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Highlights 

Removal of macrophages from muscle prevents development of chronic muscle 
hyperalgesia induced by repeated acid injections 

Blockade of TLR4 or activation prevents development of chronic muscle pain (repeated 
acid injection).  

Replacement of one acid injection with either LPS or IL-6 to mimic macrophage 
activation results in a similar development of hyperalgesia.  

Acid, LPS, and IL-6 increase the number of macrophages in muscle and induce release 
of cytokines from cultured macrophages. 

Thus, macrophages play a critical role in the development of chronic muscle pain 
induced by repeated acid injection.   
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Abstract: Macrophages play a role in innate immunity within the body, are located in 

muscle tissue, and can release inflammatory cytokines that sensitize local nociceptors. 

Here we investigate the role of resident macrophages in the non-inflammatory muscle 

pain model induced by 2 pH 4.0 injections 5 days apart in the gastrocnemius muscle. 

We demonstrate that injecting 2 pH 4.0 injections into the gastrocnemius muscle 

increased the number of local muscle macrophages, and depleting muscle 

macrophages with clodronate liposomes prior to acid injections attenuated the 

hyperalgesia produced by this model. To further examine the contribution of local 

macrophages to this hyperalgesia, we injected mice intramuscularly with C34, a TLR4 

receptor antagonist. When given before the first pH 4.0 injection, C34 attenuated the 

muscle and tactile hyperalgesia produced by the model. However, when given before 

the second injection C34 had no effect on the development of hyperalgesia. Then to test 

whether activation of local macrophages sensitizes nociceptors to normally non-

nociceptive stimuli we replaced either the first or second acid injection with the immune 

cell activator lipopolysaccharide (LPS), or the inflammatory cytokine interleukin-6 (IL-6). 

Injecting LPS or IL-6 instead of the either the first or second pH 4.0 injection resulted in 

a dose-dependent increase in paw withdrawal responses and decrease in muscle 

withdrawal thresholds. The highest doses of LPS and IL-6 resulted in development of 

hyperalgesia bilaterally. The present study shows that resident macrophages in muscle 

are key to development of chronic muscle pain.  

Perspective: : : : This article presents evidence for the role of macrophages in the 

development of chronic muscle pain using a mouse model. These data suggest that 
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macrophages could be a potential therapeutic target to prevent transition of acute to 

chronic muscle pain particularly under tissue acidosis conditions. 

 

Key words: macrophages, hyperalgesia, pain, proton, cytokine 
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Introduction 

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 [4;29;33]. 

Classical macrophages (M1) are involved in host defense, can arise in response to 

stress, and secrete pro-inflammatory cytokines that subsequently activate nociceptors 

to produce hyperalgesia and pain [3;6;45;47]. Prior studies show mixed results for the 

role of macrophages in development of hyperalgesia after injury. In inflammatory 

models, systemic blockade or depletion of macrophages respectively, prolongs 

hyperalgesia to intraplantar interleukin-1β (IL-1β) or carrageenan [62] suggesting 

macrophages contribute to resolution of inflammatory pain. On the other hand, Ulmann 

and colleagues [57] show that P2X4-/- mice have reduced hyperalgesia induced by 

intraplantar injection of formalin, carrageenan or Complete Freund’s Adjuvant (CFA). 

They further show that P2X4 is expressed on resident macrophages in the injected paw, 

and thus together these data suggest that resident macrophages are important in the 

generation of inflammatory pain. 

Chronic muscle pain conditions, like fibromyalgia, affect between 11–24% of the 

population [7]. However, the pathophysiology of chronic non-inflammatory muscle pain 

is virtually unknown. While there are clear clinical manifestations of pain and disability, 

chronic muscle pain conditions like fibromyalgia can persist in the absence of overt 

tissue injury or inflammation. To mimic this non-inflammatory pain, we developed an 

animal model that results in widespread hyperalgesia without tissue damage or 

inflammation that is induced by 2 intramuscular acid injections 5 days apart [50]. The 

long-lasting hyperalgesia does not develop in those with a single injection, and is 
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prevented by blockade of acid-sensing ion channels (ASICs) in muscle during the first 

or second injection [25;52]. Muscle releases a number of factors that could directly 

activate macrophages including protons, lactate and ATP through ASICs and purinergic 

receptors which are expressed on macrophages [11;27;31;56]. In addition, exercise 

increases plasma and muscle interleukin-6 (IL-6) concentrations and increases mRNA 

levels of IL-6 in exercising muscle [20;42]. Interestingly, a prior injection of IL-6 in 

muscle can enhance hyperalgesia to a subsequent noxious stimuli [12]. Moreover, IL-6 

is released from macrophages after LPS stimulation, IL-6 receptors are located on 

macrophages, and IL-6 increases infiltration of macrophages after injection [33;67].  

Together these data led to the hypothesis that resident macrophages in muscle are 

critical for the development of chronic muscle pain after repeated acid injection. 

Specifically we tested 1) if depletion or blockade of macrophages in muscle prevents 

the development of hyperalgesia to repeated acid injections, 2) if there are changes in 

expression of macrophages in muscle after repeated acid injections and after activation 

of macrophages, 3) if activation of macrophages by lipopolysaccharide (LPS) or IL-6 

mimics the effects of acidic saline, and 4) if macrophages release inflammatory 

cytokines to LPS or acid injection.  

 

  
 
Materials and methods 

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

University of Iowa and are in accordance with the guidelines of the National Institute of 

Health policies on the use of laboratory animals. A total of 146 C57BL/6J mice (73 male, 
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73 female) (19-22 g) were used in this study. Mice were housed in transparent plastic 

cages with free access to food and water and a 12 h light–dark cycle. We used an equal 

number of male and female mice in each experiment. No differences between male and 

female mice were observed for any of the groups tested and therefore all data were 

combined and analyzed by condition.  

 

Induction of Muscle Hyperalgesia  

To induce chronic muscle hyperalgesia, acid saline was injected twice into the left 

gastrocnemius muscle as described previously [50]. Before injection, mice were 

anesthetized briefly with 4% isoflurane (Piramal Healthcare Limited, Andhra Pradesh, 

India) in oxygen at a flow rate of 2L/min. The left gastrocnemius muscle was injected 

with 20 µl of pH 4.0 preservative-free sterile saline (Day 0). Five days later, the same 

muscle was re-injected with the same pH and volume (Day 5). The pH was adjusted 

with HCl to within 0.1 pH. 

 

Behavioral assessments 

Animals were acclimated to the testing room and procedures 2 times per day for 2 days. 

After transport to the laboratory from the animal care facility, animals were acclimated to 

the testing room for 30 minutes, and then were placed in transparent Lucite cubicles (3 

x 5 x 9 cm3) on an elevated mesh platform for 20 min to acclimate (paw withdrawal 

response test) and in a gardener’s glove for 5 min to acclimate (muscle withdrawal 

threshold test). 
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Behavioral tests were done with the examiner blinded to group. Paw withdrawal 

responses were tested using a von Frey filaments with 0.4 mN applied to the plantar 

surface of the paw as previously described [61]. The number of withdrawals out of 5 

applications was recorded in 10 trials, and an average of all 10 trials was determined for 

each time period. The number of responses was measured bilaterally. An increase in 

the number of responses was interpreted as cutaneous hyperalgesia.  

 

Muscle withdrawal threshold was tested using a pair of calibrated forceps applied to the 

gastrocnemius muscle as previously described [61]. The force at which the animal 

withdrew the hindlimb was recorded as the muscle withdrawal threshold in mN. Three 

trials, spaced 5 min apart, were averaged to obtain 1 reading at each time point. 

Withdrawal thresholds were measured bilaterally. A decrease in muscle withdrawal 

threshold is interpreted as muscle hyperalgesia.  

 

Depletion of local macrophages  

To deplete local macrophages in the injected gastrocnemius muscle, clodronate 

liposomes (Clod) (clodronateliposomes.com, Haarlem, The Netherlands) were injected 

twice into the muscle. This was compared to 2 injections of PBS-containing liposomes 

(PBS-Lipo). Before injection, mice were deeply anesthetized briefly with 4% isoflurane 

in oxygen at a flow rate of 2 L/min. Clod or PBS-Lipo were injected into 4 sites evenly 

spaced across the muscle belly (5µl per site) of the ipsilateral gastrocnemius muscle 2 

days before the first injection of acidic saline (Day 2). Three days later, the same 

muscle was re-injected with the same drug, volume and position (Day 1). Liposomes 
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were generated as described previously using phosphatidylcholine (LIPOID E PC; 

Lipoid GmbH, Ludwigshafen, Germany) and cholesterol (Sigma, St. Louis, MO) 

[58;59]. Paw withdrawal threshold and muscle withdrawal threshold were assessed 

before the first injection of pH 4.0 saline (Baseline), before the second injection of pH 

4.0 saline (Pre) and 24 h after the second injection of pH 4.0 saline (Post). Twelve mice 

were randomly divided into 2 groups (n=6/group, 3 males, 3 females): Clod-Lipo and 

control PBS-Lipo (Fig. 1). Depletion of macrophages in muscle was confirmed using 

immunohistochemistry for F4/80 and demonstrated a 62% reduction in total 

macrophages when comparing the 2 groups. 

 

Blockade of macrophage activation 

To attenuate local macrophage activity in the gastrocnemius muscle, C34 (Tocris, 

Minneapolis, MN) was injected in the gastrocnemius muscle. Control mice were injected 

with saline. C34 was used to either block TLR4 activation before the first or second acid 

injection. To block activation before the first injection, 1 mg/ml of 20 µl C34 [40] was 

injected i.m. 30-45 minutes before the first acid injection and 24h after the first injection. 

Whereas, to block activation before the second injection, C34 was injected i.m. 30-45 

minutes before the second injection of acid. Paw withdrawal threshold and muscle 

withdrawal threshold were assessed before the first injection of pH 4.0 saline (Baseline) 

and 24 h after the second injection of pH 4.0 saline (Post). Mice were randomly divided 

into groups with n=6/group (3 males, 3 females)(Fig. 2,3). 

 

Injection of LPS or IL-6 
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Before injection, mice were anesthetized briefly with 4% isoflurane in oxygen at a flow 

rate of 2 L/min. The left gastrocnemius muscle was injected with 20 µl of normal sterile 

saline, LPS (83-830 ng/20µl; Chondrex, Inc. Redmond, WA), or IL-6 (2-20 ng/20µl; 

Sigma-Aldrich) (Day 0) instead of the first pH 4.0 saline injection (Fig. 4). Five days 

later, the same muscle was injected with 20 µl of pH 4.0 saline (Day 5). For Figure 5, 

the left gastrocnemius muscle was injected with 20 µl of pH 4.0 saline (Day 0). Five 

days later, the same muscle was injected with 20 µl of normal sterile saline, LPS (83-

830 ng/20µl), or IL-6 (2-20 ng/20µl) (Day 5) instead of the second pH 4.0 saline 

injection. Paw withdrawal threshold and muscle withdrawal threshold were assessed 

before the first injection of pH 4.0 saline (Baseline) and 24 h after the second injection 

of pH 4.0 saline. A total of 6 animals per group (3 male, 3 female) were treated with 

vehicle or drug under each condition; one dose of drug was delivered per animal.  

 

Immunohistochemistry of macrophages in muscle 

Immunohistochemistry for macrophages was performed on cryopreserved sections of 

mouse muscle using rat monoclonal antibody recognizing F4/80 antigen (AbDSerotec, 

Raleigh, North Carolina), a glycoprotein expressed by mature murine macrophages 

using techniques we previously published [17;30]. Male and female C57BL/6J mice 

were anesthetized with an intraperitoneal injection of pentobarbital (50 mg/kg) and 

transcardially perfused with heparinized saline followed by either 1) 4% 

paraformaldehyde (clodronate quantification), or 2) PLP fixative (2% paraformaldehyde; 

75mM Lysine; 10mM periodate; 0.05M Phosphate Buffer) (Fig. 6). The ipsilateral (Left) 

gastrocnemius muscle was dissected and post-fixed overnight with either 4% 
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paraformaldehyde or PLP at 4°C. The next day the muscle was washed with 0.1M 

Sorenson’s buffer and sequentially incubated in 15% sucrose in PBS for 24 h at 4°C, 

30% sucrose in PBS for 24 h at 4°C, and 1:1 mixture  of 30% sucrose and OCT 

mounting media for 24 h at 4°C. Finally the tissues  were snap frozen in OCT using 

gentle Jane and stored at -80°C until cryosectioned . Muscle tissues were cut at 20µm, 

placed on slides and immunostained for macrophages. Groups were stained 

simultaneously to minimize experimental variability.  

 

For Figure 6, the tissues were post-fixed in PLP for 5 minutes and then washed with 

PBST (PBS, 0.05% triton-100). Prior to primary antibody incubation sections were 

blocked using 5% normal goat serum, background buster and Fc receptor blocker 

(Innovex Biosciences, Richmond, California). Sections were incubated with 1:500 rat 

anti-F4/80 (AbDserotec, Bio-Rad Co) for 1h at room temperature followed by 1:500 goat 

anti rat-IgG Alexa 488 (Life Technologies, Grand Island, NY) for 1 h at room 

temperature. Slides were coverslipped with Prolong Diamond anti-fade mountant (Life 

Technologies, Grand Island, NY).  

 

Muscle sections were imaged with an Olympus BX-51 (clodronate experiments) or BX-

61 (Fig. 6) fluorescence microscope with a spot camera in the Central Microscopy 

Facility at the University of Iowa. All images were taken under the same conditions on 

the same microscope and stored for later analysis. For clodronate experiments, 5 

muscle sections per animal were imaged, and 5 images per section were taken. The 

total number of macrophages per animal were counted using Image J software 
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(National Institutes of Health). For quantification of macrophage content in Figure 6, 

muscles were serially sectioned saving 1 section every 200 µm throughout each 

muscle. We then examined every 4th section of muscle for macrophage numbers. Six 

images were taken representing an even spread across the muscle section. The total 

number of labeled macrophages was counted for each muscle section, and the area 

counted was calculated using Image J software. The number of macrophages per mm2 

of tissue is represented in Fig. 6E. A total of 6 animals (3 male and 3 female) per group 

were analyzed for the clodronate experiments, and 6 animals (3 male and 3 female) per 

group were analyzed for data in Figure 6.  

 

Macrophage cytokine release 

Peritoneal macrophages were extracted using peritoneal lavage of C57Bl/6 mice after 

mice were euthanized using CO2. Briefly, 5 ml of ice cold, sterile, endotoxin-free PBS 

was injected into the peritoneal cavity using a 27g needle, the belly was then gently 

massaged to dislodge macrophages, and then cells were collected using a sterile 

Pasteur pipette or a 25g needle. The recovered cells were pelleted by centrifugation at 

1500 rpm for 10 min at 4oC and then plated on a 96 well plate at a concentration of 

1x106 cells/ml in DMEM containing 10% FBS, and Pen/Strep. The next day the cell 

media was changed and macrophages were treated with 100 ng/ml of LPS for 4h or pH 

6.0 for 4h. Afterwards, the supernatant media was extracted and cytokines were 

measured using a multiplex system (Mouse Cytokine Magnetic 10-Plex Panel from 

Invitrogen Life Technologies). Macrophages were isolated from 4 mice (2 male, 2 
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female) for these studies, and macrophages from each mouse were treated with pH 7, 

pH 6, or LPS (Fig. 7).   

 

Data presentation and statistics 

Analysis of the data was performed using SPSS Version 22.0 (SPSS Inc, Chicago, IL) 

or GraphPad Prism version 6.00 for Windows, GraphPad Software, La Jolla California 

USA. Data were tested for normal distribution using the Shapiro Wilk test. All data were 

normally distributed except cytokine release for GMCSF, IL-10, Il-5, Il-6, and TNF. No 

differences were found for sex and thus all comparisons were made with both male and 

female included in each group. For behavior tests, differences across time were 

analyzed with a repeated-measures analysis of variance, and differences between 

groups were analyzed post hoc with a Tukey test. For normally distributed cytokine 

release values for Il-1b, IFNy and IL-2 data were analyzed by repeated measures 

ANOVA with differences between groups analyzed with a paired t-test. For non-normally 

distributed cytokine release data, Kruskall Wallis test followed by a Mann Whitney test 

for differences between group. Differences in the average number of macrophages 

between control and experimental groups were analyzed using a t-test. P value <0.05 

was considered significant. Data was presented as mean ± S.E.M. 
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Results 

Depletion of resident macrophages attenuates hyperalgesia induced by repeated 

acid injections  

To test if the hyperalgesia induced by repeated injections of pH 4.0 saline requires 

macrophage activation in muscle, we injected clodronate liposomes into muscle 

ipsilaterally to deplete macrophages and compared to injections of PBS-Liposomes. 

Quantitation of F4/80-stained muscle macrophages showed that the average number of 

macrophages was approximately 20.83 +/- 2.80 in 5 sections in gastrocnemius muscles 

treated with Clod and was significantly less than the number from PBS-Lipo which 

averaged 82.33 +/- 9.79 (P<0.0001), similar to prior data by us [17]. Twenty-four hours 

after the second injection of acidic saline, responses to repeated mechanical stimulation 

of the paw increased and muscle withdrawal thresholds significantly decreased 

bilaterally in control animals treated with PBS-Lipo (p<0.0001). The increases in paw 

withdrawal responses were attenuated in the animals treated with Clod and were 

significantly less than animals that received PBS-Lipo (P<0.0001) (Fig 1A and B). 

Similarly, the decrease in muscle withdrawal thresholds did not occur in animals treated 

with Clod and were significantly less than animals treated with PBS-Lipo (P<0.0001) 

(Fig 1C and D). 

 

Repeated acid hyperalgesia is attenuated by blocking macrophage activation 

using TLR4 antagonist 

We next tested if blockade of macrophage activation prevented the development of 

chronic muscle hyperalgesia by repeated acid injections. Since TLR4 is located on 
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macrophages [2] and activation of macrophage-TLR4 receptors enhances release of 

inflammatory cytokines [41;66], we tested if blockade of TLR4 receptors, with C34, in 

muscle prevented development of hyperalgesia to repeated acid injections. C34, when 

given before the first pH4.0 injection (Fig 2), significantly attenuated paw withdrawal 

responses and muscle withdrawal threshold. However, when C34 was given before the 

second injection, it had no effect of acid induced hyperalgesia (Fig 3). 

 

Hyperalgesia can be induced by replacement of one acid injection with LPS  

To test if activation of macrophages reproduces the effects of intramuscular acid 

injection, we replaced either the first pH 4.0 saline or the second pH 4.0 saline injection 

with LPS, a TLR4 agonist. When the first acid injection was replaced by LPS, there was 

a significant increase in the number of responses to mechanical stimulation ipsilaterally 

for the 250 ng and 830 ng doses, and contralaterally for the 830 ng dose when 

compared to vehicle (P<0.001, Fig 4A). Similarly, there was a significant decrease in the 

muscle withdrawal threshold ipsilaterally at the 250 ng and 830 ng doses and 

contralaterally for the 830 ng dose when compared to vehicle than vehicle (P<0.001, Fig 

4C). 

When the second acid injection was replaced by LPS, there was a significant 

increase in the number of withdrawal to mechanical stimulation ipsilaterally for the 250 

ng and 830 ng doses and contralaterally for the 830 ng dose when compared to vehicle 

(P<0.001, Fig 5A). Similarly, there was a significant decrease in the muscle withdrawal 

threshold ipsilaterally at the 250 ng and 830 ng doses and contralaterally for the 830 ng 

dose when compared to vehicle (P<0.001, Fig 5C). 
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Hyperalgesia can be induced by replacement of one acid injection with IL-6 

Since IL-6 is released from macrophages and can activate nociceptors [12;33;67], we 

tested if IL-6 reproduces the effects of intramuscular acid injection by replacing either 

the first or the second pH 4.0 saline injection with IL-6 (2, 6 and 20 ng). When the first 

acid injection was replaced by IL-6, there was a significant increase in the number of 

responses to mechanical stimulation ipsilaterally for the 6 ng and 20 ng doses, and 

contralaterally for the 20 ng dose when compared to vehicle (P<0.001, Fig 4B). 

Similarly, there was a significant decrease in the muscle withdrawal threshold 

ipsilaterally at the 6 ng and 20 ng doses and contralaterally for the 20 ng dose when 

compared to vehicle (P<0.001, Fig 4D).  

When the second acid injection was replaced by IL-6, there was a significant 

increase in the number of withdrawal to mechanical stimulation ipsilaterally for the 6 ng 

and 20 ng doses and contralaterally for the 20 ng dose when compared to vehicle 

(P<0.001, Fig 5B). Similarly, there was a significant decrease in the muscle withdrawal 

threshold ipsilaterally at the 6 ng and 20 ng doses and contralaterally for the 6 ng 

(P<0.01) and 20 ng (P<0.001) doses when compared to vehicle (Fig 5D) 

 

Acid, LPS and IL-6 increase the number of macrophages in the gastrocnemius 

muscle 

To examine the effect of acidic saline injections on macrophage recruitment to local 

tissue, mice were injected twice with pH4.0 saline and the number of macrophages 

F4/80+ in the injected muscle was counted 24h after the second injection. A significant 
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increase in the number of F4/80+ cells occurred in the muscle on Day 6 when compared 

to muscles from naïve mice on Day 0 (Fig. 6A,B,E). Injecting 20µL of pH4.0 saline into 

the left gastrocnemius muscle significantly increased local macrophage concentration 

when compared to saline injected mice (P<0.05) for up to 6 days after injection. We next 

tested if the number of macrophages was altered after injection of LPS or IL-6. Injecting 

20µL of 20ng IL-6 or 20µL of 830ng LPS significantly increased the total number of 

F4/80+ macrophage (P<0.001) when compared to naïve mice (Figure 6C,D,E).  

 

LPS and acid induce release of cytokines from peritoneal macrophages 

To test if activation of macrophages with LPS and decreased pH induce release of 

cytokines from macrophages, we incubated peritoneal macrophages in either LPS or pH 

6.0 and compared to controls incubated with media. Both LPS and pH 6.0 significantly 

increased release of cytokines when compared to values after incubation in media (Fig. 

7). LPS significantly increased release of all 9 cytokines analyzed: IL-1β (p=.004), IL-4 

(p=.01), IL-6 (p=.01), GM-CSF (p=.01), TNFα (p=0.01), IL-2 (p=.0002), IL-5 (p=0.01), IL-

10 (p=0.01), and IFNγ (p=.001). Acidic pH significantly increased release of 8 of the 9 

cytokines measured: IL-4 (p=.03), IL-6 (p=.01), GM-CSF (p=.01), TNFα (p=0.01), IL-2 

(p=.02), IL-5 (p=0.01), IL-10 (p=0.01), and IFNγ (p=.04). 

 

Discussion  

The present study supports our hypothesis that resident macrophages in muscle are a 

critical component to the pathogenesis of chronic non-inflammatory muscle pain. 

Specifically we show the following findings: (1) depletion of resident macrophages and 
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blockade of TLR4 receptors in muscle attenuated the development of bilateral 

mechanical hyperalgesia induced by repeated acid saline injection; (2) replacement of a 

one acid injection by LPS to directly activate resident macrophages, or the inflammatory 

cytokine IL-6 to mimic macrophage activation, induces bilateral mechanical 

hyperalgesia in a dose-dependent manner mimicking the effect of repeated acid 

injections; (3) Acidic pH, LPS and IL-6 increase the number of macrophages in muscle 

tissue, and acidic pH and LPS induce release of cytokines from peritoneal 

macrophages. Thus, these data extend prior studies which macrophages are important 

in fatigue-induced and inflammatory muscle pain [10;18], and suggest that acidic saline 

in muscle activates macrophages involving TLR4 receptors, and induces release of 

inflammatory cytokines to produce hyperalgesia.  

We propose that resident macrophages, but not hematogenous macrophages, are 

responsible for generation of acid-induced muscle pain. Macrophages play a 

homeostatic role that is independent of their immune responses [36]. The present study 

provided the evidence that local depletion of macrophages in muscle prevents the 

hyperalgesia induced by repeated acid saline injection and activation of macrophages in 

muscle reproduces the effect. Indeed, microglial cells in the central nervous system, the 

possible counterparts of resident macrophages, respond rapidly to a wide variety of 

pathological stimuli [28] and seem to be the primary local cells involved in 

immunosurveillance [44]. To discriminate between infiltrating hematogenous and 

resident macrophages, Mueller and colleagues [37;38], used bone marrow chimeras, 

which combine a transgene with macrophage markers, to identify resident macrophages 

in nerve. In animals with nerve injury, they show activation of resident macrophages 
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early before the influx of hematogenous macrophages, proliferation of resident 

macrophages throughout a 28-day sampling period, and a slow turnover of resident 

macrophages in nerve suggesting resident macrophages play an active role in the 

cellular events after peripheral insult. Further, activation and proliferation of resident 

macrophages occurs in mild pathophysiological conditions, and hematogenous 

macrophages are supplemented only in more severe pathological processes [37-39]. 

Our study showed that acid injection produced a small increase in the number of 

macrophages in muscle. Since the repeated acid model used in the current study is not 

associated with pathological changes in the injected muscle [50], it is likely that there 

are changes in resident macrophages that are not reflected systemically.  

Interestingly, immune cells, including macrophages, respond to decreases in pH 

and express the pH-sensor ASIC3 [27;55]. The current study showed an increased 

release of inflammatory cytokines from peritoneal macrophages by acidic pH, in a 

similar magnitude to LPS. Classically activated macrophages release pro-inflammatory 

cytokines that are known to sensitize nociceptors and are the predominant immune cell 

type in muscle tissue [3;6;36;47]. Pro-inflammatory mediators including IL-1β, tumor 

necrosis factor-α (TNF-α), IL-6 and MIP-1α are directly implicated in pain 

hypersensitivity [26;53]. For example, injection of TNF-α and IL-1β into the sciatic nerve, 

to mimic release of endogenous cytokines locally after nerve injury, produces 

mechanical and thermal hyperalgesia [65]. Inflammatory cytokines also play a key role 

in muscle pain [12;13;22;33]. Injection of IL-6 into muscle activates nociceptors and 

evokes a time- and dose-dependent mechanical hyperalgesia [22;33]. Injection of TNF-

α into muscle induces mechanical hyperalgesia and evokes intramuscular upregulation 
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of calcitonin gene-related peptide (CGRP) and nerve growth factor (NGF), and 

interestingly TNF-α does not induce histopathological muscle damage [46]. Similarly, 

the current study shows injection of LPS into muscle to activate resident macrophages 

and injection of IL-6 into muscle induce the bilateral mechanical hyperalgesia in a dose-

dependent manner and mimics the effect of repeated acid injections. On the other hand 

blockade of TLR4 receptors, which are located on macrophages prevents the 

development of hyperalgesia [2;41;63;66]. Thus, resident macrophages and IL-6 play 

an important role in development of chronic muscle pain. 

TLR4 receptors are expressed on primary afferent neurons, particularly those 

expressing TRPV1 [19;32;60], and thus we cannot rule out the possibility that TLR on 

primary afferent fibers are responsible for the induction of hyperalgesia. While centrally 

blockade of TLR4 receptors produces analgesia in animal models of pain [24;32], it is 

unclear if peripheral blockade of TLR4 has a similar effect. The current study, 

interestingly, showed that blockade of TLR4 receptors during the first, but not the 

second, injection of acidic saline prevents the development of hyperalgesia. Similarly, 

Jasper and MacNeil [23] show that the non-selective immune blocker minocycline 

prevents development of hyperalgesia when given systemically before the first, but not 

the second injection in this chronic muscle pain model. They similarly show that 

replacement of the first acid injection with the TLR4 agonist, LPS, systemically mimics 

the development of hyperalgesia to repeated acid injection [23]. These data suggests 

that the initial injection activates immune cells, but that other mechanisms are 

responsible for the subsequent development of hyperalgesia.  
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The present results also show that depletion of resident macrophages attenuates, 

but does not abolish the hyperalgesia induced by repeated acid injections. We also 

show that the contralateral hyperalgesia is not as robust when 1 of the 2 acid injections 

is replaced by LPS or IL-6 (to mimic macrophage activation) when compared to the 

ipsilateral side. Note the repeated acid injection model produces bilateral hyperalgesia 

of a similar magnitude as shown in Fig 1. Thus, other complementary mechanisms are 

likely involved in the development of chronic widespread muscle pain in this animal 

model. Indeed, we previously show a strong central component including reduced 

central inhibition and enhanced central excitation play an important role in the 

generation and maintenance of hyperalgesia in this chronic muscle pain model 

[8;9;21;43;49;54]. Specifically, there is sensitization of neurons in the spinal cord and 

the rostral ventromedial medulla (RVM) contributes to both the development and 

maintenance of hyperalgesia after repeated acid injection [52;54]. After the second acid 

saline injection, both spinally and supraspinally, there is an increase in release of 

glutamate [43;49], increase in phosphorylation of the N-methyl-d-aspartate (NMDA) 

receptor [5;51], and blockade or downregulation of NMDA receptors attenuates the 

development of hyperalgesia [8;9;48]. Thus, central mechanisms are also involved in 

the development of chronic muscle pain and thus a combination of both peripheral and 

central factors are critical to the full manifestation of the pain-behaviors in this chronic 

muscle pain model.  

In the non-inflammatory muscle pain model used in the current study, 

morphological analysis of injected muscle reveals no obvious muscle damage or 

inflammation [50]. Despite the lack of damage or inflammation, repeated intramuscular 
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acid injections results in bilateral hyperalgesia of paw, muscle and the viscera that 

persist for weeks [34;50;64]. Similarly, in human subjects infusion of acidic solutions into 

muscle produces pain and hyperalgesia both locally at the site of infusion but also in a 

referred pain site [15]. It is well known that ASICs are sensitive to H+ and involved in 

acute and chronic muscle hyperalgesia [1;17;52;61]. In general, they are widely 

expressed nervous systems, including sensory nerves that innervate the skeletal 

muscle (muscle afferents)[1;35]. Evidence show native ASICs in muscle afferents are 

predominantly heteromeric channels comprising ASIC1a, ASIC2 and ASIC3 subunits 

[16] and the pH of half-maximal activation (pH0.5) of homomeric ASIC channels differs: 

6.2–6.8 for ASIC1a, 4.1–5 for ASIC2a and 6.2–6.7 for ASIC3 [14]. In the present animal 

model, the pH of tissue reached an average of pH 6.5 (pH 6.0 in individual animals) 

after intramuscular acid injection of pH 4.0 [50], a pH that could activate the ASIC1a and 

ASIC3. Our previous work shows activation of ASIC3 on muscle afferents is required for 

development of mechanical hyperalgesia and central sensitization that normally occurs 

in response to repeated intramuscular acid, but not ASIC1 [52]. ASICs also are 

expressed on macrophages [27] and thus could be directly activated by decreases in 

pH. Indeed, the current study showed that pH 6.0 induced release of inflammatory 

cytokines from macrophages. These data suggest that decreases in pH induce release 

of inflammatory cytokines possibly through activation of ASIC3 on macrophages to 

result in development of hyperalgesia. 

In conclusion, we propose that resident macrophages in muscle are key to the 

development of chronic muscle pain. We propose that muscle metabolites, like 
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decreased pH, lactate or ATP, directly activate macrophages which subsequently 

release inflammatory cytokines to enhance nociceptor sensitivity.  
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Figure 1. Depletion of resident muscle macrophages attenuates hyperalgesia 

induced by repeated acid injections. Resident tissue macrophages, in the left 

gastrocnemius, were depleted by injecting 2 injections of Clod-Lipo. The injections were 

administered 2 days before, and 1 day after the first acid injection. Control mice were 

injected with PBS-Lipo. Acid induced hyperalgesia was induced by two pH 4 injections 

in the left gastrocnemius muscle, given 5 days apart (experimental protocol is 

demonstrated on top of figure). Depletion of resident macrophages resulted in 

attenuation of both, the primary muscle hyperalgesia, and secondary tactile allodynia, 

as demonstrated by the bilateral increase in muscle withdrawal thresholds (C, D) and 

decrease in paw withdrawal response when compared to control mice (A, B). *P<0.001, 

significantly lower in Paw Withdrawal Responses and significant higher in Muscle 

Withdrawal Threshold in mice treated with Clod-Lipo when compared to mice treated 

with PBS-Lipo at 24 h after the second acid injection. Data are presented as means ± 

SEM, n = 6. Clod-lipo:  Clodronate-containing liposomes; PBS-Lipo: PBS-containing 

liposomes; IM: intramuscular injection; pH 4.0: pH 4.0 preservative-free sterile saline; 
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Figure 2. Blocking macrophage activation before initial acid insult, using a TLR4 

antagonist, prevents hyperalgesia induced by repeated acid injections. C34 (1 

mg/ml of 20 µl C34 [40]) a TLR4 antagonist was injected i.m. into the left gastrocnemius 

muscle 30-45 minutes before and 24h after the first injection (experimental protocol is 

demonstrated on top of figure). Control mice were injected with saline. Blocking 

macrophage activation prevented both, the primary muscle hyperalgesia, and 

secondary tactile allodynia, as demonstrated by the bilateral increase in muscle 

withdrawal thresholds (C, D) and decrease in paw withdrawal response when compared 

to control mice (A, B). *P<0.001, significantly lower in Paw Withdrawal Responses and 

significant higher in Muscle Withdrawal Threshold in mice injected with C34 when 

compared to mice treated with Saline at 24 h after the second acid injection. Data are 

presented as means ± SEM, n = 6. 
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Figure 3. Blocking macrophage activation after first acid injection, but before 

second acid injection, has no effect on acid induced hyperalgesia. C34 (1 mg/ml of 

20 µl C34 [40]) was injected i.m. into the left gastrocnemius muscle 30-45 minutes after 

the second acid injection (experimental protocol is demonstrated on top of figure). 

Control mice were injected with saline. When injected after the second injection C34 

had no effect on primary muscle hyperalgesia, and secondary tactile allodynia, as 

demonstrated by the muscle withdrawal thresholds (C, D) and paw withdrawal response 

(A, B). Data are presented as means ± SEM, n = 6. 
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Figure 4. Acid, LPS and IL-6 increase the number of macrophages in the 

gastrocnemius muscle. Mice were either injected with 20 µl of pH4.0 saline, 830 ng of 

LPS or 20ng of IL-6 into the left gastrocnemius muscle. Six days later the left 

gastrocnemius muscle was extracted and stained for F4/80+ positive cells 

(macrophages). A significant increase in the number of F4/80+ cells occurred in the 

muscle on Day 6 when compared to muscles from naïve mice on Day 0 following all 3 

treatments. (A) demonstrates a muscle section from a naïve mouse; (B) demonstrates a 

muscle section from a pH4 injected mouse; (C) demonstrates a muscle section from an 

IL-6 injected mouse; (D) demonstrates a muscle section from an LPS injected mouse; 

and (E) demonstrates the average number of macrophages per mm2 of tissue following 

each treatment. *P<0.001, significantly more macrophages than the naïve mice. 

 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
28 

 

Figure 5. Hyperalgesia remains intact after replacement of the first acid injection 

with LPS or IL-6. The first acid injection was either replaced by LPS i.m.(83, 250, 830 

ng) or IL-6 (2, 6, 20 ng), and muscle hyperalgesia was recorded. Control mice were 

injected with saline. Replacing the first acid injection with LPS produced both primary 

and secondary hyperalgesia in the ipsilateral side with all three doses, however, only 

the highest dose of LPS produced bilateral hyperalgesia (A, C). Similarly, replacing the 

first acid injection with IL-6 produced both primary and secondary hyperalgesia in the 

ipsilateral side with all three doses, however, only the highest dose of IL-6 produced 

bilateral hyperalgesia (B, D). *P<0.001 (ipsilateral) and #P (contralateral), significantly 

lower in Paw Withdrawal Responses and significant higher in Muscle Withdrawal 

Threshold in mice injected with LPS or acid when compared to mice treated with Saline 

at 24 h after the second acid injection. Data are presented as means ± SEM, n = 6. 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
29 

 

Figure 6. Hyperalgesia remains intact after replacement of the second acid 

injection with LPS or IL-6. The second acid injection was either replaced by LPS 

i.m.(83, 250, 830 ng) or IL-6 (2, 6, 20 ng), and muscle hyperalgesia was recorded. 

Control mice were injected with saline. Replacing the second acid injection with LPS 

produced both primary and secondary hyperalgesia in the ipsilateral side with all three 

doses, however, only the highest dose of LPS produced bilateral hyperalgesia (A, C). 

Similarly, replacing the second acid injection with IL-6 produced both primary and 

secondary hyperalgesia in the ipsilateral side with all three doses, however, only the 

highest dose of IL-6 produced bilateral hyperalgesia (B, D). *P<0.001 (ipsilateral) and #P 

(contralateral), significantly lower in Paw Withdrawal Responses and significant higher 

in Muscle Withdrawal Threshold in mice injected with LPS or acid when compared to 

mice treated with Saline at 24 h after the second acid injection. Data are presented as 

means ± SEM, n = 6. 
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Figure 7. LPS and acid induce release of cytokines from peritoneal macrophages. 

Peritoneal macrophages were harvested and plated on 96 well plates, at a 

concentration of 1 x 106 cells/ml. The cells were treated with either LPS (100ng/ml) or 

pH6 and compared to controls incubated in the same media. LPS significantly increased 

release of all 9 cytokines analyzed: IL-1β (p=.004) (A), IL-4 (p=.01) (B), IL-6 (p=.01) (C), 

GM-CSF (p=.01) (D), TNFα (p=0.01) (E), IL-2 (p=.0002) (F), IL-5 (p=0.01) (G), IL-10 

(p=0.01) (H), and IFNɣ (p=.001) (I). Acidic pH significantly increased release of 8 of the 

9 cytokines measured: IL-4 (p=.03) (B), IL-6 (p=.01) (C), GM-CSF (p=.01) (D), TNFɣ 

(p=0.01) (E), IL-2 (p=.02) (F), IL-5 (p=0.01) (G), IL-10 (p=0.01) (H), and IFNɣ (p=.04) (I). 
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Highlights 

Removal of macrophages from muscle prevents development of chronic muscle 
hyperalgesia induced by repeated acid injections 

Blockade of TLR4 or activation prevents development of chronic muscle pain (repeated 
acid injection).  

Replacement of one acid injection with either LPS or IL-6 to mimic macrophage 
activation results in a similar development of hyperalgesia.  

Acid, LPS, and IL-6 increase the number of macrophages in muscle and induce release 
of cytokines from cultured macrophages. 

Thus, macrophages play a critical role in the development of chronic muscle pain 
induced by repeated acid injection.   

 


