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Abstract

It is unclear whether elevated spontaneous physical activity (SPA, very low-intensity physical 

activity) positively influences body composition long-term.

Objective—We determined whether SPA and caloric intake were differentially related to the 

growth curve trajectories of body weight, FM and FFM between obesity resistant and Sprague-

Dawley rats at specific age intervals.

Design and Subjects—Body composition, SPA and caloric intake were measured in 

selectively-bred obesity resistant and out-bred Sprague-Dawley rats from 1-18 mo. Data from 

development throughout maturation were analyzed by longitudinal growth curve modeling to 

determine the rate and acceleration of body weight, fat mass (FM) and fat-free mass (FFM) gain.

Results—Obesity resistant rats had a lower rate of FM gain overall, a lower acceleration in body 

weight early in life, significantly greater SPA and lower cumulative caloric intake. Greater SPA in 

obesity resistant rats was significantly associated with a lower rate of FM gain overall and lower 

acceleration in body weight early in life. Obesity resistant rats lost less FFM compared to 

Sprague-Dawley rats despite that obesity resistant rats had a lower acceleration in FFM gain early 

in life. Obesity resistant rats gained less FM and more FFM per gram body weight and were less 

energy efficient than Sprague-Dawley rats. Caloric intake was significantly and positively related 

to body weight, FM and FFM gain in both groups. Circadian patterns of caloric intake were group 

and age-dependent. Our data demonstrate that elevated and sustained SPA during development 

and over the lifespan are related to the reduced the rate of FM gain and may preserve FFM.
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Conclusion—These data support the idea that SPA level is a reproducible marker that reliably 

predicts propensity for obesity in rats, and that elevated levels of SPA maintained during the 

lifespan promote a lean phenotype.
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INTRODUCTION

The etiology of obesity has been reviewed and while it is clear that an imbalance between 

energy intake and expenditure promotes weight gain, it is unclear which factor has more 

profoundly driven the obesity epidemic [1-3]. Both factors contribute significantly and it is 

plausible that the magnitude of change in energy intake and expenditure that perpetuates 

obesity will be culturally, economically and regionally specific. Furthermore, the effect of 

increasing body weight on basal metabolism and inter-individual variability in the energetic 

cost of physical activity has made it difficult to understand whether low physical activity 

precedes obesity or whether body weight gain is an antecedent for low physical activity. 

Despite this, rising body weight was associated with reduced leisure time physical activity 

[4] and increased time spent viewing television [5, 6] while walking daily was associated 

with weight maintenance [7] and reductions in physical activity were associated with 

increased FM [8]. Longitudinal studies have tracked physical activity and fat gain in 

children and while some studies show that early and high physical activity levels predict 

lower adiposity [5, 9, 10] others report contradictory results [11, 12]. Overall, the majority 

of the data from longitudinal studies with objective measures of physical activity and 

adiposity suggest that early and sustained physical activity levels may contribute to reduced 

body weight gain during maturation.

Studies in rodents demonstrate that voluntary exercise attenuates increases in adiposity in 

adult [13] and post-weaned [14] diet-induced obese rats, melanocortin-4 receptor knockout 

mice [15] and rats lacking cholecystokinin-A receptors [16]. These data are consistent with 

clinical data; however, it is unclear whether early elevated and sustained physical activity 

levels dampen increases in adiposity long-term and thus whether early physical activity 

levels predict future adiposity. Based on our previous work showing that early differences in 

SPA were maintained at seven months between lean and obese rats [17, 18], we asked 

whether SPA was related to or predicted differences in growth curve trajectories of body 

composition over time. We hypothesized that SPA would be significantly and negatively 

associated with the rate and acceleration of adiposity over time. Therefore, energy intake, 

SPA and body composition were measured from development through maturation and aging 

(18 mo., which represents the age prior to senescence in most Sprague-Dawley rats) to 

capture the transition from the pre-obese to the obese state. Longitudinal multi-level growth 

curve modeling was used to determine whether trajectories of body weight, FM and FFM 

differed between lean and obese rats and then to determine whether SPA and caloric intake 

were related to the trajectories. Finally, because the SPA, adiposity and susceptibility to 

obesity may vary across developmental time points within the lifespan, we compared SPA, 

caloric intake and body composition at separate age intervals. Our data demonstrate that the 
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maintenance of early and elevated SPA levels predicted a reduced rate of FM gain and may 

have contributed to a preservation of FFM through 18 mo.

MATERIALS AND METHODS

Animals

One-month old male Sprague-Dawley (n=12) and selectively-bred obesity resistant (n=24) 

rats (Charles River, Kingston, NY, USA) were housed individually in cages with a 12-h 

light/12-h dark photocycle (lights on at 0600-h in a temperature controlled room (21–22 

°C)). Early mortality was noted in some obesity resistant rats in previous studies. Therefore, 

the sample size for obesity resistant rats was increased to ensure adequate power to detect 

group differences throughout maturation. Rats were fed a micro- and macronutrient 

specified and adequate low fat diet (Research Diets D12489B, New Brunswick, NJ, USA) 

ad libitum. The Institutional Animal Care and Use Committee at the Veterans Affairs 

Medical Center and the University of Minnesota approved the study.

SPA measurement

SPA was measured using racks of infrared (I/R) activity sensors (Med Associates, St. 

Albans, Vermont, USA) placed around a square acrylic cage as previously described [17, 

19]. Briefly, two arrays in the ‘x-y’ direction and an elevated ‘x-y’ array measured 

ambulation and vertical movement. An activity unit was recorded and time stamped with 

each beam interruption and therefore movement was simultaneously detected in three axes. 

Food and water were available ad libitum as previously described [17]. Rats were 

acclimated to the SPA chambers for 24-h prior to a 24-h measurement period. From the SPA 

measurements time spent moving, the sum of time ambulatory (locomotor activity) and time 

vertical (rearing or standing) were reported for animals from 1-6 mo. Due to increased body 

length and an observed increase in hunched posture with age, the I/R array used to capture 

vertical movement (rearing) was raised one inch, the lowest possible increase. After the 

modification, vertical movement was 10 fold lower as compared to the measurement a 

month prior. It is plausible that the I/R array was too high after this modification, and we 

failed to detect all vertical movement. Thus as the vertical data from this point on was 

unreliable, time vertical was excluded and only time ambulatory was reported from 7-18 mo. 

Data are reported as time spent moving or time ambulatory in the cumulative 24-h 

measurement period.

Body composition

Total fat and FFM was measured using a quantitative magnetic resonance body composition 

analyzer (EchoMRI-900™, Houston, Texas) [20, 21]. Animals were weighed, placed in a 

small cylindrical plexiglass chamber within the body composition analyzer, and the 

measurement was taken over a 1-2 minute period.

Experimental design

One-month old rats were placed in hanging-wire bottom cages upon arrival to facilitate 

collecting spillage and obtaining accurate food intake measurements. Cumulative food 

intake was measured thrice weekly. Body weight and body composition were measured 
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biweekly from 1-5.5 mo. and weekly thereafter. SPA was measured monthly. To determine 

if circadian caloric intake patterns differed between groups, food intake was measured once 

every four hours for 24-h at six, 12 and 18 mo. Ano-tail length was determined in 

isoflurane-anesthetized rats at 13.5 mo.

Statistical analyses

Data are expressed as mean ± SEM and an alpha level of .05 was used for all statistical tests.

Rationale for using mixed-multilevel regression models

The assumptions for repeated measures ANOVA are frequently violated in longitudinal 

designs and thus a repeated measures analysis would not be appropriate for this longitudinal 

study. Mixed-level regression modeling [22] permits the estimation of the effect of fixed and 

time-invariant (e.g. group) and time-varying (e.g. SPA and caloric intake) variables on 

longitudinal change in an outcome. Mixed models [23-26] have been used to demonstrate 

whether physical activity [5] or television viewing [27] were related to adiposity. The 

modeling approach is advantageous as it allows for missing data, subjects measured at 

different time intervals, the inclusion of both fixed and time-varying covariates, and the 

estimation of individual rates of change. Auto-correlated errors are incorporated into the 

model, thereby reducing error variance and increasing statistical power. Our dataset fit best 

with this modeling approach given that we include group and body composition as 

covariates, subject’s data prior to death remain in the dataset after the subject died, and the 

measurement interval varied for body composition measurements.

Longitudinal growth curve analysis

Mixed-multilevel regression models with unstructured error covariance matrices [22, 28-30] 

were fitted using data obtained from the same rats for 1-18 mo. to determine whether growth 

curves of body weight, FM and FFM differed between groups (obesity resistant and 

Sprague-Dawley), (SPSS version 17.1, Chicago, IL, USA). A series of models were 

considered, including unadjusted growth models and growth models adjusted for SPA and 

food intake. Unadjusted models assessed the effect of group on a given outcome over time 

(body weight, FM and FFM). Adjusted models assessed the effect of covariates and group 

on a given outcome over time. Separate models were run for each outcome for the following 

age intervals: 1-6, 6-12, 12-18 and 1-18 mo.

We first determined whether the trajectories of each outcome were significantly different 

between groups for each age interval (Unadjusted growth model – Model 1). The 1-6 and 

1-18 mo. trajectories for body weight and FFM were curvilinear while FM at each age 

interval and body weight and FFM at the 6-12 and 12-18 mo. intervals were linear. 

Therefore, the quadratic models for body weight and FFM at 1-6 and 1-18 mo. include 

parameters for slope (rate of increase over time) and acceleration (change in the rate of 

increase over time) while linear models include only slope. Thus intercept, time, group, 

group × time were included in linear models and time2 and group × time2 were added to the 

curvilinear models. A separate unadjusted model was run for each outcome at each age 

interval. The slope and acceleration were considered to be significantly different between 
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groups if the group × time and group × time2 interaction effects, respectively, were 

significant.

Next, we assessed whether SPA and food intake as time-varying predictor variables were 

significantly related to the trajectory of each outcome and determined whether the slope or 

acceleration differed between groups at each age interval (Covariate adjusted growth model 

– Model 2). To do so, all two-way and three-way interaction terms were included in the 

models. Three-way interaction terms were added to determine if group interacted with the 

predictor variable (e.g. SPA or food intake) and the slope or acceleration of each outcome 

over time. Therefore, a significant three-way interaction would indicate that either the slope 

or acceleration of the predictor variable and outcome was significantly different between 

groups at a specific age interval. Two-way interaction terms were added to determine if the 

predictor variable significantly interacted with either the slope or acceleration of each 

outcome over time. A significant two-way interaction and non-significant three-way 

interaction would therefore indicate that the predictor variable was related to the growth 

curves but not differentially across the groups.

Separate models were run with each of the following predictor variables: SPA, estimated 

monthly SPA, estimated cumulative SPA, cumulative monthly caloric intake and cumulative 

caloric intake. Estimated monthly SPA (SPA during the 24-h measurement period for a 

specific month multiplied by the number of days in that month) and estimated cumulative 

SPA (sum of estimated monthly SPA for a given age interval) were chosen as an 

approximation of accumulated SPA given that caloric intake was measured and therefore 

cumulative caloric intake was an actual measure. Last, since body length may be related to 

adiposity, body length was included as a covariate for each adjusted group comparison 

model for the 1-18 mo. interval.

Covariate adjusted growth model with additional baseline outcome adjustment (Model 3)

Model 1 indicated a significant variance in intercept for each outcome and age interval. 

Therefore, baseline body weight, FM or FFM was added as an additional covariate to each 

adjusted growth model to control for baseline differences in each outcome and models were 

re-analyzed.

Models excluding outcome data from the last month of life

We noted that weight loss preceded death for several rats. Therefore, we removed the last 

month of outcome data prior to death and analyzed Model 1 again to determine whether the 

trajectories were different between groups for each age interval with this “limited” dataset. 

These results were compared to Model 1, which included the whole dataset. Models 2 and 3 

were re-analyzed with the limited dataset. Finally, we collapsed the outcome data across 

group for models where the group variable was not a significant predictor for an outcome 

and re-analyzed Models 1 and 3.
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SPA, caloric intake, body composition, ano-tail length, energy efficiency and circadian-
dependent caloric intake patterns

Data were also analyzed with Prism version 5.0b (GraphPad Software Inc., San Diego, CA, 

USA). Group differences were determined with t-tests for the following endpoints: monthly 

SPA; percent body fat and FFM at 1, 6, 12 and 18 mo.; change in FM and FFM; loss of 

FFM; ano-tail length; cumulative caloric intake and energy efficiency (ratios of body weight 

gain/caloric intake, FM gain/caloric intake, FFM gain/caloric intake and FM gain/body 

weight gain and FFM gain/body weight gain). Loss of FFM was defined as the absolute loss 

of FFM at 18 mo. from peak FFM and as a percentage of peak FFM (e.g. FFM at 18 mo. 

minus peak FFM / peak FFM). T-tests were performed on food intake during the following 

time periods: 24-h, light/dark cycle and 4-h at six, 12 and 18 mo.

Multiple linear regression

The effect of three predictors (fat mass at baseline, total caloric intake and estimated SPA) 

on the outcome fat mass gain over three age intervals (1-6, 1-12 and 1-18 mo.) was 

determined (SPSS version 17.1, Chicago, IL, USA). A model for each age interval was run 

separately and adjusted for baseline fat mass.

RESULTS

Mixed-multilevel regression models

Model 1 (Figure 1 and Table 1)—During the 1-18 mo. interval, the rate of FM gain was 

significantly less in obesity resistant rats compared to Sprague-Dawley rats. Body weight 

and FFM increased over time in both groups as indicated by the significant time and group 

effects; however, the acceleration of the body weight and FFM trajectories were not 

significantly different between groups. During the 1-6 and 6-12 mo. intervals, obesity 

resistant rats had a lower rate of FM gain and lower acceleration of body weight and FFM 

gain. In contrast, the slope and acceleration of each outcome during the 12-18 mo. interval 

were not significantly different between groups. The intercept was significant in each model 

at each time interval indicating body weight, FM and FFM was significantly different 

between groups at 1, 6, and 12 mo.

Model 2 and 3 (Figure 1, table 1 and supplementary table 1)—Based on the results 

from Model 1 showing group differences for trajectories, we determined whether predictor 

variables had a differential effect on trajectories between groups for each age interval. We 

report the results from Model 3 since the results from Model 2 were unchanged after 

controlling for baseline differences in each outcome (Model 3).

The FM growth curve was significantly different between groups from 1-18 mo. Model 3 

indicated that after controlling for baseline differences in FM, greater SPA and estimated 

monthly SPA were associated with a significantly lower rate of FM gain in obesity resistant 

rats only. This suggests that greater SPA in obesity resistant rats dampened the rate of FM 

gain from 1-18 mo. The three-way interaction effect was not significant for cumulative 

monthly or total caloric intake; however, the two-way interaction effects were significant. 
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This indicates that lower cumulative monthly and total caloric intake were associated with a 

lower rate of FM gain over time in both groups over the study duration.

During the 1-6 mo. interval, greater SPA was associated with a significantly lower rate of 

FM gain and a slower acceleration of body weight and FFM over time in obesity resistant 

rats. Estimated monthly SPA was also associated with a significantly slower acceleration of 

body weight and FFM gain in obesity resistant rats only and associated with a lower rate of 

FM gain in both groups during this age interval. Lower cumulative monthly caloric intake 

was associated with a significantly slower acceleration of body weight and FFM gain and a 

lower rate of FM gain in both groups during this age interval.

Despite group differences in the trajectories for each outcome during the 6-12 mo. interval, 

the two- and three-way interaction effects were not significant for body weight or FFM. In 

contrast, greater SPA in obesity resistant rats and lower cumulative caloric intake in both 

groups was associated with a significantly lower rate of FM gain during this time period. 

Body length was not associated with a lower rate of FM gain between groups from 1-18 mo. 

despite that ano-tail length was significantly less in obesity resistant rats (Table 2). Finally, 

we included body length as a covariate for each adjusted group comparison model at the 

1-18 mo. interval. Controlling for body length did not change results in model 2 or 3 (data 

not shown).

Models excluding outcome data from the last month of life—After the outcome 

data were limited, we determined whether growth curves differed between groups and 

compared these to Model 1, which included the entire dataset. Significant differences in 

trajectories shown in Model 1 remained significant with one exception. The group difference 

in the rate of FFM gain during the 6-12 mo. interval failed to reach statistical significance (p 

= .079) with the limited dataset. Next, Models 2 and 3 were re-analyzed with the limited 

dataset. The results with the limited dataset were similar with and without controlling for 

baseline differences in each outcome. Therefore we report results from Model 3 with the 

limited data set and compared those to Model 3 with the whole dataset. Results were similar 

with three exceptions. Use of the limited dataset resulted in a non-significant three-way 

interaction between estimated monthly SPA and the rate of FM gain during the 1-18 and 

6-12 mo. intervals and a significant three-way interaction between estimated cumulative 

monthly caloric intake and the rate of FM gain during the 1-18 mo. interval in obesity 

resistant rats. Last, controlling for body length had no effect on the results with the limited 

dataset during the 1-18 mo. interval (data not shown).

Collapsing across groups—Model 1 indicated that the trajectories for each outcome 

during the 12-18 mo. interval were not different between groups. Therefore, we removed the 

“group” variable to test whether the outcome variables increased over time. Fat mass 

increased; however, body weight and FFM did not increase significantly during this time 

interval. We re-analyzed Model 3 to determine whether SPA and food intake were 

associated with the rate of FM gain during this time interval. Greater estimated monthly 

SPA, lower cumulative monthly and lower total caloric intake were associated with a 

significantly lower rate of FM gain.
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Multiple linear regression (Figure 2)—Baseline fat mass was not a significant 

predictor of fat mass gain in the Models (1-6 months: p = .927, 1-12 months: p = .086 and 

1-18 months: p = .745). Total caloric intake and estimated total SPA were significant 

predictors of fat mass gain during the 1-6 and 1-12 month age intervals. Total caloric intake 

but not estimated SPA was a significant predictor of fat mass gain during the 1-18 month 

age interval.

Spontaneous physical activity (Figure 3)—Obesity resistant rats moved significantly 

more than Sprague-Dawley rats from 1-6 mo. (p < .004 for all comparisons excluding 1 

month: p = .0572). Over the study duration, obesity resistant rats spent significantly more 

time ambulating than Sprague-Dawley rats at most measurements (2-11 mo. and 15-18mo.) 

excluding month 1, 12, 13, 14 and 18.

Body composition, loss of FFM, energy efficiency, cumulative caloric intake 
(table 2)—Obesity resistant rats had significantly less FM and more FFM at the beginning 

of each age interval and gained significantly less body mass (p = .0002; 516.2±21.6g and 

758.0±50.6g), FM and FFM during the study (Figure 4). Adjusting for body mass revealed 

that obesity resistant rats gained more FFM and less FM for their body mass (p = .001 and p 

= .003, respectively). Obesity resistant rats lost significantly less FFM from the peak FFM, 

which suggests potentially greater sarcopenia in Sprague-Dawley rats compared to obesity 

resistant rats. Obesity resistant rats consumed significantly fewer calories during each age 

interval, were less energy efficient over the study duration and gained significantly less FM 

per calorie of intake.

Circadian caloric intake patterns—Food intake was measured at four-hour periods 

over 24-h at six, 12 and 18 mo. (Figure 5). Circadian differences in caloric intake over four-

hour intervals across the 24-h time period resulted in less 24-h food intake in obesity 

resistant rats at six but not 12 or 18 mo. Six-month old obesity resistant rats ate significantly 

less during the first and second four-hour periods after the onset of, and during the dark 

cycle but not during the light cycle. Twelve-month old obesity resistant rats had 

significantly greater food intake during the four-hour period before light and dark onset, 

while Sprague-Dawley rats had significantly greater food intake during the first and second 

four-hour period after dark onset. Cumulative food intake during the light and dark cycle 

were not significantly different between 12 mo. old rats or between 18 mo. old rats during 

the four-hour time periods, light/dark or 24-h time period.

DISCUSSION

We measured SPA, food intake and body composition from 1-18 mo., in rats with different 

propensities for obesity, to determine whether SPA levels were related to changes in body 

composition, and whether SPA early in life predicted and influenced adiposity gain later in 

life. The data are novel and show that elevated SPA was associated with a lower rate of FM 

gain during growth and maturation in obesity resistant rats and during aging in both groups. 

Second, SPA significantly predicts fat mass gain. Third, results were unchanged after 

controlling for body length or baseline differences in body weight, FM and FFM. Fourth, the 

correlation between SPA and the rate of FM gain was most influential during the 1-6 and 
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6-12 mo. intervals. Fifth, obesity resistant rats had greater SPA and gained significantly less 

fat and more FFM for their body mass over the study period. Finally, circadian patterns of 

caloric intake were significantly different between groups and patterns were age-dependent.

Obesity resistant rats had consistently greater SPA and a lower rate of FM gain despite that 

acceleration in body weight and FFM gains were not significantly different relative to 

Sprague-Dawley rats throughout the study duration. These data are consistent with and 

extend our earlier work showing that elevations in SPA at two months in obesity resistant 

rats are maintained through seven months of age [17]. The correlation between SPA and 

adiposity levels shown here is consistent with other rodent studies with mice [31] and rats 

[32] bred for high or low wheel running, mice lacking the melanocortin 4 receptor [15] and 

rats trained to voluntary wheel run [13, 14, 16].

The association between SPA and the reduced rate of FM gain shown here is consistent with 

data in children suggesting that high levels of physical activity dampen gains in BMI and 

adipose tissue [5] and that fewer hours of television viewing slows acceleration in BMI [27]. 

While our data are consistent with other longitudinal [9, 10, 33] and cross-sectional studies 

[34-39], which report a negative association between physical activity and various measures 

of adiposity, others report no association between physical activity and adiposity [40] or 

only an association between physical activity or aerobic fitness [11] and adiposity in normal 

weight children [12]. Inconsistent results appear to be due to methodological differences 

related to study design; objectivity of physical activity and adiposity measurements; age of 

study participants; intensity of physical activity and location of FM measurements.

We reasoned that greater SPA levels long-term would promote lower fat and body mass gain 

and greater FFM gain based on previous work [5, 10, 17, 18, 27] and studies showing that 

physical activity levels promotes maintenance of FFM [1, 2, 32]. We compared the ratio of 

change in FFM and body weight between groups to account for the proportional increase in 

FFM due to the physical demand of increasing body mass and loss of FFM in attempt to 

account for sarcopenia during aging. Obesity resistant rats gained less FM and more FFM 

for their body mass and were lost less FFM then Sprague-Dawley rats. Together these data 

suggest that elevated and sustained SPA may promote greater FFM gains during 

development and maturation and dampen loss of FFM during aging. Given that age-related 

reductions in FFM negatively impact functional mobility and health, our data underscores 

public health efforts to increase physical activity specifically among older persons.

We determined whether the effect of SPA on FM was age-dependent since physical activity 

declines with age in humans. Data suggests that the beneficial effect of increased physical 

activity among aged persons may be partial to improvements in functional capacity (skeletal 

muscle strength and increased mobility) versus reductions in body weight [41]. Elevated 

SPA was associated with a lower rate of FM gain during the 1-6, 6-12 and 1-18 mo. 

intervals in obesity resistant rats but there was no significant difference in the rate of FM 

gain between groups during the final interval (12-18 mo.). The ‘group’ variable was not 

significant during 12-18 mo. and so the outcome data were collapsed across groups to 

determine whether SPA was associated with FM gain over time among all rats. Greater 

monthly SPA was associated with a lower rate of FM gain during the 12-18 mo. interval. 
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Multiple regression analysis indicated that greater SPA predicted lower fat mass gain from 

1-12 but not from 1-18 mo. These data imply that elevated SPA early in life (1-12 mo.) most 

profoundly influences the rate of FM gain observed over the lifespan and absolute fat mass 

gain during the 1-12 mo interval. That elevated SPA was associated with a lower rate of FM 

gain but didn’t predict absolute fat mass gain over 1-18 mo is likely due to the decline in 

SPA during the 12-18 mo intervals and the high variability in 1-18 mo. estimated SPA. 

Obesity early in life increase risk for obesity later in life in humans [5, 27, 42] and obesity 

risk varies across developmental periods [43]. Therefore, the current data may have 

implications for public health efforts to increase physical activity across the lifespan and 

specifically early in life, to reduce risk for developing obesity during adulthood.

Our data show that the direct association between caloric intake and the rate of FM gain was 

similar between groups and that caloric intake predicts absolute fat mass gain despite 

different adiposity profiles. Circadian caloric intake patterns and meal structure differ 

between lean and obese rodents and age-related decline in food intake parallels increasing 

body weight in humans. Therefore, we determined whether circadian caloric intake patterns 

differed across age and between groups. Twenty-four hour food intake increased during 

development, peaked during maturation and declined during late adulthood (Figure 5); 

however, 24-h food intake was statistically different between groups at six months only. 

This is consistent with data in humans showing age-related reductions in caloric intake 

[44-46]. That food intake was similar between groups yet SPA was greater in obesity 

resistant rats at 18mo. further suggests that elevated SPA levels are beneficial to adiposity 

profiles during aging. Despite that 67% of the 24-h food intake was consumed during the 

dark cycle across groups and ages, which is consistent with previous reports [47], food 

intake during the four-hour time intervals was not consistently greater in Sprague-Dawley. 

Food intake during the first two intervals early in the dark cycle was greater at six and 12 

mo. only, but obesity resistant rats had significantly greater food intake during the intervals 

before light and dark onset. This indicates that circadian caloric intake patterns were 

inconsistent across age and were group-dependent. It is unclear whether these age-dependent 

circadian caloric intake patterns contribute to the differential adiposity profiles observed. 

Previous studies show greater body weight in mice with abnormal circadian caloric intake 

patterns [48], large infrequent meals in obese rodents [49] and shifts in meal size and 

frequency after gastric bypass surgery [50] which is similar to caloric intake behaviors in 

humans [51-56]. Therefore, an analysis of meal microstructure including meal size and 

frequency with parallel adiposity profiles across age among obese and lean rats may be more 

informative.

We acknowledge limitations of our study. First, additional factors aside from those 

measured likely contributed to the lower rate of FM gain in obesity resistant rats. Factors in 

addition to SPA contribute to energy expenditure including resting metabolic rate, brown 

adipose tissue thermogenesis and the thermic effect of food. However, based on 

thermodynamics, an increase in physical activity requires an increase in energy expenditure. 

Second, the type of analysis used does not define a cause-effect relationship between 

elevated SPA and lower FM; instead, the results show a significant association between 

elevated SPA and a reduced FM gain, which supports studies demonstrating that physical 
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activity significantly impacts body composition. Third, we acknowledge that some mixed 

model analyses, especially in small samples such as ours, can give inflated type I error rates 

and confidence intervals that are too narrow [57]. However, our data are consistent with 

other physical activity intervention-type studies and longitudinal studies in humans. Finally, 

we acknowledge that intervention studies are needed to validate our conclusions and 

demonstration of similar differences between obesity resistant and obesity prone rats fed on 

an obesogenic diet would lend further support to the conclusions.

In conclusion these studies demonstrate for the first time that group differences in SPA were 

associated with a differential rate of FM gain between obesity resistant and Sprague-Dawley 

rats and were not due to baseline differences in FM or body length. These data suggest that 

early and sustained elevations in SPA are associated with lower rate of FM gain and 

contributed to less FM gain over the study duration. The data also show that elevated SPA 

may preserve FFM through aging. Intervention studies are needed; however, to show a 

definitive causal relationship between sustained and elevated SPA and reduced FM gain 

across the lifespan. These findings have implications for human obesity and public health 

efforts to increase physical activity levels among young children and maintain such levels 

throughout maturation and aging to prevent obesity in adulthood.
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Figure 1. 
Growth curves of body weight (a, d), fat mass (b, e), and fat-free mass (c, f) from 1-6 and 

1-18 mo. among obesity resistant, (OR, open circles), and Sprague-Dawley (SD, filled 

circles) rats. * P < .0001 as compared to the slope for fat mass and the acceleration for body 

weight and fat-free mass of the growth curve for Sprague-Dawley rats. Data represent mean 

± SE. N = 9-24 (OR) and 8-12 (SD). Please note different y-axes.
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Figure 2. 
Multiple linear regression to determine the effect of fat mass at baseline, estimated 

spontaneous physical activity (SPA) and caloric intake as predictors on fat mass gain from 

1-6 (a), 1-12 (b) and 1-18 (c) months of age in obesity resistant and Sprague-Dawley rats. 

Data represent mean ± SE. N = 9-24 (obesity resistant), and 8-12 (Sprague-Dawley). Please 

note different y-axes.
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Figure 3. 
Time spent moving (sum of time ambulatory and time vertical) from 1-6 mo. (a) and time 

ambulatory from 1-18 mo. (b) in obesity resistant (open circles) and Sprague-Dawley (filled 

circles) rats. γ P < .05 and * P < .005 as compared to age-matched Sprague-Dawley rats. 

Data represent mean ± SE. N = 9-24 (obesity resistant), and 8-12 (Sprague-Dawley). Please 

note different y-axes.
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Figure 4. 
Fat mass (a) and fat-free mass gain (b) in obesity resistant and Sprague-Dawley rats over the 

1-18 mo. interval. * P < .05 as compared to fat-free mass and γ P < .0005 as compared fat 

mass in Sprague-Dawley rats. Data represent mean ± SEM. N = 10 (obesity resistant) and 8 

(Sprague-Dawley) rats.
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Figure 5. 
Food intake measured at four-hour intervals across the 24-h time period in obesity resistant 

(shaded bars) and Sprague-Dawley (open bars) rats at six (a), 12 (b), and 18 (c) mo. * P < .

05 and ** P < .005 as compared to Sprague-Dawley rats. Black bar = dark cycle. Data 

represent mean ± SEM. N = 9-24 (obesity resistant) and 8-12 (Sprague-Dawley). Please note 

different y-axes.
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Table 2

Body composition, energy efficiency, caloric intake and ano-tail length.

Obesity Resistant Sprague-Dawley

Fat mass(FM, %)

1 mo. 9.9 ± 0.2** 11.18 ± 0.3

6 mo. 14.5 ± 0.6δ 22.7 ± 1.5

12 mo. 19.51 ± 1.1δ 29.90 ± 1.3

18 mo. 28.55 ± 1.6 *** 39.22 ± 1.6

Fat-free mass (FFM, %)

1 mo. 82.15 ± 0.3δ 79.67 ± 0.4

6 mo. 72.70 ± 0.5δ 65.94 ± 1.4

12 mo. 68.54 ± 1.0δ 59.39 ± 1.1

18 mo. 67.78 ± 1.3 *** 51.11 ± 1.4

Loss of FFM (g) −22.7 ± 4.5*** −68.6 ± 15.5

Loss of FFM (%) −5.6 ± 1.2* −13.0 ± 2.7

Energy Efficiency (1-18 mo.)

FM gain / kcal intake 0.0041 ± 0.0003δ 0.0075 ± 0.0004

FM gain / kcal intake 0.0070 ± 0.0002 0.0076 ± 0.0003

BW gain / kcal intake 0.0125 ± 0.0004δ 0.0167 ± 0.0006

Caloric intake

1-6 mo. 13 003 ± 145δ 15 170 ± 404

6-12 mo. 14 483 ± 864* 17 308 ± 429

12-18 mo. 14 272 ± 548* 16 287 ± 565

1-18 mo. 42 970 ± 665*** 48 817 ± 1,316

Ano-tail lengthb (cm) 27.1 ± 0.2*** 28.4 ± 0.2

BW = body weight; kcal = caloric intake. Data represent mean ± SEM.

*
p < .05,

**
p < .005,

***
p < .0005, and

δ
p < .0001 as compared to Sprague-Dawley rats.

N (obesity resistant and Sprague-Dawley) = 1 and 6 mo.: 24 and 12; 12 mo. 18 and 12; 18 mo.: 10 and 8; length: 16 and 12.
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