. 

[80] Y. Gloor, D. Schvartz, C. F. Samer, Old problem, new solutions: biomarker 

discovery for acetaminophen liver toxicity, Expert Opin. Drug Metab. Toxicol. 

15 (2019) 659–669. 

[81] S. Guy, S. Mehta, L. Leff, R. Teasell, E. Loh, Anticonvulsant medication use for 

the management of pain following spinal cord injury: systematic review and 

effectiveness analysis, Spinal Cord. 52 (2014) 89–96. 

[82] K. Wong, R. Phelan, E. Kalso, I. Galvin, D. Goldstein, S. Raja, I. Gilron, 

Antidepressant drugs for prevention of acute and chronic postsurgical pain: early 

evidence and recommended future directions, Anesthesiology. 121 (2014) 591–



References 

Page | 150 
 

608. 

[83] P. Weeke, A. Jensen, F. Folke, G.H. Gislason, J.B. Olesen, C. Andersson, E.L. 

Fosbøl, J.K. Larsen, F.K. Lippert, S.L. Nielsen, Antidepressant use and risk of 

out‐ of‐ hospital cardiac arrest: a nationwide case–time–control study, Clin. 

Pharmacol. Ther. 92 (2012) 72–79. 

[84] C. Riediger, T. Schuster, K. Barlinn, S. Maier, J. Weitz, T. Siepmann, Adverse 

effects of antidepressants for chronic pain: A systematic review and meta-

analysis, Front. Neurol. (2017). https://doi.org/10.3389/fneur.2017.00307. 

[85] A. Uniyal, A. Gadepalli, Akhilesh, V. Tiwari, Underpinning the neurobiological 

intricacies associated with opioid tolerance, ACS Chem. Neurosci. 11 (2020) 

830–839. 

[86] J.C. Young, J.L. Lund, N. Dasgupta, M. Jonsson Funk, Opioid tolerance and 

clinically recognized opioid poisoning among patients prescribed extended‐
release long‐ acting opioids, Pharmacoepidemiol. Drug Saf. 28 (2019) 39–47. 

[87] K.J. Verhey, J.W. Hammond, Traffic control: regulation of kinesin motors, Nat. 

Rev. Mol. Cell Biol. 10 (2009) 765–777. 

[88] N. Hirokawa, Y. Noda, Y. Tanaka, S. Niwa, Kinesin superfamily motor proteins 

and intracellular transport, Nat. Rev. Mol. Cell Biol. 10 (2009) 682–696. 

[89] C.J. Lawrence, R.K. Dawe, K.R. Christie, D.W. Cleveland, S.C. Dawson, S.A. 

Endow, L.S.B. Goldstein, H. V Goodson, N. Hirokawa, J. Howard, A 

standardized kinesin nomenclature, J. Cell Biol. 167 (2004) 19–22. 

[90] C.L. Asbury, Kinesin: world’s tiniest biped, Curr. Opin. Cell Biol. 17 (2005) 89–

97. 

[91] X.J. Liu, M.W. Salter, Glutamate receptor phosphorylation and trafficking in 

pain plasticity in spinal cord dorsal horn, Eur. J. Neurosci. 32 (2010) 278–289. 

[92] C.M. Cahill, S. V Holdridge, A. Morinville, Trafficking of δ-opioid receptors 

and other G-protein-coupled receptors: implications for pain and analgesia, 

Trends Pharmacol. Sci. 28 (2007) 23–31. 

[93] W. Ma, R. Quirion, Targeting cell surface trafficking of pain-facilitating 

receptors to treat chronic pain conditions, Expert Opin. Ther. Targets. 18 (2014) 

459–472. 

[94] X.-Y. Wang, H.-R. Zhou, S. Wang, C.-Y. Liu, G.-C. Qin, Q.-Q. Fu, J.-Y. Zhou, 

L.-X. Chen, NR2B-Tyr phosphorylation regulates synaptic plasticity in central 

sensitization in a chronic migraine rat model, J. Headache Pain. 19 (2018) 1–15. 

[95] J.S.M. Chia, N.A.M. Izham, A.A.O. Farouk, M.R. Sulaiman, S. Mustafa, M.R. 

Hutchinson, E.K. Perimal, Zerumbone modulates α2A-adrenergic, TRPV1, and 

NMDA NR2B receptors plasticity in CCI-induced neuropathic pain in vivo and 



References 

Page | 151 
 

LPS-induced SH-SY5Y neuroblastoma in vitro models, Front. Pharmacol. 11 

(2020) 92. 

[96] D. Bravo, C.J. Maturana, T. Pelissier, A. Hernandez, L. Constandil, Interactions 

of pannexin 1 with NMDA and P2X7 receptors in central nervous system 

pathologies: Possible role on chronic pain, Pharmacol. Res. 101 (2015) 86–93. 

[97] T. Xia, Y. Cui, Y. Qian, S. Chu, J. Song, X. Gu, Z. Ma, Regulation of the NR2B-

CREB-CRTC1 signaling pathway contributes to circadian pain in murine model 

of chronic constriction injury, Anesth. Analg. 122 (2016) 542–552. 

[98] R. Aiyer, N. Mehta, S. Gungor, A. Gulati, A systematic review of NMDA 

receptor antagonists for treatment of neuropathic pain in clinical practice, Clin. 

J. Pain. 34 (2018) 450–467. 

[99] S. Takehana, Y. Kubota, N. Uotsu, K. Yui, K. Iwata, Y. Shimazu, M. Takeda, 

The dietary constituent resveratrol suppresses nociceptive neurotransmission via 

the NMDA receptor, Mol. Pain. 13 (2017) 1744806917697010. 

[100] D. Kreutzwiser, Q.A. Tawfic, Expanding Role of NMDA Receptor Antagonists 

in the Management of Pain, CNS Drugs. (2019). https://doi.org/10.1007/s40263-

019-00618-2. 

[101] Y. Kim, H. Cho, Y.J. Ahn, J. Kim, Y.W. Yoon, Effect of NMDA NR2B 

antagonist on neuropathic pain in two spinal cord injury models, PAIN®. 153 

(2012) 1022–1029. 

[102] P.A. Shantanu, D. Sharma, M. Sharma, S. Vaidya, K. Sharma, K. Kalia, Y.-X. 

Tao, A. Shard, V. Tiwari, Kinesins: Motor Proteins as Novel Target for the 

Treatment of Chronic Pain, Mol. Neurobiol. 56 (2019) 3854–3864. 

[103] X. Yin, X. Feng, Y. Takei, N. Hirokawa, Regulation of NMDA receptor 

transport: A KIF17-cargo binding/releasing underlies synaptic plasticity and 

memory in vivo, J. Neurosci. (2012). https://doi.org/10.1523/jneurosci.0718-

12.2012. 

[104] L. Guillaud, M. Setou, N. Hirokawa, KIF17 dynamics and regulation of NR2B 

trafficking in hippocampal neurons, J. Neurosci. (2003). 

https://doi.org/10.1523/jneurosci.23-01-00131.2003. 

[105] M. Setou, T. Nakagawa, D.-H. Seog, N. Hirokawa, Kinesin superfamily motor 

protein KIF17 and mLin-10 in NMDA receptor-containing vesicle transport, 

Science (80-. ). 288 (2000) 1796–1802. 

[106] X.H. Li, H.H. Miao, M. Zhuo, NMDA Receptor Dependent Long-term 

Potentiation in Chronic Pain, Neurochem. Res. 44 (2019) 531–538. 

https://doi.org/10.1007/s11064-018-2614-8. 

[107] G. Laumet, S.R. Chen, H.L. Pan, NMDA receptors and signaling in chronic 

neuropathic pain, in: Receptors, Humana Press Inc., 2017: pp. 103–119. 



References 

Page | 152 
 

https://doi.org/10.1007/978-3-319-49795-2_6. 

[108] A. Latremoliere, C.J. Woolf, Central Sensitization: A Generator of Pain 

Hypersensitivity by Central Neural Plasticity, J. Pain. 10 (2009) 895–926. 

https://doi.org/10.1016/j.jpain.2009.06.012. 

[109] H. Ikeda, B. Heinke, R. Ruscheweyh, J. Sandkühler, Synaptic plasticity in spinal 

lamina I projection neurons that mediate hyperalgesia, Science (80-. ). (2003). 

https://doi.org/10.1126/science.1080659. 

[110] R.Q. Sun, Y.J. Tu, N.B. Lawand, J.Y. Yan, Q. Lin, W.D. Willis, Calcitonin gene-

related peptide receptor activation produces PKA- and PKC-dependent 

mechanical hyperalgesia and central sensitization, J. Neurophysiol. 92 (2004) 

2859–2866. https://doi.org/10.1152/jn.00339.2004. 

[111] L.J. Zhou, Y. Zhong, W.J. Ren, Y.Y. Li, T. Zhang, X.G. Liu, BDNF induces 

late-phase LTP of C-fiber evoked field potentials in rat spinal dorsal horn, Exp. 

Neurol. 212 (2008) 507–514. https://doi.org/10.1016/j.expneurol.2008.04.034. 

[112] C. McCrory, D. Fitzgerald, Spinal prostaglandin formation and pain perception 

following thoracotomy: a role for cyclooxygenase-2, Chest. 125 (2004) 1321–

1327. 

[113] T. Kohno, H. Wang, F. Amaya, G.J. Brenner, J.-K. Cheng, R.-R. Ji, C.J. Woolf, 

Bradykinin enhances AMPA and NMDA receptor activity in spinal cord dorsal 

horn neurons by activating multiple kinases to produce pain hypersensitivity, J. 

Neurosci. 28 (2008) 4533–4540. 

[114] J. Wang, Z. Fei, J. Liang, X. Zhou, G. Qin, D. Zhang, J. Zhou, L. Chen, 

EphrinB/EphB signaling contributes to the Synaptic plasticity of chronic 

migraine through NR2B phosphorylation, Neuroscience. 428 (2020) 178–191. 

[115] H. Yang, H. Yan, X. Li, J. Liu, S. Cao, B. Huang, D. Huang, L. Wu, Inhibition 

of connexin 43 and phosphorylated NR2B in spinal astrocytes attenuates bone 

cancer pain in mice, Front. Cell. Neurosci. 12 (2018) 129. 

[116] X.-B. Wu, P.-B. Jing, Z.-J. Zhang, D.-L. Cao, M.-H. Gao, B.-C. Jiang, Y.-J. Gao, 

Chemokine receptor CCR2 contributes to neuropathic pain and the associated 

depression via increasing NR2B-mediated currents in both D1 and D2 dopamine 

receptor-containing medium spiny neurons in the nucleus accumbens shell, 

Neuropsychopharmacology. 43 (2018) 2320–2330. 

[117] G. Laumet, J. Garriga, S.R. Chen, Y. Zhang, D.P. Li, T.M. Smith, Y. Dong, J. 

Jelinek, M. Cesaroni, J.P. Issa, H.L. Pan, G9a is essential for epigenetic silencing 

of K+ channel genes in acute-to-chronic pain transition, Nat. Neurosci. 18 (2015) 

1746–1755. https://doi.org/10.1038/nn.4165. 

[118] I. Gill, S. Droubi, S. Giovedi, K.N. Fedder, L.A.D. Bury, F. Bosco, M.P. Sceniak, 

F. Benfenati, S.L. Sabo, Presynaptic NMDA receptors - dynamics and 



References 

Page | 153 
 

distribution in developing axons in vitro and in vivo, J. Cell Sci. 128 (2015) 768–

780. https://doi.org/10.1242/jcs.162362. 

[119] C.A. Ain’Sabreena Mohd Noh, N. Ismail, A review on chronic pain in 

rheumatoid arthritis: a focus on activation of NR2B subunit of N-methyl-D-

aspartate receptors, Malaysian J. Med. Sci. MJMS. 27 (2020) 6. 

[120] F. Wei, G.D. Wang, G.A. Kerchner, S.J. Kim, H.M. Xu, Z.F. Chen, M. Zhuo, 

Genetic enhancement of inflammatory pain by forebrain NR2B overexpression, 

Nat. Neurosci. 4 (2001) 164–169. https://doi.org/10.1038/83993. 

[121] M.G. Zhao, H. Toyoda, Y.S. Lee, L.J. Wu, S.W. Ko, X.H. Zhang, Y. Jia, F. 

Shum, H. Xu, B.M. Li, B.K. Kaang, M. Zhuo, Roles of NMDA NR2B subtype 

receptor in prefrontal long-term potentiation and contextual fear memory, 

Neuron. 47 (2005) 859–872. https://doi.org/10.1016/j.neuron.2005.08.014. 

[122] M.G. Liu, S.J. Kang, T.Y. Shi, K. Koga, M.M. Zhang, G.L. Collingridge, B.K. 

Kaang, M. Zhuo, Long-term potentiation of synaptic transmission in the adult 

mouse insular cortex: Multielectrode array recordings, J. Neurophysiol. (2013). 

https://doi.org/10.1152/jn.01104.2012. 

[123] J.F. Dishinger, H.L. Kee, P.M. Jenkins, S. Fan, T.W. Hurd, J.W. Hammond, 

Y.N.-T. Truong, B. Margolis, J.R. Martens, K.J. Verhey, Ciliary entry of the 

kinesin-2 motor KIF17 is regulated by importin-β2 and RanGTP, Nat. Cell Biol. 

12 (2010) 703–710. 

[124] X. Bai, E.P. Karasmanis, E.T. Spiliotis, Septin 9 interacts with kinesin KIF17 

and interferes with the mechanism of NMDA receptor cargo binding and 

transport, Mol. Biol. Cell. 27 (2016) 897–906. 

[125] M. Liu, Y. Liu, B. Hou, D. Bu, L. Shi, X. Gu, Z. Ma, Kinesin superfamily protein 

17 contributes to the development of bone cancer pain by participating in NR2B 

transport in the spinal cord of mice, Oncol. Rep. (2015). 

https://doi.org/10.3892/or.2015.3706. 

[126] M. Norcini, A. Sideris, S.M. Adler, L.A.M. Hernandez, J. Zhang, T.J.J. Blanck, 

E. Recio-Pinto, NR2B expression in rat DRG is differentially regulated 

following peripheral nerve injuries that lead to transient or sustained stimuli-

evoked hypersensitivity, Front. Mol. Neurosci. 9 (2016) 100. 

[127] Y. Liu, Y. Liang, B. Hou, M. Liu, X. Yang, C. Liu, J. Zhang, W. Zhang, Z. Ma, 

X. Gu, The inhibitor of calcium/calmodulin-dependent protein kinase II KN93 

attenuates bone cancer pain via inhibition of KIF17/NR2B trafficking in mice, 

Pharmacol. Biochem. Behav. 124 (2014) 19–26. 

[128] K. Ni, Y. Zhou, Y.E. Sun, Y. Liu, X.P. Gu, Z.L. Ma, Intrathecal injection of 

selected peptide Myr-RC-13 attenuates bone cancer pain by inhibiting KIF17 

and NR2B expression, Pharmacol. Biochem. Behav. (2014). 

https://doi.org/10.1016/j.pbb.2014.03.026. 



References 

Page | 154 
 

[129] S.S. Dhar, M.T.T. Wong-Riley, The kinesin superfamily protein KIF17 is 

regulated by the same transcription factor (NRF-1) as its cargo NR2B in neurons, 

Biochim. Biophys. Acta (BBA)-Molecular Cell Res. 1813 (2011) 403–411. 

[130] L. Guillaud, R. Wong, N. Hirokawa, Disruption of KIF17–Mint1 interaction by 

CaMKII-dependent phosphorylation: a molecular model of kinesin–cargo 

release, Nat. Cell Biol. 10 (2008) 19–29. 

[131] X.L. Zhang, H.H. Ding, T. Xu, M. Liu, C. Ma, S.L. Wu, J.Y. Wei, C.C. Liu, S.B. 

Zhang, W.J. Xin, Palmitoylation of δ-catenin promotes kinesin-mediated 

membrane trafficking of Nav1.6 in sensory neurons to promote neuropathic pain, 

Sci. Signal. (2018). https://doi.org/10.1126/scisignal.aar4394. 

[132] J. Bo, W. Zhang, X. Sun, Y. Yang, X. Liu, M. Jiang, Z. Ma, X. Gu, The cyclic 

AMP response element-binding protein antisense oligonucleotide induced anti-

nociception and decreased the expression of KIF17 in spinal cord after peripheral 

nerve injury in mice, Int. J. Clin. Exp. Med. (2014). 

[133] X. Gu, J. Bo, W. Zhang, X. Sun, J. Zhang, Y. Yang, Z. Ma, Intrathecal 

administration of cyclic AMP response element-binding protein-antisense 

oligonucleotide attenuates neuropathic pain after peripheral nerve injury and 

decreases the expression of N-Methyl-D-Aspartic receptors in mice, Oncol. Rep. 

(2013). https://doi.org/10.3892/or.2013.2437. 

[134] Available online: https://web.expasy.org/sim/, SIM - Alignment Tool Protein 

Seq. (n.d.) (accessed on 02 November 2020). 

[135] A. Bateman, Uniprot: a universal hub of protein knowledge, in: Protein Sci., 

WILEY 111 RIVER ST, HOBOKEN 07030-5774, NJ USA, 2019: p. 32. 

[136] I.A. Guedes, C.S. de Magalhães, L.E. Dardenne, Receptor-ligand molecular 

docking, Biophys. Rev. (2014). https://doi.org/10.1007/s12551-013-0130-2. 

[137] S. Release, 1: Maestro Desmond Interoperability Tools, Schrödinger New York, 

NY, USA. (2020). 

[138] K.J. Bowers, E. Chow, H. Xu, R.O. Dror, M.P. Eastwood, B.A. Gregersen, J.L. 

Klepeis, I. Kolossvary, M.A. Moraes, F.D. Sacerdoti, J.K. Salmon, Y. Shan, D.E. 

Shaw, Scalable algorithms for molecular dynamics simulations on commodity 

clusters, in: Proc. 2006 ACM/IEEE Conf. Supercomput. SC’06, 2006. 

https://doi.org/10.1145/1188455.1188544. 

[139] G.J. Bennett, Y.-K. Xie, A peripheral mononeuropathy in rat that produces 

disorders of pain sensation like those seen in man, Pain. 33 (1988) 87–107. 

[140] A. Uniyal, P.A. Shantanu, S. Vaidya, D.A. Belinskaia, N.N. Shestakova, R. 

Kumar, S. Singh, V. Tiwari, Tozasertib Attenuates Neuropathic Pain by 

Interfering with Aurora Kinase and KIF11 Mediated Nociception, ACS Chem. 

Neurosci. (2021). 



References 

Page | 155 
 

[141] S. Vaidya, P.A. Shantanu, V. Tiwari, Attenuation of ongoing neuropathic pain 

by peripheral acting opioid involves activation of central dopaminergic 

neurocircuitry, Neurosci. Lett. 754 (2021) 135751. 

[142] N. Gong, Q. Huang, Y. Chen, M. Xu, S. Ma, Y.-X. Wang, Pain assessment using 

the rat and mouse formalin tests, Bio-Protocol. 4 (2014) e1288–e1288. 

[143] M.F. Jarvis, P. Honore, C.-C. Shieh, M. Chapman, S. Joshi, X.-F. Zhang, M. 

Kort, W. Carroll, B. Marron, R. Atkinson, A-803467, a potent and selective 

Nav1. 8 sodium channel blocker, attenuates neuropathic and inflammatory pain 

in the rat, Proc. Natl. Acad. Sci. 104 (2007) 8520–8525. 

[144] B.H. Manning, D.J. Mayer, The central nucleus of the amygdala contributes to 

the production of morphine antinociception in the rat tail-flick test, J. Neurosci. 

15 (1995) 8199–8213. 

[145] M.-X. Xie, X.-Y. Cao, W.-A. Zeng, R.-C. Lai, L. Guo, J.-C. Wang, Y.-B. Xiao, 

X. Zhang, D. Chen, X.-G. Liu, ATF4 selectively regulates heat nociception and 

contributes to kinesin-mediated TRPM3 trafficking, Nat. Commun. 12 (2021) 1–

18. 

[146] Z. Li, P.-Y. Tseng, V. Tiwari, Q. Xu, S.-Q. He, Y. Wang, Q. Zheng, L. Han, Z. 

Wu, A.L. Blobaum, Targeting human Mas-related G protein-coupled receptor 

X1 to inhibit persistent pain, Proc. Natl. Acad. Sci. 114 (2017) E1996–E2005. 

[147] K. Hargreaves, R. Dubner, F. Brown, C. Flores, J. Joris, A new and sensitive 

method for measuring thermal nociception in cutaneous hyperalgesia, Pain. 32 

(1988) 77–88. 

[148] M.J. Field, S. Bramwell, J. Hughes, L. Singh, Detection of static and dynamic 

components of mechanical allodynia in rat models of neuropathic pain: are they 

signalled by distinct primary sensory neurones?, Pain. 83 (1999) 303–311. 

[149] H.-H. Zhou, L. Zhang, H.-X. Zhang, B.-R. Xu, J.-P. Zhang, Y.-J. Zhou, X.-P. 

Qian, W.-H. Ge, Tat-HA-NR2B9c attenuate oxaliplatin-induced neuropathic 

pain, Exp. Neurol. 311 (2019) 80–87. 

[150] C. Yoon, Y.Y. Wook, N.H. Sik, K.S. Ho, C.J. Mo, Behavioral signs of ongoing 

pain and cold allodynia in a rat model of neuropathic pain, Pain. 59 (1994) 369–

376. 

[151] L. Davoody, R.L. Quiton, J.M. Lucas, Y. Ji, A. Keller, R. Masri, Conditioned 

place preference reveals tonic pain in an animal model of central pain, J. Pain. 

12 (2011) 868–874. 

[152] V. Tiwari, M. Anderson, F. Yang, V. Tiwari, Q. Zheng, S.Q. He, T. Zhang, B. 

Shu, X. Chen, S.A. Grenald, K.E. Stephens, Z. Chen, X. Dong, S.N. Raja, Y. 

Guan, Peripherally Acting μ-Opioid Receptor Agonists Attenuate Ongoing Pain-

associated Behavior and Spontaneous Neuronal Activity after Nerve Injury in 



References 

Page | 156 
 

Rats, Anesthesiology. (2018). 

https://doi.org/10.1097/ALN.0000000000002191. 

[153] N. Singh, Y. Bansal, R. Bhandari, L. Marwaha, R. Singh, K. Chopra, A. Kuhad, 

Naringin reverses neurobehavioral and biochemical alterations in 

intracerebroventricular collagenase-induced intracerebral hemorrhage in rats, 

Pharmacology. 100 (2017) 172–187. 

[154] A. Uniyal, R. Singh, A. Akhtar, Y. Bansal, A. Kuhad, S.P. Sah, Co-treatment of 

piracetam with risperidone rescued extinction deficits in experimental paradigms 

of post-traumatic stress disorder by restoring the physiological alterations in 

cortex and hippocampus, Pharmacol. Biochem. Behav. (2019). 

https://doi.org/10.1016/j.pbb.2019.172763. 

[155] A. Uniyal, A. Kotiyal, A. Gadepalli, O. Ummadisetty, V. Tiwari, 

Epigallocatechin-3-gallate Improves Chronic Alcohol Induced Cognitive 

Dysfunction in Rats by Interfering with the Neuro-inflammatory, Cell Death and 

Oxido-nitrosative Stress Pathways, (2021). 

[156] A. Akhtar, J. Dhaliwal, P. Saroj, A. Uniyal, M. Bishnoi, S.P. Sah, Chromium 

picolinate attenuates cognitive deficit in ICV-STZ rat paradigm of sporadic 

Alzheimer’s-like dementia via targeting neuroinflammatory and IRS-

1/PI3K/AKT/GSK-3β pathway, Inflammopharmacology. 28 (2020) 385–400. 

[157] O. for E.C. and Development, Test No. 420: Acute Oral Toxicity-Fixed Dose 

Procedure, OECD Publishing, 2002. 

[158] A. Azqueta, A.G. Gil, A. García-Rodríguez, J.A. García-Jalón, F. Cia, B. 

Zarranz, A. Monge, A.L. de-Cerain, Comparative acute systemic toxicity of 

several quinoxaline 1, 4-di-N-oxides in Wistar rats, Arzneimittelforschung. 57 

(2007) 339–346. 

[159] W. Wang, Z. Dong, J. Zhang, X. Zhou, X. Wei, F. Cheng, B. Li, J. Zhang, Acute 

and subacute toxicity assessment of oxyclozanide in wistar rats, Front. Vet. Sci. 

(2019) 294. 

[160] M. Gangwar, S. Rastogi, D. Singh, A. Shukla, N. Dhameja, D. Kumar, R. Kumar, 

G. Nath, Study on the effect of oral administration of bacteriophages in charles 

foster rats with special reference to immunological and adverse effects, Front. 

Pharmacol. 12 (2021). 

[161] D. Ghosh, S. Mondal, K. Ramakrishna, Acute and sub-acute (30-day) toxicity 

studies of Aegialitis rotundifolia Roxb., leaves extract in Wistar rats: safety 

assessment of a rare mangrove traditionally utilized as pain antidote, Clin. 

Phytoscience. 5 (2019) 1–16. 

[162] K. Sharma, D. Sharma, M. Sharma, N. Sharma, P. Bidve, N. Prajapati, K. Kalia, 

V. Tiwari, Astaxanthin ameliorates behavioral and biochemical alterations in in-

vitro and in-vivo model of neuropathic pain, Neurosci. Lett. (2018). 



References 

Page | 157 
 

https://doi.org/10.1016/j.neulet.2018.03.030. 

[163] G. Gambino, V. Rizzo, G. Giglia, G. Ferraro, P. Sardo, Microtubule dynamics 

and neuronal excitability: advances on cytoskeletal components implicated in 

epileptic phenomena, Cell. Mol. Neurobiol. (2020) 1–11. 

[164] A. Sferra, F. Fattori, T. Rizza, E. Flex, E. Bellacchio, A. Bruselles, S. Petrini, S. 

Cecchetti, M. Teson, F. Restaldi, Defective kinesin binding of TUBB2A causes 

progressive spastic ataxia syndrome resembling sacsinopathy, Hum. Mol. Genet. 

27 (2018) 1892–1904. 

[165] B.M. Xing, Y.R. Yang, J.X. Du, H.J. Chen, C. Qi, Z.H. Huang, Y. Zhang, Y. 

Wang, Cyclin-dependent kinase 5 controls TRPV1 membrane trafficking and the 

heat sensitivity of nociceptors through KIF13B, J. Neurosci. (2012). 

https://doi.org/10.1523/JNEUROSCI.1634-12.2012. 

[166] Y. Shen, Z. Ding, S. Ma, Y. Zou, X. Yang, Z. Ding, Y. Zhang, X. Zhu, M.K.E. 

Schäfer, Q. Guo, C. Huang, Targeting aurora kinase B alleviates spinal 

microgliosis and neuropathic pain in a rat model of peripheral nerve injury, J. 

Neurochem. (2020). https://doi.org/10.1111/jnc.14883. 

[167] E.A. Harrington, D. Bebbington, J. Moore, R.K. Rasmussen, A.O. Ajose-

Adeogun, T. Nakayama, J.A. Graham, C. Demur, T. Hercend, A. Diu-Hercend, 

M. Su, J.M.C. Golec, K.M. Miller, VX-680, a potent and selective small-

molecule inhibitor of the Aurora kinases, suppresses tumor growth in vivo, Nat. 

Med. (2004). https://doi.org/10.1038/nm1003. 

[168] S. Martens, V. Goossens, L. Devisscher, S. Hofmans, P. Claeys, M. Vuylsteke, 

N. Takahashi, K. Augustyns, P. Vandenabeele, RIPK1-dependent cell death: A 

novel target of the Aurora kinase inhibitor Tozasertib (VX-680), Cell Death Dis. 

(2018). https://doi.org/10.1038/s41419-017-0245-7. 

[169] S.A. Lipton, Failures and successes of NMDA receptor antagonists: molecular 

basis for the use of open-channel blockers like memantine in the treatment of 

acute and chronic neurologic insults, NeuroRx. 1 (2004) 101–110. 

[170] J.C. Meadows, Interplay between mitotic kinesins and the Aurora kinase-PP1 

(protein phosphatase 1) axis, in: Biochem. Soc. Trans., 2013. 

https://doi.org/10.1042/BST20130191. 

[171] X. Zhang, W. Lan, S.C. Ems-McClung, P.T. Stukenberg, C.E. Walczak, Aurora 

B phosphorylates multiple sites on mitotic centromere-associated kinesin to 

spatially and temporally regulate its function, Mol. Biol. Cell. 18 (2007) 3264–

3276. 

[172] H.B. El-Nassan, Advances in the discovery of kinesin spindle protein (Eg5) 

inhibitors as antitumor agents, Eur. J. Med. Chem. 62 (2013) 614–631. 

[173] L. Zhang, K. Ji, Y. Sun, Y. Hou, J. Chen, Aurora kinase inhibitor tozasertib 



References 

Page | 158 
 

suppresses mast cell activation in vitro and in vivo, Br. J. Pharmacol. 177 (2020) 

2848–2859. 

[174] S. Hofmans, L. Devisscher, S. Martens, D. Van Rompaey, K. Goossens, T. 

Divert, W. Nerinckx, N. Takahashi, H. De Winter, P. Van Der Veken, Tozasertib 

analogues as inhibitors of necroptotic cell death, J. Med. Chem. 61 (2018) 1895–

1920. 

[175] B. Zhao, A. Smallwood, J. Yang, K. Koretke, K. Nurse, A. Calamari, R.B. 

Kirkpatrick, Z. Lai, Modulation of kinase-inhibitor interactions by auxiliary 

protein binding: Crystallography studies on Aurora A interactions with VX-680 

and with TPX2, Protein Sci. (2008). https://doi.org/10.1110/ps.036590.108. 

[176] J.C. Phillips, R. Braun, W. Wang, J. Gumbart, E. Tajkhorshid, E. Villa, C. 

Chipot, R.D. Skeel, L. Kalé, K. Schulten, Scalable molecular dynamics with 

NAMD, J. Comput. Chem. (2005). https://doi.org/10.1002/jcc.20289. 

[177] E.M. Blais, K.D. Rawls, B. V. Dougherty, Z.I. Li, G.L. Kolling, P. Ye, A. 

Wallqvist, J.A. Papin, Reconciled rat and human metabolic networks for 

comparative toxicogenomics and biomarker predictions, Nat. Commun. (2017). 

https://doi.org/10.1038/ncomms14250. 

[178] M. Martignoni, G.M.M. Groothuis, R. de Kanter, Species differences between 

mouse, rat, dog, monkey and human CYP-mediated drug metabolism, inhibition 

and induction, Expert Opin. Drug Metab. Toxicol. (2006). 

https://doi.org/10.1517/17425255.2.6.875. 

[179] M.J. Field, S. McCleary, J. Hughes, L. Singh, Gabapentin and pregabalin, but 

not morphine and amitriptyline, block both static and dynamic components of 

mechanical allodynia induced by streptozocin in the rat, Pain. 80 (1999) 391–

398. 

[180] R. Tashima, K. Koga, M. Sekine, K. Kanehisa, Y. Kohro, K. Tominaga, K. 

Matsushita, H. Tozaki-Saitoh, Y. Fukazawa, K. Inoue, Optogenetic activation of 

non-nociceptive Aβ fibers induces neuropathic pain-like sensory and emotional 

behaviors after nerve injury in rats, Eneuro. 5 (2018). 

[181] M. Zhuo, Plasticity of NMDA receptor NR2B subunit in memory and chronic 

pain, Mol. Brain. 2 (2009) 1–11. 

[182] R. Powell, V.A. Young, K.D. Pryce, G.D. Sheehan, K. Bonsu, A. Ahmed, A. 

Bhattacharjee, Inhibiting endocytosis in CGRP+ nociceptors attenuates 

inflammatory pain-like behavior, Nat. Commun. 12 (2021) 1–15. 

[183] D. Yu, D.K. Thakor, I. Han, A.E. Ropper, H. Haragopal, R.L. Sidman, R. 

Zafonte, S.C. Schachter, Y.D. Teng, Alleviation of chronic pain following rat 

spinal cord compression injury with multimodal actions of huperzine A, Proc. 

Natl. Acad. Sci. 110 (2013) E746–E755. 



References 

Page | 159 
 

[184] S. Fitzgerald, Doctors are prescribing more gabapentinoids—fear of opioids may 

be driving the trend, Neurol. Today. 17 (2017) 1–24. 

[185] Z.A. Marcum, J.T. Hanlon, Recognizing the risks of chronic nonsteroidal anti-

inflammatory drug use in older adults, Ann. Long-Term Care Off. J. Am. Med. 

Dir. Assoc. 18 (2010) 24. 

[186] L. Wang, Y. Tanaka, D. Wang, M. Morikawa, R. Zhou, N. Homma, Y. 

Miyamoto, N. Hirokawa, The atypical kinesin KIF26A facilitates termination of 

nociceptive responses by sequestering focal adhesion kinase, Cell Rep. 24 (2018) 

2894–2907. 

[187] H. Zhang, S.-B. Ma, Y.-J. Gao, J.-L. Xing, H. Xian, Z.-Z. Li, S.-N. Shen, S.-X. 

Wu, C. Luo, R.-G. Xie, Spinal CCL2 promotes pain sensitization by rapid 

enhancement of NMDA-induced currents through the ERK-GluN2B pathway in 

mouse lamina II neurons, Neurosci. Bull. 36 (2020) 1344–1354. 

[188] F. Bu, H. Tian, S. Gong, Q. Zhu, G.-Y. Xu, J. Tao, X. Jiang, Phosphorylation of 

NR2B NMDA subunits by protein kinase C in arcuate nucleus contributes to 

inflammatory pain in rats, Sci. Rep. 5 (2015) 1–11. 

[189] L.F. Ferrari, C.M. Lotufo, D. Araldi, M.A. Rodrigues, L.P. Macedo, S.H. 

Ferreira, C.A. Parada, Inflammatory sensitization of nociceptors depends on 

activation of NMDA receptors in DRG satellite cells, Proc. Natl. Acad. Sci. 111 

(2014) 18363–18368. 

[190] D.J. Tracey, S. De Biasi, K. Phend, A. Rustioni, Aspartate-like immunoreactivity 

in primary afferent neurons, Neuroscience. 40 (1991) 673–686. 

[191] Y. Hayashi, K. Kawaji, L. Sun, X. Zhang, K. Koyano, T. Yokoyama, S. Kohsaka, 

K. Inoue, H. Nakanishi, Microglial Ca2+-activated K+ channels are possible 

molecular targets for the analgesic effects of S-ketamine on neuropathic pain, J. 

Neurosci. 31 (2011) 17370–17382. 

[192] L. Daulhac, C. Mallet, C. Courteix, M. Etienne, E. Duroux, A.-M. Privat, A. 

Eschalier, J. Fialip, Diabetes-induced mechanical hyperalgesia involves spinal 

MAPKs activation in neurons and microglia via NMDA-dependent mechanisms, 

Mol. Pharmacol. (2006). 

[193] W. Guo, S. Zou, Y. Guan, T. Ikeda, M. Tal, R. Dubner, K. Ren, Tyrosine 

phosphorylation of the NR2B subunit of the NMDA receptor in the spinal cord 

during the development and maintenance of inflammatory hyperalgesia, J. 

Neurosci. 22 (2002) 6208–6217. 

[194] L.-J. Wu, H. Toyoda, M.-G. Zhao, Y.-S. Lee, J. Tang, S.W. Ko, Y.H. Jia, F.W.F. 

Shum, C. V Zerbinatti, G. Bu, Upregulation of forebrain NMDA NR2B receptors 

contributes to behavioral sensitization after inflammation, J. Neurosci. 25 (2005) 

11107–11116. 



References 

Page | 160 
 

[195] N.J. Camlin, E.A. McLaughlin, J.E. Holt, Kif4 is essential for mouse oocyte 

meiosis, PLoS One. 12 (2017) e0170650. 

[196] A.J. Allchorne, H.L. Gooding, R. Mitchell, S.M. Fleetwood-Walker, A novel 

model of combined neuropathic and inflammatory pain displaying long-lasting 

allodynia and spontaneous pain-like behaviour, Neurosci. Res. 74 (2012) 230–

238. 

[197] R.C. Reyes, A.M. Brennan, Y. Shen, Y. Baldwin, R.A. Swanson, Activation of 

neuronal NMDA receptors induces superoxide-mediated oxidative stress in 

neighboring neurons and astrocytes, J. Neurosci. 32 (2012) 12973–12978. 

[198] Z. Chen, W. Jalabi, K.B. Shpargel, K.T. Farabaugh, R. Dutta, X. Yin, G.J. Kidd, 

C.C. Bergmann, S.A. Stohlman, B.D. Trapp, Lipopolysaccharide-induced 

microglial activation and neuroprotection against experimental brain injury is 

independent of hematogenous TLR4, J. Neurosci. 32 (2012) 11706–11715. 

[199] Z. Huang, T. Zhou, X. Sun, Y. Zheng, B. Cheng, M. Li, X. Liu, C. He, 

Necroptosis in microglia contributes to neuroinflammation and retinal 

degeneration through TLR4 activation, Cell Death Differ. 25 (2018) 180–189. 

[200] K. Inoue, M. Tsuda, Microglia in neuropathic pain: cellular and molecular 

mechanisms and therapeutic potential, Nat. Rev. Neurosci. 19 (2018) 138–152. 

[201] L. Li, Y. Wu, Z. Bai, Y. Hu, W. Li, Blockade of NMDA receptors decreased 

spinal microglia activation in bee venom induced acute inflammatory pain in 

rats, Neurol. Res. 39 (2017) 271–280. 

[202] M.-D. Zhu, L.-X. Zhao, X.-T. Wang, Y.-J. Gao, Z.-J. Zhang, Ligustilide inhibits 

microglia-mediated proinflammatory cytokines production and inflammatory 

pain, Brain Res. Bull. 109 (2014) 54–60. 

[203] J.D. Huber, C.R. Campos, K.S. Mark, T.P. Davis, Alterations in blood-brain 

barrier ICAM-1 expression and brain microglial activation after λ-carrageenan-

induced inflammatory pain, Am. J. Physiol. Circ. Physiol. 290 (2006) H732–

H740. 

[204] J. Chen, L. Li, S.R. Chen, H. Chen, J.D. Xie, R.E. Sirrieh, D.M. MacLean, Y. 

Zhang, M.H. Zhou, V. Jayaraman, H.L. Pan, The α2δ-1-NMDA Receptor 

Complex Is Critically Involved in Neuropathic Pain Development and 

Gabapentin Therapeutic Actions, Cell Rep. (2018). 

https://doi.org/10.1016/j.celrep.2018.02.021. 

[205] Y. YIN, J. YU, Effect of gabapentin on anxiety-like behaviors induced by 

neuropathic pain and NR2B expression in basolateral nucleus of the amygdala 

of rats, J. Clin. Anesthesiol. (2015) 5. 

[206] W. Jia, Q. Zhao, L. Zhang, Y.U. Yonghao, H. Wang, G. Wang, Role of spinal 

kinesin superfamily motor protein 17 in remifentanil-induced hyperalgesia in 



References 

Page | 161 
 

rats with incisional pain, Chinese J. Anesthesiol. 37 (2017) 1226–1229. 

[207] S.J. Golbar, R. Gharekhanlu, M.R. Kordi, A. Khazani, Effects of Endurance 

Exercise Training on Kinesin-5 and dynein motor proteins in sciatic nerves of 

male wistar rats with diabetic neuropathy, Int J Sport Stud Heal. (2018) e67758. 

[208] I. Bobylev, D. Peters, M. Vyas, M. Barham, I. Klein, E.P. von Strandmann, W.F. 

Neiss, H.C. Lehmann, Kinesin-5 Blocker Monastrol Protects Against 

Bortezomib-Induced Peripheral Neurotoxicity, Neurotox. Res. (2017). 

https://doi.org/10.1007/s12640-017-9760-7. 

[209] N. Keen, S. Taylor, Aurora-kinase inhibitors as anticancer agents, Nat. Rev. 

Cancer. 4 (2004) 927–936. 

[210] S. Sarvagalla, M. Selvaraj Coumar, Structural biology insight for the design of 

sub-type selective Aurora kinase inhibitors, Curr. Cancer Drug Targets. 15 

(2015) 375–393. 

[211] P. Gavriilidis, A. Giakoustidis, D. Giakoustidis, Aurora kinases and potential 

medical applications of aurora kinase inhibitors: a review, J. Clin. Med. Res. 7 

(2015) 742. 

[212] M. Michaelis, F. Selt, F. Rothweiler, N. Löschmann, B. Nüsse, W.G. Dirks, R. 

Zehner, J. Cinatl Jr, Aurora kinases as targets in drug-resistant neuroblastoma 

cells, PLoS One. 9 (2014) e108758. 

[213] A.M. Traynor, M. Hewitt, G. Liu, K.T. Flaherty, J. Clark, S.J. Freedman, B.B. 

Scott, A.M. Leighton, P.A. Watson, B. Zhao, Phase I dose escalation study of 

MK-0457, a novel Aurora kinase inhibitor, in adult patients with advanced solid 

tumors, Cancer Chemother. Pharmacol. 67 (2011) 305–314. 

[214] C. Yin, G. Huang, X. Sun, Z. Guo, J.H. Zhang, Tozasertib attenuates neuronal 

apoptosis via DLK/JIP3/MA2K7/JNK pathway in early brain injury after SAH 

in rats, Neuropharmacology. 108 (2016) 316–323. 

[215] A. Degterev, D. Ofengeim, J. Yuan, Targeting RIPK1 for the treatment of human 

diseases, Proc. Natl. Acad. Sci. 116 (2019) 9714–9722. 

 

 



Page | 162 
 

List of Publications 
 

 

Publication from thesis: Research Article:  

1. Uniyal A, Akhilesh, Rahore AS, Keshri PS, Singh SP, Singh S, Tiwari V* 

Inhibition of Pan-Aurora Kinase Attenuates Evoked and Ongoing Pain in Nerve 

Injured Rats via Regulating KIF17-NR2B Mediated Signaling. International 

Immunopharmacology 2022. (Impact factor 4.93) 

2. Uniyal A, Gadepalli A, Modi A, Tiwari V*. Modulation of KIF-17/NR2B 

Crosstalk by Tozasertib Attenuates Inflammatory Pain in Rats. 

Inflammopharmacology 2022. (Impact factor 4.47).   

3. Uniyal A, Shantanu PA, Vaidya S, Belinskaia DA, Shestakova NN, Kumar R, 

Singh S, Tiwari V*. Tozasertib Attenuates Neuropathic Pain by Interfering with 

Aurora Kinase and KIF11 Mediated Nociception. ACS Chemical Neuroscience. 

2021 May 24. (Impact factor 4.418) 

Publication from thesis: Review Article:  

1. Uniyal A, Thakur, V, Rani, M, Tiwari, V, Akhilesh, Gadepalli, A, Ummadisetty, 

O, Modi, A, Tiwari, V*. Neurobiology of Kinesin Nanomotors mediated 

Trafficking of NMDA-Loaded Cargo in Chronic Pain. ACS Chemical 

Neuroscience. 2021 (Impact factor 4.21). 

Other publications: 

1. A, Uniyal A, Gadepalli A, Tiwari V, Allani M, Chouhan D, Ummadisetty O, Verma 

N, Tiwari V*. Unlocking the potential of TRPV1 based siRNA therapeutics for the 

treatment of chemotherapy-induced neuropathic pain. Life Sciences. 2022 Jan 1; 

288:120187. (Impact factor 5.03) 



List of Publications  

Page | 163 
 

2. Naik GG, Uniyal A, Chouhan D, Tiwari V, Sahu AN. Natural Products and some 

semi-synthetic analogues as potential TRPV1 Ligands for attenuating Neuropathic 

pain. Current pharmaceutical biotechnology. 2022 (Impact factor 2.6) 

3. Gadepalli A, Akhilesh, Uniyal A, Modi A, Chouhan D, Ummadisetty O, Khanna 

S, Solanki S, Allani M, Tiwari V*. Multifarious Targets and Recent Developments 

in the Therapeutics for the Management of Bone Cancer Pain. ACS chemical 

neuroscience. 2021 Nov 1;12(22):4195-208. ACS Chemical Neuroscience. 2021 

(Impact factor 4.21) 

4. Uniyal A, Kotiyal A, Gadepalli A, Ummadisetty O, Tiwari V*. Epigallocatechin-

3-gallate Improves Chronic Alcohol Induced Cognitive Dysfunction in Rats by 

Interfering with the Neuro-inflammatory, Cell Death and Oxido-nitrosative Stress 

Pathways. Metabolic Brain Disease. 2021 (Impact Factor: 3.584) 

5. Thakur V, Uniyal A, Tiwari V*. A Comprehensive Review on Pharmacology of 

Efflux Pumps and their Inhibitors in Antibiotic Resistance. European journal of 

pharmacology. 2021 May 5:174151. (Impact Factor: 4.432) 

6. Akhilesh, Baidya A TK, Uniyal A, Das B, Kumar R, Tiwari V*. Structure-based 

Virtual Screening and Molecular Dynamics Simulation for the Identification of 

Sphingosine Kinase-2 Inhibitors as Potential Analgesics. Journal of Biomolecular 

Structure and Dynamics 2021 (Impact Factor: 3.3) 

7. Uniyal A, Rani M, Tiwari V, Tiwari V*. Immune-Microbiome Interplay and its 

Implications in Neurodegenerative Disorders. Metabolic Brain Disease 2021 

(Impact Factor: 3.584) 

8. Shaw S, Uniyal A, Gadepalli A, Tiwari V, Belinskaia DA, Shestakova NN, 

Venugopala KN, Deb PK, Tiwari V*. Adenosine receptor signalling: Probing the 

potential pathways for the ministration of neuropathic pain. European Journal of 

Pharmacology. 2020 Oct 2:173619 (First co-author; Impact Factor: 4.432) 

9. Uniyal A, Mahapatra, M. K., Tiwari, V., Sandhir, R., & Kumar, R "Targeting 

SARS-CoV-2 main protease: structure based virtual screening, in silico ADMET 

studies and molecular dynamics simulation for identification of potential 

inhibitors." Journal of Biomolecular Structure and Dynamics 2020: 1-17. 

(Impact Factor: 3.3) 



List of Publications  

Page | 164 
 

10. Chouhan D, Uniyal A, Gadepalli A, Akhilesh, Tiwari V, Agrawal S, Roy TK, Shaw 

S, Purohit N, Tiwari V*. Probing the Manipulated Neurochemical Drive in Alcohol 

Addiction and Novel Therapeutic Advancements. ACS Chemical Neuroscience. 

2020 Apr 3;11(9):1210-7.) (First co-author; Impact factor 4.418) 

11. Prakash S, Rai U, Uniyal A, Tiwari V, Singh S. Sitagliptin mitigates oxidative 

stress and up-regulates mitochondrial biogenesis markers in Brown adipose tissues 

of high-fat diet fed obese mice through AMPK phosphorylation. Obesity Medicine. 

2020 Sep 1;19:100265. (Impact Factor: 0.36) 

12. Akhtar A, Dhaliwal J, Saroj P, Uniyal A, Bishnoi M, Sah SP. Chromium picolinate 

attenuates cognitive deficit in ICV-STZ rat paradigm of sporadic Alzheimer’s-like 

dementia via targeting neuroinflammatory and IRS-1/PI3K/AKT/GSK-3β pathway. 

Inflammopharmacology. 2020 Jan 3:1-6. (Impact Factor: 4.473) 

13. Uniyal A, Gadepalli A, Akhilesh, Tiwari V. Underpinning the Neurobiological 

Intricacies Associated with Opioid Tolerance. ACS Chemical Neuroscience. 2020 

Feb 21;11(6):830-9. (Impact factor 4.418 

14. Tiwari V*, Uniyal A, Gadepalli A, Tiwari V, Agrawal S. Sodium Channels: As an 

Eye of the Storm in Various Clinical Pathologies. In Frontiers in Pharmacology of 

Neurotransmitters 2020 (pp. 619-634). Springer, Singapore 

15. Uniyal A, Singh R, Akhtar A, Dhaliwal J, Kuhad A, Sah SP. Pharmacological 

rewriting of fear memories: A beacon for post-traumatic stress disorder. European 

Journal of Pharmacology. 2019 Nov 25:172824. (Impact Factor: 4.432) 

16. Uniyal A, Singh R, Akhtar A, Bansal Y, Kuhad A, Sah SP. Co-treatment of 

piracetam with risperidone rescued extinction deficits in experimental paradigms of 

post-traumatic stress disorder by restoring the physiological alterations in cortex 

and hippocampus. Pharmacology Biochemistry and Behavior. 2019 Aug 

22:172763. (Impact Factor: 3.533) 

17. Ahuja S, Uniyal A, Akhtar A, Sah SP. Alpha lipoic acid and metformin alleviates 

experimentally induced insulin resistance and cognitive deficit by modulation of 

TLR2 signaling. Pharmacological Reports. 2019 Feb 23. (Impact factor 3.024) 

  



List of Publications  

Page | 165 
 

National/International Conference Presentations/Participation: 

1. Participated in 8th International Symposium on Current Trends in Drug Discovery 

Research organized by CSIR-Central Drug Research Institute, Lucknow, India and 

presented research findings entitled “Investigating Kinesin Mediated Regulation of 

Nociceptors as A Novel Therapeutic Target for Chronic Pain”. March 12-14, 2022 

2. Participated in “Nepal IBRO Associate School on Neurophysiology of Pain: 

Mechanism to Medicine organized by Nepalgunj Medical College Chisapani, 

Banke Nepal, and presented research findings entitled “Tozasertib Attenuates 

Neuropathic Pain by Interfering with Aurora Kinase and KIF11 Mediated 

Nociception”. 31 Aug-5 Sep 2021 

3. Participated in “5th IBRO/APRC Chandigarh Neuroscience School” organized by 

Panjab University, Chandigarh, August 23-27, 2021 

4. IBRO-APRC School on “Understanding Neuroscience and the Spectrum of 

Neurogenetic Disorders”, organized by Kathmandu University School of Medical 

Science, Kathmandu Nepal, August 20, 2021 - August 25, 2021 

5. Participated in SPARC sponsored Indo-US Workshop on Pain Mechanisms & 

Therapeutics, May 06, 2021 to May 10, 2021, organized by the Department of 

Pharmaceutical Engineering & Technology, Indian Institute of Technology 

(Banaras Hindu University), Varanasi, India 

6. Participated in A short-term course on Pre-Clinical Models in Drug Discovery & 

Development organized by the Department of Pharmaceutical Engineering & 

Technology, Indian Institute of Technology (Banaras Hindu University), Varanasi, 

India. March 30, 2021 – April 3, 2021 

7. Participated in Brain Awareness week organized by Gujrat Forensic Science 

University (IBS) and Centre for Cognitive and brain Sciences (IIT Gandhinagar), 

funded by IBRO and Dana foundation 22-28 May 2020 

8. Participated in “IBRO-APRC Associate School on Neurological and 

Neuromuscular Disorders: An Insight into its Approach and Neurodiagnostic 

Techniques” March 10 - March 14, 2019, held at B. P. K. I. H. S, Nepal  

  



List of Publications  

Page | 166 
 

RECOGNITION: Awards, Achievements and Honors: 

1. Awarded travel grant by International Association for Study of Pain (IASP) for 

attending World Congress on Pain 2021 at Amsterdam 

2. Awarded travel grant by international Brain Research Organization-Asia Pacific 

regional Committee (IBRO-APRC) to attend IBRO school held at B. P. K. I. H. S, 

Nepal in March, 2019 

3. Awarded 3 years Senior Research Fellowship award by Indian Council of Medical 

Research (ICMR) in March 2019 for the project entitled “Development of Green 

Nanotherapeutics for the Treatment and Relapse of Drug and Alcohol Addiction” 

 

 

 

 

 

 

 

  



List of Publications  

Page | 167 
 

Dr. Vinod Tiwari, is an Assistant Professor at the Department of 

Pharmaceutical Engineering & Technology, Indian Institute of 

Technology (Banaras Hindu University), Varanasi, India. Dr. 

Tiwari is currently PI of the Neuroscience and Pain Research Lab 

at IIT (BHU), Varanasi and Ph.D. supervisor of Mr. Ankit Uniyal. 

Dr. Tiwari has done his Ph.D. in neuropharmacology, and he was able to identify key 

signaling pathways involved in alcoholic neuropathy and associated cognitive deficits, 

diabetic neuropathy, and musculoskeletal pain. His Ph.D. research work was published 

in peer-reviewed international journals such as the International Journal of 

Neuropsychopharmacology; Journal of Neurochemistry; Pharmacology, Biochemistry 

& Behavior; PAIN & The Journal of Pain, and is being highly cited. With his postdoc 

mentors Prof. Srinivasa N. Raja and Prof. Yun Guan at Johns Hopkins University, 

U.S.A he investigated different spinal and supraspinal mechanisms involved in 

peripheral opioid-induced amelioration of spontaneous ongoing pain (affective 

component of pain) after spinal and sciatic nerve injury by using conditioned place 

preference. Apart from this he also studied the role of MOR and DOR 

heterodimerization in peripheral opioid-induced tolerance and hyperalgesia which is 

currently a big clinical problem. He has published his postdoctoral findings in Nature 

Neuroscience, Proceedings of National Academy of Science (PNAS), U.S.A, PAIN, 

Anesthesiology and The Journal of Clinical investigation. Before joining IIT (BHU), 

Varanasi Dr. Tiwari worked as Assistant Professor in National Institute of 

Pharmaceutical Education and Research, Ahmedabad. Dr. Tiwari’s research work in 

pain field is being rapidly cited worldwide and at present he has more than 3297 

citation, h-index 33 and i10-index 54. Recently, his research interest is focused on the 

kinesin-mediated regulation of nociceptors and dissecting out the different neuronal 

circuitries involved in pain relief and drug addiction so that better analgesic drugs 

devoid of drug addiction can be developed. 

 



List of Publications  

Page | 168 
 

Mr. Ankit Uniyal, is a Ph.D. scholar at the Department of 

Pharmaceutical Engineering & Technology, Indian Institute of 

Technology (Banaras Hindu University), Varanasi, India. Ankit has 

joined Dr. Tiwari’s lab in October 2018 and he studied the role of 

kinesin nanomotors in the regulation of chronic pain during his 

Ph.D. His research findings were published in high-impact peer-reviewed international 

journals such as International Immunopharmacology, Inflammopharmacology, Life 

Sciences, European Journal of Pharmacology, ACS Chemical Neuroscience, etc. Ankit 

was awarded Senior Research Fellowship by the Indian Council of Medical Research, 

Govt. of in India in 2019. Apart from this, he has received various travel grants and 

awards from the International Brain Research Organization (IBRO) and the 

International Association for the Study of Pain (IASP). His goals after completing 

Ph.D. are to get trained in a highly competitive environment to shape his research 

skills, and to pursue a career in neuroscience aspiring to unfold the novel paradigms 

associated with chronic pain and to develop novel analgesics devoid of side effects.  

 

 

 



Tozasertib Attenuates Neuropathic Pain by Interfering with Aurora
Kinase and KIF11 Mediated Nociception
Ankit Uniyal,# P. A. Shantanu,# Shivani Vaidya, Daria A. Belinskaia, Natalia N. Shestakova,
Rajnish Kumar, Sanjay Singh, and Vinod Tiwari*

Cite This: ACS Chem. Neurosci. 2021, 12, 1948−1960 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Kinesins are the motor proteins that transport
excitatory receptors to the synaptic membrane by forming a
complex with receptor cargo leading to central sensitization
causing neuropathic pain. Many regulatory proteins govern the
transit of receptors by activating kinesin, and Aurora kinases are
one of them. In this study, we have performed in silico molecular
dynamics simulation to delineate the dynamic interaction of
Aurora kinase A with its pharmacological inhibitor, tozasertib. The
results from the molecular dynamics study shows that tozasertib-
Aurora kinase A complex is stabilized through hydrogen bonding,
polar interactions, and water bridges. Findings from the in vitro
studies suggest that tozasertib treatment significantly attenuates
lipopolysaccharide (LPS)-induced increase in oxidonitrosative
stress and kif11 overexpression in C6 glial cell lines. Further, we
investigated the regulation of kif11 and its modulation by
tozasertib in an animal model of neuropathic pain. Two weeks
post-CCI surgery we observed a significant increase in pain
hypersensitivity and kif11 overexpression in DRG and spinal cord of nerve-injured rats. Tozasertib treatment significantly attenuates
enhanced pain hypersensitivity along with the restoration of kif11 expression in DRG and spinal cord and oxidonitrosative stress in
the sciatic nerve of injured rats. Our findings demonstrate the potential role of tozasertib for the management of neuropathic pain.
KEYWORDS: Aurora kinase, Kif11, chronic constriction injury, neuropathic pain, molecular dynamics simulation, tozasertib

1. INTRODUCTION

Chronic pain is accompanied by many neurological diseases
such as brain or spinal cord injury, tumors, neurodevelopmen-
tal disorders, neurodegeneration, neuroinflammation, etc.
Neuropathic pain occurs when there is actual or potential
damage to the somatosensory system. Due to this damage,
various inflammatory mediators and toxins are released which
causes nonspecific stimulation of nociceptors resulting in
increased synaptic plasticity leading to both peripheral and
central sensitization.1 Recent epidemiological studies suggest
that about a quarter of the world’s population suffers from the
pain of which 7−8% of cases are neuropathic in origin. Even
for more than a century of research on nociception and
analgesia, 35% of neuropathic pain patients do not respond to
standard treatment and show serious side effects.2 The
clinically available drugs fail to provide adequate pain relief
as neuropathic pain progresses to a chronic state due to its
dose-limiting side effects and the inability of current
pharmacotherapy to counteract the pain progression as they
fail to act on cellular and molecular mechanisms driving
neuropathic pain which remains elusive.3 Thus, identifying the

potential targets and development of efficacious drugs with
minimal side effects is of utmost clinical importance.4

Various receptors are involved in the development and
maintenance of neuropathic including TRPV-1, Nav1.6,
NMDA, and LPA1, etc.5 The pathogenesis of chronic
neuropathic pain has been proven to include hyperactivation
of glutamatergic transmission.6,7 Prolonged activation of
nociceptors or damage to the afferent nerve leads to the
central sensitization of the nociceptive system. The putative
electrophysiological mechanism of this sensitization (wind-up
phenomenon) depends on the activation of N-methyl-D-
aspartate receptors (NMDAR).7 Blocking glutamate receptors
has been shown to alleviate both acute and chronic pain in
animal models. It has been proven that NMDA receptors play
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Inhibition of pan-Aurora kinase attenuates evoked and ongoing pain in 
nerve injured rats via regulating KIF17-NR2B mediated signaling 
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A B S T R A C T   

Kinesins (KIF’s) are the motor proteins which are recently reported to be involved in the trafficking of noci
ceptors leading to chronic pain. Aurora kinases are known to be involved in the regulation of KIF proteins which 
are associated with the activation of N-methyl-D-aspartate (NMDA) receptors. Here, we investigated the effect of 
tozasertib, a pan-Aurora kinase inhibitor, on nerve injury-induced evoked and chronic ongoing pain in rats and 
the involvement of kinesin family member 17 (KIF17) and NMDA receptor subtype 2B (NR2B) crosstalk in the 
same. Rats with chronic constriction injury showed a significantly decreased pain threshold in a battery of pain 
behavioural assays. We found that tozasertib [10, 20, and 40 mg/kg intraperitoneally (i.p.)] treatment showed a 
significant and dose-dependent inhibition of both evoked and chronic ongoing pain in rats with nerve injury. 
Tozasertib (40 mg/kg i.p.) and gabapentin (30 mg/kg i.p.) treatment significantly inhibits spontaneous ongoing 
pain in nerve injured rats but did not produce any place preference behaviour in healthy naïve rats pointing 
towards their non-addictive analgesic potential. Moreover, tozasertib (10, 20, and 40 mg/kg i.p.) and gabapentin 
(30 mg/kg i.p.) treatment did not altered the normal pain threshold in healthy naïve rats and didn’t produce 
central nervous system associated side effects as well. Western blotting and reverse transcription polymerase 
chain reaction studies suggested enhanced expressions of NR2B and KIF-17 along with increased nuclear factor 
kappa β (NFkβ), tumour necrosis factor-α (TNF-α), interleukin 1β (IL-1β), and interleukin 6 (IL-6) levels in dorsal 
root ganglion (DRG) and spinal cord of nerve injured rats which was significantly attenuated on treatment with 
different does of Tozasertib. Findings from the current study suggests that inhibition of pan-Aurora kinase 
decreased KIF-17 mediated NR2B activation which further leads to significant inhibition of evoked and chronic 
ongoing pain in nerve-injured rats.   

1. Introduction 

Chronic pain is a devastating disorder affecting more than 20% of the 
population worldwide [1,2]. A subtype of this is chronic neuropathic 
pain which occurs due to the damage to the somatosensory nervous 
system including peripheral nerve fibers such as Aδ, Aβ, and C fibres. 
The prevalence of neuropathic pain ranges from 6 to 10 % globally [3] 
and the patients suffering from the same exhibits significant hyper
algesia, shooting sensations, numbness, allodynia, and spontaneous 
ongoing pain. Unfortunately, the currently available analgesics provide 
only mild symptomatic relief and that too at the cost of several side 

effects including but not limited to sedation, motor incoordination, drug 
addiction and development of tolerance [4]. The pathophysiology of 
neuropathic pain has both nociceptive and inflammatory components 
and requires an effective strategy to mitigate the same. N-methyl- 
aspartate-receptors (NMDAR’s) are known to be involved in the devel
opment and maintenance of neuropathic pain both in preclinical and 
clinical studies [5,6]. A subset of this receptor unit, NMDA receptor 
subtype 2B (NR2B) is essential for the localization of NMDARs into the 
synaptic membrane [7] and plays an important role in learning and 
memory and chronic pain. Central sensitization which is a primary 
feature of neuropathic pain pathophysiology develops due to the over- 
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Abstract
Chronic pain is among the most burdensome and devastating disorders affecting millions of people worldwide. Recent stud-
ies suggest the role of kinesin nanomotors in development and maintenance of chronic pain. KIF17 is a member of kinesin 
superfamily that binds to NR2B cargo system via mLin10 scaffolding protein and makes the NMDARs functional at cell 
surface. NMDA receptor activation is known to induce the central sensitization and excitotoxicity which can be recognized 
by the glial cells followed by the release of cytokine storm at spinal and supraspinal level leading to chronic pain. In this 
study, we have investigated the role of aurora kinase in the regulation of KIF17 and NR2B trafficking in the animal model 
of chronic inflammatory pain. Tozasertib (10, 20, and 40 mg/kg i.p.), a pan aurora kinase inhibitor, significantly attenuates 
acute inflammatory pain and suppresses enhanced pain hypersensitivity to heat, cold, and mechanical stimuli in CFA-injected 
rats. Molecular investigations suggest enhanced expression of KIF17/mLin10/NR2B in L4–L5 dorsal root ganglion (DRG) 
and spinal cord of CFA-injected rats which was significantly attenuated on treatment with tozasertib. Moreover, tozasertib 
treatment significantly attenuated CFA-induced oxido-nitrosative stress and macrophage activation in DRG and microglia 
activation in spinal cord of rats. Findings from the current study suggest that tozasertib mediates anti-nociceptive activity 
by inhibiting aurora kinase-mediated KIF17/mLin10/NR2B signaling.

Keywords  Aurora kinase · Kinesin · Neuroinflammation · Microglia · Pain

Introduction

Chronic pain is one of the most prevalent clinical disorders 
which occurs due to persistent activation of neural pain path-
ways. Every person experiences pain at some point in their 
life span but the number of patients seeking medical care 
due to chronic pain is about 30% across the globe (Cohen 
et al. 2021). Chronic pain may consist of both neuropathic 
and inflammatory components, involving complex mecha-
nisms such as excitatory synaptic transmission, microglial 
and macrophage activation, altered action potential in noci-
ceptive fibers, and central as well as peripheral sensitiza-
tion (Powell et al. 2021; Xie et al. 2021). Release of vari-
ous inflammatory mediators from the tissue injury site or 

activated immune system occurs in chronic pain condition 
that simulates the nociceptors and manipulate the central 
projections involved in pain processing. The complex patho-
physiological mechanisms and lack of potential druggable 
targets are the key factors that put a substantial barrier to 
analgesic drug development (Yu et al. 2013). Moreover, 
currently available analgesics fail to treat chronic pain ade-
quately and produce several side effects that lead to treat-
ment withdrawal and poor quality of life (Fitzgerald 2017; 
Uniyal et al. 2020). Opioids are one of the most commonly 
prescribed medicines for the treatment of chronic pain but 
they carry potential side effects including drug addiction, 
respiratory depression, hypotension, sleep apnea and consti-
pation (Uniyal et al. 2020; Powell et al. 2021). Non-steroidal 
anti-inflammatory drugs are the first line of therapy for the 
treatment of chronic inflammatory pain but their contraindi-
cations and adverse effects along with drug-drug interaction 
are the key limiting factors putting them on the back-foot 
(Marcum and Hanlon 2010; Cohen et al. 2021).

Inside the cell, small molecules such as glucose and 
gases get diffused to their destination easily but the large 
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ABSTRACT: Chronic pain is among the most prevalent burdensome disorders
worldwide. The N-methyl-D-aspartate (NMDA) receptor system plays a critical
role in central sensitization, a primary feature of chronic pain. Despite the proven
efficacy of exogenous ligands to this receptor system in preclinical studies,
evidence for the clinical efficacy of NMDA antagonists for the treatment of
chronic pain is weak. Researchers are studying alternate approaches, rather than
direct inhibition of the NMDA receptors in pain processing neurons. This indirect
approach utilizes the modulation of molecular switches that regulates the
synthesis, maturation, and transport of receptors from cellular organelles to the
synaptic membrane. Kinesins are nanomotors that anterogradely transport the
cargo using microtubule tracks across the neurons. Various members of the
kinesin family, including KIF17, KIF11, KIF5b, and KIF21a, regulate the
intracellular transport of NMDA receptors. Pharmacological targeting of these
ATP-driven nanomotors could be a useful tool for manipulating the NMDAR functioning. It could provide the potential for the
development of a novel strategy for the management of chronic pain.

KEYWORDS: Kinesin nanomotors, NR2B, KIF17, mLin-10, Cargo binding, Chronic pain

1. INTRODUCTION

Acute pain resulting from tissue injury acts as an alarm for the
body and serves a protective function. However, acute pain can
transit to a chronic state due to the pathophysiological changes
at multiple sites along the peripheral and central nervous
systems. Chronic pain can be debilitating and is usually
associated with significant distress and suffering. Everyone
experiences pain at some point during their whole life span. In
terms of pain, seeking medical care possesses a worldwide
prevalence range from 1% to 76% that varies demographically,1

whereas the proportion of chronic pain in developing countries
was estimated to be 18%.2 On average, the prevalence in
developing countries is more than that of developed countries.
Generally, in the elderly population, the prevalence of chronic
pain is reported to be 25−85%.3 The economic burden of
chronic pain accounts for more than that of cardiovascular
diseases and cancer. The available treatment options for
chronic pain are limited and are ineffective in a significant
proportion of patients. In addition, most approved therapies
are associated with considerable adverse effects that result from
their off-target effects at CNS sites. Thus, there is an urgent
need to develop new efficacious molecular entities with a
higher therapeutic safety index.
Research from the past few decades that focused on the

neurobiology of chronic pain has substantially increased the

understanding of the disease. Various ionotropic channel
receptors are widely implicated in the pathophysiology of
various disorders and hold the glory of therapeutical
implications. The recent decade in pain research has witnessed
a shift from the discovery of direct exogenous ligands to
alternate strategies, such as modulating receptor synthesis,
maturation, and transport processes.4−6

The role of the N-methyl-D-aspartate (NMDA) receptors
system in chronic pain is well supported with preclinical
evidence.7−10 However, the direct blockade of NMDA
receptors failed in clinical trials for chronic pain.11 This
suggests that targeting NMDA receptors after their insertion
into the synaptic membrane may not be an optimal approach.
Meanwhile, the potential of this receptor system cannot be
ignored due to the high rate of success in basic research
studies.9,12−14 Thus, developing an indirect approach to target
this receptor system could provide a new series of therapeutics
for the management of chronic pain. We have previously
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