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Abstract

Fatigue is a prominent symptom in many diseases and disorders and reduces quality of life for many people. The lack of clear pathogenesis and
failure of current interventions to adequately treat fatigue in all patients leaves a need for new treatment options. Despite the therapeutic need
and importance of preclinical research in helping identify promising novel treatments, few preclinical assays of fatigue are available. Moreover,
the most common preclinical assay used to assess fatigue-like behavior, voluntary wheel running, is not suitable for use with some strains of
mice, may not be sensitive to drugs that reduce fatigue, and has relatively low throughput. The current protocol describes a novel, non-voluntary
preclinical assay of fatigue-like behavior, the treadmill fatigue test, and provides evidence of its efficacy in detecting fatigue-like behavior in
mice treated with a chemotherapy drug known to cause fatigue in humans and fatigue-like behavior in animals. This assay may be a beneficial
alternative to wheel running, as fatigue-like behavior and potential interventions can be assessed in a greater number of mice over a shorter time
frame, thus permitting faster discovery of new therapeutic options.

Video Link

The video component of this article can be found at http://www.jove.com/video/54052/

Introduction

Fatigue affects a wide range of people, can markedly reduce quality of life, and frequently has an unclear or unknown pathogenesis. Cancer-
related fatigue (CRF), for example, is experienced by the majority of cancer patients undergoing treatment and can persist long after cancer
treatment has been completed and in the absence of detectable cancer1. Moreover, fatigue is also a prominent symptom in numerous other
diseases and disorders, including chronic fatigue syndrome, depression, diabetes, and fibromyalgia. Fortunately, there are non-pharmacological
interventions that are capable of helping some people experiencing fatigue (e.g., exercise can reduce CRF for some breast cancer patients2,3),
but many individuals still lack effective treatment. Furthermore, existing drug treatments for CRF have not been found to be broadly, if at all,
efficacious4-7.

Despite the therapeutic need and lack of drug treatment options, preclinical assays of fatigue to aid in the discovery and development of novel
fatigue treatments are lacking, especially in animal models. One of the only preclinical assays of fatigue for rodent studies is voluntary wheel
running activity (VWRA)9-15, in which mice or other rodents are given free access to a running wheel and their daily running activity is recorded.
In many studies, VWRA is the only measure of fatigue-like behavior, with fatigue-like behavior defined (in either VWRA or the current protocol)
as a decrease in the measured physical activity in the experimental group. Although VWRA can provide a useful longitudinal measure of fatigue-
like behavior, it is a relatively low-throughput assay, running varies considerably between inbred mouse strains16, and it requires subjects to be
individually housed, which may cause changes in behavior and test performance17-19. Other assays, such as home cage behavioral monitoring
and analysis, can also provide continuous data collection and some systems may allow for subjects to be housed in pairs20. These assays have
utility, but may be less sensitive as a means of detecting fatigue-like behavior and, like wheel running, are also low-throughput.

In contrast to VWRA, mouse treadmill tests do not rely upon voluntary activity and can be completed in a short time frame, allowing for higher
throughput. In comparison to VWRA, these tests employ external motivators. Specifically, there is usually an electrified metal grid located to the
rear of the moving belt to provide mice with an electric shock should they cease to run. In addition to this shock grid, mice may be motivated to
run on the treadmill via several other methods, including prodding, poking, or touching them with a hand, brush, or other tool and directing short
puffs of air at them. Instead of fatigue, mouse treadmill tests are often used to measure aerobic and/or anaerobic exercise capacity21-25. Mice
are motivated to run until they are incapable of or unwilling to continue running on the treadmill as a means of escaping further electric shocks.
Testing then ends when mice meet the criterion for exhaustion. In these protocols, to ensure that mice reach true physiologic exhaustion, the
criterion for exhaustion is often defined as spending five continuous seconds laying on top of the shock grid and failing to continue running in
the face of repeated aversive stimuli. Thus, fatigue-like behavior may be masked in typical treadmill tests due to the strong aversive nature of
the external motivation and criterion for ending the test. Interestingly, and in contrast to many other studies using rodent treadmills, a recent
publication describes another version of a treadmill fatigue test, which was used as part of an examination of the effects of social stress in
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mice26. Although the method used by this group markedly differed from the current protocol (i.e., they employed a single-lane treadmill and
required 10 sec of electric shock as the criterion for ending their test), their study highlights the utility of and interest in developing a quick, simple
fatigue test using the mouse treadmill.

Fatigue is likely to be detectable by means other than wheel running and alterations in routine behaviors. CRF makes patients feel exhausted by
a lesser amount of muscle fatigue, as determined by electromyographic analysis, than people without CRF27. Additionally, reduced motivation
has been noted in and is measured by several scales measuring human fatigue28,29. Thus, a useful preclinical assay of fatigue-like behavior
should distinguish between healthy and fatigued mice on the basis of a measure other than physiological capability and should not obscure
decreases in motivation. To achieve that end while avoiding limitations of VWRA and other assays, the current method was developed by
adapting the mouse treadmill test. This method uses a shock grid as the sole external motivator to make mice run on the treadmill. Mice quickly
learn that the grid provides an aversive stimulus and will promptly move away from it when placed on the treadmill and maintain some distance
from it when running.

When mice fatigue, they spend progressively more time toward the back of the treadmill instead of maintaining speed toward the front end.
Therefore, the criterion for test completion in this protocol is spending five continuous seconds in the designated fatigue zone (i.e., the rear of
the treadmill, ranging from approximately one body length from the shock grid to, and including, the shock grid). This takes advantage of the
aversive nature of the grid without requiring mice to receive many or any actual shocks after training. By allowing mice to complete testing using
the current criterion rather than exhaustion (as defined above), this method provides a means of using the treadmill to measure fatigue-like
behavior rather than its maximal (or near-maximal) physiological capability. Thus, this method can provide a simple, high-throughput assay of
fatigue-like behavior in mice and can serve either as an independent or complementary measure to other assays of fatigue-like behavior.

Protocol

This procedure was approved by the National Institute of Diabetes and Digestive and Kidney Diseases Animal Care and Use Committee.

1. Preparation

1. To allow for rapid identification of each mouse prior to testing, tattoo the tails of all mice to be trained and tested with identifying marks.
 

NOTE: This step is optional. Permanent marker or other methods of identification can be used as an alternative to tattooing.
2. Prior to training and testing mice, ensure that the treadmill is on a flat surface and set to the treadmill to desired angle of inclination

(recommended angle of inclination: 10°, to be kept consistent throughout training and testing) and set the electric shock frequency and
intensity appropriately (recommended: 2 Hz, 1.22 mA).
 

NOTE: The electric shock used should produce no more than a mild tingling sensation when touched by an ungloved finger and should be
delivered in a pulsatile fashion (with each shock lasting 200 msec).

3. Place a clean sheet of butcher's paper or an absorbent pad under the treadmill to collect fecal boli and urine during training and testing.
4. Place a sheet of paper or an absorbent pad over the third of the treadmill housing (i.e., the clear plastic lid that covers the treadmill lanes)

furthest from the shock grid.
 

NOTE: This step is optional, but will create a darker space and may provide additional encouragement to avoid the lower portion of the
treadmill.

5. If planning to use a wire brush to provide additional motivation during training, ensure that one is readily available prior to beginning training
sessions.

6. Ensure that any drug or method for inducing and/or alleviating fatigue is available and can be prepared or performed during Step 2.14.

2. Training Mice to Use the Treadmill

NOTE: Training is necessary to ensure that mice are familiar with the treadmill and task and can perform appropriately when tested. If the
majority of mice being trained are receiving frequent shocks or otherwise performing poorly during any training session, additional training
sessions should be performed. On the first day, most mice will be shocked several times. By the second day of training, mice should be rarely
making contact with the grid. If a mouse displays consistently poor training performance, it should be removed from the study. For female
C57BL/6NCr mice, this is a rare occurrence (less than 1% have been removed from studies due to poor training performance), but it should be
noted that other strains may perform differently during training.

1. With the treadmill off (and speed set to 0 m/min), individually lift the mice by the tail and place mice into separate lanes of a mouse treadmill.
Promptly turn on the corresponding grid after placing each mouse on the treadmill. Ensure that mice are placed directly on the treadmill belt.
 

NOTE: The amount of time and distance each mouse is held by its tail should be minimized by placing the cage near the treadmill prior to
transferring mice to the treadmill and/or allowing mice to stand on a solid platform (e.g., a wire cage lid) until they are near the treadmill and
the experimenter is ready to place them in the treadmill.

2. Allow mice to freely explore the treadmill for 1-3 min or until each mouse has explored its lane and/or received at least one shock from the
grid.

3. Turn on the treadmill and slowly increase the speed until it begins moving (approximately 1.5 to 3.0 m/min). Monitor all mice to ensure that
they begin walking. If a mouse does not begin walking or walks toward the shock grid, be prepared to intervene by tapping the mouse with a
wire brush or tail tickling.

4. Slowly increase the treadmill speed to 8 m/min. Start a timer and continue monitoring behavior.
5. Increase treadmill speed to 9 m/min at 5 min, 10 m/min at 7 min, and stop the treadmill at 10 min.
6. Allow the mice to briefly explore the treadmill, then remove and return each to its cage.
7. Clean the treadmill and grid with alcohol and replace the paper or absorbent pad beneath the treadmill.
8. To train additional mice, repeat Steps 2.1 through 2.7.

 

NOTE: Allow alcohol to dry prior to placing new mice on the treadmill.
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9. On the second day of training, repeat Step 2.1. Turn on the treadmill and increase the speed to 10 m/min. Start a timer.
 

NOTE: Treadmill speed can be increased more rapidly than on the first day of training.
10. Increase treadmill speed to 11 m/min at 5 min, 12 m/min at 10 min, and stop the treadmill at 15 min.
11. Remove mice and return them to their cages.
12. Clean the treadmill and grid with alcohol and replace the paper or absorbent pad beneath the treadmill. To train additional mice, repeat Steps

2.9 through 2.12.
13. Perform additional days (3 days) of training in the same manner as the second day.

 

NOTE: This step is optional, but is strongly recommended if most or all mice (of the same sex and strain) being trained display difficulty with
the task. Mice can generally perform well in Step 3 when they have been trained for 3 days (i.e., with one additional day of training), although
additional or fewer days of training may be appropriate depending on their performance during the second training day and the duration of
Step 2.14.

14. Allow at least one full day to pass in which the mice have no exposure to the treadmill before proceeding to Step 3.
 

NOTE: Any drug(s) used to induce and/or alleviate fatigue should be administered during this step.
 

NOTE: This time period can be varied in length and used to induce fatigue and/or test interventions to reduce or eliminate fatigue. If testing
mice more than 7 days after completing training, a pilot study is recommended to verify that the mice used will perform during testing.

3. Treadmill Fatigue Test

NOTE: In this test, fatigue-like behavior is defined as spending 5 consecutive seconds in the "fatigue zone". The fatigue zone is defined as the
region encompassing the portion of the treadmill belt within approximately 1 body length of the shock grid as well as the grid, itself. Prior to
testing, ensure that the point delineating this zone is clear to the experimenter, such as by applying a mark to the top or side of the treadmill
lanes.

1. Set the treadmill speed to 12 m/min. Do not start the treadmill. Ensure that shock grids are turned off.
2. Individually place mice into separate lanes of the treadmill. Turn on the corresponding grid immediately after placing each mouse on the

treadmill.
3. Simultaneously start the treadmill and a stopwatch.

 

NOTE: Do not intervene during testing except to remove mice that meet the criterion for removal (see Step 3.5).
4. Increase treadmill speed as indicated in Table 1. Carefully observe all mice throughout the test.

 

NOTE: The treadmill speeds listed in Table 1 were selected based on observations from adult female C57BL/6NCr mice. Higher treadmill
speeds may be appropriate for larger (e.g., outbred CD-1 mice) or more athletic mice.

5. If a mouse remains in the fatigue zone for 5 continuous sec, promptly remove the mouse from the treadmill and record the duration and
distance it ran.

6. When no mice remain on the treadmill, stop the treadmill. Clean the treadmill and grid with alcohol and replace the paper or absorbent pad
beneath the treadmill.

7. To test additional mice, repeat Steps 3.1 through 3.6.
 

NOTE: This step is optional.

Representative Results

This protocol allows fatigue-like behavior to be measured in mice using a treadmill. The data presented in this section was obtained by training
and testing 3 separate groups of mice using the current protocol (excluding Figure 1A and 1C). To induce fatigue, 5-fluorouracil (5-FU), a
cytotoxic chemotherapy drug known to cause fatigue in humans30 and fatigue-like behavior in mice10,13, was administered. All data presented are
from adult female C57BL/6NCr mice. Mice were 9-10 (Figure 1 and 2) or 9-13 (Figure 3) weeks of age at time of testing.

Figure 1 shows data from mice that were trained for 5 days, then treated with 5-FU (60 mg/kg/day for 5 days), as in a previously published
model10, to induce fatigue. After completing treatment, they were tested using an exercise capacity test (Figure 1A), which used treadmill
speeds listed in Table 2 and a wire brush, tail tickling, and air puffs to motivate mice to run until incapable of running. The test ended when a
mouse spent 5 continuous seconds on the shock grid. On the following day, mice were tested using the treadmill fatigue test (Figure 1B). This
protocol can detect a significant difference in the distance run during testing between chemotherapy-treated and control mice (Figure 1B),
whereas a treadmill exercise capacity test did not (Figure 1A). To validate that the difference found in the treadmill fatigue test was measuring
fatigue-like behavior, mouse VWRA was measured in a separate experiment. Following acclimation and collection of baseline wheel running
activity, VWRA was measured during the dark cycle ("night", when wheel running primarily occurs) during the 5 days of 5-FU treatment and for
an additional night beyond completion of 5-FU treatment. Mice undergoing 5-FU treatment displayed fatigue-like behavior by the second night of
treatment (Figure 1C). This effect increased over the course of the experiment and persisted beyond the end of treatment, indicating that fatigue-
like behavior should have been detectable in the mice from Figures 1A and 1B. As the treadmill fatigue test was capable of detecting differences
in the distance run by control and 5-FU-treated mice, this supports the conclusion that the treadmill fatigue test is capable of measuring fatigue-
like behavior.

The treadmill fatigue test can also detect fatigue-like behavior in mice receiving chemotherapy at different doses and treatment schedules. Mice
receiving one 80 mg/kg dose of 5-FU per week for two weeks (for a cumulative dose of approximately half of what mice received in Figure 1)
displayed fatigue-like behavior, as demonstrated by a decrease in distance run (Figure 2).

As the number of training sessions and/or length of time between training and testing may vary depending upon the mice used and the method
used to induce fatigue, it is important that changes in these variables do not prevent the detection of fatigue-like behavior. The experiments
shown in Figures 1A and 1B (in which mice received 5 days of training) and Figure 2 (in which mice received 3 days of training) illustrate that
fatigue-like behavior is detectable when the number of training sessions and time between training and testing are changed.
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In Figure 3, no chemotherapy drugs were administered, but mice were tested using the treadmill fatigue test weekly. Although mice can be
tested repeatedly using this protocol, but they may become less willing to run upon repeated testing (Figure 3). The percentage of mice that
would not run during weekly tests increased with every test and, after the second test, at least half of the mice tested would not run on the
treadmill. This data suggests that testing with this protocol should be limited to one or two tests to avoid a high rate of non-compliant mice.

 

Figure 1: The Treadmill Fatigue Test, like Voluntary Wheel Running and in Contrast to the Treadmill Exercise Capacity Test, Detects
Fatigue-like Behavior in Mice Receiving Daily Chemotherapy. On days 1-5, mice were trained daily on the treadmill. On days 6-10, mice
underwent treatment with 5-FU (60 mg/kg/day) to induce fatigue or PBS. (A) On day 11, mice were tested using a standard treadmill exercise
capacity test. (B) On day 12, mice underwent the treadmill fatigue test. (C) Wheel running activity (shown as a percentage of untreated baseline
running). Mice were acclimated to running wheel cages for 7 days and baseline wheel running was collected over 4 additional nights and
averaged to determine baseline wheel running for each mouse. On days 1-5, mice were treated with 5-FU (60 mg/kg/day) or PBS. Night 1 is
the night after the first dose of 5-FU. For panels A and B, data are mean + SD from 5-6 mice per treatment group. For panel C, data are mean ±
SD from 6 mice per treatment group. **p <0.01, Student's t-test; ***p <0.001, two-way repeated measures analysis of variance with Bonferroni
correction Please click here to view a larger version of this figure.

 

Figure 2: Weekly Treatment with 5-FU Induces Fatigue-like Behavior in Mice. On days 1 through 3, mice were trained daily on the treadmill.
On days 4 and 11, mice received injections of 5-FU (80 mg/kg) or PBS. On day 12, mice underwent the treadmill fatigue test. Data are mean +
SD from 12 mice per treatment group. *p <0.05, Student's t-test Please click here to view a larger version of this figure.
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Figure 3: Distance Run and Task Compliance of Mice During Repeated Treadmill Fatigue Tests. On days 1 through 3, mice were trained
daily on the treadmill. On days 5, 12, 19, 26, and 33, mice underwent treadmill fatigue testing. Mice received two injections of PBS the day
before testing and a single injection 30 min prior to testing. (A) Distance run by mice during each week of testing. Data are mean + SD from 12
mice. (B) The percentage of non-runner mice during each week of testing. Non-runner mice were arbitrarily defined as mice that did not run for at
least 6 min. Please click here to view a larger version of this figure.

Time (min) Speed (m/min)

0 12

0.5 14

1 16

6 18

30 20

45 22

60 24

75 26

Table 1: Treadmill Speed During Fatigue Testing.

Time (min) Speed (m/min)

0 10

10 15

15 16.8

18 18.6

21 20.4

24 22.2

27 24

30 25.8

33 27.6

36 29.4

39 31.2

42 33

45 34.8

48 36.6

Table 2: Treadmill Speed During Exercise Capacity Testing.

Discussion

The current protocol describes how to use a mouse treadmill to measure fatigue-like behavior. This method has several advantages over VWRA,
a common preclinical assay of fatigue-like behavior. VWRA requires that mice choose to interact with the test apparatus. As a result, some
inbred strains of mice rarely interact with the wheel16 and run so little that it may be difficult or impossible to identify a fatigue-induced decrease
in activity. In contrast, the treadmill fatigue test eliminates that choice and therefore provides a viable alternative assay of fatigue-like behavior for
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mice that do not run on running wheels. This protocol could be used as a replacement or complement to VWRA and other measures of fatigue-
like behavior and may be particularly useful in testing potential drug therapies to reduce fatigue in mouse models. After establishing via a pilot
study that fatigue-like behavior is observable in a particular mouse model, potential treatments could be administered to alleviate fatigue and
reduce fatigue-like behavior. If a drug treatment attenuates fatigue-like behavior when tested using this protocol, it (or a similar drug) may be
of therapeutic value for treating some forms of human fatigue. Moreover, although there are still many necessary steps in transitioning from
preclinical studies to clinical trials, this protocol permits a greater number of mice to be tested in a much shorter time frame than VWRA so that
fatigue-like effects and potential treatments can be studied and understood faster.

There are several important limitations and considerations to be aware of when using this protocol. First, it should be noted that, as this test
requires physical activity to measure fatigue-like behavior, it may not be suitable for testing conditions that induce cachexia or muscle atrophy
(e.g., advanced cancer). We have also observed that, if the same mice are tested repeatedly, there may be a decrease in overall compliance
(Figure 3B). This effect may not be observed under all testing schedules or in all types of mice, and drug treatment or other interventions might
alter this effect, but it is an important consideration when planning studies using this method. Additionally, there is a risk of injury if a mouse falls
into the gap between the treadmill belt and the shock grid while the treadmill is running. To minimize this risk, mice should be carefully observed
throughout training and testing to ensure their safety and the use of very young or small (<15 g) mice should be avoided. Lastly, although pilot
data collected suggests that female CD-1 and male and female transgenic mice on a 129S1/SvImJ background will perform this task (data
not shown), to date, this protocol has primarily been used to test female C57BL/6NCr mice. As such, it should be noted that other sexes and
mouse strains may differ in training and test performance.  Lastly, although pilot data collected suggests that female CD-1 and male and female
transgenic mice on a 129S1/SvImJ background will perform this task (data not shown), to date, this protocol has primarily been used to test
9-10 week-old female C57BL/6NCr mice. As such, it should be noted that mice of different ages, sex, or strains may differ in training and test
performance.

During testing, it is crucial that mice meeting the fatigue criteria are efficiently and quickly removed, as poor removal technique may provide
additional motivation for a mouse to continue running, causing something other than fatigue-like behavior to be measured. Although the
particular method of removal will depend upon experimenter comfort, a simple method of removal involves using the index and middle fingers of
one hand. Each finger should be held straight and slightly apart from each other prior to entering the treadmill lane and promptly closed around
the tail, near the base, or over the scruff of the mouse. Once securely grasped, the mouse can be readily removed.

It is important for mice to be familiar with the shock grid to provide motivation to run during testing, but frequent shocks during training may
be detrimental to test performance. After the first day of training, most mice will walk on the treadmill successfully and respond to a shock by
running or hopping away on the treadmill, then resume walking to avoid drifting back toward the grid. Some mice, however, may react strongly
to shocks and/or find ways of not performing the task without receiving any. Mice that react strongly to the shock grid may receive more frequent
shocks, spend less time walking on the treadmill, and may attempt to escape from the treadmill. With these mice, the experimenter can place
a gloved hand at the rear of the lane to gently encourage the mouse to continue running. To avoid walking on the treadmill, some mice may
exploit a limitation of the shock grid. The grid requires at least two points of direct skin contact (i.e., two or more paws must be touching the grid)
to shock an animal. Thus, if a mouse sits on it without allowing two feet to touch the grid, it will not be shocked. If this behavior is observed, the
experimenter can gently nudge the mouse to cause it to move its feet and receive a shock or lift the mouse to replace it on the treadmill. If these
interventions are successful, the mouse should begin walking on the treadmill more consistently within several minutes and in future training
sessions. If this intervention is not successful, the mouse should be removed from the study.
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