
IL-4 mediates the analgesia produced by low-intensity exercise 
in mice with neuropathic pain

Franciane Bobinskia,b,c, Juliana Maia Teixeirad, Kathleen Anne Slukae,*, and Adair Roberto 
Soares Santosa,b,*,#

aLaboratory of Neurobiology of Pain and Inflammation, Department of Physiological Sciences, 
Center of Biological Sciences, Federal University of Santa Catarina, Trindade, Florianopolis 
88040-900, SC, Brazil

bGraduate Program in Neuroscience, Center of Biological Sciences, Federal University of Santa 
Catarina, Trindade, Florianopolis 88040-900, SC, Brazil

cExperimental Neuroscience Laboratory (LANEX), Graduate Program in Health Sciences, 
University of Southern of Santa Catarina (UNISUL), Palhoça 88137-272, SC, Brazil

dDepartment of Structural and Functional Biology, Institute of Biology, State University of 
Campinas (UNICAMP), Campinas 13083-862, SP, Brazil

eDepartment of Physical Therapy and Rehabilitation Science, Pain Research Program, University 
of Iowa, #1-252 MEB, Iowa City, IA 52241, USA

Abstract

Peripheral nerve injury (PNI) activates the immune system resulting in increased pro-

inflammatory cytokines at the site of injury and in the spinal cord dorsal horn. Exercise modulates 

the immune system promoting an anti-inflammatory phenotype of macrophages in uninjured 

muscle, and increases in anti-inflammatory cytokines can promote healing and analgesia. We 

proposed that PNI will decrease, and treadmill exercise will increase, release of anti-inflammatory 

cytokines at the site of injury and in the spinal cord. We show two weeks of treadmill exercise 

improves neuropathic pain behaviors in mice: mechanical hyperalgesia, escape/avoidance 

behavior, and spontaneous locomotor activity. PNI reduced anti-inflammatory cytokines (IL-4, 

IL-1ra, IL-5) at the site of nerve injury and in the spinal dorsal horn while exercise restored IL-4, 

IL-1ra, IL-5 concentrations to pre-injury levels. IL4−/− mice, and mice treated with IL-4 antibody 

did not develop analgesia to treadmill exercise. Using immunohistochemical staining of the sciatic 

nerve, treadmill exercise increased the percentage of M2-macrophages (secretes anti-inflammatory 

cytokines), and decreased M1-macrophages (secretes pro-inflammatory cytokines) when 

compared to sedentary mice. The increased M2 and decreased M1 macrophages in exercised mice 

did not occur in IL-4−/− mice. In the spinal cord, PNI increased glial cell activation, BDNF and β-

NGF levels, and decreased IL-4 and IL-1ra levels while treadmill exercise suppressed glial cells 

activation (GFAP and Iba1 immunoreactivity), reduced BDNF and β-NGF, and increased IL-4, 
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IL-1ra, IL-5. Our results suggest IL-4 mediates the analgesia produced by low-intensity exercise 

by modulating peripheral and central neuroimmune responses in mice with neuropathic pain.

1. Introduction

Neuropathic pain causes a significant loss of function, disability and reduced life quality, 

and its management is a challenge to clinicians and includes both pharmacological and non-

pharmacological strategies [21,30,47,62,66]. Exercise is one strategy, recommended by 

clinical practice guidelines, that improves function and reduces pain [20,25,41]; however the 

underlying mechanisms are unclear.

Following peripheral nerve injury (PNI), neuroimmune interactions at both the site of injury 

and in the spinal cord play a key role in generation of pain [3,29]. Local immune cells, 

particularly macrophages, play a critical role inflammation and repair [53]. M1 macrophages 

(classically activated) release pro-inflammatory cytokines (interleukin (IL)-1β, TNF-α and 

IL-6), are key components of host defense [6], and promote hyperalgesia [24,29,32]. 

Consistent with this, at the site of injury, there is an infiltration of macrophages and 

increased release pro-inflammatory cytokines after PNI [3,54,63]. In contrast, M2 

macrophages (“alternatively activated”) secrete anti-inflammatory cytokines (IL-10, IL-4 

and IL-1ra), promote tissue repair and produce analgesia [29,32,47,49,53,55].

Exercise before or starting after induction of nerve injury reduces hyperalgesia in animal 

models of neuropathic pain [1,4,5,10,11,13,14,28,37,38,42,48,67]. In parallel, exercise 

decreases pro-inflammatory cytokines at the site of nerve injury and in the spinal dorsal horn 

[5,11], suggesting alterations in immune cell phenotype by exercise. A balance between pro-

inflammatory and anti-inflammatory cytokines is a key concept to interpretation of immune 

function. Indeed, we previously show, in uninjured animals, an increase in proportion of 

muscle macrophages that express an M2 phenotype with wheel running [46]. On the other 

hand, Grace and colleagues [28] show there are still significant increases in expression of 

M1 and M2 markers at the nerve injured site. However, it is unclear if the proportion of M1 

and M2 phenotypes are altered at the site of nerve injury, and if exercise has the capability of 

altering phenotype at a site distant from the exercised muscle.

Centrally, PNI activates glial cells in the spinal dorsal horn and increases pro-inflammatory 

cytokines [3,50,70,73], similar to that described at the site of nerve injury. Upregulated 

brain-derived neurotrophic factor (BDNF) in the spinal cord and dorsal root ganglia (DRG), 

and nerve growth factor (NGF) in the DRG after PNI active microglia to enhance 

inflammatory cytokine release, sensitize dorsal horn neurons, and produce hyperalgesia 

[12,13,22,29,36,48,56,73]. Exercise decreases expression of markers for microglia (Iba-1, 

CD11b) and astrocytes (GFAP) in the dorsal horn after PNI [1,14,48], and decreases pro-

inflammatory cytokine release [28]. However, it is unclear if anti-inflammatory cytokines 

are reduced by nerve injury in the spinal cord, and if increased anti-inflammatory cytokines 

mediate analgesia produced by exercise in animals with PNI.

We hypothesized that PNI reduces, and treadmill exercise restores, anti-inflammatory 

cytokines at the site of injury and in the spinal cord dorsal horn. We specifically, examined 
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the role of IL-4 in exercise-induced analgesia and induction of macrophage phenotype in 

animals with PNI since prior studies show IL-4 reduces release of pro-inflammatory 

cytokines, promotes an anti-inflammatory phenotype, and produced analgesia when injected 

at the site of injury or in the spinal cord [18,31,40,46,52,69]. To determine this, the present 

study investigated through pharmacological, behavioral, immunohistochemical and 

biochemical tools the effect of low-intensity aerobic exercise on the peripheral and central 

neuroimmune signaling in a mice model of neuropathic pain induced by PNI.

2. Material and methods

2.1 Animals and surgical procedures

Swiss mice (male, 20–30 g) were used for initial experiments. Mice were kept in a room 

with controlled temperature (22 ± 1° C) and humidity (50% to 80%) with a 12h light-dark 

cycle (06:00 am–6:00pm lights on). Food and water were provided ad libitum. All 

procedures were approved by the Institutional Ethics Committee at the Universidade Federal 

de Santa Catarina (CEUA/UFSC, #PP00681). Balb/cJ (male, 20–30 g, Jackson Laboratories) 

and congenic Balb/c-IL4tm2Nnt/J (IL-4 knockout, IL-4−/−)(male, 20-30 g, Jackson 

Laboratories) mice were used for additional experiments at the University of Iowa (Iowa 

City, IA, USA, #1110229). At the University of Iowa, mice were housed in the animal care 

facility with a 12h light-dark cycle (07:00 am–7:00 pm, lights on). Mice were acclimatized 

to the behavior room for 1h prior to testing. Experiments were performed using current 

guidelines for the care and protection of animals by the European Union and the National 

Institutes of Health Guidelines.

Mice were anesthetized with deep anesthesia using a premixed solution of ketamine (80 

mg/kg, i.p.) and xylazine (10 mg/kg, i.p.), followed by a maintenance dose of isoflurane 

(1%–2%, in 100% O2). An incision was made in the right thigh to expose the sciatic nerve. 

A crush injury of the sciatic nerve was done by squeezing the nerve for 30s with 2mmwide 

forceps, 1 cm above the trifurcation of its 3 major branches, as previously described [8]. The 

skin incision was closed with a 4-O Ethilon suture. Exercise training began after 3 days of 

recovery from the nerve injury. A control sham group received the same surgical procedures 

without sciatic nerve crush.

2.2 Treadmill exercise

The animals performed low-intensity aerobic treadmill running (Exer 3/6, Columbus 

instruments, Columbus, OH, USA or Athletic Advanced 2; Athletic; Joinvile, Brazil) for 30 

minutes (10 m/min, no inclination 5 days/week) as described previously [4]. Animals were 

familiarized with the treadmill for 1 week before induction of nerve injury. Treadmill 

training began on the 3rd day after nerve injury. The animals in the sham-operated (Sham/

Sedentary or WT Sham/Sedentary) and peripheral nerve injury (PNI/Sedentary, WT PNI/

Sedentary, IL-4−/− PNI/Sedentary, PNI/IgG1 Control/Sedentary or PNI/Anti-IL-4/Sedentary) 

groups were handled and placed on the same treadmill but without motion for the same 

amount of time as the Exercised groups.
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2.3 Behavioral tests

2.3.1 Mechanical sensitivity—Mechanical sensitivity of the hindpaw was evaluated as 

the withdrawal response frequency to 10 applications of a 0.4 g von Frey filament to the 

ventral surface of the hindpaw (VHF Stoelting, Chicago, OH, USA). Mice were placed in 

clear plexiglass boxes (9 × 7 × 11 cm) on an elevated wire mesh platform. The number of 

paw withdrawals was recorded. Data are expressed as a percentage of the number of 

withdrawals [4].

2.3.2 Escape/Avoidance test—The escape/avoidance test was performed as previously 

published in mice [58]. This test was used to assess supraspinal processing of nociception. A 

plexiglas testing box (16 cm × 7 cm × 13 cm) with two chambers placed on top a wire mesh 

platform. To eliminate preference to one side, one chamber was white with vertical black 

lines while the other chamber was solid white. Mice were placed in the box for 30 minutes 

and allowed to move unrestricted between chambers. Mechanical stimulation was applied 

with a 0.07 g von Frey filament to the plantar surface of the hindpaw. The ipsilateral 

operated paw (right) was stimulated with an 0.07g von Frey filament (1× per second) when 

the animal was on one side while the contralateral paw (left) was stimulated when the 

animal was on the opposite side. The percent time the animal spent in chamber was 

calculated.

2.3.3 Open field test—In order to examine overall locomotor activity as a possible 

indication of spontaneous pain we used an open field test. Mice were observed in a circular 

open field apparatus (62 cm diameter × 29.5 cm height) for 6 minutes. The floor of this 

apparatus was divided by three concentric circles subdivided by line segments in nineteen 

similar sized pieces. The number of locomotion units covered by the animal was recorded 

and expressed as the number of crossings.

2.4 Enzyme Linked Immunosorbent Assay

Twenty-four hours after the last exercise session, mice were anesthetized with isoflurane 

(2-3%, with 100% O2) and euthanized by decapitation. Both the injured sciatic nerve and the 

lumbar spinal cord (L1-L6) were removed. Tissue was homogenized in a Ultra-Turrax 

Homogenizer (T-18, IKA Works, Wilmington, NC, USA) with a PBS (phosphate-buffered 

saline) solution containing: Tween 20 (0.05 %), phenylmethylsulphonyl fluoride (PMSF, 0.1 

mM), ethylenediaminetetraacetic acid (EDTA, 10 mM), Aprotinin (2 ng/ml) and 

benzamethonium chloride (0.1 mM). After transferring homogenates to Eppendorfs tubes 

they were centrifuged at 3000 × g (10 min, 4 °C) and supernatants collected and stored at 

−80°C until further analyses. The total protein content of the supernatant was measured 

using the Bradford method. Levels of IL-4, IL-1ra, IL-5 and IL-6 cytokines and BDNF and 

β-NGF neurotrophins were measured using 100 μL sample with commercially available 

mouse ELISA kits (R&D Systems, Minneapolis, MN, USA). The level of cytokines and 

neurotrophic factors were estimated by interpolation from a standard curve. Measurements 

(pg/mg of protein) were done on an ELISA using ELISA plate reader (Berthold 

Technologies – Apollo 8 – LB 912, Pforzheim, Germany) at 450 nm with a correction 

wavelength of 540 nm.
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The most common ELISA kits available have been validated for use with serum, plasma or 

culture supernatants. To assess the reliability of the IL-4 kit for proteins in tissue extracts we 

performed a validation test. We show linear quantification to IL-4 cytokine (see Figure 1a–d, 

Supplementary Digital Content 1). Thus, data obtained with the IL-4 ELISA Kit strongly 

indicates that commercially available ELISA kits can be used to quantify proteins in tissue 

extracts.

2.5 Neutralization of IL-4 cytokine-receptor interactions

To determine the effects of IL-4 on analgesia produced by exercise, we injected mice with an 

IL-4 antibody (anti-IL-4). Mice that had PNI were treated with IL-4 antibody (50 μg/mice in 

100 μL intraperitoneal injection; In Vivo Ready™ Anti-Mouse IL-4, Tonbo Biosciences, San 

Diego, CA, USA) 30 minutes before beginning the exercise program on day 3 and again on 

days 6, 11 and 14 after PNI. A nerve injured sedentary control group also received IL-4 

antibody on the same days: 3, 6, 11 and 14 days after PNI. Control animals received 

injection of isotype control antibody (50 μg/mice in 100 μL intraperitoneal injection, In Vivo 

Ready™ Rat IgG1 Isotype Control, clone HRPN, Tonbo Biosciences, San Diego, CA, 

USA). Behavioral tests examined mechanical sensitivity before PNI and 30 minutes after 

exercise on day 3 after PNI, and 24h after exercise from the 4th to 14th day after PNI. The 

experimenter was blinded to group.

2.6 Immunohistochemistry

Immunohistochemistry of macrophage phenotype was examined in the injured sciatic nerve 

according to procedures previously published by us [46]. In another set of experiments glial 

cell activity in the spinal cord dorsal horn was examined by immunohistochemistry. All 

immunohistochemistry evaluations were performed 15 days after PNI. Mice were deeply 

anesthetized with sodium pentobarbital (100 mg/kg, i.p.) and transcardially perfused with 

heparinized saline followed by 4% paraformaldehyde (PFA). Both the injured sciatic nerve 

and lumbar spinal cord (L1-L6) were removed and post-fixed in 4% PFA overnight (4°C), 

followed by 30% sucrose (4°C) for 24h. Samples were frozen in optimal cutting temperature 

compound (OCT) in cryomolds and stored at −20°C until processed (Day 3). Frozen tissue 

were sectioned on a cryostat and placed on slides in serial order. The sciatic nerve was cut at 

10-12 μm thickness and the lumbar spinal cord (L1 to L6) was cut at 20 μm. To reduce 

variability in staining, sections from all mice were stained simultaneously for each marker.

For sections from sciatic nerves, macrophages in the sciatic nerve were co-stained using an 

M1 marker (hamster anti-mouse CD11c, Abdserotec, 1:100) or an M2 marker (biotinylated 

rat anti-mouse αCD206, Abdserotec, 1:200) and a general macrophage marker (rat anti-

mouse F4/80, Abdserotec, 1:250, 3h). Antibodies were diluted in 1% NGS with 0.1% Triton 

X-100. Sections were initially blocked with Fc receptor block and 10% normal goat serum 

(NGS) to reduce non-specific staining. Primary antibodies to M1 or M2 markers were 

applied overnight at room temperature. The next day, sections were incubated in the primary 

antibody to F4/80 followed by incubation in secondary antibodies (M1: goat anti-hamster 

IgG-Rhod-Red-X, 1:500, Jackson Immuno Research; M2, Streptavidin-Alexafluor-568, 

1:5000, Vector Labs; F4/80: Fab fragment goat anti-rat Dylight488, 1:500, Jackson Immuno 

Research).
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For immunohistochemistry in the lumbar spinal cord, sections were blocked with 3% NGS 

and Avidin/Biotin blocking kit. Sections were incubated overnight with primary antibodies 

overnight at room temperature. For astrocyte staining sections were incubated in the 

monoclonal antibody mouse anti-Glial Fibrillary Acidic Protein (GFAP) (Millipore, 1:1000). 

For microglial staining sections were incubated in the primary polyclonal rabbit anti-Iba-1 

(Wako, 1:250). On the second day, sections were incubated with Biotinylated Goat anti-

Mouse or Goat anti-Rabbit IgG (Invitrogen, 1:1000, 1 hour) according to host primary 

antibody, followed by Strepavidin-568 (1:1000, 1h). Antibodies were diluted in 1% NGS 

with 0.1% Triton-X 100 and 1:100 sodium azide.

Slides were cover slipped with Vectashield and imaged using a confocal laser scanning 

microscope (MRC1024, BioRad, Hercules, CA, USA). Sections were chosen visually using 

a 20× objective and then captured using both 20× and 60× objective lens. All images for 

each stain and amplification were taken using the same exposure and settings (iris, gain and 

offset). Images were stored for off-line analysis and were not manipulated for publication. 

Twelve images per slide from each animal were obtained from three entire nerve sections 

and analyzed for macrophage content. For lumbar spinal cord, five images on the ipsilateral 

and contralateral sides of the dorsal horn were obtained from each animal and analyzed.

We used ImageJ software (NIH) for quantification and the experimenter was blinded to 

treatment conditions. For sections from sciatic nerve, we manually counted total number of 

macrophages (F4/80) and the number of F4/80-positive macrophages that were also labeled 

for either the M1 (CD11c) or the M2 (αCD206) marker as previously published by us [46]. 

Data are presented as the total number of macrophages, and the percentage of M1-positive 

and M2-positive macrophages out of the total number of macrophages for each animal.

For sections from lumbar spinal cord, we measured the optical density generated by the 

labeling with Iba-1 and GFAP antibodies (fluorescence intensity in arbitrary units) 

separately in laminae I and II, or deep laminae (III-VI) from the ipsilateral (right) and 

contralateral (left) dorsal horn of the spinal cord. ImageJ software (National Institutes of 

Health, Bethesda, MD) was used to quantify density of immunoreactivity as previously 

described by us [33]. Initially each picture was converted to 8-bit gray scale. We then 

calibrated each section suing the “uncalibrated OD” function. Pixels ranged from 0 to 255. 

Density values in each area, lamina I/II and deep lamina (III-VI) were calculated as pixels 

per area. Values are expressed as arbitrary units. The average of density values from 5 

images was averaged for each site and animal.

2.7 Experimental protocol

2.7.1 Experiment 1—The first experiment examined the anti-hyperalgesic effects of 

physical exercise in male Swiss mice subjected to PNI to confirm our previous data [4] and 

extend our results to additional behavioral tests. The following groups were compared: i) 

Sham/Sedentary (sham-operated sedentary, n= 8), ii) PNI/Sedentary (injured sedentary mice, 

n= 8), iii) PNI/Exercised (injured exercised mice, n= 8). Behavioral tests examined response 

frequency to mechanical stimuli, escape/avoidance behavior, and spontaneous locomotor 

activity. Response frequency and escape/avoidance tests were performed before PNI, and on 

days 3, 5, 7, and 14 after PNI, 24 h after the exercise session. Spontaneous locomotor 
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activity using an open field test was performed once 24h after the last exercise session on the 

15th day after PNI. Behavioral tests were performed with the experimenter blinded to group.

2.7.2 Experiment 2—Previously, we showed that low-intensity exercise after PNI reduced 

proinflammatory cytokines, TNF-α and IL-1β, at the nerve injury site and in the spinal cord 

[4,5]. To examine the effects of PNI and exercise on anti-inflammatory cytokines, we 

quantified the levels of IL-4, IL-1ra, IL-5, and IL-6 by ELISA in the sciatic nerve and 

lumbar spinal cord on the 15th day after PNI. Additional analysis examined if there were 

alterations in the glial cell activators, BDNF and β-NGF, in the lumbar spinal cord using 

ELISA on the 15th day after PNI. It is important to note, as a methodological limitation of 

the study, that the dorsal and ventral spinal cord were not dissected and that ELISA analyzes 

were performed using the whole lumbar portion of the spinal cord (L1-L6). We used the 

same animals from Experiment 1: i) Sham/Sedentary (n= 8), ii) PNI/Sedentary (n= 8), iii) 

PNI/Exercised (n= 8).

2.7.3 Experiment 3—Since IL-4 levels in the sciatic nerve and spinal cord were increased 

by exercise, we examined if genetic deletion of IL-4 would prevent the anti-hyperalgesia 

produced by physical exercise. Commercially available IL-4−/− mice are congenic on a 

Balb/cJ strain. Therefore, preliminary experiments confirmed that treadmill exercise 

produced anti-hyperalgesia in Balb/cJ mice (Wild-type, WT). We then compared the 

following groups: i) WT Sham/Sedentary (Balb/cJ sham-operated sedentary mice, n= 5); ii) 

WT PNI/Sedentary (Balb/cJ injured sedentary mice, n= 5); iii) WT PNI/Exercised (Balb/cJ 

injured exercised mice, n= 5); iv) IL-4−/− PNI/Exercised (IL-4−/− injured exercised mice, n= 

6) and v) IL-4−/− PNI/Sedentary (IL-4−/− injured sedentary mice, n= 6). Behavioral tests 

examining mechanical hyperalgesia were performed before PNI and 24h after physical 

exercise from 3rd to 14th post-PNI day with the experimenter was blinded to group.

2.7.4 Experiment 4—To confirm the results found in IL-4−/− mice, we used a functional 

assay by administering an IL-4 antibody in Swiss mice prior to exercise. The anti-

hyperalgesic effect of physical exercise was measured in the following groups: i) PNI/IgG1 

Control/Sedentary (injured sedentary mice, pretreated with IgG1 control antibody, n= 5); ii) 

PNI/IgG1 Control/Exercised (injured exercised mice, pretreated with IgG1 control antibody, 

n= 5); iii) PNI/Anti-IL-4/Exercised (injured exercised mice, pretreated with IL-4 antibody, 

n= 6) and iv) PNI/Anti-IL-4/Sedentary (injured sedentary mice pretreated with IL-4 

antibody, n= 6). Behavioral tests examining response frequency to mechanical stimulation 

were performed before PNI and 24h after physical exercise from 3rd to 14th post-PNI day 

with the experimenter blinded to group.

2.7.5 Experiment 5—We previously showed that physical exercise can modulate 

macrophage phenotype in exercising muscle increasing M2 macrophages [46], which can 

produce anti-inflammatory cytokines like IL-4 [26,49,72]. We therefore examined the total 

number and phenotype of macrophages in the sciatic nerve after PNI and two-weeks of 

exercise in WT and IL-4−/− mice. The sciatic nerve was removed and 

immunohistochemically stained for macrophages with F4/80, and double labeled these with 

the M1 marker CD11c, or the M2 marker αCD206 in animals at the end of Experiment 3, in 
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the same groups: i) WT Sham/Sedentary (n= 5); ii) WT PNI/Sedentary (n= 5); iii) WT PNI/

Exercised (n= 5); iv) IL-4−/− PNI/Exercised (n= 6) and v) IL-4−/− PNI/Sedentary (n= 6). The 

experimenter blinded to group.

2.7.6 Experiment 6—Since anti-inflammatory cytokines such as IL-4, IL-1ra and IL-5 

were increased by physical exercise in the spinal cord after PNI, and glial cells modulate 

release of cytokines [29,73], we examined glial activation in the dorsal horn of the spinal 

cord 15 days after PNI. We immunohistochemically stained the spinal cord for GFAP 

(astrocyte) and Iba-1 (microglia), and quantified the density of staining. Animals (Swiss 

mice) from the following groups were compared: i) Sham/Sedentary, ii) PNI/Sedentary, iii) 

PNI/Exercised, (n= 4–6). The experimenter blinded to group.

2.8 Statistical analyses

Statistical analysis was performed using the GraphPad Prism Software (GraphPad Software, 

La Jolla, CA, USA). Data are presented as the mean ± SEM for each group. Behavioral tests 

were analyzed using repeated-measures analysis of variance (ANOVA) (Experiment 1) or 

two-way repeated-measures ANOVA (Experiments 3 and 4) for difference across time and 

between groups. A post hoc Bonferroni test examined for differences between groups. 

Biochemical data was analyzed using independent Student t test (Experiment 2). Assessment 

of immunohistochemistry results were performed using a two-way ANOVA followed by 

Bonferroni test (Experiment 5) or independent Student t test (Experiment 6). Normality was 

confirmed using the Kolmogorov-Smirnov analysis. P < 0.05 were considered statistically 

significant.

3 Results

3.1 Treadmill exercise improves neuropathic pain behaviors

There were no differences between animals assigned to the PNI/Sedentary and Sham/

Sedentary in their baseline (preoperative) responsiveness to the 0.4 g force applied to their 

paw (see Figure 2a and b, Supplemental Digital Content 1). PNI/sedentary group 

significantly (P < 0.001) increased withdrawal frequency to mechanical stimulation applied 

to the hind paw from the 3rd to 14th day after nerve injury compared to the Sham/sedentary 

group (see Figure 2a, Supplemental Digital Content 1). Besides, PNI/sedentary group also 

significantly decreased the time spent on the side of the box where the injured paw was 

stimulated 3 (P < 0.001), 5 (P < 0.001), 7 (P < 0.01), 10 (P < 0.01), and 14 (P < 0.001) days 

after nerve injury in the escape/avoidance test compared to the Sham/sedentary group (see 

Figure 2b, Supplemental Digital Content 1). In the open field test, there was a significant 

reduction (P < 0.01) in locomotor activity 15 days after injury in PNI/sedentary group 

compared to the Sham/sedentary group (see Figure 2c, Supplemental Digital Content 1).

Figure 1a and b show that there were no differences in baseline (preoperative) 

responsiveness to the force of 0.4 g applied to the paw of the animals assigned to the PNI/

sedentary and PNI/exercised group. In addition, treadmill running for 2 weeks after PNI 

significantly (P < 0.001) reduced the mechanical withdrawal frequency of the paw on days 5 

to 14 after PNI of the PNI/exercised group compared to the PNI/sedentary group (Fig. 1a). 
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For the escape/avoidance test, PNI/exercised group significantly (P < 0.05) increased their 

time spent on the side of the box ipsilateral to the injury on day 7 and 14 after PNI when 

compared to PNI/sedentary group (Fig. 1b). In addition, PNI/exercised group also showed a 

significant (P < 0.01) increase in spontaneous locomotor activity in the open field test when 

compared to the PNI/sedentary group (Fig. 1c).

3.2 Anti-inflammatory cytokines levels decrease after PNI, and increase with exercise

Previously, we demonstrated that sciatic nerve injury increases proinflammatory cytokine 

concentration (TNF-α and IL-1β) in the injured nerve and spinal cord [5], and anti-

inflammatory cytokines negatively modulates the release of pro-inflammatory cytokines, we 

tested if PNI reduced anti-inflammatory cytokines in the sciatic nerve and spinal cord. 

Initially, we showed that fifteen days after nerve injury the concentration of anti-

inflammatory cytokines IL-4 (P <0.05) and IL-1ra (P <0.001) and IL-5 (P <0.05) were 

significantly lower in the sciatic nerve and in the spinal cord of the PNI/sedentary group 

compared to the Sham/sedentary group (see Figure 2d–f and h–j, Supplemental Digital 

Content 1). However, there were no changes in IL-6 concentration in the sciatic nerve in 

both PNI/sedentary and Sham/sedentary groups (see Figure 2g and k, Supplemental Digital 

Content 1).

Figure 1d and e show that treadmill running for 2 weeks after PNI significantly increased 

IL-4 (P < 0.05) and IL-1ra (P < 0.05) concentrations in the sciatic nerve of the PNI/exercised 

group compared to the PNI/sedentary group. No changes were observed in IL-5 or IL-6 

concentrations in the sciatic nerve between PNI/Sedentary or PNI/Exercised groups (Fig. 1f 

and g). Furthermore, treadmill exercise increased the anti-inflammatory cytokines IL-4 (P < 

0.01), IL-1ra (P <0.01) and IL-5 (P < 0.5) concentrations in the spinal cord of the PNI/

exercised group compared to the PNI/sedentary group (Fig. 1h–j). Similar to the sciatic 

nerve, there were no changes in IL-6 concentration in the spinal cord in both PNI/sedentary 

and Sham/sedentary groups (Fig. 1k).

3.3 IL-4−/− mice do not show analgesia to treadmill exercise

Because we found that treadmill exercise increased IL-4 concentration in the sciatic nerve 

and spinal cord, we tested if IL-4 plays a role in the analgesia produced by treadmill exercise 

using IL-4−/− mice (Fig. 2a and b). Since IL-4−/− were congenic on Balb/cJ strain (Wild-

type, WT), we initially confirmed the effects of exercise on frequency of paw withdrawals to 

von Frey filament. First, we showed that Balb/cJ PNI (WT PNI) mice developed a similar 

and significant (P<0.001) increase in withdrawal frequency of the paw when compared to 

Swiss PNI mice (Fig. 1a and Fig. 2a). Secondly, we also show there was no difference in 

baseline (preoperative) responsiveness to the 0.4 g force applied to their paw between 

Balb/cJ mice assigned to the WT PNI/Sedentary group and WT Sham/Sedentary group 

(Figure 3, Supplemental Digital Content 1). However, WT PNI/sedentary group significantly 

(P <0.001) increased the mechanical withdrawal frequency of the paw on days on days 5 to 

14 after PNI compared to the WT Sham/sedentary group (see Figure 3, Supplemental Digital 

Content 1). Similar to Swiss mice, two weeks of treadmill exercise using the Balb/cJ strain 

significantly (P < 0.001) reduced the mechanical withdrawal frequency of the paw on days 3 
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to 14 after PNI of the WT PNI/Exercised group compared to the WT PNI/sedentary group 

(Fig. 2a).

IL-4−/− PNI/Exercised mice that performed treadmill exercise showed a significantly (P 

<0.001) greater withdrawal frequency of the paw when compared to WT PNI/Exercised 

mice after PNI (Fig. 2a). This increase in response frequency after PNI in IL-4−/− PNI/

Exercised mice was similar to that observed in WT sedentary mice (Fig. 2a).

3.4 IL-4 antibody prevents analgesia produced by treadmill exercise

Because IL-4 concentration increased in sciatic nerve and spinal cord by treadmill exercise 

and treadmill exercise did not produce analgesia in IL-4−/− mice, we assessed if IL-4 

antibody treatment could prevent or reverse the analgesia produced by treadmill exercise in 

Swiss mice (Fig. 2b). First, IL-4 antibody treatment on day 3 after PNI, before starting 

treadmill exercise in the PNI/Anti-IL-4/Exercised group, significantly (P < 0.05 and P < 

0.001, days 4 and 5, respectively) prevented the analgesic effect of treadmill exercise for two 

consecutive days when compared to PNI/IgG1 Control/Exercised group treated with IgG1 

control antibody (Fig. 2b). Similarly, on day 6 and 11, IL-4 antibody, but not IgG1 control 

antibody, temporarily reversed the analgesia produced by treadmill exercise (P < 0.001, days 

7, 10 and 12; P < 0.05, day 13; Fig. 2b).

3.5 Treadmill exercise alters macrophage phenotype in sciatic nerve

Since we show that IL-4 increases at the site of sciatic nerve injury during treadmill exercise, 

genetic deletion or blockade of IL-4 prevents treadmill exercise-induced analgesia, and prior 

studies show that IL-4 polarizes macrophages toward an M2 phenotype to promote healing 

[40], we tested if treadmill exercise changed macrophages phenotype in sciatic nerve after 

injury using immunohistochemistry (Fig. 3 and 4). Macrophages expressing the M1 and M2 

markers, CD11c and αCD206, respectively, were co-labeled with the macrophage marker 

F4/80 in the sciatic nerve of mice (WT and IL-4−/−) that had undergone 2 weeks of treadmill 

exercise and compared to sedentary mice after PNI.

Figure 3 shows sciatic nerve tissue stained for F4/80 and CD11c, and Figure 4 shows sciatic 

nerve tissue stained for F4/80 and αCD206. First, we showed that there was a significant (P 

< 0.001) increase in the number of F4/80+ macrophages in sciatic nerve after PNI of the WT 

PNI/Sedentary group (62.9 ± 13.1) compared with non-injured WT Sham/sedentary group 

(11.0 ± 2.8) (see Figure 4a–c, Supplemental Digital Content 1). Secondly, we also showed 

that 2 weeks after injury there was a significantly greater percentage of M1 (P < 0.001) and 

lower percentage of M2 (P < 0.001) macrophages in WT PNI/Sedentary group compared 

with non-injured WT Sham/sedentary group (see Figure 4a, b and d, Supplemental Digital 

Content 1). Furthermore, the percentage of M1 macrophages in injured nerve from WT PNI/

Exercised group was markedly (P < 0.001) reduced by two weeks of treadmill exercise 

compared with WT PNI/Sedentary group (Fig. 3 and 5b). On the other hand, the percentage 

of M2 macrophages in injured nerve from WT PNI/Exercised group was significantly (P 

<0.001) increased after two weeks of treadmill exercise when compared to WT PNI/

Sedentary group (Fig. 3 and 5b).
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In contrast, this change in proportion of M1 and M2 phenotypes of the WT PNI/Exercised 

group did not occur in the IL-4−/− PNI/Exercised group that performed treadmill exercise. 

There was a similar profile between IL-4−/− PNI/Sedentary group with WT PNI/Sedentary 

group (Fig. 3, 4 and 5b). Specifically, for M1 macrophages, there was a significant (P < 

0.001) increase in the proportion of CD11c-positive cells in IL-4−/− PNI/Exercised group 

when compared with WT PNI/Exercised group and for M2 macrophages, there was a 

significant (P < 0.001) decreases in the proportion of αCD206-positive cells in IL-4−/− PNI/

Exercised group compared to WT PNI/Sedentary group (Fig. 3, 4 and 5b). Further, there was 

a significant increase in the number of F4/80+ macrophages in the sciatic nerve after the 

nerve injury in sedentary animals, regardless of genotype when compared with WT Sham/

Sedentary group (Fig. 4c, Supplemental Digital Content 1).

3.6 Treadmill exercise reduces glial activation in the spinal cord after PNI

There is substantial evidence that activation of glial cells in the spinal cord plays a 

significant role in the transmission of nociceptive information after nerve injury 

[3,29,50,51], and recent studies show alterations in spinal glia after exercise [1,14,38,48]. 

We therefore examined effects of treadmill running on glial cell activation in the spinal cord.

We initially confirmed by immunofluorescence that sciatic nerve injury promotes increased 

immunostaining for GFAP (astrocytes marker) or Iba-1 (microglia marker) in the dorsal horn 

of the spinal cord on the ipsilateral side to injury in the PNI/Sedentary group compared to 

the Sham/Sedentary group (See Fig. 5a–d, Supplemental Digital Content 1). Further, the 

quantification showed a significant increased (P <0.05) in GFAP immunostaining in the 

superficial (I-II) and deep (III-VI) laminae of the dorsal horn in the PNI/Sedentary group 

when compared to the Sham/Sedentary group (See Fig. 5c, Supplemental Digital Content 1). 

Similarly, in PNI/Sedentary group there is a significant increased (P <0.01) in Iba-1 

immunostaining bilaterally in the superficial dorsal horn (I-II) and ipsilaterally in the deep 

dorsal horn (III-VI) when compared to Sham/Sedentary group (see Figure 5d, Supplemental 

Digital Content 1).

Figure 6a and c show that treadmill running for 2 weeks after PNI significantly (P < 0.05) 

reduced GFAP immunostaining bilaterally in the superficial (I-II) and deep (III-VI) dorsal 

horn in PNI/Exercised group compared to PNI/Sedentary animals. In addition, PNI/

Exercised group showed lower Iba-1 immunostaining bilaterally in the superficial (I-II) 

dorsal horn (P < 0.05), and ipsilaterally in the deep (III-VI) (P < 0.01) dorsal horn, compared 

to PNI/Sedentary group (Fig. 6b and d).

3.7 PNI increases, and treadmill exercise reduces, BDNF and β-NGF in the spinal cord after 
PNI

Since neurotrophins are released centrally after nerve injury, activate glial cells in the spinal 

cord dorsal horn [65], and exercise negatively modulates BDNF [1,28,48], we examined if 

treadmill running altered neurotrophins concentrations in the spinal cord after sciatic nerve 

injury. First, we confirmed by the ELISA assay that the sciatic nerve injury promotes a 

significant increase in the concentration of BDNF (P < 0.001) and β-NGF (P < 0.05) in the 

spinal cord in PNI/Sedentary group compared to Sham/Sedentary group (See Fig. 5e and f, 
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Supplemental Digital Content 1). Furthermore, treadmill exercise significantly reduced both 

BDNF (P < 0.01) and β (P < 0.001) concentrations in the spinal cord of the PNI/exercised 

group compared to the PNI/sedentary group (Fig. 6e and f).

4 Discussion

The current study shows 2 weeks of exercise after PNI produces analgesia through negative 

modulation of the neuroimmune system, peripherally and centrally, in favor of anti-

inflammatory cytokines, particularly IL-4. Specifically, exercise reduced nociceptive 

behaviors after nerve injury, consistent with prior studies from us and others for effects on 

mechanical hyperalgesia [1,4,5,11,13,14,28,37,38,42,48,67]. We extended these studies and 

also show normalization of the injury-induced pain behaviors using escape/avoidance and 

open field tests, suggesting exercise reduces the affective dimension pain, in addition to the 

sensory component. Mechanistically, our data show, for the first time that exercise increased 

concentrations of IL-4, IL-1ra, and IL-5 in the sciatic nerve, and induced a phenotypic 

switch in macrophages at the site of injury with a greater proportion of M2s and a lower 

proportion of M1s. Further, exercised IL-4−/− and anti-IL-4 antibody treated mice showed 

reduced analgesic effects, and IL-4−/− mice do not produce the phenotypic switch in sciatic 

nerve macrophages. Finally, exercise reduced glial cell activation (astrocyte and microglia) 

and neurotrophin release, and increased IL-4, IL-1ra, and IL-5 in the spinal cord. Together 

these data suggest that exercise produces analgesia by increasing anti-inflammatory 

cytokines at the site of injury and in the spinal cord by altering macrophage phenotype and 

glial function (See Fig. 7).

4.1 Neuroimmune modulation at the site of nerve injury

Macrophages produce predominately a pro-inflammatory or anti-inflammatory state 

depending on the balance of M1 and M2 phenotypes [53]. The current study shows that 

nerve injury results in increased infiltration of macrophages to the site of injury with a 

greater proportion of these being an M1s phenotype and a lower proportion being M2s. This 

phenotype distribution (M1>M2) is consistent with increased pro-inflammatory cytokines 

we previously published (TNF, IL-1β) [5]. Additionally, the current study showed decreased 

anti-inflammatory cytokines (IL-4, IL-5, IL-1ra) in nerve injured mice (See Fig. 7). Similar 

to our results, Grace and colleagues [28] show increases in macrophage infiltration to the 

site of nerve injury; however they show increases in expression of both M1 phenotype 

(iNOS) and M2 markers (Arginine-1) at the nerve injury site. The differences could be 

related to methodology, as we counted the percentage of the total macrophage population 

that expressed either an M1 or M2 marker, and Grace and colleagues [28] examined density 

of immunoreactivity for each marker.

The current study shows that 2 weeks of treadmill exercise, beginning after PNI, increased 

the proportion of M2 macrophages and decreased the proportion of M1 macrophages at the 

site of nerve injury. These results are consistent with previous studies demonstrating that 

exercise promotes an M2 phenotype in adipose tissue of obese mice, muscle tissue of 

uninjured mice, and in the dorsal root ganglia of rats with chronic constriction injury 

[28,35,39,46]. As above, these data are again in contrast to the prior study by Grace et al. 
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[28] who showed no change at the site of nerve injury in M1 or M2 markers with exercise 

using density readings of immunohistochemistry data. Prior studies show that the phenotypic 

switch in macrophages occurs with both 1) a single-bout of treadmill running (20 m/min, 90 

min) in normal mice as well as with longer duration tasks including wheel running (6-8 

weeks), and 2) within the exercising muscle as well as at sites distant to the exercising 

muscle [35,39,46].

M2 macrophages secrete anti-inflammatory cytokines (IL-10, IL-4) [26,49,72], which is 

consistent with the increases in IL-4 and IL-1ra observed at the site of nerve injury in the 

current study. Since anti-inflammatory cytokines inhibit production of pro-inflammatory 

cytokines (e.g. IL-1β, TNF-α) [9,51,60,70], the decreases in pro-inflammatory cytokines by 

exercise could be a direct result of the increases in anti-inflammatory cytokines. The current 

study further showed that genetic deletion or blockade of IL-4 prevents analgesia to 

treadmill running, which is consistent with prior studies showing that local application of 

IL-4 dose-dependently inhibits hyperalgesia to intraplantar injections of carrageenan, TNF, 

IL-1β, IL-8 and PGE2 [15], intraperitoneal injection of acetic acid [71], and intra-articular 

injection of zymosan [71]. Further, overexpression of IL-4 in primary afferent fibers 

reversed hyperalgesia in animals with nerve injury [31]. Similar to the current study, we 

previously show an increase in M2 macrophages in muscle with wheel running, and the anti-

inflammatory cytokine IL-10 mediated the analgesia in a model of chronic muscle pain [46]. 

It is likely that exercise produces its effects by modulating and increasing release of multiple 

cytokines including IL-4 and IL-10, and thus could be more effective than a therapeutic 

agent against a single target. In support, a recent report shows a fusion protein with IL-4 and 

IL-10 had a greater effect on hyperalgesia than either protein alone in animals with 

inflammation or nerve injury [18]. Our data further show that the switch in phenotype to a 

greater proportion of M2s does not occur in IL-4−/− mice, suggesting that IL-4 mediates the 

phenotypic switch. Consistent with our data, prior studies show treatment of macrophages 

with IL-4 downregulates expression of M1-specific molecules while upregulating expression 

of M2-specific molecules [39]. The analgesic properties of IL-4 could result from decreasing 

inflammatory mediators at the site of injury. Alternatively, since IL-4 is involved in healing 

and repair [52], exercise could reduce damage to the nerve and promote repair. Indeed, our 

prior study shows less nerve damage in the exercise groups with the same two-week 

treadmill training [5]. While studies are consistent with macrophages producing IL-4 and 

providing the analgesic effect, it does not rule out the involvement of other immune cells in 

exercise-induced analgesia. Thus, we suggest that treadmill exercise modulates hyperalgesia 

by promoting an M2 macrophage phenotype which increases anti-inflammatory cytokines 

that reduces pro-inflammatory cytokines promote healing; however, future studies are 

needed to clarify this hypothesis.

4.2 Neuroimmune modulation in the spinal cord

The current study shows a decrease in the spinal cord anti-inflammatory cytokines 

concentrations after nerve injury, which together with earlier work showing an increase in 

pro-inflammatory cytokines [5,28], suggests an altered balance in pro-inflammatory and 

anti-inflammatory cytokines in the spinal cord after nerve injury. It is well-established that 

astrocytes and microglia in the dorsal horn are activated by PNI and contribute to increased 
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excitability of dorsal horn neurons through release of pro-inflammatory molecules, such as 

TNF-α, IL-1β, and BDNF [3,12,17,29,50]. In this context, we demonstrated that treadmill 

exercise prevented the PNI-induced activation of microglia and astrocytes in the dorsal horn 

of the spinal cord and is consistent with prior studies [1,14,48]. In parallel to the immune 

changes at the site of nerve injury, the current study showed treadmill running normalized of 

the PNI-reduction in anti-inflammatory cytokines and the PNI-increase in neurotrophins in 

the spinal cord. BDNF can directly activate central glial cells, and promote increases in 

inflammatory cytokines in the spinal cord [65]. Our result for BDNF is consistent with prior 

studies on exercise-induced analgesia [1,13,28,48]. Prior studies have shown alterations in 

NGF with PNI and exercise in the DRG [1,13,48]; however, we show these changes in NGF 

extend to the spinal cord. Interestingly, mRNA and IL-4 protein have been found in 

astrocytes and microglia [34,57] and, although little is known about the role of IL-5 in dorsal 

horn, it has been identified as a cytokine secreted in vitro by astrocytes and microglia to 

result in a mitogenic effect on microglia [59,61].

Anti-inflammatory cytokines, such as IL-4 and IL-10, activate glial cells to promote 

neuronal survival and reverse hyperalgesia in animals with nerve injury [27,50]. Intrathecal 

injection of the IL-4 at the time of surgery prevented nerve injury-induced inflammation and 

hyperalgesia [69], and intrathecal injection of an IL-4-IL-10 fusion proteins reversed nerve-

injury induced hyperalgesia and glial cell activation [18]. IL-4 downregulates and reduces 

release of inflammatory mediators in the spinal cord including IL-1β, TNF-α and PGE2, 

MCP-1, and iNOS [23,31,45,69]. Interestingly, mRNA and IL-4 protein have been found in 

astrocytes and microglia [34,57] and, although little is known about the role of IL-5 in dorsal 

horn, it has been identified as a cytokine secreted in vitro by astrocytes and microglia to 

result in a mitogenic effect on microglia [59,61]. Thus, we propose that exercise promotes a 

decrease in glial activation and inflammatory cytokines by decreasing release of 

neurotrophins spinally and simultaneously increasing anti-inflammatory cytokines, creating 

an endogenous anti-inflammatory and neuroprotective environment in the central nervous 

system to reduce nociceptive behaviors (See Fig. 7).

4.3 Conclusions

Greater levels of physical activity and exercise are associated with a lower risk of developing 

chronic pain [16,43,44,64]. On the other hand, people with chronic pain have reduced levels 

of physical activity [7,19]. While exercise is part of the guidelines for treatment of 

individuals with neuropathic pain, there is little clinical evidence to support its effectiveness 

[2,68]. Understanding the mechanisms of exercise could lead to new therapeutic targets 

aimed not only at improving pain, but also improving healing and modifying the underlying 

pathology. Further, these studies will provide a rationale for both clinicians and patients to 

prescribe and adhere to an exercise program. The current study, in combination with prior 

studies suggests that low-intensity exercise positively modulates the state of the immune 

system at multiple sites to favor anti-inflammatory cytokines over pro-inflammatory 

cytokines increases to prevent development of neuropathic pain.
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Figure 1. 
Effect of exercise on mechanical hyperalgesia, escape/avoidance test, spontaneous 

locomotor activity, and peripheral and central neuroimmunomodulation in Swiss mice 

sedentary or exercised after peripheral nerve-injury (PNI). (a) Withdrawal response 

frequency of mouse hind paw to application of a 0.4 g von Frey filament before and after 

PNI for up to 14 days post-injury. In the PNI/Exercised group evaluations were performed 

0.5 h after exercise on 3rd after-PNI day or 24h after exercise on days 5 to 14 after-PNI. (b) 

Graph shows results of the escape/avoidance test and represents the time spent on the right 

side of the chamber when the right paw was stimulated, before and after PNI or exercise for 

up to 14 days post-injury. In the PNI/Exercised group evaluations were performed 0.5 h after 

exercise on 3rd after-PNI day or 24h after exercise on days 5 to 14 after-PNI. (c) Graph 

shows results of the open field test and represents the number of locomotion units covered 

by the animal in six minutes, expressed as the number of crossings on day 14 post-PNI. (d, 

e, f and g) Graphs show IL-4, IL-1ra, IL-5 and IL-6 cytokine concentrations in the sciatic 

nerve tissue, respectively. (h, i, j and k) Graphs show IL-4, IL-1ra, IL-5 and IL-6 cytokine 
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concentrations in lumbar (L1 to L6) spinal cord, respectively. Each point represents the 

mean of five to eight animals and error bars indicate ± SEM. Asterisks denote significance 

levels of the PNI/Sedentary group when compared with PNI/Exercised group (*P<.05, **P<.

01 and ***P<.001).
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Figure 2. 
Effect of exercise on mechanical hyperalgesia after peripheral nerve-injury (PNI) is 

dependent on IL-4. (a) Withdrawal response frequency of the paw in Balb/cJ (Wild-type, 

WT) and IL-4−/− mice before and after PNI in sedentary or exercised mice. Evaluations were 

performed 0.5 h after exercise on 3rd after-PNI day or 24h after exercise from days 5 to 14 

after-PNI. (b) Withdrawal response frequency of the paw in Swiss mice pretreated with IgG1 

control antibody or IL-4 antibody (Anti-IL-4), before and after PNI in sedentary or exercised 

mice. Evaluations were performed 0.5 h after exercise on 3rd after-PNI day or 24h after 

exercise from days 5 to 14 after-PNI. Anti-IL-4 or control IgG1 antibodies were given 

systemically (i.p.) on days 3, 6, 11 and 14 after PNI. Each point represents the mean of five 

to six animals and error bars indicate ± SEM. Hash marks denote significance levels, when 

compared with the WT PNI/Exercised or PNI/IgG1 Control/Exercised group (#P<.005 and 

###P<.001). Asterisks denote significance levels when compared with WT PNI/Sedentary or 

PNI/IgG1 Control/Sedentary group (**P<.01 and ***P<.001).
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Figure 3. 
Confocal micrographs of the sciatic nerve in Balb/cJ wild-type mice (WT) (groups: PNI/

Sedentary and PNI/Exercised) and IL-4−/− mice (groups: IL-4−/− PNI/Exercised and IL-4−/− 

PNI/Sedentary), two weeks after peripheral nerve-injury (PNI) and exercise. Sections show 

immunohistochemical labeling for macrophages with F4/80 (green) and labeling for M1 

macrophages with CD11c (red), merged pictures in columns 3 and 4 (higher magnification) 

show the co-localization of F4/80 and CD11c as yellow (arrows). Scale bar: 100 μm.
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Figure 4. 
Confocal micrographs of the sciatic nerve in Balb/cJ wild-type mice (WT) (groups: PNI/

Sedentary and PNI/Exercised) and IL-4−/− mice (groups: IL-4−/− PNI/Exercised and IL-4−/− 

PNI/Sedentary), two weeks after peripheral nerve-injury (PNI) and exercise. Sections show 

immunohistochemical labeling for macrophages with F4/80 (green) and labeling for M2 

macrophages with αCD206 (red), merged pictures in columns 3 and 4 (higher 

magnification) show the co-localization of F4/80 and αCD206 as yellow (arrows). Scale bar: 

100 μm.
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Figure 5. 
Effect of treadmill exercise on total and differential macrophages on the sciatic nerve in 

Balb/cJ wild-type mice (WT) (groups: PNI/Sedentary and PNI/Exercised) and IL-4−/− mice 

(groups: IL-4−/− PNI/Exercised and IL-4−/− PNI/Sedentary), two weeks after peripheral 

nerve-injury (PNI). (a) Graphs show the quantification of the total number of macrophages 

per group and (b) percentage of macrophage types, respectively that are labeled as M1 or 

M2. Each column represents the mean of six mice ± SEM. Asterisk denotes the level of 

significance compared with WT PNI/Sedentary M1 macrophages group (*P <.001). Hash 
mark denotes the level of significance compared with WT PNI/Sedentary M2 macrophages 

group (#P <.001). Letter a denotes the level of significance compared with WT PNI/

Exercised M1 macrophages group (aP <.001). Letter b denotes the level of significance 

compared with WT PNI/Exercised M2 macrophages group (bP <.001).
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Figure 6. 
Effects of treadmill exercise on the glial cells activation and modulation of neurotrophins in 

the spinal cord of Swiss mice, two weeks after peripheral nerve-injury (PNI) in sedentary 

and exercised animals. (a and b) Confocal micrographs of the spinal cord dorsal horn show 

immunohistochemical labeling for GFAP (red) and Iba-1 (green), respectively, for the 

ipsilateral and contralateral sides of the spinal cord dorsal horn. (c and d) Graphs show the 

quantification of the GFAP and Iba-1 optical density (arbitrary units), respectively, for the 

ipsilateral and contralateral sides of the spinal cord dorsal horn. Quantification using optical 

density readings was done for the superficial laminae (I and II) and in the deep laminae (III - 

VI). (e and f) Graphs show BDNF and β-NGF levels in lumbar spinal cord, respectively. 

Each column represents the mean of six to eight mice ± SEM. Asterisks denote significance 

levels of the PNI/Sedentary group when compared with PNI/Exercised group (*P<.05, **P<.

01 and ***P <.001). Scale bar: 50 μm.
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Figure 7. 
Schematic representation showing that 2 weeks of the low-intensity exercise produces 

analgesia through modulation of the neuroimmune system, peripherally and centrally, in 

favor of anti-inflammatory cytokines, particularly IL-4. Mechanistically, our data show, for 

the first time that treadmill exercise increased concentrations of IL-4, IL-1ra, and IL-5 in the 

sciatic nerve, and induced a phenotypic switch in macrophages at the site of injury with a 

greater proportion of M2 and a lower proportion of M1 after peripheral nerve-injury. 

Further, exercise reduced glial cell activation (astrocyte and microglia) and neurotrophin 

(BDNF and NGF) release, while increasing IL-4, IL-1ra, and IL-5 in the spinal cord after 

peripheral nerve-injury. Orange and green lines represent the changes observed in sedentary 

and exercised mice after sciatic nerve injury, respectively. The up arrows represent increase 

and down decrease.
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