High frequency transcutaneous electrical nerve stimulation with diphenidol administration results in an additive antiallodynic effect in rats following chronic constriction injury
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Abstract
The impact of coadministration of transcutaneous electrical nerve stimulation (TENS) and diphenidol is not well established. Here we estimated the effects of diphenidol in combination with TENS on mechanical allodynia and tumor necrosis factor-α (TNF-α) expression. Using an animal chronic constriction injury (CCI) model, the rat was estimated for evidence of mechanical sensitivity via von Frey hair stimulation and TNF-α expression in the sciatic nerve using the ELISA assay. High frequency (100 Hz) TENS or intraperitoneal injection of diphenidol (2.0 μmol/kg) was applied daily, starting on postoperative day 1 (POD1) and lasting for the next 13 days. We demonstrated that both high frequency TENS and diphenidol groups had an increase in mechanical withdrawal thresholds of 60%. Coadministration of high frequency TENS and diphenidol gives better results of paw withdrawal thresholds in comparison with high frequency TENS alone or diphenidol alone.  Both diphenidol and coadministration of high frequency TENS with diphenidol groups showed a significant reduction of the TNF-α level compared with the CCI or HFS group (P < 0.05) in the sciatic nerve on POD7, whereas the CCI or high frequency TENS group exhibited a higher TNF-α level than the sham group (P < 0.05). Our resulting data revealed that diphenidol alone, high frequency TENS alone, and the combination produced a reduction of neuropathic allodynia. Both diphenidol and the combination of diphenidol with high frequency TENS inhibited TNF-α expression.  A moderately effective dose of diphenidol appeared to have an additive effect with high frequency TENS. Therefore, multidisciplinary treatments could be considered for this kind of mechanical allodynia.
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Transcutaneous electrical nerve stimulation (TENS) has been known to be an effective and easy analgesic technique to alleviate pain of patients. TENS, either low (2 ~ 10 Hz) or high (80 ~ 100 Hz) frequency of stimulation, is used by percutaneous or surface electrodes positioned ipsilateral, bilaterally to the location of pain or contralateral to the location of pain [37]. In addition, the studies reported that daily TENS to contralateral application of exclusively high-frequency prevented the progress of tactile allodynia in rats after chronic constriction injury (CCI) [37, 38].
Diphenidol, an antiemetic agent, is widely used in the Latin American to treat the patients with Meniere’s disease and labyrinthopathies [23]. Furthermore, diphenidol blocked the voltage-gated sodium, potassium, and calcium channels in vitro [19, 20] and elicited spinal blockades of motor function and nociception in vivo [20]. It has been known that several sodium channel blockers can reduce pain in neuropathic and inflammatory rats [1, 15, 25, 26, 41]. Both lidocaine and mexiletine are sodium channel blockers and can attenuate neuropathic pain in patients [11, 14]. Recently, we revealed that systemic diphenidol completely suppressed mechanical allodynia evoked by peripheral nerve injury [10].
It has been known that the varying responses of activated inflammatory cytokines overexpression and local inflammation were elicited by neuropathic pain in glial cells and activated macrophages [13, 18]. Treatment of nerve injury with anti-inflammatory cytokine or pro-inflammatory inhibitors attenuated pain [33, 39], whereas pro-inflammatory cytokines administration (i.e., TNF-α, tumor necrosis factor-α) evoked pain [16, 33]. Additionally, the CCI rats displayed increased TNF-α expression of the sciatic nerves [10].
Drugs (i.e., tricyclic antidepressants) for treatment of neuropathic pain may produce side effects [17]. It can be accepted to decrease in dose requirement of drugs for giving a nonpharmacologic intervention of managing neuropathic pain and TNF-α expression. The purpose of this experiment was to examine the impact of the combination of high-frequency TENS and diphenidol in an animal model of neuropathic pain. The TNF-α expression in the sciatic nerve of the CCI rats was assessed as well.
The male Sprague-Dawley rats (200–250 g) were purchased from the National Laboratory Animal Center (Taipei, Taiwan) and housed within the laboratory animal facility of the National Cheng Kung University, with a 12hr light/dark cycle with lights on at 6:00 AM, room temperature (24C), and controlled humidity (~ 50% relative humidity). The investigative methods and procedures of the experiment were agreed via the Institutional Animal Care and Use Committee of the National Cheng Kung University. Diphenidol hydrochloride was obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO) and was dissolved in normal saline as solution prior to intraperitoneal injections.
The animals were under 2% isoflurane anesthesia. High frequency TENS (100 Hz) by the self-adhesive surface electrodes was administered to the animals using the TENS machine (Trio 300, Ito Co., Tokyo, Japan) when the stimulator setting was at almost continuous stimulation via without any preprogrammed options [7, 9]. The intensity of TENS stimulation (30-40 μA passed by 45 mm  5 mm electrodes) was kept at 80% of that enough to elicit an obvious muscle contraction. The pulse duration was set at 100 μs for 20 min [34]. The positions of two surface electrodes were on the denuded, presumably uninvolved, skin overlying the right paraspinal musculature between several lumbar vertebras (L1 to L6) [40].
The experimenters were blind for animal assignments to five groups. The 1st group, the CCI animals (n = 8) received constrictive sciatic nerve injury. The 2nd group, the sham-operated animals underwent the same procedure with the exception of the ligation of the sciatic nerve (n = 8). The 3rd group, HFS rats (n = 8) received CCI and high frequency TENS by two surface electrodes positioned on the skin overlying the dorsal region of the right paraspinal musculature. The 4th group, diphenidol rats (n = 8) received intraperitoneal injection of diphenidol 2.0 μmol/kg after CCI, and the fifth group, HFS+diphenidol rats was treated high-frequency TENS and diphenidol 2.0 μmol/kg after CCI (n = 8).
On day 1 after CCI, animals received either intraperitoneal injection of diphenidol 2.0 μmol/kg or high frequency TENS for 20 minutes once per day and then daily for the next 13 days. In our previous experiment, marked paw mechanical hypersensitivity in rats started 1 day after animals had been received CCI and lasted for up to 30 days [4].  To get the baseline value of the mechanical withdrawal threshold, the rat was assessed twice for the mechanical withdrawal threshold before the actual day of surgery and on the day of the operation, and the two values were averaged. Then the animals were assessed again on 3, 7, 11, and 14 days after the operation. The procedure of CCI, which caused marked mechanical allodynia, was observed on postoperative day 10 (POD10) as previously described [2]. The last TENS or diphenidol treatment occurred 14 days after CCI. On PODs 7 (30 rats; n=6 per group for tissue analysis) and 14 (40 rats; n=8 per group for the behavior testing), the total of 70 animals were employed in this study.
The animals were under 3% isoflurane anesthesia to operate the rat model of CCI. In brief, peripheral nerve damage was produced in the rat through placing four loosely constrictive ligatures around the sciatic nerve [2]. At the end of the study the sciatic nerve of every rat receiving CCI was checked again to confirm the integrity of the sutures [4, 10].
For the evaluation of the mechanical withdrawal thresholds, the rats were placed individually in a clear plexiglass chamber (22 cm [length] x 22 cm [width] x 13.3 cm [height]) and supported by a wire mesh floor (40 cm [width] x 50 cm [length]). Behavioral assessments were performed from 8 a.m. to 11 a.m. A trained experimenter, who did not know the treatment groups, took charge of neurobehavioral examinations to keep the experiment consistency. The electronic von Frey filament (IITC Life Science Instruments, Woodland Hills, CA) was tested to apply to the lateral aspect of the plantar surface of the hind paw while the paw withdrawal threshold was recorded [6, 8].
The rats were under urethane (1.67 g/kg, i.p.) anesthesia and sacrificed to obtain the affected sciatic nerve (about 1 cm). The protein concentration in the supernatant was determined by the Lowry protein assay. These investigative protocols were achieved according to the instructions. TNF-α concentration in the supernatant was quantified by the DuoSet® ELISA Development Kit (R&D Systems, Minneapolis, MN). Each plate was separately pushed into the plate reader to read optical density using a 450-nm filter [3, 5]. The parameters were analyzed by Ascent Software (London, UK) for iEMS Reader (Molecular Device Spec 383, Sunnyvale, CA, USA) and then it was expressed in pg/mg protein of duplicate specimens.
The data are recorded as the mean ± S.E.M. of N observations unless noted otherwise. Evaluation for statistical significance between multiple investigative groups was analyzed via one-way or two-way analysis of variance (ANOVA) with a Tukey–Kramer multiple comparison post hoc tests. A statistical software, SPSS for Windows (version 17.0, SPSS, Inc, Chicago, IL, USA), was run, and the difference between group was considered to be significant at values of 𝑃 < 0.05.
The CCI rats on POD7 showed a decrease in the degree (maximal 45%) of the mechanical withdrawal threshold in comparison with the baseline value (Fig. 1). Compared with the sham rats, CCI rats demonstrated a marked decrease in the mechanical withdrawal thresholds (Fig. 1, P < 0.05, 2-way repeated measures ANOVA). Daily application of high frequency TENS, diphenidol, or the combination attenuated CCI-evoked lowered paw withdrawal thresholds from day 3 to day 14 (Fig. 1, P < 0.05, 2-way repeated measures ANOVA).  Moreover, in HFS+Diphenidol and sham groups there was no predominant difference in the mechanical nociceptive thresholds (Fig. 1, P > 0.05, 2-way repeated measures ANOVA). The effect of the combination (HFS+Diphenidol) is better than each along (HFS or Diphenidol) on paw withdrawal thresholds from day 3 to day 14 (Fig. 1, P < 0.05, 2-way repeated measures ANOVA).
Figure 2 depicts the TNF-α level in the sciatic nerves in five groups on POD7. The TNF-α level in the CCI (122±24 pg/mg protein, P < 0.05) or HFS (134±31 pg/mg protein, P < 0.05) group was greater than the sham group (17±5 pg/mg protein, Fig. 2) in rat sciatic nerves. On POD7, the TNF-α content showed a reduction in the HFS+Diphenidol rats (37±13 pg/mg protein, P < 0.05) or Diphenidol rats (45±15 pg/mg protein, P < 0.05) in comparison to the CCI rats (122±24 pg/mg protein) (Fig. 2). Furthermore, there was no significant different in TNF-α expression between the CCI and the HFS group in Fig. 2. The TNF-α level in the HFS group was greater than the Diphenidol or HFS+Diphenidol group (Fig. 2, P < 0.05), whereas there was no significant different in TNF-α level between the Diphenidol and the HFS+Diphenidol group in Fig. 2.
Our major finding of the study is that high frequency transcutaneous electrical nerve stimulation and/or diphenidol reduced mechanical allodynia in rats with sciatic nerve damage. Systemic diphenidol with local high frequency transcutaneous electrical nerve stimulation completely blocked mechanical hypersensitivity evoked by peripheral nerve damage. Both diphenidol and the combination of high frequency transcutaneous electrical nerve stimulation and diphenidol attenuated TNF-α content in the sciatic nerves of the rats after CCI.
Patients who continue to suffer neuropathic pain after nerve injury frequently complain of pain to light touch as well as ongoing burning pain clinically [28]. In addition, the specific types of pain are related to the specific voltage-gated Na+ channel subtypes [21, 29]. Moreover, systemic administration of the Na+ channel blocker, mexiletine or lidocaine, achieves a reduction of neuropathic pain with no serious side-effects [11, 14]. The electrophysiologic studies showed that diphenidol inhibited voltage-gated sodium currents [20] and produced a significant reduction in action potential amplitude [12, 22]. Here we demonstrated that diphenidol reduced mechanical allodynia evoked by peripheral nerve injury. The resulting data are in agreement with our previous experiment that reported that systemic diphenidol completely inhibited CCI-induced mechanical hypersensitivity in rats [10].
TENS has been known to manage long-term neuropathic pain in several countries. In the present experiment, we revealed that high frequency TENS reduced mechanical hypersensitivity in the rat with painful peripheral mononeuropathy. Furthermore, contralateral co-administration of high frequency and low frequency TENS or high frequency TENS alone daily suppressed the initiation of mechanical allodynia in rats following peripheral nerve injury [37]. Our study is in agreement with the previous results, which demonstrated that high frequency TENS attenuated postsurgical allodynia in skin/muscle incision and retraction (SMIR) rats [7, 9]. In addition, TENS application to a patient with left lateral medullary stroke following swelling and a continual illusory sensation apparently reduced prolonged neuropathic pain [32].
The reduction in degree of mechanical allodynia (maximal 60%) by high frequency TENS was quite small, suggesting neuropathic pain is still present. Neuropathic pain, as in several types of chronic pain, frequently is treated through multimodal treatment strategies, which include physical medicine, TENS, physical therapy, or psychotherapy. The side effects are dose-related when drugs (i.e., tricyclic antidepressants) are used for therapy of neuropathic pain [17]. Our study showed that diphenidol reduced neuropathic tactile allodynia (maximal 55%) in the CCI rats, and co-administration of TENS with low dose of drug (e.g., diphenidol) treatment is required. The effect of co-administration of diphenidol (2.0 μmol/kg) and high-frequency TENS was equal to the sham group or the higher dose of diphenidol (10.0 μmol/kg) group [10]. Thus TENS may be a valuable approach to increase the antiallodynic effect of diphenidol—potentially decreasing the need for medications and resulting side effects.
The responses of local inflammation and excess pro-inflammatory cytokines are associated with neuropathic pain following damaged peripheral nerves [24]. It has been shown that the CCI rats exhibited the increased TNF-α contents in the sciatic nerve [4, 10]. In the present and previous [10] studies diphenidol suppressed the sciatic TNF-α level on POD7. The combination of diphenidol with TENS, but not TENS alone, alleviated the increased level of TNF-α in the sciatic nerve of CCI rats. These evidences could support to explain why diphenidol reduced mechanical allodynia in rats with peripheral nerve injury.  In TENS analgesic mechanism, spinal muscarinic receptors [30], spinal opioids and serotoninergic receptors [27, 30, 31], superspinal and spinal neurotransmitters [35], and endogenous opioids [36] may be involved. Interestingly, Somers and Clemente reported that TENS elicited an increase in glycine and GABA content within the dorsal horn in rats following peripheral nerve injury [37]. It is possible that TENS treatments showed apparently different changes in neurotransmitter levels (i.e., GABA and glycine) in the spinal dorsal horn suggesting that the mechanism of action of TENS may be different as well [37].
This present study demonstrated that high frequency transcutaneous electrical nerve stimulation or diphenidol predominantly inhibits CCI-induced mechanical hypersensitivity and that, while provided together, it shows a complete blockade of mechanical hypersensitivity.  Systemic diphenidol or the combination of diphenidol with high frequency transcutaneous electrical nerve stimulation suppresses TNF-α contents in the CCI sciatic nerve.  This finding could potentially help clinicians and physical therapists who seek to examine how modalities (i.e., transcutaneous electrical nerve stimulation) decreased the requirement of doses of drug (e.g., diphenidol) to completely inhibit mechanical hypersensitivity evoked via damaged peripheral nerves.

Acknowledgements
The financial support provided for the study was by the grant from the Ministry of Science and Technology (MOST 103-2314-B-039-004) in Taiwan.  No author has any conflict of interest related to the content of this paper.















References
[bookmark: _ENREF_1][1]	Y. Akada, S. Ogawa, K. Amano, Y. Fukudome, F. Yamasaki, M. Itoh, I. Yamamoto, Potent analgesic effects of a putative sodium channel blocker M58373 on formalin-induced and neuropathic pain in rats, Eur. J. Pharmacol. 536 (2006) 248-255.
[bookmark: _ENREF_2][2]	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.
[bookmark: _ENREF_3][3]	Y.W. Chen, P.L. Hsieh, Y.C. Chen, C.H. Hung, J.T. Cheng, Physical exercise induces excess hsp72 expression and delays the development of hyperalgesia and allodynia in painful diabetic neuropathy rats, Anesth. Analg. 116 (2013) 482-490.
[bookmark: _ENREF_4][4]	Y.W. Chen, Y.T. Li, Y.C. Chen, Z.Y. Li, C.H. Hung, Exercise training attenuates neuropathic pain and cytokine expression after chronic constriction injury of rat sciatic nerve, Anesth. Analg. 114 (2012) 1330-1337.
[bookmark: _ENREF_5][5]	Y.W. Chen, M.F. Lin, Y.C. Chen, C.H. Hung, J.I. Tzeng, J.J. Wang, Exercise Training Attenuates Postoperative Pain and Expression of Cytokines and N-methyl-D-aspartate Receptor Subunit 1 in Rats, Reg. Anesth. Pain Med. 38 (2013) 282-288.
[bookmark: _ENREF_6][6]	Y.W. Chen, J.I. Tzeng, P.C. Huang, C.H. Hung, D.Z. Shao, J.J. Wang, Therapeutic Ultrasound Suppresses Neuropathic Pain and Upregulation of Substance P and Neurokinin-1 Receptor in Rats after Peripheral Nerve Injury, Ultrasound in medicine & biology 41 (2015) 143-150.
[bookmark: _ENREF_7][7]	Y.W. Chen, J.I. Tzeng, M.F. Lin, C.H. Hung, P.L. Hsieh, J.J. Wang, High-frequency transcutaneous electrical nerve stimulation attenuates postsurgical pain and inhibits excess substance p in rat dorsal root ganglion, Reg. Anesth. Pain Med. 39 (2014) 322-328.
[bookmark: _ENREF_8][8]	Y.W. Chen, J.I. Tzeng, M.F. Lin, C.H. Hung, J.J. Wang, Forced treadmill running suppresses postincisional pain and inhibits upregulation of substance p and cytokines in rat dorsal root ganglion, J. Pain 15 (2014) 827-834.
[bookmark: _ENREF_9][9]	Y.W. Chen, J.I. Tzeng, M.F. Lin, C.H. Hung, J.J. Wang, Transcutaneous Electrical Nerve Stimulation Attenuates Postsurgical Allodynia and Suppresses Spinal Substance P and Proinflammatory Cytokine Release in Rats, Phys. Ther. 95 (2015) 76-85.
[bookmark: _ENREF_10][10]	Y.W. Chen, J.I. Tzeng, K.S. Liu, S.H. Yu, C.H. Hung, J.J. Wang, Systemic diphenidol reduces neuropathic allodynia and TNF-alpha overexpression in rats after chronic constriction injury, Neurosci. Lett. 552C (2013) 62-65.
[bookmark: _ENREF_11][11]	M.H. Ebell, Systemic lidocaine or mexiletine for neuropathic pain, Am. Fam. Physician 74 (2006) 79.
[bookmark: _ENREF_12][12]	H. Hayakawa, W.J. Mandel, Electrophysiologic effects of diphenidol in isolated cardiac tissue, J. Pharmacol. Exp. Ther. 185 (1973) 447-456.
[bookmark: _ENREF_13][13]	K. Inoue, The function of microglia through purinergic receptors: neuropathic pain and cytokine release, Pharmacol. Ther. 109 (2006) 210-226.
[bookmark: _ENREF_14][14]	S. Isose, S. Misawa, K. Sakurai, K. Kanai, K. Shibuya, Y. Sekiguchi, S. Nasu, Y. Noto, Y. Fujimaki, K. Yokote, S. Kuwabara, Mexiletine suppresses nodal persistent sodium currents in sensory axons of patients with neuropathic pain, Clinical neurophysiology : official journal of the International Federation of Clinical Neurophysiology 121 (2010) 719-724.
[bookmark: _ENREF_15][15]	M.F. Jarvis, P. Honore, C.C. Shieh, M. Chapman, S. Joshi, X.F. Zhang, M. Kort, W. Carroll, B. Marron, R. Atkinson, J. Thomas, D. Liu, M. Krambis, Y. Liu, S. McGaraughty, K. Chu, R. Roeloffs, C. Zhong, J.P. Mikusa, G. Hernandez, D. Gauvin, C. Wade, C. Zhu, M. Pai, M. Scanio, L. Shi, I. Drizin, R. Gregg, M. Matulenko, A. Hakeem, M. Gross, M. Johnson, K. Marsh, P.K. Wagoner, J.P. Sullivan, C.R. Faltynek, D.S. Krafte, A-803467, a potent and selective Nav1.8 sodium channel blocker, attenuates neuropathic and inflammatory pain in the rat, Proc. Natl. Acad. Sci. U.S.A. 104 (2007) 8520-8525.
[bookmark: _ENREF_16][16]	H. Junger, L.S. Sorkin, Nociceptive and inflammatory effects of subcutaneous TNFalpha, Pain 85 (2000) 145-151.
[bookmark: _ENREF_17][17]	G.E. Kanazi, R.W. Johnson, R.H. Dworkin, Treatment of postherpetic neuralgia: an update, Drugs 59 (2000) 1113-1126.
[bookmark: _ENREF_18][18]	A. Ledeboer, E.M. Sloane, E.D. Milligan, M.G. Frank, J.H. Mahony, S.F. Maier, L.R. Watkins, Minocycline attenuates mechanical allodynia and proinflammatory cytokine expression in rat models of pain facilitation, Pain 115 (2005) 71-83.
[bookmark: _ENREF_19][19]	Y.M. Leung, K.L. Wong, K.S. Cheng, C.S. Kuo, T.H. Su, Y.W. Chen, T.H. Cheng, Inhibition of voltage-gated K(+) channels and Ca(2+) channels by diphenidol, Pharmacol. Rep. 64 (2012) 739-744.
[bookmark: _ENREF_20][20]	Y.M. Leung, B.T. Wu, Y.C. Chen, C.H. Hung, Y.W. Chen, Diphenidol inhibited sodium currents and produced spinal anesthesia, Neuropharmacology 58 (2010) 1147-1152.
[bookmark: _ENREF_21][21]	M. Liu, J.N. Wood, The roles of sodium channels in nociception: implications for mechanisms of neuropathic pain, Pain Med. 12 Suppl 3 (2011) S93-99.
[bookmark: _ENREF_22][22]	W.J. Mandel, H. Hayakawa, J.K. Vyden, M. Carvalho, W.W. Parmley, E. Corday, Diphenidol: a new agent for the treatment of digitalis-induced arrhythmias. Electrophysiologic and hemodynamic studies, Am. J. Cardiol. 30 (1972) 67-73.
[bookmark: _ENREF_23][23]	G. Marcelin-Jimenez, M. Morales-Martinez, A.P. Angeles-Moreno, L. Mendoza-Morales, Ultra-fast chromatographic micro-assay for quantification of diphenidol in plasma: application in an oral multi-dose switchability trial, Biomed. Chromatogr. 22 (2008) 1143-1148.
[bookmark: _ENREF_24][24]	C. Martucci, A.E. Trovato, B. Costa, E. Borsani, S. Franchi, V. Magnaghi, A.E. Panerai, L.F. Rodella, A.E. Valsecchi, P. Sacerdote, M. Colleoni, The purinergic antagonist PPADS reduces pain related behaviours and interleukin-1 beta, interleukin-6, iNOS and nNOS overproduction in central and peripheral nervous system after peripheral neuropathy in mice, Pain 137 (2008) 81-95.
[bookmark: _ENREF_25][25]	S. McGaraughty, K.L. Chu, M.J. Scanio, M.E. Kort, C.R. Faltynek, M.F. Jarvis, A selective Nav1.8 sodium channel blocker, A-803467 [5-(4-chlorophenyl-N-(3,5-dimethoxyphenyl)furan-2-carboxamide], attenuates spinal neuronal activity in neuropathic rats, J. Pharmacol. Exp. Ther. 324 (2008) 1204-1211.
[bookmark: _ENREF_26][26]	E. McGowan, S.B. Hoyt, X. Li, K.A. Lyons, C. Abbadie, A peripherally acting Na(v)1.7 sodium channel blocker reverses hyperalgesia and allodynia on rat models of inflammatory and neuropathic pain, Anesth. Analg. 109 (2009) 951-958.
[bookmark: _ENREF_27][27]	R. Melzack, P.D. Wall, Pain mechanisms: a new theory, Science 150 (1965) 971-979.
[bookmark: _ENREF_28][28]	R.A. Meyer, M. Ringkamp, A role for uninjured afferents in neuropathic pain, Sheng Li Xue Bao 60 (2008) 605-609.
[bookmark: _ENREF_29][29]	F.R. Nieto, E.J. Cobos, M.A. Tejada, C. Sanchez-Fernandez, R. Gonzalez-Cano, C.M. Cendan, Tetrodotoxin (TTX) as a therapeutic agent for pain, Mar. Drugs 10 (2012) 281-305.
[bookmark: _ENREF_30][30]	R. Radhakrishnan, E.W. King, J.K. Dickman, C.A. Herold, N.F. Johnston, M.L. Spurgin, K.A. Sluka, Spinal 5-HT(2) and 5-HT(3) receptors mediate low, but not high, frequency TENS-induced antihyperalgesia in rats, Pain 105 (2003) 205-213.
[bookmark: _ENREF_31][31]	R. Radhakrishnan, K.A. Sluka, Spinal muscarinic receptors are activated during low or high frequency TENS-induced antihyperalgesia in rats, Neuropharmacology 45 (2003) 1111-1119.
[bookmark: _ENREF_32][32]	G. Rode, G. Vallar, P. Revol, C. Tilikete, S. Jacquin-Courtois, Y. Rossetti, A. Farne, Facial macrosomatognosia and pain in a case of Wallenberg's syndrome: selective effects of vestibular and transcutaneous stimulations, Neuropsychologia 50 (2012) 245-253.
[bookmark: _ENREF_33][33]	M. Schafers, C. Sommer, Anticytokine therapy in neuropathic pain management, Expert. Rev. Neurother. 7 (2007) 1613-1627.
[bookmark: _ENREF_34][34]	K.A. Sluka, K. Bailey, J. Bogush, R. Olson, A. Ricketts, Treatment with either high or low frequency TENS reduces, Pain 77 (1998) 97-102.
[bookmark: _ENREF_35][35]	K.A. Sluka, M. Deacon, A. Stibal, S. Strissel, A. Terpstra, Spinal blockade of opioid receptors prevents the analgesia produced by TENS in arthritic rats, J. Pharmacol. Exp. Ther. 289 (1999) 840-846.
[bookmark: _ENREF_36][36]	K.A. Sluka, D. Walsh, Transcutaneous electrical nerve stimulation: basic science mechanisms and clinical effectiveness, J. Pain 4 (2003) 109-121.
[bookmark: _ENREF_37][37]	D.L. Somers, F.R. Clemente, Contralateral high or a combination of high- and low-frequency transcutaneous electrical nerve stimulation reduces mechanical allodynia and alters dorsal horn neurotransmitter content in neuropathic rats, J. Pain 10 (2009) 221-229.
[bookmark: _ENREF_38][38]	D.L. Somers, F.R. Clemente, Transcutaneous electrical nerve stimulation for the management of neuropathic pain: the effects of frequency and electrode position on prevention of allodynia in a rat model of complex regional pain syndrome type II, Phys. Ther. 86 (2006) 698-709.
[bookmark: _ENREF_39][39]	C. Sommer, [Animal studies on neuropathic pain: the role of cytokines and cytokine receptors in pathogenesis and therapy], Schmerz 13 (1999) 315-323.
[bookmark: _ENREF_40][40]	Y. Takahashi, Y. Nakajima, T. Sakamoto, Dermatome mapping in the rat hindlimb by electrical stimulation of the spinal nerves, Neurosci. Lett. 168 (1994) 85-88.
[bookmark: _ENREF_41][41]	X.F. Zhang, C.C. Shieh, M.L. Chapman, M.A. Matulenko, A.H. Hakeem, R.N. Atkinson, M.E. Kort, B.E. Marron, S. Joshi, P. Honore, C.R. Faltynek, D.S. Krafte, M.F. Jarvis, A-887826 is a structurally novel, potent and voltage-dependent Na(v)1.8 sodium channel blocker that attenuates neuropathic tactile allodynia in rats, Neuropharmacology 59 (2010) 201-207.












FIGURE LEGENDS
[bookmark: _GoBack]Fig. 1. The time course of the tactile sensory testing in the sham, HFS, Diphenidol, HFS+Diphenidol and CCI rats (n=8 rats per group) during the first 2 weeks after surgery. Data represent mean ± S.E.M. for 10 rats per group. (Sham: sham-operated; CCI: chronic constriction injury (CCI); Diphenidol: CCI with diphenidol 2.0 μmol/kg; HFS: CCI with high frequency transcutaneous electrical nerve stimulation (TENS); HFS+Diphenidol: CCI with the combination of high frequency TENS and diphenidol 2.0 μmol/kg). *P < 0.05 v.s. the CCI group; +P < 0.05 v.s. the sham group; #P < 0.05 v.s. the HFS+Diphenidol group (two-way analysis of variance of repeated measures followed by post hoc Tukey–Kramer test).

Fig. 2. The TNF-α levels in the sciatic nerve on day 7 after surgery in the five groups, where Sham = sham-operated; CCI = chronic constriction injury (CCI); Diphenidol: CCI receiving diphenidol 2.0 μmol/kg; HFS = CCI receiving high frequency transcutaneous electrical nerve stimulation (TENS); HFS+Diphenidol = CCI receiving high frequency TENS and diphenidol 2.0 μmol/kg. Data are presented as mean ± S.E.M. for 6 rats per group. *P < 0.05 v.s. the CCI group; +P < 0.05 v.s. the sham group; #P < 0.05 v.s. the HFS group (one-way ANOVA followed by post hoc Tukey–Kramer’s test).
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