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Abstract: Exercise causes varieties of psychophysical effects (i.e. alterations in pain sensation). Tissue injury induces mediator releases in the spinal cord resulting in pain hypersensitivity; the contribution of the dorsal root ganglion (DRG) is poorly understood. Here we tested whether exercise can attenuate postoperative pain and alter substance P (SP) or pro-inflammatory cytokines level. Using a rat model of skin/muscle incision and retraction (SMIR)-evoked pain, mechanical sensitivity to von Frey stimuli (6g and 15g) and the release of SP, interleukin-1β, and interleukin-6 in DRG was evaluated. Male SD rats were randomly assigned to 4 groups: sham operated-sedentary, SMIR-sedentary, sham operated-exercised, and SMIR-exercised. At postoperative day 8, trained rats ran, 5-day week for 4 weeks, on a treadmill 55 min/day with an intensity of 18 m/min. At postoperative day 6, SMIR-sedentary rats displayed a significant mechanical hypersensitivity, and post-surgical pain remained at postoperative days 14, 21, 28, and 35. By comparison, SMIR-operated rats after exercise exhibited a faster recovery of mechanical hypersensitivity. SP, interleukin-1β, and interleukin-6 levels in DRG were markedly increased in SMIR-sedentary rats in comparison with sham operated-sedentary rats at postoperative day 14 and 28, and exercise intervention lowered excess SP, interleukin-1β, and interleukin-6 in DRG at postoperative day 28. Our resulting data revealed that treadmill exercise alleviated persistent postincisional pain caused by SMIR surgery. This appears to be protective against post-operative pain, probably relating to decrease in excessive release of SP, interleukin-1β, and interleukin-6 in DRG.

Perspective: The results will greatly enhance our understanding for the management of postoperative pain in controlling the expression of substance P, IL-6, and IL-1β in DRG.
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Introduction
Nerve peptides play important elements in either alterations of pain perception or the transmission of pain. A variety of nerve peptides exist in dorsal root ganglion (DRG) and the dorsal horn of the spinal cord. Among them, substance P (SP) as a neuromodulator or neurotransmitter is involved in the transmission of nociceptive sensitization in DRG.23, 42 Evidence demonstrated that partial sciatic nerve injury elevated SP levels in spared DRG neurons,22 and SP release was upregulated in the inflammatory process.3, 31 Persistent postoperative pain caused by thoracotomies and herniorrhaphies is commonly a form of pain, yet it is a poorly understood problem.13, 15, 18 Our previous study reported that physical exercise suppressed the process of persistent postsurgical pain and diminished N-methyl-D-aspartate receptor 1 and cytokines expression in the spinal cord.8 It has been well established that tissue injury induces mediator releases in the spinal cord resulting in pain hypersensitivity; the contribution of the DRG is poorly understood. Here we wondered whether physical exercise might inhibit excess SP release evoked by surgery in DRG.
The previous experiments demonstrated that interleukin-6 (IL-6) was up-regulated in the ipsilateral L4 and L5 DRG neurons of rats after lumber 5 ventral root transaction,39 and intrathecal injection of IL-6 neutralizing antibody markedly delayed the onset of neuropathic pain.39 Furthermore, IL-1β content was markedly increased in damaged sciatic nerve.7, 20 The changes of inflammatory cytokines (i.e. IL-1β and IL-6) evoked by SMIR surgery in DRG are unclear. In this study, we used a skin/muscle incision and retraction (SMIR) model 11 that elicited prolonged post-surgical pain to evaluate the expression of pro-inflammatory cytokines in DRG.
To date, few experiments have reported the impact of exercise on the alteration of SP and pro-inflammatory cytokines level in DRG of rats following SMIR operation. The aim of this study was to examine mechanical sensitivity by employing a rat model of persistent postoperative pain and the role of exercise in its amelioration. Here, SP, IL-6, and IL-1β in DRG were evaluated in SMIR rats with/without treadmill exercise.









Methods
Animals
The experimental procedures were approved by the Institutional Animal Care and Use Committee of China Medical University, Taichung, Taiwan. All studies were conducted according to IASP ethical guidelines.41 Male Sprague-Dawley rats (200-250 g) were purchased from the National Laboratory Animal Center (Taipei, Taiwan), and then housed them, two rats per cage with free access to food and water in a climate-controlled room maintained at 24C and 50% relative humidity with a 12-h light/dark cycle (light on at 6:00 AM).
Groups and design
All rats were randomly assigned to 4 groups: (1) sham operated-sedentary (SO-S), (2) skin/muscle incision and retraction (SMIR)-sedentary (SMIR-S), (3) sham operated-exercised (SO-E), and (4) SMIR-exercised (SMIR-E) rats. Some rats were considered for the overall behavioral analysis (n = 8, 8, 8, 8 for SO-S, SMIR-S, SO-E, and SMIR-E, respectively), while some part of rats were killed for substance P analysis at postoperative days 14 (POD 14) and 28 after SMIR surgery (n = 4, 4, 4, 4 for SO-S, SMIR-S, SO-E, and SMIR-E, respectively), and other rats were killed for tissue analysis (IL-1β and IL-6) at POD 14 and POD 28 after SMIR surgery (n = 6, 6, 6, 6 for SO-S, SMIR-S, SO-E, and SMIR-E, respectively).
SMIR operation
The SMIR surgery was done as previously described.8, 11 In brief, animals were anesthetized with pentobarbital sodium (50mg/kg, i.p.). Then the skin and superficial muscles of the thigh were retracted by 2 cm, exposing the fascia of the underlying adductor muscles and the retraction time was maintained for an hour with covering the incision site with cotton swabs, following the prongs of retractor (Cat. No. 13-1090, Biomedical Research Instruments Inc, USA) were inserted into the gracilis muscle. After the SMIR procedures, tissues in the surgical site were closed with silk 4.0 Vicryl® sutures. It has been shown that SMIR surgery caused significant mechanical hypersensitivity in the ipsilateral hindpaw was seen by POD 3 and lifted to maximum values from POD 6.11 Sham-operated animals received the same operation without skin-muscle retraction.
Treadmill training protocol
Treadmill exercise was begun at POD 8 after the successful induction of postoperative pain in rats at POD 6. Initially, rats were acclimated to the training program and ran for 15 minutes at 12 m/min, for 3 days. Animals in the exercise plan were trained to run on a treadmill (treadmill exerciser T510, Diagnostic& Research Instruments, Singa, Taiwan), 5 days per week for 4 weeks. This exercise-training protocol was used to ameliorate neuropathic pain caused by chronic constriction injury,7 diabetic neuropathic pain,6 and post-surgical pain.8 The training protocol set with a constant treadmill speed of 18 m/min for 55 min. The rats ran for a warm-up period of 5 min at 15 m/min on each exercise day.
Mechanical sensitivity
Before beginning experiments, rats were handled for a week to familiarize them with the behavioral experimenter, testing environment, and specific experimental procedures for reduction of stress during the studies. All behavioral measurements were carried out between 9:00 A.M. and 11:00 A.M. Unless otherwise specified, behavioral evaluations were conducted on the day of surgery and at PODs 6, 14, 21, 28, and 35. Mechanical sensitivity was measured using two von Frey filaments with bending forces of 6g and 15g (Linton Instruments, UK).11 In brief, rats were placed individually in a clear plexiglass chamber and supported by a wire mesh floor. Each filament was punched 10 times vertically, to the midplantar region of the left hindpaw. The withdrawal response to the von Frey filament from the left hindpaw was recorded, and the time interval between two stimuli at different locations was around 5 s. For consistency, an experienced researcher, who was blinded to each group, was responsible for handling all the rats and behavioral evaluations.
Substance P assay
The rats were killed using pentobarbital sodium (200mg/kg, i.p.) at PODs 14 and POD 28. Then L3-L5 dorsal root ganglia (DRG) neurons were removed. The nerve specimen were homogenized in 200μl RIPA buffer and 10 μl protease inhibitor (P3840, Sigma, St. Louis, MO, USA) using a glass homogenizer. An ELISA reader was used to assay protein with bovine serum albumin as standard at 620nm. Protein samples (30 μg/lane) were separated by 12% SDS polyacrylamide gel electrophoresis (SDS-PAGE) at a constant voltage of 75 V. These electrophoresed proteins were transferred to a polyvinylidene difluoride (PVDF) membrane with a 0.45 μm pore size (Millipore, Bedford, MA) by a transfer apparatus (Bio-Rad, Hercules, CA, USA). Then the PVDF membrane was blocked in TBS (20 mM Tris, 500 mM NaCl, and 0.1% Tween 20, pH 7.5) containing 5% fat-free milk (Difco, Detroit, MI) for 1 hour. The primary antibody of substance P (Millipore, Billerica, MA, USA) and the primary antibody of actin were diluted to 1:2,000 in antibody binding buffer overnight at 4ºC. The membrane was then washed 3 times with TBS (10 minutes per wash) and incubated for 1 hour with goat-anti-mouse IgG-HRP (Santa-Cruz, Santa Cruz, CA) and diluted 5,000-fold in TBS buffer at 4°C. The membrane was washed in TBS buffer for 10 minutes 3 times. Immunodetection for substance P was performed by the enhanced chemiluminescence ECL Western blotting luminal reagent (Santa Cruz Biotechnology) and then the membrane was quantified by a Gel-Pro Analyzer (version 4.0; Media Cybernetics, USA). Actin was used as the internal control.
Cytokine analysis
The concentrations of IL-1β and IL-6 in the supernatants were determined by the DuoSet® ELISA Development Kit (R&D Systems, Minneapolis, MN).6 All experimental procedures were practiced in accordance with the manufacturer’s recommended protocols. Each plate was individually inserted into a plate reader to read the optical density by a 450-nm filter. Values were analyzed through Ascent Software for iEMS Reader and a four-parameter logistics curve-fit. Data were expressed in pg/mg protein of duplicate samples.
Statistical analysis
Values are presented as the mean ± S.E.M. of N observations unless noted otherwise. Statistical significance between multiple experimental groups was determined via one-way or two-way ANOVA with a Bonferroni multiple comparison post-hoc analysis. A statistical software, SPSS for Windows (version 17.0; SPSS, Inc., Chicago, IL, USA) was used for all statistical analyses. In each case, statistical significance was set at P < 0.05.




Results
Treadmill exercise suppresses SMIR-associated mechanical hypersensitivity
The SO-S and SO-E groups displayed similar responses (n = 8 per group) to mechanical stimuli at POD 6 when compared with baseline data, suggesting that exercise did not a factor that altered tactile/mechanical sensitivity (Fig. 1, P > 0.05; two-way repeated measures ANOVA). Rats after SMIR surgery exhibited a prolonged mechanical hypersensitivity that was markedly in the SMIR ipsilateral paw responses to the von Frey hair filaments (6g and 15g) in comparison with pre-surgery baseline data (Fig. 1 A and B, P < 0.05, two-way repeated measures ANOVA, Bonferroni’s post-hoc). Furthermore, the SMIR-S rats at POD6 had an incremental sensitivity to von Frey stimuli (5.8 ± 0.3, n = 8, Fig. 1A; 8.3 ± 0.3, n = 8, Fig. 1B), and mechanical hypersensitivity for both the 6g and 15g stimulus remained gradually decline. Our results are consistent with the report by Flatters 11 who showed markedly postoperative pain began 3 days after rats had been treated with SMIR surgery and lasted for up to 22 days.
The training program significantly suppressed mechanical/tactile allodynia (P < 0.05; two-way repeated measures ANOVA) in SMIR-operated rats at PODs 28 and POD 35 (Fig. 1A). Interestingly, after 2-week exercise training, the SMIR-operated rats exhibited the average numbers of paw withdraws of 6.1 ± 0.3 (n = 8), lower than those (7.3 ± 0.3, n = 8) of SMIR-S rats (Fig. 1B), and this protective effect remained at PODs 28 and POD 35.
Treadmill exercise attenuates substance P upregulation in DRG
Fig. 2 shows the expression of substance P in 4 different groups at PODs 28 and POD14. The express of substance P in DRG was not significantly different between the SO-S and SO-E groups (Fig. 2A and B), suggesting that this kind of exercise did not alter substance P expression in intact animals. The substance P level in DRG was significantly increased in the SMIR-S (P < 0.05) group at POD 14 and POD 28, when compared with the SO-S group (Fig. 2A and B). Furthermore, the SMIR-operated rats underwent 4-week exercise program (Fig. 2B), but not 2-week exercise program (Fig. 2A) displayed lower substance P expression than those in SMIR-operated rats without treadmill exercise.
Treadmill exercise decreases excess pro-inflammatory cytokine levels in DRG
Figure 3A-D depicts the levels of IL-6 and IL-1β in DRG of SO-S, SMIR-S, SO-E, and SMIR-E rats at PODs 14 and POD 28. The SO-S and SO-E rats showed similarly cytokine levels in DRG, suggesting that this exercise regimen in our current study did not change IL-1β and IL-6 expression in intact animals (Fig. 3A-D). At PODs 14 and POD 28, the level of IL-6 and IL-1β in DRG was significantly increased in the SMIR-S group (P < 0.05) in comparison with the SO-S group, respectively, as shown in Fig. 3A-D. The SMIR-operated rats after 4-week, but not 2-week running exercise exhibited markedly lower IL-1β and IL-6 levels than those of SMIR-sedentary rats (P < 0.05, Fig. 3C and D).
















Discussion
The current study shows for the first time that treadmill exercise alleviates mechanical hypersensitivity to von Frey stimulation in SMIR rats. That is in resemblance to our previous experiment that physical exercise decreases postoperative pain and cytokine overproduction in the spinal cord.8 In this work another finding is that in comparison with SMIR-sedentary rats, SMIR rats after exercise intervention demonstrates a suppression of excess substance P, interleukin-1β, and interleukin-6 in DRG neurons.
Running exercise drives the rapider recovery from postoperative pain
The pathogenic mechanism underlying prolonged postincisional pain is debated. Studies suggested that a variety of mechanisms triggers the perception of pain following nerve and tissue injuries, including spontaneous ectopic firing in peripheral nociceptive neurons, sensitization of pain receptors, and alterations in gene expression of receptors and ion channels within nociceptors and neurons.4, 11, 24, 29 In human studies, it has been reported previously mechanical hyperalgesia to von Frey filament stimuli next to surgical sites.16, 27, 32 The other findings included decreased pain thresholds 27 or altered sensations (burning),16, 32 which were lasting for up to 3 months after the operation.16 In our current study, SMIR rats increased plantar responsiveness to mechanical stimulus within 1 week and lasted up to 5 weeks (Fig. 1).
Physical exercise resulted in significant benefits in post-operative pain of patients scheduled for knee operation,36, 37 percutaneous vertebroplasty,5 pulmonary resection by open thoracotomy,26 and single-level first-time lumbar microdiscectomy.12 Our resulting data demonstrated that treadmill exercise reduced postoperative pain caused by SMIR surgery in rats. These results are similar to our previous study that found that physical exercise attenuates SMIR-evoked postincisional pain.8 We also observed that there was a temporal window (from POD 28 to POD 35), where that number withdraw from stimulus was decreased (Fig. 1A). In the meanwhile treadmill exercise markedly suppressed mechanical hypersensitivity at PODs 21-35 (Fig. 1B). These findings suggested that one-week results remained unsatisfactory and further intervention was necessary, whereas 3- or 4-week clinical outcome could be maintained by exercise therapy. It appears that approximately 2- and 3-week of exercise are required before differences in pain behavior occur. 
The pain behaviors altered by exercise may have been dependent on the stimulus (6g vs 15 g). Or it perhaps related to the healing post-operative phase (acute inflammation vs. proliferation) in that exercise may be more beneficial later in recovery than earlier. Furthermore, it could also depend on a time window for engaging the exercise; There are, for example, descending inhibitory controls which seem specific for muscle pain control and depending on the type of nerve fibres, either inhibiting C-fibre mediated activities or facilitating Adelta-fibre mediated responses.40 Additionally, the degree of reduction (30% to 40%) in mechanical sensitivity by exercise was not great (Fig. 1 A and B). Therefore, postoperative pain is still present.
Running exercise inhibits increased SP release in DRG
It has been well known that the DRG was able to be a target of pain relief for physicians and regulate pain perception before they enter the spinal cord and travel to the brain. Interestingly, SP appears to be involved in the mechanisms of hyper-excitability of dorsal horn neurons through potentiation of the excitatory effects of glutamate or through the direct action on the postsynaptic cells in DRG and the spinal cord.10, 17, 22 In this present experiment, we manifested that SMIR rats showed a significant increase in substance P levels at PODs 14 and POD28 in DRG and accompanied to develop an aggrandized plantar responsiveness to mechanical stimulus. Our data are consistent with the report that substance P creates nociceptive sensitization after mouse paw incision.30
To investigate the mechanisms of therapeutic effects of exercise intervention on postincisional pain, we explored the possible role played by substance P in DRG in SMIR-operated rats. We found that exercise prevented the increased release of substance P following SMIR surgery. It is possible that lack of this substance attenuates the intensity of the inflammatory reaction surrounding incisions thereby providing a second mechanism for the reduced thermal and mechanical sensitization.30 These results suggest that exercise may inhibit central sensitization induced by nerve (tissue) damage and inflammation through decreasing the up-regulation of substance P release.
Running exercise suppresses SMIR-induced excess levels of IL-6 and IL-1β in DRG
Experimental results from animals provide definite evidences for the important role of cytokines in the induction and maintenance of pain.1, 19, 35 Recently, studies reported the time course of inflammatory cytokine secretion at the site of incision in an animal model of postoperative hyperalgesia.21 The levels of tumor necrosis factor alpha (TNF-α), IL-1β, and IL-6 increased during 2 h and 2 days after surgery on the rat tail, and that cytokine concentration significantly elevated for 4 (IL-6 and IL-1β) to 8 days (TNF-α) after a 20 mm long incision made through the skin and fascia of their tails. Interestingly, we found that the overproduction of IL-6 and IL-1β in DRG at PODs 14 and POD 28 (Fig. 3).
Physical activity is believed to be mediated possibly by an overall reduction in systemic inflammation.2, 9, 28 Our observations are apparent that exercise did suppress IL-1β and IL-6 expression in DRG at POD 28. Our findings are in agreement with the report by Chen et al,7 who demonstrated that physical exercise decreased excess N-methyl-D-aspartate receptor 1, TNF-α, and IL-6 expression in the spinal cord of SMIR-operated rats.8 One mechanism not addressed in our study involves SP-induced activation of glial cells and subsequent cytokines release as has been implicated in the genesis of neuropathic pain and inflammatory states.14, 25, 33, 34, 38 In this study we did observe that the detection on postincisional pain, IL-1β, IL-6, and SP are, at present, merely coincident.
Conclusions 
Our results suggest that running exercise improves the recovery of prolonged postincisional pain over time. Exercise reduces SP, IL-1β, and IL-6 upregulation in DRG that may imply new chances for the development of non-pharmacological options for the therapy of persistent postoperative pain. Overall, we conclude that treadmill exercise decreases the symptom of prolonged postsurgical pain, in part, possibly relating to decrease SP, IL-1β, and IL-6 levels in DRG.
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Figure Legends

Fig. 1. Time courses of no. withdraw from stimulus with (A) von Frey 6g and (B) von Frey 15g in SO-S, SMIR-S, SO-E, and SMIR-E rats, where SO-S = sham operated-sedentary; SMIR-S = SMIR (skin/muscle incision and retraction)-sedentary; SO-E = sham operated-exercised; SMIR-E = SMIR-exercised. Data are presented as mean ± S.E.M. for 8 rats per group. POD 8 means postoperative day 8. The asterisk (*) indicates P < 0.05 when the SMIR-E group was compared with the SMIR-S group; the pus symbol (+) indicates P < 0.05 when the SMIR-E or SMIR-S group was compared with the SO-S group (2-way ANOVA of repeated measures followed by post hoc Bonferroni’s test).

Fig. 2. The substance P (SP) release in the dorsal root ganglion on postoperative days 14 (A) and 28 (B) after skin/muscle incision and retraction (SMIR) surgery in different groups of rats: SO-S, SMIR-S, SO-E, and SMIR-E (SO-S = sham operated-sedentary; SMIR-S = SMIR (skin/muscle incision and retraction)-sedentary; SO-E = sham operated-exercised; SMIR-E = SMIR-exercised). The values are presented as mean ± S.E.M. for 4 rats per group. The asterisk (*) indicates P < 0.05 when the SMIR-E group was compared with the SMIR-S group; the pus symbol (+) indicates P < 0.05 when the SMIR-E or SMIR-S group was compared with the SO-S group (1-way ANOVA followed by post hoc Bonferroni’s test).

[bookmark: OLE_LINK1]Fig. 3. The level of IL-lβ (A and C) and IL-6 (B and D) on postoperative days 14 and 28, respectively, after skin/muscle incision and retraction (SMIR) surgery in the dorsal root ganglion in SO-S, SMIR-S, SO-E, and SMIR-E rats, where SO-S = sham operated-sedentary; SMIR-S = SMIR (skin/muscle incision and retraction)-sedentary; SO-E = sham operated-exercised; SMIR-E = SMIR-exercised. The values are presented as mean ± S.E.M. for 6 rats per group. IL-6 means interleukin-6. IL-1β means interleukin-1β. The asterisk (*) indicates P < 0.05 when the SMIR-E group was compared with the SMIR-S group; the pus symbol (+) indicates P < 0.05 when the SMIR-E or SMIR-S group was compared with the SO-S group (1-way ANOVA followed by post hoc Bonferroni’s test).
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