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• Male mice were housed in standard cages or with wheels for 3 weeks after weaning.
• All mice then experienced a sedentary phase for two months.
• Early-life wheel access increased adult voluntary exercise but not cage activity.
• The effect on plasma leptin concentrations depended on genetic background.
• Results are relevant for the importance of physical education for children.
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The purpose of this study was to evaluate the effects of early-life exercise on adult physical activity (wheel run-
ning, home-cage activity), bodymass, food consumption, and circulating leptin levels inmales from four replicate
lines of mice selectively bred for high voluntary wheel running (High Runner or HR) and their four non-selected
control (C) lines. Half of the mice were given wheel access shortly after weaning for three consecutive weeks.
Wheel access was then removed for 52 days, followed by two weeks of adult wheel access for all mice. A blood
sample taken prior to adult wheel testing was analyzed for circulating leptin concentration. Early-life wheel ac-
cess significantly increased adult voluntary exercise on wheels during the first week of the second period of
wheel access, for both HR and C mice, and HR ran more than C mice. During this same time period, activity in
the home cages was not affected by early-age wheel access, and did not differ statistically between HR and C
mice. Throughout the study, all mice with early wheel access had lower body masses than their sedentary coun-
terparts, andHRmice had lower bodymasses than Cmice.Withwheel access, HRmice also ate significantlymore
than Cmice. Early-life wheel access increased plasma leptin levels (adjusted statistically for fat-padmass as a co-
variate) in C mice, but decreased them in HR mice. At sacrifice, early-life exercise had no statistically significant
effects on visceral fat pad, heart (ventricle), liver or spleen masses (all adjusted statistically for variation in body
mass). Results support the hypothesis that early-age exercise inmice can have at least transitory positive effects
on adult levels of voluntary exercise, in addition to reducing bodymass, andmay be relevant for the public policy
debates concerning the importance of physical education for children.

© 2015 Published by Elsevier Inc.
1. Introduction

Human obesity and its negative health consequences are caused by
interactions among diet, level of physical activity, environmental fac-
tors, sex, genetic predisposition, and socio-cultural factors [1–9]. Like
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obesity itself, levels of physical activity and diet/caloric intake are prod-
ucts of both genes and numerous environmental effects acting across
ontogenetic development. Some human studies have identified early-
life risk factors for a sedentary lifestyle (e.g., [10,7]) and parental charac-
teristics that are somewhat predictive of adolescent physical activity
[11]. Overall, however, early-life environmental determinants of adult
physical activity levels are poorly understood [12–20].

Given that exercise is a fundamental tool inmetabolic health and the
control of body weight, an essential line of questioning pertains to un-
derstanding its regulation and programming ([21,22]). The dramatic in-
crease of the prevalence of obesity [23] heightens the need for new
insights into mechanisms that govern energy balance and voluntary ac-
tivity levels. This is especially critical because recovery from long-term
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obesity is particularly difficult due to an elevated defended bodyweight.
Consistent with this concept, both juvenile obesity and diabetes tend to
persist into adulthood, rendering such preventative measures as early
exercise exposure a potentially useful option with long-term, beneficial
effects [24]. Accumulating evidence suggests that early-life experiences
can alter adult levels of voluntary exercise (VE) and/or spontaneous
physical activity (SPA). For example, in a prospective birth-cohort
study using accelerometers, parents' physical activity during pregnancy
and early in the child's life showed a modest positive association with
the child's physical activity at 11–12 years of age [11]. Less direct evi-
dence comes from studies of individuals exposed to famine. Those ex-
posed to the Dutch famine during gestation have increased adiposity
and more atherogenic lipid profiles in later life that may be related to
decreased physical activity [25,7]. Individuals exposed to the Chinese
famine during fetal life or infancy have an increased risk of metabolic
syndrome in adulthood [20]. However, as these sorts of studies are not
experimental (no interventions applied), it is difficult to identify causal
relationships.

Animal models are widely used for studies of early-life effects be-
cause they allow manipulations that would be neither feasible nor eth-
ical in humans [26]. A few rodent studies demonstrate that juvenile
exercise can affect adult activity levels. Inmale rats, 3weeks ofwheel ac-
cess begun at 36 days of age reducedweight gain over thenext 10weeks
[27]. Three weeks of post-weaning exercise in leptin-resistant rats bred
to develop diet-induced obesity caused a sustained resistance to obesity
on high-fat diet, in part due to increased central leptin sensitivity [28]. In
rats genetically prone to early-onset, hyperphagia-induced obesity,
post-weaning voluntary exercise for ~3 weeks caused long-term mod-
eration of adiposity in males but not females [29].

In the present study we examined the effects of early-life wheel ac-
cess on adult physical activity in a unique, genetically defined animal
model, four selectively bred High Runner (HR) mouse lines and their
four non-selected Control (C) lines [30–32]. The HR and C lines differ
markedly in both voluntary wheel-running behavior [32] and baseline
activity in the home cagewhenwheels are absent [33,34], which also al-
lows tests for genotype-by-environment interactions. Previous studies
of a subset of these lines have identified quantitative trait loci (QTL)
that influence voluntary wheel running and body composition (e.g.
[35–39]), but the importance of early-life environmental factors is un-
known. Furthermore, using lines of mice with a wide range of running
distances allows for assessment of possible threshold effects, or plateaus
in benefit. Additionally, use of multiple genetic strains to some extent
better mimics human ethnic and racial diversity in proneness to physi-
cal activity, obesity, metabolic syndrome, and related diseases (e.g., see
[40–42]).

Based on associations observed in humans (e.g., [40]) several differ-
ences between HR and C mice suggest that they are likely to respond
differently to early-life factors. For example, as compared with C, HR
mice have higher

.
VO2max and endurance during forced exercise, an al-

tered brain reward system, elevated baseline circulating corticosterone
levels (for possible relevance, see [43]), and increased depressive-like
behaviors when wheel-deprived [44–47,33,48,49]. Moreover, previous
studies document significant genotype-by-environment interactions
in adult HR vs. C mice challenged with Western diet and housed with
versus without wheels ([50–52,48]).

2. Materials & procedures

2.1. Experimental animals

Mice were from an artificial selection experiment that breeds for
high voluntary wheel running activity [32]. Briefly, the base population
was 224 outbred, genetically variable Hsd:ICR house mice. After two
generations of random mating in our animal facility, 10 pairs of mice
were used to create each of eight closed lines, four of which were ran-
domly designated and bred for high running (HR) on wheels and the
other four were the control (C) lines bred without regard to wheel run-
ning. During the normal selection experiment process, approximately
6–8 week old mice are individually housed in standard cages attached
to aWahman-type activitywheel (1.12m circumference, 35.7 cmdiam-
eter, 10 cmwide running surface).Wheels are interfaced to a computer,
which records revolutions in 1-minute intervals continuously for 6 days
of wheel testing. Breeders for the next generation are chosen based on
their wheel running on days 5 and 6.Within-family selection is applied.
For the HR lines, the highest-runningmale and female within each fam-
ily are chosen as breeders, whereas a randommale and female are cho-
sen from each family within the C lines (disallowing sib mating in all
lines). Room temperatures are maintained at approximately 22 °C.
Lights were on at 0700with a 12:12 photoperiod.Water and food (Har-
lan Teklad Laboratory Rodent Diet [W]-8604) are available ad libitum.
Pregnant dams are given a breeder diet (Harlan Teklad Mouse Breeder
Diet [S-2335] 7004) through weaning.

2.2. Early-life wheel access

Males from generation 59 were weaned at 21 days of age and
housed individually in standard cages (total N= 98). Half of the exper-
imental mice were allowed wheel access when they were approxi-
mately 24 ± 1 days old for a total of 21 days. The other subset of mice
remained with their wheel access blocked and were designated as the
young sedentary group. All mice had their home-cage activity (HCA,
also referred to as spontaneous physical activity) monitored (see
below). In addition, all mice had their food consumption and body
mass monitored weekly throughout the experimental period.

2.3. Adult wheel testing

Wheels were removed after 3 weeks and all individuals remained in
standard home cages for an additional 7+ weeks (52 days). Following
this sedentary phase, all mice were then granted wheel access for 2+

weeks (16 days), with continued monitoring of home-cage activity,
food consumption, and body mass.

2.4. Home-cage activity

Home-cage activity (HCA) was monitored using passive infrared
motion-detector sensors [34] similar to [53] that detect movement
within the standard housing cages attached to the wheels. Sensors
were interfaced to a Macintosh personal computer that had custom Ac-
tivity Recording Software developed by Dr. Mark A. Chappell. The soft-
ware measured activity summed over every 1-minute interval for
23 h. The computer records 3 times per second and reads if there is
movement (1) or no movement (0). Recordings are then averaged
over 1-minute intervals and given values with arbitrary units. Total ac-
tivity values in each 1-minute interval were summed to get total HCA
for the entire daily period. The number of 1-minute intervals that
show any HCA was also computed and tallied to indicate the duration
(minutes) of HCA during the entire daily period. Dividing daily activity
by the number of 1-minute intervals with any activity then gives an in-
dication of the average intensity of activity when active. We also deter-
mined the single minute with the highest amount of HCA. All of these
HCA measures had direct parallels from the wheel-data analyses [34].
Data for both HCA and wheel running were downloaded daily between
1200 and 1300 h.

2.5. Blood sampling, leptin assay, dissections

Prior to the second wheel-testing period, mice were anesthetized
with isoflurane and bled through the retroorbital sinus [54]. Blood
samples were spun at 13,000 RPM for 12 min and collected plasma
was stored at −20 °C. Plasma leptin was measured using a Millipore
Enzyme-linked Immunosorbent Assay (ELISA) kit (Mouse Leptin Assay
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Catalog # EZML-82K). Plasma samples were diluted and measured in
duplicate in 96-well plates. Absorbances were read at 450 nm in a
SpectraMax Plus microplate reader (Molecular Devices, Sunnyvale, CA,
USA) and compared with a standard curve generated individually for
each plate.

After the 2-week period of adultwheel testing,micewere euthanized
via CO2 asphyxiation and dissected. Body mass and body length mea-
surements from the tip of the nose to the base of the tail were taken. Vis-
ceral fat pad (combined visceral perirenal, periovaric, parametrial, and
perivesical fat masses [55]) along with the heart ventricles, liver, and
spleen was dissected and weighed. All methods were approved by the
Institutional Animal Use andCare Committee of the University of Califor-
nia, Riverside.
2.6. Statistical analyses

Sample sizeswere chosen based on previous experimental studies of
these lines of mice. Analyses were performed using the Mixed Proce-
dure in SAS 9.1.3 (SAS Institute, Cary, NC, USA) to apply analysis of
covariance models with Type III tests of fixed effects and REML estima-
tion. Linetype (HR or C) and wheel access (if applicable) were fixed ef-
fects; line was nested within linetype as a random effect. Effects of
linetype, wheel access, and their interaction were tested relative to
the variance among replicate lines, and degrees of freedomwere always
Fig. 1. Early-life wheel access tended to decrease body mass in both Control and High Runner
plemental material Tables S1–S3). Mice from HR lines were lighter than C mice, and the diffe
No interaction between early-life wheel access and linetype was ever statistically significant. V
the four groups included 24–25 males.
1 and 6. Covariates depended on the trait being analyzed and included
age, body mass, wheel freeness (an inverse measure of rotational resis-
tance), home cage sensor calibration (measure of sensor motion sensi-
tivity), and total wheel running. Dependent variables and/or covariates
were transformed as necessary to improve the homogeneity of the
spread of the covariates, linearity of relations with covariates, and nor-
mality of residuals. All P values are 2-tailed unless otherwise indicated.
3. Results

3.1. Body mass

Early-life wheel access tended to decrease body mass in both Control
and High Runner lines of mice (Fig. 1), but the effect was never statisti-
cally significant (Supplemental material Tables S1–S3). Mice from HR
lines were significantly lighter than C mice from week 3 through the
end of the experiment. No interaction between early-life wheel access
and linetype was ever statistically significant. A repeated-measures anal-
ysis supported the foregoing results, with a highly significant effect of
week (F = 135.07; d.f. = 12,72; P b 0.0001), a trend for wheel access
to reduce body mass (F = 3.99; d.f. = 1,6; P = 0.0926), a trend for HR
mice to be smaller thanCmice (F=4.93; d.f.=1,6; P=0.0682), a strong
week-by-linetype interaction (F = 4.11; d.f. = 12,72; P b 0.0001), no
week-by-early-life exercise interaction (F = 0.77; d.f. = 12,72; P =
(HR) lines of mice, but the effect was never statistically significant for any measure (Sup-
rence reached statistical significance (2-tailed P b 0.05 at the time points indicated by *).
alues are least square means (LSM) + associated SE from SAS Procedure Mixed. Each of
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0.6745), no linetype-by-early-life exercise interaction (F = 0.46; d.f. =
1,6; P=0.4612), and noweek-by-early-life exercise-by-linetype interac-
tion (F = 0.45; d.f. = 13,72; P = 0.9450).

3.2. Food consumption

With body mass as a covariate, food consumption during week 3 of
early-lifewheel access (Fig. 2A)was significantly increased bywheel ac-
cess in HRmice, but not in C mice (wheel access by linetype interaction
P = 0.0183). Results were similar during week 2 (Supplemental mate-
rial Table S4). During the first week of adult wheel access (Fig. 2B),
food consumption was higher in HR mice (linetype P = 0.0310), but
was not affected by early-life wheel access (P = 0.8793; interaction
P = 0.2301). Similarly, during the second week of adult wheel access,
food consumption was higher in HR mice (linetype P = 0.0470), with
neither an effect of early-life wheel access (P= 0.7845) nor an interac-
tion (P = 0.9992) (Supplemental material Table S6).

3.3. Wheel running

During week 3 of early-life wheel access (N= 47), HR mice ran ap-
proximately 6-fold more revolutions per day than C mice (P = 0.0018)
(Fig. 3A).When tested as adults (N= 89), mice that experienced early-
life exercise ran more than sedentary individuals (P = 0.0168), and HR
mice ran more than C mice (P= 0.0021), with no statistical interaction
(P = 0.2245) (Fig. 3B). During the second week of adult wheel access
(Supplemental material Table S7), HR mice continued to run more
than C mice (P b 0.0001), but the effect of early-life wheel access had
disappeared (P = 0.9261), with no linetype-by-early exercise interac-
tion (P = 0.5929).

3.4. Home-cage activity

During the third week of early-life wheel access (Fig. 4A), all mice
with wheels had reduced spontaneous physical activity in their home
cages (P b 0.0001), but the reduction was greater in HR mice than in C
mice (interaction P = 0.0388). During the first week of adult wheel ac-
cess, HCAwas not statistically affected by any factor (Fig. 4B: early exer-
cise P = 0.8773, linetype P = 0.5155, interaction P = 0.9728). Results
were similar during the second week of adult wheel access (early exer-
cise P = 0.3991, linetype P = 0.5069, interaction P = 0.5779: Supple-
mental material Table S7).

3.5. Plasma leptin concentrations

Plasma leptin levels (measured oneweekprior to adultwheel testing)
were strongly positively correlated with fat pad mass in both C (Fig. 5A)
Fig. 2.Wheel access significantly increased food consumption duringweek 3 of early-lifewheel
During the first week of adult wheel access (B), food consumption was higher in HRmice (line
P = 0.4779). Mass-adjusted food consumption LSM± SE.
and HR (Fig. 5B) mice. Adjusted for fat-pad mass as a covariate, leptin
levels were increased in C mice that had early-life wheel access, but de-
creased in HR mice that had early exercise (Fig. 5C: linetype × wheel ac-
cess interaction P = 0.0206).

3.6. Organ masses

As shown in the Supplemental material (Table S8), early-life exer-
cise did not have a statistically significant effect on fat pad mass, heart
ventricle, liver or spleen masses (with either body mass or body length
as a covariate), nor did we find any interaction effects. However, early-
life exercise did tend to reduce fat padmass in both C and HRmice (P=
0.1228, adjusted for body mass as a covariate). In addition, HR mice
tended to have had larger hearts (adjusted for body mass) than C
mice (P = 0.0616).

4. Discussion

We tested the hypothesis that early-life exposure to exercise (volun-
tary wheel running) would affect the propensity to exercise in adult
mice. Consistent with our hypothesis, three weeks of wheel access be-
ginning at weaning significantly increased adult wheel running in
both genetically selected High Runner lines and non-selected Control
lines (Fig. 3B), whereas simultaneously measured home-cage activity
was unaffected (Fig. 4B). However, this positive effect on adult wheel
running was transitory, occurring during the first week of adult testing
but not the second.

Wheel access caused a statistically significant increase in mass-
adjusted food consumption by juvenile HR but not Cmice (Fig. 2A, Sup-
plemental material Table S4). The explanation for a lack of increase in C
mice is unclear, but a few previous studies of other strains of mice have
also reported no increase in food consumption with wheel access ([56,
57]). In general, the effect of wheel access on food consumption will
be fairly directly related to the amount of running in rodents, and so
should be greater in strains that run more (e.g., see [58]). Our observa-
tion for Cmice is of interest, as it suggests that modest levels of exercise
can perhaps lower body mass without necessarily triggering homeo-
static compensatory responses in food intake. If true, and if this relation-
ship exists in humans, then it could prove of value for ultimately
determining recommended daily exercise criteria in an individual-spe-
cific manner.

In adult mice, no effect of early-life wheel access on mass-adjusted
food consumption was detected (Fig. 2B, Supplemental material
Tables S5 and S6). Overall, mice with wheel access as juveniles tended
to be smaller than no-wheel-accessmice, but the effect was not statisti-
cally significant (Fig. 1 and Supplemental material Tables S1–S3). Re-
ductions in growth rate and body mass caused by chronic wheel
access (A) in HRmice, but not in Cmice (wheel access by linetype interaction P=0.0143).
type P = 0.0384), but was not affected by early-life wheel access (P= 0.7819; interaction



Fig. 3.Wheel running during the thirdweek of early-lifewheel access (beginning just after weaning) and following twomonths of nowheel access for any group. Duringweek 3, HRmice
ran more than non-selected Control lines, as reported in numerous previous studies. During week 12, HRmice again ran more than C mice, and for both linetypes those individuals who
had early-life wheel access ran significantly more than those that did not. Wheel revolutions per day LSM ± SE.
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access have been reported many times previously in rodents, including
in the HR and C lines of mice ([59]; references therein).

Leptin is a hormone secreted by adipocytes, generally in proportion
to fat mass. In the present study, as would be expected, visceral fat
padmasswas a strong positive predictor of circulating leptin concentra-
tions (Fig. 5). Leptin affects neuroendocrine regulation of body weight
by inhibiting food intake and/or increasing energy expenditure. We
found that early-life wheel access increased adult plasma leptin levels
(adjusted statistically for fat-pad mass as a covariate) in C mice, but
decreased them in HR mice, thus demonstrating a genotype-by-
environment interaction (Fig. 5). Previously, we found that long-term
wheel exposure results in low body fat and leptin levels in HR mice,
and that eitherWestern diet (high in fat andwith added sucrose) or ex-
ogenous leptin treatment increased wheel running in adult male HR
mice [50–52]. This work, together with the current observations, sug-
gests that leptin availability is one of the contributing factors regulating
wheel running in HRmice. Moreover, leptin appears to play a role in the
bidirectional control of activity. This assertion is supported by the fact
that restoration of low leptin levels promotes even greater running dis-
tances in HRmice, indicating that insufficient leptin concentrationsmay
limit wheel running by serving as a “stop” signal to reduce motivation
for activity. Furthermore, elevated levels of leptin, whether through
chronic inactivity (Fig. 5A) or experimental high fat diet feeding [51],
appear to initiate marked homeostatic compensatory increases in voli-
tional physical activity in the formofwheel running, presumably to pre-
vent further weight gain. Collectively, these findings implicate leptin as
a critical mediator of physical activity, and in coordinating energetic
outputs, such as exercise, with energy intake.

The compensatory hyperphagia observed inHRmicewhen given ac-
cess to wheels during the present study suggests that exercise modifies
the responses of the central nervous system to adjust energetic needs.
Fig. 4. During the third week of early-life wheel access, mice housed with wheels showed red
wheels, mice from the HR lines showed a greater reduction in SPA than did C mice. During we
ferences among groups were apparent. Values are LSM ± SE.
Consistent with this hypothesis, the adiposity signal leptin, which acts
primarily in the CNS to exert its behavioral effects, remains suppressed
through at least 7 weeks after juvenile wheel exposure in HR mice
(Fig. 5), indicating a long-lasting improved sensitivity to the hormone.
Interestingly, the C mice did not exhibit this pattern, but instead devel-
oped elevated leptin levels 7 weeks after wheel exposure (Fig. 5). This
change in leptin occurred despite no statistically significant effect on
bodymass or visceral fat padmass (Fig. 1, Supplementalmaterial), indi-
cating some disassociation between circulating leptin concentrations
and body fat per se. Further quantitative measures of adiposity, includ-
ing whole-body levels, will be needed to test this possibility under con-
ditions of altered exercise and/or diet. Another consideration when
interpreting changes in circulating leptin concentrations is that al-
though leptin treatment does not alter wheel running in wild type
mice [60,61] (but does in our HR mice: [52]), exercise alone does im-
prove leptin sensitivity in rodents, even on a high fat diet. This improve-
ment in leptin sensitivity was demonstrated by greater weight loss and
reductions in food intake after an ICV leptin injection, as compared to
sedentary mice, and this effect occurred independently of baseline adi-
posity [61]. Thus, although we observed an increase in leptin 7 weeks
after juvenile wheel exposure in our Cmice, this responsemay be a har-
binger of leptin resistance and future weight gain (none occurred dur-
ing the present study) in response to the cessation of exercise, or
possibly a long-lasting physiological response to reverse the exercise in-
duced hyperphagia after wheel access was revoked.

We did not observe a statistically significant effect of early-lifewheel
access on the trajectory of body-mass gain with age, but mice given
early-exercise did tend to be lighter (Fig. 1). The diet used here, as in
our routine selective breeding protocols (Teklad Laboratory Rodent
Diet [W]-8604), is not considered obesogenic for mice, so it would be
of interest to repeat these studies with a high-fat or Western diet,
uced activity in the home cages attached to the wheels. Relative to mice housed without
ek 12, the amount of home-cage activity was somewhat reduced in all groups, and no dif-



Fig. 5. Early-life wheel access increased adult plasma leptin levels (adjusted statistically for fat-padmass) in Cmice (+29% on the backtransformed raw scale), but decreased them in HR
mice (−20%)with juvenile exercise. A) Leptin levels (square-root transformed) plotted versus visceral fat padmass (log10-transformed) formice fromnon-selectedControl lines (without
wheel access [open symbols], with early lifewheel access [solid symbols]). B) Leptin levels versus visceral fat padmass formice from selectively bred HR lines. C) Least squaresmeans and
standard errors from nested analysis of covariance in SAS ProcedureMixed, with log10t fat pad mass as a covariate. These transformations of leptin and fat padmass were chosen because
they best achieved homogeneity of the spread of the covariate, linearity of the relation with the covariate, and normality of residuals from the statistical model.
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which is obesogenic for these lines of mice ([51,52,62]). Another point
worth mentioning is that “room temperature,” as used in the present
study and in most studies of laboratory house mice, generally imposes
a mild cold stress ([63]: at least when mice are housed individually
and/orwithout nestingmaterials). As this sort of cold exposure can pro-
tect against obesity in somemice [64], and housing under different ther-
mal conditions results in alterations in energy expenditure and food
intake, it would also be of interest to repeat the present study in mice
housed within their thermal-neutral zone [65].

Although mice with early-life wheel access ran more on wheels
when retested as adults, the effect disappeared after approximately
one week because both C (+33.5%) and HR (+58.6%) mice that did
not have early-life wheel access increased their wheel running more
than those that did have early-life exercise (C: −4.0%, HR: +27.9%)
(see Supplemental material Table S8). Although the positive effect of
early-life exercise lasted for only one week, it is important to note that
one week in the life of a mouse is equivalent to approximately nine
months for humans [66,67]. On the other hand, some early-life human
intervention studies indicate that beneficial effects can last for at least
one year (e.g., [68]). In any case, our results potentially suggest that
any positive effects of early-life exercise on adult exercise propensity
will require reinforcement and maintenance if they are to be long-
lasting.

In summary, we found that early-life access to voluntary exercise
had lasting effects on the behavior and physiology of adult mice in
ways that depended on the genetic background. Throughout the study,
all mice with early exercise were lighter than their non-exercised coun-
terparts, but the effect on plasma leptin concentrations and food
consumption depended on the genetic background. In all mice, early-
life wheel access specifically increased adult wheel running and not
cage activity. Use of the polygenic High Runner mouse lines and their
controls, the former produced by selective breeding rather than manip-
ulation of a single gene, allows exploration of wide variation in geneti-
cally based levels of voluntary exercise, aerobic capacity, body fat, food
consumption [34], and leptin levels.
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Online Supplemental Material 
 
 
Table S1.  Body mass (g) of all mice before, during, and after three-week period of early-life wheel access.  Mice were weaned when 

3 weeks old, then had access to wheels (or not) for three weeks.  Values are LSM ± SE.    

 
 
Variable Name EEwk0    SE EEwk1    SE EEwk2    SE EEwk3    SE
No Wheels, C 16.507 ± 0.981 23.654 ± 1.348 27.775 ± 1.100 29.320 ± 1.050
No Wheels, HR 14.620 ± 0.953 22.476 ± 1.324 25.234 ± 1.080 26.295 ± 1.028
Wheels, C 14.956 ± 0.981 22.025 ± 1.348 26.429 ± 1.100 28.347 ± 1.050
Wheels, HR 15.567 ± 0.953 22.238 ± 1.324 25.003 ± 1.080 25.758 ± 1.035
Early Exercise P 0.6594     0.2075     0.2011    0.2399    
Linetype P 0.6148    0.7942    0.2175    0.0835    
Interaction P 0.1034    0.3329    0.3490    0.7197    
N 98     98    98    97     

 
 
 
 
 
 
 
 
 



 
Table S2.  Body mass (g) of all mice during the sedentary period (no wheel access), with mice weighed at the start of each week.  

Values are LSM ± SE. 

 
 
Variable Name Restwk1    SE Restwk2    SE Restwk3    SE Restwk4    SE
No Wheels, C 31.020 ± 1.204 32.472 ± 1.283 33.549 ± 1.344 35.052 ± 1.355
No Wheels, HR 27.485 ± 1.180 28.209 ± 1.269 29.323 ± 1.330 30.035 ± 1.341
Wheels, C 29.413 ± 1.204 31.534 ± 1.287 32.496 ± 1.347 33.587 ± 1.360
Wheels, HR 26.500 ± 1.188 27.723 ± 1.273 28.610 ± 1.334 29.196 ± 1.345
Early Exercise P 0.0858     0.1963     0.1262     0.0703     
Linetype P 0.0853    0.0594    0.0681    0.0428    
Interaction P 0.6402    0.6601    0.7446    0.5723    
N 97     96     96     96     
             
Variable Name Restwk5    SE Restwk6    SE Restwk7    SE Restwk8    SE
No Wheels, C 36.173 ± 1.418 37.203 ± 1.390 37.789 ± 1.421 37.346 ± 1.348
No Wheels, HR 31.167 ± 1.403 31.628 ± 1.373 32.242 ± 1.400 32.574 ± 1.309
Wheels, C 34.678 ± 1.422 35.517 ± 1.393 36.033 ± 1.418 36.238 ± 1.330
Wheels, HR 30.333 ± 1.407 30.822 ± 1.378 31.235 ± 1.401 31.725 ± 1.310
Early Exercise P 0.0768     0.0667     0.0600     0.1705     
Linetype P 0.0510    0.0338    0.0347    0.0390    
Interaction P 0.5668    0.4600    0.5540    0.8430    
N 96     96     94     93     

 
 
 
 
 
 



 
Table S3.  Body mass (g) of mice at end of adult weeks of wheel access, with mice weighed at the start of each week.  Values are 

LSM ± SE. 

 
 
Variable Name AEwk1   SE AEwk2   SE
No Wheels, C 36.117 ± 1.465 36.850 ± 1.655
Wheels, C 34.663 ± 1.451 35.035 ± 1.645
No Wheels, HR 30.865 ± 1.435 31.234 ± 1.627
Wheels, HR 30.136 ± 1.436 30.753 ± 1.628
Early Exercise P 0.1045     0.1059     
Linetype P 0.0473    0.0690    
Interaction P 0.5489    0.3116    
N 93     93     

 
 
 
 
 
 
 



 
Table S4.  Daily food consumption (g) measured over 7 days for all mice during the three-week period of early-life exercise (wheel 

access).  Values are LSM ± SE.   

 
 FCWKD1   SE FCWKD2   SE FCWKD3   SE 
No Wheels, C 5.2304 ± 0.1523 5.4225 ± 0.1106 4.8699 ± 0.1505
No Wheels, HR 5.3407 ± 0.1437 5.4700 ± 0.1046 4.8568 ± 0.1460
Wheels, C 5.0392 ± 0.1517 5.5066 ± 0.1105 5.0153 ± 0.1540
Wheels, HR 5.5365 ± 0.1458 6.1824 ± 0.1093 5.7417 ± 0.1499
Early Exercise P 0.9853    0.0064    0.0042    
Linetype P 0.1272    0.0258    0.1007    
Interaction P 0.1605    0.0176    0.0183    
Body Mass P <.0001   <.0001  <.0001    
N 91     92     94     

 
 
 
 
 
 
 



 
Table S5.  Daily food consumption (g) measured over 7 days for all mice throughout the sedentary period (no wheel access).  (Food 

consumption was not measured during experimental week 4).  Values are LSM ± SE. 

 
             
 FCWKD5   SE FCWKD6   SE FCWKD7   SE FCWKD8   SE 
No Wheels, C 5.2238 ± 0.1485 5.3231 ± 0.2336 5.4323 ± 0.1955 5.5975 ± 0.1434
No Wheels, HR 5.6133 ± 0.1429 5.8967 ± 0.2235 5.7523 ± 0.1863 5.6406 ± 0.1367
Wheels, C 5.1474 ± 0.1456 5.0574 ± 0.2324 5.2070 ± 0.1900 5.0727 ± 0.1449
Wheels, HR 5.6340 ± 0.1453 5.9503 ± 0.2306 5.8145 ± 0.1924 5.7108 ± 0.1416
Early Exercise P 0.7673    0.5912    0.5058     0.1341    
Linetype P 0.0628    0.0363    0.1171    0.0781    
Interaction P 0.6070    0.6312    0.2521    0.0628    
Body Mass P <.0001   <.0001  <.0001   <.0001  
N 92     90     89     91     
             
 FCWKD9   SE FCWKD10 SE FCWKD11 SE    
No Wheels, C 5.4170 ± 0.1346 4.2953 ± 0.1201 4.4559 ± 0.1066    
No Wheels, HR 5.4786 ± 0.1285 4.4581 ± 0.1133 4.4942 ± 0.0995    
Wheels, C 5.0598 ± 0.1302 3.9807 ± 0.1197 4.1145 ± 0.1053    
Wheels, HR 5.7430 ± 0.1340 4.5266 ± 0.1199 4.5928 ± 0.1030    
Early Exercise P 0.6038    0.2171    0.2171        
Linetype P 0.0769    0.0792    0.0792       
Interaction P 0.0095    0.0462    0.0462       
Body Mass P <.0001   <.0001  <.0001       
N 92     90     90        
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Table S6.  Daily food consumption (g) measured over 7 days for all mice during the two-week period of adult wheel access.  Values 

are LSM ± SE. 

 
       
 FCWKD12 SE FCWKD13 SE 
No Wheels, C 5.0438 ± 0.2173 5.5814 ± 0.3164
No Wheels, HR 5.6068 ± 0.2015 6.5466 ± 0.2956
Wheels, C 4.8715 ± 0.2069 5.5191 ± 0.3049
Wheels, HR 5.8259 ± 0.2101 6.4847 ± 0.3019
Early Exercise P 0.8793    0.7845    
Linetype P 0.0310    0.0470    
Interaction P 0.2301    0.9992    
Body Mass P 0.5215    0.7068    
N 90     90     
       

 
 
 
 
 
 
 
 
 



Table S7.  Average daily wheel running and home-cage activity measured over 7-day periods during the three weeks of early-life 

wheel access and then again during the two-week period of adult wheel access.  Values are LSM ± SE. 

 
Wheel Running (revolutions/day)              
Experimental week  week1   week2   week3    week12   week13   
Variable name EEwk1   SE EEwk2   SE EEwk3   SE  AEwk1   SE AEwk2   SE 
Age ~4 Weeks   ~5 Weeks   ~6 Weeks    ~15 Weeks ~16 Weeks 
No Wheels, C                 2,943 ± 883 3,931 ± 659 
No Wheels, HR                 7,142 ± 569 11,326 ± 638 
Wheels, C 533 ± 226 1,064 ± 831 1,595 ± 1,143  3,783 ± 848 3,632 ± 615 
Wheels, HR 2,241 ± 201 6,722 ± 787 9,640 ± 1,103  9,187 ± 553 11,748 ± 618 
Early Exercise P                 0.0168    0.9261    
Linetype P 0.0013    0.0026    0.0018     0.0021       <.0001   
Interaction P                 0.2245    0.5929    
N *43     47     47      89     89     
 *different N because line 1 mice were born later than most others        
   and so missed a few days of wheel access           

 
Home-cage Activity (arbitrary units)              
Experimental week  week1   week2   week3    week12   week13   
Variable name EEwk1   SE EEwk2   SE EEwk3   SE  AEwk1   SE AEwk2   SE 
Age ~4 Weeks   ~5 Weeks   ~6 Weeks    ~15 Weeks ~16 Weeks 
No Wheels, C 21.4 ± 0.94 20.3 ± 1.09 19.4 ± 0.69  13.7 ± 1.04 3.6 ± 0.16 
No Wheels, HR 22.3 ± 0.87 24.7 ± 1.05 23.1 ± 0.67  14.5 ± 1.01 3.7 ± 0.15 
Wheels, C 16.1 ± 0.99 15.8 ± 1.09 14.0 ± 0.69  13.6 ± 1.03 3.4 ± 0.15 
Wheels, HR 17.3 ± 0.87 15.6 ± 1.07 13.9 ± 0.69  14.5 ± 0.99 3.6 ± 0.15 
Early Exercise P 0.0012    0.0001       <.0001    0.8773    0.3991    
Linetype P 0.2997    0.1609    0.0388     0.5155    0.5069    
Interaction P 0.8612    0.0263    0.0317     0.9728    0.5779    
N *88     96     97      89     89     
 *different N because line 1 mice were born later than most others        
   and so missed a few days of wheel access           

 
 



Table S8. Organ masses (g) and body length (mm) of all mice at the end of the two-week period of adult wheel access.  Values are 

LSM ± SE. 

 

 

log10 
Visceral 
Fat Pad 
Mass    SE 

log10 Heart 
Ventricle 
Mass    SE 

log10 
Liver 
Mass    SE 

log10 
Spleen 
Mass    SE 

Body 
Length    SE 

No Wheels, C -0.7150 ± 1.2040 -0.8056 ± 0.0183 0.2937 ± 0.0240 -1.0727 ± 0.0393 99.0982 ± 1.1181
No Wheels, HR -0.6421 ± 1.2040 -0.7593 ± 0.0172 0.2809 ± 0.0233 -1.0763 ± 0.0378 95.5149 ± 1.0760
Wheels, C -0.6458 ± 1.1804 -0.8159 ± 0.0175 0.2891 ± 0.0237 -1.0946 ± 0.0381 97.0876 ± 1.1051
Wheels, HR -0.5599 ± 1.1881 -0.7525 ± 0.0175 0.2975 ± 0.0234 -1.1005 ± 0.0382 95.0111 ± 1.0896

Early Exercise P 0.1228     0.8521     0.6273     0.1625     0.0873     
Linetype P 0.4952    0.0616    0.9460    0.9315    0.0941    
Interaction P 0.8811    0.3732    0.3970    0.9391    0.2671    
log10 Body Mass 
P <0.0001    0.0002    <0.0001    <0.0001         

N 92     92     92     92     90     
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