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Abstract
Purpose—Measurements of exercise behaviors in rodents such as maximal treadmill endurance
and physical activity are often used in the literature; however, minimal data are available regarding
the repeatability of measurements used for these exercise behaviors. This study assessed the
repeatability of a commonly used maximal exercise endurance treadmill test as well as voluntary
physical activity measured by wheel running in mice.

Methods—Repeatability of treadmill tests were analyzed for both inbred and outbred mice in
addition to a 10 week repeatability analysis using Balb/cJ mice (n=20). Voluntary daily physical
activity was assessed by distance, duration, and speed of wheel running (WR). Physical activity
measurements on days 5 and 6 of WR in a large cohort (n=739) of both inbred and outbred mice
were compared.

Results—No significant differences (p>0.05) in exercise endurance were found between different
cohorts of Balb/cJ and DBA/2J mice indicating strains overall generally test the same; however,
significant differences between tests were seen within BaD2F2 animals (p<0.001). Bland-Altman
analysis revealed lack of agreement between weekly endurance tests within mouse, and correlation
analysis showed lack of consistent correlations between weekly endurance tests within mouse. No
significant differences were found for WR measurements within mouse between days (p=0.99). High
correlations between days within mouse for WR were found (r=0.74–0.85).

Conclusions—High intra-mouse variability between repeated endurance tests suggests that
treadmill testing in an enclosed chamber with shock grid for motivation to run in mice is not
repeatable. Conversely, high correlation and agreement between days of wheel running
measurements suggest that voluntary activity (WR) is repeatable and stable within individual mice.
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Introduction
Most measurements of exercise behavior in humans (e.g. exercise endurance, VO2max, activity
level) have been shown to be repeatable within subject [8,28,41]. With this precedence,
measurements of exercise endurance and daily physical activity in rodents are often used to
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investigate regulating mechanisms associated with exercise that are difficult to measure in
humans [22,23,26]. Given the high test-retest repeatability for human exercise behavior
measurement, it is natural to assume that endurance tests in rodents would also be repeatable
and stable. However, repeatability of exercise measurements in rodents must be established to
ensure valid physiological conclusions from such studies. In the current study, we hypothesized
that both treadmill running (using an enclosed chamber treadmill) and wheel running are
repeatable measurements in mice.

Exercise behavior testing in rodents usually consists of either the determination of exercise
endurance/capacity and/or voluntary daily activity. Forced exercise capacity tests in rodents
generally use small treadmills encapsulated by a chamber to assess maximal exercise endurance
and/or VO2max [18,22,24,36,39]. These treadmill protocols typically use a variety of stimuli
(e.g. shock grid, tail tapping, or high pressure bursts of air) to motivate the animal to run.
Treadmill testing for assessment of endurance/aerobic capacity in rodents has been generally
preferred to swimming tests since rodents do not display consistent swimming behaviors (e.g.
animals will bob, float, and/or dive) and these behaviors skew any data investigating aerobic
capacity [20]. Several variations of exercise treadmill protocols have been used with rodents
[4,18,22,24,25,31,36,39]; however, in the current literature, limited studies report a measure
of repeatability of forced treadmill testing within animal [6,17,31]. These studies report within
animal repeatability of VO2max measurements, using enclosed treadmill protocols ranging
from r=0.42 to 0.97 [6,17,31]. In spite of the wide use of exercise endurance treadmill testing
in rodents, no repeatability measures of maximal running time using enclosed chambers (as
opposed to the repeatability of the measurement of VO2max itself) have been reported. Koch
and colleagues used a protocol consisting of five consecutive endurance tests on consecutive
days [18] and have reported that “120 runs in 24 female rats were found not to be different
from a normal distribution as assessed by the Kolmogorov-Smirnov test”. Unfortunately, it
was not noted whether the five tests differed significantly from each other, and it is not clear
whether this is a good indicator of repeatability. Thus, although some papers present some
form of repeatability of VO2max measurements in rodents, no studies have systematically
analyzed the within subject repeatability of forced exercise treadmill tests (measured by run
time) in rodents.

The other most common measurement of exercise behavior in rodents involves the
determination of daily voluntary activity levels using wheel running [16,19,23,27,35,38,43].
Much like exercise endurance, day-to-day wheel running within strains of rodents has been
assumed to be repeatable; however, little data is published regarding this assumption. Friedman
and colleagues [17] evaluated several locomotor behaviors including wheel running in 35
random bred male ICR mice and reported a r-value=0.852 (with deletion of one outlier)
between days 6 and 7 of wheel running. Additionally, Swallow et al. [36] tested 577 male and
female mice selectively bred for high-wheel running activity and reported a r-value=0.787 for
females, and a r-value=0.868 for males for repeatability of wheel running between days 5 and
6 of data collection.

Given the relative paucity of the data regarding the repeatability of rodent exercise behavioral
measurements in the literature, the goal of this study was to examine the repeatability of
commonly used forced exercise treadmill tests and daily voluntary physical activity
measurements in several cohorts of inbred and outbred mice.

Methods
Overview

A variety of different mouse cohorts were used in the completion of this study. Archived,
unpublished data from several previous studies [23,24,26,27] as well as data collected
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specifically for this project are reported in this paper. All procedures were reviewed and
approved by the University of North Carolina Charlotte Institutional Animal Care and Use
Committee, conformed to the animal care policies of the U.S. Department of Agriculture
(USDA), and conformed to the Resource Book for the Design of Animal Exercise Protocols
[20]. All animals were housed in the University Vivarium with 12 hour light/dark cycles, were
provided standard rodent chow (Harlan Teklad) and water ad libitum, and were weighed
weekly. Mice used in maximal exercise treadmill tests were group housed four mice per cage
and identified using ear punches. Mice used during wheel running experiments were single
housed in rat size cages and identified using a unique mouse number as well all other identifying
information on cage cards.

Animals Used
Exercise Endurance repeatability—Using data from previous studies, we first
investigated whether exercise endurance was similar within inbred strain between different
mouse cohorts separated in time. This question directly addressed whether exercise endurance
within a particular strain of mouse was stable over time and was determined by comparing
exercise endurance from two cohorts of Balb/cJ and DBA/2J inbred mice tested in the same
manner in 1999 [24] and in 2005 (unpublished data). Both cohorts of mice were oriented to
the treadmill twice, and we used an open treadmill, which allowed manual stimulation of the
animal (tapping the tail) in conjunction with a shock grid to encourage running. Otherwise, the
procedures used were the same as that addressed below. The strains tested in 1999 consisted
of eight female Balb/cJ (weight = 19.0±1.2g) and seven female DBA/2J mice (weight = 16.9
±1.4g), while the 2005 cohort consisted of 10 female Balb/cJ (weight = 20.6±0.8g) and 10
female DBA/ 2J mice (weight = 20.4±1.6g).

To determine repeatability of exercise endurance in outbred mice at two distinct time points,
we compared repeated exercise endurance tests from 80 BaD2F2 outbred mice that were tested
using a sealed metabolic chamber that used a shock grid as the sole means to motivate exercise.
Before testing began, mice were oriented to the treadmill twice by allowing the animal to sit
in the chamber on the treadmill for 3 minutes, followed by 15 minutes of exercise at a speed
of 16 m/min. These 80 mice were chosen from a cohort of 300 F2 mice because they exhibited
either high (n=40) or low (n=40) endurance during a maximal endurance test conducted using
methods outlined below and previously published [24]. These mice were developed by
reciprocally crossing high endurance Balb/cJ and low endurance DBA/2J inbred strains [24],
and exercise endurance of the BaD2F2 mice was measured at 86.3±7.2 days (weight = 23.1
±3.1g) and 140.1±5.3 days of age (weight = 24.9±2.7g).

Finally, to investigate within mouse repeatability of exercise endurance across shorter time
spans, but without intervening exercise training, 20 Balb/cJ mice (10 female, 10 male), were
exercise endurance tested using the sealed metabolic treadmill approximately every seven days
after one orientation to the treadmill (see below). Balb/cJ mice were chosen for this protocol
because previous studies have shown this strain to perform well on forced treadmill tests
[24]. The males were tested every seven days starting at age 41.5±0.5 days. To eliminate
possible sex hormone effects on exercise endurance, the female mice were tested during the
diestrous phase of the estrous cycle which was determined by the presence of cornified
epithelial cells in a vaginal smear [3]. This testing began when the females were 44.6±0.5 days
of age and given the normal length of the estrous cycle (≈4–5 days, with diestrous lasting 2–
2.5 days), endurance treadmill testing was accomplished approximately once every seven days.

Physical Activity Repeatability—We also determined if measurement of voluntary
physical activity using a running wheel was repeatable. The data used to determine the
repeatability of physical activity were taken from a large dataset using a base cohort of 739
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mice from 22 inbred strains (n= 367; 129s1/SvImJ, A/J, AKR/J, Balb/cJ, C3H/HeJ, C3Heb/
FeJ, C57BL/10J, C57BL/6J, C57BLKS/J, C57L/J, CAST/Ei, CBA/J, CE/J, DBA/2J, LP/J,
MRL/MpJ, NZB/BinJ, PL/J, SM/J, SPRET/Ei, SWR/J, WSB/Ei) and from 2 outbred strains
developed in our laboratory (n=372, C3C5F1, C3C5F2). Within this large cohort, there were
324 females and 415 males. Given that the highest activity levels for mice generally occur
between 9 and 12 weeks of age [37], we attempted, where possible, to draw data for the day
5/day 6 repeatability comparison when the mice were 68–69 days of age (i.e. 9 weeks + 5 days).
Thus, the average age of the mice for the day 5–6 comparison was 69.7±7.4 days. In 34 cases,
data for the repeatability comparison was shifted from day 5–6 to day 4–5 or to day 6–7 because
of equipment sensor failure on either day 5 or 6 of wheel running exposure.

Forced Maximal Endurance Testing
Similar methods were used to determine exercise endurance for all mice [24,26] with the
exception of the use of an open treadmill or a sealed, metabolic treadmill (5.08 cm × 38 cm;
Columbus Instruments, Columbus, OH). All mice, regardless of the treadmill used, had one or
two orientation exposures to the treadmill, each separated by at least 48 hours from the other
orientation exposure or an exercise endurance test. In all cases, the front eight cm of the
treadmill chamber was covered to provide a dark area for the mice to run toward. The first
orientation exposure consisted of placing the mouse on the treadmill and letting the mouse
walk on the treadmill at 16 m/min for 15 minutes. A shock grid mounted at the back of the
treadmill delivered a 3.0 mA current [22,36] to provide motivation for exercise. The treadmill
endurance protocol consisted of a series of stages and has been described previously [24,26].
Briefly, each stage was three minutes long with the initial stage being a period of
acclimatization. At the end of the first three minutes, the speed was increased to 16 m/min and
then increased by four m/min every three minutes until a maximum speed of 40 m/min. If the
mouse was still running at this stage the grade was increased every three minutes by five
percent. The test was ended when the mouse sat on the shock grid at the back of the treadmill
for five seconds, or if the protocol was maxed out at 36 minutes, 40 m/min, and 15% grade.
As is evident from the data shown in this paper, a mouse very rarely reached the end of the
protocol, thus the repeatability of the data is was not jeopardized by unclear endpoints.

To determine if exercise endurance measurement was repeatable over a longer period when
tested weekly, each Balb/cJ mouse was endurance tested once a week for a period of ten weeks.
As noted earlier, female mice were only tested during the diestrous phase of the estrous cycle
when estrogen levels are lowest. In order to quantify any technician bias, five male and five
female mice were randomly assigned to one of two technicians and these technicians conducted
the endurance tests on the same ten mice each week throughout the study.

Voluntary Physical Activity Measurement
Daily running on the wheel was measured using methods described previously [21,23,27].
Briefly, mice were housed individually, with a running wheel (circumference 450mm; Ware
Manufacturing, Phoenix, AZ) mounted in each cage. The wheels were equipped with a magnet
mounted on the outside surface and the top of the cage was equipped with a magnetic sensor
(BC500; Sigma Sport, Olney, IL). Each cage computer was calibrated for the wheel
circumference allowing for accurate measurement of distance (km) and time the animals ran
on the wheel (duration = mins). Speed of activity (m/min) on both days was calculated by
dividing daily distance by daily duration of exercise. The data were collected every 24 hours
for 7–21 days and data collected on days 5 and 6 were used for repeatability testing. The wheels
were checked manually each day to assure sensor alignment and free turning of the wheel.
“Coasting” by the mice, where the mice stopped running while the wheel continued to turn
with the mouse still on the wheel, was not a concern due to three factors: 1) The running wheels
used had a metal solid-surface and thus, they could not grip the wheel to coast unlike if the
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wheel surface were mesh; 2) the wheels had a diameter that was too small for the mouse to run
up one side and then coast as the wheel re-centered from the unequal weight on one side of the
wheel; and 3) two cross axis bars attaching the wheel to the axle prevented the mice from
jumping off the wheel while it was still turning, thus requiring that the mouse stop the wheel
before getting off and removing any excess wheel spinning. In addition, anecdotally our
research team has never observed the mice coasting the running wheels we use to measure
daily activity.

Statistical Analysis
All analyses were conducted using JMP software (ver. 7.0, SAS Institute, Cary, NC) and the
alpha value was set a priori at 0.05. Several analyses were used depending upon the questions
being examined. A two-way ANOVA (factors = strain and year tested) was used to determine
the overall stability (not repeatability) of exercise endurance between different mouse cohorts
separated by time. A two-way ANOVA (factors = endurance classification and time of
measure) with a repeated measure on one factor (time of measure) was used to determine
differences in exercise endurance data within a cohort of F2 mice that were classified on the
basis of one exercise endurance test. Bland-Altman analysis [9] was used to determine 95%
levels of agreement between tests (repeatability) within the F2 mice. In short, the differences
between repeated measures within an individual subject were assessed relative to the average
between the two measures for the single individual. The average difference across all subjects
was used to determine the levels of agreement in which 95% (±1.96 standard deviation) of the
subject were expected to lie. Determination of the repeatability of exercise endurance every
week for 10 weeks within the same cohort of animals was also accomplished using Bland-
Altman analysis. Additionally, pairwise correlations between all 10 weeks of endurance testing
were conducted to determine the association of endurance test results across the 10 repeated
endurance tests. Two-way ANOVA (time of measurement and sex) with time of measurement
being a repeated factor, was used to assess differences in running data. Where appropriate,
Tukey’s post-hoc analysis were used to examine significant main effects.

A two-way ANOVA (day of measurement and sex) was used to initially determine if sex played
a role in the repeatability of any of the physical activity measurements. If sex exerted a non-
significant main effect, the analysis was repeated using paired t-tests with each running wheel
index (i.e. distance run, duration of exercise, and speed of exercise) to determine differences
in activity level between days 5 and 6 of exposure to a running wheel. Additionally, Bland-
Altmans analysis [9] was used to determine levels of agreement and repeatability between day
5–6 of wheel running distance for all 739 mice.

Results
Different groups of Balb/cJ and DBA/2J mice were endurance tested in 1999 and 2005. Results
in Figure 1 show that endurance test performance was not different between these
measurements, within strains of mice (Balb/cJ mice, p=0.55; DBA/2J mice, p=0.51) despite
being separated by approximately six years. This result does not show repeatability; however
it does imply stability of the endurance phenotype within strain over time.

A large cohort of F2 outbred mice (n=300) were exercise endurance tested at 12 weeks of age
and the top 40 performing animals were classified as “high endurance” and the lowest 40
performing animals were classified as “low endurance”. A second endurance test was
conducted on these 80 mice within seven weeks of the original test. Figure 2 shows a Bland-
Altman analysis showing lack of agreement between test 1 and test 2 within mouse, indicating
low repeatability. In the second test, the high endurance mice exhibited significantly less
endurance (test 1: 28.1 ± 2.0 min, test 2: 21.7 ± 7.0 min, p<0.001) than on their first test.
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Conversely, the low endurance mice exhibited significantly higher endurance (test 1: 9.7 ± 4.2
min, test 2: 15.5 ± 8.3 min, p<0.001) than on their first test (not displayed in graphical form).

In comparing the 10 weeks of endurance testing among male and female mice, no difference
in association between max endurance tests were attributed to sex. Thus, all animals were
combined, and pairwise correlations were completed for all 20 Balb/cJ mice for each week of
endurance testing (Table 1). When compared using two-way ANOVA, starting at week four,
significant differences were found between males and females in overall average run time with
males running a significantly longer duration than females (p=0.035). Two-way ANOVA also
showed significant differences between exercise endurance tests across weeks in the female
mice (p=0.041). The coefficient of variation within each mouse between exercise endurance
tests over the 10 weeks was very high for both males and females (average CV= 37.0, CV=
51.0 respectively). Fig. 3 shows a Bland-Altman analysis which indicated a very low agreement
in endurance scores within mouse between weeks 1–2, 5–6, and 9–10. No technician bias was
found to have been associated with the variation in endurance scores (p>0.05, t=1.97) and body
weight was not correlated with endurance performance (males, r=0.26; females, r= −0.15).

In regard to wheel running repeatability, female and male mice exhibited similar repeatability
measures in distance, duration, and speed (data not shown). Thus, when all mice were pooled,
there were no significant differences found between days 5 and 6 in distance, duration, or speed
(Fig. 4). Additionally, high correlations between days 5 and 6 (distance, r=0.74; duration,
r=0.74; speed, r=0.85) indicate repeatability within mouse for physical activity measurements.
The Bland-Altman analysis on the wheel-running data (Fig. 5) also highlights the high level
of agreement between activity indices within mice.

Discussion
Over the past several years, studies examining both maximal endurance phenotypes and
physical activity phenotypes in rodents have been reported in an effort to assess the genetic/
biological factors involved in the regulation of these exercise behaviors [14,18,22,23,26,27,
31,32,36,40]. Given the relative consistency of these measures of exercise behaviors in humans
(e.g. VO2max tests) and in smaller reported cohorts of mice, all of which assessed repeatability
of VO2max measurements [6,17,31], it has been natural to assume that these measures were
repeatable in mice. In addition, given the fact that VO2max is a good predictor of exercise
endurance in humans [5,11], and has been shown repeatable, the assumption could be made
that maximal endurance tests used to assess endurance in rodents [4,18,24,40] would also be
repeatable. Our finding of within strain consistency of overall endurance in different cohorts
of mice over a six year period (Fig. 1) and the repeatability of voluntary wheel-running
measurements (Fig. 4, Fig. 5) support this assumption. However, over the course of several
years and a number of studies, a lack of consistency in repeat testing of mouse maximal
endurance became apparent in our lab (Fig. 2). This evidence, led us to conduct the 10 week
repeatability of max endurance outlined in Table 1 and Figure 3, and combined, these data
raise questions regarding the repeatability of this method of maximal endurance measurement
in mice.

Forced Maximal Endurance Tests
Conducting endurance treadmill tests in rodents can be difficult. It has been noted [6,20] that
anywhere from 10–25% of rats will refuse to run on a treadmill, even with orientation
exposures. Given the difficulty of having rodents perform forced endurance tests, it is
surprising that relatively few studies have reported repeatability results of maximal exercise
endurance or VO2max using a graded treadmill protocol in mice. Rezende and colleagues
[31] measured VO2max during endurance treadmill tests in mice (n=48) selectively bred for
high wheel running and reported repeatability of VO2max during treadmill tests as r=0.42.
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Uniquely, Rezende and colleagues (29) also reported using a subjective scale to assess the
quality of the treadmill tests. Any “poor trials” were not included in the analysis [31] suggesting
that there was some acknowledgment that animals may not repeatedly run to exhaustion.

Other interpretations of rodent exercise capacity repeatability may be hampered by
methodological limitations. Bedford and colleagues [6] tested the repeatability of a ten-stage
graded treadmill test in rats (n=18) and reported a reliability coefficient of 0.97. However,
Bedford and colleagues operationally defined VO2max as “one in which there is less than a
5% increase in VO2 with increase in work intensity.” This operational definition was different
than what is normally used in literature - allowing the rodent to run to exhaustion - and this
operational definition difference may contribute to their observation of higher repeatability
values compared to other studies. We have anecdotally observed that even in using four
different rodent metabolic carts and three different forced exercise modalities, that oxygen
consumption values in rodents often peak very early in a forced endurance test and then decline
in spite of continued increases in workload. Speculatively, this type of response is most likely
due to the common set-up of most commercially available sealed, rodent exercise metabolic
chambers that allows the animal to remove their ventilatory stream from the gas sampling
airstream when the mouse runs farther back on the treadmill. Support for this suggestion comes
from earlier work by Friedman et al. [17] that tested the repeatability of several locomotor
behaviors in random bred ICR mice (n=38) and reported a repeatability for VO2max of r=0.809.
In this study, the authors used the peak VO2 measurement during a test as the VO2max
regardless of whether this peak measurement occurred at the end of the test when mice were
exhausted and unwilling to run farther or if the peak was reached earlier in the test but the
animal continued to run beyond this point. Thus, our observations, combined with both
Friedman and colleagues’ [17] and Bedford et al.’s [6] studies suggest that repeatability of a
forced exercise test in a rodent may depend upon the operational definition of the primary
measure (e.g. VO2max) used as well as the testing equipment used.

Since measurement of maximal aerobic capacity in rodents can be challenging, graded
treadmill protocols have also been used to measure maximal endurance without measurement
of VO2max [4,18,24,40]. To date, repeatability of exercise endurance measures using this type
of protocol has not been reported. Koch et al. [18] initially implemented an endurance testing
protocol which consisted of a week of increasing orientation bouts on a treadmill, followed by
endurance max testing in the second week for five consecutive days to assess heritability of
exercise endurance in rats. These authors reported that within sex, variation in the five
consecutive max endurance tests “was found not to be different from a normal distribution”.
However, in none of the publications where this endurance testing model has been used, has
it been noted whether the five tests differed significantly from each other, nor whether possible
physiological training effects of the five consecutive max tests occurred. Regardless of whether
these items were considered, the exhibition of a normal distribution across repeated testing
does not indicate repeatability. For example, in the current study, the repeated testing we did
over a ten-week time period (Table 1, and Fig. 3), was still normally distributed (Shapiro-Wilk
W test, p=0.12) in spite of exhibiting an approximately 400% difference in day to day results
and virtually no test-retest significant association. Therefore, a set of repeated measures can
have a normal distribution, yet be significantly different within-subject and thus, not be
repeatable test-test. While it appears that measurement of VO2max in rodents may be repeatable
under specific conditions, the data found in our study (Table 1, Fig. 2, and Fig. 3) indicate that
measurement of endurance in mice (as assessed by time to exhaustion in a sealed treadmill
chamber using a shock grid for motivation) may not be repeatable.

Indeed, one possible reason for the lack of repeatability within our studies was the use of a
sealed metabolic chamber with shock grid. During our early use of an open treadmill which
allowed manual encouragement of running (using tail tapping) we observed consistency within
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strain, even across several years (Fig. 1). Musch, et al. have recently supported this suggestion
of the need for manual encouragement when they reported repeatability of endurance testing
in rats using both shock and physical encouragement [10]. However, the use of an enclosed
treadmill, while necessary for metabolic measures, eliminates the possibility of using manual
encouragement as a supplement for electric shock. Thus, the lack of an additional means of
motivating continued running when using a sealed treadmill may be a large factor in whether
measurements of endurance are repeatable or not.

Another possibility to explain the lack of repeatability with the sealed treadmill is that testing
using electric shock as motivation may be more of a psychological stressor to the animal than
other exercise measurements such as voluntary wheel running. This hypothesis is supported
indirectly by several studies. First, the use of various means of motivation for running during
forced treadmill tests (e.g. electric shock, puffs of air, tapping of the tail) may induce a negative
response in the animal similar to that of chronic psychological stress, and this could mask true
exercise behaviors [29]. One such negative response is the observation that brain derived
neurotrophic factor (BDNF) decreases after forced exercise in rodent models similar to the
effects seen during immobilization stress [1,2]. However, in humans, treadmill exercise has
been shown to increase BDNF levels [15], as has wheel running in mice [13]. Thus, treadmill
exercise in rodents may not be an appropriate model for the comparison of the response to
treadmill exercise in humans due to the psychological stress to the rodent, which may in turn
contribute to this measurement’s lack of repeatability in mice.

The significant difference observed between male and female mice during the repeated 10
week endurance study was unexpected, but may be related to the time of measurement within
the estrous cycle. Female mice were only endurance tested during the diestrous phase of their
cycles, which corresponded to periods of low estrogen. There have been no studies
investigating the effects of the estrous cycle on exercise endurance in rodents; however,
numerous other studies have suggested that estrogen may play a role in the regulation of overall
physical activity patterns [33]. Thus, while it cannot be definitively concluded that the low
estrogen levels are responsible for the sex difference seen in average exercise endurance in this
study, the wide test-to-test variation seen in both females and males across time (Fig. 3) and
the lack of significant test-retest association (Table 1,Fig. 3) lends support to the finding that
exercise endurance measured in a sealed treadmill is not repeatable. Furthermore, the
observation of no significant differences in exercise endurance between the 10 repeated tests
in the male mice may have occurred because the variation between tests were so large that
statistical significance for repeated measures ANOVA may have been undetectable. This
hypothesis is supported by the lack of agreement between repeated tests in both the male and
female mice as shown by the large 95% limits in the Bland-Altman analysis (Fig. 3).
Additionally, it is worth noting that none of the animals in this maximal treadmill protocol
actually reached the end of the protocol before stopping; thus, variation in the endpoints of the
protocol did not contribute to the overall variation observed. Therefore, although males and
females were significantly different in average run time on the endurance tests, both sexes were
similar in their lack of repeatability in this measure. The large variation in maximal exercise
endurance we observed with repeated testing is relevant given the repeatable nature of maximal
endurance testing in humans (8–10%) [28] and the growing number of studies that are using
maximal endurance testing without repeatability monitoring to distinguish between exercise
and pharmacological treatments in animals [30,42].

Voluntary Physical Activity (Running Wheel)
Our large cohort data, in addition to the available literature, suggest that physical activity as
measured by running wheel activity in rodents is a repeatable phenotype (Fig. 4–Fig 5).
Swallow and colleagues [35] reported high repeatability of running wheel activity on days 5
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and 6 of measurement in selectively bred mice (n=287 females r=0.787; n=273 males r=0.868).
In addition, Rezende and colleagues measured VO2max during wheel running in selectively
bred female mice (n=48) and reported repeatability of VO2max measurements during running
wheel activity as r=0.844 [31], indicating that both running wheel activity and VO2max
achieved during wheel activity are repeatable. Similar to humans, levels of BDNF increase in
the brain following voluntary physical exercise in mice [7], possibly helping to explain the
repeatability of this phenotype in rodent models.

It is also warranted to speculate that the repeatability of wheel running in rodents is due to the
voluntary and perhaps the innate nature of this activity. Rowland [34] described the idea of an
intrinsic biological control of energy expenditure in animals. From an evolutionary standpoint,
it would be beneficial for organisms to maintain energy balance, and he proposed this was done
by an “activity-stat” mechanism. Rowland proposed several lines of evidence, including
genetics, for this “activity-stat” mechanism which would theoretically work centrally to control
amount of intrinsic physical activity, and thus, energy expenditure [34]. Supporting the
hypothesis of an “activity-stat” is the observation that genetically different strains of mice differ
in the level of voluntary wheel running [23]. Because this “activity-stat” would be regulated
centrally and would be intrinsic to individual animals, this could explain why the measurement
of voluntary physical activity has been shown to be repeatable in our data and the available
rodent literature.

Conclusions
Although within strain variation appears stable over time when an open treadmill is used (Fig.
1), exercise endurance measurements using sealed treadmills repeated on the same mouse are
not repeatable. Crabbe and colleagues [12] employed a well designed study to show that inbred
strains of mice differ in behavioral phenotypes depending on the laboratory setting. Even
though different technicians and slightly different laboratory settings were employed for the
different cohorts of mice outline in Figure 1, these two strains, as groups, tested the same over
time. The different reported values for repeatability of VO2max testing in rodents in the
literature could be partially explained by the evidence presented by Crabbe and colleagues;
however, in the current study, even when repeated maximal endurance testing in the same lab,
under the same conditions, with the same technicians was employed (Table 1) the results
suggest high variability in this behavioral test (Fig. 3). It may be possible to repeatedly
endurance test rodents using other methods; however, the results of this study indicate using
an enclosed treadmill with a shock grid for aversive stimuli that produces a negative stimulus
to encourage mice to run to “exhaustion” is not a repeatable measure for assessing exercise
endurance in mice. In contrast, daily physical activity as assessed by distance, duration, and
speed on a running wheel appears highly repeatable in both inbred and outbred mice. The level
of voluntary physical activity an animal performs appears to be both genetically and
biologically regulated possibly influencing the high repeatability of this phenotype. The
observations in this study are critical in considering results from current and future exercise
behavior literature that investigates the role of various biological factors involved in the
regulation of exercise behaviors in rodents.
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Figure 1.
Average Time (and standard deviations) in minutes of two different cohorts of Balb/cJ mice
and DBA/2J mice separated by 5 years. No significant differences were found between years
within either strain (Balb/cJ mice, p=0.55; DBA/2J mice, p=0.51).
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Figure 2.
Bland-Altman Analysis for repeated exercise endurance testing. A. Difference between
endurance test 1 and endurance test 2 versus average of endurance test 1 and endurance test 2
with the 95% limits of agreement (dashed lines) and mean difference (solid line) betweens test
1 and test 2. B. Scatterplot test 1 versus test 2, r = 0.43, p > 0.05.
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Figure 3.
Bland-Altman Analysis for repeated exercise endurance testing across 10 weeks. A. Difference
between endurance test during week 1 and week 2 versus average of endurance test during
week 1 and week 2 with the 95% limits of agreement (dashed lines) and mean difference (solid
line) between endurance tests. B. Scatterplot of endurance test during week 1 versus endurance
test during week 2, r = 0.27, p > 0.05 C. Difference between endurance test during week 5 and
week 6 versus average of endurance test during week 5 and week 6. D. Scatterplot of endurance
test during week 5 versus endurance test during week 6, r = 0.33, p > 0.05 E. Difference between
endurance test during week 9 and week 10 versus average of endurance test during week 9 and
week 10. F. Scatterplot of endurance test during week 9 versus endurance test during week 10,
r = 0.18, p > 0.05.
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Figure 4.
Comparison of wheel running indices between day 5 and 6 of wheel running exposure in inbred
and outbred mice (n=739). No significant differences were found between the two days of
measurement for any index (Distance, Km/day; duration, min/day*100; and speed, m/min).
Correlation values are also reported for each index.
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Figure 5.
Bland-Altman Analysis for repeated wheel running distance measurements on days 5 and 6 of
wheel running. A. Difference between distance run on day 5 and day 6 versus average distance
run on day 5 and day 6 with the 95% limits of agreement (dashed lines) and mean difference
(solid line) betweens test 1 and test 2. B. Scatterplot of distance run on day 5 versus day 6, r =
0.74, p = 0.99.
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