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1. Introduction

Chronic pain conditions occur in 30% of individuals and cost the U.S. $635 billion dollars
per year in health care costs and lost wages [30]. Exercise, as a non-pharmacological
therapeutic tool, is prescribed as a first-line treatment option for many chronic pain
conditions including fibromyalgia, low back pain, migraine, and peripheral neuropathies,
with strong evidence supporting exercise effectiveness in reducing pain in both clinical

and animal research [3;9;10;17;18;24,;42;54;67;68]. In the rehabilitation setting, both
aerobic and resistance training exercise programs are recommended for chronic low back
pain, osteoarthritis, and fibromyalgia [10;15-18;65]. Similarly, animal studies demonstrate
exercise-induced pain relief (analgesia) following aerobic exercise programs such as running
or swimming for models of neuropathic, inflammatory, and musculoskeletal pain [11-
14:47;55]. Aerobic exercise is shown to produce analgesic effects through supraspinal,
spinal, neuroimmune, and peripheral changes within the body [52;54]. While the mechanism
of aerobic-based exercise-induced analgesia is widely studied, little research has focused on
animal models of resistance training for pain relief. Prior studies into the analgesic effects
of resistance training were performed in pain-free animals and thus translatability is limited
for the pain population. Further these studies used electric shock to encourage participation
in the exercise task which can produce stress [21]. Stress can alter nociception and result

in either hyperalgesia or analgesia depending on the condition [19;20], thus confounding
interpretation of results. Thus, a resistance exercise model that relies on intrinsic motivation
rather than electrical shocks is needed. Understanding mechanisms of resistance training
exercise could lead to more effective prescription and dosing for chronic pain populations
and potentially to the discovery of new pharmacological targets for pain reduction.

Resistance training acutely increases testosterone contributing to its anabolic effects to
increase muscle growth and strength in both males and females [34;76]. More recently,
several studies show that testosterone is protective in animal models of pain including
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inflammatory and stress-induced pain [26;36]. Similarly, our laboratory demonstrated that
testosterone protects against development of widespread hyperalgesia in both male and
female mice [51]. In female mice, administration of testosterone protected animals from
development of widespread muscle hyperalgesia, while orchiectomy of male mice results
in development of widespread muscle hyperalgesia [31;51]. Further, androgen receptors
transcriptionally increase expression of mu-opioid and cannabinoid type-1 receptors in
trigeminal ganglia, and blockade of androgen receptors prevents the analgesia produced
by DAMGO, a synthetic opioid peptide, in male mice using a model of inflammatory pain
[49;50]. Lastly, in women with fibromyalgia (h=12), an uncontrolled trial of a transdermal
testosterone gel, improved muscle pain, stiffness and fatigue [77]. In hypogonadal or
androgen deficient men, testosterone treatment reduced experimentally induced and self-
reported pain [4;38]. This evidence suggests testosterone has protective effects against
chronic pain in both male and females led to the hypothesis that in an animal model of
resistance training, analgesia would be produced through continual activation of androgen
receptors throughout the exercise program.

Materials and Methods:

Mice

A total of 266 C57BL/6J mice (134 male, 132 female) (20-30 g) (8 weeks of age) (Jackson
Laboratories, Bar Harbor, ME) were used in the following studies. Unless noted, all mice
were housed 4 to a cage on a 12-hour light-dark cycle with access to food and water ad
libitum. All experiments conducted were approved by the University of lowa Animal Care
and Use Committee and were carried out in accordance with National Institute of Health
guidelines. All animals were randomly allocated to groups through use of a random number
generator in blocks of 4 stratified by sex. Males and female mice were evenly distributed,
and multiple replicates were done for each experiment. In experiments where animals were
housed 4 per cage, resistance trained and sedentary mice were housed in the same cage.

2.2. Resistance Training Protocol and Strength Testing

Animals spontaneously climbed a custom built 1-meter ladder at an 80° incline with
1-centimeter square wire mesh overlaying the ladder. Small weights (5-40 grams (g))
(Lakeshore, Carson, CA, USA) in plastic bags were attached to the animal’s tail via a

foam lined human nose clip (7.5g) (Harvard Apparatus, Holliston, MA, USA). Mice were
acclimated twice per day over a two-day span prior to training. Twenty-four hours after
acclimation, mice were assessed for strength. Animals performed a 1 repetition maximum
(1RM) to determine the highest amount of weight each animal could successfully carry up
the ladder one time. During 1RM testing, each animal’s first attempt started with a weight
equal to 100% of their bodyweight. After each successful climb, 3 g was added until the
mouse failed the test. Failure was defined as turning around to climb down ladder, falling off
ladder, or the elapsing of 60 seconds without climbing up the ladder. Two minutes of rest
were given between 1RM attempts. Following a 30-minute break after 1 RM testing, mice
were tested for grip strength. Mice were placed on a grip force device (Chatillon, Largo, FL,
USA) and pulled by their tail to measure front paw and back paw grip strength. Front paw
and back paw grip strength were calculated by averaging three trials.
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After acclimation and strength assessment, animals were placed into one of three groups:
either resistance training with weight, resistance training without weight or a sedentary
group according to the randomization schedule. In the resistance training with and without
weight groups, resistance training was completed three days a week (Monday, Wednesday,
Friday) for eight weeks. During training sessions, animals climbed the ladder six times with
one-minute rest between each climb. In animals who trained with weight, each animal was
prescribed individualized training loads based on pre-training 1 RM assessments. During
week one, animals carried a load 70% of their initial LRM. This load was increased by

5% of their initial 1 RM each week in order to maintain progressive overload (i.e. wk 2:
75%, wk 3: 80%...wk 8: 105%) throughout the 8 weeks [1;46]. As a control, a group of
mice performed the resistance training program without weight attached to their tails by
climbing the ladder six times with one-minute rest between each climb. In order to maintain
similar conditions between exercise and controls groups, sedentary mice were brought to
the exercise room and left in their cages during the training sessions. On the last day of

the training session in week eight, all mice underwent post-training 1RM and grip strength
testing. In total, 127 animals completed 8 weeks of resistance training. Three of the 127
mice did not successfully complete the 8 weeks of resistance training due to refusal to climb
and were removed from subsequent analysis.

2.3. Muscle Cross Sectional Area

To determine if strength training resulted in muscle hypertrophy, we analyzed cross sectional
area of muscle fibers from the gastrocnemius and biceps brachii muscles. Animals were
euthanized with sodium pentobarbital (100 mg/kg, i.p.) and the left bicep brachii and left
gastrocnemius muscle were harvested. Muscles were fixed in 10% neutral buffered formalin
for 72 hours and then embedded in paraffin. Muscles were cut in cross section at 4um

and stained with hematoxylin and eosin (H&E). For muscle cross sectional area analysis,
eight tissue sections were analyzed per animal. The entire muscle section was imaged

and tiled to provide one image per section. Within each section, 300 muscle fibers were
systematically selected for analysis. Muscle cross sectional area was manually determined
through utilization of the freehand measure tool on ImageJ software (NIH, Bethesda, MD,
USA); the individual performing this was blinded to treatment group.

2.4 Nuclear Magnetic Resonance

To determine if resistance training altered body composition, we utilized nuclear magnetic
resonance to determine body fat percentage and lean body mass. To determine body
compositions, animals were briefly placed into a polycarbonate restraint tube and placed

in a Bruker minispec L50 nuclear magnetic resonance device (Bruker, Billerica, MA, USA).

2.5. Activity-Induced Muscle Pain Model

Activity-induced muscle pain was produced through a combination of intramuscular (i.m.)
acidic saline injections coupled with muscle fatigue. On day one, mice were anesthetized
with 2-4% isoflurane and given a 20 pl i.m. injection of pH 5.0+0.05 saline into the

left gastrocnemius muscle. On day five, fatigue was induced in the same muscle using
electrically simulated muscle contractions as previously described [31]. Briefly, mice were
deeply anesthetized with 2-4% isoflurane. Needle electrodes were inserted into the left
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gastrocnemius muscle in a parallel orientation with the muscle fibers. Pre-fatigue maximum
force production was quantified using three, 100Hz stimulus trains at 7V. To induce
gastrocnemius fatigue, submaximal contractions were delivered with a duty cycle of 47%
(3.75 s on, 4.25 sec off) using trains of stimulations at 40 Hz and an amplitude of 7V for six
minutes. Post-fatigue maximum force production was measured following the six minutes
of fatiguing contractions via three additional maximum force contractions (i.e., 100 Hz
stimulation trains). The animal’s left hindpaw was positioned on a 3-D printed force plate
to measure the isometric gastrocnemius contraction forces throughout the fatiguing protocol.
Data was collected and analyzed using Labview software (National Instruments, Austin,
TX, USA). Fatigue was operationally defined as the decline in maximum force production
from baseline following the six minutes of fatiguing stimulation. This protocol results in
approximately 60% reduction in muscle force and a significant decrease in muscle pH [31].
Immediately following the muscle fatigue protocol animals were given their second 20 pl
i.m. injection of pH 5.0+0.5 saline into the left gastrocnemius muscle. This paradigm results
in a sex-dependent pain phenotype with males developing unilateral muscle hyperalgesia
and females developing bilateral muscle hyperalgesia [31].

Behavioral Assessment

We assessed muscle withdrawal thresholds (MWT) by applying force sensitive tweezers to
the gastrocnemius muscle as previously described [69]. All mice were acclimated in four,
five-minute sessions over a two-day period by placing them in a gardener’s glove with their
hindlimbs placed in extension with light manual squeezing of the gastrocnemius muscle. On
testing days, the gastrocnemius muscle was squeezed with force sensitive tweezers until the
animal withdrew its hindlimb. We tested each animal bilaterally and the average of three
trials was used to determine MWT for each limb. To prevent behavioral sensitization to
testing, 5 minutes was allowed to elapse between each MWT assessment. A decrease from
baseline in MWT is interpreted as muscle hyperalgesia. All testers were blinded to treatment
group during behavioral assessments. One experimenter performed the resistance training
while a second experimenter performed MWT testing.

Blood Measurements

2.7.1. Lactate Assessment—To determine if the strength training was anaerobic, we
measured blood lactate levels using a hand-held lactate device (Arkray, Minneapolis, MN,
USA). Animals were placed in a custom-built flat bottom rodent restrainer with their tails
exposed. The tail vein was punctured with a 23-gauge needle to draw blood. The tail was
then massaged until a large drop of blood formed. The blood was absorbed by the lactate
strip into the device which renders an instant reading of blood lactate levels.

2.7.2. Testosterone Assessment—To determine if the strength training acutely
increased testosterone, we measured blood levels of total testosterone after a single strength
training session. Animals were anesthetized with pentobarbital (50 mg/ml) and blood was
collected via a cardiac blood draw. Blood was placed in 3.0 mL serum blood collection tubes
(BD vacutainer, Franklin Lakes, NJ) and allowed to clot for 30 minutes. The tubes were then
centrifuged at 1500 RPM for 10 minutes at room temperature in order to separate serum.
Serum samples were tested for total testosterone concentration levels in duplicate with a
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rat/mouse enzyme linked immunosorbent assay (ELISA) testosterone kit (MyBioSource,
Inc. San Diego, CA).

2.8. Blockade of Androgen Receptors

2.8.1. Flutamide Injections—To determine if strength training produced analgesic
effects through activation of androgen receptors, a single injection of flutamide was
delivered systemically (i.p.) 24 hours after induction of the activity-induced pain model in
resistance-trained animals. On the day of testing, flutamide was dissolved in ethanol/saline
(2:1) and then diluted to desired concentration. Animals received either i.p. injection of
flutamide (1, 3, or 10mg/kg) or vehicle and MWT testing was reassessed 30 and 120
minutes after injection. Flutamide solutions were prepared fresh daily to ensure drug
concentrations were at desired levels. These doses were chosen based on prior literature
showing effects at these doses [50]. The behavioral testing experimenter was blinded to drug
dose or vehicle.

2.8.2. Flutamide Pellets—To test if repeated strength training activated androgen
receptors to produce analgesia, we implanted slow release flutamide pellets to block activity
during the training sessions. Slow release flutamide pellets (200 mg flutamide/pellet, 60-
day release; Innovative Research of America, Sarasota, FL, USA) or control pellets were
implanted subcutaneously. This dose was chosen based on prior literature that demonstrated
flutamide’s ability to block exercise-induced peripheral nerve regeneration [73]. Animals
were deeply anesthetized with 2—-4% isoflurane. A small incision was made at the nape of
the neck and the pellet was implanted via this incision. The incision was stitched closed
with a synthetic non-absorbable monofilament silk suture. Following surgeries animals were
moved to single cage housing for the reminder of the experiment in order to protect the
surgical site. The experimenter was blinded to drug or vehicle.

2.9. Experimental Design and Statistical Analysis

All data is presented as mean+SEM. Statistical analyses were performed using SPSS Version
25.0 (IBM SPSS, Inc. Chicago, IL). For each experiment preliminary data was used to
calculate appropriate samples sizes with power set at 0.80 and significance set at 0.05. To
characterize the sex-dependent pain phenotype, we analyzed baseline and 24-hour MWT
data from the animals across all experiments who did not perform the resistance training
prior to induction of the activity-induced pain model (n=28 male, n=28 female); this
included animals from the sedentary group (Experiment 2), and the post-treatment resistance
trained and sedentary groups (Experiment 3). We used a mixed model repeated measure
ANOVA with 2 dependent factors (time and side) and 1 independent factor (sex). For post
hoc testing as appropriate, we performed a paired samples t-test between baseline and
24-hour MWT values. We also analyzed the change score between baseline and 24h MWT
using a mixed model repeated measure ANOVA for side and sex. Tukey post hoc test was
performed to determine difference in changes scores between side and sex. To determine

if the resistance training program altered baseline MWT values, we analyzed pre and post

8 weeks of training MWT date from naive animals across all experiments (n=28 male,

n=28 female); this included animals from the exercised groups in Experiments 1 and 4.
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We utilized a mixed model repeated measures ANOVA for time, side, and sex. Statistical
analysis for each experiment is presented below.

2.9.1. Experiment 1: Validation of weighted ladder climbing as a resistance
training model—This experiment tested if a weighted ladder climbing exercise program
was reflective of resistance training-based exercise through assessment of strength, muscle
hypertrophy, and acute changes in blood lactate. For strength assessments, we tested

if 8 weeks of the resistance training program increased strength and produced muscle
hypertrophy. Mice were grouped into resistance training (n=8 male, n=8 female) or
sedentary groups (n=8 male, n=8 female). One repetition max, grip strength, and body
weights were assessed at baseline and again following the 8-week training period. For 1RM,
grip strength, and body weight data, change scores were determined for each animal by
subtracting post training session values from baseline values and an independent samples
t-test was used to determine differences between resistance trained and sedentary groups.

In a small cohort of resistance trained (n=2 male, n=2 female) and sedentary (n=2 male,
n=2 female) animals we analyzed total body fat percentage and lean mass after 8 weeks of
training. Differences in 8-week body fat percentage and total lean body mass were analyzed
with a t-test.

An additional group of mice was used to test for muscle hypertrophy. Mice were

randomly divided into the resistance training program group (n=4 male, n=4 female) or
sedentary group (n=4 male, n=4 female). Following 8 weeks of training, biceps brachii

and gastrocnemius muscles were harvested following the last training session for muscle
cross section area analysis. During harvesting, two bicep brachii muscles were damaged and
removed from analysis. For cross sectional area analysis, an independent samples t-test was
performed to determine differences between trained and sedentary groups.

We also tested if a single bout of the resistance training program acutely increased lactate
levels in blood to determine if animals were undergoing intensive exercise. Lactate was
analyzed immediately after the first training session (n=7 male, n=6 female) or from those
that were sedentary (n=4 male, n=6 female). For blood lactate analysis an independent
samples t-test was performed to determine differences between trained and sedentary
groups.

2.9.2. Experiment 2: Ability of resistance training to protect against chronic
muscle pain—This experiment tested if 8 weeks of resistance training could protect
against development of chronic muscle pain in both male and female mice. Animals were
randomly grouped into resistance training (n=8 male, n=8 female) or sedentary (n=8 male,
n=8 female). One repetition max, grip strength, and MWT were assessed at baseline

and again following the 8-week training period. Following post-training assessments, the
activity-induced muscle pain model was induced and MWT were assessed at 24hr, 48hr,
72hr, 1wk, 2wk, 3wk, and 4wk after induction of the model. For MWT data, a repeated
measures ANOVA with baseline as a covariate was performed to determine differences
between resistance trained and sedentary groups. The activity-induced pain model produces
a robust sex dependent pain phenotype in which males develop unilateral pain and females
develop bilateral pain [31;51]. Thus, we analyzed MWT values from each sex independently
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using a repeated measures ANOVA. To determine if there was a correlation between amount
of weight lifted and protection against muscle pain, we correlated volume of weight lifted
with behavior by determining Pearson correlation coefficients. Volume for each animal was
calculated by summing the product of resistance training weight, sets, and reps for each
week. Pearson correlation coefficients were determined between total volume and 24hr
MWT values and between total volume and the change score of baseline and 24hr MWT
values. Analysis was done on both the ipsilateral and contralateral limb and was performed
for each sex independently.

2.9.3. Experiment 3: The ability of the resistance training program to reverse
chronic muscle pain—This experiment tested if the resistance training program could
reverse chronic muscle pain after it has been induced. Animals were randomly divided into
resistance training (n=10 male, n=10 female) or sedentary (n=10 male, n=10 female) groups.
Baseline 1RM and MWT were assessed and then the activity-induced muscle pain model
was applied. MWT was assessed 24 hours after induction of the activity-induced muscle
pain model to confirm hyperalgesia was present. Animals then initiated the resistance
training program and MWT were reassessed weekly for 4 weeks. On days where MWT
testing and resistance training both occur, MWT were assessed prior to resistance training.
The MWT time course data was analyzed with a repeated measures ANOVA with the
24-hour timepoint used as a covariate. To determine if there was an association between
amount of weight lifted and alleviation of muscle pain, Pearson correlation coefficients were
calculated between total volume and 4wk MWT values and between total volume and the
change score of 24hr and 4wk MWT values. Analysis was done on both the ipsilateral and
contralateral limb and was performed for males only since females did not see alleviation of
muscle pain.

2.9.4. Experiment 4: The role of testosterone in analgesia produced by
resistance training

29.4.1. Effect of resistance training on testosterone concentrations: This experiment
tested if the resistance training program acutely elevates blood levels of testosterone.
Animals were randomly assigned to either the resistance training program group or
sedentary group. We performed a time course analysis by harvesting blood at 5 (n=10

male, n=10 female), 15 (n=6 male, n=6 female), and 30 minutes (h=6 male, n=6 female)
following the first training session and from a sedentary group (n=10 male, n=10 female). To
control for variability in hormone levels, all blood draws were taken at similar times in the
morning and all animals were the same age. For blood testosterone assessment, a one-way
ANOVA with post hoc comparison to the sedentary group was performed to determine
differences across the time course. Since male and female mice have different basal levels of
testosterone [51], we analyzed testosterone concentrations from each sex independently

2.9.4.2. Effect of androgen receptor antagonist flutamide following induction of
activity-induced pain model: This experiment tested if continual activation of the androgen
receptor is required for the maintenance of resistance training induced analgesia. All animals
were assessed for baseline 1RM and MWT and underwent the standard 8-week resistance
training program followed by induction of the activity-induced pain model. Resistance
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training induced protection against muscle pain was assessed via MWT 24hr after induction
of pain model. Animals were then randomly divided into 4 groups which received one of the
following i.p. injections: flutamide 1mg/kg (n=4 male, n=4 female), 3mg/kg (n=4 male, n=4
female), or 10mg/kg (n=6 male, n=6 female); or vehicle (n=6 male, n=6 female). Following
drug administration, MWTs were reassessed at 30 and 120 minutes following the injection.
In order to determine differences between drug treatment groups, the MWT thresholds were
analyzed via a one-way ANOVA with a Tukey post hoc test at the 30-minute time point. We
only analyzed the 30-minute timepoint because no group differences were observed at the
120-minute timepoint.

2.9.4.3. Effect of androgen receptor antagonist, flutamide, applied throughout
resistance training program: This experiment tested if antagonism of androgen receptors
during resistance training via slow release flutamide pellets could block the analgesic effects
of the resistance training program. Animals were randomly divided into receiving either
flutamide (200mg) (n=10 male, n=10 female) or control pellets (=10 male, n=10 female).
Baseline 1RM and MWT were assessed followed by subcutaneous pellet implantation.
Animals were given 4 days of recovery between surgery and initiation of the resistance
training program. The experiment was designed so that the 60-day pellets would expire

on the last day of the training session. Following the 8-week training program, 1RM and
MWTs were reassessed, followed by induction of the activity-induced muscle pain model.
Muscle withdrawal thresholds were assessed 24 hours after the induction of the pain model.
Differences between groups at the 24-hour time point were analyzed with a univariate
analysis with baseline MWT used as a covariate.

3. Results

3.1 Activity-induced muscle pain phenotype

After induction of the activity-induced pain model, there were significant differences in the
MWTs ipsilaterally and contralaterally that differed by sex (time x side x sex interaction:
F154=43.8, p<0.01)(Fig. 1A). Post-hoc analysis showed a significant decrease in MWT
values at the 24-hour time point in each sex on both the ipsilateral and contralateral

side (p<0.01). Baseline and 24-hour change score values revealed a significant difference
between ipsilateral and contralateral values (F1 54=68.74, p<0.01) that also differed by

sex (F154=7.10, p=0.01). In females the contralateral MWT decreased by 425.64+31.53¢g
which was significantly greater than the decrease observed in male mice (216.65£21.179)
(F3,111= 19.42, p<0.01; post-hoc Tukey’s p<0.01). There were no differences between the
male ipsilateral, female ipsilateral, and female contralateral MWT change scores (p=0.48-
0.91). This data demonstrates that the activity-induced muscle pain model produces equal
decreases in MWT values on the ipsilateral side between males and females, however there
is greater decrease in MWT in the contralateral side in females when compared with males.

3.2 Effect of resistance training on muscle pain thresholds

To determine if the resistance training program changed baseline pain behaviors, we
measured MWT before and after 8 weeks of resistance training. There was a significant
effect for time (Fq 54=21.79, p<0.01) but not for side (F1 54=2.29, p=0.14) or sex (time
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X sex: F154=1.80, p=0.19; side X sex: F1 54=0.06, p=0.81). On the ipsilateral side, the
average MWT value between pre and post resistance training decreased by 37.12+12.12¢g
while the contralateral side decreased by 80.05+17.11g (Figure 1B). Despite the statistically
significant main effect for time, the changes in MWTs over the 8-week training program
may not be biologically significant.

3.3. Experiment 1 — Resistance training increases strength and lactate but not muscle

hypertrophy

To validate the resistance training model, we examined grip strength, 1RM measures,

cross sectional area of muscle, body weight and acute changes in blood lactate. The
variability of weight lifted for each animal and how they increased over time during

the resistance training program is displayed in Figure 2A. Strength measures, cross
sectional area and lactate measures showed no differences between sex and thus the data
are presented combining male and female mice. For forepaw grip strength, resistance
trained mice had a significantly greater increase in strength (14.89+2.87g) compared with
sedentary animals (8.43+2.109)(t39=2.05, p=0.05)(Fig. 2B). Resistance trained mice also
had a significantly greater increase in 1RM (9.61+1.59g) when compared with sedentary
animals (1.02+0.84g)(t30=4.75, p<0.01)(Fig 2C). However, there was no difference between
resistance trained (11.00+1.91g) and sedentary animals (6.47+2.60g) hindpaw grip strength
(t30=1.39 p=0.172)(Fig. 2B). There were no differences in changes in body weights over
the 8 week training program between resistance trained (4.13+0.67g) and sedentary animals
(4.71£0.549)(t30=0.66, p=0.51). Lastly, in a small subset of resistance trained (n=2 male,
n=2 female) and sedentary (n=2 male, n=2 female) animals we analyzed total body fat
percentage and lean mass after 8 weeks of training. There were no significant difference

in body fat percentage between resistance trained (6.31+1.81%) and sedentary animals
(8.43£1.72%) (tg=1.70, p=0.14) and no difference in total lean mass between resistance
trained (18.05+2.14¢) and sedentary animals (18.35+1.939)(ts=0.10, p=0.92).

To determine if resistance training resulted in muscle hypertrophy, we collected
gastrocnemius and bicep brachii muscles after 8 weeks of training and determined muscle
cross sectional area between trained and sedentary animals (Fig. 2D). For the gastrocnemius
muscle there was no significant difference in cross sectional area between resistance

trained (2052.36+94.68um?) and sedentary animals (2025.26+47.20um?)(t;4=0.25, p=0.80)
(Fig. 2E). Similarly, for the biceps brachii muscle there was no significant difference in
cross sectional area between resistance trained (974.50+76.98 pm?) and sedentary animals
(1159.81+118.40um?) (t1,=1.31, p=0.21)(Fig. 2F).

To determine if lactate levels were significantly elevated following a single resistance
training bout, we measured lactate immediately after a training session and compared to
lactate levels from sedentary animals. Lactate levels were significantly higher following the
exercise program (12.96+0.63 mmol/L) when compared with sedentary controls (7.06+£0.53
mmol/L)(p<0.01)(Fig. 2G). Taken together this data demonstrates that the resistance training
program results in significant increases in strength and blood lactate levels without muscle
hypertrophy.
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3.4. Experiment 2 — Resistance training protects against onset of widespread muscle

pain

To determine if resistance training could protect against development of activity-induced
muscle pain, we compared MWT before and after induction of the activity-induced muscle
pain model between resistance trained and sedentary mice. As stated above, sedentary male
mice showed a unilateral decrease in MWT while sedentary female mice showed a bilateral
decrease in MWT 24 hours after induction of the activity induced pain model [31](Fig. 1).
In males, the expected decrease in MWT ipsilaterally did not occur in the resistance trained
animals and the MWT was significantly higher than sedentary mice (F1 13 =7.31, p=0.018).
As expected, the contralateral MWT in males remained at baseline after induction of the
pain model, and thus there were no differences between sedentary and exercised animals
(F1,13 =0.07, p=0.79)(Fig. 3A+B). In females, the expected decrease in MWT did not occur
ipsilaterally or contralaterally in resistance trained mice. In females, the MWT time course
was significantly higher in the resistance trained group when compared to the sedentary
group ipsilaterally (F1 13 =7.55, p=0.017) and contralaterally (F1 13 =5.55, p=0.035)(Fig.
3C+D). To determine if there was an association between amount of weight lifted during
resistance training and the degree of protection against muscle hyperalgesia, we correlated
volume of resistance training throughout 8 weeks with MWT. There was no significant
correlation between volume lifted and ipsilateral 24hr MWT (r=-0.22 male; r=0.06 female),
ipsilateral 24hr MWT change from baseline (r=—0.14 male; r=—0.33 female), contralateral
24hr MWT (r=-0.27 male; r=-0.05 female) and contralateral 24hr MWT change from
baseline (r=—0.35 male; r=-0.40 female)(p=0.32-0.91).

In a subset of animals who participated in the resistance training program we quantified
gastrocnemius muscle fatigue produced by the activity-induced pain model to determine if a
lack of muscle fatigue was preventing the decrease in MWT. Gastrocnemius muscle fatigue
was determined by the percent decline of electrically stimulated isometric contractions
before and after 6 minutes of fatiguing gastrocnemius muscle contractions. There was no
significant difference in gastrocnemius muscle fatigue between animals who performed

the resistance training program (66.13+2.46 %decline) when compared with sedentary
animals (69.25x1.82 %decline)(t14=1.01, p=0.32)(Supplemental Fig. 1). This data taken
together suggests performing 8 weeks of the resistance training program protects against
development of muscle hyperalgesia which is not caused by a lack of muscle fatigue during
induction of the activity-induced pain model.

To determine if weight was required for the protective effects of the resistance training
program, a separate group of animals climbed the ladder without weight attached to their
tail for 8 weeks. Performing 8 weeks of the resistance training program without weight
prior to induction of muscle pain failed to protect against the onset of hyperalgesia when
compared with sedentary controls. In males, there was no significant difference in MWT
values on the ipsilateral (Fq g =5.0, p=0.052) and contralateral limb (F1 9 =0.82, p=0.28)
(Supplemental Fig. 2A+B). Similarly, in females, there was no significant difference in
MWT values on both the ipsilateral (F1 g =1.36, p=0.27) and contralateral limb (F; g =1.96,
p=0.19)(Supplemental Fig. 2C+D). This data suggests that climbing the resistance training
ladder with weight is required for protection against activity-induced muscle hyperalgesia.
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3.5. Experiment 3 — Resistance training alleviates activity-induced muscle pain in male
but not female mice

To determine if the resistance training program could reverse the decrease in MWT
produced by the activity-induced pain model, we initiated the resistance training program
after induction of the model. In males, resistance training significantly increased the
MWT when compared to sedentary animals ipsilaterally (F; 17 =12.46, p<0.01) but not
contralaterally (F1 17 =1.50, p=0.23) (Fig. 4A+B). However, in females there was not a
significant difference in MWT values between resistance trained and sedentary animals
on the ipsilateral (F1 17 =1.07, p=0.315) or contralateral limb (F1 17 =2.16, p=0.16)(Fig.
4C+D). In males, there was not a significant correlation between total volume of weight
lifted and ipsilateral 4wk MWT (r=-0.30), ipsilateral 4wk MWT change score from 24hr
(r=-0.31), contralateral 4wk MWT (r=-0.12) and contralateral 4wk MWT change score
from 24hr (r=-0.09) (p=0.39-0.81). This data demonstrates that the resistance training
program alleviated activity-induced muscle hyperalgesia in male but not female mice.

3.6. Experiment 4 — The role of testosterone and androgen receptor signaling in
resistance training induced protection against muscle hyperalgesia

3.6.1. Resistance training increases testosterone acutely in male but not
female mice—To determine if a single resistance training session increased testosterone,
we analyzed testosterone concentrations from serum at 5, 15, and 30 minutes after a
resistance training session and from sedentary controls. In males there was a significant
group difference for testosterone concentrations (F3 2g =3.17, p=0.03) with post hoc analysis
demonstrating a significant difference between sedentary (0.51+0.11ng/dL) and 5 minutes
post training (1.60+0.53ng/dL)(p=0.05) but not between any other time points (p=0.20-
0.41)(Fig. 5A). In females there was no significant group difference for testosterone
concentrations (F3 2g =2.13, p=0.11)(Fig. 5B).

3.6.2. Flutamide administration after induction of activity-induced muscle
pain has no effect on resistance training induced protection against muscle
hyperalgesia—To determine if activation of androgen receptors is required for the
maintenance of resistance training analgesic effects on hyperalgesia, we applied the
androgen receptor antagonist flutamide to trained animals after induction of muscle pain.
A single injection of flutamide (1, 3, 10mg/kg) had no effect on the analgesia produced
by resistance training in male (ipsilateral F3 19 =0.269, p=0.84; contralateral F3 19 =1.00,
p=0.42) or female mice (ipsilateral F3 19 =1.13, p=0.36; contralateral limb F3 19 =0.16,
p=0.91)(Supplemental Fig. 3 A-D). This data illustrates that continual activation of
androgen receptors is not required for the maintenance of resistance training induced
protection against muscle pain.

3.6.3. Flutamide administration during resistance training blocked the
exercise-induced muscle hyperalgesia protection—To determine if activation of
androgen receptors during resistance training is required for prevention of the activity-
induced muscle hyperalgesia, we blocked androgen receptors during the resistance training
program using flutamide pellets. In males, the administration flutamide throughout

the training interval resulted in significantly lower MWTSs on the ipsilateral side
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(1266.0+42.41g) compared to controls (1498.33+69.47g) (F1,19=7.84, p=0.01) (Fig. 5C).
There was no difference observed on the contralateral side in males animals who received
flutamide (1560.53+38.78) vs control pellets (1491.76+24.33)(F1 19=2.07, p=0.16)(Fig.
5D). In females, on the ipsilateral side, the MWT was significantly lower in animals

who received flutamide (1179.23+28.88g) compared with animals who received control
pellets (1456.63+56.239)(F1,19=18.32, p<0.01)(Fig. 5E). Similarly, on the contralateral
side in females, the MWT was significantly lower in animals who received flutamide
(1248.30+37.249) compared with animals who received control pellets (1407.23+£38.779)
(F1,10=8.30, p=0.01)(Fig. 5F). This data suggest that activation of androgen receptors is
required for the protection against activity-induced muscle pain that is produced by the
resistance training program.

4. Discussion

4.1. Overview

The current study is the first to show an animal model of resistance training protects

against development of activity-induced muscle hyperalgesia, in male and female mice, and
produces analgesia through activation of androgen receptors. However, there was a clear sex
difference in reversal of existing muscle hyperalgesia - resistance training was only effective
in male mice. The current study is consistent with two prior studies showing a single bout
resistance training produces analgesia in uninjured male mice [27;29]. Thus, this new animal
model of resistance training can be used to probe the underlying mechanisms of a clinically
used form of exercise.

Of note, prior studies examining analgesic effects of exercise in animal models of pain
primarily evaluated aerobic exercise tasks. Interestingly, voluntary running wheel showed

a delayed development of hyperalgesia in our animal model of chronic muscle pain (pH

4 injections). It is unclear if voluntary running wheel completed prevented hyperalgesia

in the activity-induced pain model as observed for resistance training. A large body

of literature now shows multiple underlying mechanisms for aerobic exercise-induced
analgesia including alterations in the peripheral and central nervous system and the immune
system (add other references)[52]. Whether these same mechanisms, or novel mechanisms,
are found for resistance training remains to be determined.

4.2. Validation of weighted ladder climbing as resistance training-based exercise

The current study showed acute elevation of blood lactate following a single exercise

bout and increases in strength (grip force and 1RM) after 8 weeks of training. Elevated
lactate suggests anaerobic metabolism commonly seen following intense exercise, including
resistance training [72]. The increases in strength are consistent with prior studies using
weighted ladder climbing which show increases in strength [39;59]. However, there was

no muscle hypertrophy of the gastrocnemius or biceps brachii muscles after resistance
training, as might be expected with strengthening exercise. Prior work using weighted ladder
climbing demonstrated mixed results for muscle hypertrophy [35;39;40;59], measured by
muscle weight. Resistance training increased weight of the flexor hallucis longus [35],
quadriceps [59], and soleus [40] but not the gastrocnemius [39;59]. The lack of hypertrophy
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could be related to dosing. Those that report increases used maximal training loads

each day [35] or trained animals for 12—-18 weeks [40;59]. In contrast, we utilized a
progressive increase in training loads starting at 70% of 1RM on week 1 and we trained
animals for 8 weeks. Of note, despite a lack of muscle hypertrophy, there are increases in
muscle strength and protection against muscle hyperalgesia. This suggests adaptations with
resistance training are sufficient to prevent development of hyperalgesia, and the underlying
mechanisms are not dependent on trophic muscle changes. Further, since strength increases
were only demonstrated in the upper extremity it suggests analgesic effects were systemic
since hyperalgesia was prevented in the lower extremity.

4.3. Androgen receptors mediate the protective effects of resistance training on muscle
hyperalgesia

A notable finding in the current study is resistance-training dependence on androgen
receptor activation (i.e., testosterone) to protect against development of activity-induced
hyperalgesia. Further, this protection is not reversed with blockade of androgen receptors
after training has occurred. These data suggest that androgen receptors activation initiates
long-term effects that maintain analgesia or prevent events that initiate development of
muscle hyperalgesia. Similarly, prior studies by us and others, show testosterone can protect
against development of hyperalgesia in both male and female mice [51]. For example, in the
same activity-induced pain model, testosterone pellets in female mice prevent development
of contralateral hyperalgesia, while blockade of androgen receptors (with flutamide) in male
mice results in contralateral hyperalgesia [51;64]. These data suggest activation of androgen
receptors is protective in both male and female mice, similar to that observed with resistance
training in the current study.

The current study administered flutamide systemically; thus, the site of androgen

receptors activation to produce the analgesic effect is unknown. Activation of androgen
receptors mediates several biological pathways which could produce antinociception. In
trigeminal ganglia, activation of androgen receptors in males transcriptionally increases
expression of mu-opioid and cannabinoid type-1 receptors which have antinociceptive
effects [2;49;50;63;78]. Activation of androgen receptors, in males, modulates peripheral
immune system function by decreasing pro-inflammatory cytokines [8], increasing anti-
inflammatory cytokines [61], and shifting resident macrophages to an anti-inflammatory
M2 phenotype [5;6]. It is unclear if the same mechanisms are activated by testosterone in
males and females. Further, many central nervous system sites that modulate nociception
contain androgen receptors in both sexes [57], and can dynamically influence expression
of neurotransmitters and their receptors by directly modulating gene expression or through
membrane bound receptors [25]. In humans, lower blood testosterone levels in females are
correlated with lower activation of brain regions responsible for descending pain inhibition
[74]. Prior studies show that mu-opioid, cannabinoid type-1, and immune mechanisms can
underlie the analgesic effects of aerobic exercise [14;28;53]; it is unclear if these same
pathways are involved in resistance-training induced analgesia. As with aerobic exercise, the
antinociceptive effects of resistance training are likely multifactorial.
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We also demonstrated that males, but not females, show an acute increase in serum
testosterone concentrations immediately after a single exercise bout, consistent with clinical
findings in males [44;45;56;71]. However, in females the results are equivocal with some
observing increases in testosterone [23;33;62;75] and others no change [43;56;58] in
response to resistance training. In males, Leydig cells in the testes are responsible for

the acute increase in testosterone following resistance training [48]. However, in females,
testosterone is produced from the ovaries, adrenal cortex, and through the conversion of
testosterone precursors in peripheral tissues [76]. Thus, the lack of ability to show increases
in testosterone in females could be related to the lack of specialized cells dedicated to
testosterone production, or local release at key sites in the peripheral or central nervous
system [76]. Despite the lack of acute increase in testosterone in females, we demonstrated
that blockade of the androgen receptors through flutamide prevented the resistance training
induced protection against muscle pain.

4.4. Sex differences in resistance training analgesia after development of muscle
hyperalgesia

While we show that 8 weeks of prior resistance training can protect against pain in both
sexes, while resistance training reduced hyperalgesia when initiated after induction of the
model only in males. Few studies have examined sex differences in the effectiveness of
exercise programs for preventing and alleviating pain. Of these, there are conflicting results.
Voluntary wheel running prevents onset of hyperalgesia in both male and female mice

prior to induction of acidic saline or activity-induced muscle pain models [14;53;55;66].
However, voluntary wheel running alleviated mechanical hyperalgesia only in females in an
experimental autoimmune encephalomyelitis [60]. Future studies should examine underlying
mechanisms for exercise-induced analgesia in both sexes for similarities and differences.

Given sex differences in pain phenotype in the activity-induced pain model, it is possible
that different underlying mechanisms in males and females account for the sensitivity to
resistance training. For example, we showed females, but not males, have increases in
serotonin transporters (SERT) in the rostral ventromedial medulla (RVM) after induction
of the activity-induced pain model [51]. The RVM is a main location for facilitation

and inhibition of nociception and increases in SERT in females demonstrate alterations
in central nervous system pain pathways. The presence of centrally mediated pain could
make resistance training less effective. Clinically, nociplastic symptoms are related to
poorer treatment outcomes in response to both conservative and surgical interventions
[7;22;32;37;41;70]. Interestingly, aerobic exercise training uses serotonin to produce
analgesia and reduces SERT expression in the RVM [11;14;55]. It is unclear if resistance
training has the same effects on altered central processing of nociception. It is likely that
different mechanisms underly the analgesia produced by different forms of exercise, i.e.
aerobic vs. strengthening exercise.

4.5. Clinical Relevance

We are the first to demonstrate the ability of an animal model of resistance training to
prevent or alleviate muscle pain. This information provides a scientific basis for the use of
strength training as a therapeutic tool clinically for individuals with chronic musculoskeletal
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pain. Since both aerobic and resistance training-based exercise have been shown to produce
analgesia [9;10;18;52], clinicians may want to consider patient preferences when prescribing
exercise modes. Next, the lower extremity was protected against development of muscle pain
despite strength increases only evident in the upper extremity suggesting resistance training
produced systemic alterations that led to the protection against muscle pain. Thus, resistance
training exercise prescriptions do not need to be targeted at the painful muscle groups for
therapeutic benefits. Lastly, we saw the resistance training program was more effective at
preventing than alleviating muscle pain. This suggests that exercise should be continued in
the absence of symptoms to prevent against future development of musculoskeletal pain.

5. Summary

In summary, the current study demonstrated that an animal model of resistance training can
be used for the study of exercise-induced analgesia. We showed that 8 weeks of resistance
training protects against the development of activity-induced muscle pain and is mediated
through activation of androgen receptors. However, resistance training was only able to
alleviate muscle in pain in male mice.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Representation of the sex dependent pain phenotype produced by the activity-induced pain
model. On the ipsilateral side, both male and female mice show an equivalent reduction in
muscle withdrawal threshold (MWT) 24 hours after induction of the pain model. On the
contralateral side, both sexes show a reduction in MWT values, however this reduction is
greater in females (A). Representation of the impact of 8 weeks of resistance training on
baseline MWT values. 8 weeks of resistance training produced no biologically significant
impact on MWT values in male or female mice. B=baseline, PT=Post Training; Data are
mean+SEM.
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Figure 2.

Validation of weighted ladder climbing as a resistance training-based exercise program.
Weights lifted during week 1 and week 8 of the resistance training program (A).
Animals who underwent eight weeks of resistance training (RT) had significantly greater
improvements in front paw grip strength but not back paw grip strength when compared
with sedentary (Sed) animals (B). Animals who underwent eight weeks of RT also had

a significantly greater increase in 1 repetition maximum (1RM) when compared with
sedentary animals. (C) Representative depiction of H&E-stained muscle cross sections used
for cross sectional area analysis. Line denotes 100um (D). Animals who underwent eight
weeks of RT had no significant difference in gastrocnemius (E) and bicep brachii (F)
muscle cross sectional area when compared with sedentary animals. There was a significant

elevation of lactate immediately following a single exercise bout when compared with
sedentary animals (G). I=Immediately; *p<0.05 compared with sedentary group. Data are

mean+SEM.
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Figure 3.

Line graphs show group differences in muscle withdrawal threshold (MWT). Male mice
who underwent eight weeks of resistance training (RT) had significantly higher MWT when
compared with sedentary (Sed) animals on the ipsilateral (A) but not on the contralateral (B)
side. Female mice who underwent eight weeks of RT had significantly higher MWT when
compared with sedentary animals on the ipsilateral (C) and contralateral (D) side. *p<0.05
compared with sedentary group; B=baseline; Data are mean+SEM.
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Figure 4.

Line graphs show group differences for muscle withdrawal thresholds (MWT). Males who
initiated resistance training (RT) after induction of the pain model had significantly elevated
MWT on the ipsilateral (A) but not contralateral side (B) when compared with sedentary
(Sed) animals. Females who initiated the RT program after induction of the pain model saw
no difference in MWT values when compared with sedentary animals on both the ipsilateral
(C) and contralateral (D) side. *p<0.05 compared with sedentary group,; B=baseline; Data
are mean+SEM.
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Role of testosterone and androgen receptor signaling in resistance training-based protection
against muscle hyperalgesia. Males saw a significant elevation in testosterone concentration
5 minutes after the resistance training bout when compared with sedentary (Sed) animals
(A). Females saw no significant changes in testosterone concentration after a resistance
training bout (B). Line graphs show group differences for MWT. All animals performed
eight weeks of resistance training with slow release flutamide (200 mg/pellet, 60-day
release) or control pellets implanted subcutaneously. In males with flutamide pellets, MWT
values were significantly lower 24 hours after induction of the model on the ipsilateral

(C) but not the contralateral (D) side. In females with flutamide pellets, MWT values

were significantly lower 24 hours after induction of the model on the ipsilateral (E) and
contralateral (F) side. *p<0.05 compared with Sed, #p<0.05 when compared with Flutamide;
B=baseline; Data are mean+SEM.
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