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Abstract
Inflammatory pain impacts adversely on the quality of life of patients, often resulting in motor
disabilities. Therefore, we studied the effect of peripheral inflammation induced by intraplantar
administration of complete Freund’s adjuvant (CFA) in mice on a particular form of voluntary
locomotion, wheel running, as an index of mobility impairment produced by pain. The distance
travelled over 1 h of free access to activity wheels decreased significantly in response to hindpaw
inflammation, peaking 24 h after CFA administration. Recovery of voluntary wheel running by
day three correlated with the ability to support weight on the inflamed limb. Inflammation-induced
mechanical hypersensitivity, measured with von Frey hairs, lasted considerably longer than the
impaired voluntary wheel running and is not driving, therefore, the change in voluntary behavior.
The CFA-induced decrease in voluntary wheel running was dose-dependently reversed by
subcutaneous (s.c.) administration of anti-inflammatory and analgesic drugs, including naproxen
(10–80 mg/kg), ibuprofen (2.5–20 mg/kg), diclofenac (1.25–10 mg/kg), celecoxib (2.5–20 mg/kg),
prednisolone (0.62–5 mg/kg) and morphine (0.06–0.5 mg/kg), all at much lower doses than
reported in most rodent models. Furthermore, the doses that induced recovery in voluntary wheel
running did not reduce CFA-induced mechanical allodynia, indicating a greater sensitivity of the
former as a surrogate measure of inflammatory pain. We conclude that monitoring changes in
voluntary wheel running in mice during peripheral inflammation is a simple, observer-independent
objective measure of functional changes produced by inflammation, likely more aligned to the
global level of pain than reflexive measures, and much more sensitive to analgesic drug effects.
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1. INTRODUCTION
Repeated attempts have been made to generate rodent models that resemble pathological
(neuropathic and inflammatory) pain conditions in human patients [2,24,25]. However, the
outcome measures used to evaluate whether experimental animals are experiencing pain (or
analgesia) rely primarily on the evaluation of withdrawal reflexes evoked by acute (thermal
or mechanical) stimulation [25]. Although stimulus-evoked reflexes reflect the
hypersensitivity (allodynia and hyperalgesia) that occurs during chronic pain, they do not
measure cognitive appraisal, the subjective estimation of the global pain experience, and
therefore their assessment in experimental animals only reflects a part of the pain phenotype.
Development of behavioral outcomes that better reflect the pain experience of patients
should improve translation of preclinical findings to more effective clinical analgesics
[24,25,31,45]. Non-reflexive measures of behavior in rodents, that by definition require
voluntary decisions and therefore integration of multiple CNS centers, may be a more
realistic and sensitive model of clinical pain than stimulus-evoked reflexive measures
[24,43].

Inflammatory pain is associated with altered general functioning and activity, particularly
reduced mobility [13,41], and can often result in a disability in walking (limp) when
affecting the lower limb [17]. Furthermore, analgesic efficacy can be estimated by an ability
to decrease interference in motor function [13,17]. Running wheels are of particular interest
as a motor test in experimental animals, since the locomotion is not forced (as it is with the
rotarod and treadmill), driven by innate exploratory behavior (as in novel environments) or
due to a pursuit of food or water. Instead, the running wheels provide a measure of voluntary
activity in a known environment, potentially reflecting whether the activity is painful.

The main goal of this study was to develop a pharmacologically relevant and objective
measure that reflects inflammatory pain, based on a reduction in voluntary wheel running in
mice. To this end, we characterized the degree and time-course of changes in locomotion,
using running wheels, in mice with experimentally inflamed hindpaws and compared this
with commonly-used measures of inflammatory pain: changes in weight-bearing [15] and
punctate mechanical hypersensitivity measured with von Frey hairs, a widely used outcome
measure in chronic pain models [24,25]. We then pharmacologically characterized the
restoration of the peripheral inflammation-induced decrease in voluntary wheel running,
using a representative set of drugs of various chemical and pharmacological classes
currently used as therapeutics in humans, including the non-selective non-steroidal anti-
inflammatory drugs (NSAIDs) ibuprofen, naproxen and diclofenac [16], the selective
cyclooxygenase (COX)-2 inhibitor celecoxib [23,38], the corticosteroid prednisolone
[11,17], and the opioid morphine [46]. The sensitivity to drug effects of the voluntary wheel
running outcome measure was compared with changes in CFA-induced mechanical
hypersensitivity determined with von Frey hairs. Finally, we measured changes in voluntary
wheel running of inflamed and non-inflamed mice with the non-analgesic stimulant caffeine
[36] and the motor depressant baclofen [37,30] to determine if stimulating or suppressing
general motor activity would produce false positives in the model.

2. METHODS
2.1. Experimental animals

Experiments were performed in 9–12 week old C57BL/6J male mice (Jackson Laboratories,
ME, USA). Mice were housed in a temperature-controlled room (21±1°C) with an automatic
12-h light/dark cycle (07:00 to 19:00 hours). All experiments were performed during the
light phase (10:00–18:00 hours). Animal procedures were approved by the Institutional
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Animal Care and Use Committee (IACUC) of Children’s Hospital Boston, and followed the
current guidelines for the investigation of experimental pain with conscious animals [49].

2.2. Drugs and drug administration
To induce peripheral inflammation, mice were injected with intraplantar (i.pl.) complete
Freund’s adjuvant (CFA; Sigma-Aldrich, MO, USA), using a 1710 TLL Hamilton
microsyringe (Hamilton Company, NV, USA) with a 30½-gauge needle. To assess changes
in paw volume, mechanical threshold or hindpaw weight-bearing during inflammation, mice
were injected in the left hindpaw with 20 µl of CFA. To characterize the changes in
voluntary wheel running by CFA-induced inflammation, the left or both hindpaws were
injected with either 10 or 20 µl of CFA. Control animals received i.pl. injections of sterile
physiological saline (Sigma-Aldrich, MO, USA).

The analgesic drugs used were: ibuprofen sodium salt, naproxen sodium, diclofenac sodium
salt, celecoxib, prednisolone (all from Sigma-Aldrich, MO, USA) and morphine (Baxter
Healthcare Corporation, IL, USA). Control drugs tested included baclofen and caffeine
(both from Sigma-Aldrich, MO, USA). All drugs tested were dissolved in sterile
physiological saline, with the exception of celecoxib and prednisolone which were
suspended in 5% gum arabic (Sigma-Aldrich, MO, USA). All drugs or their solvents were
administered subcutaneously (s.c., 5 ml/kg) into the interscapular area.

2.3. Plethysmography
Hindpaw volume was determined using a plethysmometer (Bioseb, Boulogne, France). The
hindpaw was immersed in a conductive solution (0.02% Triton X-100 in 0.1% NaCl
solution) up to the junction of hairy and glabrous skin, and the displaced volume measured
with a resolution of 10 µl. Values were recorded before and up to seven days after the i.pl.
administration of CFA or saline in the left hindpaw.

2.4. Assessment of mechanical allodynia
Mice were placed individually in transparent test compartments (7.5 cm wide × 7.5 cm long
× 15 cm high), separated from each other by an opaque divider, placed on an elevated mesh-
bottomed platform with a 0.5-cm2 grid (to provide access to the ventral side of the
hindpaws). Two habituations to the evaluation chambers of 1 h duration each were
performed on two different days. A baseline measurement was taken on a separate day.
Mechanical threshold was defined as the minimum weight of the filament that induced at
least 5 responses (fast paw withdrawal, flinching or licking/biting of the stimulated paw) out
of 10 stimulations. Mice were then i.pl. injected with 20 µl CFA or saline in the left hindpaw
and tested for up to seven days to evaluate the temporal progression of the mechanical
allodynia induced by CFA.

To test drug effects on mechanical allodynia, mice were evaluated for thresholds 24 h after
CFA injection; they were then distributed into homogeneous groups according to their
threshold values and injected with different drugs. Mice were evaluated by an observer
blinded to the treatments. For comparison of drug effects in CFA-induced mechanical
allodynia and decreases in voluntary wheel running, drugs were evaluated in the von Frey
test at the mid-point of the time chosen for the evaluation in the activity wheels. This
corresponds to 2.5 h after the administration of naproxen, ibuprofen, diclofenac, celecoxib
and prednisolone, and 70 min after the administration of morphine (see Section 2.6).

2.5. Assessment of changes on weight-bearing distribution in freely moving mice
We assessed changes in weight-bearing using a dynamic weight-bearing device (Bioseb,
Boulogne, France), developed to measure the weight borne in each limb in freely moving
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animals. This device has been recently used in rats [39]. Animals were video recorded in a
transparent plexiglass evaluation cage (11 cm wide × 11 cm long × 20 cm high) with an
instrumented floor, which allowed us to perform this assessment in freely moving mice. A
small mirror was placed behind the evaluation cage to allow clear observation of the
position of the paws. The video recording and the paw pressure prints obtained by the
instrumented floor were synchronized by the provided software (Bioseb). Pressure prints
were manually corrected by an observer using the images seen in the video recording as a
reference, and the weight borne by each limb during the evaluation period was automatically
calculated. Frames in which the reading of the paw pressure was not stable because of
excessive movement of the animal, were automatically discarded by the software from
analysis. Frames in which it was not possible to match a pressure print to a specific part of
the mouse (i.e. when it was not evident if a pressure print was made by a paw or a different
part of the mouse, such as the tail or the genitals) were manually discarded by the observer.
To ensure the reliability of the determination of the weight borne by each limb, the duration
of each experimental session was 10 minutes, to obtain an averaged analyzed time of about
4 minutes per mouse, per day of evaluation.

Mice were habituated to the evaluation chamber for two sessions on two different days. A
baseline recording was taken on a separate day, and the mice were then homogeneously
distributed in two groups with similar averaged body weights. The mice then received an
i.pl. injection of CFA or saline in the left hindpaw and were tested for up to seven days. The
primary dependent measure was the difference in weight between the injected and the non-
injected hindlimb.

2.6. Assessment of the distance travelled during free access to running wheels
Voluntary wheel running was assessed in polycarbonate cages (20.5 cm wide × 36.5 cm
long × 14 cm high) with free access to stainless steel activity wheels (diameter 23 cm; width
5 cm) with a ball-bearing axle (Bioseb, Boulogne, France). The wheel could be turned in
either direction. Multiple activity cages were contained within a testing room. The wheels
were connected to a computer that automatically recorded the distance travelled by each
animal in the wheel during each 1 h evaluation session. No experimenters were present in
the room during the evaluation sessions.

Mice were habituated in individual activity cages for three sessions over at least three days.
In the first habituation session, each mouse was randomly assigned to a specific cage in
which they were always tested for the duration of the experiment. A baseline measurement
was recorded one day after the last habituation. The mice that refused to run in the wheels
during the baseline measurement (distance travelled less than 275 meters) were discarded
from further evaluation (representing 4–6 % of the animals tested). Baseline measurements
were considered as a reference for detecting the effect of the treatments tested, and therefore
most data will be presented as percentage of the distance travelled during the baseline. After
the baseline values were taken, the mice were i.pl. injected with CFA to induce peripheral
inflammation, or with saline as a control.

To elucidate the time-course of the changes in voluntary wheel running induced by
peripheral inflammation, mice were repeatedly evaluated for up to 7 days after i.pl.
administration of CFA/saline. Since it has been shown that exercise can decrease pain
behavior in rodents [19], we tested if wheel running during the first days after the induction
of peripheral inflammation could alter the subsequent evaluations. Therefore, a separate
group of mice was evaluated only 3 and 4 days after CFA injection, and compared with
those evaluated daily from days 1 to 4 after CFA injection.
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The analgesic effect of drugs was always tested 24 h after the i.pl. injection of 20 µl CFA in
both hindlimbs, when a maximum change in voluntary wheel running was detected (see Fig.
2 for details). Drug effects in non-inflamed animals were tested 24 h after the bilateral i.pl.
injection of 20 µl saline. All drugs tested were administered 2 hours before the beginning of
the test, with the exception of morphine, caffeine and baclofen, which were injected 40 min
before the beginning of the test. Since change in body weight (weight loss or retardation of
weight gain) is considered to be a sign of ongoing distress induced by pain [2], body weight
was monitored daily in animals bilaterally injected with CFA to ensure that this protocol did
not induce excessive disturbance to the welfare of the animals.

2.7. Assessment of ambulatory locomotion
Ambulatory locomotion was monitored with an infrared detector (InfraMot-Activity System;
TSE, MO, USA). Mice were habituated to the evaluation chambers (445 cm2) 90 min before
injection of the following drugs: caffeine, baclofen or morphine, or the solvent control
saline. After drug injection, mice were immediately returned to the evaluation cages.
Animals were then placed in an isolated room for the recording of the locomotor activity.
The number of ambulatory events was collected 40 to 100 minutes after the drug injection,
since this was the period chosen for assessing the effects of these drugs in voluntary wheel
running (see Section 2.6.).

2.8. Data analysis
The differences between values obtained in the time-courses were analyzed with two-way
repeated measures analysis of variance (ANOVA), and the effect of drugs was compared to
their controls by a one-way ANOVA; a Tukey post-hoc test was performed in both cases.
All tests were performed with the SigmaStat 3.5 program (Systat Software Inc., CA, USA).
Differences between means were considered statistically significant when p<0.05.

The dose of drug that produced half of the maximal effect against the CFA-induced decrease
in voluntary wheel running (ED50), and the maximum recovery induced by each drug (Emax)
were calculated from the dose-response curves using non-linear regression analysis of the
equation for a sigmoid plot. The degree of recovery was calculated as the percentage of
improvement of drug-treated mice over vehicle-treated inflamed mice, using the latter
groups as the 0% marker for each drug under study. The value obtained from non-inflamed
mice treated with the vehicle of each respective drug was used as 100 % of possible
recovery. Parameters obtained from sigmoid plots and their standard errors were calculated
as the best-fit values ± standard errors of regression with SigmaPlot (v. 10.0).

3. RESULTS
3.1. Time-course of CFA-induced edema, mechanical allodynia and changes in hindlimb
weight-bearing

Administration of CFA into a paw induced a large increase in paw volume that was apparent
24 h after the injection (approximately 50 % increase from the pre-injection values), and
then remained virtually unaltered during all time-points tested up to 7 days (Fig. 1A). Mice
injected with the same volume of saline did not show any significant change in paw volume
at any time-point tested (Fig. 1A). Inflamed mice developed a pronounced and long-lasting
decrease in their mechanical threshold measured with von Frey hairs, with the mechanical
allodynia still robust and significant 7 days after CFA injection. The mechanical threshold of
mice injected with saline into the paws, was unaltered (Fig. 1B).

Changes in weight-bearing during the CFA-induced paw inflammation were measured in
freely moving mice. Mice symmetrically distributed the weight borne by their hindlimbs
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during baseline measurements (Fig. 1C; time 0). However, 24 h after induction of peripheral
inflammation in the left hindlimb, mice decreased the weight borne by the inflamed paw,
and shifted more weight to the non-injured hindlimb to compensate, increasing the
difference in weight borne by their hindlimbs up to 4.29 ± 1.00 g (p<0.001). This difference
in weight-bearing by the hindlimbs progressively diminished, and 3 days after the induction
of the inflammation this difference was only hardly significant compared to the baseline
value (p = 0.047), and returned to baseline values by day 4 (Fig. 1C), in contrast to the
longer lasting mechanical hypersensitivity detected by stimulation with von Frey hairs
which was still significant at 7 days (Fig 1B). Saline-treated mice did not show any
significant change in weight-bearing distribution of their hindpaws (Fig. 1C). We also
assessed possible changes in the weight loaded by the forepaws, which may compensate for
a decrease in the weight borne by the injured paw of CFA-treated mice, but did not find any
significant differences (data not shown).

3.2. Characterization of voluntary wheel running in inflamed mice
We first assessed the effect of repeated exposure to voluntary wheel running in mice. After
three habituation sessions (see “Methods” section for details), naïve mice travelled
approximately 500 m over 1 hour of free access to the wheel (Fig. 2A; time 0). The distance
travelled was not significantly different in several independent sets of mice tested at
different times in the day (data not shown). Repeated exposure of naïve mice to the wheels
did not significantly change the distance travelled during the experimental session (Fig. 2A,
closed circles). This effect is not strain-dependent since BALB/cJ mice also needed only
three sessions of 1 h to reach stable values (data not shown). Since we found that the
distance travelled by the mice was stable over several repeated sessions with this
experimental protocol, the effect of a treatment on each mouse was analyzed as percentage
of the distance travelled during the baseline.

To find the optimal conditions of peripheral inflammation that produce detectable changes
in voluntary wheel running, different protocols of CFA administration were tested, in each
case evaluating the mice 24 h after CFA administration. This time-point corresponds to peak
paw edema, mechanical allodynia and weight-bearing difference in the hindpaws after an
i.pl. injection of 20 µl of CFA into the left hindpaw (Fig. 1A, B and C, respectively). Mice
injected unilaterally with CFA showed a modest, non-significant decrease in distance
travelled, compared to naïve mice (Fig. 2B). This suggests that the mice can compensate for
the inflammation in one hindlimb with the other three non-inflamed limbs, in agreement
with previously reported gait analysis experiments showing adaptive changes in
coordination after unilateral injury [10] and that the degree of pain did not interfere with the
choice to continue running normal distances. We then tested the effect of a low volume (10
µl) of CFA injected in both hindpaws. However, although the mice showed a significant
decrease in comparison to naïve mice (Fig. 2B), we judged this difference too modest for
pharmacological studies. We next tested the effect of a standard dose of CFA (20 µl)
injected bilaterally in the hindpaws, and found that the mice showed a marked decrease in
distance travelled (53.4 ± 4.5 % of decrease in comparison to baseline values; p<0.001) (Fig.
2B). This did not produce any significant decrease in body weight (Fig. 2C), and the mice
did not show any other behavioral phenotype that might reflect distress (hunched posture,
mottled fur) during the time-course of the experiment, indicating that they were not ill,
seriously uncomfortable or disturbed. Indeed they still continued to choose to run on the
wheels, albeit less. To determine whether the injection procedure alone might produce an
effect on voluntary wheel running, bilateral injections of saline were used as a control and
were found not to be statistically different from non-injected controls (Fig. 2B).

Analysis of the temporal progression of the decrease in voluntary wheel running after
bilateral administration of 20 µl CFA showed that it was maximal at 24 h, returning to

Cobos et al. Page 6

Pain. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



baseline levels by day three (Fig. 2A; open circles). This temporal course resembled the time
course of recovery in weight-bearing after unilateral injury (Fig. 1C). Both of these non-
reflexive outcomes are shorter lasting than the mechanical hypersensitivity detected by von
Frey hairs (Fig. 1B).

An independent group of mice was submitted to voluntary wheel running only on days 3 and
4 after the induction of peripheral inflammation. We did not find significant differences in
the distance traveled between mice evaluated daily after CFA injection and those evaluated
3 and 4 days after CFA administration indicating that the recovery was not due to repeated
exercise (data not shown).

3.3. Effects of NSAIDs, prednisolone and morphine on inflammation-induced decreases in
voluntary wheel running

We used a panel of drugs with different pharmacological properties to investigate if
common analgesics can prevent the decrease in voluntary wheel running induced 24 h after
bilateral hindlimb CFA injection. The non-selective COX inhibitors naproxen (10–80 mg/
kg), ibuprofen (2.5–20 mg/kg), and diclofenac (1.25–10 mg/kg) all produced a dose-
dependent and significant reduction in the decrease in running-wheel performance compared
to inflamed mice treated with vehicle (dose 0) (Fig. 3A, B and C, respectively). The order of
potency (ED50) of these compounds on the recovery of wheel running in inflamed mice was:
naproxen (17.13 ± 6.70 mg/kg) < ibuprofen (4.40 ± 1.45 mg/kg) < diclofenac (2.29 ± 0.32
mg/kg) (Table 1). The distance travelled by inflamed mice treated with the highest doses
tested of these drugs was not significantly different from that found in non-inflamed mice
treated with their respective vehicles (Fig. 3A, B and C), with the calculated Emax values
close to 100 % recovery (Table 1). This indicates that inflamed mice are able to fully
recover their voluntary wheel running performance after suitable pharmacological treatment.

We also tested the effects of two additional anti-inflammatory compounds: the selective
COX-2 inhibitor celecoxib (2.5–20 mg/kg) and the steroid prednisolone (0.62–5 mg/kg).
Both compounds significantly increased voluntary wheel running of CFA-treated mice in a
dose-dependent manner (Fig. 3D and E, respectively). The effect of celecoxib was only
significant at the highest dose tested (20 mg/kg) (Fig. 3D). This effect was limited (53.45 ±
6.38 % of recovery; Table 1), and lower than the effect of the other NSAIDs tested (Fig. 3
A, B and C). Higher doses of celecoxib decreased the distance travelled by inflamed mice
(data not shown), which is why we could not reliably calculate an ED50 for this compound
in this model (Table 1). The corticosteroid prednisolone showed a higher potency than all
the other anti-inflammatory drugs tested (ED50= 1.47 ± 0.66 mg/kg). The Emax value of this
compound was comparable to those calculated for the non-selective COX inhibitors tested,
reaching values close to the full recovery (Fig. 3E and Table 1).

To characterize the response of this outcome behavior specifically to analgesics, we tested
the effect of morphine (0.063–0.5 mg/kg), which elicited a dose-dependent reversal of the
decrease in locomotor performance of bilaterally inflamed mice in the activity wheels (Fig.
3F). A dose as low as 0.08 ± 0.02 mg/kg was determined to be the ED50 of morphine in this
outcome (Table 1), showing an Emax value of 61.5 ± 10.4 % of recovery (Table 1).

3.4. Effects of NSAIDs, prednisolone and morphine on CFA-induced mechanical allodynia
We studied the effects of the same drugs on mechanical allodynia evaluated by von Frey
filaments 24 h after CFA-injection using the doses effective on voluntary wheel running
performance in inflamed mice. Naproxen (40 mg/kg), ibuprofen (10 mg/kg), diclofenac (5
mg/kg), celecoxib (20 mg/kg), prednisolone (2.5 mg/kg) and morphine (0.25 mg/kg), did not
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significantly increase the mechanical threshold of CFA-treated mice (i.e. they were devoid
of any anti-allodynic effect at the doses tested; Fig. 4).

3.5. Effects of NSAIDs, prednisolone and morphine on voluntary wheel running in
noninflamed mice

To explore whether any of the drugs tested had effects on activity in the running wheels that
could interfere with the interpretation of the results, we administered the highest dose of
each drug that had been tested in the inflamed mice (Figs. 3 and 4) in mice bilaterally
injected with saline (20 µl, i.pl.). Naproxen (80 mg/kg), ibuprofen (20 mg/kg), diclofenac
(10 mg/kg), celecoxib (20 mg/kg), prednisolone (5 mg/kg) and morphine (0.5 mg/kg) failed
to produce any significant effect on voluntary wheel running in these non-inflamed mice
(Fig. 5). Therefore, the reversal of the decline in the motor activity produced by these drugs
in CFA-injected mice cannot be attributed to a nonspecific effect on voluntary wheel
running.

3.6. Effect of caffeine, morphine and baclofen on ambulatory locomotion and voluntary
wheel running

To determine if drugs that alter locomotion alter wheel running performance, we compared
the effect of caffeine (10 mg/kg) and baclofen (8 mg/kg) on ambulatory locomotion and
voluntary wheel running. Caffeine induced a nearly 3-fold increase in ambulatory
locomotion, compared to vehicle treated mice (Fig. 6A), in agreement with previous data [8]
but did not modify voluntary wheel running in either non-inflamed or inflamed mice (Fig.
6B). A higher dose of caffeine (30 mg/kg) induced a 60 and 76 % decrease in voluntary
wheel running of non-inflamed and inflamed mice, respectively. Baclofen, at a dose known
to impair locomotion in the rotarod test [28], induced a significant decrease in ambulatory
behavior (Fig. 6A) and in running-wheel performance in both inflamed and non-inflamed
mice (Fig. 6B).

Morphine at 5 mg/kg, considered to be a moderate analgesic dose in mice, increased
ambulatory locomotion as previously described [9]. However, voluntary wheel running was
significantly reduced in non-inflamed mice (Fig. 6B, left panel), and was not increased in
inflamed mice (Fig. 6B right panel). This indicates that the systemic effects of morphine on
locomotion and alertness masked the specific analgesic effects seen at lower doses. These
results suggest that pharmacological treatments may not affect ambulatory locomotion and
wheel running behavior in the same way and that change in voluntary wheel running may be
a useful way of detecting potential CNS adverse effects.

4. DISCUSSION
In this study we show that mice provided with an opportunity to voluntarily run in activity
wheels choose to travel a reduced distance if they have bilateral hindpaw inflammation. This
decrease closely follows their reduced ability to support weight by an inflamed hindlimb,
but does not correlate with mechanical hypersensitivity, which lasts much longer. The
decrease in voluntary wheel running can be reversed by anti-inflammatory/analgesic drugs
at doses that do not alter von Frey thresholds in inflamed mice or locomotion in non-
inflamed mice.

While reflexes evoked by acute stimuli in models of chronic pain are a powerful tool to
discern mechanisms of pain hypersensitivity, they may not fully reflect the complexities of
global changes associated with chronic pain [2,24,25,31,43]. Pain is a perceptual experience
which depends upon cerebral processing and is associated with changes in motivational
behavior. Consequently, a number of non-reflexive measures have been developed as
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potential surrogates of chronic pain in rats [1,3,6,12,22,23,42,44]. In spite of the increased
use of mice for pain research due to the development of genetically engineered animals,
there are virtually no pain studies using non-reflexive or operant measures in mice, for the
latter mainly because they are harder to condition than rats in most paradigms. However,
mice require less training sessions of voluntary wheel running than rats to reach stable
values [34]. Our protocol differed from that used in most studies using running wheels,
where the rodents are housed in cages with 24 h free access to the wheel [34]. Here we show
that mice when given access to the wheel only for an hour per day reach high and stable
values of distance travelled in only three sessions. We found that this behavior is both
modulated by peripheral inflammation and highly sensitive to anti-inflammatory and
analgesic drugs.

A recent study found that only a select group of rats decreased the distance travelled in
activity wheels during unilateral experimental osteoarthritis [37]. This is in agreement with
our study since we show that unilateral peripheral inflammation is insufficient to drive a
significant decrease in voluntary wheel running (presumably due to compensation with the
non-injured limbs) and bilateral injury is needed, as in other non-reflexive measures
[23,42,44].

We found that CFA-induced mechanical allodynia is longer-lasting than the impairment in
wheel running performance. This difference cannot be attributed to the possible ameliorative
effects of the running activity itself on inflammatory pain, since mice not submitted to
voluntary wheel running during the first days after CFA injection do not show any alteration
in the speed of recovery of wheel running performance. In addition, changes in hindpaw
weight-bearing (another non-reflexive outcome) in mice not submitted to any form of
exercise were also much shorter-lasting than mechanical allodynia, as previously described
in the rat [15,47], and followed a similar time-course to the recovery in voluntary wheel
running. These results indicate that the difference in the time-course of these outcomes
cannot be explained by effects of physical activity and that the presence of a pronounced
mechanical allodynia in the hindlimb does not necessarily induce a significant impairment in
voluntary performance. Similarly, it has been recently shown that inflammation-induced
mechanical allodynia does not alter home cage locomotor activity and several other putative
“quality of life” indexes [40].

There is no agreement on whether changes in hindpaw weight-bearing reflect spontaneous
pain [2], increased touch sensitivity of the injured foot [15], or pain-avoidance behavior
[26]. Similarly, voluntary wheel running could be affected by a decreased willingness to
perform the task due to ongoing pain or by the pain induced by movement/impact
(mechanical hypersensitivity) of the inflamed tissue during or after the performance of the
target behavior. This reflects human patients, whereby a painful condition may induce a loss
of motivation and avoidance of activities that may evoke pain in the injured area or that
aggravate the pain that they are already suffering [17,33]. Therefore, regardless of the exact
mechanistic nature of the changes in weight-bearing or in voluntary wheel running during
inflammation, these outcomes might more realistically reflect the “everyday pain
experience” as well as the well-being of the mice than the stimulus-evoked reflexes and we
assume that the choice of the animal to run or not must reflect in some way its level of
discomfort.

Several anti-inflammatory/analgesic drugs of different pharmacological classes dose-
dependently increased the motivation/choice of the mice to run on the wheels in spite of
peripheral inflammation, without altering the behavior in non-inflamed mice. Among the
NSAIDs tested, diclofenac showed the highest potency, as expected from patients [16]. The
selective COX-2 inhibitor celecoxib showed lower efficacy than the non-selective COX
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inhibitors tested, which agrees with clinical studies showing a higher analgesic efficacy of
ibuprofen over celecoxib [7,21]. The ED50 of prednisolone was lower than that of the
NSAIDs tested, which is also in agreement with the higher potency of this corticosteroid in
reversing inflammation, and thereby inflammatory pain, in comparison to NSAIDs in short-
term treatment [11] and shows the sensitivity of the test to anti-inflammatory drugs. Finally,
morphine showed the highest potency of all the compounds tested, as expected
[18,23,27,47] indicating that the test is suitable for testing analgesics. Its efficacy was lower
than that observed in reflexive outcomes [18,27,47]. This could be due to the inability of
morphine to induce a maintained analgesia during the full period of evaluation in the activity
wheels, because of its short-lasting analgesic effect [47]. Drug doses that induced recovery
of voluntary wheel running during peripheral inflammation were devoid of an anti-allodynic
effect, which is in agreement with previous reports showing that higher doses of these drugs
are needed to induce obvious analgesic effects in mechanical hypersensitivity
[3,18,27,32,47] or in chemically (formalin)-induced pain [14,29,38,48]. Ibuprofen plasma
concentration in rats after a dose of 100 mg/kg, which is needed to inhibit mechanical [18]
or thermal hypersensitivity [1] and formalin-induced pain [48], is 20-fold higher than the
therapeutic plasma concentration in humans [1]. Interestingly, this dose is about 20-fold
higher than the ED50 found in our model (4.40 ± 1.45 mg/kg). Therefore the higher
sensitivity of voluntary wheel running may more accurately predict efficacious drug doses in
humans than antiallodynic actions. Other non-reflexive outcomes are also more sensitive
than reflexive endpoints in detecting drug-induced analgesia [1,3,20,22,23,44]. Therefore,
high sensitivity to drug effects might be an intrinsic quality of non-reflexive outcomes.

Analgesic drug development requires reliable models of both efficacy and toxicity. Here we
show that while low doses of morphine (0.06–0.5 mg/kg), showed an ameliorative effect on
voluntary wheel running in inflamed mice, a moderate dose of morphine (5 mg/kg) induced
ambulatory hyperlocomotion, yet almost completely inhibited voluntary wheel running.
Similar inhibition of wheel running performance was found after the administration of a
high dose of caffeine (30 mg/kg). These data indicate that locomotion in activity wheels can
be used to test acute toxicity and the effects on general well-being of putative analgesics,
and that analgesic treatment at a dose also inducing clear adverse effects would not result in
an improvement of this outcome. One obvious advantage is use of the same outcome
measure in injured and non-injured mice to test drug-induced analgesia and acute toxicity,
respectively.

Drugs may inhibit the performance of pain-like reflexes due to effects on motor function
rather than on nociception, resulting in false positive results. We found that the muscle
relaxant baclofen, which can decrease pain-related reflexes due to motor impairment (i.e.
analgesic-like effect) [30,35], did not improve voluntary wheel running performance in
inflamed mice. Therefore, and contrary to reflexive models, motor impairment does not lead
to a false analgesic-like effect in this behavioral model, as seen in other non-reflexive
outcomes [1,23,36].

We tested if caffeine, a stimulant, would result in a false positive result since the return
towards baseline of wheel running during inflammation is interpreted as an analgesic-like
effect in our model. While caffeine did increase ambulatory behavior, it did not modify
voluntary wheel running of either non-inflamed or inflamed mice; therefore, the general
arousal induced by a non-analgesic drug did not produce a false positive result.

Standard rodent pain models are prone to experimenter subjectivity [23,24,31], and are
susceptible to confounds related to human-animal interactions [4,5]. In our model, data
collection is completely automatized and the experimenter is not needed in the room during
the evaluation of the mice, fully mitigating against these confounders.
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We conclude that a reduction in voluntary wheel running during peripheral inflammation is
a simple and objective surrogate measure of inflammatory pain. It provides theoretical and
operational differences to current reflexive standard outcomes, and has high sensitivity to
detect analgesic and anti-inflammatory effects of compounds. In addition, this non-reflexive
outcome can clearly dissociate the effects of drugs on inflammation/analgesia with motor
impairment, and is able to detect drug-induced adverse effects. Therefore, non-reflexive
behavioral endpoints should improve the reliability of evaluation of new targets contributing
to inflammatory pain and candidate analgesics that act on these, by providing a closer
measure to what the animal is feeling and how this affects the choices it makes.
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Fig. 1.
Time-course of paw volume (A), mechanical threshold to punctuate stimulation (von Frey)
(B), and changes in hindpaw weight-bearing distribution (C), after intraplantar injection of
20 µl of CFA (○) or saline (●) in the left hindpaw. Each point and vertical line represent the
mean ± SEM of the values obtained (n=6–10 per group). Statistically significant differences
between the baseline (time 0) and the values obtained after the administration of CFA: *p <
0.05; **p < 0.01; and between CFA- and saline-treated mice on the same day after
treatment: #p < 0.05; ##p < 0.01 (two-way repeated measures ANOVA with post-hoc Tukey
test).
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Fig. 2.
Effect of CFA-induced inflammation on voluntary wheel running and body weight. Each
point or bar and vertical line represents the mean ± SEM of the values obtained (n=8–14 per
group). (A) Time-course of the effect in the distance travelled induced by the intraplantar
administration of 20 µl of CFA in both hindpaws (○), in comparison to naïve mice (●),
during 1 h of free access to the activity wheel. Statistically significant differences between
the baseline (time 0) and the values obtained after the administration of CFA: *p < 0.05; **p
< 0.01; and between CFA-treated and naïve mice in the same day of evaluation: #p < 0.05;
##p < 0.01 (two-way repeated measures ANOVA followed by Tukey post-hoc test). (B)
Percentage of distance traveled, relative to basal values, in naïve and intraplantar saline or
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CFA injected mice 24 h after injection. Mice were injected either unilaterally (left hindpaw)
or bilaterally (both hindpaws). Statistically significant differences between the naïve group
(white bar), and the different experimental groups: *p < 0.05; **p < 0.01 (one-way ANOVA
followed by Tukey post-hoc test). (C) Body weight of mice after bilateral intraplantar
injection of saline or CFA. There were no statistically significant differences between the
values obtained in the inflamed and non-inflamed mice at any time-point tested (two-way
repeated measures ANOVA followed by Tukey post-hoc test).
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Fig. 3.
Effect of different doses of the non-selective non-steroidal anti-inflammatory drugs
naproxen, ibuprofen and diclofenac, the selective COX-2 inhibitor celecoxib, the
corticosteroid prednisolone and the opioid morphine, administered subcutaneously (s.c.), on
CFA-induced decrease of voluntary wheel running. Data are presented as the percentage of
the distance travelled, relative to their basal value, 24 h after the intraplantar (i.pl.) injection
of 20 µl of saline or CFA in both hindpaws. Each point and vertical line represent the mean
± SEM of the values obtained (n=8–12 per group). The dashed lines (control) represent the
mean ± SEM of non-inflamed mice (intraplantarly injected with saline) treated with the
vehicles of the drugs (n=10–13). Statistically significant differences between the values
obtained in drug-treated and vehicle-treated groups, either intraplantarly injected with CFA
(dose 0): *p<0.05; **p<0.01, or with saline (control): #p<0.05; ##p<0.01 (one-way ANOVA
followed by Tukey post-hoc test).
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Fig. 4.
Effect of the subcutaneous administration of the non-steroidal anti-inflammatory drugs
naproxen, ibuprofen, diclofenac and celecoxib, the corticosteroid prednisolone and the
opioid morphine, on CFA-induced mechanical allodynia. Mechanical threshold was assessed
in the left hindpaw 24 h after the intraplantar (i.pl.) injection of 20 µl CFA. Each bar and
vertical line represent the mean ± SEM of the values obtained (n=8–12 per group). There
were no statistically significant differences between the values obtained in the control non-
drug injected group and the drug-treated groups (one-way ANOVA).
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Fig. 5.
Effect of the subcutaneous administration of the non-steroidal anti-inflammatory drugs
naproxen, ibuprofen, diclofenac and celecoxib, the corticosteroid prednisolone and the
opioid morphine, on voluntary wheel running in non-inflamed mice. Data are presented as
the percentage of the distance travelled, relative to their basal value, 24 h after the
intraplantar (i.pl.) injection of 20 µl saline in both hindpaws. Each bar and vertical line
represent the mean ± SEM of the values obtained (n=7–9 per group). There were no
statistically significant differences between the values obtained in the control non-drug
injected group and drug-treated groups (one-way ANOVA).
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Fig. 6.
Effect of the subcutaneous administration of caffeine (10 mg/kg), a moderate dose of
morphine (5 mg/kg), baclofen (8 mg/kg) or their solvent in locomotor activity measured as
ambulatory events (A); and in voluntary wheel running 24 h after the intraplantar (i.pl.)
injection of saline or CFA (20 µl) in both hindpaws (B). Each bar and vertical line represent
the mean ± SEM of the values obtained (n=7–10 per group). Statistically significant
differences between the values obtained in the drug- and solvent-treated groups under the
same experimental conditions: **p<0.01 (one-way ANOVA followed by Tukey post-hoc
test).
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Table 1

Potency and efficacy of several anti-inflammatory and analgesic drugs against CFA-induced decrease of
voluntary wheel running.

Class Drug ED50 (mg/kg) Emax (%)

COX inhibitor Non-selective Naproxen 17.13 ± 6.70 71.45 ± 20.04

Ibuprofen 4.40 ± 1.45 85.25 ± 22.07

Diclofenac 2.29 ± 0.32 102.28 ± 11.07

Selective COX-2 Celecoxib - 53.45 ± 6.38

Corticosteroid Prednisolone 1.47 ± 0.66 85.05 ± 26.82

Opioid Morphine 0.08 ± 0.02 61.5 ± 10.40

The effects of subcutaneously (s.c.) administered drugs on voluntary wheel running were tested 24 h after the intraplantar injection of CFA in both
hind paws. The ED50 (dose of drug producing half of the maximal effect) and the Emax (maximum recovery induced by each drug) values were

obtained from dose–response curves of the drug’s effects. Results are presented as best-fit values ± standard error of regression (see “Methods”
section for details), with the exception of the values obtained with celecoxib, as the ED50 could not be calculated and the Emax value was taken

from the recovery detected with the highest dose tested (20 mg/kg).
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