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Abstract
Chronic muscle pain affects 20–50% of the population, is more common in women than men, and
is associated with increased pain during physical activity and exercise. Muscle fatigue is common
in people with chronic muscle pain, occurs in response to exercise and is associated with release of
fatigue metabolites. Fatigue metabolites can sensitize muscle nociceptors which could enhance
pain with exercise. Using a mouse model we tested whether fatigue of a single muscle, induced by
electrical stimulation, resulted in enhanced muscle hyperalgesia and if the enhanced hyperalgesia
was more pronounced in female mice. Muscle fatigue was induced in combination with a sub-
threshold muscle insult (2 injections of pH 5.0 saline) in male and female mice. We show that
male and female mice, fatigued immediately prior to muscle insult in the same muscle, develop
similar muscle hyperalgesia 24h later. However, female mice also develop hyperalgesia when
muscle fatigue and muscle insult occur in different muscles, and when muscle insult is
administered 24 hours after fatigue in the same muscle. Further, hyperalgesia lasts significantly
longer in females. Finally, muscle insult with or without muscle fatigue results in minimal
inflammatory changes in the muscle itself, and sex differences are not related to estradiol
(ovariectomy) or changes in brainstem activity (pNR1). Thus, the current model mimics muscle
fatigue-induced enhancement of pain observed in chronic muscle pain conditions in the human
population. Interactions between fatigue and muscle insult may underlie the development of
chronic widespread pain with an associated female predominance observed in human subjects.

1. Introduction
Chronic pain affects over 100 million Americans [31] and chronic musculoskeletal pain is
the most common type of chronic pain affecting up to 47 percent of the population [16].
Fibromyalgia (FM) and myofascial pain syndrome (MPS) are syndromes of chronic muscle
pain, characterized by both somatic (focal tenderness, muscle pain, fatigue) and
psychological (depression, anxiety, difficulty concentrating, insomnia) symptoms [7,37].
These diseases can be devastating: 25% of FM patients are unable to work and those who
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can work report significant pain- and fatigue-limited loss of productivity [6,15]. Further,
these conditions are more common in women than men, suggesting differences in
mechanisms of widespread pain between the sexes. Aerobic exercise improves symptoms in
people with FM and MPS [33,68], but can acutely exacerbate pain in this population
[45,69]. This results in aversion to physical activity, sedentary lifestyle, and decreased
functional capacity [74].

While these clinical observations suggest a link between fatiguing exercise and muscle pain,
the pathophysiology remains elusive. Early research on FM found evidence of mitochondrial
and ultrastructural changes in muscle tissue of FM patients [48], but no clear pathology or
inflammation [61,62,82]. Findings of increased pain sensitivity [47], temporal summation
[56,70], and decreased pain inhibition [31,46]—characteristics of central sensitization—
have shifted the focus to central changes in the pain processing system [16,17]. It is,
however, unclear what events initiate the sensitization.

Recently our laboratory demonstrated that a running wheel task, which fatigued the whole-
body, resulted in hyperalgesia of the paw after an otherwise innocuous muscle insult
[7,37,67,81], indicating generalized fatiguing exercise enhanced the nociceptive response to
muscle insult. While muscle fatigue is associated with release of fatigue metabolites (H+,
lactate, and ATP) that can sensitize nociceptors and produce hyperalgesia
[6,9,15,29,35,38,49,57,76], the running wheel task was not associated with changes in
fatigue metabolites [33,68,81]. Rather, we found blockade of central pathways during the
fatigue task prevented this enhanced hyperalgesia from occurring [45,64,69]. Collectively,
these data suggest that central factors are critical to the initiation of the fatigue-enhanced
hyperalgesia.

The whole body nature of the running wheel task makes it difficult to localize the
mechanism by which muscle fatigue alters the response to muscle insult. For example, it is
unclear if fatigue of the insulted muscle is necessary for induction of hyperalgesia,
suggesting fatigue metabolites bind to and sensitize peripheral terminals of nociceptors to
produce the enhanced hyperalgesia. Alternatively, muscle fatigue may enhance the response
to the low-dose muscle insult even when the muscle insult and fatigue are applied to
different muscles, indicating that central structures are involved in producing the enhanced
hyperalgesia. Whether fatigue-related signals from a single muscle are sufficient, or if
fatigue across multiple muscles is required for induction of the enhanced hyperalgesia is also
unanswered by the prior running wheel studies. Therefore the purpose of this study was to
determine if localized muscle fatigue is sufficient to produce hyperalgesia when combined
with pH 5 saline injections (muscle insult) and to test for sex differences in the initiation and
nature of muscle pain.

2. Materials and Methods
The experiments outlined below induced localized muscle fatigue in male and female mice
using electrically-induced isometric contractions in the gastrocnemius muscle which are
expected to maximize accumulation of fatigue metabolites. We combined this localized
muscle fatigue with a subthreshold muscle insult (2 pH 5.0 saline intramuscular injections)
neither of which produced muscle hyperalgesia when given alone (see below for more
details). For comparison we combined the muscle fatigue with neutral intramuscular saline
injection (pH 7.2). Nociceptive behaviors were assessed as muscle withdrawal thresholds to
pressure applied over the belly of the gastrocnemius muscle and decreases in thresholds
were considered hyperalgesia (see below). All experiments were approved by the
Institutional Animal Care and Use Committee and performed in accordance with the
National Research Council Guide for the Care and Use of Laboratory Animals and IASP
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Ethical Guidelines for the Use of Animals in Research. Both male and female C57BL6/J
mice from Jackson Laboratories (n=215), age 4–8 weeks, were used in all studies.

2.1. Electrically Stimulated Fatiguing Muscle Contractions
To induce muscle fatigue, mice were deeply anesthetized with 2–4% isoflurane. Fatiguing
muscle contractions were produced by applying electrical pulses through needle electrodes
implanted in the proximal portion of the gastrocnemius muscle using a modified Burke
protocol [10,25,74,75] that was confirmed empirically. The electrical pulses were generated
by a Grass S88 solid-state square wave stimulator (Grass Technologies, West Warwick, RI).
To test total force output before and after fatiguing contraction, maximum force contractions
were elicited by applying high-frequency (100 Hz), supramaximal stimulus trains: 7 volts
(V) pulses with 1 ms pulse duration. Each train lasted 500 ms with 3 second (s) between
trains. To produce muscle fatigue, supra-maximal, moderate frequency stimulations (40 Hz)
were applied to the muscle by applying trains consisting of 90, 1 ms pulses (7 V) (train
duration 3.75 s) every 8 sec (rest intervals 4.25 s between trains). Correct electrode
placement in the gastrocnemius was confirmed by plantarflexion of the ankle joint without
activation of toe flexors, tibialis anterior muscle, or muscles above the knee.

A trial consisted of three maximum contractions (100 Hz stimulation) to establish the
baseline force, six minutes (m) of sub-maximal (40 Hz stimulation) fatiguing contractions,
and three maximum contractions immediately after the fatiguing contractions. A subset of
animals from the behavior experiments were analyzed for baseline force and decline in force
(male n=12, female n=13). In a separate group of animals (male, n=3), force recovery was
monitored at 2, 4, 6, 8, and 10 m following completion of the fatiguing task, again using 3
maximum contractions. Force was continuously measured by attaching the hindpaw to an
iWorx FT-302 force transducer (iWorx, Dover, NH) and sampling the analog output at 100
Hz using LabVIEW software (National Instruments, Austin, TX). All force measurements
were then computed off-line using Freemat and Python scripts. Fatigue was operationally
defined as the decline in force between baseline and post-fatigue maximum force
contractions.

2.2. Low-Intensity Muscle Insult
The low-intensity muscle insult consisted of two intramuscular (i.m.) injections of 20 μl
normal saline into the gastrocnemius muscle 5 days apart. The pH of the normal saline was
adjusted with HCl to pH 5.0 ± 0.1. Control injections consisted of two injections of normal
saline (pH 7.2 ± 0.1) 5 days apart. The unbuffered pH 5 saline injections reduce muscle pH
to approximately 6.9, which is comparable to decreases seen after intense exercise [2–4,65].
Neither 2 injections of pH 5.0 nor 2 injections of pH 7.2 produce hyperalgesia [61,62,81,82].

2.3. Pain Behavior
Muscle withdrawal thresholds (MWT) were measured by applying force sensitive tweezers
to the belly of the gastrocnemius as previously described, where lower thresholds indicate
greater sensitivity [47,63]. Mice were acclimated to this behavioral paradigm in two 5
minute sessions over a two day period prior to the first injection. Briefly, mice were placed
in a gardener’s glove, the hindlimb was held in extension, and the muscle was squeezed with
force sensitive tweezers until the animal withdrew its hinblimb. An average of 3 trials per
animal was taken at each time period. A decrease in withdrawal thresholds was interpreted
as muscle hyperalgesia.
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2.4 Ovariectomy
To test the role of estrogen on sex-dependent effects observed in the current study, female
C57BL6/J mice were ovariectomized. Briefly, each animal was deeply anesthetized with 2–
4% isoflurane and the ovaries were removed by an abdominal approach as we previously
published [67]. Animals were given 100 μl of 0.3mg/ml buprenorphine every 12h for 3 days
and monitored daily for 5 days. One week after ovariectomy, behavioral experiments were
done.

2.5. Experimental Protocol: Induction of Muscle Hyperalgesia
2.5.1. Standard Protocol—We performed a set of 3 experiments to address our aims,
with slight variations in each. However, the common protocol across all experiments was as
follows. On day 0, baseline muscle withdrawal thresholds were assessed and the first saline
injection was administered. Fatiguing muscle contractions were induced prior to the second
saline injection on day 5. On day 6, the muscle withdrawal thresholds were reassessed. See
below for experiment-specific details.

2.5.2. Experiment 1: Necessity of Acidic Saline and Fatigue Parameters in
Initiating Muscle Hyperalgesia—This experiment tested if localized (i.e., single
muscle) muscle fatigue combined with a low-intensity muscle insult (2 injections of pH 5.0)
produced muscle hyperalgesia compared to four control conditions. On day 1, mice (males
n=6, females n=6 for each condition, total of 60 mice) were tested for baseline pain
behaviors and given the first saline injection. On day 5, the second saline injection was
administered immediately after completing the set of fatiguing muscle contractions to the
homonymous gastrocnemius muscle. Each cohort of 12 animals was exposed to one of the
following conditions: (1) two pH 5 injections with fatiguing muscle contractions
(experimental),;(2) two pH 5 saline injections without fatiguing muscle contractions
(control); (3) two pH 5 saline injections with two sets of maximum contractions 6 minutes
apart (without the fatiguing muscle contractions)(control); (4) fatiguing muscle contractions
with two pH 7.2 saline injections (control); or (5) a single pH 5 saline injection immediately
after the fatiguing muscle contractions (control). Muscle withdrawal thresholds were
measured bilaterally 24h after the second (or single for condition ‘5’) saline injection.

2.5.3. Experiment 2: Course of Muscle Hyperalgesia—This experiment tested the
duration of hyperalgesia induced by combining muscle fatigue with pH 5.0 injections (males
n=6, females n=6). Muscle withdrawal thresholds were assessed 24h, 3d, 5d, 7d, and weekly
afterwards until the pain behavior returned to baseline (6 weeks).

2.5.4. Experiment 3: Final Acidic Saline Injection after Muscle Fatigue—To test
for a time-dependent effect between pH 5 saline injections and muscle fatigue, we varied the
time between the second acid injection and fatiguing muscle contractions (for each condition
males n=6, females n=6, total of 36). For each condition, mice received the first pH 5 saline
injection on day 0 and on day 5 received the second pH 5 saline injection. We applied the
fatiguing muscle contractions to the homonymous muscle either (1) immediately, (2) 2h, or
(3) 24h (i.e., day 4) before the second pH 5 saline injection. Muscle withdrawal thresholds
were measured at baseline and 24h after the second pH 5 saline injection. Muscle
withdrawal thresholds were measured bilaterally 24h after the second pH 5 saline injection.

2.5.5. Experiment 4: Separation of Acidic Saline Injections and Muscle Fatigue
—To test the spatial characteristics of the fatigue-enhanced hyperalgesia response, the pH
5.0 injections and muscle fatigue were applied to homonymous and heteronymous muscles
(for each condition males n=6, females n=6, total of 24 animals) and mechanical
hyperalgesia tested bilaterally. Two pH 5 saline injections spaced 5 days apart were
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combined with the fatiguing muscle contractions immediately prior to the second injection.
However, the two conditions varied by whether the pair of saline injections were given to
the fatigued (ipsilateral) gastrocnemius muscle or the unfatigued (contralateral)
gastrocnemius muscle. Muscle withdrawal thresholds were measured bilaterally 24h after
the second pH 5 saline injection.

2.6. Experiment 5: Assessment of Inflammatory Changes in Treated Muscle
Inflammatory changes were assessed by histopathologic evaluation of tissues as well as by
measuring tissue levels of myeloperoxidase. Mice were given two pH 5.0 saline injections
five days apart with muscle fatigue immediately before the second injection. Controls
consisted of animals that received (1) no treatment, i.e. naïve, (2) two pH 5 saline injections
without muscle fatigue, (3) two pH 7.2 saline injections with muscle fatigue, (4) or a single
injection of 3% carrageenan (positive control). 24 h after the treatment, mice were
euthanized by exposure to 100% CO2 for 5 minutes followed by thoracotomy. For
histological analysis, the gastrocnemius muscles (for each condition, males n=2, total of 10
mice) were fixed in 10% neutral buffered formalin for 72 hours. These specimens were then
embedded in paraffin, sectioned at 4 μm, and stained with hematoxylin and eosin (H&E) for
histological examination. A board-certified veterinary pathologist, who was blinded to
treatment group, assessed the slides.

As a marker for neutrophilic infiltration, myeloperoxidase concentration was quantified by
spectrophotometry. The gastrocnemius muscle (for each condition, males n=6, total of 30
mice) was harvested and weighed. The tissue was minced with scissors before being
homogenized in 1 mL 0.5% hexadecyltrimethyl ammonium bromide (HTAB) on ice. The
homogenate was then treated with 3 freeze-thaw cycles by immersion in 95% ethanol chilled
by crushed dry ice followed by immersion in hot water. Lysates were centrifuged at 1,000
RPM for 15 minutes and 10 μL was plated in triplicate on 96 well flat bottom cell culture
plates. 190 μl of freshly prepared assay reagent (10 mg o-dianisidine dihydrochloride with 1
μl 30% hydrogen peroxide dissolved in 50 mL 1M phosphate buffer) was then added to the
lysate. Each plate also included a serial dilution of stock myeloperoxidase as a standard
curve. Absorbance of light at 450 nm was measured using a microplate reader (SpectraMax
Plus384) running SoftMax.

2.7 Experiment 6: Quantification of pNR1 Positive Cells in the RVM
To test if sex differences were due to altered modulation of central facilitatory pathways,
previously found to show sexual dimorphism in response to noxious stimuli [50,74], we
tested if there was increased phosphorylation of the NR1 (pNR1) subunit of the NMDA
receptor (pNR1). We examined pNR1 in the rostral ventomedual medulla (RVM) since
previous studies in our laboratory using animal models of muscle pain show 1) increased
pNR1 immunoreactivity, 2) blockade of NMDA receptors reduces hyperalgesia, 3)
downregulation of NR1 reduces muscle hyperalgesia, and 4) over-expression of NR1
induces muscle hyperalgesia [20,21,64,72]. Male and female mice were given two pH 5.0
saline injections five days apart with muscle fatigue immediately before the second
injection. Comparison groups consisted of naïve mice for each sex. 24 h after the second
injection, mice were deeply anesthetized with sodium pentobarbital (100 mg/kg, i.p.) and
transcardially perfused with 4% paraformaldehyde. Brains were removed, and the RVM was
blocked, embedded in OCT, and frozen at −20 C until analysis. Sections were cut on a
cryostat at 20 μm through the medulla and placed on slides. Serial sections containing the
RVM were immunohistochemically stained as previously described [21,64]. Sections from
all animals were stained simultaneously using a primary rabbit polyclonal antibody against
phosphorylated serine 897 of the NMDA R1 subunit (pNR1) (Millipore, 1:500 dilution).
Sections were incubated overnight in the primary antibody followed the next day by 1h
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incubation with biotinylated goat anti-rabbit (Life Technologies, 1:200) and then 1h
incubation in streptavidin-Alexa 568 conjugate (Life Technologies, 1:200). Images of the
RVM were taken at 20× magnification on an Olympus BX-51 light microscope using the
same settings for each section and between animals. Quantification was performed of line
using Image J and counting the number of stained cells in the RVM in five sections per
animal as previously described [21,64]. As a control for staining, the facial nucleus,
contained in the same sections as the RVM, was similarly quantified.

2.8 Statistical Analysis
Data are reported as the mean ± S.E.M. The effects of the fatiguing muscle contractions on
force output were compared to baseline using student’s t tests. Repeated measures ANOVA
were used for assessing fatigue recovery and behavioral measurements, with Duncan’s post-
hoc tests for between group follow-up assessments. Student’s t-tests with rank ordered
Bonferroni corrections were used to test for differences between sexes across time. One-way
ANOVA with Duncan’s post-hoc test was used to analyze the myeloperoxidase assay, and
immunohistochemistry data. For all experiments, p<0.05 was considered statistically
significant.

3. Results
3.1. Electrical stimulation of muscle produces short-lasting muscle fatigue

To induce local muscle fatigue we electrically stimulated the gastrocnemius muscle for 6
minutes using a modified Burke protocol [11,25,56,70,75] to produce isometric contractions
that resulted in an approximately 50% decrease in force. Maximum intensity, high frequency
electrical stimulation produced 6.2 (+/− 0.5 SEM) and 6.4 (+/− 0.5 SEM) grams (g) of force
at baseline in male and female mice, respectively (fig 1A), and there was a similar decrease
in force between the sexes. This decrease in force recovered rapidly, returning to 93% of
baseline by 10 minutes (fig 1B). There were no significant differences in force (pH 5 = 6.8 ±
0.4g; pH 7.2 = 5.5 ± 0.6g) or fatigue magnitude (pH 5 = 54.1 ± 4.5%; pH 7.2 = 60.9 ± 3.8%)
between animals treated with pH 5.0 or pH 7.2 saline.

3.2 Muscle fatigue combined with sub-threshold muscle insult produces hyperalgesia in a
sex-dependent manner

3.2.1. Combination of pH 5.0 Saline and Muscle Fatigue is Necessary to
Produce Muscle Hyperalgesia—To determine if pH 5.0 saline must be combined with
local muscle fatigue to produce hyperalgesia, we measured MWT in mice exposed to either
pH 5.0 saline or local muscle fatigue, or both in combination. There was a significant
decrease in muscle withdrawal thresholds in mice that received two pH 5.0 saline injections
in combination with muscle fatigue (Fig 1c) when compared to baseline or controls. Mice
that received two pH 5.0 saline injections without muscle fatigue, a single pH 5.0 saline
injection with muscle fatigue, two pH 7.2 saline injections with muscle fatigue, or pH 5.0
with only the maximum contractions but no fatigue showed no change in their muscle
withdrawal thresholds (F4,51 = 19.957, p < 0.001) (fig 1C).

3.2.2. Muscle Hyperalgesia Lasts Significantly Longer in Female Mice—To
examine the duration of the decreased muscle withdrawal thresholds we followed mice for
up to 6 weeks after the second acidic saline injection. There was a significant sex difference
in the duration of the decreased muscle withdrawal thresholds after combining muscle
fatigue with muscle insult (F1,10 = 16.765, p=0.002). Muscle withdrawal thresholds returned
to baseline by day 14 in males, but not until day 42 in females (fig 2G). Post-hoc tests
confirmed significant differences in withdrawal thresholds between males and female mice
after the 14 day period.
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3.2.3. Delaying Final Acidic Saline Injection after Muscle Fatigue Results in
Time-Dependent Decrease in Hyperalgesia for Male, but not Female Mice—To
determine if the muscle fatigue had to be done in close time proximity to the muscle insult,
we performed the muscle fatigue task immediately, 2h, or 24h prior the muscle insult.
Significant sex differences were observed between the time for induction of muscle fatigue
and the muscle insult (F6,37 = 3.208, p=0.012). For males the greatest decrease in
withdrawal thresholds occurred when muscle fatigue was induced immediately before the
second injection, an intermediate effect was seen for 2h delay, and no decrease in
withdrawal thresholds occurred when the fatigue task was given 24h before the second
injection (fig 2A). Surprisingly, in females withdrawal thresholds did not vary significantly
between time intervals – muscle fatigue induced immediately, 2h, or 24h before the second
injection resulted in comparable decreases in withdrawal thresholds (fig 2B). Post-hoc tests
revealed a significant difference between males and females for the group in which muscle
fatigue was induced 24h before the second injection.

3.2.4. Spatial Separation of Acidic Saline Injections and Muscle Fatigue Fails
to Produce Hyperalgesia in Male, but not Female Mice—To test the spatial
characteristics of the fatigue-enhanced response to muscle insult, muscle fatigue and muscle
insult were applied to different muscles and hyperalgesia was tested bilaterally. Again,
significant sex differences were observed (F11,64 = 10.786, p < 0.001). In males when
muscle fatigue and muscle insult occurred in the same muscle there was a significant
decrease in withdrawal thresholds ipsilaterally, but not contralaterally. When the muscle
fatigue and muscle insult were given to heteronymous gastrocnemius muscles, male mice
showed no change in withdrawal thresholds (figs 2D–G). In contrast, female mice showed
decreased muscle withdrawal thresholds bilaterally regardless of whether the localized
muscle fatigue and muscle insult occurred in the same or contralateral muscles (figs 2D &
2E).

3.3. Muscle insult and fatigue is not associated with acute muscle inflammation
To determine if there was muscle damage and inflammation the muscles were examined
histologically. All groups, naïve controls, pH 7.2 controls, pH 4.0 injection, and fatigued
cohorts demonstrated mild, multifocal myofiber degeneration, as characterized by myocyte
hypereosinophilia and loss of cross-striations. Similarly, all groups also exhibited signs of
mild, multifocal regeneration as characterized by centralized rowing of nuclei. Compared to
naïve controls, animals treated with acidic saline, with or without fatigue, had a mild,
multifocal lymphoplasmacytic infiltrate, but notably lacked neutrophils (fig. 3A–C). In
contrast, 3% carrageenan was used as a positive control and showed primarily a moderate to
sometimes marked multifocal to coalescing neutrophilic infiltrate (fig. 3D).

The absence of neutrophils in response to muscle fatigue and muscle insult was confirmed
by assaying for myeloperoxidase from whole muscle tissue. Mice treated with muscle
fatigue and pH 7.2 saline, pH 5 saline alone, or muscle fatigue with pH 5.0 saline showed
quantities of myeloperoxidase comparable to the naïve control while those treated with 3%
carrageenan had significantly greater concentrations (F6,47 = 61.167, p < 0.001) (fig. 3E).

3.4 Ovariectomy has no effect on sex differences in the induction of muscle hyperalgesia
To determine if circulating estrogen levels were responsible for the sex differences observed
in the behavioral experiments, we compared ovariectomized females to intact males and
females in the acidic saline fatigue model. We found that ovariectomized mice behave no
differently than gonadally intact females—they develop similar bilateral hyperalgesia
whether acidic saline is given to the heteronymous or homonymous muscle (fig. 2D–G) and
when acidic saline administration is delayed by 24 h (fig. 2B).
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3.5 No changes in pNR1 in the RVM after Treatment with Acidic Saline and Muscle Fatigue
To examine if the sex differences were related to changes in central excitability, we
examined if there was enhanced pNR1 in the RVM, previously shown to facilitate pain
through NMDA receptors and the NR1 subunit [21,64,67]. Sections of RVM stained for
pNR1 were examined for the number of positively-staining cells. No significant differences
in the number of pNR1 positive cells in the RVM were found between naïve and treated
animals, or between sexes (see Table 1). The facial nucleus similarly showed no significant
differences between sexes or treatment.

4.0 Discussion
The current study shows that combining localized muscle fatigue with a low-intensity
muscle insult results in long-lasting muscle hyperalgesia that parallels previous studies using
whole-body fatiguing exercise [67]. Accordingly, priming of innocuous muscle insult to
produce hyperalgesia does not require widespread input from multiple fatiguing muscles.
Initiation of this hyperalgesia is sex-dependent with female mice showing a wider window
of time and a greater distance between muscle fatigue and muscle insult to produce
hyperalgesia, and longer duration of hyperalgesia. Finally, this model does not produce
acute inflammation or tissue damage. These data suggest that combining two low intensity
muscle insults with localized muscle fatigue produces sexually dimorphic patterns of muscle
hyperalgesia.

Chronic musculoskeletal pain is more prevalent among women [7,8,37,42,73]. Consistent
with this, we found significant differences between sexes in both the requirements for
initiation of hyperalgesia and the nature of hyperalgesia induced by combining muscle
fatigue with a subthreshold muscle insult. Our preliminary experiment showed ovariectomy
does not alter the hyperalgesia in female mice, suggesting release of estradiol from the
ovaries at the time of induction is not necessary for the development of hyperalgesia and
differs from our prior study showing ovariectomy reduces sex-differences in whole-body
fatigue induced pain [67]. The mechanisms for the sex differences in the current study are
unclear. . Masculinization of the brain by testosterone or sex chromosome-linked genes
remain potential mechanisms for these sex differences and future studies are needed [5].

Alternatively, differential processing of nociceptive input centrally could also contribute to
sex differences. Previous studies show that contralateral hyperalgesia in uninjured tissue is
mediated by central mechanisms, since removal of afferent fiber input from the site of insult
has no effect on the contralateral hyperalgesia [18,19,23,31,44,79,80]. Bilateral hyperalgesia
develops in both sexes after unilateral treatment with pH 4.0 saline or pH 5.0 saline (low-
intensity insult) in combination with whole-body fatigue [16,65,81], suggesting central
sensitization occurs in both sexes when the stimuli are high intensity (pH 4.0) or widespread
(whole-body fatigue). However, the present study shows sex differences emerge when
animals are treated with low intensity, focal stimuli. In human subjects, females have greater
central excitability in a number of measures: temporal summation [7,27,37,59,60],
secondary hyperalgesia [6,15,39], referred pain [30,33,68], and decreased conditioned pain
modulation [1,32,45,69]. The basis for greater central excitability is unknown, but sex
differences occur in the connectivity and activity of the periaqueductal gray (PAG) and
rostral ventromedial medulla (RVM), regions implicated in pain modulation [50,74]. While
increased levels of pNR1 staining in the RVM has been associated with fatigue and pain
[64], the current study found no differences between treated and naïve mice. Higher
intensity stimuli may be necessary for elevations in pNR1. Whether this means widespread
muscle hyperalgesia is mediated by different molecular mechanisms in the RVM, a different
structure in the CNS, or some other process requires further study.
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The current study also shows that females develop hyperalgesia even when there is a
substantial delay between muscle fatigue and the muscle insult. This suggests that females
fail to attenuate an ongoing central response to muscle fatigue. This has significant
consequences for the initiation of muscle pain, as seemingly innocuous stimuli—pH 5.0
saline and isolated muscle fatigue—given far apart in time and space, are able to converge
on central structures and produce widespread hyperalgesia in females. The prolonged nature
of the hyperalgesia observed in females compared to males also points to greater central
sensitivity as the hyperalgesia presumably exceeds the duration of muscle insult. These data
indicate that females have less stringent requirements for the onset and significantly greater
duration of muscle hyperalgesia, which could account for the greater probability of
developing muscle pain observed in female patients.

Chronic muscle pain syndromes, such FM and MPS, are characterized by constant pain at
rest, enhanced pain in response to pressure applied to the muscle, and enhanced pain with
acute exercise [7,37,40,61,62,69,82]. We chose isometric contractions at a force sufficient to
occlude muscle perfusion in order to maximize accumulation of fatigue metabolites while
minimizing tissue damage [47,58,59]. Fatigue metabolites, such as protons, lactate and ATP,
contribute to loss of muscle force [43,56,70] and activate receptors located on nociceptors,
acid sensing ion channels (ASICs) and purinergic receptors, respectively
[34,35,46,52,54,57]. ASICs and purinergic receptors are well-established to play a role in
nociceptive processing including that from the muscle [17,22,36,41,66,77]. Further, acid,
lactate and ATP can interact to produce a potentiated response. ASICs demonstrate
enhanced sensitivity to pH changes when bound by lactate or in the presence of ATP
[9,38,67,81]. Similarly, dorsal root ganglia treated with acid, lactate and ATP show
enhanced intracellular calcium compared to those receiving each treatment alone
[9,29,35,38,49,57,76]. Primary afferent fibers show robust responses to both ATP and acid
[35,57,81]. Notably, these metabolites return to normal within minutes to hours after a
fatiguing task with a concomitant recovery of muscle force [43,64].

A range of pH solutions and exercise durations have previously been examined in the acidic
saline model of muscle pain. pH 4 saline injections produce bilateral hyperalgesia regardless
of exposure to whole-body exercise and pH 5 saline injections produce hyperalgesia only in
animals that perform fatiguing exercise. Higher pH solutions, 6 or 7.2, do not produce
hyperalgesia even in exercising animals [10,25,75,81]. Further, mice treated with 30 min or
2h of running wheel activity alone do not develop hyperalgesia [64,81]. While this data does
not indicate if the interaction between fatigue and acidic saline is additive or synergistic, it
does suggest that the threshold for muscle hyperalgesia is significantly lower when acidic
saline injections are paired with even brief bouts of fatiguing exercise.

Release of metabolites from fatiguing stimuli may sensitize and prime the nociceptors,
resulting in enhanced response to a subsequent low-intensity muscle insult [9,38,63]. Thus,
fatigue metabolites likely contribute to the development of muscle pain by priming muscle
nociceptors for a greater response to the subsequent muscle insult. Interestingly, delaying
the final muscle insult after muscle fatigue resulted in a time-dependent decrease in
hyperalgesia in male mice, but not female mice. Presumably, this delay reduced
concentrations of fatigue metabolites and allowed partial recovery from priming effects.
When considered with the localized nature and shorter duration of hyperalgesia in male
mice, these findings suggest that, in the absence of central sensitization, hyperalgesia in
response to low-intensity muscle insult in male mice derives from these peripheral
mechanisms.

Acute exercise has profound effects on both the innate and acquired immune system, leading
to catecholamine- and cortisol-related transient elevations of circulating leukocytes
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[11,25,75,78]. In the present study, no neutrophils or macrophages were observed in the
tissue 24h after treatment, likely due to the fact that circulating levels of these cells return to
normal before 24h [67,78]. Neutrophils are also recruited to sites of tissue damage and some
types of acute exercise, such as eccentric contractions, result in damage and inflammation of
muscle tissue with subsequent delayed onset muscle soreness (DOMS) [7,8,26,37,42,71,73].
In the current study, the absence of neutrophils in the muscle suggests that acute
inflammation is not contributing to the hyperalgesia observed after isometric muscle
contractions, distinguishing fatigue-enhanced hyperalgesia from DOMS. While we find no
evidence of recruitment of these cells in the affected muscle, it is possible that release of
cytokines from local or circulating inflammatory cells could contribute to muscle pain.

Consistent with earlier work, we found mild lymphoplasmacytic infiltration in mice that
received pH 5.0 injections, but not those receiving pH 7.2 with electrically stimulated
muscle contractions[65]. Lymphocytes are a functionally diverse population and the exact
nature of the lymphoplasmacytic infiltrate after injection of pH 5.0 is unknown.
Lymphocytes have the potential to enhance pain states by releasing pro-algesic factors, e.g.
TNF-α, IL-1, and prostaglandins [53,67] and are present in chronically inflamed tissue
[12,13,24,55]. However cultured lymphocytes (cytotoxic T-cells) exposed to decreases in
pH show pH-dependent decreases in inflammatory cytokine release evoked by specific
antigens [14,28,51]. Further, the current study shows comparable lymphocyte infiltration
between the group that developed hyperalgesia (pH 5.0 saline with muscle fatigue) and a
control that failed to develop hyperalgesia (pH 5.0 saline alone), suggesting lymphocytes
could contribute to but are not by themselves sufficient for the observed hyperalgesia.

In summary, we show that localized fatiguing isometric contractions in a single muscle
treated with acidic saline is sufficient for the development of long-lasting muscle
hyperalgesia. Taken together, these data suggest that seemingly mild muscle insults, when
combined, are capable of producing long-lasting and widespread muscle pain out of
proportion to the injury in a sex-dependent manner. Multiple low-intensity insults could be
an underlying factor in the transition from acute to chronic pain and could underlie the
female predominance of muscle pain observed clinically. Understanding the mechanisms of
exercise-induced pain could lead to treatments targeting the deleterious consequences of
acute exercise resulting in improved compliance and a more active lifestyle in individuals
with musculoskeletal pain. Therefore, this model could be valuable for exploring the
mechanisms underlying fatigue-enhanced muscle pain, the greater prevalence of chronic
muscle pain among females, and the factors that influence the transition from acute to
chronic pain.
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Summary

Characterization of a pre-clinical model of chronic muscle pain in which muscle fatigue
combined with a subthreshold muscle insult produces long lasting, sex-dependent
hypersensitivity with minimal tissue damage in mice—findings consistent with clinical
observations of chronic muscle pain patients.
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Fig. 1.
Electrically stimulated muscle contractions result in muscle fatigue and enhance the
response to pH 5 saline injections. (A) Force elicited by 100 Hz electrical stimuli before and
after 6 m fatiguing contractions (males n=12, females n=13) * p < 0.05, difference from
baseline. (B) Recovery of force after 6 m fatiguing contractions (n=3) * p < 0.05, difference
from initial, # p < 0.05, difference from start of recovery. (C) Behavioral measure of
sensitivity to mechanical stimuli at baseline and after treatment with a single pH 5 saline
injection with electrically stimulated muscle contractions (males, n=6), two pH 5 acidic
saline injections alone (pooled, males & females n=6 each), two pH 7.2 saline injections
with electrically stimulated muscle contractions (pooled, males & females n=6 each), two
pH 5 saline injections with test contractions but not fatigue (pooled, males & females n = 6
each), or two pH 5 saline injections with electrically stimulated muscle contractions (pooled,
males & females n=6 each) * p < 0.05, difference from baseline and control groups at 24h.
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Fig. 2.
Sex differences in mechanical hypersensitivity after repeated pH 5 saline injection and
electrically stimulated muscle contractions. (A) Duration of mechanical hypersensitivity
(n=6) * p < 0.05, difference from baseline, # p < 0.05, difference from females. (B & C) The
final pH 5 saline injection was delayed after electrically stimulated muscle contractions for
0, 2, or 24 h (n=6 per group) * p < 0.05, difference from baseline, # p < 0.05 difference from
intact and ovariectomized females. (D, E, F, G) A spatial relationship between pH 5 saline
injection and electrically stimulated muscle contractions was tested by varying the location
of acidic saline injection (n=6) * p < 0.05, difference from baseline, # p < 0.05, difference
from intact and ovariectomized females. (D & E) pH 5 saline injections and electrically
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stimulated muscle contractions were given into the same muscle and mechanical
hypersensitivity was tested in the gastrocnemius muscles (D) ipsilateral and (E) contralateral
to the site of treatment. (F & G) pH 5 saline injections were given to the gastrocnemius
muscle contralateral to the site of electrically stimulated muscle contractions. Mechanical
hypersensitivity was tested in the muscle (F) ipsilateral and (G) contralateral to the site of
fatigue.
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Fig. 3.
Inflammation in muscle treated with repeated pH 5 saline injections and electrically
stimulated muscle contractions. Representative hemotoxylin and eosin stained
gastrocnemius muscle sections taken from (A) naive mice and 24h after treatment with (B)
repeated pH 5 saline injections alone, (C) electrically stimulated muscle contractions with
pH 5 saline injections, and (D) 3% carrageenan. Thin arrows indicate centralized rowing of
myocyte nuceli, indicative of regeneration, thick arrows show sites of multifocal
inflammatory cell infiltrates which are magnified within the insets where specific cell types
are circled (in (C) it is lymphocytes, in (D) it is neutrophils) and asterisks indicate
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degenerative myocytes, scale bars = 20 μm (inset scale bars = 10 μm). (E) Colorimetric
assay to quantify myeloperoxidase, a neutrophil marker, in whole, homogenized
gastrocnemius muscle tissue in naive mice (n=7) and after treatment with 3% carrageenan
(n=6), repeated pH 5 saline injections alone (n=7), repeated pH 5 injections with electrically
stimulated muscle contractions (n=7), and repeated pH 7.2 saline injections with electrically
stimulated muscle contractions (n=7). * p < 0.05.
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Table 1

pNR1 staining in the RVM of mice treated with repeated pH 5 injections and electrically stimulated muscle
contractions. Total number of cells stained for pNR1 across 5 sections containing the RVM or facial nucleus.
There were no significant differences by sex, treatments or location.

Group RVM Facial Nucleus

Males- Fatigue & Acid 24 +/− 1.5 29.3 +/− 2.0 N=3

Males – No Treatment 26.75 +/− 2.1 26.5 +/− 3.6 N=4

Females – Fatigue & Acid 27 +/− 5.1 24.7 +/− 5.2 N=3

Females – No Treatment 28.5+/− 2.9 24.75 +/− 3.9 N=4
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