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Abstract

There is great interest in developing and utilizing non-pharmacological/non-invasive forms of
therapy for osteoarthritis (OA) pain including exercise and other physical fitness regimens.

Aims—The present experiments determined the effects of prior wheel running on OA-induced
weight asymmetry and trabecular bone microarchitecture.

Main methods—Wheel running included 7 or 21 days of prior voluntary access to wheels
followed by OA induction, followed by 21 days post-OA access to wheels. OA was induced with
monosodium iodoacetate (MIA), and weight asymmetry was measured using a hind limb weight
bearing apparatus. Bone microarchitecture was characterized using ex vivo uCT.

Key findings—Relative to saline controls, MIA (3.2 mg/25 ul) produced significant weight
asymmetry measured on post-days (PDs) 3, 7, 14, 21 in sedentary rats. Seven days of prior
running failed to alter MIA-induced weight asymmetry. In contrast, 21 days of prior running
resulted in complete reversal of MIA-induced weight asymmetry on all days tested. As a
comparator, the opioid agonist morphine (3.2— 10 mg/kg) dose-dependently reversed weight
asymmetry on PDs 3, 7, 14, but was ineffective in later-stage (PD 21) OA. In runners, Cohen’s d
(effect sizes) for OA vs. controls indicated large increases in bone volume fraction, trabecular
number, trabecular thickness, and connective density in lateral compartment, and large decreases
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in the same parameters in medial compartment. In contrast, effect sizes were small to moderate for
sedentary OA vs. controls.

Significance—Results indicate that voluntary exercise may protect against OA pain, the effect
varies as a function of prior exercise duration, and is associated with distinct trabecular bone
modifications.
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1. Introduction

Osteoarthritis (OA) is a disease of musculoskeletal origin that is associated with debilitating
chronic pain, and currently ranks as the most common form of arthritis. Symptoms include
chronic pain and decreased mobility due to modification to subchondral bone and
degeneration of joint cartilage [1,2]. Pharmacological treatments for OA patients include
NSAIDs and/or opioids, which are associated with significant adverse side effects with
chronic administration (reviewed in [3]). Further, some patients report OA pain associated
with a persistent pain state that is NSAID resistant, referred to as advanced OA pain [4].
These patients often turn to joint replacement therapy that produces alleviation of OA
symptoms including joint pain in many patients [5,6]. Alternative and less invasive/
expensive methods for treatment are desirable. One potential treatment strategy may be the
incorporation of exercise regimens to either reverse or attenuate symptoms of OA pain.

Exercise is the top recommended non-pharmacological treatment for OA patients, and
recently there has been an increasing literature base on the protective effects of voluntary
exercise in preclinical and clinical pain populations. Voluntary wheel running in rodents has
been shown to enhance muscle viability and bone strength [7-9], attenuate allodynia and
elevated IL-1p levels in a model of neuropathic pain [10], and increase protective CD206
macrophage production in a model of muscle pain, and decrease pain- and stress-related
measures in a model of inflammatory pain [11,12]. Although there is an increasing literature
base on exercise-pain interactions [10,11,13,14], less is known about how the behavioral
mechanism of wheel running acquisition duration (i.e., prior wheel running) affects the
expression of chronic pain-like behavior. Further, it is unknown if prior running + OA pain is
associated with distinct modulation to trabecular bone, relative to a sedentary OA pain
condition. Toward that end, the present set of studies addressed two issues. First, two
voluntary wheel running protocols [15] that differed in prior access to wheels (7 days vs. 21
days) were used to determine if duration of prior wheel running would differentially affect
OA-induced pain behaviors, measured by weight asymmetry of the hind-limbs. Second, the
present study also characterized the effects of OA on trabecular bone microarchitecture in
rats with or without access to running wheels.

In the present set of experiments, OA was chemically induced with monosodium iodoacetate
(MIA), a validated preclinical model of OA pain that includes cartilage degradation and sub-
chondral bone loss similar to that seen in human and veterinary patients [16-18]. A
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concentration of MIA (3.2 mg/25 pl) was selected that previously demonstrated tactile
allodynia and weight asymmetry [15].

Given the reports on opioid treatment of human OA and MIA-induced OA [19-22], the
relative effectiveness of wheel running to reverse OA-induced weight asymmetry was
compared to that of the standard prescription mu opioid agonist morphine. Based on our
earlier work, we hypothesized that a relatively longer duration of prior wheel running would
reduce OA-induced weight asymmetry. Additionally, it was predicted that the magnitude of
OA-induced changes to trabecular bone would be distinct in exercised rats compared to
sedentary controls.

2. Materials and methods

2.1. Subjects

Adult male Sprague-Dawley rats (Harlan, Indianapolis, IN), 200-250 g at the start of the
experiment, were used for all studies. Rats were randomly assigned to six separate groups:
three different saline-treated groups (saline sedentary/n = 7, saline runner with 7 day
acquisition/n = 7, saline runner with 21 day acquisition/n = 7) and three different
osteoarthritis MI1A-treated groups (MIA sedentary/n= 7, MIA runner with 7 day acquisition/
n=8, MIA runner with 21 day acquisition/n = 8). All rats were initially housed in groups of
two to three in standard Plexiglas containers with food and water available ad libitum.
Following 7 days of acclimation to the animal facility, runners were then moved to
individual cages with running wheels attached; sedentary controls rats were also moved to
individual cages at the same time. Animals were maintained in a temperature and humidity
controlled colony on a 12-h light/dark cycle (lights on at 8:00). All experiments were
conducted in accordance with the Guide for the Care and Use of Laboratory Animals as
adopted by the National Institutes of Health. The University of New England Institutional
Animal Care and Use Committee (IACUC) approved all protocols involving animals.

2.2. Wheel running protocols

Wheel running was measured using an activity wheel monitoring system (Lafayette
Instruments, Lafayette, IN). In running wheel experiments, rats were singly housed in a
chamber that contained an activity wheel. Each rat had 24 h voluntary access to its own
running wheel for the duration of the experiment, and the total distance traveled (m) in the
wheels by each rat was recorded. Two separate running wheel protocols were evaluated.
Each protocol consisted of three phases: a) an acquisition phase of 7 or 21 days, b) an
osteoarthritis induction phase consisting of a single intra-articular injection of either saline
or 3.2 mg MIA into the left hind knee, and c) a post-injection observation phase which lasted
21 days [15]. Rats had continuous access to running wheels each day from the beginning of
acquisition through the end of post-observation.

2.2.1. Acquisition phase—The length of the acquisition phase (number of days access to
wheels before saline or MIA injection) was chosen based on our previous experience with
MIA-depressed wheel running protocols [15]. Two different wheel running protocols with
distinct acquisition durations were evaluated: a 7-day acquisition period + 21-day post-
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induction period (protocol 7-21), and a 21-day acquisition period + 21-day post-induction
period (protocol 21-21).

2.2.2. Osteoarthritis model—A single intra-articular injection of MIA (3.2 mg/25 pl)
into the left hind knee was administered to induce a localized arthritis of the knee joint
[15,16]. Control subjects received a single intra-articular injection of saline (25 pl). All i.a.
injections occurred between 9:00-9:30 am, and running rats were then returned to the
wheels. Sedentary rats were returned to separate cages with no access to wheels.

2.2.3. Post-MIA phase—The post-MIA phase consisted of a 21-day observation phase in
which the effects of MIA-induced osteoarthritis or saline on wheel running were recorded
daily. On post-days 3, 7, 14 and 21, rats were removed from their activity wheel monitoring
system cages and brought into a separate room for testing on the Incapacitance tester
[15,23]. After habituation to the testing room and Plexiglas chamber, weight bearing data
were recorded as described above. Incapacitance testing was conducted for ~1 h starting at
12:00 pm. Test trials for each rat were approx. 30-60 s.

2.3. Weight bearing assay

An Incapacitance tester (Columbus Instruments, Columbus, OH)was used to determine hind
paw weight distribution. Rats were placed in a custom-made, angled Plexiglas chamber so
that each hind paw rested on a separate force plate. The change in hind paw weight
distribution was automatically calculated by the Incapacitance tester. The apparatus
calculates an average weight distribution over the span of 5 s, and three recordings are taken
for each rat. All three recordings are then automatically averaged and a mean score is
displayed. The primary dependent measure was % weight on ipsilateral hind limb, and
represented the percentage of weight on ipsilateral hind paw following a treatment condition
(MIA sedentary, MIA sedentary + morphine, MIA + wheel running) subtracted from the
percentage of weight on ipsilateral hind paw following the baseline saline condition, and
was determined by the following formula:

[baseline force (g) of left hind paw-=-(baseline force (g) of left hind paw
+baseline force (g) of right hind paw) % 100]
—[treatment force (g) of left hind paw
+(treatment force (g) ofleft hind paw
+treatment force (g) of right hind paw) % 100]

After habituation to the Plexiglas chamber, baseline recordings were determined. Following
baseline determinations, sedentary rats were removed from their home cage and injected
with 3.2 mg of intra-articular monosodium iodoacetate (MIA) or intra-articular saline
(controls) into the left hind knee, returned to their home cages, and allowed to recover.
Similarly, wheel running rats were removed from their running cages and injected with 3.2
mg of i.a. MIA or saline (controls) into the left hind knee, and returned to their wheel cages.
The concentration of MIA, and the sequence of weight bearing testing days, were based on
earlier publications [15,21,23]. Rats were then tested in the Incapacitance tester on post-
injection days 3, 7, 14 and 21. In MIA sedentary rats only, the opioid agonist morphine (3.2—
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10 mg/kg) was tested for its ability to reverse MIA-induced shifts in hind limb weight
bearing. Morphine was delivered subcutaneously (s.c.), with a pretreatment time of 45 min,
and testing was accomplished using between-subjects experimental design, such that each
dose of morphine was tested in a separate group of subjects across all test days. Testing for
all groups was conducted for ~1 h starting at 12 pm (time of day when little to no wheel
running was occurring). Test trials for each rat were approx. 30— 60 s. Experimenters were
blinded to subject group categories (e.g.: MIA vs. saline; runner vs. sedentary).

2.4. Microcomputed tomography (LCT)

Following wheel running and weight bearing analyses, rats were euthanized and knee joints
were dissected and fixed in 10% neutral buffered formalin for 3 days. They were then
transferred to 70% EtOH. To characterize exercise-induced changes in joint micro-
architecture, the proximal tibias were analyzed with a SCANCO vivaCT 40 scanner (Scanco
Medical AG, Bassersdorf, Switzerland). Joints were loaded into 12.3 mm-diameter scanning
tubes. Scans were integrated into three-dimensional voxel images (2048 x 2048 pixel
matrices for trabecular and 1024 x 1024 pixel matrices for all other individual planar
stacks). Rat tibias were scanned at low resolution, energy level of 55 kVp, and intensity of
145 pA. Trabecular bone volume fraction and microarchitecture of the proximal
metaphyseal region were evaluated below the growth plate. Approximately 375 consecutive
slices were made at 10.5 pum interval at the distal end of the growth plate and extending in a
proximal direction, and 250 contiguous slices were selected for analysis. Subchondral
trabecular bones were scanned at low resolution, energy level of 55 kVp, and intensity of
145 pA at 10.5 pm. Subchondral trabecular bone for the medial and lateral tibial plateau
were analyzed over 50 cross sections. The volume of interest included the subchondral
trabecular bone starting below the subchondral plate, extending distally toward the growth
plate. The images were segmented using a threshold of 260. The following three-
dimensional morphometric parameters were calculated for the medial, the lateral and the
total of subchondral trabecular bone. A total of 6 joints per group was analyzed for the
subchondral bones. For the metaphysis, some samples were not analyzed due to insufficient
area of analysis. Group sizes were saline sedentary/n = 5, MIA-sedentary/n = 5, saline-
runner/n =7, and MIA-runner/n = 7. Bone microarchitecture variables for all groups
included lateral and medial compartment for bone volume/total volume fraction (BV/TV),
trabecular number (TbN), trabecular thickness (ThTh), trabecular separation (ThSp), and
bone connective density (Conn Dens).

2.5. Data analysis

The dependent variable for running wheel experiments was total distance traveled in the
running wheels (meters) during the dark cycle. The dependent variable of the weight-bearing
test was % weight on ipsilateral hind limb. Several different dependent variables were
measured in the pCT experiments including BV/TV fraction, trabecular number, thickness,
and separation, and connective density. Both medial and lateral subchondral compartments
were characterized in all cases. Statistical analysis for wheel running, weight asymmetry,
and PCT data were accomplished with two-factor ANOVA. Significant two-way ANOVAS
were followed by Duncan post hoc tests. Significance was set a priori at p < 0.05. For uCT
compartmental data, Cohen’s dand associated Confidence Intervals (CI) were calculated to
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determine the magnitude of effect and the precision of that effect size estimate [24,25]. The
rationale for using ANOVA in running wheel experiments followed by Cohen’s din uCT
experiments is that the ANOVA tests provided a choice point to make a decision about
which group to assess in uCT (21 day or 7 day runners). This use of p values is standard and
the subsequent effect size estimate allowed high resolution characterization of effect sizes in
the samples of interest [25,45].

3.1. Seven-day acquisition of wheel running produces MIA-depressed wheel running

Fig. 1 shows total distance traveled during acquisition and post-monosodium iodoacetate
(MIA) phases for the 7-21 wheel running protocol. The left panel indicates that all rats
showed an increase in wheel running across the 7-day acquisition phase. The right panel
shows that relative to saline, administration of 3.2 mg MIA produced significant decreases in
total distance traveled relative to saline controls on PDs 16-17, and PDs 20-21 (p < 0.05).

3.2. Twenty-one day acquisition of wheel running does not produce MIA-depressed wheel

running

Fig. 2 shows total distance traveled during acquisition and post-MIA observation phases for
the 21-21wheel running protocol. The left panel indicates that all rats showed a steady
increase in wheel running across the 21-day acquisition phase with running distance
stabilizing across the final week of the acquisition period. The right panel shows that there
were no differences between saline and MIA groups in total distance traveled, up to 21 days
post-injection.

3.3. MIA-induced weight asymmetry

During all baseline weight bearing recordings, rats distributed ~50% of their weight on each
hind limb, yielding a balanced posture. For sedentary rats, intra-articular administration of
MIA into the left hind knee produced a weight shift onto the uninjured right hind limb
within 3 days. On post-day 3, MIA alone produced a 29% shift in weight off the injured hind
limb and onto the uninjured hind limb. This weight asymmetry was maintained during post-
days 7, 14 and 21 with a 20% shift in weight being present on the final post-day 21. Fig. 3
show % shift from baseline (i.e. weight asymmetry) following MIA administration for post-
days 3, 7, 14 and 21.

3.4. Seven days prior wheel running has no effect on MIA-induced weight asymmetry

Fig. 3 (top panel) shows the effects of 7-day acquisition duration in saline-treated and MIA-
treated runners (closed symbols) relative to saline-treated and MIA-treated sedentary
controls (open symbols). For sedentary controls, there were significant differences between
saline sedentary (open circles) and MIA sedentary (open diamonds) across all post-days
tested: PDs 3, 7, 14, and 21 (F=12.97, df =7, p <0.0001). The 7-21 runner protocol did not
block MIA-induced weight asymmetry, and runners on the 7-21 wheel running protocol also
showed significant differences between saline runners (closed circles) and MIA runners
(closed diamonds) across all post-days tested: PDs 3, 7, 14 and 21 (F=9.51,df=7,p =
0.002).
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3.5. Twenty-one days prior wheel running blocks MIA-induced weight asymmetry

Fig. 3 (middle panel) shows the effects of 21-day acquisition duration in saline-treated and
MIA-treated runners (closed symbols) relative to saline-treated and MIA-treated sedentary
controls (open symbols, and same controls used above). In contrast to rats on the 7-21 wheel
running protocol, rats on the 21-21 wheel running protocol showed significant reversal of
MIA-induced weight asymmetry at all time points manifested as no significant difference
between saline runners (filled circles) and MIA runners (filled diamonds) on any post-day
tested: PD 3, PD 7, PD 14 and PD 21 (F=6.04, df=7, p = 0.162), indicating blockade of
MIA-induced weight asymmetry. In contrast, there were significant differences across all
post-days tested between sedentary saline and sedentary MIA controls (same controls used
to compare against 7-21 runners above: /=12.97, df=7, p < 0.0001), indicating MIA-induced
weight asymmetry.

3.6. Morphine dose-dependently blocks MIA-induced weight asymmetry

Fig. 3 (bottom panel) shows the effects of MIA + morphine (3.2— 10 mg/kg) on hind limb
weight bearing in sedentary rats. Acute administration of s.c. morphine produced a
significant dose-dependent reversal of MIA-induced weight asymmetry on post-day 3 (F=
4.038,df =7,p=0.021) PD 7 (F=6.280, df = 7, p = 0.003) and PD 14 (/=3.708, df=7,
p=0.028). However, morphine was not effective in reversing MIA-induced shifts on post-day
21. Post-hoc analyses indicate that the 10 mg/kg dose was significantly lower than vehicle at
all time-points tested (*p < 0.05; ***p < 0.001 vs. control (MIA 3.2)).

3.7. Comparison of running protocols and morphine on post-day 21

Fig. 4 shows comparisons among saline sedentary controls (white left-most bar) to sedentary
MIA, 7-21 runners + MIA, 21-21 runners + MIA, and sedentary morphine (10 mg/kg, s.c.) +
MIA in the weight bearing apparatus on post-day 21 only. Sedentary MIA, 7-21 MIA
runners, and morphine groups showed weight asymmetry, defined as significantly less
weight on ipsilateral hind limb relative to sedentary saline controls that had no arthritis (p <
0.001; p < 0.01, respectively). In addition, sedentary MIA and 7-21 MIA runners had
significant weight asymmetry relative to 21-21 MIA runners (p < 0.01; p < 0.05,
respectively). There were no significant differences between the saline sedentary controls
and the 21-21 MIA runners on post-day 21.

3.8. UCT images show MIA-induced changes to cartilage and subchondral bone

Fig. 5 shows three-dimensional full scans (top row A) and half scans (middle row B) of
distal femur and proximal tibia, and cross sections (bottom row C) for saline- and MIA-
treated sedentary, and saline- and MIA-treated 21-21 runners. Lateral sections are shown on
left-most portion of scan and medial sections are shown on right-most portion of scans.
Saline-sedentary and saline-runners show healthy cartilage and bone, whereas MIA-
sedentary and MIA-runners show cartilage erosion, exposure of subchondral bone, and
pitting on articular surfaces. MIA-sedentary and MIA-runners show distinct changes to
medial vs. lateral compartments.
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3.9. uCT quantitative analysis of subchondral bone in OA vs. controls varies as a function

of running

Table 1 shows Effect Sizes (Cohen’s d'statistic) for OA vs. control condition in sedentary
(left-most columns) and exercise (right-most columns) conditions. Trabecular bone
measures are listed in the left column and include bone volume fraction (BV/TV), trabecular
number (TbN), trabecular thickness (TbhTh), trabecular spacing (ThSp), and connective
density (Conn Dens).

Data indicate large effect sizes (defined as ¢= 0.8 and ClI that do not overlap with zero) for
exercise condition, manifested as OA-induced increases in BV/TV, TbN, ThTh, and Conn
Dens in lateral compartment, and OA-induced decreases in the same parameters. In contrast,
effect sizes for sedentary condition are small to large, and confidence intervals overlap
substantially with zero.

Fig. 6 shows a graphic illustration of Table 1 data. The top panel shows effect sizes for OA
vs. controls for the sedentary condition, and the bottom panel shows effect sizes for OA vs.
controls for the exercise/ runner condition. The magnitudes of effect for lateral (increases)
and medial (decreases) compartments of BV/TV, TbN, TbTh, ThSp, and Conn Dens are
greater for runners (bottom panel) compared to sedentary rats (top panel), as are the
precision of those estimates, indicated by greater magnitude of Cohen’s d'value, and
confidence intervals that do not overlap with zero, respectively.

4. Discussion

This manuscript compared the effectiveness of two protocols of voluntary wheel running to
reduce/prevent osteoarthritis (OA)-induced pain-related behavior. The two main findings
were (1) that twenty one days (but not seven days) of prior wheel running completely
prevented osteoarthritis-induced pain-related weight asymmetry at later time-points that
were insensitive to pain alleviating effects of morphine, and (2) that twenty one days of prior
running had distinct effects on bone microarchitecture in arthritis rats compared to sedentary
rats, with larger OA-associated increases in bone volume, trabecular number, trabecular
thickness, and connective density in lateral compartments and larger OA-associated
decreases in the same parameters in medial compartments. These pain/weight asymmetry
data and UCT data extend an earlier report that OA produced robust depression of wheel
running in rats with seven days of acquisition [15].

One potential strategy toward attenuating OA pain may lie with utilization of exercise-based
regimens either alone or in combination with other modes of therapy. We thus tested the
ability of 2 different voluntary running wheel protocols [15] to reverse monosodium
iodoacetate (MIA), OA-induced weight asymmetry. The protocol with 7 days of acquisition
was ineffective in reversing weight asymmetry. In contrast, the protocol with 21 days of
acquisition was fully effective in preventing pain-related behavior at all time points tested.
The two running protocols not only had divergent effects on MIA-induced pain-related
weight asymmetry, but also had divergent effects on total distance traveled relative to saline
controls. For example, 7 days of prior running produced robust MIA-induced suppression of
wheel running relative to controls, whereas 21 days of prior running did not significantly
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alter wheel running relative to saline controls. Several interpretations for the absence of
pain-depressed wheel running with 21 days of acquisition include distinct modifications to
trabecular lateral and medial compartments (see below; [26]), upregulated endogenous pain
inhibitory pathways [27-29], and/or diverted attention from OA pain [30]. Finally, the
dichotomous effects of the two protocols on post-injury wheel running replicates earlier
work from our group [15] and further suggests that wheel running is an objective and
relevant marker for quantifying pain-related behavior [13].

The finding that voluntary wheel running was protective against OA-induced pain is
consistent with an emerging preclinical literature showing the beneficial effects of voluntary
exercise against pain-like states in rodents. For example, 6 weeks of prior wheel running was
shown to attenuate mechanical allodynia and normalize neuroimmune signaling in a CCl
model of neuropathic pain [10], while 8 weeks of prior wheel running enhanced the
protective immune status by elevation of CD206 macrophage production in a model of
chronic muscular pain [11]. Non-voluntary, forced exercise routines have also been shown to
be protective against pain-like states. For example, treadmill exercise was shown to be
effective in blocking OA-induced changes to cartilage and subchondral bone in a DMM
model of OA [31]. Recent clinical reports have also indicated that moderate and high
intensity exercise has beneficial effects by reducing pain scores in men and women with
moderate to severe knee OA [32-34]. For example, a 5-year clinical study on Intensive Diet
and Exercise for Arthritis (IDEA) showed that an intensive exercise regimen that included
aerobic walking, strength training, a secondary aerobic session reduced joint loading and
decreased plasma levels of the inflammatory biomarker I1L-6 [34].

The finding that acute administration of morphine was ineffective at blocking pain in
sedentary rats at PD 21 is interesting in light of evidence that at this time point in MIA-
induced OA, progression of cartilage and/or bone destruction is greater than at earlier time
points [16,23]. One interpretation of the lack of morphine efficacy 21 days post-injury, is
that the efficacy requirement at PD 21 may be too high for the dose range of morphine tested
under the specific parametric conditions. However, it is unlikely that higher doses would
have been effective given that the 5.6 mg/kg dose is an effective analgesic dose [35,36]. A
second interpretation is the potential change in the chronic pain state at later time points. For
example, anti-inflammatory drugs have been shown to be effective at early but not late time
points, and drugs used to treat neuropathic pain such as SNRIs, and gabapentin are more
effective at late time-points [21,37,38], suggesting a shift from inflammatory to neuropathic
features [39,40]. A third interpretation is that wheel running-induced increases in
endogenous opioid signaling resulted in cross-tolerance to the effects of morphine on PD 21
[41].

The present study also characterized the effects of OA on trabecular bone microarchitecture
in rats with access to running wheels compared to sedentary condition. Qualitative analysis
of uCT images indicated that MI1A-treated sedentary controls and MIA-treated runners both
showed cartilage and subchondral bone deterioration relative to saline-treated sedentary
controls and saline runners, consistent with previous reports [42-44]. Quantitative effect size
analysis indicated that running altered OA-induced bone remodeling, manifested as a greater
increase in BV/TV, TbN, TbTh, and Conn Dens in lateral compartment, and a greater
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decrease of the same parameters in the medial compartment, compared to sedentary
condition. Running + arthritis thus produced a greater magnitude of change than sedentary +
arthritis. For these parameters, effect sizes for OA vs. control in the running condition were
>0.86 (mean of exercise group at 81st percentile of sedentary group with ~51% non-overlap
between groups) and were as high as 1.7 (mean of exercise group at 96th percentile of
sedentary group with ~75% non-overlap between groups). In contrast, effect sizes for OA vs.
control in the sedentary condition were associated with smaller magnitudes of effect ranging
as low as 0.02 and including larger effect sizes of 1 that contained significant Cl overlap
with zero. This is consistent with standard interpretation of Cohen’s effect sizes of 0.2 small
effect, 0.5 medium effect, =0.8 large effect, and =1.2 extra-large effect, and precision of that
estimate manifested as no overlap with zero [25,45].

The clinical human OA literature is challenging to interpret as there are reports of
discordance between pain and radiograph severity. For example, OA knee pain is typically
confirmed according to magnitude of joint degeneration scored on a K/L (Kellgren/
Lawrence) scale, but there is no agreement on the relationship between pain intensity and
radiographic severity [46-49]. Second, knee pain has been reported to be a better predictor
of decreased function and quality of life, than radiographic damage [50]. And, bone pain is
associated with severity of bone marrow lesions [22], and with joint space narrowing and
presence of osteophytes [51]. A recent MRI study [52] analyzed medial and lateral
parameters of subchondral bone in women with OA. Interestingly, as OA severity increased
(defined as decrease in cartilage), BV/TV and ThTh increased on the medial side perhaps
due to increased loading on the medial space. In contrast, increased OA severity was
correlated with decreases in BV/TV, TbTh, TbN on the lateral side perhaps due to decreased
loading on the lateral space. Although cartilage integrity was not measured in our rodent
study, our data show decreases in medial and increases in lateral parameters, that were
exacerbated by exercise. Thus, although pain scores were attenuated, the compensatory
subchondral changes were exaggerated by exercise, and it is unknown if wheel running
enhanced or blocked OA development.

The preclinical literature contains several studies that have characterized the effects of OA
on trabecular bone in qualitative and quantitative dimensions in rodents with low-dose 0.2
mg [44], 1 mg MIA [53], and intermediate dose 2 mg MIA [42,43], compared to our higher
tested dose of 3.2 mg MIA. Another notable difference is that with the exception of the low
dose group in the Mohan study, previous reports did not distinguish between lateral and
medial compartments. Vermeirsch and colleagues reported slight correlations between bone
parameters and weight bearing, whereby bone volume was slightly negatively correlated
with weight asymmetry, consistent with our sedentary bone volume fraction findings in
lateral compartment. Kalff and colleagues [43] showed MIA-induced decreases in bone
volume fraction and trabecular number whereas our results with a higher dose (3.2 mg)
showed slight decreases in medial compartment and slight increases in lateral compartment
in sedentary rats.

The mechanism behind the finding that a longer 21-day acquisition (but not a shorter 7-day
acquisition) was protective against OA pain is unknown. The preclinical literature contains
reports on exercise-bone interactions. For example, Boudenot and colleagues [54] showed
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that a 10-week exercise regimen in rats with MIA-induced OA did not differentially affect
trabecular parameters compared to non-exercised MIA controls, although exercise did
increase osteocyte surface and occupancy in groups with or without OA. lijima and
colleagues [31] assessed the effects of treadmill exercise and discovered exercise-induced
suppression of osteocyte cell death, and significant subchondral bone thickening was found
in the exercise group, and Yu and colleagues [55] demonstrated that inhibition of bone
lesions blocked OA pain measured by weight asymmetry, but joint swelling and synovial
reaction were unaffected. Long duration running may be preventative against MIA-induced
cartilage and/or osteocyte death. For example, voluntary exercise was shown to be protective
against OV X-induced osteocyte death in rats, and enhanced muscle mass in exercised but
not sedentary rats [7]. Finally, it may be possible that the longer prior running regimen
simply resulted in rats that were more physically fit and thus more able to sustain the MIA
chronic pain manipulation [56-58].

Although there are several recent and comprehensive reports that utilize a variety of different
wheel running acquisition durations (in days) and different session frequencies (1 h, 12 h, 23
h) in rodents [10,11,13,59], it is likely too early to state the definitive relationship between
these behavioral mechanisms and subsequent expression of pain. Of special interest was the
finding that 21 days of prior wheel running was the only manipulation to reverse OA weight
asymmetry on PD 21. Acute administration of the opioid agonist morphine, and the 7 days
prior wheel running were ineffective at this stage of OA progression.

5. Conclusion

In conclusion, the present study indicates that voluntary exercise can attenuate behavioral
pain scores, and that the magnitude of pain varies as a function of exercise acquisition
duration. The exercise-induced blockade of pain was associated with increased bone volume
fraction, trabecular number and thickness in lateral compartment with corresponding
decreases in medial compartment. These results suggest that there is more work to be done
to ascertain the interactions among behavioral, biological, and structural mechanisms that
are driving the beneficial effects of exercise on pain expression.
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Effects of the 7-21 running protocol, the 21-21 running protocol, and acute morphine (3.2—
10 mg/kg, s.c.) on MIA-induced weight asymmetry. The top panel shows sedentary (hollow

symbols) compared to the 7-21 running wheel (RW) protocol (filled symbols). For sedentary
rats, MIA produced significant weight asymmetry compared to saline across all days

measured. For 7-21 RW rats, MIA also produced significant weight asymmetry compared to

saline across all days measured. The middle panel shows that the 21-21 RW protocol

reversed MIA-induced weight asymmetry at all time points as there were no significant
differences between MIA and saline runners (filled symbols). Sedentary data same as in top
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panel. The bottom panel shows that morphine produced a dose-dependent reversal of MIA-
induced weight asymmetry at PDs 3, 7, and 14, but was ineffective at PD 21. *, *** indicate
saline sedentary significantly different from MIA sedentary (p < 0.05, 0.001, respectively).
A A A indicate 7-21 saline runner significantly different from 7-21 MIA runner (p < 0.05,
0.01, 0.001, respectively).
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Fig. 4.
Comparison of sedentary saline controls to sedentary MIA, 7-21 RW + MIA, 21-21 RW +

MIA, and sedentary morphine (10 mg/kg, s.c.)+ MIA in weight bearing apparatus on post-
day 21 only. **, *** indicate significantly different from saline sedentary controls (p < 0.01,
0.001, respectively). ~, M indicate 21-21 RW + MIA significantly greater (i.e., less weight
asymmetry) than sedentary MIA and 7-21 RW + MIA (p < 0.05, 0.01, respectively). There
were no significant differences between saline sedentary controls and MIA 21-21 runners.
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Fig. 5.
Full (panel A), half (panel B), and cross-section (panel C) uCT scans showing lateral and

medial compartments for saline-sedentary, MIA-sedentary, saline-runner, and MIA-runner.
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Magnitudes of effect (effect sizes and confidence intervals) for MIA vs. controls in
sedentary (top panel) and runners (bottom panel).
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