Exercise training attenuates expression of cytokines and N-methyl-D-aspartate receptor subunit 1 and postoperative pain caused by skin/muscle incision and retraction in rats
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ABSTRACT
Background: Exercise creates a variety of psychophysical effects, including altered pain perception. We investigated whether physical exercise reduces postincisional pain, cytokines, and N-methyl-D-aspartate receptor 1 (NR1) expression in a rat model of skin/muscle incision and retraction (SMIR)-evoked pain.
Methods: Male SD rats were randomly divided into 4 groups: sham operated (NS), SMIR-sedentary (SS), SMIR-exercise (SE), and sham operated-exercise (NE). On postoperative day 8 after surgery, trained rats started to run on a treadmill 55 min/day with an intensity of 18 m/min, 5 days per week for 4 weeks. NR1, tumor necrosis factor-α (TNF-α), and interleukin-6 (IL-6) expression in the spinal cord as well as mechanical hypersensitivity following SMIR surgery was assessed for 6 to 35 days.
Results: On postoperative day 6, SMIR-sedentary rats exhibited a marked hypersensitivity to von Frey stimuli. By contrast, SMIR-operated rats undergoing exercise demonstrated a quick recovery of mechanical hypersensitivity. The levels of TNF-α, IL-6, and NR1 in the spinal cord were significantly increased in SS rats when compared with NS rats on postoperative days 6, 21, and 35 after SMIR surgery. After the 4-week exercise intervention, the SE group showed lower NR1, TNF-α, and IL-6 expression in the spinal cord than those in the SS group.
Conclusions: These results suggest that exercise training decreases persistent post-surgical pain caused by SMIR surgery. There appears to be a protective effect, probably relating to the decrease of NR1, TNF-α, and IL-6 expression in the spinal cord of SMIR rats after exercise intervention.
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INTRODUCTION
Postsurgical pain is a common form of acute pain even though it is a costly, common and poorly understood problem.1 Persistent postoperative pain is a significant clinical problem that reduces quality of life,2 and there is evidence to suggest increased use of health services by patients who have chronic pain.3,4 It is well known that postoperative pain can be adequately treated through administration of sufficient parenteral opioids. However, studies of patients after major surgeries show postsurgical pain with movement being less responsive to opioids when compared with pain at rest.5,6 Additional opioid dosing may be limited by sedation and respiratory depression; other side effects such as vomiting and nausea, delayed gastric emptying, and prolonged ileus are common. Thus, despite the simple nature of pain caused by tissue injury after surgery, effective, uncomplicated, inexpensive treatments are not yet available.7 In addition, persistent postoperative pain from surgery is making patient miserable, and patients may hate to rely on medication. Recently, there is a growing body of evidence that exercise suppresses pain, including chronic muscle pain,8 diabetic neuropathic pain,9 and peripheral neuropathic pain.10-12 It raises the possibility that a non-pharmacotherapy (i.e., exercise) might have an impact on postoperative pain.
Chronic pain induces varying degrees of local inflammatory responses and overexpression activated inflammatory cytokine release in activated macrophages and glial and Schwann cells.13,14 It has been supposed that pro-inflammatory cytokines (i.e., tumor necrosis factor-α and interleukin-6) could cause pain.15-18 By comparison, treatments with inhibitors of pro-inflammatory cytokines or anti-inflammatory cytokines reduce pain.19-22 A skin/muscle incision and retraction (SMIR) model, a focal tissue injury of superficial and deep structures, was developed to mimic the clinical scenario such as inguinal hernia repair and thoracotomy, which evokes postoperative pain. The mechanisms for development and maintenance of pain after incision and retraction likely involve a combination of inflammation, nerve injury, pH changes, and central nervous system plasticity; however, it should be highlighted that the contribution of each of the components is still unknown.
The N-methyl-D-aspartate (NMDA) receptor plays an important role in pain transmission and central sensitization.23,24 Numerous studies have demonstrated that neuropathic pain may be associated with an increased function of NMDA receptors.25-29 NMDA receptors include NMDA receptor 1 (NR1), NR2A-D and NR3 subunits in rats.30,31 Among these NMDA receptor subunits, the NR1 subunit is an essential component for the formation of functional NMDA receptors.30,32
Described above, few experiments have evaluated the effects of treadmill exercise on mechanical sensitivity, pro-inflammatory cytokines, and NR1 levels in the spinal cord of the rat with postoperative pain after surgery. It is well established that the SMIR model does accurately reflect the clinical scenario of postoperative pain, i.e. prolonged tissue retraction resulting in persistent pain.33 The purpose of this study was to evaluate the role of exercise in a rat model of persistent postoperative pain employing both skin/muscle incision and prolonged tissue retraction. Here, mechanical sensitivity as well as expression of tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and NR1 in the spinal cord were tested in SMIR rats with or without treadmill exercise.



















MATERIALS AND METHODS
Animals
Male Sprague-Dawley rats, each weighing 200 to 250 g, were obtained from the Laboratory Animal Center of National Cheng Kung University (Tainan, Taiwan) and kept in the animal housing facilities at National Cheng Kung University, with controlled humidity (approximately 50% relative humidity), room temperature (21C), and a 12-hour (6:00 AM to 6:00 PM) light/dark cycle. All procedures were approved by the Institutional Animal Care and Use Committee of National Cheng Kung University, Taiwan. Efforts were made to minimize discomfort of the animals and decrease the number of experimental animals. All studies were conducted according to IASP ethical guidelines.34
Skin/muscle incision and retraction (SMIR) surgery
The SMIR surgery was performed on rats as previously described.33 In brief, animals were anesthetized with pentobarbital sodium (50mg/kg, i.p.), laid on their back and the medial thigh on left side was shaved. The shaved skin was then repeatedly swabbed with Povidone-Iodine Swabsticks and sterile alcohol wipes to sterilize the area, and the saphenous vein could be visualized. A 1.5 – 2.0 cm incision was made in the skin of the medial thigh approximately 4 mm medial to the saphenous vein to expose the muscle of the thigh. A 7 to 10 mm incision was then made in the gracilis muscle layer of the thigh, approximately 4 mm medial to the saphenous nerve. Then, the gracilis muscle was parted by blunt scissors within the muscle incision site in order to insert a micro dissecting retractor. The retractor has 4 prongs spaced over an 8 mm distance and each prong was 4 mm deep (Cat. No. 13-1090, Biomedical Research Instruments Inc, USA). Subsequently the prongs of retractor were inserted into the gracilis muscle, to position all prongs underneath the superficial layer of thigh muscle, the skin and superficial muscle of the thigh were then retracted by 2 cm, exposing the fascia of the underlying adductor muscles and the retraction time was maintained for 1 hour with covering the incision site with cotton swabs. During the retraction period, the saphenous nerve is displaced and potentially stretched around the retractor. The animals were closely monitored during the retraction period and if required, additional anesthesia with pentobarbital (25mg/kg, i.p.) was provided. Following the SMIR procedures, these tissues in the surgical site were closed with silk 4.0 Vicryl® sutures. Sham-operated rats underwent the same procedure without the skin/muscle retraction. Following recovery from anesthesia, all rats could ambulate normally and rise up on the hindpaw after the surgery to reach food and water. The SMIR surgery evoked significant sensory hypersensitivity in the ipsilateral hindpaw was seen by postoperative day 3 and increased to maximal levels from postoperative day 6, as previously described.33
Groups and design
Rats were randomly divided into four groups: (1) sham-operated (NS), (2) SMIR-sedentary (SS), (3) SMIR-exercise (SE), and sham operated-exercise (NE) rats. Some rats were considered for the overall behavioral analysis (n = 8, 8, 8, 8 for NS, SS, SE, and NE, respectively), while some part of rats were sacrificed for tissue analysis (TNF-alpha and IL-6) on postoperative days, 6, 21, and 35 after SMIR surgery (n = 6, 6, 6, 6 for NS, SS, SE, and NE, respectively), and other rats were sacrificed for NR1 analysis on postoperative days, 6, 21, and 35 after SMIR surgery (n = 4, 4, 4, 4 for NS, SS, SE, and NE, respectively).
Treadmill training protocol
The animals were trained to run on a treadmill (treadmill exerciser T510, Diagnostic& Research Instruments, Singa, Taiwan), 5 days per week for 4 weeks. Initially, the rats were acclimatised to run 15 min at a time for 3 days. Treadmill exercise is started on postoperative day 8 after SMIR surgery. It has been shown that treadmill exercise ameliorates neuropathic pain in a rat model of chronic constriction injury.10 The training program set with a 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. If the feet of rats were hurt during the training protocol they were withdrawn from this experiment.
Mechanical sensitivity
Animals were evaluated for mechanical allodynia after a period of at least three days of habituation to the testing environment. For consistency, an experienced investigator, who was blinded to the groups, was responsible for handling all the animals and behavioral evaluation. All measurements were performed between 9:00 a.m. and 11:00 a.m. Unless otherwise specified, behavioral tests were conducted on the day of SMIR surgery and on postoperative days 6, 14, 21, 28, and 35 after SMIR surgery.
Mechanical sensitivity was measured using the von Frey filaments.33 In brief, rats were placed individually in a clear plexiglass chamber (23 cm [length] x 17 cm [width] x 14 cm [height]) and supported via a wire mesh floor (40 cm [width] x 50 cm [length]). Mechanical allodynia/hyperalgesia was assessed using two von Frey filaments with bending forces of 4g and 10g (Linton Instruments, UK). In ascending order of force, each filament was applied 10 times vertically, to the mid-plantar area of the left hindpaw. Care was taken to avoid stimulating the same spot repeatedly within this region and to avoid stimulating the tori/footpads themselves. The withdrawal response evoked by mechanical stimulation was determined including foot lifting, shaking, licking and squeaking. Paw movements associated with weight shifting or locomotion were not counted. Withdrawal responses to each of the von Frey filaments from the left hindpaw was counted and recorded.
Cytokine assay
The animals were anesthetized with urethane (1.67 g/kg, i.p.) and sacrificed on postoperative days, 6, 21, or 35 after SMIR surgery. Under aseptic conditions, skin was cut to expose the L3-L5 segments of rat spinal cord was removed. The nerve specimen was immediately stored at −80℃ for the protein assay. Ice cold (4ºC) homogenization buffer was freshly prepared by adding protease inhibitor (P 8340 cocktail, Sigma-Aldrich, St. Louis, MO) to T-PER™ Tissue Protein Extraction Reagent (Pierce Chemical Co., Rockford, IL) prior to tissue lysis. After adding the buffer (300 μl/each spinal nerve), a homogenization probe (Tissue Tearor, Polytron; Biospec Products, Inc., Bartlesville, OK, USA) was applied for 20 seconds on ice at 21,000 rpm. Then the homogenized samples were centrifuged for 40 minutes at a speed of 13,000 rpm at 4°C, stored at −80°C and used subsequently for protein quantification. The protein concentration in the supernatant was quantified using the Lowry protein assay. Samples were pipetted as duplicates (1 μl/50 μl/well) in a 96-well microtiter plate (Costar). Each plate was inserted into a plate reader (Molecular Device Spec 383, Sunnyvale, CA, USA) to read the optical density of each well at an absorbance of 750 nm. Data were analyzed using Ascent Software (London, UK) for iEMS Reader.
The concentrations of TNF-α and IL-6 in the supernatants were determined by the DuoSet® ELISA Development Kit (R&D Systems, Minneapolis, MN) 10. All experimental procedures were practiced in accordance with the manufacturer’s recommended protocols. Plates were individually inserted into the plate reader for reading optical density by a 450-nm filter. Data were then analyzed using Ascent Software for iEMS Reader and a four-parameter logistics curve-fit. Data were expressed in pg/mg protein of duplicate samples.
NR-1 evaluation
Tissues (the L3-L5 spinal segments) were homogenized in 150μl RIPA buffer and 10 μl protease inhibitor (P3840, Sigma, St. Louis, MO, USA) using a glass homogenizer. After incubating on ice for one hour, the lysates were centrifuged at 12000 rpm for 10 min at 4℃ with High Speed Micro Refrigerated Centrifuge (Model 3740, KUBOTA Corp., Tokyo, Japan). The supernatant was collected and determined protein concentration using a protein assay. We added 25μl with Laemmli Sample Buffer (Bio-Rad, Hercules, CA) into lysates, and heated at 100℃ for 5 minutes. An ELISA reader was used to assay protein with bovine serum albumin as standard at 620nm. 
The 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% skim milk (Difco, Detroit, MI) for 1 hour. The primary antibody of anti-NR1 against the intracellular C terminus (1: 1000, Millipore) was diluted to 1:1,000 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 NR1 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).
Statistical analysis
    Data 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. 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
Physical exercise attenuates SMIR-associated mechanical allodynia/hyperalgesia
SMIR surgery evoked a persistent significant mechanical hypersensitivity which was markedly in the SMIR ipsilateral paw responses to the von Frey forces tested (4 and 10g) when compared with pre-surgery baseline values (Fig. 1 A and B, P < 0.05, two-way repeated measures ANOVA, Bonferroni’s post-hoc). The NS and NE rats showed similarly (n = 8 per group) to mechanical stimulation on postoperative day 14 after SMIR surgery, suggesting that the exercise program performed in this experiment does not alter tactile/mechanical sensitivity (P > 0.05; two-way repeated measures ANOVA). By comparison, those SS rats on postoperative day 6 after SMIR surgery exhibited an increased sensitivity (4.4 ± 0.2, n = 8, Fig. 1A; 7.0 ± 0.3, n = 8, Fig. 1B) to innocuous von Frey stimuli. Sustained mechanical hypersensitivity was observed over the 4-week course of the experiment (Fig. 1). Consistent with the previous study, significant tactile allodynia in rats began 3 days after they had been treated with SMIR surgery and lasted for up to 22 days.33 Furthermore, SMIR-operated rats after 2 weeks underwent treadmill exercise displayed the average numbers of paw withdraws of 5.8 ± 0.3 (n = 8), lower than those (6.5 ± 0.3, n = 8) of SS rats (Fig. 1B). Physical exercise significantly (P < 0.05; two-way repeated measures ANOVA) decreased mechanical hyperalgesia in SMIR-operated rats after 2-4 weeks exercise intervention (Fig. 1B). Additionally, exercise training significantly retarded mechanical/tactile allodynia (P < 0.05; two-way repeated measures ANOVA) in SMIR-operated rats on postoperative day 14 (Fig. 1A).
Physical exercise suppresses IL-6 and TNF-α levels in the spinal cord
Figure 2 (A and B) reveals the levels of IL-6 and TNF-α in the spinal cord of NS, SS, SE and NE rats on days 6, 21, and 35 after SMIR surgery. The NS and NE rats demonstrated similar cytokine levels in the spinal cord, suggesting that this exercise regimen in the experiment does not alter TNF-α and IL-6 levels. On postoperative days 6, 21, and 35 after SMIR treatment, the expression of IL-6 in the spinal cord was increased in the SS (P < 0.05) or SE (P < 0.05) group, compared with the NS group as shown in Fig. 2A. The SMIR-operated rats undergoing exercise training showed significantly lower IL-6 levels than those in SMIR-operated rats without exercise training (P < 0.05, Fig. 2A). Furthermore, the expression of TNF-α in the spinal cord was increased in the SS group (P < 0.05), compared with the NS group on days 6, 21, and 35 after SMIR surgery, as shown in Fig. 2B. By comparison, the SMIR-operated rats with exercise training responded a significantly lower TNF-α level than that in SMIR-operated rats without exercise training (P < 0.05, Fig. 2B) on postoperative day 21, but not days 6 and 35 after SMIR treatment.
Physical exercise decreases NR1 overexpression in the spinal cord
Figure 3 depicts the expression of NR1 in the spinal cord on postoperative days 6, 21, and 35 in four different groups. It can be seen that the NR1 levels in the spinal cord were significantly increased in the SS (P < 0.05) group on days 6, 21, and 35 after SMIR surgery, when compared with the NS group (Fig. 3 A-C). The express of NR1 in the spinal cord was not significantly different between the NS and NE groups (Fig. 3 A-C). The SMIR-operated rats underwent 2- or 4-week exercise program exhibited the NR1 expression, lower than those in SMIR-operated rats without exercise training (P < 0.05, Fig. 3 B and C).











DISCUSSION
In this report we revealed for the first time that physical exercise attenuates postincisional pain and IL-6 and TNF-α levels in the spinal cord of the rat following SMIR surgery. This is in resemblance to our previous study that exercise decreases neuropathic pain and cytokine expression in rats after chronic constriction injury of the sciatic nerve.10 Another important finding in this work is that when compared with SMIR-sedentary rats, SMIR rats following exercise intervention had a lesser NR1 expression in the spinal cord. Overall, these results suggest that treadmill exercise suppresses the symptoms of persistent postincisional pain, in part, possibly relating to decrease NR1, TNF-α, and IL-6 levels in the spinal cord.
Physical exercise alleviates the SMIR-induced pain
The pathogenic mechanisms underlying persistent post-surgical pain are under debate. It is unclear whether the origins for these pain syndromes are nociceptive from the skin incision, inflammatory, muscle damage, or neuropathic from surgical injury to peripheral nerves. Perhaps persistent postoperative pain could arise from a combination of all these possible etiologies. It has been known that inflammation and nerve damage give rise to changes in sensory processing at the central and peripheral levels with a resultant sensitization.35,36 In this study, SMIR rats developed aggrandized plantar responsiveness to mechanical stimulus within 1 week (Fig. 1). In fact, the application of exercise has been established as a safe and effective integral approach to the management of pain.10,12,37 Our present data demonstrated that treadmill exercise attenuates postoperative pain caused by SMIR surgery in rats. Therefore, exercise, or lifestyle intervention strategies that include an exercise component,38 may even delay or protect against the development of pain induced by surgery procedure.
It is interesting to observe that there was a temporal window (Fig. 1B), namely from postoperative day 21 to day 35, where mechanical hypersensitivity was reduced after the exercise intervention. In the meanwhile treadmill exercise markedly prevented tactile allodynia at day 14, while after day 21 the beneficial effect of treadmill running is progressively decreased (Fig. 1A). This seems to suggest that a treadmill exercise protocols of short duration are favorable to tactile allodynia recovery while, at difference, long-duration exercise protocols are favorable to mechanical hypersensitivity recovery. That could be the result of exercise or uneven stratification of animals so that the exercised rats showed less severe postoperative pain.
It has been proposed that long-term rhythmic exercise activates central opioid systems by triggering discharges from mechanosensitive afferent nerve fibers in contracting muscles.39 Endorphin secretion requires strenuous physical activity.40 Nevertheless, swimming exercise in cold water is analgesic in animals with a blocked endogenous opioid analgesic system, which indicates that there are multiple analgesic systems.41 We did not verify whether the endogenous opioid system is involved in the analgesia in this study. However, it have been proven that forced-exercise significantly delays the onset of diabetes-induced neuropathic pain, in part, possibly via altering opioidergic tone.9
We noticed that SMIR rats undergoing exercise running did not exhibit normal sensitivity to mechanical stimuli (Fig. 1). In marked contrast, the degree of reduction (Fig. 1 A and B) in postoperative mechanical hypersensitivity (< 20%) by exercise was quite small and shows the relevance of the findings in relation to postoperative pain that is still present. Interestingly, the protective effect of physical exercise was found to be short, with SMIR rats ultimately recovery.
Exercise running inhibits SMIR-induced increased levels of IL-6 and TNF-α in the spinal cord
Cytokines are multifunctional proteins and peptides that are secreted through a variety of immune and nonimmune cells. Results from animal studies give definite evidences for the crucial role of cytokines in the initiation and maintenance of pain.35,42,43 Interestingly, we found that the expression of TNF-α and IL-6 in the spinal cord increased significantly in rats after SMIR surgery at postoperative days 6, 12, and 35 when compared with sham-operated rats (Fig. 2). A logical extension of our results is the question of whether mechanical hypersensitivity over a more prolonged period of time may also similarly regulate inflammatory status.
Exercise training has been shown to alter the level of inflammatory mediators including anti- and pro-inflammatory cytokines (i.e. TNF-α or IL-6) in healthy or type 1 diabetes individuals.44,45 A recent experiment reported that treadmill and swimming exercises decrease TNF-α and IL-1β overexpression in the sciatic nerve of chronic constriction injury rats and ameliorate neuropathic pain.10 Because TNF-α elaborates important signals in nervous system in various kinds of degenerative diseases,46 it is reasonable to expect that ablation of TNF-α signals in the nervous system (e.g. spinal cord) may prevent or ameliorate the symptom of neuropathy. However, the relationships among cytokines, postoperative pain and exercise have not been analyzed. Our observations are apparent that treadmill exercise did attenuate IL-6 and TNF-α expression in the spinal cord of rats after SMIR surgery. Contrary to those long-term effects of exercise training, however, each exercise bout actually exerts an acute pro-inflammatory effect, reflected by transient elevations of inflammatory cytokines such as TNF-α and IL-6.47-49
Treadmill exercise suppresses NR1 overexpression in the spinal cord
Considerable evidence has well established that intense, recurrent and/or sustained noxious stimulation of C fibers leads to an increase in synaptic efficacy and wide dynamic range (WDR) neuron excitability in the spinal dorsal horn.23,50-53 Furthermore, processes leading to central sensitization are related to the processes underling long-term potentiation (LTP) and similarly involve the engagement of NMDA receptors.23,52,53 In this present study, we found a significant increase in NR1 levels in the spinal cord of rats after SMIR surgery. It is suggested that spinal NMDA receptors-dependent central sensitization is a state that dorsal horn excitability is increased and its response to sensory input is facilitated. 36,54 Additionally, the NMDA receptor antagonist has potential both for the treatment and prevention of acute pain.36,54
The sensitization of spinal dorsal horn neurons induced by inflammation or peripheral nerve injury underlying chronic, pathological, painful states lasts a long time, and may be associated with alterations in gene expression of NR1, and ultimately, morphological changes in NR1 expression.55,56 We found exercise prevented the increased expression of NR1 subunits induced by SMIR surgery. These results suggest that exercise may inhibit central sensitization induced by inflammation and nerve (tissue) damage through diminishing the increased expression of NR1 subunits.
Summary
    We conclude that physical exercise suppresses the process of persistent postoperative/postsurgical pain. Elucidating the methods by which kind of exercise diminishes NR1, TNF-α, and IL-6 expression in the spinal cord may present new opportunities for the development of non-pharmacological adjunctive therapeutic strategies to manage persistent postoperative pain. In the future, treatment strategy that prevents the progress of postoperative pain may be possible.
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FIGURE LEGENDS
Fig. 1. Time courses of no. withdraw from stimulus with (A) von Frey 4g and (B) von Frey 10g in NS, SS, SE, and NE rats, where NS = sham operated; SS = SMIR (skin/muscle incision and retraction)-sedentary; SE = SMIR-exercise; NE = sham operated-exercise. Data are presented as mean ± S.E.M. for 8 rats per group. The asterisk (*) indicates P < 0.05 when the SE group was compared with the SS group; the plus symbol (+) indicates P < 0.05 when the SE or SS group was compared with the NS group (2-way ANOVA of repeated measures followed by post hoc Bonferroni’s test).
[bookmark: OLE_LINK1]Fig. 2. The level of IL-6 (A) and TNF-α (B) on postoperative days 6, 21, and 35 after skin/muscle incision and retraction (SMIR) surgery in the spinal cord in NS, SS, SE, and NE rats, where NS = sham operated; SS = SMIR (skin/muscle incision and retraction)-sedentary; SE = SMIR-exercise; NE = sham operated-exercise. The values are presented as mean ± S.E.M. for 6 rats per group. IL-6 means interleukin-6. TNF-α means tumor necrosis factor-α. The asterisk (*) indicates P < 0.05 when the SE group was compared with the SS group; the plus symbol (+) indicates P < 0.05 when the SE or SS group was compared with the NS group (1-way ANOVA followed by post hoc Bonferroni’s test).
Fig. 3. The expression of N-methyl-D-aspartate receptor 1 (NR1) in the spinal cord on postoperative days 6 (A), 21 (B), and 35 (C) after skin/muscle incision and retraction (SMIR) surgery in different groups of rats: NS, SS, SE, and NE (NS = sham operated; SS = SMIR (skin/muscle incision and retraction)-sedentary; SE = SMIR-exercise; NE = sham operated-exercise). The values are presented as mean ± S.E.M. for 4 rats per group. The asterisk (*) indicates P < 0.05 when the SE group was compared with the SS group; the plus symbol (+) indicates P < 0.05 when the SE or SS group was compared with the NS group (1-way ANOVA followed by post hoc Bonferroni’s test).
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