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Abstract
Purpose—Pain in response to physical activity is common in people with chronic
musculoskeletal pain and is likely a barrier to regular exercise, which would lead to a sedentary
lifestyle. We recently developed a model of exercise-induced pain that is associated with increased
activation of neurons in the medullary raphe nuclei, i.e., the nucleus raphe obscurus (NRO) and
nucleus raphe pallidus (NRP). Because the NRO and NRP not only modulate motor output but
also respond to noxious stimuli, we hypothesized that the NRO and NRP were key nuclei in the
interaction between pain and exercise. We tested whether exercise enhances hyperalgesia through
activation of N-methyl D-aspartate (NMDA) receptors in the NRO/NRP.

Methods—Muscle insult was induced by two injections of pH 5.0 saline 5 d apart into one
gastrocnemius muscle. We initially tested whether hyperalgesia developed in mice injected with
acidic saline (pH 5.0) into the gastrocnemius muscle immediately after a 30-min or 2-h exercise
task or 2 h after a 2-h exercise task. Next, we tested whether blockade of NMDA receptors in the
NRO/NRP during the exercise task prevented the development of exercise-induced hyperalgesia.
Finally, we evaluated changes in phosphorylation of the NR1 subunit of the NMDA receptor
(pNR1) after the exercise task at times in which muscle insult was given in behavioral
experiments, i.e., immediately after a 30-min or 2-h exercise task or 2 h after the 2-h exercise task.

Results—All exercise conditions enhanced nociception (hyperalgesia) after combining with two
injections of pH 5.0 saline. Microinjection of AP5 (1.0–0.1 nmol; 2-amino-5-phophonopenanoate)
dose-dependently prevented the development of exercise-induced hyperalgesia. All exercise
conditions increased pNR1 in the NRO and NRP.

Conclusions—Thus, exercise-induced pain in sedentary mice is associated with increased
phosphorylation and activation of NMDA receptors in the NRO/NRP, suggesting that changes in
central excitability mediate an interaction between unaccustomed exercise and pain.
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In people with chronic musculoskeletal pain, a single bout of exercise enhances pain (8,29).
Pain in response to physical activity could be a barrier to regular exercise and participation
in rehabilitation and could consequently lead to patients choosing a sedentary lifestyle (8).
We recently developed an animal model to investigate the underlying mechanisms of
exercise-induced pain (28,36). In this exercise-induced pain model, we show increases in
activation of neurons in the medullary raphe nuclei (28).

It is now generally accepted that brainstem pathways from the rostral ventromedial medulla
(RVM) facilitate nociceptive responses as measured behaviorally or by recording from
dorsal horn neurons (26). The nucleus raphe magnus (NRM) is a key nucleus within the
RVM that mediates descending facilitation, contains neurons that express serotonin, and
microinjection of low doses of glutamate into the NRM facilitates pain (26). Interestingly,
the caudal raphe nuclei, i.e., the nucleus raphe obscurus (NRO) and nucleus raphe pallidus
(NRP), also respond to noxious stimuli, express serotonin, and microinjection of low doses
of glutamate into the NRO and NRP facilitates nociception (38). Although the NRO and
NRP are well known to modulate motor output with descending projections to motor
neurons, these neurons also project to the deep dorsal horn of the spinal cord and respond to
noxious input (14,23). Descending facilitatory influences from the NRM not only mediate
hyperalgesia associated with inflammation (see Porreca et al. [26]) and that associated with
repeated intramuscular injection of pH 4.0 saline (6) but also respond to motor input (11).
Thus, the medullary raphe nuclei may be an important link between exercise and pain.

N-methyl D-aspartate (NMDA) receptors in the RVM seem to play a significant role in the
development of hyperalgesia. For example, blockade of glutamate receptors in the NRM
reverses the hyperalgesia produced by colon inflammation, mustard oil inflammation of the
hind limb, and repeated intramuscular acid injection (5,6,35). Further, there are alterations in
the NMDA receptor subunits in the NRM after inflammation (22). Prior work from our
laboratory shows that increasing expression of the NR1 subunit of the NMDA receptor in
the RVM enhances nociception and decreasing expression prevents development of chronic
muscle pain (7), showing the importance of NR1 in the development of pain behaviors.
Others have shown that activation of cyclic AMP (cAMP) in nociceptive neurons enhances
NMDA currents, phosphorylation of NR1 enhances channel conductance, and
phosphorylation of NR1 increases trafficking of the NMDA receptor complex to the cell
membrane (4,10,19). These data show the importance of NR1 phosphorylation in neuronal
excitability.

Therefore, we tested the hypothesis that a whole-body exercise task results in an enhanced
secondary hyperalgesia to repeated intramuscular acid injections through activation of
NMDA receptors in the NRO and NRP.

METHODS
Mice

All experiments were approved by the University of Iowa Animal Care and Use Committee
and were conducted in accordance with National Institutes of Health guidelines and adhered
to the American College of Sports Medicine animal care standards. Mice used were on a
C57Bl/ 6J background and were bred at the University of Iowa Animal Care Facility or
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purchased from Jackson Laboratories (Bar Harbor, ME). Both male (n = 43) and female
mice (n = 35), 4–8 months of age, were used in these studies.

Behavior testing
Mice were trained to the running wheel, the grip force, and the restraining devices (cubicle
and glove) two times per day for 2 d. Mice were placed in small clear cubicles on an
elevated wire mesh table for 20 min to acclimate to the testing for paw withdrawal
thresholds with von Frey filaments. Mice were placed in a glove for 5 min to acclimate for
the testing of the mechanical muscle withdrawal thresholds with tweezers. Mice were placed
in a running wheel for 10 min to acclimate to the wheel. For grip force, mice were
familiarized to the apparatus by performing the grip force task three times at each training
session.

Mechanical sensitivity of the paw was tested using von Frey filaments. A series of five von
Frey filaments (0.07, 0.16, 0.33, 0.54, and 1.4 mN) was applied to the hind paws 10 times
per trial, and this was repeated twice as previously described (28,36). The two trials were
averaged to generate one number per testing period. There were three testing periods: before
the first injection, 5 d after the first injection, and 24 h after the second injection. To
measure muscle sensitivity, a pair of forceps was applied to the gastrocnemius muscle until
the animal withdrew from the stimulus. Three trials on each side were given at each testing
period and averaged. Grip force was used to measure fatigue immediately after the fatigue
task by comparing with the grip force before the fatigue task for both the hind limbs and the
forelimbs. Mice are pulled by the tail until they withdraw from a metal grip plate. Grip force
was measured before and immediately after the run for both the forelimb and hind limb, and
an average of five trials was recorded. A decrease in grip force after running was interpreted
as muscle fatigue.

Implantation of guide cannulae
Intracerebral guide cannulae were placed in the NRO 7 d before the first intramuscular
injection of either pH 5.0. The mice were anesthetized with ketamine/xylazine (dose) and
positioned in a stereotaxic head holder. The skulls were exposed, and a small hole was
drilled for placement of guide cannulae. The cannula was placed 6.8 mm caudal from the
bregma (intra-aural = −6.8 mm, mediolateral = 0.0 mm, dorsoventral = −4.8 mm from the
surface of the skull). The cannulae were secured to the skull with dental cement, and mice
were allowed to recover before testing. To examine placement of the cannula, an equivalent
volume of methylene blue dye was injected through the cannula at the end of the
experiment. Mice were then euthanized; the brain was removed and postfixed in 10%
formalin. The day before cutting, brains were transferred to 30% sucrose. Then, the brain
was cross-sectioned into 35- to 40-μm sections in a cryostat and examined under a light
microscope for placement of the cannula.

On day 5 of testing, the mice were injected, 15 min before a 2-h fatigue task, with 0.2 μL of
AP5 (1 nmol) or vehicle (saline) into the cannula. Two hours after the fatigue task, mice
were injected with the second injection of pH 5.0 into the left gastrocnemius muscle (4 h
after AP5 injection).

Exercise task
Mice were placed in a running wheel and ran for 30 min or 2 h depending on the protocol.
Mice generally ran continuously, but when they stopped running, they were encouraged to
start again by gently tapping the wheel. This way, all mice ran at approximately the same
speed, and mice within a group ran approximately the same distance. The distance each
mouse ran was recorded for each mouse (m). Previous experiments show that the 2-h
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exercise task alone does not produce tissue damage and does not result in hyperalgesia 24 h
later (28,36).

Intramuscular injection of nociceptive stimuli
To induce muscle insult, two injections of 20 μL of pH 5.0 sterile saline solution (corrected
with 0.1N HCl) were given. Mice were briefly anesthetized with isoflurane (3%), and the
injections were made into the left gastrocnemius muscle. Five days after the first injection,
the gastrocnemius muscle was injected again with 20 μL of pH 5.0 saline. Injections were
given immediately after the fatigue task (2 h or 30 min) or 2 h after the fatigue task or in a
group of nonfatigued mice.

Immunohistochemistry for phosphorylation of the NR1 subunit of the NMDA receptor
Mice were transcardially perfused with heparinized saline followed by 4%
paraformaldehyde. The brain was removed, stored in 30% sucrose overnight, and cut into
20-μm slides. All sections were immunohistochemically stained simultaneously for the
phosphorylation of the NR1 subunit of the NMDA receptor (pNR1) (1:1000, Ser897;
Millipore, Billerica, MA; catalog no. ABN99) using standard immunofluorescent
techniques. Specifically, sections were blocked in 3% normal goat serum, avidin, and biotin
before incubation in the primary antibody overnight at room temperature. The next day,
sections were rinsed, blocked in 3% normal goat serum, and then incubated for 1 h at room
temperature in biotinylated immunoglobulin G (1:1000; Invitrogen, Eugene, OR). These
sections were then reacted with streptavidin conjugated to Alexa Fluor 568 (1:1000;
Invitrogen) for 1 h at room temperature. Sections were coverslipped with Vectashield
(Vector Labs, Inc., Burlingame, CA) and stored until analysis.

Images of the stained sections were taken in the Central Microscopy Facility at the
University of Iowa. We used an Olympus BX-51 light microscope equipped with a SPOT
camera (RT Slider; Diagnostic Instruments, Inc.). For a resolution sufficient for counting
pNR1-positive cells, images were taken with a 20× objective lens. Five sections of the NRO
and of the NRP were digitally imaged and stored for later analysis. Cells were quantified by
manually counting total numbers in a given area using Image J software (National Institutes
of Health). Specifically, a standard size (area of 10,430 μm2 (70 × 149 μm) for NRO and
5320 μm2 (70 × 76 μm) for NRP) was applied to each section. Cells were counted if they
contained a nucleus and were positively stained for pNR1. As a control within animals,
pNR1 was counted in the right and left facial nucleus for each group using the same
procedures outlined above.

Protocol
The first series of experiments tested whether the muscle insult had to be near in time to the
exercise task and whether it was necessary to perform the exercise task for 2 h to a level of
fatigue. We therefore tested for differences in the development of hyperalgesia between 1)
mice injected immediately after the 2-h exercise task and those injected 2 h after the 2-h
exercise task and 2) mice injected immediately after a 2-h exercise task and mice injected
immediately after a 30-min exercise task. Mice were therefore separated into groups for
behavior experiments as follows: 1) non-exercised control mice (n = 22), 2) 2-h exercise
task with acid injected immediately after the run (n = 16), 3) 30-min exercise task and
injected immediately after the run (n = 12), and 4) 2-h exercise task and injected 2 h after the
run (n = 16). A separate group of animals tested grip force after either the 2-h exercise task
(n = 6) or the 30-min exercise task (n = 8).

The second experiment tested whether activation of NMDA receptors in the caudal raphe
during the exercise task mediated the development of hyperalgesia 24 h later. We used a
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separate group of animals that performed a 2-h exercise task and were injected with acid 2 h
after the exercise task to separate the drug effects between the exercise task and the
intramuscular injection. In this group, we microinjected 1 nmol (n = 8), 0.3 nmol (n = 5), or
0.1 nmol (n = 5) of AP5 or vehicle (n = 6) 15 min before the exercise task.

In the third experiment, we tested whether the fatigue task increased NMDA receptor
activity examining whether there were increases in pNR1 (Ser897). In a separate group of
animals, we examined the number of cells stained for pNR1 immediately after the 30-min
exercise task (n = 4), immediately after the 2-h exercise task (n = 4), or 2 h after the 2-h
exercise task (n = 4) and compared with controls that did not exercise (n = 4). These were all
times in which we injected the muscle with acidic saline in relation to the exercise task.

Statistical analysis
For the first series of experiments, a repeated-measures ANOVA tested for differences
across time (dependent, paw mechanical sensitivity, three periods) and between groups
(independent) for paw mechanical sensitivity. We also tested for differences between sex
(independent) and fatigue condition (independent). For muscle mechanical sensitivity, we
tested for differences between groups (independent) with a one-way ANOVA. For the
second experiment, we tested for differences in mechanical sensitivity between drug dose
and saline (independent) with a one-way ANOVA. For the third experiment, we tested for
differences between groups (independent) with a one-way ANOVA. If there were significant
effects with the ANOVA, appropriate post hoc testing was performed with a Tukey test for
individual differences between groups. Values are presented as the mean ± SEM. P < 0.05
was considered significant.

RESULTS
Exercise task

Animals ran 815 ± 43 and 727 ± 38 m for the groups injected immediately and 2 h after the
2-h exercise task, respectively. In the group that performed the 30-min exercise task, they
ran 176 ± 29 m. This resulted in a similar speed of running for all groups: 2 h, immediate =
407 ± 29 m·h−1; 2 h, 2 h after = 364 ± 19 m·h−1; 30 min, immediate = 351 ± 59 m·h−1.
There was no difference between males and females in running speed. Grip force
significantly decreased (P < 0.05) immediately after the 2-h exercise task for both the hind
paw and the forepaw to values averaging 92% ± 2.5% of baseline and 92% ± 1.3% of
baseline, respectively. However, there was no significant change (P > 0.05) in grip force
after the 30-min exercise task for the hind paw or the forepaw with values averaging 97% ±
3.7% of baseline and 100% ± 2.5% of baseline, respectively. The decrease in grip force was
significantly greater for the group that performed the longer duration exercise (2 h) when
compared with the group that performed the shorter duration exercise (30 min) (P < 0.05).

Mechanical sensitivity
There were a significantly increased number of withdrawals to repeated application of von
Frey filaments applied to the hind paw in the animals that performed the exercise task before
injection of pH 5.0 saline when compared with those that did not perform the exercise task
(P < 0.05). Repeated injections of pH 5.0 saline without the exercise task had no significant
changes in responses to repeated stimuli when compared with baseline values (Fig. 1A). The
enhanced effect occurred in animals injected immediately after the 2-h exercise task (Fig.
1B), immediately after the 30-min exercise task (Fig. 1C), and 2 h after the 2-h exercise
task, both ipsilaterally and contralaterally (Fig. 1D).
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Muscle withdrawal thresholds were decreased 24 h after two pH 5.0 intramuscular injections
similarly in all groups injected with pH 5.0 regardless of whether or not the animals
performed the exercise task, when compared with a group not injected with acidic saline (P
< 0.05). However, those that were injected immediately after the exercise task (2-h or 30-
min task) showed a greater decrease than the group injected 2 h after the exercise task and
the nonexercised group (P < 0.05) (Fig. 2).

Because we have previously shown a difference between males and females after exercise-
enhanced carrageenan injection (28), we analyzed both male and female mice. There were
no differences between males and females with both showing an equivalent increase in
responses to repeated application of von Frey filaments and an equivalent decrease in
withdrawal thresholds of the muscle.

Effect of blockade of NMDA receptors
Because NMDA receptors in the brainstem are critical for the development of hyperalgesia
after muscle insult (6) and the NRO and NRP are activated by the exercise task, we
examined whether blockade of NMDA receptors in the NRO/ NRP during the fatigue task
would prevent the development of hyperalgesia 24 h later. AP5 (0.1, 0.3, and 1 nmol)
microinjected into the NRO/NRP just before the exercise task prevented the development of
hyperalgesia 24 h later when compared with vehicle-injected controls in a dose-dependent
manner (Fig. 3). The highest dose (1-nmol dose) significantly prevented the exercise-
induced hyperalgesia when compared with the 0.3 and 0.1 nmol and vehicle control group
(P < 0.05).

Increased expression of pNR1 in response to the exercise task
To test whether NMDA receptors are activated in response to the exercise task, we
examined the expression of pNR1 immediately and 2 h after the 2-h exercise task and
immediately after the 30-min exercise task, when the second intramuscular acid injection
was performed. Cell bodies immunostained for pNR1 in both the NRO and the NRP after all
exercise conditions and representative sections are shown in Figure 4. Quantification of the
number of cells stained for pNR1 showed there was a significant increase in the number of
immunostained cells for pNR1 immediately after the 2-h exercise task, immediately after the
30-min exercise task, and 2 h after the 2-h exercise task when compared with controls that
did not exercise (Fig. 5) (P < 0.05). To control for potential staining differences among
animals, we counted the number of pNR1-positive cells in the facial nucleus of the medulla
for each group bilaterally. There was no difference between controls (left = 138 ± 5, right =
147 ± 4) and immediately after the 30-min exercise task (left = 139 ± 2, right = 138 ± 4),
immediately after the 2-h exercise task (left = 143 ± 4, right = 142 ± 1), and 2 h after the 2-h
exercise task (left = 139 ± 2, right = 142 ± 2).

DISCUSSION
The current study shows that unaccustomed exercise in sedentary mice enhances the
nociceptive response to low-dose muscle insult. The exercise task increases pNR1 in the
NRO and NRP, and blockade of NMDA receptors in these same nuclei during the exercise
task prevents the enhanced nociceptive response to muscle insult. We propose that there is
an interaction between pain and exercise at the level of the brainstem that is modulated by
physical activity.

These data are consistent with our prior studies showing that unaccustomed physical activity
enhances the response to low-dose muscle insult with acidic saline or carrageenan (28,36).
We extend these findings by showing that a shorter duration exercise task, i.e., 30 min, also
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enhanced the response to a low-dose muscle insult. This 30-min task was not associated with
measurable muscle fatigue immediately after the task suggesting that muscle fatigue is not a
necessary component to the enhancement of pain. It suggests, rather, that unaccustomed
exercise activates pathways, peripherally or centrally, that enhance the response to muscle
insult.

Interestingly, we show that the exercise task increases the number of raphe neurons that are
positive for phosphorylated NR1 in the caudal medullary raphe nuclei, i.e., NRO and NRP.
We interpret this as an increased pNR1. Classically, the NRO and the NRP are thought to
modulate motor responses. We previously showed that the 2-h exercise task increases c-fos
expression in these nuclei (28), and prior studies showed increased neuronal activity in these
nuclei during fatiguing exercise tasks and spontaneous treadmill running (12,16,32). NRO
and NRP neurons project to motor nuclei in the brainstem and the ventral horn of the spinal
cord (13,20). The NRO and the NRP are the caudal extension of the NRM located in the
rostral medulla. The NRM is well known for its role in pain modulation including
facilitation of nociceptive responses (for a review, see Porreca et al. [26]). However, the role
of the NRO and NRP in processing of nociceptive information is less clear. Noxious
stimulation evokes an increase in c-fos expression in the NRO (25) and directly activates
neurons in the NRO and NRP (9). Electrical or chemical stimulation of neurons in the NRO
and the NRP, similar to the NRM, enhances both tail flick withdrawal and dorsal horn
neuron responses to noxious stimuli (38). In contrast, electrical or chemical stimulation of
the NRO and NRP at higher intensities, similar to the NRM, inhibits the tail flick and dorsal
horn neuron responses to noxious stimuli (38). Together, these data support that the NRO
and the NRP can modulate noxious stimulation in addition to motor responses. We propose
that these nuclei are key sites to the interaction between exercise and pain.

The potential ability of the NRO and the NRP to modulate nociceptive activity may lie at
sites outside the spinal cord. As stated above, the NRO and the NRP primarily send
projections to the ventral horn of the spinal cord; however, nociceptive information is
processed in the dorsal horn. It is possible that the NRO and NRP modulate the NRM, which
has been shown to modulate nociceptive transmission (26). Indeed, there are projections
from the NRO and, to a lesser extent, the NRP to the NRM as well as other nuclei in the
RVM involved in nociceptive modulation (37). On the other hand, the projections from
NRO and NRP to the spinal cord include the deep dorsal horn and lamina VII (17). In fact,
Jones and Light (17) show that NRM and NRP have similar spinal projections in the rat
innervating all laminae of the dorsal and ventral horn with strongest projections to the deep
dorsal horn (30%) and the ventral horn (33%). Deep tissue input from muscle sends input to
the deep dorsal horn, and noxious stimulation of muscle activates neurons in the deep dorsal
horn and laminae VII and X (15,30). Thus, the NRO and the NRP could produce their
effects by modulating nociceptive information at the level of the spinal cord and/or through
the NRM. Further, NRO/NRP could be an interface between nociceptive and motor
responses to such stimulus.

We propose that NMDA receptors in the NRO and the NRP are sensitized by unaccustomed
exercise, which then sets them up to respond in an exaggerated way to a minor muscle
insult. The current study shows that there is enhanced pNR1 (Ser897, protein kinase A site)
in the NRO and NRP immediately and 2 h after the exercise task—times when muscle insult
is given. In the NRM, activation of the cAMP pathway increases activity of cells containing
μ-opioid receptors; these cells are thought to facilitate nociception (2). Further, in conditions
of increased nociceptive activity, induced by chronic morphine exposure, there are increases
in glutamatergic transmission in the RVM that is prevented by blockade of the cAMP
pathway (2). Although it is not known whether the NRO and NRP also contain similar cell
types as the NRM, such as ON cells (facilitation cells), in other conditions, they respond
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similarly to noxious stimuli as NRM cells (38). Works in other brain areas also show
enhanced neuronal activity in response to activation of the cAMP pathway (3,31,39). More
specifically, activation of the cAMP pathway enhances NMDA receptor activity (3,39) and
increases surface expression of NMDA channels (4). These data together support the notion
that the increased pNR1 results in enhanced neuronal activity and sensitivity of raphe
neurons.

We and others previously show a role for glutamate in the medullary raphe in the facilitation
of pain. Specifically, there is an increased release of glutamate in the NRM during muscle
insult with acidic saline (27), low doses of glutamate microinjected into the medullary raphe
(NRO, NRP, NRM) facilitate nociception (38), and blockade of NMDA receptors in the
NRM prevents or reverses hyperalgesia in several animal models of pain (6,34). We suggest
that the NRO and NRP also involve activation of NMDA receptors that result in pain in
response to a combination of exercise in a sedentary animal with a muscle insult. In
particular, the current study shows that blockade of NMDA receptors in the NRO and NRP
during the exercise task prevented the onset of hyperalgesia 24 h after a subsequent injection
of a low-dose muscle insult. We gave the NMDA microinjection before the 2-h exercise task
and injected the muscle insult 2 h after the completion of the exercise task, 4 h after the
NMDA microinjection. We therefore expect that the muscle insult was given after the
NMDA antagonist was no longer effective. This would suggest that there is increased
glutamate during the exercise task that activates NMDA receptors to sensitize these neurons
to subsequent stimuli. This may occur through increases in activation of the cAMP pathway.

In individuals with chronic musculoskeletal pain, increased physical activity can exacerbate
pain (8,29). This increase in pain not only occurs during the increased activity but also
outlasts the task, sometimes for days. Pain in response to physical activity could provide a
barrier to regular exercise and participation in rehabilitation and could consequently lead to
a sedentary lifestyle. Quantitative sensory testing shows enhanced temporal summation in
patients with fibromyalgia after a single exercise bout, suggesting that this effect is due to
enhanced central excitability (18). People with osteoarthritis, fibromyalgia, and chronic
fatigue syndrome also present with physical fatigue manifested as decreased strength,
decreased endurance, general feelings of muscle weakness and fatigue, and an increased
sense of effort during exercise (21,24,33). In contrast, a regular exercise program reduces
pain in a variety of chronic musculoskeletal conditions (1). Understanding the mechanisms
that produce pain in response to unaccustomed exercise could lead to strategies to reduce the
enhanced pain in response to unaccustomed exercise, allowing people with chronic pain to
engage in regular physical activity and rehabilitation.
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FIGURE 1.
Graphs show the mechanical sensitivity of the paw in response to an exercise task in
combination with muscle insult. The values before muscle insult are shown with open
symbols, and those after the muscle insult, with or without exercise, are shown with closed
symbols. The ipsilateral side is shown with circles, and the contralateral side is shown with
squares. The number of withdrawals to repeated application of von Frey filaments of
increasing bending forces applied to the paw in the group that did not receive the exercise
task (A). *P < 0.05. The no-exercise group was significantly different from the group that
performed the 2-h exercise task and with the second acid injection given immediately after
the exercise task (B), the group that performed the 30-min exercise task and with the second

SLUKA et al. Page 11

Med Sci Sports Exerc. Author manuscript; available in PMC 2014 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



acid injection given immediately after the exercise task (C), and the group that performed
the 2-h exercise task and with the second acid injection given 2 h after the exercise task (D).
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FIGURE 2.
Withdrawal threshold of the muscle for the ipsilateral (A) and the contralateral (B) sides is
shown for each group. *Significantly different from uninjected controls (P < 0.05);
+significantly different from pH 5.0 injections without the exercise task (P < 0.05).
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FIGURE 3.
Line graphs represent the number of withdrawal to repeated application of von Frey
filaments for different bending forces in animals that were pretreated in the NRO/NRP with
different doses of AP5 or vehicle before the exercise task. The withdrawal thresholds were
significantly lower in the animals treated with 1 and 0.3 nmol of AP5. *Significantly
different from vehicle, P < 0.05.
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FIGURE 4.
Immunohistochemical staining for pNR1 in the NRO and the NRP in each group:
unexercised control, 2-h exercise immediately after task, 2-h exercise 2 h after task, and 30-
min exercise immediately after task. Notice the increased number of positively labeled cells
after the fatigue task compared with controls.
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FIGURE 5.
Bar graph showing the number of cells in five sections counted from the NRO and the NRP
in each group: unexercised control, 2-h exercise immediately after task, 2-h exercise 2 h
after task, and 30-min exercise immediately after task. Significant increases occurred for all
groups with the greatest increase immediately after the 2-h exercise task. *Significantly less
than P < 0.05.
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