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1 | INTRODUCTION

| Sara A.Romig-Martin®
Christopher J. Benson’?2

| Anne Marie S. Harding®? |

Abstract

Animal models of exercise have been useful to understand underlying cellular and
molecular mechanisms. Many studies have used methods of exercise that are unduly
stressful (e.g., electrical shock to force running), potentially skewing results. Here, we
compared physiological and behavioural responses of mice after exercise induced using
a prodding technique that avoids electrical shock versus a traditional protocol using
electrical shock. We found that exercise performance was similar for both techniques;
however, the shock group demonstrated significantly lower locomotor activity and
higher anxiety-like behaviour. We also observed divergent effects on muscle pain;
the prodding group showed hyperalgesia immediately after exercise, whereas the
shock group showed hypoalgesia. Corticosterone concentrations were elevated to a
similar extent for both groups. In conclusion, mice that were exercised without shock
generated similar maximal exercise performance, but postexercise these mice showed
anincrease in locomotor activity, less anxiety-like behaviour and altered muscle painin
comparison to mice that exercised with shock. Our data suggest that running of mice
without the use of electrical shock is potentially less stressful and might be a better

technique to study the physiological and behavioural responses to exercise.
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suggests that the physiological and emotional stress associated

with these techniques can significantly impact the physiological and

Exercise is increasingly appreciated as a means to improve human
health. A well-prescribed and supervised exercise regimen can
significantly enhance the benefits of exercise, whereas a poorly
prescribed regimen can have deleterious results (Vina et al., 2012).
To understand the physiological mechanisms that underlie the
beneficial effects of exercise, animal models have been used. These
models commonly force animals to exercise using aversive stimuli as

motivation (e.g., electrical shock, blasts of air, tail tapping). Evidence
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behavioural effects of exercise (Moraska et al., 2000; Pitcher, 2018).
Among these aversive techniques, forced running using electrical
shock might be particularly stressful. Independent of exercise,
electrical foot shock is one of the most common means for producing
measured amounts of discomfort and stress in rodents and is regularly
used to generate models of human psychiatric disease (Bali & Jaggi,
2015). In addition, stress associated with electrical stimulation has

been shown to increase motor output variability during isometric
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contraction in humans, which can impair locomotor performance
(Noteboom et al., 2001). Moreover, Knab et al. (2009) found that forced
running with electrical shock caused high intra-mouse variability in
exercise capacity, whereas distances of voluntary wheel running were
highly consistent.

Although voluntary wheel running protocols might avoid some of
the potential stress associated with forced exercise, voluntary exercise
is difficult to standardize. In contrast, forced protocols allow for precise
and uniform control of variables (velocity, incline, duration, etc.) and
allows for the testing of maximal exercise capacity. Here, we developed
a non-electrical shock technique to induce mice to run on a treadmill
(manual prodding) and compared it with a standard technique using
electrical shock by assessing behavioural and physiological responses

immediately after exercise.

2 | METHODS

2.1 | Ethical approval

All experimental procedures and protocols were approved by the
Institutional Animal Care and Use Committee of the University of lowa
(protocol no. 1990903) and conformed to the national guidelines set
by the Association for Assessment and Accreditation of Laboratory
Animal Care. All experiments were carried out according to the
guidelines described by Grundy (2015), and we have taken all steps to
minimize the pain and suffering of the animals.

2.2 | Animals

Eleven-week-old female C57BL/6)J mice (Jackson Laboratory,
Sacramento, CA) were acclimated to the new environment for a
week before beginning the experiments in a temperature-controlled
room (22°C) with a 12 h-12 h light-dark cycle and had access to
standard mouse food and water ad libitum. We studied female mice
because they exercise more readily than male mice (De Bono et al.,
2006) and they develop fatigue-induced hyperalgesia more readily
than male mice (Gregory et al., 2013). Mice were killed with CO,
according to AVMA guidelines.

2.3 | Experimental design

Separate groups of mice were used in three different protocols. In
each protocol, mice were randomly assigned to exercise with electrical
shock (shock), exercise without electrical shock (prodding) and control
groups. Shock and prodding groups underwent an incremental maximal
exercise protocol, and the control group was placed on a non-moving
treadmill for approximately the same amount of time as exercise
groups (35 min). In protocol 1, mice underwent open field testing
immediately after exercise (n = 30). In protocol 2, corticosterone

measurements were obtained 5 min before and immediately and

New Findings

* What s the central question of this study?
Forced treadmill exercise using electrical shock is
the most common technique in rodent exercise
studies. Here, we examined how the use of
electrical shock during forced treadmill exercise
affects behavioural and physiological responses
in comparison to a novel non-electrical shock
technique.

* What is the main finding and its importance?
In comparison to mice that underwent traditional
treadmill running induced by electrical shock,
mice that underwent forced running using a novel
technique involving gentle prodding to induce
running showed: (i) higher locomotor activity;
(ii) less anxiety-like behaviour; and (iii) altered
exercise-induced muscle pain immediately after

exercise.

1 h after exercise (n = 18). In protocol 3, mice underwent muscle
withdrawal threshold (MWT) testing 1 day before (baseline) and
immediately after exercise (n = 20). Mice in protocols 1 and 3 were

analysed for exercise performance on treadmill exercise testing.

2.4 | Treadmill exercise protocols

All groups were acclimated to the treadmill (Columbus Instruments,
Columbus, OH) for 5 days for 30 min/day, with gradually increasing
speed and incline as previously described (Khataei et al., 2020), with
electrical shock grids (1 mA, 1 Hz, 200 ms duration) at the rear of the
treadmill to encourage continued ambulation. For maximal exercise
testing, mice were placed individually on a non-moving treadmill [20°
incline throughout; 15-25° incline is best to achieve maximal O,
uptake in mice (Kemi et al., 2002)] for 10 min, followed by 10 min warm-
up at 6 m/min with shock bars on. For the shock group, the electrical
shock was left on throughout the exercise protocol. For the prodding
group, we turned off the shock grids at the beginning of testing and
instead used gentle prodding with a tongue depressor to encourage
running as needed (Conner et al., 2014). After warm-up, the speed
was increased to 8 m/min, and then increased by 2 m/min every 3 min
(accelerations were 2 m/min2) until exhaustion. For the shock group,
exhaustion was defined as the point at which mice stayed on the shock
grids for >10 s and did not resume running. For the prodding group,
exhaustion was defined when mice stayed at the end of treadmill and

did not resume running after 10 consecutive proddings in 10s.
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2.5 | Muscle withdrawal threshold

The MWT was measured by applying force-sensitive tweezers to the
belly of the gastrocnemius muscle as previously described (Skyba
et al., 2005), whereby lower thresholds indicate greater sensitivity
to mechanical stimuli. Briefly, mice were acclimated to the testing
protocol in two 5 min sessions on 3 days. The mice were gently
restrained in a gardener’s glove, the hindlimb was held in extension and
the muscle squeezed with progressive force with the force-sensitive
tweezers until the mouse withdrew its hindlimb. Three trials for each

hindlimb were averaged.

2.6 | Corticosterone radioimmunoassay

Adrenocortical activity was measured by obtaining blood samples from
the tail vein (Anderson et al., 2014, 2019). A small longitudinal incision
was made at the distal tip of the tail with a sterile blade while mice
were restrained. Blood samples (~20 ul) were collected into chilled
plastic microfuge tubes containing EDTA and aprotinin, centrifuged,
and fractionated for storage of plasma at —80°C until assayed.
Silver nitrate was applied to achieve haemostasis. Plasma cortico-
sterone was measured without extraction, using an antiserum raised
in rabbits against a corticosterone-bovine serum albumin conjugate,
with 125|-corticosterone-bovine serum albumin as the tracer (MP
Biomedicals). The sensitivity of the assay was 8 ng/ml; intra- and inter-

assay coefficients of variation were 5 and 10%, respectively.

2.7 | Open field test

For the assessment of locomotor activity and anxiety-like behaviour,
mice were subjected to the open field test immediately after
exercise. Horizontal movements and vertical (rearing) movements
were quantified as the number of photobeam breaks during 30 min
in a lighted chamber (40.6 cm wide x 40.6 cm deep x 36.8 cm
high; 1500 lux; 16 x 16 photobeams to record horizontal movements
and 16 rearing photobeams, with 2.54 cm photobeam spacing; San
Diego Instruments). Centre activity was defined as the percentage
of horizontal beam breaks occurring in the centre of the open field
(25.5 cm x 25.5 cm) per total horizontal beam breaks.

2.8 | Statistical analysis

GraphPad Prism (San Diego, California, US; v.8.0) was used to analyse
data statistically. Bar graphs represent mean values + SD. One-way
and two-way ANOVA, Student’s unpaired t tests and F-tests were used
to analyse the results. If significant differences were observed, the
indicated post hoc tests were performed as described in the figure
legends. Sample sizes for each experimental protocol were determined

based on the effect sizes for changes in the variable from our previous
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FIGURE 1 Comparison of maximal exercise capacity using
electrical shock or prodding methods. Time to exhaustion was
measured in shock and prodding groups during incremental treadmill
exercise. Although there was no difference between the means of
groups (Welch’s t test; P> 0.05, n > 16), the variances of two groups
were significantly different (F-test; F = 6.402,n1 = 20,n2 = 16,

P < 0.001). n1, number of mice in Shock group; n2, number of mice in
Prodding group

and pilot studies [« = 0.05, 8 = 0.8; G*Power v.3.1 software (Faul et al.,
2007)].

3 | RESULTS

3.1 | Exhaustive exercise with manual prodding
elicited similar exercise performance to electrical
shock

In pilot studies, we observed that running mice on a treadmill using
a standard technique with an electrical shock grid at the back of the
treadmill to induce running caused signs of stress (increased freezing
behaviour, urination and defecation, vocalization and escape behaviour
during and immediately after running). Therefore, we used a novel
protocol whereby we turned the shock bars off and, instead, used
gentle prodding with a tongue depressor to induce running (Conner
et al., 2014; Khataei et al., 2020). We first compared the maximal
exercise capacity using either the electrical shock (shock group) or
the prodding technique (prodding group) to induce running and found
no difference in the time to exhaustion between groups (Figure 1).
Interestingly, the variance from the mean was significantly less for the
prodding group compared with the shock group.

3.2 | Exercise with shock caused less locomotor
activity and increased anxiety-like behaviour after
exercise in comparison to exercise with prodding

Immediately after exercise, we used an open field assay to record

the locomotor activity of the mice. Control mice were placed on a
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non-moving treadmill before open field recording. To assess post-
exercise fatigue, we measured vertical (rearing) and horizontal activity
for 30 min in an open field chamber (Huang et al., 2018; Kobayashi
et al., 2008). The prodding group of mice exhibited significantly more
vertical movements compared with the shock group and were similar
to the control group (Figure 2a,b). The prodding group also exhibited
more horizontal movements than the shock group (Figures 2c,d).

As a measure of anxiety-like behaviour, we tracked the percentage
of horizontal movements in the centre relative to the total movements
immediately after exercise. The tendency of mice to avoid the brightly
lit centre of an open field and remain near the walls is an index of
anxiety (Crawley, 1985). Similar to control mice, the prodding group
began to habituate to the novelty of the chamber during the 30 min
period and exhibited increasing centre movements (Figures 2e/f). In
contrast, the shock group continued to avoid the centre. These results
suggest that the prodding group of mice were less fatigued and showed
less anxiety-like behaviour after exercise than the shock group.

In separate groups of mice, we tested whether exercise with
electrical shock versus prodding would generate differential increases

in plasma corticosterone, the main glucocorticoid in mice (Coleman

et al., 1998). In the control group, corticosterone concentrations
were not significantly altered immediately and 1 h after 35 min
exposure to a non-moving treadmill (Figure 3). In contrast, cortico-
sterone was increased significantly and to a similar extent immediately
after exhaustive exercise and remained elevated 1 h later in both
shock and prodding groups compared with their respective baseline

measurements.

3.3 | Exercise with or without shock produced
opposite effects on immediate exercise-induced
muscle pain

The peaks of exercise, particularly that involving high-intensity muscle
contractions, are commonly associated with muscle pain, referred to
here as immediate exercise-induced muscle pain (IEIP; Khataei et al.,
2020). We measured IEIP after exhaustive exercise in the shock,
prodding and control groups of mice. As a measure of muscle pain, we
recorded the MWT, whereby force-sensitive tweezers were applied to

the gastrocnemius muscle until the limb was withdrawn (a lower MWT



2 | WILEY

KHATAEI ET AL.

B Baseline
[ Immediately after exercise
€ [ 1 hr after exercise
S 100 - T
£ * X * I
o g0
o
[}
45 607
Q
Q
€t 401
e}
o
© 20
£
8 i i =
o 0- T T
N 0O
x© o N
oo® o© ?‘06(\

FIGURE 3 Plasma corticosterone concentrations after exhaustive
exercise. Corticosterone was measured before (baseline) and
immediately and 1 h after exercise. Two-way repeated-measures
ANOVA showed that there was a significant group effect (F, 15 = 5.18,
P <0.05), time effect (F1 71 2564 = 18.59, P <0.0001) and interaction
between time and group (F4 30 = 3.09, P < 0.05, n = 6). Tukey's test
revealed that corticosterone increased immediately and 1 h after
exercise for experimental groups compared with their respective
baseline ("P < 0.05), but was unchanged for the control group over
time, and there were no differences between shock and prodding
groups

indicates increased pain, or hyperalgesia), at baseline (1 day before) and
immediately after exhaustive exercise. In comparison to the control
group, we found significant and divergent differences between the
shock and prodding groups after exercise. The MWT was increased
immediately after exercise for the shock group, and it was lower for the
prodding group compared with their baseline values (Figure 4). These
results indicate that the prodding group developed muscle hyper-
algesia associated with intense exercise (IEIP), whereas exercise with

shock caused a paradoxical muscle hypoalgesia.

4 | DISCUSSION

4.1 | Forced running and electrical shock are
stressful to mice

QOursis the first study to compare the effects of manual prodding versus
electrical shock as a means to force treadmill exercise in mice. Despite
achieving the same level of exercise, the two groups demonstrated
significantly different locomotor activity patterns in an open field
assay immediately after exercise. The shock group demonstrated fewer
vertical and horizontal movements and spent less time in the centre
of the chamber than either the control or the prodding group of
mice. Although open field behaviour is driven by multiple different
motivations, avoidance of the chamber centre is a validated means to
measure anxiety in mice (Crawley, 1985; Treit & Fundytus, 1988). In
addition, both exercise groups had equally increased concentrations of

corticosterone after exercise.
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FIGURE 4 Muscle withdrawal threshold (MWT) immediately
after exhaustive exercise. The MWT was measured 1 day before
(baseline) and immediately after exercise. Two-way
repeated-measures ANOVA showed a significant group effect

(F2,17 = 3.86, P <0.05) and an interaction between group and time
(F217 =36.07,P < 0.0001, n > 6). Sidak’s test found that MWT was
higher after exercise compared with baseline for the shock group
(""P < 0.0001), lower compared with baseline for the prodding group
('P < 0.01), and there was a significant difference between shock and
prodding groups after exercise (*##P < 0.0001)

Our results are consistent with others showing that forced running
is stressful for rodents, as measured by both physiological markers
and assays of behaviour. Compared with voluntary exercise on a
running wheel, forced exercise of mice and/or rats diminished the
time spent in the centre of an open field, increased defecation and
increased faecal corticosterone (Leasure & Jones, 2008; Svensson
et al.,, 2016). Moreover, the stress associated with forced exercise can
be maladaptive, thus potentially overriding the benefits of exercise.
For example, rats that underwent voluntary exercise had better motor
recovery after stroke compared with rats that underwent forced
exercise (Keetal., 2011).

Although diminished locomotor activity might be another sign of
increased stress and anxiety, rearing and horizontal movements within
an open field assay have also been used as measures of fatigue after
exercise (Huang et al., 2018; Kobayashi et al., 2008). Although the two
exercise groups of mice exercised to the same extent, the diminished
movements of the shock group after exercise suggest that they
experienced greater muscle fatigue. Although some degree of stress
can enhance exercise performance, excessive physiological stress has
been shown to increase central fatigue, alter motor neural output
and diminish motor function (Marker et al., 2016; Noteboom et al.,
2001). Additionally, stress induced by electrical stimulation increases
the variability of motor output during isometric contraction, which
can impair locomotor performance (Noteboom et al., 2001). Inter-
estingly, we found greater variability of exercise performance in the
shock group compared with the prodding group, although we recognize
that the very different means to determine exhaustion might have
contributed to the differences in variability.
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If the shock group of mice experienced greater stress/anxiety
than the prodding group, why was corticosterone elevated equally
(~10-fold) in both groups after exercise? Although corticosterone is a
commonly measured marker of pathological stress, acute exercise also
increases cortisol/corticosterone (CORT) concentrations in humans
and rodents (Chen et al., 2017; Viru, 1992). In fact, corticosterone
concentrations are increased in rats immediately after voluntary
wheel running, suggesting that exercise increases corticosterone
concentrations independent of the stress associated with forced
exercise (Griesbach et al., 2012). Moreover, exhaustive treadmill
running in rats (using light air puffs to induce running) generated
higher corticosterone concentrations (~5-fold increase) compared
with 60 min of stress-inducing immobilization (~3-fold increase) (Hand
et al, 2002). It is interesting to speculate why increases in CORT
associated with chronic stress, including administration of exogenous
CORT, are detrimental to neural adaptation/function and predictive
of negative health outcomes in a variety of disease contexts, whereas
the increase in CORT that occurs with exercise is generally believed
to be an adaptive response and is associated with improvement in
cognitive function and health (Adlard & Cotman, 2004; Chen et al.,
2017).

4.2 | Stress- and exercise-induced hypo- versus
hyperalgesia

Strenuous exercise is associated with muscle pain during and
immediately after cessation of exercise (Miles & Clarkson, 1994;
Park & Rodbard, 1962), which we termed IEIP (Khataei et al., 2020).
The mechanism involves activation of type Il and IV muscle afferents
by metabolites and other chemicals that accumulate within exercising
muscle and, perhaps, mechanical injury during eccentric contractions
(Katz et al., 1935; Rodbard & Pragay, 1968). We previously showed
that forced maximal treadmill exercise using manual prodding causes
IEIP in mice as measured by a reduction in MWT. Moreover, we found
that the acid-sensing ion channels (ASICs) are required for IEIP; mice
with a genetic lack of the subunit ASIC3 experienced no change in
MWT immediately after exercise (Khataei et al., 2020). Here, we
found that mice that underwent forced maximal treadmill exercise
induced by shock had the opposite result. The shock group had an
increase in MWT compared with their baseline, suggesting that they
experienced an increase in pain threshold, or hypoalgesia, immediately
after exercise.

Although exercise training is an effective therapy for chronic pain
conditions, and even a single bout of exercise can increase pain
thresholds in humans, termed exercise-induced hypoalgesia (Naugle
et al,, 2012; Rice et al., 2019), most of these studies measure pain at
a site that is remote from the contracting muscle, and they generally
do so with some time delay from the cessation of exercise. Thus,
the mechanisms that underlie exercise-induced hypoalgesia are most
certainly from those that cause IEIP. Moreover, given that both shock
and prodding groups achieved the same level of exercise on the

treadmill, it is unlikely that the degree of exercise accounts for the

differences in MWT immediately after exercise. Thus, we do not believe
that exercise-induced hypoalgesia, as defined by the mechanisms
described in previous studies, accounts for the increase in MWT in the
shock group. Instead, we suspect that this hypoalgesia was caused by
the additional stress associated with electrical shock.

Although repeated and prolonged exposure to stressors over
extended periods of time tends to cause a maladaptive exacerbation of
pain responses (stress-induced hyperalgesia), if the aversive stimulus is
acute, pain sensation is generally suppressed (stress-induce analgesia
or hypoalgesia). This hypoalgesia is believed to be an adaptive response
to acute stress as part of the fight-or-flight response (Bolles &
Fanselow, 1980). There are a number of studies in the literature
reporting stress-induced hypoalgesia in rodents elicited by foot shock
(Ferdousi & Finn, 2018). In fact, one group has used forced exercise
using shock to induce treadmill walking as a means to induce stress-
induced analgesia in mice (Furuta et al., 2003). Thus, we believe that
the normal IEIP caused by strenuous exercise (as seen in the prodding
group) was overridden by stress-induced hypoalgesia in the shock

group.

4.3 | Implications for animal models of exercise
research

Although exercise has been used successfully as a preventive or
therapeutic strategy to treat various conditions, including chronic
pain (Law & Sluka, 2017), chronic fatigue syndrome (Larun et al.,
2017), cardiac diseases (Zhang et al., 2016) and neurodegenerative
diseases (Campos et al., 2016), a poorly prescribed exercise regimen
can exacerbate such conditions. Whether exercise is beneficial or
not depends upon the intensity, type and duration of exercise and,
perhaps, the associated stress (Pitcher, 2018; Sluka et al., 2018).
Both exercise and stress activate the sympathetic/adrenergic and
corticosteroid systems. Interestingly, when stress responses are
activated by aversive, prolonged and unescapable stimuli, they tend
to cause maladaptive alterations of homeostasis, whereas exercise
generally promotes beneficial adaptive responses. The use of animal
models of exercise is crucial to our understanding of these under-
lying mechanisms. Forced running is inherently stressful to rodents;
however, it has the advantage over voluntary wheel running in that
the degree of exercise can be prescribed and uniform within a group.
Our data here show that different exercise techniques to run mice
on a treadmill can cause profoundly different behavioural responses
immediately after exercise, including fatigue, anxiety and pain and,

most certainly, other behavioural and physiological responses.

ACKNOWLEDGEMENTS
We would like to thank John A. Wemmie, Rebecca J. Taugher, Gail . S.
Harmata, Ali Ghobbeh, Alan J. Ryan and Peter M. Snyder (University of

lowa) for helpful advice and technical assistance.

COMPETING INTERESTS

None declared.



| WILEY

KHATAEI ET AL.

AUTHOR CONTRIBUTIONS

T.K. and C.J.B. conceived and designed the research and drafted the
manuscript. TK,, S.A.-R. and A.M.S.H. performed the experiments. T.K.
analysed the data and prepared the figures. T.K, J.J.R. and C.J.B.
interpreted the results of experiments and edited and revised the
manuscript. All authors approved the final version of manuscript and
agree to be accountable for all aspects of the work in ensuring that
questions related to the accuracy or integrity of any part of the work
are appropriately investigated and resolved. All persons designated as
authors qualify for authorship, and all those who qualify for authorship

are listed.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID
Tahsin Khataei
Christopher J. Benson

https://orcid.org/0000-0003-2062-0859
https://orcid.org/0000-0001-6600-8193

REFERENCES

Adlard, P. A., & Cotman, C. W. (2004). Voluntary exercise protects against
stress-induced decreases in brain-derived neurotrophic factor protein
expression. Neuroscience, 124, 985-992.

Anderson, R. M., Birnie, A. K., Koblesky, N. K., Romig-Martin, S. A, &
Radley, J. J. (2014). Adrenocortical status predicts the degree of age-
related deficits in prefrontal structural plasticity and working memory.
The Journal of Neuroscience, 34,8387-8397.

Anderson, R. M., Johnson, S. B,, Lingg, R. T,, Hinz, D. C., Romig-Martin, S.
A., & Radley, J. J. (2019). Evidence for similar prefrontal structural and
functional alterations in male and female rats following chronic stress or
glucocorticoid exposure. Cerebral Cortex, 30, 353-370.

Bali, A., & Jaggi, A. S. (2015). Clinical experimental stress studies: Methods
and assessment. Reviews in the Neurosciences, 26, 555-579.

Bolles, R. C., & Fanselow, M. S. (1980). A perceptual-defensive-
recuperative model of fear and pain. Behavioral and Brain Sciences,
3,291-301.

Campos, C., Rocha, N. B. F,, Lattari, E., Paes, F., Nardi, A. E., & Machado, S.
(2016). Exercise-induced neuroprotective effects on neurodegenerative
diseases: The key role of trophic factors. Expert Review of Neuro-
therapeutics, 16,723-734.

Chen, C., Nakagawa, S., An, Y., Ito, K., Kitaichi, Y., & Kusumi, I. (2017). The
exercise-glucocorticoid paradox: How exercise is beneficial to cognition,
mood, and the brain while increasing glucocorticoid levels. Frontiers in
Neuroendocrinology, 44, 83-102.

Coleman, M. A, Garland, T., Marler, C. A, Newton, S. S., Swallow, J. G.,
& Carter, P. A. (1998). Glucocorticoid response to forced exercise in
laboratory house mice (Mus domesticus). Physiology & Behavior, 63, 279-
285.

Conner, J. D., Wolden-Hanson, T., & Quinn, L. S. (2014). Assessment
of murine exercise endurance without the use of a shock grid: An
alternative to forced exercise. Journal of Visualized Experiments: JoVE,
e51846.

Crawley, J.N.(1985). Exploratory behavior models of anxiety in mice. Neuro-
science & Biobehavioral Reviews, 9, 37-44.

De Bono, J. P, Adlam, D., Paterson, D. J., & Channon, K. M. (2006). Novel
quantitative phenotypes of exercise training in mouse models. American
Journal of Physiology-Regulatory, Integrative and Comparative Physiology,
290,R926-R934.

Faul, F., Erdfelder, E., Lang, A. G., & Buchner, A. (2007). G*Power 3: A
flexible statistical power analysis program for the social, behavioral, and
biomedical sciences. Behavior Research Methods, 39, 175-191.

Ferdousi, M., & Finn, D. P. (2018). Stress-induced modulation of pain: Role of
the endogenous opioid system. Progress in Brain Research, 239, 121-177.

Furuta, S., Onodera, K., Kumagai, M., Honma, ., Miyazaki, S., Sato, T,
& Sakurada, S. (2003). Involvement of adenosine Al receptors in
forced walking stress-induced analgesia in mice. Methods and Findings in
Experimental and Clinical Pharmacology, 25,793-796.

Gregory, N. S., Gibson-Corley, K., Frey-Law, L., & Sluka, K. A. (2013).
Fatigue-enhanced hyperalgesia in response to muscle insult: Induction
and development occur in a sex-dependent manner. Pain, 154, 2668-
2676.

Griesbach, G. S., Tio, D. L., Vincelli, J., McArthur, D. L., & Taylor, A. N.
(2012). Differential effects of voluntary and forced exercise on stress
responses after traumatic brain injury. Journal of Neurotrauma, 29, 1426-
1433.

Grundy, D. (2015). Principles and standards for reporting animal
experiments in The Journal of Physiology and Experimental Physiology.
Experimental Physiology, 100,755-758.

Hand, G. A., Hewitt, C. B, Fulk, L. J., Stock, H. S., Carson, J. A,, Davis, J. M.,
& Wilson, M. A. (2002). Differential release of corticotropin-releasing
hormone (CRH) in the amygdala during different types of stressors. Brain
Research, 949,122-130.

Huang, Q. Ma, S., Tominaga, T., Suzuki, K., & Liu, C. (2018). An 8-
week, low carbohydrate, high fat, ketogenic diet enhanced exhaustive
exercise capacity in mice part 2: Effect on fatigue recovery, post-exercise
biomarkers and anti-oxidation capacity. Nutrients, 10, 1339.

Katz, L. N., Lindner, E., & Landt, H. (1935). On the nature of the substance(s)
producing pain in contracting skletal muscle: Its bearing on the problems
of angina pectoris and intermitent claudication. The Journal of Clinical
Investigation, 14,807-821.

Ke, Z., Yip, S. P, Li, L., Zheng, X.-X., & Tong, K.-Y. (2011). The effects of
voluntary, involuntary, and forced exercises on brain-derived neuro-
trophic factor and motor function recovery: A rat brain ischemia model.
PL0S One, 6,e16643.

Kemi, O. J., Loennechen, J. P, Wislgff, U., & Ellingsen, @. (2002). Intensity-
controlled treadmill running in mice: Cardiac and skeletal muscle hyper-
trophy. Journal of Applied Physiology, 93, 1301-1309.

Khataei, T.,, Harding, A. M. S., Janahmadi, M., EI-Geneidy, M., Agha-Alinejad,
H., Rajabi, H., Snyder, P. M., Sluka, K. A., & Benson, C. J. (2020). ASICs
are required for immediate exercise-induced muscle pain and are down-
regulated in sensory neurons by exercise training. Journal of Applied
Physiology, 129, 17-26.

Knab, A. M., Bowen, R.S., Moore-Harrison, T., Hamilton, A. T., Turner, M. J., &
Lightfoot, J. T. (2009). Repeatability of exercise behaviors in mice. Physio-
logy & Behavior, 98, 433-440.

Kobayashi, Y. M., Rader, E. P, Crawford, R. W,, lyengar, N. K., Thedens, D.
R., Faulkner, J. A, Parikh, S. V., Weiss, R. M., Chamberlain, J. S., Moore, S.
A., & Campbell, K. P. (2008). Sarcolemma-localized nNOS is required to
maintain activity after mild exercise. Nature, 456,511-515.

Larun, L., Brurberg, K. G., Odgaard-Jensen, J., & Price, J. R. (2017). Exercise
therapy for chronic fatigue syndrome. Cochrane Database of Systematic
Reviews, 4, CD003200.

Law, L. F,, & Sluka, K. A. (2017). How does physical activity modulate pain?
Pain, 158, 369-370.

Leasure, J. L, & Jones, M. (2008). Forced and voluntary exercise
differentially affect brain and behavior. Neuroscience, 156, 456-465.

Marker, R. J., Campeau, S., & Maluf, K. S. (2016). Psychosocial stress alters
the strength of reticulospinal input to the human upper trapezius. Journal
of Neurophysiology, 117,457-466.

Miles, M. P, & Clarkson, P. M. (1994). Exercise-induced muscle pain,
soreness, and cramps. The Journal of Sports Medicine and Physical Fitness,
34,203-216.



KHATAEI ET AL.

WILEY——¥

Moraska, A., Deak, T, Spencer, R. L., Roth, D., & Fleshner, M. (2000).
Treadmill running produces both positive and negative physiological
adaptations in Sprague-Dawley rats. American Journal of Physiology-
Regulatory, Integrative and Comparative Physiology, 279, R1321-
R1329.

Naugle, K. M., Fillingim, R. B., & Riley J. L., 3rd. (2012). A meta-analytic
review of the hypoalgesic effects of exercise. The Journal of Pain, 13,
1139-1150.

Noteboom, J. T, Barnholt, K. R., & Enoka, R. M. (2001). Activation of
the arousal response and impairment of performance increase with
anxiety and stressor intensity. Journal of Applied Physiology, 91, 2093~
2101.

Park, S. R., & Rodbard, S. (1962). Effects of load and duration of tension on
pain induced by muscular contraction. The American Journal of Physiology,
203,735-738.

Pitcher, M. H. (2018). The impact of exercise in rodent models of chronic
pain. Current Osteoporosis Reports, 16, 344-359.

Rice, D., Nijs, J., Kosek, E., Wideman, T., Hasenbring, M. |, Koltyn, K., Graven-
Nielsen, T., & Polli, A. (2019). Exercise-induced hypoalgesia in pain-free
and chronic pain populations: State of the art and future directions. The
Journal of Pain, 20, 1249-1266.

Rodbard, S., & Pragay, E. B. (1968). Contraction frequency, blood supply, and
muscle pain. Journal of Applied Physiology, 24, 142-145.

Skyba, D. A., Radhakrishnan, R., & Sluka, K. A. (2005). Characterization of a
method for measuring primary hyperalgesia of deep somatic tissue. The
Journal of Pain, 6,41-47.

Sluka, K. A, Frey-Law, L., & Hoeger Bement, M. (2018). Exercise-induced
pain and analgesia? Underlying mechanisms and clinical translation. Pain,
159(Suppl 1), 591-597.

Svensson, M., Rosvall, P, Boza-Serrano, A., Andersson, E., Lexell, J., &
Deierborg, T. (2016). Forced treadmill exercise can induce stress and
increase neuronal damage in a mouse model of global cerebral ischemia.
Neurobiology of Stress, 5, 8-18.

Treit, D., & Fundytus, M. (1988). Thigmotaxis as a test for anxiolytic activity
in rats. Pharmacology, Biochemistry, and Behavior, 31, 959-962.

Vina, J., Sanchis-Gomar, F., Martinez-Bello, V., & Gomez-Cabrera, M. C.
(2012). Exercise acts as a drug; The pharmacological benefits of exercise.
British Journal of Pharmacology, 167, 1-12.

Viru, A. (1992). Plasma hormones and physical exercise. International Journal
of Sports Medicine, 13,201-209.

Zhang, Y., Xu, L., Yao, Y., Guo, X,, Sun, Y., Zhang, J., & Fu, Q. (2016). Effect of
short-term exercise intervention on cardiovascular functions and quality
of life of chronic heart failure patients: A meta-analysis. Journal of Exercise
Science and Fitness, 14, 67-75.

How to cite this article: Khataei T, Romig-Martin SA, Harding
AMS, Radley JJ, Benson CJ. Comparison of murine behavioural
and physiological responses after forced exercise by electrical
shock versus manual prodding. Experimental Physiology.
2021;106:812-819. https://doi.org/10.1113/EP089117



