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Abstract

Using laboratory mouse models, the molecular pathways responsible for the metabolic benefits of endurance exercise are beginning to be
defined. The most common method for assessing exercise endurance in mice utilizes forced running on a motorized treadmill equipped with
a shock grid. Animals who quit running are pushed by the moving treadmill belt onto a grid that delivers an electric foot shock; to escape the
negative stimulus, the mice return to running on the belt. However, avoidance behavior and psychological stress due to use of a shock apparatus
can interfere with quantitation of running endurance, as well as confound measurements of postexercise serum hormone and cytokine levels.
Here, we demonstrate and validate a refined method to measure running endurance in naïve C57BL/6 laboratory mice on a motorized treadmill
without utilizing a shock grid. When mice are preacclimated to the treadmill, they run voluntarily with gait speeds specific to each mouse. Use
of the shock grid is replaced by gentle encouragement by a human operator using a tongue depressor, coupled with sensitivity to the voluntary
willingness to run on the part of the mouse. Clear endpoints for quantifying running time-to-exhaustion for each mouse are defined and reflected
in behavioral signs of exhaustion such as splayed posture and labored breathing. This method is a humane refinement which also decreases the
confounding effects of stress on experimental parameters.

Video Link

The video component of this article can be found at http://www.jove.com/video/51846/

Introduction

Obesity, insulin resistance, and type 2 diabetes are interrelated metabolic disorders that exert profound effects on the health of both the U.S.
and worldwide populations 1-4. Endurance exercise can prevent, as well as treat, these conditions5,6. Moreover, assessment of gait speed and
endurance are utilized clinically as diagnostic tests for frailty, sarcopenia, and the consequences of other disorders such as chronic obstructive
pulmonary disease, in human subjects 7.

The biochemical pathways underlying the beneficial effects of endurance exercise on body composition and insulin sensitivity are beginning to
be elucidated, using genetically or pharmacologically modified mice that display enhanced or reduced exercise capacity 8-11. However, many
such studies have utilized motorized treadmills equipped with shock grids to force mice to run 8-11. Animals who quit running are pushed by
the moving treadmill belt onto a grid that delivers an electric foot shock; to escape the negative stimulus, the mice return to running on the belt.
Such procedures may introduce psychological stress and avoidance behavior as confounding factors affecting experimental parameters12. Other
methods of measuring endurance, such as quantitation of ambulatory activity using a beam-break apparatus or quantitation of in-cage wheel
running, may be confounded by modulation of circadian cycles, anxiety, inadvertent training, or food seeking behavior12-16. Moreover, these
procedures require single housing, another source of psychological stress for mice. Therefore, a direct measurement of exercise endurance not
confounded by stress is needed.

To obviate these concerns, our laboratory has developed and validated a method to assess maximal running capacity and sustained running
speed in untrained, naïve mice using a motorized treadmill not equipped with a shock grid. The space at the end of the running belt, where the
shock grid usually resides, then becomes a platform for mice to rest, and provides a place for mice that refuse to run to sit until removed from the
apparatus. Mice are encouraged to run by a human observer using gentle tapping or touching with a tongue depressor, coupled with sensitivity
to the voluntary willingness to run on the part of the mouse. This method has been used to quantify differences in exercise endurance between
genetically-modified and control C57BL/6 mice that differ in expression of the muscle derived cytokine interleukin-15 (IL-15)16,17. This method is a
humane refinement that decreases the confounding effects of negative reinforcement caused by use of a shock grid.
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Protocol

The procedure described here was approved by the VA Puget Sound Institutional Animal Care and Use Committee, and complies with the ILAR
Guide for the Care and Use of Laboratory Animals.

1. Experimental Preparation

1. Decide beforehand if blood or tissue collection soon after exercise is necessary, and if so, determine the post-exercise interval for conduction
of such procedures. Examples include determination of exercise induced hormone or cytokine release into the circulation (necessitating
blood collection), determination of exercise induced expression of mRNA species of interest (necessitating euthanasia followed by tissue
collection). If immediate post exercise blood or tissue collection is indicated, have materials for these procedures on hand in the procedure
room. Receive institutional review board approval and perform according to regulatory guidelines. Not all experiments require postexercise
blood or tissue collection; a simple comparison of running endurance may be all that is needed.

2. Decide in advance on experimental groups and postexercise procedures for mice (see description above).
3. Place the treadmill on a sturdy table in a quiet room dedicated during the running trials to this procedure.
4. Set the treadmill for mouse-sized lanes and at an inclination appropriate to the protocol. The inclination of +5o is used here to obviate muscle

damage due to eccentric exercise (lengthening the muscle at the same time as contraction) that occurs during downhill running.
5. Place an absorbent pad below the treadmill belt to catch feces.

2. Acclimation of Mice to the Treadmill

Decide if a “sedentary” (no exercise) group of mice is necessary, and expose sedentary mice to the treadmill without running as outlined in Steps
2.1 - 2.5. Determine if 2 or 4 experimental groups are required, e.g., Sedentary/Exercise (2 groups); Exercised Controls/Exercised Treatment (2
groups, no sedentary animals); or, Sedentary/Exercised x Control/Treatment (4 groups). The “treatment” may be a transgenic or knockout genotype,
a pharmacological regimen, special diet, or other experimental intervention.

1. Allow the mouse to acclimate to the procedure room in its transported home cage, with cage mates, for 1 - 2 hr.
2. Select a single mouse and record tag number; weigh mouse and record weight.
3. Place mouse in the treadmill without the motor turned on for acclimation, about 5 min. Turn power on, without the treadmill belt running, and

let the mouse acclimate to the machine noise for another 5 min.
4. Remove mice in the “sedentary” groups (if used; see Note 1) from the treadmill at this point and return them to their cage or conduct post-

exercise procedures as per the experimental design (see Note 2).

3. Starting the Run-to-Exhaustion test

1. After acclimation, turn the belt to a low speed (10 m/min) when the animal is exploring the belt and not on the platform.
2. Gently tap or lift the hindquarters of the mouse with a tongue depressor, one to three times, to encourage reluctant animals to stay on the

treadmill and run.
 

NOTE: Most mice will run readily, but they sometimes stop for short periods. When this occurs, use the tongue depressor to gently tap or lift
the rear of the animal to encourage resumption of running. Often, the mice do not need to be touched with the tongue depressor; noticing the
hand with the tongue depressor coming towards them causes the mice to run some more.

3. Start a laboratory timer once the mouse is running at the initial speed of 10 m/min.
4. Turn the speed up slowly when the mouse is at the top (uphill end) of the belt, at increments of 1 m/min, about every 2 min.
5. Turn the speed down to the previous setting if the mouse repeatedly runs in short bursts and not at a steady pace.
6. Determine the maximal sustained running speed of each mouse (usually 14 - 17 m/min for C57BL/6 mice) by adjusting the speed and

watching the mouse. Record this speed.
 

NOTE: The location of the animal on the treadmill cues the investigator as to the willingness of the animal to run at a higher speed. If the
mouse is at the far (uphill) end and about to run into the wall, it is ready to run at a higher speed. If the mouse is running at a steady pace in
the middle of the treadmill it may be at its maximal speed, or may need further adjustment, depending on the quality of the run.

4. Endpoints and Mice that Stop

1. Use the tongue depressor to gently tap or lift the hindquarters of the animals that stop, to encourage resumption of running (see Note 3.2). Do
not stop the timer for temporary interruptions in running.

2. Identify and remove mice that refuse to run . Note this on the data sheet. Depending on your experimental design, mice that refuse can be
retested on a different day
 

NOTE: Some mice will completely refuse to run. Such mice will run in short bursts, then stop to groom or “pedal”, that is, sit on the platform
and use their front legs on the belt. The posture of these mice is hunched, with all four feet planted under the animal to keep from being
pushed back onto the treadmill by the tongue depressor. Occasionally a mouse becomes aggressive towards the tongue depressor when
unwilling to run, biting the tongue depressor or climbing up it as a way of escape. It is clear within the first 5 min of the trial whether the mouse
will, or will not, run. Remove mice that refuse to run from the analysis, but do not count them as “sedentary” mice.

3. Identify exhausted mice and stop the timer.
 

NOTE: Exhaustion is defined by three successive stops and refusal to resume running despite gentle encouragement, plus physical signs of
exhaustion such as labored breathing and splayed posture. Mice recover from exhaustion within 30 to 60 min.

4. Record the total amount of time spent running at all speeds.
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5. Depending on the experimental design, either return the mouse is to its cage, or conduct immediate postexercise procedures such as blood
or tissue collection as per institutional guidelines.

6. Wipe the belt clean with a germicidal towelette after testing each individual mouse so that the scent of the previous mouse does not influence
behavior of subsequent mice tested.

7. Test the next mouse. Use a fresh tongue depressor for each mouse. Mice that reside in the same cage can be tested sequentially on the
same day without additional acclimation to the procedure room.

Representative Results

This procedure for measuring exercise endurance accurately reflects the molecular and metabolic profile of different strains of C57BL/6 mice
that differ in expression of the cytokine IL-15 16,17. Transgenic mice that overexpress IL-15 (IL-15 TG mice) exhibit significantly increased run-
to-exhaustion times compared to littermate controls, while mice that lack IL-15 (IL-15 KO mice) exhibit significantly reduced run times prior to
reaching exhaustion (Figure 1A). Published studies have shown that muscles are shifted towards a more oxidative phenotype in IL-15 TG
mice16; conversely, muscles in IL-15 KO mice are shifted to a less oxidative phenotype17.These muscle phenotypes correlate with levels of
spontaneous physical activity in a beam-break apparatus, and with exercise endurance using the voluntary run-to-exhaustion test. Wild-type
control C57BL/6 mice from two different sources (in-house colony and a commercial supplier) do not exhibit significantly different run times
(Figure 1A).

Maximal sustained running speed differed only in IL-15 KO mice (Figure 1B). Distance run (not shown) can also be calculated and analyzed
statistically; however, separation of the two parameters (time-to-exhaustion and speed) yields more information.

An unavoidable limitation of this technique is that some mice refuse to run voluntarily. The percentage of young wild-type control mice that refuse
to run is around 10% at 4 months of age. The percentage of refusals increases to 20% at 8 months of age, and increases to more than 60% by
16 months of age (Figure 2). However, the percentage of refusals in the older age group is significantly lower in IL-15 TG mice (Figure 2).

 

Figure 1. Representative data from the voluntary run-to-exhaustion test. (A) Time to exhaustion; (B) Sustained running speed. For both
panels, 4 strains of C57BL/6 male mice were tested: WT CON1 (wild-type littermate controls from in-house transgenic colony); IL-15 TG
(interleukin-15 overexpressing transgenic mice16, littermates of WT CON1); WT CON2 (wild-type control mice, obtained commercially); IL-15
KO (interleukin-15 knockout mice17, obtained commercially). Bars represent mean + SEM; n = 7 - 29 mice per group. Data were analyzed by
Kruskal-Wallis one-way ANOVA on ranks; bars with different superscripts are significantly different at P <0.05. Data are reprinted from previous
publications16,17, with permission from the journal.

 

Figure 2. Percentage of mice refusing to run voluntarily increases with age. Male interleukin-15 overexpressing transgenic mice (IL-15
TG) and littermate controls, both on a C57BL/6 background, were tested in the voluntary run-to-exhaustion protocol at 4, 8, 12, and 16 months
of age. Bars represent percentage of mice in each age group that refused to run (n = 11 - 29 mice per group). Data were analyzed by Fisher’s
Exact Test; asterisk denotes a significant difference at P <0.05 between control and IL-15 TG at 16 months of age. Please click here to view a
larger version of this figure.
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Discussion

Described here is a method to assess voluntary running endurance in laboratory mice using a motorized treadmill without the use of a shock
grid. This method can reveal differences among sub-lines of C57BL/6 mice that differ in expression of the cytokine IL-15, which in turn causes
differences in expression of factors that underlie exercise endurance16,17. In keeping with the principles of the “Three R’s” in laboratory animal
science, this method can be used as a more humane alternative, or refinement, to forced exercise protocols that utilize a shock grid8-11. Forced
exercise can also introduce the confounding effects of psychological stress and avoidance behavior12 on both running parameters and post-
exercise measurements such as serum cytokines and hormones.

A limitation of the technique is that determination of sustained maximal running speed, refusal to run, and the end point of exhaustion are each
assessed subjectively by the human observer. However, most young mice will run voluntarily if acclimated slowly to the apparatus; moreover,
mice generally exhibit clear behavioral signs of refusal to run and of having reached exhaustion after running. Nevertheless, successful
conduction of this technique requires some observer sensitivity to the animals. Therefore, it is recommended that a single observer, preferably
treatment-blinded, be used for all of the run-to-exhaustion tests within a study to minimize observer bias in determination of these parameters.
Despite the somewhat subjective nature of the endpoints for determination of running speed and time-to-exhaustion, this methodology is robust
and can detect clear differences in running endurance due to upregulation16 or deletion17 of a single gene, IL-15.

This protocol was demonstrated with different sub-lines of C57BL/6 mice, and was not tested with other strains of laboratory mice. C57BL/6 mice
were utilized because this is the most common genetic background utilized for transgenic and knockout mice18. A study by Lightfoot et. al.19

indicated that C57BL/6 mice performed in the low-medium range of exercise endurance among inbred strains of laboratory mice. However, that
study utilized forced treadmill running with a shock grid and much higher running speeds, whereas in this technique, both the maximal sustained
speed and the duration of running are individual to each mouse. Additionally, data solely from male mice was shown here. While the technique
works with female mice (not shown), these are not generally utilized in studies of transgenic and knockout mice.

Since running in this protocol is voluntary, loss of data from some mice that refuse to run is unavoidable, and should be taken into account when
estimating group sizes necessary for statistical significance. Additionally, representative data show that the tendency to refuse to run increases
with age in wild-type C57BL/6 mice. Therefore this technique may not be suitable for determination of exercise endurance in very old mice.
However, genetic manipulation to increase IL-15 expression significantly lowered the percentage of refusals in older mice, suggesting that refusal
to run may also reflect decreased exercise capacity in older animals. Voluntary exercise frequency, as well as gait speed, decline with age in
both rodents and humans, and can be reflective of declines in metabolic parameters and muscle mass 20-22. In this regard, the parameters
of time-to-exhaustion and maximum sustained running speed were presented separately in the representative data. Distance run (m) can be
calculated by multiplying time-to-exhaustion by maximum sustained running speed; however, this measure is somewhat inaccurate due to the
initial phase of the run at slightly slower speeds. Some models of rodent treadmills have digital recording features that can be set to calculate
distance run precisely; however, presenting time-to-exhaustion and speed separately may yield more information.

The reduced precision of endpoints, differences in running speed, and the complication of mice that refuse to run in the technique described
here, are balanced by the consideration that the technique is more humane and less stressful to mice. However, blood markers of murine stress
such as corticosterone levels were not determined to demonstrate rigorously that this technique is less stressful than forced exercise using a
shock grid. Such determinations are technically difficult in acute exercise experiments because glucocorticoid levels are confounded by the
anesthetics used in obtaining blood samples in mice23 and by exercise itself 24. One study25 indicated that chronic forced exercise using a shock
grid induced both psychological and immune stress in mice, while voluntary wheel running (in which mice could control both the duration and
speed of running) had the opposite effect. Close behavioral examination of the mice, combined with their demonstrated willingness to run and the
long durations of voluntary running bouts, suggest mice are not unduly stressed by the protocol described here. Moreover, representative data
indicate this protocol can reveal clear differences in running endurance due to introduction or deletion of a single gene product within an inbred
strain 16,17. Therefore, this protocol represents a more humane and scientifically useful alternative to forced exercise for determination of exercise
endurance in murine models.
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