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Abstract
Since many people with chronic fatigue present with pain and many people with chronic pain present
with fatigue, we tested if fatigue would enhance the response to pain in male and female mice. We
further tested for activation of brainstem nuclei by the fatigue task using c-fos as a marker. Fatigue
was induced by having mice spontaneously run in running wheel for 2 hours. Carrageenan (0.03%)
was injected into the gastrocnemius muscle either 2h before or 2h after the fatigue task. The
mechanical sensitivity of the paw (von Frey filaments), muscle (tweezers), grip force and running
wheel activity were assessed before and 24h after injection of carrageenan. Both male and female
mice that performed the fatigue task, either before or after intramuscular injection of carrageenan,
showed an enhanced mechanical sensitivity of the paw, but not the muscle. Ovariectomized mice
showed a similar response to male mice. There was a decrease in running wheel activity after
carrageenan injection, but no change in grip force suggesting that mice had no deficit in motor
performance induced by the carrageenan. C-fos expression was observed in the nucleus raphe
pallidus, obscurus, and magnus after the fatigue task suggesting increased activity in the raphe nuclei
in response to the fatigue task. Therefore, widespread hyperalgesia is enhanced by the fatigue
response but not hyperalgesia at the site of insult. We suggest this effect is sex-dependent and involves
mechanisms in the brainstem to result in an enhanced hyperalgesia.
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1. Introduction
Fatigue is associated with a number of clinical diseases, which include symptoms of chronic
pain conditions such as fibromyalgia (FM), rheumatoid arthritis and osteoarthritis [2;6;17;
20;21;31;37;40;41;46]. Conversely, patients with chronic fatigue syndrome (CFS) report a
significant amount of musculoskeletal pain that interferes with activities of daily living [21].
Patients with arthritis, CFS or FM exhibit an enhanced fatiguing response to exercise [11;29]
as well as muscle weakness and decreased endurance [15;16;19;38]. Further, these conditions
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have a female predominance. Together these data suggest potential interactions between
fatigue and pain that are sex-dependent.

In chronic pain conditions, fatigue is generally described as a whole body feeling of muscle
fatigue and loss of energy. Fatigue is experimentally defined as a temporary decrease in muscle
force in response to exercise [8]. Davis and Bailey [5] define fatigue as ‘an acute impairment
of exercise performance that includes both an increase in the perceived effort necessary to exert
a desired force and the eventual inability to produce that force”. They further propose that
central fatigue is a type of fatigue associated with alterations in central nervous system function
that cannot be explained by dysfunction in the muscle itself. For people with chronic conditions
such as arthritis, FM, or CFS, this definition describes the fatigue they experience.

Our laboratory recently demonstrated that exercise-induced whole body fatigue results in an
enhanced nociceptive response of the paw (i.e. secondary hyperalgesia) to repeated
intramuscular injections of acidic saline [45]. Furthermore, there are no changes in peripheral
markers of fatigue in the muscle: histology, pH, lactate, phosphate, and creatinine kinase
[45]. These data suggests, central, rather than peripheral, mechanisms underlie the enhanced
pain response to fatigue.

Interestingly, caudal raphe nuclei, nucleus reticularis obscurus (NRO)/nucleus reticularis
pallidus (NRP), mediate not only motor responses but can also play a role in modulating
nociceptive stimuli [14]. An enhancement of the tail flick reflex, i.e. facilitation, occurs after
low intensity electrical stimulation or low doses of glutamate in the NRO/NRP, as well as the
nucleus raphe magnus (NRM)[48]. Neurons in the NRO/NRP show an increase in c-fos
expression and are excited by noxious stimuli [25];[4], and additionally are excited by motor
activity, i.e. treadmill running [36]. Thus, we propose that since the NRO/NRP responds to
both motor activity and to noxious stimuli that the interaction between fatigue and pain occurs
in these nuclei.

We therefore, hypothesized that changes in the central nervous system account for the enhanced
nociceptive responsiveness to fatigue-conditioning stimuli; and that the fatigue task will
activate neurons in the NRO/NRP and possibly the NRM. We further hypothesize that that
there will be a difference for sex with females showing a greater enhanced nociceptive
responsiveness to the fatigue-conditioning stimulus.

2. Materials and Methods
2.1. Fatigue Model

C57BL/6 mice, male and female, mice were used for these experiments (n=56 female; n=36
male). Fatigue was induced by 2h of spontaneous running in a running wheel. Mice were
acclimated for 2 days prior to the fatigue task, 3 times per day for 10 min at each time in the
running wheel. Mice were encouraged to run by tapping the cage when they stopped running.
On average mice ran 2.28 +/− 0.133 m during the 2h run. This produces an 8.1 +/− 4.% in
hindpaw grip force in males [45] and an 8.5 +/− 4.5% decrease in hindpaw grip force for females
(n=4) immediately after the fatigue task. To confirm that there was no damage to the skin after
the fatigue task we examined the skin (n=2) with hemotoxylin and eosin (H&E) staining. After
perfusion with 4% paraformaldeyde, the skin was removed and postfixed in 2%
paraformaldehyde with 15% sucrose for 3 days. The skin was then cut at 40 µm on a cryostat
and stained with H&E for subsequent analysis by light microscopy.

2.2. Inflammatory muscle pain model
0.03% carrageenan, 20 µl, was injected intramuscularly while the animal was anesthetized with
isoflurane (2–4%). This dose of carrageenan does not normally produce an increased
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mechanical sensitivity of the paw. To confirm inflammation in response to this low dose of
carrageenan, we examined the muscle 24h after injection by H&E staining (n=2). The muscle
was snap fozen in isopentane and cut at 20 µm on a cryostat, stained with H&E, and examined
by light microscopy.

2.3. Ovariectomy
Female mice were ovariectomized according to previously published procedures [3;28]. Mice
were anesthetized with isoflurane (3%), a small incision was made in the abdomen, and the
uterine horns were lifted out of the body cavity. The ovaries were snipped off of the uterine
horns along with attached connective tissue. The incision was closed by suturing with 5-0 silk.
The acclimation training and testing of the mice was performed 1 wk after surgery.

2.4. Measurement of muscle withdrawal thresholds
Deep tissue hyperalgesia of the injected and contralateral muscle was tested with a pair of
calibrated forceps as previously described [13;30;33]. Mice were acclimated in a restraining
device 2 times a day for 2 days, each session consisting of 5 min. The forceps are equipped
with two strain gauges to measure force. To measure muscle withdrawal threshold, animals
were placed in the restrainer, and the experimenter compressed the gastrocnemius muscle with
the tip of the forceps while the hindlimb was extended. Compression continued until the animal
withdrew the leg. The maximum force applied at withdrawal was recorded as the muscle
withdrawal threshold. Three trials 5 min apart at each time period were performed and averaged
to obtain one reading per time period. We previously showed that application of EMLA cream
to the skin does not change the decrease in withdrawal threshold. However, application of
lidocaine gel to the muscle reverses the hyperalgesia. Therefore, we interpret this as a selective
test for deep tissue sensitivity [30]. A decreased withdrawal threshold is interpreted as primary
muscle hyperalgesia.

2.5. Measurement of paw sensitivity
Cutaneous hyperalgesia of the paw ipsilateral and contralateral to the injected muscle was
tested with calibrated von Frey filaments [45]. Mice were placed in Lucite cubicles on a screen
platform. Five von Frey filaments (Force: 0.08, 0.2, 0.3, 0.7, 1.5 mN) were applied to the plantar
surfaces of both hindpaws 10 times. Two trials of 10 were averaged at each time period. Mice
showed an increasing number of responses to the increasing forces of von Frey filaments. An
increased number of responses was interpreted as secondary cutaneous hyperalgesia.

2.6. Muscle Grip Force
We have previously measured grip force after the 2h running wheel fatigue task and show an
8.1% +/− 4.2 decrease in hindpaw grip force in males [45] immediately after the task. We
measured grip force and showed a similar decrease in female mice (n=4) with an 8.5% +/− 4.5
decrease in hindpaw grip force immediately after the fatigue task, and returned to normal 2h
later, at the time of muscle injection. In addition, we measured grip force before and after
induction of inflammation as a measure of maximal contraction ability. Mice were familiarized
with the testing procedure twice per day for 2 days prior to data collection to the grip force
device. Mice were pulled by the tail to read grip force on the forelimb and then pulled by the
tail again to read grip force on hindlimb. Grip force was analyzed on both the forelimbs and
hindlimbs and an average of 3 trials recorded.

2.7. Running Cage Activity
Mice were placed in individual cages with cage tops that had a running wheel on one side to
measure voluntary running activity. Mice were acclimated in these wheels for 6 days. On the
6th day the timers on the running wheels were set at 3:00 p.m. and were read at 9:00 a.m. the
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following day, i.e. overnight activity was measured for a total of 18 hours. Sensors on the cages
measured the number of revolutions the wheel made during the 18 h time period. After baseline
readings we injected carrageenan into the muscle and then measured activity for the evening
following the injection.

2.8. Behavioral Protocol
Two different experimental protocols were used: 1) fatigue 2h before muscle insult (n=8 male;
n=8 female); 2) fatigue 2h after muscle insult (n=6 male; n=6 female). In each a control group
that did not perform the fatigue task was used for comparison: 1) non-runners for fatigue before
muscle insult (n=8 male; n=8 female), 2) non-runners for fatigue after muscle insult (n=6 male;
n=6 female). Since there were statistically significant differences between males and females
we tested a separate group of animals that received ovariectomy 1 week before the experiment
(n=8 fatigue before muscle insult; n=8 fatigue after muscle insult). We measured paw, muscle
mechanical sensitivity, and grip force before and 24 h after muscle insult in each group. In a
separate group of mice we measured cage running wheel activity after injection of carrageenan
into the muscle insult in a group that performed the fatigue task (n=4 males; n=3 females) and
a group that did not perform the fatigue (n=4 males; n=4 females). As controls we measured
paw withdrawal threshold (n=4), muscle withdrawal threshold (n=4) and grip force (n=4)
before and after the fatigue task in animals without injection of carrageenan.

2.9. c-fos immunoreactivity
Male mice were deeply anesthetized with sodium pentobarbital (60 mg/kg, i.p.) and
transcardially perfused with heparanized saline followed by 4% paraformaldehyde. The
brainstem was removed and placed in 30% sucrose overnight prior to processing. Tissue
sections were cut on a cryostat at 40 µm and sections stained free-floating using standard
immunohistochemistry techniques. Briefly sections were blocked with 3% normal goat serum
and the Avidin-Blocking Kit (Vector Laboratories) prior to overnight incubation in the primary
antibody overnight at room temperature (rabbit-anti-c-fos; 1:5000; Santa Cruz). On Day 2,
sections were incubated in a biotinylated goat anti-rabbit-IgG (1:1000) followed by
Streptavidin conjugated with horseradish peroxidase (1:1000) and reaction with
diaminobenzidine, hydrogen peroxide, and nickel enhancement. The following groups were
used: controls (n=4), immediately after a 2h fatigue task (n=4), 1h after the fatigue task (n=4).
Non-specific staining was evaluated by running tissue without the primary antibody, and by
performing a dilution series with the primary antibody. No nuclei were observed if the primary
antibody was not included in the stain. Use of more concentrated dilutions resulted in greater
background staining (non-specific staining) while use of less concentrated dilutions resulted
in light to no staining of nuclei. Sections were imaged on a Olympus BX-51 and 5 sections per
animal that included the raphe nuclei were counted and added to give one number per animal.
The individuals who did the counting were blind to the treatments that each animal received.

2.10. Statistical analysis
A repeated measures ANOVA analyzed data across time (before and 24h after carrageenan)
and force (5 forces) for effects of sex (male and female) and fatigue (fatigue and no-fatigue)
for the mechanical sensitivity of the paw. A repeated measures ANOVA analyzed differences
across time (before and 24h after carrageenan) for sex (male and female) and fatigue (fatigue
and ano-faitigue) for the muscle withdrawal threshold. Ovariectomized mice were analyzed
separately for the mechanical withdrawal thresholds of the paw by comparing to female mice
with a repeated measures ANOVA. The ipsilateral and the contralateral sides were analyzed
separately A one-way ANOVA compared differences between groups for number of c-fos
positive cells in the NRO, NRP and NRM followed by post-hoc comparisons with a Tukey’s
test.
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3. Results
3.1. Mechanical sensitivity

3.1.1. Fatigue prior to carrageenan injection—There was a significantly increased
number of withdrawals to repeated application of von Frey filaments applied to the hind paw
in the animals that performed the fatigue task 2 h prior to injection of 0.03 % carrageenan when
compared to those that did not perform the fatigue task (see Table 1). This enhanced effect
occurred both ipsilaterally and contralaterally (Figure 1). Furthermore, the enhanced
responsiveness to mechanical stimuli was greater in female mice when compared to male mice,
both ipsilaterally and contralaterally (Figure 1)(Table 1). No changes in mechanical
responsiveness of the paw occurred in animals immediately or 24h after the fatigue task alone,
without carrageenan injection (Table 2). Similarly, no difference in muscle withdrawal
thresholds occurred immediately after or 24h after the fatigue task alone, without carrageenan
injection (Table 2). The fatigue task alone had no effect on skin histology immediately after
the 2h running task. Inflammation was confirmed in the animals injected with 0.03%
carrageenan. There was infiltration of neutrophils into the ipsilateral gastrocnemius muscle
24h after injection as assessed with H&E staining of the muscle.

Muscle withdrawal thresholds were decreased 24 h after carrageenan injection similarly
between the fatigued and the non-fatigued animals, and there was no difference between males
and females (Figure 2) (time: ipsilateral, F1,20 = 375, p=0.0001; contralateral F1,20 = 45.4
p=0.0001). Decreases occurred bilaterally for the muscle withdrawal thresholds with the
greatest decrease occurring for the inflamed muscle.

3.1.2. Fatigue after carrageenan injection—When the fatigue task was performed 2 h
after the carrageenan injection there was a significantly increased number of withdrawals to
repeated application of von Frey filaments applied to the hind paw (Table 1). This effect
occurred bilaterally, but was greater for the ipsilateral than the contralateral hindlimb (Figure
3). Furthermore, for the ipsilateral side, there was an enhanced responsiveness in female mice
when compared to male mice (Figure 3)(Table 1).

Muscle withdrawal thresholds were decreased 24 h after carrageenan injection similarly
between the fatigued and the non-fatigued animals, and there was no difference between males
and females (Figure 4) (ipsilateral, F1,20=54.9, p=0.0001; contralateral F1,20=81, p=0.0001).
Decreases occurred bilaterally for the muscle withdrawal thresholds with the greatest decrease
occurring for the inflamed muscle.

3.2. Effect of ovariectomy
Prior ovariectomies in female mice showed a similar development of mechanical sensitivity
of the paw, i.e. secondary hyperalgesia, when compared to males. The number of withdrawals
to von Frey Filaments was significantly less in ovariectomized mice compared to non-
ovariectomized female mice who were run either before (ipsilateral: F1,29=5.5, p=0.008;
contralateral F1,29=5.4, p=0.008) or after (ipsilateral: F1,29=21.7, p=0.0001; contralateral
F1,29=11.4, p=0.0001) injection of carrageenan (Figure 1,Figure 3).

3.3. Evaluation of muscle performance
Grip force 24 h after the carrageenan injection remained unchanged in all groups of animals
when compared to values prior to injection of carrageenan suggesting the animals still had
normal strength after injection of carrageenan (see Table 3 for values). Animals performed an
average of 15,550 ± 1823 revolutions per 18 h that was reduced to 10,077 ± 1,446 revolutions
per 18 h. Running cage activity was similarly (p<0.05) reduced from baseline 24 h after
carrageenan injection to 74 ± 10 % (n=4 males; n=4 females) in the animals that performed
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the fatigue task with carrageenan injection and to 77 ± 10 % (n=4 males; n=3 females) in the
animals that did not perform the fatigue task but received carrageenan injection suggesting that
carrageenan injection reduced the animal’s willingness to be physically active.

The distance ran during the fatigue task was similar between all groups whether or not they
received a prior injection of carrageenan. The average distance ran was 2.28 m +/− 0.13. Thus,
with minimal prodding (tapping on the top of the wheel) the mice were able to perform the
activity.

3.4. C-fos immunoreactivity
Since the RVM is involved in development of secondary hyperalgesia, and the NRO/NRP are
involved in fatigue responses, as well as nociception, we tested if fatigue would result in
increased activation of neurons in these nuclei. Figure 5 shows representative examples of c-
fos expression in each nucleus for controls that did not run, and for animals either immediately
or 1 h after the fatigue task. Quantitative analysis shows an increased number of c-fos-positive
cells in the NRM (F2,11=7.4, p=0.01), NRO (F2,11=10.6, p=0.004) and the NRP
(F2,11=5.1,p=0.03) after the fatigue task (Figure 6). The number of cells in the NRM, NRO
and NRP were significantly increased immediately and 1 h after the fatigue task.

4. Discussion
4.1. Fatigue enhances secondary hyperalgesia through central mechanisms

The current study shows an enhanced nociceptive response in animals that performed a whole-
body muscle fatigue task either before or after the injection of a low-dose of carrageenan. This
dose of carrageenan when given alone results in a local reduction in withdrawal threshold of
the muscle, i.e. primary hyperalgesia, without increased responsiveness to mechanical
stimulation of the paw, i.e. secondary hyperalgesia. The fatigue-conditioning stimulation
resulted in the development of secondary hyperalgesia in response to this low dose carrageenan
but did not enhance the primary hyperalgesia. We propose that this enhancement is due to
changes in the central nervous system as 1) prior data shows that the fatigue-conditioning task
does not result in changes within the muscle [45], 2) the enhancement of hyperalgesia occurs
for secondary hyperalgesia measures and not primary hyperalgesia measures, and 3) prior work
shows that secondary hyperalgesia is facilitated by brainstem nuclei but that primary
hyperalgesia is unaffected by lesions of the RVM [24;26;27;34].

The enhanced responsiveness to mechanical stimulation of the paw occurs bilaterally if the
fatigue stimulus is given either before or after injection of carrageenan. Further, the response
on the contralateral side was not as great as the ipsilateral hindlimb. The bilateral nature of the
enhanced hyperalgesia further supports a role for central mechanisms, primarily supraspinal
sites. Specifically, the raphe nuclei send projections bilaterallty to the spinal cord [1;47].
Electrical or chemical stimulation of the NRM results in bilateral effects [12;32] and local
anesthetic applied to the NRM produces a bilateral reduction in hyperalgesia [33]. Facilitation
from the RVM after paw inflammation is widespread affecting not only for the inflamed paw
but also the uninflamed paw and tail [32]. Further, contralateral hyperalgesia, once developed,
is unaffected by removal of afferent input, by lesion or local anesthetic, to the spinal cord
[18;42–44] suggesting central mechanisms maintain the spread of hyperalgesia. Thus, the
present results, together with prior literature suggest that bilateral cutaneous secondary
hyperalgesia, as observed after muscle insult, likely involves facilitatory influences descending
from the central nervous system and in particular the medullary raphe nuclei.

In the RVM, two types of cells are capable of modulating nociception: ON-cells in the RVM
facilitate pain, and OFF-cells inhibit pain [7]. A third type of cell, neutral cell, does not respond
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to nociceptive stimuli. In animals with neuropathic pain, the removal of ON-cells, with
dermorphin-saporin, prevents the secondary hyperalgesia associated with nerve injury [26].
Further, after paw inflammation, neutral cells show a phenotypic switch to either ON-cells or
OFF-cells in the RVM; and population recordings show a greater percentage of ON-cells and
OFF-cells after inflammation [22]. These data support that there is both an increase in
facilitation and inhibition after inflammation, which has been confirmed experimentally [27;
35].

The current study showed increases in c-fos expression in the brainstem raphe nuclei, NRM,
NRO, and NRP, after the 2 h fatigue-conditioning stimuli. Historically the NRM has been
thought to process nociceptive information and can both facilitate and inhibit nociceptive
stimuli [7;14;36](see above discussion). On the other hand, the NRO and NRP have typically
been thought to mediate motor activity, including fatigue [14]. Central fatigue may arise from
an inability of the brain to maintain adequate excitatory drive to muscles [10]. One of the
primary functions of central raphe nuclei is to increase excitability of brainstem and spinal
motor neurons to facilitate motor output [39]. Jacobs and colleagues suggest that the NRO/
NRP is particularly suited to modulate fatigue [9;14]. Specifically, in awake cats, recordings
from neurons in the NRO/NRP decrease their discharge rates during a fatigue task [9] and
recovery of neuronal activity increases gradually over 45 minutes correlating with recovery
from fatigue. In addition low intensity electrical stimulation or low doses of glutamate
microinjected into the NRO/NRP enhances the tail flick reflex and activity of nociceptive
dorsal horn neurons [48]. In the current study, we show increases in c-fos expression in the
raphe nuclei (NRO/NRM/NRP) in response to fatigue-conditioning stimuli, and prior studies
show increases in c-fos expression in response to noxious stimuli [25]. Neurons in the NRO/
NRP are excited by noxious stimuli [4] as well as by spontaneous treadmill running [36]. Thus,
we propose that the raphe nuclei are uniquely designed to integrate motor and sensory
information, and are particularly important for the fatigue-enhanced response to pain.

4.2. Role of gender in nociception and fatigue
In the current study, female mice showed a greater fatigue-enhanced hyperalgesia than male
mice and the ovariectomy of female mice reduced this enhanced effect. Previously, we were
unable to show sex differences after a higher dose of intramuscular carrageenan, 3% (Sluka et
al., 2007), suggesting that carrageenan does not result in the observed sex differences.
However, Tall and Crisp (2004) show an enhanced mechanical sensitivity after carrageenan
inflammation (0.15ml of 4%, paw) in female rats when compared to males; and several studies
show enhanced responsiveness to other inflammatory irritants such as prostaglandin E2 and
complete Fruend’s adjuvant in females (Dina et al., 2001; Cook and Nickerson, 2005). In some
cases, there is an enhanced effect during the estrous cycle after inflammation (Cook and
Nickerson, 2005). The sex differences observed in the current study may be unrelated to the
carrageenan, but rather related to the fatigue-enhanced nociceptive response to the carrageenan.
Previously, using a Rota-Rod to force mice to run in a controlled manner, we showed greater
fatigue that was task-dependent, in female mice when compared to male mice [3]. The
differences between males and females in this fatigue task required both ovariectomy and
testosterone [3]. These data support the notion that fatigue tasks, and potentially fatigue-
enhanced hyperalgesia may be sex- dependent.

Human female subjects show a greater temporal summation effect when compared to males
(Fillingem et al., 1998; Sarlani et al., 2002; Sarton et al., 2000) and there is enhanced temporal
summation in females with chronic pain such as fibromyalgia and temporomandibular disorder
(Staud et al., 2003; 2001; 2004; Maixner et al., 1998; Sarlani, 2007). Furthermore, females are
more likely to develop referred pain than males after intramuscular infusion of acidic saline
(Frey Law et al., 2008). These data suggest that central sensitivity to nociceptive stimuli is
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enhanced in females when compared to males supporting the enhanced secondary hyperalgesia
response observed in the current study in females when compared to male mice.

4.3. Limitations
One limitation in interpretation of the data from the current study involved the use of a fatigue
task to induce whole-body muscle fatigue. This may not be an exact replica of the type of
fatigue observed in patients with fibromyalgia, chronic fatigue syndrome, or inflammatory
arthritis. However, we suggest a whole body, low-level, centrally mediated fatigue task mimics
that observed in people with fibromyalgia who generally have a whole body feeling of fatigue
but can still present with normal fatiguing response to muscle contractions. As many as 76%
of people with chronic musculoskeletal pain condition report fatigue and as many as 94% of
people with chronic fatigue syndrome report musculoskeletal pain. Most people can distinguish
easily between physical fatigue and mental fatigue and tend to report physical fatigue [23;
46]. We previously showed an enhanced hyperalgesic response to pH 5.0 saline, a non-
inflammatory pain stimuli, after a similar fatigue task that results in physical muscle fatigue
[45]. Although that study was not exhaustive, we were unable to show changes in the muscle
in terms of histological changes, changes in creatinine kinase, lactate, pH, oxygen, carbon
dioxide, or phosphate [45]. Thus, while not conclusive, a central fatigue is likely contributing
to the enhancement and spread of hyperalgesia in this model. Understanding interactions
between fatigue and muscle pain in a simplified model will lead to better insight into potential
mechanisms underlying chronic musculoskeletal pain conditions and potentially improve
treatment of these conditions.

4.4. Summary
In summary, the current study shows increased activity in raphe nuclei of the medulla in
response to fatigue, and that fatigue enhances the response to low doses of carrageenan. In
particular, the spread of pain is enhanced by fatigue, but not the pain at the site of insult. The
effect is greater in female mice and depends on intact ovaries. This sex-dependent enhancement
of the development of secondary hyperalgesia may be critical to understanding the female
predominance of widespread pain, and suggests that females are more likely to develop referred
or widespread pain.
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Figure 1.
Number of responses to repeated application of 5 von Frey filaments applied to the paw before
and after muscle inflammation in the group that fatigued before injection of carrageenan
(circles) compared to those that did not perform the fatigue task (squares) for the ipsilateral
and the contralateral hindpaw (male and female mice combined). Bilateral increases in the
number of responses to mechanical stimuli applied to the paw were observed in the group that
fatigued after injection of carrageenan when compared to the nonfatigued group (*)(top
panels). Bottom panels show responses in female mice, male mice, and female mice with
ovariectomy (open symbols before insult, closed symbols before insult). Female mice had a
greater increase in the number of responses to mechanical stimuli applied to the paw when
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compared to male mice (*). Ovariectomy resulted in a reduced number of responses compared
to intact female mice (+), and was similar to that observed in males Data are the mean ± S.E.M.
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Figure 2.
Bar graphs representing the mean withdrawal threshold to mechanical stimulation applied to
the muscle before (closed bars) and after (open bars) muscle inflammation in animals (males
and females combined) that performed the fatiguing exercise prior to the carrageenan injection
compared to controls that did not exercise (top panels). A decrease in withdrawal threshold
occurred for the inflamed muscle in both groups on the ipsilateral side. There was no difference
between the withdrawal threshold for female and male mice (bottom panels). Data are the mean
± S.E.M.
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Figure 3.
Number of responses to repeated application of 5 von Frey filaments applied to the paw before
and after muscle inflammation in the group that fatigued after injection of carrageenan (circles)
compared to those that did not perform the fatigue task (squares) for the ipsilateral and the
contralateral hindpaw (male and female mice combined). Bilateral increases in the number of
responses to mechanical stimuli applied to the paw were observed in the group that fatigued
after injection of carrageenan when compared to the nonfatigued group (*). Bottom panels
show data presented in top panels separated into male and female mice, and with
ovariectomized mice (open symbols before insult; closed symbols after insult). Female mice
had a greater increase in the number of responses to mechanical stimuli applied to the paw
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when compared to male mice (*). Ovariectomy resulted in a reduced number of responses
compared to intact female mice (+), and was similar to that observed in males. Data are the
mean ± S.E.M.
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Figure 4.
Bar graphs representing the mean withdrawal threshold to mechanical stimulation applied to
the muscle before (closed bars) and after (open bars) muscle inflammation in animals (male
and female mice combined) that performed the fatiguing exercise after carrageenan injection
compared to controls that did not exercise (top panels). A decrease in withdrawal threshold
occurred for the inflamed muscle in both groups on the ipsilateral side. There was no difference
between the withdrawal threshold for female and male mice (bottom panels). Data are the mean
± S.E.M.
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Figure 5.
Photomicrographs of c-fos immunoreactivity (arrows) in the nucleus raphe obscurus (NRO),
nucleus raphe pallidus (NRP) and the nucleus raphe magnus (NRM) from control mice that
did not perform the fatigue task and from mice 5 minutes and 1 hour after the completion of
the fatigue task. Bar = 100 µm.
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Figure 6.
The mean number of total c-fos positive cells in each region of the NRM, NRO and NRP for
each group of animals. Significant increases in the number of cells occurred both 5 minutes
and 1 h after completion of the 2h fatigue task when compared to control mice that did not run.
*, significantly increase from controls
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Table 3

Grip force of the hindpaws and forepaws before and 24h after carrageenan in the animals that performed the
fatigue task either before or after injection of carrageenan.

Fatigue Task Baseline 24h post carrageenan

Fatigue before
carrageenan

hindpaw 61.8 ± 2.3 g 64.8 ± 2.5 g

forepaw 95 ± 1.0 g 93 ± 1.5 g

Fatigue after
carrageenan

hindpaw 60.6 ± 1.8 g 62.1 ± 2.3 g

forepaw 93.9 ± 1.3 g 95.3 ± 1.5 g

Data are the mean + S.E.M.
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