


Lightfoot et al. (42) identified four QTL that were deemed to
be significant. These QTL represented running duration (DUR13.1),
speed (SPD9.1 and SPD13.1), and distance (DIST13.1), with the
QTL for running speed (SPD9.1) accounting for the largest
percentage of phenotypic variance (11.3). These major QTL do
not directly overlap with the QTL identified here, but direct
comparisons to Lightfoot et al. (42) are difficult because they
examined running values across all 21 days of wheel access, while
we primarily examined daily values and mean values on days 5

and 6 of wheel access. Moreover, Lightfoot et al. (42) generated
their F2 mapping population from different mouse strains (C57L/J
and C3H/HeJ) than those utilized here. A forthcoming common
set of mice (the Collaborative Cross), derived from a diverse set
of eight founder strains and designed for the analysis of complex
traits, should, in our opinion, partially mitigate the need for
comparisons of isolated mapping populations (65). However, we
do feel that the creation of intercross and backcross populations

Fig. 2. G4 QTL maps of running distance (revolutions/day) on each of 6 days
of wheel access, the mean from days 5 and 6, and running trajectories across
the 6-day test. Slopes were not calculated for individuals missing 1 or more
days of wheel-running data. Red traces are the simple mapping output, and
black traces are the GRAIP permutation output. Gray shaded regions are either
suggestive (P � 0.1) or significant (P � 0.05) at a genomewide level in the
GRAIP results. Dotted line represents the permuted 95% LOD threshold.

Fig. 3. G4 QTL maps of time spent running (i.e., cumulative 1-min intervals in
which at least 1 revolution was recorded) on each of 6 days of wheel access,
the mean from days 5 and 6, and running trajectories across the 6-day test.
Slopes were not calculated for individuals missing 1 or more days of wheel-
running data. Red traces are the simple mapping output, and black traces are
the GRAIP permutation output. Gray shaded regions are either suggestive
(P � 0.1) or significant (P � 0.05) at a genomewide level in the GRAIP
results. Dotted line represents the permuted 95% LOD threshold.
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involving phenotype-specific strains (such as HR) will remain
important.

Nehrenberg et al. (46) found little evidence of significant
QTL for running time in general. Contrary to the present
investigation, Nehrenberg et al. (46) employed a backcross
design and an alternate replicate HR line (4 currently exist).
The HR line utilized in Nehrenberg et al. (46) is fixed for a
Mendelian recessive allele (26) that causes an approximate

50% reduction in hindlimb muscle mass and has been mapped
a to a 2.6335-Mb region between 67.453 and 70.0865 Mb on
MMU11 (29). In addition to alterations in muscle mass, this
replicate line exhibits a number of phenotypic differences
compared with the HR line utilized here, most importantly
increases in running speed (Ref. 28 and references therein).
However, the QTL previously detected by Nehrenberg et al.
(46) for running distance and speed and the QTL observed here
for distance and duration were both found in reasonably close

Fig. 4. G4 QTL maps of average running speed (total revolutions/time spent
running) on each of 6 days of wheel access, the mean from days 5 and 6, and
running trajectories across the 6-day test. Slopes were not calculated for
individuals missing 1 or more days of wheel-running data. Red traces are the
simple mapping output, and black traces are the GRAIP permutation output.
Gray shaded regions are either suggestive (P � 0.1) or significant (P � 0.05)
at a genomewide level in the GRAIP results. Dotted line represents the
permuted 95% LOD threshold.

Fig. 5. G4 QTL maps of maximum running speed (highest number of revolu-
tions in any 1-min interval within a 24-h period) on each of 6 days of wheel
access, the mean from days 5 and 6, and running trajectories across the 6-day
test. Slopes were not calculated for individuals missing 1 or more days of
wheel-running data. Red traces are the simple mapping output, and black traces
are the GRAIP permutation output. Gray shaded regions are either suggestive
(P � 0.1) or significant (P � 0.05) at a genomewide level in the GRAIP
results. Dotted line represents the permuted 95% LOD threshold.
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approximation to the tyrosinase (tyr) gene (�94.6 Mb) on
MMU7. This is particularly intriguing given evidence that
tyrosinase can serve as a precursor for dopamine, a neurotrans-
mitter previously demonstrated to be involved in voluntary
movement and predatory aggression (53). The other prominent
QTL identified by Nehrenberg et al. (46) on MMU6 (for
maximum running speed) does not directly overlap with those
identified here.

Although individual days generally shared some common
QTL, the initial exposure (days 1 and 2) to wheels and the
trajectory of running traits across the entire access period
revealed some novel findings. During the initial exposure to
running wheels (days 1 and 2), we have demonstrated that
unique genomic regions are least partially responsible for
running distance and duration as revealed by significant and
suggestive QTL on MMU1, MMU5, and MMU6. In most of
these cases, the B6 allele had significant additive effects, with
the notable exception of the QTL detected on MMU7, where
the HR allele always had an additive effect (and in most cases
a significant one). These temporal differences in additivity may
be illustrative of variation in anxiety- or fear-related behavioral
differences (e.g., as might be measured by open-field behavior)
between HR and B6 mice.

Regions on MMU1 have previously been implicated in both
home-cage activity (34) and open-field behavior (27). Kas et al.
(34) utilized a chromosome substitution strain to identify a
312-kb QTL interval at 80 Mb on MMU1 containing a single
gene (A830043J08Rik) associated with home-cage activity.
Gene expression profiling further identified a gene (Epha4)
outside of the QTL interval as a strong candidate downstream
involved in motor activity via the neuronal circuitry controlling
movement. Distinct from home-cage activity, but still located
on MMU1, loci for open-field behavior have been mapped in
close proximity to 145 Mb (70), 175 Mb (31), 100 Mb (15),
and 190 Mb (58, 59). These regions have been shown to harbor
genes involved in anxiety-like behavior in rodents, and human
homologs have been associated with panic disorder (38). Thus,
on the basis of our present findings, we preliminarily conclude
that fear, or lack thereof, of a novel object (e.g., a running
wheel), or more general anxiety resulting from novel solitary
housing conditions, may contribute to wheel running during
initial exposure to wheels. Additionally, given the results of
Kas et al. (34), regions on MMU1 may play a role in the initial
“learning” (broadly involving neural circuitry) process in-
volved with wheel running. Follow-up investigations will be
needed to elucidate a clearer picture of the regions on MMU1
identified here and their putative role in wheel-running behav-
ior. It is worth noting that variation in the regulation of sex
hormones may also be playing an important role during the
initiation and continuation of wheel running (see Ref. 39);
however, we did not quantify estrogen/testosterone levels in
the present study, and this may have diminished our power of
QTL detection.

Our efforts, along with those of Nehrenberg et al. (46), have
now led to the identification of multiple QTL underlying
activity-related phenotypes in the context of an artificial selec-
tion experiment for increased voluntary wheel running. Al-
though these QTL individually and collectively only explain a
small fraction of the phenotypic variance in activity measures,
they potentially represent genomic regions that have been (or
currently are) under positive selection. We acknowledge the

difficulties in relating the importance of the present results (and
those of Ref. 46) to the phenotypic divergence in wheel
running seen between HR and control mice (e.g., see Fig. 1 in
Ref. 37). First, we have utilized B6 in the creation of the G4 as
opposed to the control lines derived from the Hsd:ICR strain
[Harlan-Sprague-Dawley (HSD), Indianapolis, IN]. Second,
we cannot rule out genetic drift as we are only examining one
of the four replicate HR lines. However, given that nearly all of
the allelic effects from mean running traits on days 5 and 6
associated the HR allele with increased running with partial
replication [compared with Nehrenberg et al. (46)], we feel this
provides reasonably strong evidence that at least some of the
identified genomic regions have been influential during the
evolution of voluntary wheel running in the context of this
artificial selection experiment. Many adaptive changes in ex-
ercise physiology, as well as motivational aspects of voluntary
running, have been observed in HR mice compared with their
ICR controls (see Refs. 24, 53, 64). Presently, we do not know
which component (motivation or ability) most accounts for
variation in wheel running traits or QTL identified in this
mapping population. However, follow-up investigations are
profiling gene expression in brain and muscle tissue in a
selection of G4 mice in the hopes of providing some insight
into these two aspects of voluntary exercise, which may or not
be mutually exclusive.

Average dominance effects of QTL were in most cases large
and appear to be playing an important role in the regulation of
voluntary wheel running. These findings support those of
previous investigations examining wheel running in F1 popu-
lations. Dohm et al. (18) observed net dominance in the
direction of high wheel running in an F1 population resulting
from wild-captured house mice and ICR (the base population
of HR) mice. Additionally, Nehrenberg et al. (45) observed
significant heterotic inheritance of wheel running behavior in
F1 individuals from crosses of HR and C57BL/6J mice (iden-
tical to the strains utilized here). And, to our knowledge, the
most comprehensive examination of heterotic inheritance of
wheel running in mice was conducted by Bruell (7) and
involved 4,000 mice from 13 inbred strains and 31 hybrid
groups, with heterosis observed for a significant number of the
hybrids.

In addition to what might initiate wheel running, we also
attempted to identify genomic regions controlling temporal
variation (or the trajectory) in wheel running. We mapped the
slope and intercept of a linear regression for running distance,
duration, average speed, and maximum speed across all 6 days
of the testing period (for hypothetical examples, see Fig. 4 in
Ref. 25). Here, we report the first ever, to our knowledge, QTL
associated with the trajectory of running across multiple days
of wheel exposure. As expected, the intercept QTL were found
in regions similar to the QTL peaks identified on the initial day
of exposure. However, the QTL observed for the slope of the
exercise-related traits often did not coincide with locations of
the individual day QTL. For example, we identified a peak on
MMU11 for the slope of wheel running distance but did not
observe a peak on MMU11 for running distance on any of the
individual days. Therefore, it is possible that the global trajec-
tory of exercise behavior on longer timescales is at least
partially controlled by different genomic regions than the
behavior on individual days. Although further studies are
needed, these regions may prove especially important given the
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importance of physical activity in the maintenance of weight
regulation.

Previously in this G4 population, we reported significant
effects of sex and parent of origin, and in some cases interac-
tions between these two effects, on voluntary wheel traits and
body composition (36). Formerly, we hypothesized that the
mechanistic regulation of these observed parent-of-origin ef-
fects may be genetic (i.e., X-linked or mtDNA variations),
epigenetic (i.e., genomic imprinting), or environmental (i.e., in
utero environment or maternal care) phenomena. Given the
lack of observed QTL on the X chromosome, we can prelim-
inarily rule out direct genetic effects as an explanation for the
observed parent-of-origin effects on voluntary wheel-running
traits. With regard to genomic imprinting, we observed QTL �
parent of origin interactions for only a small number of QTL.
However, we only examined potential interactions for the QTL
that were initially significant by utilizing additive models
(Table 3). Future studies will be needed to more thoroughly
understand QTL � parent of origin interactions across the
entire genome, whether these potentially significant effects lie
within known imprinting regions, and the explanatory power of
the parent-of-origin specific QTL to the percent phenotypic
variance.

Results of the present investigation are an important step in
continuing efforts to elucidate the genetic architecture of vol-
untary exercise levels. The large number of QTL discovered
here (and by others) suggests that many genomic elements
contribute to the predisposition for voluntary exercise, but the
identities and nature of the underlying genetic variation are not
yet well understood. However, as studies involving all aspects
of activity (wheel running, home cage, open field, etc.) in
rodents are beginning to emerge and converge, the intricacies
of such a complex behavior as voluntary exercise are beginning
to become clearer. And, while translation from mouse to
human is uncertain, given the parallels detailed in Ref. 20
we are optimistic that investigations into the genetic architec-
ture of voluntary wheel running in rodents will have positive
consequences for our understanding of the variation in exercise
behavior in human populations.
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