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Abstract

Pain encompasses both a sensory as well as an affective dimension and these are differentially
processed in the cortex. Animal models typically use reflexive behaviors to test nociceptive
responses; these are thought to reflect the sensory dimension of pain. While several behavioral
tests are available for examining the affective dimension of pain it is unclear if these are
appropriate in animal models of muscle pain. We therefore tested the utility of existing paradigms
as well as new avoidance paradigms in animal models of muscle pain in mice. Specifically we
used an escape-avoidance test to noxious mechanical stimuli, a learned avoidance test to noxious
mechanical stimuli, and avoidance of physical activity. We used three animal models of muscle
pain: carrageenan-induced inflammation, non-inflammatory muscle pain, and exercise-enhanced
pain. In the carrageenan model of inflammation mice developed escape-avoidance behaviors to
mechanical stimuli, learned avoidance to mechanical stimulation and avoidance of physical
activity — these models are associated with unilateral hyperalgesia. When both muscles were
inflamed, escape-avoidance behaviors did not develop suggesting equivalent bilateral pain-
behaviors cannot be tested with an escape-avoidance test. In the non-inflammatory muscle pain
model mice did not show significant changes in escape-avoidance behaviors or learned avoidance,
but did avoid physical activity. In the exercise-enhanced pain model, there were no changes in
escape avoidance, learned avoidance of noxious or physical activity In conclusion, we developed
several testing protocols that assess supraspinal processing of pain-behaviors in models of muscle
pain and that are most sensitive in animals with unilateral hyperalgesia.
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1. Introduction

Animal models of muscle pain are commonly used to gain a better understanding of

underlying mechanisms of pain processing. Pain encompasses both a sensory experience as
well as an affective experience. Imaging studies in human subjects suggest that the sensory
experience of pain is processed in the somatosensory cortex and the affective experience is
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processed in the cingulate cortex (Rainville et al., 1997; Hofbauer et al., 2001). As such,
behavioral tests that assess both the sensory and the emotional aspects of pain are critical to
understanding the whole pain experience. The majority of available nociceptive tests depend
on the measurement of withdrawal thresholds, which are reflexive responses. Nociceptive
withdrawal reflex behaviors are under supraspinal control but can occur in the absence of
supraspinal input (for review see Ossipov et al., 2006). Higher order pain behaviors such as
escape avoidance and conditioned place preference (CPP) involve the anterior cingulate
cortex (LaGraize et al., 2004; Qu et al., 2011), a region involved in the emotional
component of pain (Devinsky et al., 1995).

There has been a growing trend toward using behavioral tests that assess higher order
cortical processing of pain; these involve having the animal choose to avoid or escape a
pain-inducing behavior. The two most commonly used tests for assessing higher order pain
related behaviors in animals are the escape avoidance test and conditioned place preference
(CPP) tests (Fuchs, 2000; LaBuda and Fuchs, 2000; LaGraize et al., 2004; Ding et al., 2005;
Pedersen and Blackburn-Munro, 2006; Betourne et al., 2008; van der Kam et al., 2008;
Baastrup et al., 2011; Qu et al., 2011; Fuchs and McNabb, 2012; He et al., 2012; McNabb et
al., 2012). In the escape avoidance test, the animal chooses to avoid a noxious stimulus by
moving to another chamber of the box. Lesions of the cingulate cortex block the
development of escape avoidance pain behaviors (Johansen, 2001; LaGraize et al., 2004; Qu
et al., 2011; Uhelski et al., 2012). In contrast, lesions of the somatosensory cortex have no
effect on the escape-avoidance task, but they do attenuate withdrawal reflex responses
(Uhelski et al., 2012). Thus, the escape-avoidance test is useful to examine the affective or
emotional component of pain.

Higher order processing using the escape avoidance paradigm has been tested in animal
models of neuropathic and inflammatory pain, primarily in rats (LaBuda and Fuchs, 2000;
LaGraize et al., 2004; Pedersen and Blackburn-Munro, 2006; van der Kam et al., 2008;
Baastrup et al., 2011; Qu et al., 2011; McNabb et al., 2012). The purpose of the current
study was to develop higher order behavioral tests that would be useful for mice with both
acute and chronic muscle pain. Specifically, we examined the utility of escape-avoidance,
learned avoidance, and physical activity avoidance in an acute inflammatory muscle pain
model that presents with unilateral decreases in withdrawal thresholds, in a model of non-
inflammatory muscle pain that presents with bilateral decreases in withdrawal thresholds
and a model of exercise- enhanced pain that also results in bilateral decreases in withdrawal
thresholds.

2. Experimental Procedures

2.1. Animals

All experiments in mice (male, C57BL/6) were approved by the Animal Care and Use
Committee at the University of lowa and are in accordance with the National Institute of
Health. Mice were acclimated to their environment for one week before any experimental
procedures were initiated. All mice were housed five per cage and kept in a temperature
controlled environment with available food and water.
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2.2. Models of muscle pain

2.2.1. Muscle inflammation—To generate acute inflammation mice were anesthetized
with isoflurane (4%) and injected with 20 pl of carrageenan (3%, sterile saline) into the left
gastrocnemius muscle as previously described (Radhakrishnan et al., 2003; Yokoyama et al.,
2007a). Controls were injected with 20 pl of pH 7.2 saline into the left gastrocnemius
muscle. An additional group was tested with bilateral carrageenan injection and compared to
controls with bilateral pH 7.2 saline injections.

2.2.2. Repeated acid injections—To generate non-inflammatory hyperalgesia, mice
received two injections of pH 4.0 saline five days apart into the left gastrocnemius muscle as
previously described (Sluka et al., 2001; Sluka et al., 2003; Yokoyama et al., 2007a). Mice
were anesthetized with isoflurane (4%) and 20 ul of pH 4.0 saline was injected each time.
Controls were injected with 20 pl of pH 7.2 saline.

2.2.3. Exercise-enhanced pain—To generate exercise-enhanced pain mice were given
two injections of 20 ul of pH 5.0 saline into the left gastrocnemius muscle five days apart in
combination with a 2h run in a running wheel immediately before the second injection of pH
5.0, as previously described (Yokoyama et al., 2007b; Sluka et al, 2012). Controls were
exercised similarly but were injected with 20 pl of pH 7.2 saline. Mice were acclimated to
the running wheel for two days, ten minutes each time, three times a day. To ensure the mice
continued running in the wheel, the top of the cage was tapped when mice stopped running
for more than five seconds.

2.3. Behavioral protocols

2.3.1. Escape avoidance experiment—We used a modified escape avoidance
paradigm as previously published (LaBuda and Fuchs, 2000). The testing box was made of
Plexiglas with dimensions 16cm x 7cm x 13cm and placed on top of a wire mesh screen.
The box was divided into two chambers. So that there was no preference in animals without
injury one chamber was white with vertical black lines while the other chamber was solid
white. Mice were randomly placed on either the left or the right side of the box to start and
an equal number of animals in each group started on either the left or the right side of the
box. During a subsequent test, the side of the box was switched to the opposite side. During
behavioral testing, the mice were allowed to move unrestricted to either side of the box for
thirty minutes. Mechanical stimulation was initiated with an 0.4 mN von Frey filament to
the plantar surface of either the right or left hind paw. The right side was stimulated when
the animal was on one side of the box and the left side was stimulated when the animal was
on the opposite side of the box. Stimuli were given to the hind-paw once per second. All
three models of muscle pain were tested in the escape avoidance protocol. Measurements
were taken before, twenty-four hours, and one week after initiation of the model. The time
the animal spent on each side of the box was recorded using a stopwatch. Four different
groups of experiments were performed 1) Unilateral carrageenan (n=6) compared to
unilateral saline control (n=6), 2) bilateral carrageenan injection (n=6) compared to bilateral
saline injections (n=6), 3) 2, pH 4.0 injections (n=10) compared to 2, pH 7.2 saline control
injections (n=10), 4) 2, pH 5.0 injections plus exercise (n=10) compared to 2, pH 7.2 saline
control injections plus exercise (n=10).
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2.3.2. Learned avoidance experiment—To determine whether mice learn to avoid a
painful stimulus, the following protocol was tested in a separate group of animals. The pain
model was induced and twenty-four hours after injection, mice were stimulated with a 0.4
mN von Frey filament at a rate of once per second. When mice were on one side of the box,
their left hindpaw was stimulated. When mice were on the opposite side of the box, their
right hindpaw was stimulated. An hour later, mice were tested again in escape avoidance
box without mechanical stimulation of the paw, and the time they spent on each side of the
box was calculated. Mice were randomly placed on either the left or the right side of the box
to start and an equal number of animals in each group started on either the left or the right
side of the box. Three different groups of experiments were performed 1) Unilateral
carrageenan (n=6) compared to unilateral saline control (n=6), 2) 2, pH 4.0 injections (n=6)
compared to 2, pH 7.2 saline control injections (n=6), 3) 2, pH 5.0 injections plus exercise
(n=6) compared to 2, pH 7.2 saline control injections plus exercise (n=6).

2.3.4. Avoidance of voluntary physical activity—To determine if there is a decrease
in physical activity levels a separate group of mice were placed in an exercise running wheel
for one hour and videotaped. Mice were allowed to voluntarily run. Off-line analysis
examined the time spent running, distance run, and number of bouts. Tests were performed
before and twenty-four hours after the initiation of the pain model. Three different groups of
experiments were performed 1) Unilateral carrageenan (n=6) compared to unilateral saline
control (n=6), 2) 2, pH 4.0 injections (n=10) compared to 2, pH 7.2 saline control injections
(n=10), 3) 2, pH 5.0 injections plus exercise (n=5) compared to 2, pH 7.2 saline control
injections plus exercise (n=7).

2.4, Statistical Analysis

3. Results

A repeated measures analysis of variance (ANOVA) quantified differences in escape
avoidance behaviors and physical activity between groups. Individual differences at each
testing time were analyzed with a Tukey’s test. A one-way ANOVA quantified differences
in learned avoidance behaviors between groups (*, p<0.05).

3.1 Inflammatory muscle pain

3.1.1. Escape avoidance experiment—To test if mice would choose to avoid a painful
stimulus, mice were timed for side preference while receiving repetitive noxious mechanical
stimulation. Prior to injection of 3% carrageenan into the muscle, mice spend approximately
50% of the thirty minutes on either side of the escape avoidance box. After muscle
inflammation, mice significantly decrease their time on the side of the box they received
noxious stimuli to the side with the muscle insult (n=6) when compared to mice that
received pH 7.2 saline injection as a control (n=6) (*, P<0.05) (Figure 1A). One week after
injury this response returns toward baseline. We next tested if animals with bilateral
inflammatory hyperalgesia could show a change in the escape-avoidance test by injecting
3% carrageenan into the left and right gastrocnemius muscle. The side preference after
induction of inflammation remained unchanged from before induction of inflammation with
the inflammation group showing 44 + 13% of their time in the left chamber before
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inflammation and 39 * 10% on the left 24h after inflammation. Controls spent 48 £11 % of
their time on the left before injection, and 45 + 13% 24h after injection.

3.1.2. Learned avoidance experiment—To test if mice learned to avoid a noxious
environment, mice were tested for a side preference one hour after thirty minutes of
mechanical stimulation. Mice that received 3% carrageenan injection showed a significant
preference for the side of the box in which they received noxious stimulation contralateral to
the muscle insult when compared to pH 7.2 saline (*, P<0.05)(Figure 2).

3.1.3. Avoidance of voluntary physical activity—We next tested if mice would
demonstrate avoidance of voluntary physical activity by placing mice in a running wheel for
one hour. Mice that received an intramuscular injection of 3% carrageenan to one side
showed a significant decrease in the amount of time spent running as well as total distance
traveled compared to controls (*, p<0.05) (Figure 3A and B). The number of bouts of
exercise was not different between groups or across time before (56 + 5.9 3% carrageenan
vs. 67 + 5.4 for saline), or 24h after inflammation (61 + 5.8 3% carrageenan vs. 72 + 6.3
saline).

3.2. Non-inflammatory muscle pain

To test if these behavioral responses found with acute inflammatory pain also occur in
models of non-inflammatory muscle pain we used our model of repeated intramuscular acid
injections as previously published and characterized (Sluka et al., 2001; Sluka et al., 2003).
This model produces bilateral mechanical hyperalgesia of the paw and muscle (Sluka et al.,
2003; Yokoyama et al., 2007a; DaSilva et al., 2010).

3.2.1. Escape avoidance experiment—Before the first pH 4.0 injection and before the
second pH 4.0 injection mice spend approximately 50% of their time on either side of the
escape/avoidance box. However, 24h after the second intramuscular injection of acidic
saline there is a small decrease in the time spent on the side in which the rats received
noxious stimulation ipsilateral to the muscle insult when compared to controls injected with
pH 7.2 (p=0.058). This effect is normalized by one week without significant differences
between groups (Figure 1B).

3.2.2. Learned avoidance experiment—Mice that received the pH 4.0 saline injection
did not show a significant preference for either side of the box when compared to control
mice that received pH 7.2 saline (Figure 2).

3.2.3. Avoidance of voluntary physical activity—Mice that received an
intramuscular injection of pH 4.0 saline showed a significant decrease in the distance
traveled during the physical activity avoidance task when compared to those that received
control injections of pH 7.2 saline (P<0.05)(Fig. 3C and D). However, there was no
difference in the time spent running between the pH 4.0 and the pH 7.2 groups. The number
of bouts of exercise was not different between groups or across time before (63 + 4.3 pH 4.0
vs. 73 + 3.2 for saline), or 24h after the second acid injection (60 + 4.5 pH 4.0 vs. 60 + 3.7
saline).
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3.3. Exercise-enhanced pain

Finally, we tested if exercise-enhanced pain results in significant changes in these behavioral
tests using our model of two injections of pH 5.0 saline combined with a two hour fatiguing
exercise task. In the exercise-enhanced pain model, mice ran 2.6 km (£ 0.11) during the
escape avoidance experiment, 3.0 km (£ 0.21) during the learned avoidance experiment, and
2.8 km (£0.20) during the physical activity avoidance task. This model results in bilateral
mechanical hyperalgesia of the paw and muscle (Yokoyama et al., 2007b; Sluka et al.,
2012).

3.3.1. Escape avoidance experiment—Before the first injection of pH 5.0 or before
the second injection of pH 5.0 saline mice spend approximately 50% of their time on each
side of the escape avoidance box and are similar to controls injected with pH 7.2. After the
second injection and two hour exercise task, 24h and 1 week, mice show no difference in
time spent on either side of the box. Mice that received pH 7.2 saline injection as a control
show no difference in time spent on either side of the box (Figure 1C).

3.3.2. Learned avoidance experiment—NMice that received the pH 4.0 saline injection
did not show a significant preference for either side of the box when compared to control
mice that received pH 7.2 saline (Figure 2).

3.3.3. Avoidance of voluntary physical activity—Mice that received an
intramuscular injection of pH 5.0 saline with the exercise task showed no significant change
in amount of time spent running or total distance traveled when compared to controls
(Figure 3E and F). The number of bouts of exercise was not different between groups or
across time before (61 £ 6.1 pH 5.0 + exercise vs. 72 + 2.3 for saline), or 24h after the
second acid injection and exercise task (64 £ 5.0 pH 5.0 + exercise vs. 57 + 4.7 saline).

4. Discussion

These results show for the first time that induction of inflammatory muscle pain results in
escape avoidance behaviors. We further demonstrate that after muscle inflammation, mice
learn to avoid noxious stimuli - both cutaneous mechanical stimuli and that associated with
physical activity. While prior studies have tested the escape avoidance paradigm in rats with
paw inflammation and neuropathic pain (LaBuda and Fuchs, 2000; LaGraize et al., 2004;
LaBuda and Fuchs, 2005; Pedersen et al., 2007; Baastrup et al., 2011; Uhelski et al., 2012;
McNabb et al., 2012), we were able to translate these behaviors to mice with inflammatory
muscle pain where mice have unilateral hyperalgesia.

In the current study, we were not able to show the escape avoidance or learned avoidance
tests in models of non-inflammatory muscle pain (p=0.058) or exercise-enhanced pain
models. This may be a result of the bilateral nature of the hyperalgesia that develops in these
models (Sluka et al., 2001; Yokoyama et al., 2007a,b; DaSilva et al., 2010, Sluka et al.,
2012). While there was a trend in the escape avoidance behavior for an effect on the injected
side this was only observed at 24h and not at 1 week. One possibility for this is that initially
there is a greater hyperalgesia on the injected side and as the hyperalgesia progresses the
loss of effect is due to the fact that the hyperalgesia is equivalent bilaterally. In fact prior
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work shows rats with unilateral paw inflammation on one side and a nerve injury on the
other show similar decreases in mechanical withdrawal thresholds bilaterally when
compared to sham or controls but do show place preference (McNabb et al., 2012), and the
current study shows rats with bilateral inflammation do not show place preference. Previous
studies in rats demonstrate the escape avoidance test shows side preference in models of
unilateral neuropathic and inflammatory pain (LaBuda and Fuchs, 2000; LaBuda and Fuchs,
2005; Perdersen and Blackburn-Munro, 2006; Bassturp et al., 2010; Boyce-Rustay et al.,
2010; Uhelski et al., 2012). Thus, the escape-avoidance and learned avoidance tests may be
useful as an additional behavioral measure for assessing the multidimensional pain
experience in mice with muscle inflammation or those with unilateral injury.

We developed a test to examine if animals would learn to avoid a painful stimulus. Human
subjects with chronic muscle pain learn to avoid physical activity that enhances pain
responses (Crombez et al., 1998, 1999; Vlaeyen and Linton, 2000). It has been hypothesized
that the escape avoidance test is an assessment of both the initial escape from the noxious
stimulus and the avoidance of the noxious stimulus after presentation (LaBuda and Fuchs,
2000). The learned avoidance test shows that after an hour after delivering a noxious
stimulus, mice spend significantly less time on the side of the box ipsilateral to their injury.
This data suggest that mice have learned to avoid a potential noxious stimulus by associating
a physical environment to that in which they were given a prior noxious stimulus.

We hypothesized that if a muscle was painful, mice would voluntarily perform less physical
activity associated with that muscle’s use. Indeed we previously show that the inflammatory
muscle pain, non-inflammatory muscle pain and the exercise-enhanced pain models all show
enhanced muscle hyperalgesia as measured by decreases in withdrawal thresholds
(Yokoyama et al., 2007a; Radhakrishnan et al., 2003; Sluka and Rasmussen, 2010, daSilva
et al., 2010). This study demonstrates the inflammatory and the non-inflammatory muscle
pain models resulted in significantly decreased measures of voluntary physical activity when
examined over a one hour time period as compared to saline injections. This is in agreement
with our prior results that measured voluntary physical activity over a twenty-four hour time
period with a running wheel placed in their home cages and were able to show
approximately a 36% reduction in running wheel activity in mice with carrageenan injection
into the muscle (Sluka and Rasmussen, 2010). Similarly, reductions in running wheel
activity were observed after induction of hindpaw inflammation with complete Freund’s
adjuvant. This decrease was reduced by anti-inflammatory and analgesic drugs (Cobos et al.,
2012). Locomotor activity is also reduced in animals with inflammatory pain and in the first
week after nerve injury (Urban et al., 2011; Cobos et al., 2012). However, animals with
nerve injury showed normal physical activity levels by 2 weeks despite enhanced
mechanical sensitivity (Urban et al., 2011). Further, feeding, drinking and rearing were
unchanged after nerve injury (Urban et al., 2011). In contrast, in the open field test 14-21
days after nerve injury or 28 days after CFA-induced inflammation showed reductions in
time spent in the inner zone of the elevated-plus maze demonstrating a reduction of
locomotor activity (Gregoire et al., 2012; Parent et al., 2012). While we interpret this
decrease in physical activity as a pain-related behavior we cannot rule out that the decrease
is fatigue-related.
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In the current study, we did not see a reduction in voluntary physical activity in the exercise-
enhanced pain model. These tests were done in the middle of the day when physical activity
is lowest and might not be sensitive enough to account for small changes. We believe that
the inflammatory model is a more severe and robust pain model with observable limping
and guarding of the limb for 24-48 hours, and the repeated acid injections produces a robust
hyperalgesia of the muscle and paw. On the other hand, the exercise-enhanced pain model
shows no overt behavioral deficits, suggesting the hyperalgesia, while long-lasting, is less
debilitating to the animal. Future studies will need to develop behavioral assays that are
capable of examining effects of bilateral hyperalgesia, perhaps examining physical activity
levels over a longer period of time.

In summary, we developed several tests of higher order processing in animals with unilateral
muscle inflammation. These included the escape avoidance test, learned avoidance to
noxious mechanical stimulation, and reductions in voluntary physical activity. It should be
pointed out that these tests are indirect measures of nociception (in contrast to reflexes for
example) that require diffuse and complex interactions of multiple neural systems for
manifestation of the behaviors. The underlying neural circuitry for these behaviors is only
now being elucidated. These tests provide valuable information regarding the consequences
of pain in an animal and may prove useful for evaluating future treatments. However,
despite the potential usefulness of these methods in aspects of preclinical pain research, their
value in delineating the precise neural circuitry of pain is limited. We suggest that muscle
pain models could use tests that examine aversive behaviors to assess the affective
dimension of pain in rodents.
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Figure 1.
Percentage of total time spent on the side of the escape avoidance box in which the noxious

stimulation was applied to the side of muscle insult before and after induction of the model.
A. Effects in inflammatory muscle pain induced by injection of 3% carrageenan (*, P<0.05)
B. Effects in a model of non-inflammatory muscle pain induced by two injections of pH 4.0
saline (*, P=0.058) C. Effects in a model of exercise-enhanced muscle pain induced by two
injections of pH 5.0 saline in combination with a novel exercise task. Data are mean +
S.E.M.
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Figure 2.
Time spent on the side of the box in which rats received noxious stimulation to paw on the

side of muscle insult. In the inflammatory pain model, mice injected with carrageenan spent
significantly less time on the side of the box where noxious stimulation was applied to the
side of muscle insult (*, P<0.05). In the non-inflammatory muscle pain model (pH 4.0) and
the exercise-enhanced pain model (pH 5.0 + exercise) there were no preferences in chamber.
Data are mean = S.E.M.
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Figure 3.

Measure of physical activity with respect to distance run in km and time spent running over
the course of one hour. A. Mice run less distance than controls 24h after injection of 3%
carrageenan (*, P<0.05). B. Mice spend less time running than controls 24h after injection of
3% carrageenan (*, P<0.05). C. Mice run less distance than the controls 24h after the second
pH 4.0 injection (*, P<0.05). D. Mice show no significant differences in the time spent
running when compared to controls 24h after the second pH 4.0 injection. E, F. In the
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exercise-enhanced pain model (pH 5.0 + exercise) no significant differences were observed
for the distance run (E) or in the time spent running (F). Data are mean + S.E.M.
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