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Abstract

Regular physical activity in healthy individuals prevents development of chronic musculoskeletal 

pain; however, the mechanisms underlying this exercise-induced analgesia are not well 

understood. Interleukin-10(IL-10), an anti-inflammatory cytokine which can reduce nociceptor 

sensitization, increases during regular physical activity. Since macrophages play a major role in 

cytokine production and are present in muscle tissue, we propose that physical activity alters 

macrophage phenotype to increase IL-10 and prevent chronic pain. Physical activity was induced 

by allowing C57BL/6J mice free access to running wheels for 8 weeks and compared to sedentary 

mice with no running wheels. Using immunohistochemical staining of the gastrocnemius muscle 

to label regulatory (M2, secretes anti-inflammatory cytokines) and classical (M1, secretes 

proinflammatory cytokines) macrophages, the percentage of M2-macrophages increased 

significantly in physically active mice (68.5±4.6% of total) compared to sedentary mice 

(45.8±7.1% of total). Repeated acid injections into the muscle enhanced mechanical sensitivity of 

the muscle and paw in sedentary animals that does not occur in physically active mice; no sex 

differences occur in either sedentary or physically active mice. Blockade of IL-10 systemically or 

locally prevented the analgesia in physically active mice, i.e. mice developed hyperalgesia. 

Conversely, sedentary mice pretreated systemically or locally with IL-10 had reduced 

hyperalgesia after repeated acid injections. Thus, these results suggest that regular physical 

activity increases the percentage of regulatory macrophages in muscle and that IL-10 is an 

essential mediator in the analgesia produced by regular physical activity.
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I. Introduction

Large population studies show physically active individuals have a significantly lower risk 

for development of chronic pain [26;27] suggesting that regular physical activity prevents 

the development of chronic pain. Similarly, we previously show that 8 weeks of running 

wheel activity in mice prevents development of chronic non-inflammatory, but not acute 

inflammatory, pain [57]. Further, regular physical activity improves chronic pain in people 

with a variety of chronic pain conditions [3;11;16;20;30;32;50;60;70]. In healthy 

individuals, regular physical activity alters cytokine profiles with decreases in expression of 

pro-inflammatory cytokines, such as TNFα and IL-6, and increases in IL-10, an anti-

inflammatory cytokine [18;42]. It is unclear if this increase in anti-inflammatory cytokines is 

responsible for the prevention and reduction of pain with regular physical activity.

The balance between pro- and anti-inflammatory cytokines is a key concept in 

understanding the effect the immune system has on muscle pain. Macrophages are immune 

cells playing a variety of roles in local tissues, including phagocytosis, antigen presentation, 

wound healing, and immune regulation following infection. Macrophages show remarkable 

plasticity changing their phenotype in response to environmental signals, and therefore, are 

able to take on either pro-inflammatory or anti-inflammatory roles in the immune system 

[34]. Classically activated (M1) macrophages are characterized by their ability to secrete 

high levels of pro-inflammatory cytokines (IL-1, IL-6, TNFα, and IL-23) which are key 

components in host immune defense [34;46]. Conversely, regulatory M2 macrophages are 

characterized by their ability to secrete anti-inflammatory cytokines (IL-10, IL-4) which are 

involved with the end stages of immune response dampening inflammation and promoting 

healing [34]. Whereas pro-inflammatory cytokines result in nociceptor activation and 

sensitization, IL-10 is able to reduce nociceptor sensitization and produce analgesia 

[1;31;44]. Animal studies examining exercise effects on the immune system show that 

physical activity alters phagocytosis, chemotaxis, and antigen presentation capacity of tissue 

macrophages indicating that regular physical activity can change resident macrophage 

function and phenotype [22;68].

Tissue resident macrophages are of embryologic origin and are distinct from blood 

monocyte derived macrophages (MDMs)[12]. Recent work suggests resident macrophages 

self-renew, are maintained through adulthood, and respond to mild insults without 

infiltration from blood monocytes. Tissue resident macrophages while of common origin 

have distinct roles in different tissues [10]. Exercising muscle secretes factors (protons, 

lactate, ATP) [19;23;29;40] that can directly activate macrophages [34;64] and change 

phenotype in response to external stimuli. For example, extracellular ATP enhances pro-

inflammatory cytokine release [41;69], and promotes conversion to an M2 phenotype [5;6] 

while protons enhance endocytosis and secretion of IL-10 from macrophages [25].
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Therefore, we hypothesized that regular physical activity (exercise) changes macrophage 

phenotype from pro-inflammatory M1 to the anti-inflammatory M2, which in turn increases 

IL-10 release to prevent development of chronic muscle hyperalgesia. To determine this, we 

examined: 1) if macrophage phenotypes are different in the muscle of sedentary vs. 

physically active mice; 2) if blocking IL-10 receptors prevents the protective effects of 

regular physical activity and; 3) if administering IL-10 either systemically or locally in 

sedentary mice mimics the protective effects of regular physical activity.

II. Methods and Materials

Animals

All experiments were approved by the Animal Care and Use Committee at the University of 

Iowa and are in accordance with the NIH Guide for the Care and Use of Laboratory 

Animals. Experiments performed in male C57BL/6 mice (Jackson Laboratories) and started 

when the mice were 8–12 weeks old. All animals were housed individually for the duration 

of the experiment so that running wheel groups and control groups were housed in similar 

conditions. An additional set of male and female C57BL/6 animals tested for sex differences 

before and after induction of CMP, and between exercised and non-exercised animals. 

Animals were housed in the Animal Care Unit and had free access to food and water ad 

libitum throughout the experimental period.

Physical Activity Protocol

All experiments were approved by the Animal Care and Use Committee at the University of 

Iowa and are in accordance with the NIH Guide for the Care and Use of Laboratory 

Animals. For the physical activity group, 8–12 week old male C57BL/6 mice were placed in 

cages with running wheels and given free access to running wheels in their home cages to 

increase physical activity levels for 8 weeks. For the sedentary group, mice were placed in 

cages without running wheels for the same 8 weeks duration. Both the running wheel and 

the sedentary groups were housed individually for the duration of the experiment. We 

specifically chose to use running wheels instead of treadmill running to minimize stress 

since stress can modulate nociception [4;24;35] to enhance or reduce pain behavior, thus 

confounding interpretation. Running wheels allow the animal to choose the timing, speed 

and duration of an exercise bout. Wheel running by normal rats does not induce increases in 

chronic stress markers: hypertrophy of the adrenal gland or increase the catecholamine 

content in the left ventricle of the heart [47]. Mice had free access to running wheels for the 

8 weeks prior to induction of the model, i.e. injection 1 of pH 4.0 saline. Once the model 

was induced, running wheels were removed from their cages for the duration of the 

experiment. Animals continued to be housed individually. It is possible that stopping the 

running wheel activity and removing it from the cage could by itself cause stress by 

changing the environment.

Muscle tissue preparation and macrophage immunohistochemistry

Male C57BL6 mice were perfused with 4% paraformaldehyde and left gastrocnemius 

muscles were removed. Muscle tissues were then frozen using a Stand-Alone Gentle Jane 

Snap Freezer. Microscope slides were prepared by taking one 20µm section per 200µm of 
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tissue using Leica Cryocut 1800 at −20°C for a total of 25–30 sections of tissue per 

gastrocnemius muscle. Macrophages in the muscle tissue were stained using primary 

antibody rat anti-mouse F4/80 (1:250, AbD Serotec, Hercules, CA) and secondary antibody 

donkey anti-rat Dylight488 (1:500, Jackson ImmunoResearch, West Grove, PA). 

Macrophages were also co-stained to detect the integrin CD11c (an M1 macrophage marker) 

or the mannose receptor CD206 (an M2 macrophage marker). Labeling of CD11c was done 

using hamster anti-mouse CD11c primary antibody (1:100, BioLegend, San Diego, CA) and 

secondary antibody goat anti-Armenian hamster Rhodamine-Red-X-conjugated (1:100, 

Jackson ImmunoResearch, Hercules, CA). Labeling of CD206 was done using biotinylated 

rat anti-mouse CD206 (1:200, BioLegend, San Diego, CA) and streptavidin, Alexafluor 568 

conjugate (1:100, Jackson ImmunoResearch, Hercules, CA). Slides were coverslipped with 

VectaShield and stored at −20°C until analysis.

Images were captured a Bio-Rad 1024 Confocal Microscope with a 20× objective lens and 

processed with Image J (NIH). All images for a given stain were taken under the same 

conditions and pictures were stored for off-line analysis. We counted F4/80 alone and the 

merged image for the specific stain (CD11c or CD206 + F4/80). To ensure similar sampling 

between groups and across the muscle, multiple sections were systematically taken across 

the entire muscle. Specifically one 20 µm section was taken every 200 µm for each 

gastrocnemius muscle for a total of 20–25 cross sections, and thus we analyzed 20–25 

sections for each muscle for both the M1 and the M2 analysis. The entire muscle section was 

analyzed for macrophage content. We counted the total number of macrophages (F4/80) and 

the percentage that were double-labeled for the M1 (CD11c) or the M2 (αCD206) marker. 

An average of 123 (±43 SEM) macrophages per animal was counted in the muscle from 

physically active mice, and 188 (±43 SEM) macrophages per animal were counted in muscle 

from sedentary mice. A final total of 4 sedentary and 3 running wheel mice were used in 

these experiments. One animal was removed from the running wheel mice due to poor 

perfusion leading to inadequate immunohistochemistry staining. Power analysis showed 

significance of p<0.05 for the M2 immunohistochemistry differences resulted in 81% with 

the current data. Power analysis for the M1 sample showed to obtain a p<0.05 and 80% 

power we would need 16 animals per group. Thus, we did not increase sample size in this 

set of data.

Chronic Muscle Pain Model

Chronic pain was induced using acidic saline injections previously developed and 

characterized by our laboratory in rats and mice [56;58]. This model produces widespread 

mechanical hyperalgesia of the paw, muscle and viscera without tissue damage or 

infiltration of immune cells [15]. Male C57BL/6 mice were given two 20µl pH 4.0±0.1 

preservative-free saline injections into the left gastrocnemius muscle 5 days apart. Mice 

were anesthetized briefly (<1min) with isoflurane (2–4%) during the injection. The pH was 

adjusted with HCl within 0.1 pH unit prior to injection. Decreases in muscle withdrawal 

thresholds normally occur 24 hours after the second injection in sedentary animals [56;58].
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Pain Behavior and hyperalgesia

Muscle hyperalgesia was assessed using a calibrated force-sensitive tweezers to apply 

pressure across the gastrocnemius muscle as previously described [54;67;71]. Mice were 

placed head first into a gardener’s glove with the hind limb held in extension. Measurements 

of muscle withdrawal thresholds were taken at the minimum pressure required to cause hind 

limb withdrawal, and a total of three measurements were taken on each limb during each test 

which was then averaged. Mice were acclimated to this procedure with twice daily 5-minute 

sessions over a 2-day period prior to the first saline injection. Decrease in muscle 

withdrawal thresholds was interpreted as hyperalgesia; an increase in withdrawal threshold 

was interpreted as analgesia. In some mice the number of responses to repeated stimulation 

of the paw with an 0.4 mN von Frey filament was tested as we previously describe [57]. The 

number of paw withdrawals, out of 5, were counted, and 10 trials were averaged at each 

time period. An increase in the number of responses was interpreted as hyperalgesia.

IL-10 receptor blockade

To determine the effects of IL-10 and regular physical activity on musculoskeletal pain, 

mice which had undergone 8 weeks of regular physical activity or sedentary control mice 

were given local intramuscular (0.67µg/µL antibody, 15µL injection) into the left 

gastrocnemius muscle or intraperitoneal (i.p.) injections (2.5µg/µL antibody, 100µL 

injection) of either IL-10 receptor antibody or control IgG antibody (n=7 for sedentary local 

control IgG group, n=10 for physically active local aIL-10R group, n=8 for all other groups, 

BioXCell, West Lebanon, NH). All mice were administered two pH 4.0 saline injections 5 

days apart as previously described. For mice given injections into the left gastrocnemius 

muscle, IL-10R or control IgG antibody was given 30 minutes prior to the second to the 

second pH 4.0 saline injection. For mice given systemic intraperitoneal injections, IL-10R or 

control IgG antibody was given one day prior to the second pH 4.0 injection. Muscle 

withdrawal threshold were then tested one day after the second pH 4.0 saline injection. The 

same protocol for local injections was also repeated for local injection of IL-10R on the right 

(contralateral) gastrocnemius muscle in sedentary and exercise mice (n=4 for each group).

IL-10 administration in sedentary mice

To determine if IL-10 plays a role in reducing musculoskeletal pain, sedentary mice were 

given either local or systemic doses of IL-10 cytokine and compared to vehicle. For local 

administration, 20µL of IL-10 (0.375ng/µL, R&D Systems, Minneapolis, MN) or PBS were 

administered locally into the left gastrocnemius muscle daily over 10 days (n=8 for each 

group). pH 4.0 saline injections were given on Day 5 and Day 10. Systemic doses of IL-10 

or PBS (n=6 for each group) were administered at a constant rate of 2µg/day (0.33µg/µL at a 

rate of 0.25µL/hr) with an osmotic minipump (Alzet, Model 2007, Cupertino, CA) 

implanted subcutaneously for 9 days. pH 4.0 saline injections were given on Day 4 and Day 

9.

Statistical Analysis

Data are presented as the mean ± S.E.M. The total number of macrophages, and macrophage 

percentages were analyzed with a one-way ANOVA for differences between groups. 
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Behavioral tests were analyzed with a repeated measures ANOVA for differences across 

time and between groups. A post-hoc Tukey’s test examined for differences between groups. 

A two way (sex, running wheel) repeated measures ANOVA compared differences across 

time (before and after CMP). P<0.05 was considered statistically significant.

III. Results

R.1 Long-term physical activity alters macrophage phenotype populations in muscle

To determine if long-term physical activity influences macrophage phenotype in muscle, 

macrophages expressing the M2 and M1 markers, CD206 and CD11c, respectively, were 

quantified in the gastrocnemius muscle of mice that had undergone 8 weeks of physical 

activity and compared to mice that did not have access to running wheels. An average of 123 

(±43 SEM) macrophages per animal were counted from muscle of physically active mice 

and 188 (±43 SEM) macrophages were counted from in muscle of sedentary mice. There 

were no significant differences between the total number of macrophages between groups 

(p=0.38, t-test). Representative images stained to detect the pan macrophage marker F4/80 

along with CD206 or CD11c are shown for both physically active and sedentary mice 

(Figure 1,2). In muscles from physically active mice, there was an increase in the proportion 

of M2 macrophage phenotype within muscle, with 68.5% (±4.6% SEM) in physically active 

muscle compared to 45.8% (±7.1% SEM) CD206+ macrophages in sedentary muscle 

(p=0.02, t-test) (Figure 3). No significant difference was observed in M1 macrophage 

populations between muscles from physically active mice compared to muscles from 

sedentary mice (58.5% ±9.2 SEM and 68.6% ±6.8 SEM in physical activity and sedentary 

muscle respectively) (Figure 3).

R.2. Effects of chronic muscle pain model and running wheel activity in male and female 
mice

We previously show that repeated intramuscular injections of acidic saline produces bilateral 

decreases in muscle withdrawal threshold and bilateral increases in the number of paw 

withdrawals to noxious mechanical stimuli [57;58]. Similarly, Table 1 shows in male and 

female mice there is a significant decrease in the muscle withdrawal threshold bilaterally 

24h after induction of the chronic muscle pain model (p=0.0001 ipsilateral and 

contralateral). There is also a significant increase in the number of responses to noxious 

mechanical stimuli bilateral 24h after induction of the chronic muscle pain model (p=0.0001 

ipsilateral and contralateral). Our prior study showed that 8 weeks of running wheel activity 

prevented the development of hyperalgesia in a model of chronic muscle pain induced by 

repeated intramuscular acid injections [57]. We similarly show that in both male and female 

mice the decrease in muscle withdrawal thresholds and increase in number of responses to 

mechanical stimulation does not occur and are significantly different than sedentary male 

and female mice (Table 1)(p=0.0001). There was no effect for sex. Male and female 

sedentary mice both show bilateral increased sensitivity (i.e. hyperalgesia) to mechanical 

stimulation of the muscle and paw after acid injections, and male and female physically 

active mice both show no development of hyperalgesia after induction of chronic muscle 

pain.
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R.3 Blockade of IL-10 receptors prevents the protective effects of physical activity

Our prior study showed that 8 weeks of running wheel activity prevented the development 

of hyperalgesia in a model of chronic muscle pain induced by repeated intramuscular acid 

injections [57]. Since IL-10 is released by M2 macrophages and produces analgesic effects, 

we compared muscle withdrawal thresholds from mice treated with Il-10 receptor blocking 

antibody or control IgG after 8 weeks of running wheel activity and repeated acid injections.

Sedentary mice injected with the control antibody showed a significant decrease in 

withdrawal thresholds bilaterally. In contrast, 8 weeks of running wheel activity prevented 

this decrease in withdrawal threshold. Systemic blockade of IL-10R prevented the analgesia 

produced by 8 weeks of running wheel activity (p < 0.005). Muscle withdrawal thresholds of 

physically active mice given systemic IL-10 receptor antibody were 1097 mN (± 49 SEM) 

and 1016 mN (± 21 SEM) in ipsilateral (left) and contralateral (right) hind limbs 

respectively, while in mice given control injections had muscle withdrawal thresholds of 

1377 mN (± 80 SEM) and 1252 mN (± 84 SEM) in left and right hind limbs respectively 

(Figure 4). The withdrawal thresholds and hyperalgesia were similar and were not 

significantly different from to sedentary mice given either IL-10 receptor antibody or control 

antibody (IL-10R block left hind limb 899 mN ± 32 SEM, Control left hind limb 1017 mN ± 

29 SEM; IL-10R block right limb 982 mN ± 38 SEM, Control right hind limb 1056 mN ± 

35 SEM). (Figures 4)

To assess if local blockade of IL-10 receptors in the muscle prevents the analgesia produced 

by 8 weeks of running wheel activity, IL-10R antibody was administered intramuscularly 

prior to the second pH 4.0 saline injection There was a significant decrease in muscle 

withdrawal threshold in the left (ipsilateral) hind limb of physical activity mice administered 

IL-10R blocking antibody (1146 mN ± 76 SEM) compared to the left hind limb of 

physically active mice injected with the control IgG antibody (1410 mN ± 92 SEM) (p < 

0.001). No differences were observed in right (contralateral) limb muscle withdrawal 

thresholds which did not receive IL-10R blocking antibody; muscle withdrawal thresholds 

were 1508 mN (± 56 SEM) and 1452 mN (± 44 SEM) in mice given IL-10R antibody vs 

those given the control IgG antibody, respectively (Figures 4C and 4D). Administration of 

IL-10R blocking antibody had no effect on muscle withdrawal thresholds in sedentary mice 

in both left (992 mN ± 38 SEM and 941 mN ± 34 SEM in mice given IL-10R antibody vs. 

control respectively) and right (986 mN ± 18 SEM and 989 mN ± 24 SEM, IL-10R antibody 

vs. control respectively) hind limbs. We then tested if the effects of the IL-10R antibody 

given in the muscle had a systemic effect by applying the IL-10R blocking antibody to the 

contralateral muscle. Injection of the IL-10R antibody into the contralateral muscle 

prevented the analgesia observed in the muscle injected with the antibody, but not the 

ipsilateral muscle that received the pH 4.0 saline injection. Decreases in muscle withdrawal 

thresholds were observed in the limb of physically active mice only on the side injected with 

the IL-10R antibody and were significantly different from those that received the control 

IgG antibody (1232 mN ± 55 SEM in hind limb given IL-10R antibody injection, 1445 mN 

± 43 SEM in hind limb given control injection) (p = 0.003) (Figures 4E and 4F).

We further tested if IL-10R antibody blocked the effects of IL-10 in mice that received pH 

4.0 saline injections. In the group that received a control IgG antibody (n=4) 24h prior to 
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injection of IL-10, a single injection of 15 ng/20µl IL-10 into ipsilateral muscle increased the 

muscle withdrawal threshold from 984 + 29 mN to 1517 + 84 mN (15 minutes post 

injection) and this increased remained significant for 1h. This increase was prevented by 

prior injection of the IL-10 receptor blocking antibody (n=8) with decreases in withdrawal 

threshold before IL-10 averaging 995 ± 54 mN before IL-10 injection and 1121 ± 64 mN 

after IL-10 injection and was significantly lower than those receiving control IgG injection 

(p=0.01). Thus, these data show that IL-10 was able to reverse the hyperalgesia produced by 

repeated acid injections, and that the IL-10 receptor antibody blocks the effects of IL-10.

R.4 IL-10 administration in sedentary mice reproduces the protective effects of long-term 
physical activity in chronic pain

To determine whether systemic administration of IL-10 mimics the effects of running wheel 

activity and thus prevents the development of hyperalgesia after repeated intramuscular acid 

injections, IL-10 was administered systemically at a constant dose over nine days by 

osmotic mini-pumps to sedentary mice. Mice treated with systemic IL-10 had significantly 

less hyperalgesia compared to mice that received vehicle. The average ipsilateral hind limb 

muscle withdrawal threshold of IL-10-treated mice was 1384 mN (± 53 SEM) compared to 

the average muscle withdrawal threshold from vehicle-treated mice (1159 mN (± 56 SEM)) 

(p=0.015). Similarly, the contralateral average muscle withdrawal threshold of IL-10-treated 

mice was 1395 mN (± 29 SEM) compared to 1060 mN (±73 SEM) from vehicle-treated 

mice (Figure 5). No significant changes were observed in muscle withdrawal threshold of 

IL-10 or vehicle-treated mice 3 days after insertion of the mini-pump prior to the first pH 4.0 

saline injection.

To examine if IL-10 prevented the decrease in withdrawal thresholds in sedentary mice by 

acting locally in the muscle IL-10 injections were given into the left (ipsilateral) 

gastrocnemius muscle over the course of 10 days prior to induction of the pH model. Mice 

that received IL-10 injections had significantly higher muscle withdrawal thresholds 

compared to mice that received vehicle injections (p = 0.001). Ipsilateral muscle withdrawal 

thresholds of IL-10-treated mice were 1358 mN (± 52 SEM) and 1315 mN (±42 SEM) 

compared to vehicle-treated mice (985 mN (±107 SEM) and 1217 mN (± 77 SEM) (Figure 

5).

IV. Discussion

4.1 Physical activity alters resident muscle macrophage populations to favor regulatory 
macrophage phenotype

The current study shows that after long-term (8 weeks) physical activity, there was a 

significant increase in the percentage of macrophages that expressed CD206, indicating an 

increase regulatory macrophage phenotype. Macrophages play a role in innate immunity 

within the body, protect the organism against disease, and are located in nearly every tissue 

type including muscle [34]. Regulatory macrophages secrete anti-inflammatory cytokines 

and their main function is to dampen the immune response by removing infectious microbes, 

limiting inflammation, and promoting tissue repair [34]. Similar to the present study, 

exercise increases the number of regulatory macrophages in adipose tissue from obese mice 
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[22;38]. Since one function of regulatory macrophages is to secrete anti-inflammatory 

cytokines, the increase of regulatory macrophages within physically active muscle suggests 

a concomitant increase in anti-inflammatory mediators. This correlates well with the fact 

that after regular physical activity IL-10 release increases whereas pro-inflammatory 

cytokine release diminishes [42].

Interestingly, however, we did not observe an associated decrease in the percentage of 

classical (pro-inflammatory) macrophages in muscle long-term physical activity, nor was 

there a significant difference in the number of macrophages in sedentary versus physically 

active muscle. Despite this, the current study does show a significant increase in the ratio of 

regulatory to classical macrophages after long-term physical activity. The increase in 

macrophages which co-expressed CD206 and F4/80 with no simultaneous decrease in 

macrophages which co-expressed CD11c and F4/80 in physically active muscle may 

represent a transition state as classical macrophages phenotypically switch over to the 

regulatory macrophage phenotype. This transition state, induced by regular physical activity, 

may be a so-called “mixed phenotype” state with both anti-inflammatory and pro-

inflammatory characteristics. Previous studies in other clinical conditions show the 

coexistence of cells in different activation states or mixed M1/M2 phenotypes [43;53;66]. So 

while the overall number of macrophages that exhibit M1 macrophage characteristics stays 

the same, the number of macrophages which secrete anti-inflammatory cytokines is 

increased due to the increase in transition-state macrophages which have both anti-

inflammatory and pro-inflammatory characteristics. Further studies to understand the time-

course for the phenotypic switch will provide information on how quickly exercise can 

modulate the immune system and provide a general time-course for the beneficial effects of 

exercise.

4.2 IL-10 plays a key role in analgesia produced by regular physical activity

The current study shows that the analgesic effects of regular physical activity are prevented 

by blockade of IL-10 receptors given either systemically or locally in the muscle. 

Administration of the IL-10 receptor antibody systemically prevented the analgesia 

bilaterally, while local administration prevented analgesia in the muscle the blocking 

antibody was injected. Conversely, administration of IL-10 both systemically and locally in 

the muscle of sedentary mice mimics the effects of regular physical activity by preventing 

the development of hyperalgesia bilaterally or in the muscle IL-10 was administered. Further 

the hyperalgesia produced by muscle insult was reversed by local injection of IL-10. Thus, 

these data suggest that regular physical activity increases IL-10 in muscles systemically, and 

that IL-10 plays a critical role in the analgesia produced by regular physical activity.

Our data are in agreement with prior studies that show administration of IL-10 inhibits the 

development of hyperalgesia: prodynorphin-induced allodynia, endotoxin-induced 

hyperalgesia, and spinal cord injury-induced spontaneous pain [21;28;44]. Similar results 

have also been seen in microglia (which are macrophages of the central nervous system) 

where increasing expression of IL-10 in these cells reduces hyperalgesia after nerve injury 

[33;51]. Additionally, cytokine levels in patients with chronic widespread pain show lower 

expression of anti-inflammatory cytokines such as IL-10 and increases in inflammatory 
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cytokines [63]; IL-10 is expected to reduce pro-inflammatory cytokines, IL-1β and/or TNF 

[21;28;44]. In fact, IL-10 reduces inflammatory cytokines in the spinal cord after intrathecal 

IL-10 injection, and in inflamed skin after systemic IL-10 injection. Similarly, over-

expression of IL-10 peripherally (HSV viral vector expressing IL-10) [73;74] reduces HIV-

induced hyperalgesia and inflammatory cytokines in the spinal cord, and formalin-induced 

nociceptive behaviors [75]. Studies in IL-10−/− mice are mixed. In uninjured animals, 

IL-10−/− mice have enhanced nociception as evidenced by an increase in paw licking 

response on the hot plate latency [62], the only nociceptive test used in the study. After 

spinal injury, IL-10−/− mice have increased spontaneous pain behaviors compared to 

controls [1]. Consistently, however, in animals with tissue injury, exogenous application of 

IL-10 reduces hyperalgesia and reduces factors associated with inflammation and injury. We 

extend these prior studies and show for the first time that IL-10 contributes to the analgesic 

effects of regular physical activity when given prior to induction of the hyperalgesia.

Of note, while IL-10 administration in sedentary animals decreased hyperalgesia in the hind 

limb in which it was administered, there was no change in hyperalgesia on the contralateral 

limb regardless of if IL-10 was administered in the same or opposite limb as the pH4.0 

saline injections. Similarly, administration of IL-10 receptor blocking antibody locally into 

the hind limb of physically active mice resulted in hyperalgesia only in the limb given the 

antibody and not the contralateral limb. This would suggest IL-10 does not prevent the 

central sensitization that occurs after repeated acid injection [61], since contralateral 

hyperalgesia still persists despite local IL-10 injections. The data further suggest that the 

IL-10 increases after regular physical activity act on peripheral nociceptors making them 

less responsive to peripheral stimuli. Indeed IL-10 receptor is located on dorsal root ganglia 

neurons and IL-10 reduces Nav1.8, but not Nav1.9, sodium currents in DRG neurons. In 

fact, pretreatment with IL-10 resulted in a downregulation of the expression of Nav1.8 

mRNA and protein in DRG in basal conditions and decreased TNF-alpha induced 

upregulation [52]. Thus, it is possible that regular exercise reduces excitability of 

nociceptors by downregulating Nav1.8 so that subsequent activation of a nociceptor to a 

noxious stimuli, e.g. squeezing the muscle, produces less input to the central nervous 

system.

Alternatively, one could propose that regular physical activity increases muscle blood flow 

and buffering capacity [49] making the muscle less responsive to the acid injection, which 

would be manifested as an analgesic effect. However the fact that IL-10R blockade can 

readily prevent the analgesia argues against this by suggesting the sensitization pathways are 

being masked by IL-10 produced by physical activity.

4.3. Fatigue metabolites activate macrophages

Physical activity increases cytokines and fatigue metabolites locally and in plasma 

[17;45;48;76]. These fatigue metabolites (protons, lactate, ATP), secreted by exercising 

muscle [13;19;23;29;39;40], activate macrophages [34;64]. Extracellular ATP activates 

purinergic-7 receptors (P2×7) on macrophages enhancing release of pro-inflammatory 

cytokines[41;69], and promoting conversion to an M2 phenotype [5;6]. Protons activate 

ASIC3 on macrophages enhancing endocytosis and secretion of IL-10 [25]. Indeed, 
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fatiguing exercise enhances hyperalgesia to muscle insult, and the enhanced hyperalgesia is 

prevent by removal of muscle macrophages [13]. ASIC3 plays a significant role in this 

hyperalgesia since ASIC3−/− mice do not develop hyperalgesia after fatiguing exercise, and 

blockade of ASIC3 in muscle tissue prevents development of hyperalgesia [13]; however, 

downregulation of ASIC3 in neurons innervating muscle has no effect on the hyperalgesia 

[13]. Lastly, acupuncture promotes a phenotypic switch with an increase in M2 and decrease 

in M1 macrophages, and this switch does not occur in IL-10−/− mice [7]. Thus, we propose 

that fatigue metabolites activate macrophages locally to release IL-10, and these substances 

promote phenotypic switching to an M2 phenotype in response to regular physical activity.

4.4 Clinical relevance and translation

Clinically, physically inactive individuals have a greater risk for development of chronic 

pain [26;27;72]. The current study similarly shows that physically inactive mice develop 

mechanical hyperalgesia of the paw and muscle, and this is similar between male and female 

mice. While females have a greater prevalence of chronic musculoskeletal pain [2], the 

conditions that promote these differences are not clear. Our prior study shows that fatiguing 

stimuli combined with a low-dose muscle insult can produce robust sex differences, but the 

type of stimuli (isometric or full body fatigue; carrageenan or acid muscle insult) results in 

different results (widespread vs local hyperalgesia; enhanced vs. longer-lasting hyperalgesia; 

estrogen dependent vs. non-estrogen dependent)[14;55;59]. Further, in physically inactive 

individuals with chronic musculoskeletal pain, a single bout of fatiguing exercise enhances 

pain [8;9;20;60;65]. In contrast, regular physical activity prevents and reduces pain in a 

variety of chronic musculoskeletal conditions [3;11;16;20;26;27;30;32;50;50;60;70]. The 

current study similarly shows that regular physical activity prevents development of chronic 

muscle pain, and this prevention occurs equally between male and female mice. The 

dichotomy between increasing and decreasing pain with exercise may be related to 

macrophage phenotypes in muscle and how they respond to the fatiguing stimuli so that 

under physically inactive conditions there is a greater release of inflammatory cytokines and 

under exercise conditions there is a greater release of anti-inflammatory cytokines. In 

support, people with fibromyalgia show greater circulating and evoked release of 

inflammatory cytokines when compared to healthy controls [36;37]; regular exercise 

reduces inflammatory cytokines, and increases release of IL-10 from monocytes in 

fibromyalgia subjects [36]. Thus, regular physical activity may modulate the state of the 

immune system so that the balance of anti-inflammatory to inflammatory cytokines 

increases, and thus prevent development of chronic pain.
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Figure 1. Immunofluorescent detection of regulatory macrophages

Macrophages in gastrocnemius of muscle after 8 weeks of sedentary lifestyle (A–C) or 8 

weeks of running wheel activity (D–F). Total macrophages were detected using antibodies 

to the pan-macrophage marker F4/80, shown in green (A,D). Sections were co-stained to 

detect the M2 maker CD206, shown in red (B,E). Co-localization of F4/80 and CD206 

(C,F) shown in areas of yellow indicate regulatory macrophages (blue arrows). Pink arrows 

indicate F4/80+ macrophages that are CD206-negative.
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Figure 2. Immunofluorescent detection of classical macrophages

Staining of macrophages in gastrocnemius of muscle after 8 weeks of sedentary lifestyle (A–

C) or 8 weeks of running wheel activity (D-F). Sections were double-stained to detect total 

macrophages (F4/80, shown in green) (A,D) and the M1 marker CD11c, shown in red (B,E). 

Co-localization of F4/80 and CD11c markers (C,F) shown in areas of yellow indicate 

classically-activated macrophages (blue arrows). Pink arrows indicate F4/80+ macrophages 

that do not express CD11c.
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Figure 3. Macrophage phenotypes in sedentary vs. physically active muscle

After immunohistochemical staining, macrophages in the muscle were counted and F4/80+/

CD11c+ (A) and F4/80/CD206+ (B) macrophage populations were compared between 

sedentary and physically active muscle. Exercise muscle showed significantly higher 

populations of M2 macrophages (*p=0.02). There were no differences in the proportion of 

M1 macrophages. No changes in total macrophage
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Figure 4. IL-10 receptor blockade

Systemic and local injections of IL-10R antibody (aIL-10R) were given 24 hours (i.p., 

systemic) or 30 minutes (i.m. gastrocnemius, local) before the second pH 4.0 saline injection 

in sedentary and physically active groups. The exercise group given aIL-10R systemically 

showed a decrease in withdrawal threshold on (A) ipsilateral and (B) contralateral hind 

limbs that was less than the group that received the control IgG injection. Local injections of 

aIL-10R into ipsilateral (side of pH injection) gastrocnemius (C and D) showed a decrease 

in threshold only on the (C) side of antibody injection and was significantly lower than the 
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group that received the control IgG injection. Contralateral gastrocnemius injection of 

antibody (E and F) also showed a decrease in threshold only on the side of antibody 

injection and was significantly lower than the group that received the control IgG injection 

(F). (*p<0.01 vs. physically active IgG control).
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Figure 5. Systemic and local administration of IL-10

(A, B) IL-10 (2 µg/day) was administered for 9 days with a subcutaneous mini-pump in 

sedentary mice. pH 4.0 saline injections were given in the left gastrocnemius muscles on 

days 3 and 8. Mice given systemic IL-10 had higher withdrawal thresholds than those that 

received vehicle for both (A) ipsilateral (*p=0.015) and (B) contralateral (*p=0.002) limbs. 

(C, D) Local L-10 injections in the gastrocnemius muscle were given daily with pH 4.0 

saline administered on days 4 and 9. Mice given IL-10 had higher withdrawal thresholds 
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than those that received vehicle on the side given IL-10 (C) while the contralateral side 

showed no change compared to saline control (D)(*p=0.001).
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