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Am J Physiol Regul Integr Comp Physiol 294: R290–R301, 2008. First
published November 7, 2007; doi:10.1152/ajpregu.00661.2007.—We
assessed the effect of early-onset exercise as a means of preventing
childhood obesity using juvenile male rats selectively bred to develop
diet-induced obesity (DIO) or to be diet resistant (DR) when fed a
31% fat high-energy diet. Voluntary wheel running begun at 36 days
of age selectively reduced adiposity in DIO vs. DR rats. Other
4-wk-old DIO rats fed a high-energy diet and exercised (Ex) for 13 wk
increased their core temperature, gained 22% less body weight, and
had 39% lighter fat pads compared with sedentary (Sed) rats. When
wheels were removed after 6 wk (6 wk Ex/7 wk Sed), rats gained less
body weight over the next 7 wk than Sed rats and still had comparable
adipose pad weights to 13-wk-exercised rats. In fact, only 3 wk of
exercise sufficed to prevent obesity for 10 wk after wheel removal.
Terminally, the 6-wk-Ex/7-wk-Sed rats had a 55% increase in arcuate
nucleus proopiomelanocortin mRNA expression vs. Sed rats, suggesting that this contributed to their sustained obesity resistance. Finally,
when Sed rats were calorically restricted for 6 wk to weight match
them to Ex rats (6 wk Rstr/7 wk Al), they increased their intake and
body weight when fed ad libitum and, after 7 wk more, had higher
leptin levels and adiposity than Sed rats. Thus, early-onset exercise
may favorably alter, while early caloric restriction may unfavorably
influence, the development of the hypothalamic pathways controlling
energy homeostasis during brain development.
diet-induced obesity; hypothalamus; caloric restriction; development;
leptin; proopiomelanocortin

in catabolic peptides [e.g., proopiomelanocortin (POMC)]
(13, 14, 23, 54). These neuronal changes result in a strong
metabolic drive to seek and ingest food to replace lost energy
stores.
Exercise has long been known to affect energy balance, and
some humans who successfully maintain weight loss for several years self-report high levels of physical activity (8, 17, 66,
73). In some instances, such self-reported exercise is associated
with a normalization of resting energy expenditure in weightreduced individuals (74). Because of the powerful forces opposing prolonged weight loss, it is likely that prevention of
obesity, particularly in children would be a preferred means of
stemming the obesity epidemic. While multiple studies have
examined the effects of exercise on energy homeostasis in
adult rodents (6, 37, 51), only a few have examined early-onset
exercise in juvenile animals and explored the possibility that
this might prevent the development of obesity (25, 32, 33, 52,
64, 76). Neurons in the ARC, which express POMC, NPY, and
AgRP are involved in the regulation of energy homeostasis
(63). While axons from these neurons reach their targets in the
paraventricular nucleus (PVN) by the end of the third postnatal
week (9), we reasoned that it was still possible that modifications of these pathways might continue well into the juvenile
period. Thus, we postulated that early-onset postweaning exercise might positively alter hypothalamic development such
that it would prevent the onset of adult obesity in rats genetically prone to become obese.
Here we demonstrate that postweaning voluntary wheel
running selectively reduces obesity in juvenile rats that are
bred to develop diet-induced obesity (DIO) vs. those bred to be
diet resistant (DR). We also found that limited exposure to
early-onset exercise has a sustained effect on preventing DIO
rats from becoming obese, even when they ceased exercising
and continued to eat a diet relatively high in fat (31%) and
calories [high-energy (HE) diet]. Conversely, we found that
postweaning caloric restriction increased the propensity of the
DIO rats to become obese as adults.

THERE IS AN OBESITY EPIDEMIC in much of the developed world (2,
3, 18, 29, 30, 57, 58). This is particularly a problem among the
juvenile population where the prevalence of obesity is increasing at an alarming rate (55, 61, 70). The majority of dietary
treatments for human obesity have failed such that many
individuals regain lost body weight in the months or years
following treatment (31, 67, 72). Similarly, obese rodents that
have been weight-reduced through caloric restriction quickly
regain lost weight and adiposity when allowed to eat ad libitum
(26, 38, 42, 46, 49). One reason for this recidivism is that
weight loss in both humans and rodents is accompanied by a
reduction in resting metabolic rate (15, 34, 35, 49). This may,
in part, be due to the lowering of plasma leptin and insulin
levels, which occurs following acute and chronic negative
energy balance (50, 71). In rats, a reduction in these hormones
causes an increase in hypothalamic arcuate nucleus (ARC)
mRNA expression of anabolic peptides [e.g., neuropeptide Y
(NPY) and agouti-related peptide (AgRP)] (7, 68) and a decrease

Animals and diet. Our protocols were approved by and animal
usage was in compliance with the Institutional Animal Care and
Usage Committee of the East Orange Veterans Affairs Medical Center
and the guidelines of the American Physiological Society (1). Male
rats bred selectively to express the DR and DIO traits (43), when fed
a diet moderately high in fat and calories (HE diet), were raised in our
in-house colony and used for all studies. To avoid potential litter
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effects, 6 – 8 litters were culled to 10 pups per dam on postnatal day
2 (P2) and weaned at P28 onto Purina rat chow or the HE diet and
water ad libitum, unless otherwise noted. Purina rat chow (prod. no.
5001) contains 3.30 kcal/g with 23.4% as protein, 4.5% as fat, and
72.1% as carbohydrate, which is primarily in the form of complex
polysaccharide (45). The HE diet is a defined diet (cat. no. C11024F,
Research Diets, New Brunswick, NJ) containing 4.47 kcal/g with 21%
of the metabolizable energy content as protein, 31% as fat, and 48%
as carbohydrate, 50% of which is sucrose (45). All rats were individually housed from weaning at 23–24°C on a reversed 12:12-h lightdark cycle (lights off at 0900). During the course of all experiments,
cumulative food intake and body weight measurements were obtained
on a weekly basis.
Experiment 1: effect of voluntary wheel running on body weight,
food intake, insulin, and adiposity in juvenile DR vs. DIO rats. DR
(n ⫽ 16) and DIO (n ⫽ 16) rats were weaned onto chow and
randomized by body weight and genotype into four groups of eight
rats each at P36. DR sedentary (DR Sed) and DIO Sed rats remained
sedentary from P36-P57. DR exercise (DR Ex) and DIO Ex rats had
free access to a running wheel placed in their home cages from P36 to
P50 and remained sedentary from P50 to P57. At P58, food was
removed 2 h prior to dark onset, and rats were decapitated in the 4 h
after dark onset. Following decapitation, trunk blood was collected for
insulin radioimmunoassay. Epididymal, retroperitoneal, perirenal, and
mesenteric adipose depots were removed and weighed.
Experiment 2: effect of postweaning exercise and caloric restriction on body weight, fat mass, food intake, insulin, and leptin. DIO
rats (n ⫽ 40) were weaned onto HE diet and randomized by litter and
body weight into five groups of eight rats each: 1) Sed rats remained
sedentary with ad libitum access to HE diet for 13 wk; 2) Ex rats had
free access to a running wheel with ad libitum access to HE diet for
13 wk; 3) 6-wk-Ex/7-wk-Sed rats had free access to a running wheel
for 6 wk after which their wheels were removed and they remained
sedentary for an additional 7 wk with ad libitum access to the HE diet;
4) restricted (Rstr) rats remained sedentary and were food restricted to
⬃85% of the daily caloric intake of SED animals for 13 wk. For all
Rstr rats, food was provided 2 h prior to dark onset on a daily basis,
and 5) 6-wk-Restr/7-wk-ad libitum (6-wk-Restr/7-wk-Al) rats were
food restricted to ⬃85% of the daily caloric intake of SED animals for
the initial 6 wk and were then allowed to eat ad libitum for an
additional 7 wk. Prior to weaning, Sed and Ex rats were implanted
intraperitoneally with PDT-4000 E-Mitter activity/temperature transponders (Minimitter) under light isoflourane anesthesia. Approximately 0.5 ml of tail blood was collected via tail nip prior to the
initiation of the experiment and again following the 6th and 13th wk
for plasma leptin and insulin assays. At the termination of the
experiment, wheels were locked 4 h prior to dark onset, food was
removed 2 h prior to dark onset, and rats were decapitated in the 4 h
after dark onset. Following decapitation, trunk blood was collected
and brains were quickly removed, frozen on dry ice, and stored at
⫺80°C until further analysis by quantitative PCR (QPCR). Epididymal, retroperitoneal, perirenal, mesenteric, and inguinal adipose depots were removed and weighed. Brains of 6-wk-Restr/7-wk-Al rats
were not analyzed by QPCR.
Experiment 3: determination of the minimal amount of postweaning exercise required for sustained reduction in body weight gain,
food intake, and adiposity. An additional set of DIO rats (n ⫽ 18) was
weaned onto the HE diet and were randomized by litter and body
weight into three groups of six rats each: 1) Sed rats remained
sedentary with ad libitum access to HE diet for 13 wk; 2) 3-wk-Ex/
10-wk-Sed rats had free access to running wheels for 3 wk and then
remained sedentary for 10 wk more; 3) 2-wk-Ex/11-wk-Sed rats had
2 wk of wheel exposure and remained sedentary for 11 wk more.
Approximately 0.5 ml of tail blood were collected via tail nip prior to
the initiation of the experiment for plasma leptin and insulin radioimmunoassay. Terminally, all rats were weighed and killed as described above. Epididymal, retroperitoneal, perirenal, mesenteric, and
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inguinal adipose depots were removed and weighed. Fat pad weights
were not measured for 2-wk-Ex/11-wk-Sed rats.
Experiment 4: effect of 3-wk postweaning exercise on hypothalamic
neuropeptide receptor and growth factor mRNA expression. Additional male DIO rats (n ⫽ 24) were weaned onto the HE diet and
randomized by litter and body weight into three groups of eight rats
each: 1) Sed rats remained sedentary for 3 wk; 2) Ex rats had free
access to a running wheel for 3 wk; and 3) Rstr rats remained
sedentary and were food restricted to 85% of the daily caloric intake
of the Sed animals for 3 wk. Following 3 wk, all rats were killed and
brains were collected for QPCR as described in experiment 2.
Measurement of wheel running, core temperature, and motor
activity. Running wheel, core temperature (°C), and motor activity
(arbitrary units) data were collected continuously at 5-min intervals
remotely by a computerized system (MiniMitter) using transponders
placed in the peritoneal cavity, which transmitted to a receiver placed
under the individual cages. Data were acquired and stored using Vital
View software (MiniMitter).
Plasma insulin and leptin levels. Blood was collected in EDTAcoated tubes and plasma insulin and leptin levels were analyzed by
radioimmunoassay utilizing antibodies authentic to rat insulin and
leptin (Linco, St. Charles, MO).
Hypothalamic neuropeptide and receptor mRNA assays by realtime QPCR. Frozen brains were cut on a cryostat at ⫺12°C into
300-m serial sections centered on both the hypothalamic PVN and
the central portion of the ARC at the level of the compact zone of the
dorsomedial hypothalamic nucleus (DMN). These latter sections also
contained the midpoint of the ventromedial nucleus (VMN) and the
lateral hypothalamus. Sections were placed in RNA Later (Ambion)
until micropunched. Punches of the PVN, ARC, VMN, DMN, and
lateral hypothalmus were collected by modifications of the method of
Palkovits (56) by placing cut sections on the base of a stereotaxic
frame to which a syringe with a hypodermic needle, specifically
designed to the dimensions of each nucleus, was attached. Punches
were made under microscopic guidance and placed in RNA Later
(Ambion). Micropunched brain nuclei were then processed using
QPCR as previously described (19).
Statistics. Comparisons of body weight, food intake, fat pads,
plasma hormones, area under the curve (AUC) for core temperature
data, total number of running wheel revolutions, and QPCR data were
carried out using one-way ANOVA. When significant differences
were found, post hoc analysis was performed using Bonferroni corrections (P ⱕ 0.05). All data are expressed as means ⫾ SE. Correlations between body weight, food intake, fat pad mass, and running
wheel activity were carried out using Pearson’s correlation coefficient.
RESULTS

Experiment 1: effect of voluntary wheel running on body
weight, food intake, insulin, and adiposity in juvenile DR vs.
DIO rats. At P36, DIO rats were ⬃65% heavier than DR rats
(Table 1). When given voluntary access to a running wheel for
2 wk, beginning at ⬃5 wk of age, DIO rats ran 49% less than
DR rats (Table 1). There was no effect of exercise on reducing
body weight gain in either DIO or DR rats. Over the full
21-day period, DIO Sed rats had 40% greater food intake than
DR Sed rats (Fig. 1B, Table 1). However, there was no effect
of exercise on food intake in either DR or DIO rats. Terminally, DIO Sed rats had 61% greater visceral fat pad mass than
DR Sed rats. Exercise had no effect on fat pad weights in DR
rats. On the other hand, despite their greater food intake and
reduced running activity, DIO Ex fat pads weighed 25% less
and were 24% less, as a function of total body weight, than
those of DIO Sed rats (Fig. 1C, Table 1). Overall, neither the
exercised DIO nor DR rats displayed any correlations between
294 • FEBRUARY 2008 •
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Table 1. Experiment 1: effect of juvenile voluntary wheel running on body weight, food intake, insulin, and adiposity in DR
vs. DIO rats
DR Sed

P36 body weight, g
P50 (2-wk) body weight gain, g
P57 body weight gain, g
Food intake, cumulative kcal/day
Average daily revolutions, 24 h
Total revolutions
Total fat pad weights, g
Total fat pads/body weight, %
Insulin, ng/ml

a

87⫾5
128⫹5a
177⫾8a
76⫾2a
4.22⫾0.41a
2.38⫾0.18a
1.44⫾0.34a

DR Ex
a

82⫾6
116⫾5a
168⫾6a
76⫾3a
2,126⫾292a
36,141⫾4,960a
3.14⫾0.23a
1.94⫾0.09a
1.67⫾0.30a

DIO Sed
b

140⫾5
152⫾7b
210⫹12b
107⫾7b
6.80⫾0.49b
2.80⫾0.28b
2.81⫾0.37b

DIO Ex

142⫾4b
150⫾4b
208⫾7b
103⫾5b
1,043⫾162b
17,724⫾2,756b
5.09⫾0.38a
2.12⫾0.10a
2.53⫾0.41b

Values are means ⫾ SE. At 36 days of age (P35), groups of 8 chow-fed, selectively bred, male, diet-resistant (DR) and diet-induced obese (DIO) rats were
given access to a running wheel (DR Ex; DIO Ex) or left sedentary (DR Sed; DIO Sed) for 14 days. Following these 2 wk, the exercise wheels were removed
for both groups of Ex rats, and all rats were sedentary for an additional 1 wk. Total fat pads equals the sum of epididymal, perirenal, retroperitoneal, mesenteric,
and inguinal pads. a,bParameters with differing superscripts differ from each other at the P ⬍ 0.05 level by post hoc Bonferroni adjustment after significant
intergroup differences were found by 1-way ANOVA.

their body weight gain or fat mass with total running wheel
activity. However, body weight (r ⫽ 0.95; P ⫽ 0.001) and fat
mass (r ⫽ 0.85; P ⫽ 0.001) were both highly correlated with
food intake. Terminally, DIO rats had higher insulin levels than
DR rats, while there was no effect of prior exercise on insulin
levels in either the DR or DIO rats (Table 1).
General characteristics of postweaning voluntary running
wheel activity in DIO rats. DIO rats were begun on the HE diet
at 4 wk of age and were exposed to a running wheel (Ex; n ⫽ 8)
or remained sedentary (Sed; n ⫽ 8) for an 13-wk period.
Running wheel activity during the postweaning period increased as a function of age. DIO rats gradually increased their
spontaneous running wheel activity during the first 3 wk of
wheel exposure. These rates plateaued around the 5th wk,
during which time Ex rats were running ⬃36,000 revolutions/wk (39,000 m/wk) (Fig. 2A). DIO rats had a nocturnal
cycle of running wheel activity, whereby 86% of running took
place during the dark cycle (Fig. 2A). This circadian pattern
also corresponded with food intake. During the 2nd wk of this
study, Ex rats ate 95% and Sed rats consumed 91% of their
daily intake during the dark cycle. Similar to adult DIO rats
(37), juvenile DIO rats displayed wide individual variations in
their amount of voluntary running wheel activity (Fig. 2A).
Experiment 2: effect of postweaning exercise and caloric
restriction on body weight, fat mass, food intake, insulin, and
leptin. After weaning onto the HE diet at 4 wk of age, Sed rats
gained weight steadily over the ensuing 13 wk. By contrast, Ex
rats reduced their cumulative body weight gain during the first
6 wk of exercise by 18% compared with the Sed rats (Fig. 3A;
Table 2). This reduced body weight gain was associated with a
74% reduction in plasma leptin and a 44% reduction in plasma
insulin levels, suggesting that 6 wk of exercise reduced total
carcass adiposity (Fig. 3C; Table 2). Weekly food intake was
similar in the Ex and Sed rats during the first 6 wk of
postweaning exercise and this was not correlated with body
weight gain or running wheel activity (Fig. 3B; Table 2).
Because Ex rats gained less weight, their feed efficiency during
this period was only 86% of the Sed rats (Table 2). When
challenged with an overnight fast, both the Ex and Sed rats
equally compensated during the following 11- and 24-h periods
without change in running wheel activity in Ex rats (data not
shown). Core temperature AUC was 86% higher during the
12-h dark phase and 95% higher during the 12-h light phase in
AJP-Regul Integr Comp Physiol • VOL

Ex compared with the Sed rats when measured during the 3rd
wk of postweaning exercise. These data suggest that they had
an exercise-induced increase in thermogenesis (Fig. 2, B and C).
The 12-h light phase increase in core temperature among the
Ex rats was not due to increased activity since average 12-h
light cycle activity did not differ between Ex and Sed rats and
because average light cycle core temperatures were higher in
Ex rats even during periods of inactivity (assessed during
periods of the 12-h light cycle when the activity monitor failed
to register any activity; Fig. 2D).
Over the full 13 wk, Ex rats gained 22% less body weight
than did Sed controls (Fig. 3A; Table 2). This reduction in
weight gain was associated with a 51% reduction in plasma
leptin and 54% reduction in plasma insulin levels (Fig. 3C;
Table 2). Furthermore, 13 wk of postweaning exercise led to a
39% reduction in total fat pad mass and a 26% reduction in fat
pad mass as a function of body weight (Fig. 3D; Table 2). Ex
rats failed to increase their caloric intake to compensate for
their increased energy expenditure either during or after exercise termination (Fig. 3B). As a result, their feed efficiency
decreased to 68% of Sed rats during the final 7 wk (Table 2).
Despite large variations in their amount of running activity,
there were no correlations between the cumulative number of
revolutions run and final body weight, body weight gained, or
adiposity over the entire 13 wk of running wheel activity.
However, there was a positive correlation between cumulative
food intake and total running wheel activity (r ⫽ 0.9, P ⫽ 0.02).
Postweaning exercise had no effect on linear growth since nasoanal length of rats chronically exercised postweaning was equal to
Sed rats (Table 2).
Following 6 wk of postweaning exercise, 6-wk-Ex/7-wkSed rats had their running wheels removed and remained
sedentary for 7 wk more. These 6-wk-Ex/7-wk-Sed rats did
not alter their caloric intake following exercise termination
(Fig. 3B; Table 2). They maintained comparable body weights
to Ex rats for 5 wk despite their continued intake of the HE
diet. However, by 7 wk after exercise cessation, 6-wk-Ex/7wk-Sed rats did increase their body weight gain but not to the
level of the Sed rats (Fig. 3A; Table 2). Although they did gain
more weight than Ex rats after exercise termination, terminally
6-wk-Ex/7-wk-Sed leptin levels, total and relative fat pad
weights were comparable to Ex rats but were 47%, 38%, and
30% lower than Sed rats, respectively (Fig. 3, C and D; Table
294 • FEBRUARY 2008 •
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Fig. 1. At postnatal day 36 (P36) chow-fed male diet-resistant (DR) and
diet-induced obesity (DIO) rats were left sedentary (DR Sed; n ⫽ 8, DIO Sed;
n ⫽ 8) or given free access to exercise on a running wheel (DR Ex; n ⫽ 8, DIO
Ex; n ⫽ 8). Ex groups were allowed to exercise for 2 wk after which time their
wheels were removed and all rats were allowed to remain sedentary for an
additional 1 wk. A: body weight gain. Wheel in, when rats were given
voluntary access to a running wheel. Wheel out, when wheels were removed
from cages. B: cumulative food intake per day calculated over 21 days.
C: terminal visceral fat pad weights are the sum of epididymal, retroperitoneal,
perirenal, and mesenteric fat pads. Data are means ⫾ SE. a,bGroups with
differing superscript letters differ from each other at the P ⱕ 0.05 level by post
hoc Bonferroni adjustment.
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2). On the other hand, termination of Ex did cause a partial
rebound in plasma insulin levels (Table 2).
As a comparison to the effects of exercise, 4-wk-old rats
were restricted to 85% of the caloric intake of the HE diet of
Sed rats (Rstr) rats for 13 wk. This effectively weight-matched
Rstr rats to Ex rats over the first 6 wk (Fig. 3A; Table 2) and
was associated with an 86% reduction in plasma leptin levels
and a 92% reduction in plasma insulin levels compared with
Sed rats and 48% and 84% lower leptin and insulin levels,
respectively, than those in Ex rats (Fig. 3C; Table 2). However,
despite their continued caloric restriction, Rstr rats began to
gain more body weight than the Ex rats during the next 7 wk.
Terminally, Rstr rats had final body weights which were
between Sed and Ex rats. However, their relative fat pad mass
was comparable to Sed rats and 38% higher than Ex rats, while
their leptin and insulin levels did not differ significantly from
either Sed or Ex rats (Table 2).
To rule out the possibility that either reduced body weight or
adiposity associated with exercise during the early postweaning period alone might alter future weight gain and adiposity,
rats were calorically restricted for 6 wk and then allowed to eat
ad libitum for 7 wk (6 wk Rstr/7 wk Al). When allowed to eat
ad libitum, they increased their intake by 27% compared with
Sed rats over the following 7 wk (Fig. 3B; Table 2). Terminally
the body weight gain and plasma insulin levels of the 6-wkRestr/7-wk-Al rats were similar to the Sed rats. However, they
were fatter than even the Sed rats. They had 33% higher
plasma leptin levels, 35% higher fat pad mass, and 35% higher
relative fat pad mass compared with Sed rats (Fig. 3, C and D;
Table 2). These data demonstrate that early postweaning caloric restriction had a significant adverse effect on body weight
and adiposity when animals were also fed a diet relatively high
in fat and caloric density.
Effects of exercise and food restriction on hypothalamic
neuropeptide, receptor, and growth factor mRNA expression.
At 13 wk, Sed, Ex, 6-wk-Ex/7-wk-Sed, and Rstr rats were
killed and their brains were removed at the onset of dark, 4 h
after running wheels were locked. As above, 6-wk-Ex/7-wkSed rats failed to increase their food intake and, despite
increased body weight, had reduced adiposity comparable to
rats which exercised for a full 13 wk. This sustained reduction
in adiposity, despite continued intake of the HE diet was
associated with a highly selective 55% increase in ARC POMC
mRNA expression and a 49% increase in VMN melanocortin-3
receptor (MC3R) mRNA expression compared with rats which
remained sedentary for the full 13 wk (Table 3). On the other
hand, rats which exercised for the full 13 wk had a 49%
increase in DMN NPY compared with Sed rats (Table 3).
Although short-term caloric restriction is associated with increased ARC NPY and decreased POMC expression (5, 36,
40), the 13 wk Rstr rats did not display such changes. In fact,
rats that were calorically restricted for the full 13 wk paradoxically had an even greater increase in ARC POMC than was
seen in 6-wk-Ex/7-wk-Sed rats (Table 3). Also, the chronic
reduction in plasma leptin levels caused by restriction was not
associated with any change in the ARC expression of the long
form of the leptin receptor-b. However, the Rstr rats had
reduced expression of VMN MC3R, MC4R, leptin receptor-b,
and DMN NPY compared with Sed rats. There were no other
significant intergroup differences in any of the other variables
assessed among these groups (Table 3).
294 • FEBRUARY 2008 •
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Fig. 2. At 4 wk of age, male DIO rats were weaned onto a high-energy (HE) diet and left sedentary (Sed; n ⫽ 8) or given free access to a running wheel (Ex;
n ⫽ 8). PDT-4000 E-Mitter transponders (Minimitter) were implanted in the peritoneal cavity, and core temperatures were measured remotely. A: results of 13-wk
running wheel activity of DIO rats given voluntary access to running wheels placed in their home cages. Running wheel activity is given as total revolutions/week
during a 12:12-h light-dark period. B: core temperature of Sed and Ex rats over a 4-day period during the 3rd wk of postweaning exercise. Horizontal bars denote
dark cycles. C: core temperatures area under the curve (AUC) of Ex and Sed rats during a 12:12-h light-dark period. D: core temperatures of Ex and Sed rats
during periods of no activity. Light-cycle temperatures were averaged over periods during which readout from activity transponders was zero. Data are means ⫾
SE. a,b,cGroups with differing superscript letters differ from each other at the P ⱕ 0.05 level by post hoc Bonferroni adjustment. Data represent rats from
experiment 2.

Experiment 3: determination of the minimal amount of
postweaning exercise required for sustained reduction in body
weight gain, food intake, and adiposity. To determine the
duration of early running wheel activity necessary to produce
sustained suppression of weight gain and adiposity after exercise cessation, 4-wk-old DIO rats on the HE diet were exercised for either 2 wk (2 wk Ex/11 wk Sed) or 3 wk (3 wk Ex/10
wk Sed) postweaning and then remained Sed for 11 or 10
additional weeks, respectively (Fig. 4A; Table 4). Following
both 2 wk or 3 wk of postweaning exercise, 2-wk-Ex/11-wkSed and 3-wk-Ex/10-wk-Sed rats had body weight gains that
were comparable to Sed rats (Fig. 4A; Table 4). Rats exercised
for only 2 wk remained at the body weight of Sed rats after
exercise termination, while those exercised for 3 wk maintained a reduced body weight for 10 wk, despite continued
intake of HE diet. Also, cumulative caloric intake did not differ
among the groups during the last 10 wk of the study (Table 4).
The persistent reduction in body weight gain in rats exercised
for 3 wk was first seen 1 wk after becoming sedentary when
they had a 14% reduction in body weight gain compared with
the Sed rats (Table 4). After 10 wk of being sedentary, the
3-wk-Ex/10-wk-Sed rats had 14% lower body weight gain,
46% lower total fat pad mass, and 38% lower relative fat pad
mass than Sed rats (Fig. 4, A and B; Table 4).
AJP-Regul Integr Comp Physiol • VOL

Experiment 4: effect of 3-wk postweaning exercise on hypothalamic neuropeptide, receptor, and growth factor expression. Since 3 wk of exercise appeared to be the minimal
amount required to produce a sustained lowering of body
weight and adiposity during an additional 10 wk of remaining
sedentary on an HE diet, we expected exercise-induced
changes in neuropeptide, receptor, and growth factor mRNA
expression to provide an indication of factors that might be
critical to these sustained effects. Rats exercised for 3 wk had
27% lower mRNA expression of ARC MC3R and 28% lower
NPY1 receptor and 38% lower suppressor of cytokines signaling-3 (SOCS3) expression in the DMN compared with Sed
controls (Table 5). On the other hand, postweaning caloric
restriction for 3 wk was associated with 57%, 56%, and 38%
lower VMN expression of MC3R, SOCS3, and brain-derived
neurotrophic factor (BDNF), respectively, and 37% and 39%
lower DMN expression of SOCS3 and BDNF compared with
Sed rats, respectively (Table 5).
DISCUSSION

The present studies demonstrate that exercise-induced reduction in fat mass was selectively seen in DIO vs. DR rats and
that only 3 wk (but not 2 wk) of voluntary exercise begun
294 • FEBRUARY 2008 •
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Fig. 3. At 4 wk of age, male DIO rats were weaned onto HE diet and given access to a running wheel (Ex; n ⫽ 8) or left sedentary (Sed; n ⫽ 8) for 13 wk.
Another group of Ex rats had their wheels removed from their cages following 6 wk and were allowed to remain sedentary for an additional 7 wk (6 wk Ex/7
wk Sed; n ⫽ 8). Restricted (Rstr) DIO rats were limited to 85% of the daily caloric intake of the Sed animals for the full 13 wk (n ⫽ 8) or for the first 6 wk
followed by 7 wk of ad libitum (Al) access to HE diet (6 wk Rstr/7 wk Al; n ⫽ 8). A: body weight gain. B: food intake. *P ⬍ 0.05 by post hoc Bonferroni test
when ANOVA showed significant intergroup differences C: plasma leptin levels following 0, 6, and 13 wk of exercise. D: terminal fat pad weights (EPI,
epididymal; RP, retroperitoneal; PERI, perirenal; MES, mesenteric; ING, inguinal) following 13 wk of exercise. Arrows denote termination of wheel running.
a,b,c
Groups with differing superscripts differ from each other at the P ⱕ 0.05 level by post hoc Bonferroni adjustment after significant intergroup differences were
found by repeated-measures or 1-way ANOVA.

during the immediate postweaning period reduces body weight
and adipose gain in selectively bred DIO rats for up to 10 wk
after exercise cessation, despite their continued intake of HE
diet. The selective effect of exercise to reduce adiposity in
juvenile DIO rats is similar to what we previously found in
adult rats (39) and in genetically obese vs. lean mice (51). It is
likely that the selective effect of exercise on lowering adiposity
in DIO vs. DR rats is due to the fact that DIO rats have more
adipose mass to lose relative to DR rats. The ability of
sustained exercise to prevent obesity appears to result from an
increase in overall energy expenditure as indicated by raised
core body temperature during both the dark and light phases
AJP-Regul Integr Comp Physiol • VOL

(24, 25). In addition, similar to adult rats (6, 37, 39), exercising
juvenile DIO rats failed to increase their caloric intake to
compensate for their increased expenditure and reductions in
adipose mass and plasma leptin levels compared with Sed rats.
Also similar to adult rats (37) is the observation that energy
intake and not the amount of wheel running is correlated with
adiposity in juvenile rats. This suggests that the lack of caloric
compensation during exercise is a main determinant of adipose
loss.
The sustained suppression of adipose gain following only 3
wk of exercise is the most important difference between
exercise begun in the early postweaning period and exercise
294 • FEBRUARY 2008 •
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Table 2. Experiment 2: effect of postweaning exercise and caloric restriction on body weight, fat mass, food intake, insulin,
and leptin
Sed

Ex

6 wk Ex/7 wk Sed

Rstr 13 wk

6 wk Rstr/7 wk Al

Week 0
Body weight, g
Leptin, ng/ml
Insulin ng/ml

85⫾5
0.74⫾0.1
1.2⫾0.2

76⫾7
1.1⫾0.2
0.74⫾0.1

60⫾13
0.89⫾0.3
0.68⫾0.1

73⫾4
0.89⫾0.0
0.91⫾0.2

73⫾11
0.73⫾0.2
0.96⫾0.2

270⫾9b
211⫾6b
2,580⫾25
77.7⫾7.0a
1.3⫾0.3b
1.2⫾0.2b

287⫾3b
214⫾3b
2,561
96.6⫾2.0b
0.89⫾0.1c
0.30⫾0.1c

281⫾3b
208⫾3b
2,561
98.4⫾2.4b
0.48⫾1.4c
0.30⫾0.1c

444⫾7c
384⫾18ab
3,361⫾93a
48.4⫾6.1a
24.1⫾0.7b
5.42⫾0.12b
5.8⫾0.6b
5.6⫾0.2ab
ND

465⫾3c
392⫾7ab
3,227
48.9⫾1.0a
37.1⫾2.1a
7.98⫾0.44a
7.8⫾0.8ab
4.8⫾0.8ab
22.5⫾0.2

509⫾5a
436⫾7a
4,674⫾66c
44.3⫾1.4a
53.1⫾2.2c
10.4⫾0.40c
14.5⫾1.3c
7.2⫾1.0a
23.3⫾0.5

Weeks 1–6
Body weight, 6 wk, g
Body weight gain weeks 1–6, g
Total intake weeks 1–6, kcal
Feed efficiency weeks 1–6, g/kcal ⫻ 1,000
Leptin, 6-wk, ng/ml
Insulin, 6-wk, ng/ml

350⫾10a
264⫾14a
3,258⫾63
88.9⫾3.2ab
6.4⫾0.7a
3.4⫾0.7a

Final body weight, g
Body weight gain weeks 1–13, g
Total intake weeks 7–13, kcal
Feed efficiency weeks 7–13, g/kcal ⫻ 1,000
Total fat pads, g
Total fat pads/body weight, %
Final leptin, ng/ml
Final insulin, ng/ml
Nasoanal length, cm

508⫾11a
423⫾14a
3,689⫾100a
34.7⫾1.7a
39.2⫾1.6a
7.73⫾0.40a
10.9⫾0.8a
6.8⫾1.1a
24.0⫾0.4

289⫾9b
217⫾7b
2,785⫾100
77.1⫾4.7a
1.7⫾0.2b
1.9⫾0.4b
Weeks 7–13
412⫾8b
329⫾13b
3,649⫾90a
23.8⫾2.0b
23.9⫾1.2b
5.79⫾0.19b
5.6⫾0.4b
3.1⫾0.5b
23.0⫾0.5

Values are means ⫾ SE. At 4 wk of age, male DIO rats were weaned onto high-energy diet and randomized into 5 groups. Sedentary rats were left sedentary
for 13 wk (Sed; n ⫽ 8). Exercised rats either had free access to a running wheel for 13 wk (Ex; n ⫽ 8) or were given access to a running wheel for the first
6 wk, and then wheels were removed and they remained sedentary for 7 wk more (6 wk Ex/7 wk Sed; n ⫽ 8). Restricted (Rstr) rats were restricted to 85% of
the daily caloric intake of the Sed animals for the full 13 wk (n ⫽ 8) or for the first 6 wk followed by 7 wk of ad libitum (Al) access to high-energy diet (6 wk
Rstr/7 wk Al; n ⫽ 8). Total fat pads equals the sum of epididymal, perirenal, retroperitoneal, mesenteric, and inguinal pads. Feed efficiency ⫽ body weight gain
(g)/food intake (kcal) ⫻ 1,000. a,b,cParameters with differing superscripts differ from each other at the P ⬍ 0.05 level by post hoc Bonferroni adjustment after
significant intergroup differences were found by 1-way ANOVA.

begun in adult rats in which there is little or no sustained
weight reduction after exercise cessation (4, 52, 65, 75). Shima
et al. (64) did demonstrate a prolonged effect of early-onset
exercise in CCK-A receptor-deficient, obesity-prone Otsuka
Long-Evans Tokushima Fatty rats. However, those rats were
fed a low-fat diet, began exercise at an older age (7 wk), and
continued exercise for a longer period of time (8 wk) prior to
cessation. Also, their rats gained more weight and adiposity
than comparable rats that continued to exercise over the next
11 wk. Thus, our studies are the first to demonstrate that only
3 wk of postweaning exercise is required to completely prevent
the development of obesity for up to 10 wk after exercise
cessation in rats that are genetically predisposed to become
obese, even when they are fed a moderate fat diet. Clearly, this
sustained effect in DIO rats was not simply a function of
reducing their body weight and adiposity during early development, since Sed rats of the same age that were weight
matched to exercising rats for 6 wk rapidly increased their food
intake and became even more obese than non-Rstr Sed rats
when subsequently allowed to eat ad libitum. Thus, manipulations of energy homeostasis during the early postweaning
period have important long-lasting effects on the subsequent
regulation of energy homeostasis that last well into early
adulthood.
One possible way in which such long-lasting effects might
occur is through alterations in the central pathways involved in
the regulation of energy balance. Because we (37) and others
(6, 47) have demonstrated an effect of exercise on hypothalamic neuropeptide expression, we chose to examine the effect
AJP-Regul Integr Comp Physiol • VOL

of the various perturbations used here on a variety of markers
of hypothalamic functions relating to the control of food intake
and body weight. Rats exercised for 13 wk had no substantial
differences in their hypothalamic expression of various neuropeptide (e.g., ARC NPY, AgRP, or POMC) or receptor
mRNAs despite the fact that their adiposity, leptin, and insulin
levels were markedly lower than comparable Sed rats. The
only exception was an increase in DMN NPY expression,
which is similar to what has been reported in exercising adult
rats (47) and adult DIO rats calorically restricted for 6 wk (37).
While 13 wk of exercise produced few changes in hypothalamic mRNA expression, rats exercised for 6 wk and left
sedentary for 7 wk had comparable decreases in adiposity,
leptin, and insulin levels to exercising rats, but they had
increased ARC POMC expression; exactly the opposite of
what would have been predicted from their reduced leptin
levels. Although the reason for this increase is unclear, if it
were associated with an expected increased release of the
anorectic peptide ␣-MSH, it could account for the failure of
these rats to increase their food intake and body weight for a
full 7 wk after exercise termination (13–15). Finally, another
unexpected finding was that rats that were calorically restricted
for 13 wk also had increased ARC POMC in association with
reduced VMN MC3R and MC4R. Again, there is no obvious
explanation for this increase, which could downregulate these
receptors in response to increased ␣-MSH release (22). Clearly
this increased POMC, along with a failure of these restricted
rats to increase their ARC NPY or AgRP expression is contrary
to what occurs in adult rats. It is possible that such apparently
294 • FEBRUARY 2008 •
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Table 3. Experiment 2: DIO rats fed high-energy diet and
subjected to various regimens of exercise or food restriction
for 13 wk
Sed

Ex

CYC
NPY
POMC
AgRP
NPY1R
NPY5R
MC3R
MC4R
lepr-b
BDNF
CRF1R
CRF2R
SOCS3

0.94⫾0.29
0.77⫾0.12
1.02⫾0.24a
0.17⫾0.00
1.19⫾0.17
0.82⫾0.07
0.90⫾0.07
2.01⫾0.32
1.11⫾0.17
1.12⫾0.21
2.02⫾0.39
0.92⫾0.16
1.34⫾0.12

0.54⫾0.13
0.92⫾0.16
1.12⫾0.17a
0.88⫾0.18
1.38⫾0.12
1.05⫾0.12
1.01⫾0.12
1.88⫾0.24
1.06⫾0.10
1.41⫾0.25
1.76⫾0.34
1.01⫾0.18
1.08⫾0.13

CYC
NPY1R
NPY5R
MC3R
MC4R
lepr-b
BDNF
SOCS3

0.72⫾0.15
0.81⫾0.12
0.93⫾0.09
0.71⫾0.13a
1.00⫾0.13a
0.84⫾0.14a
0.90⫾0.14
1.02⫾0.14

0.82⫾0.14
1.02⫾0.09
1.03⫾0.07
0.70⫾0.15a
0.79⫾0.11a
0.91⫾0.11a
0.77⫾0.12
0.92⫾0.14

CYC
NPY
NPY1R
NPY5R
MC3R
MC4R
lepr-b
BDNF

0.90⫾0.27
0.97⫾0.17b
1.29⫾0.18
1.12⫾0.16
1.05⫾0.18
0.96⫾0.08
0.88⫾0.10
0.96⫾0.08

0.83⫾0.22
1.45⫾0.22a
1.10⫾0.15
0.77⫾0.13
0.69⫾0.10
0.57⫾0.14
0.73⫾0.09
0.57⫾0.11

6 wk Ex/7 wk Sed

Rstr

0.52⫾0.14
1.0⫾0.09
1.58⫾0.16b
1.07⫾0.16
1.43⫾0.17
0.96⫾0.09
0.89⫾0.11
1.73⫾0.25
0.97⫾0.14
1.07⫾0.24
2.00⫾0.37
0.83⫾0.17
1.29⫾0.12

0.10⫾0.04
0.79⫾0.25
2.29⫾0.36c
1.02⫾0.34
1.99⫾0.31
1.17⫾0.17
0.74⫾0.17
1.14⫾0.21
1.31⫾0.31
0.62⫾0.14
2.23⫾0.51
0.39⫾0.08

0.97⫾0.10
1.07⫾0.06
1.06⫾0.04
1.06⫾0.12b
0.72⫾0.09a
0.93⫾0.07a
1.12⫾0.09
0.95⫾0.13

0.49⫾0.12
0.73⫾0.13
1.32⫾0.10
0.38⫾0.10c
0.41⫾0.08b
0.36⫾0.06b
0.79⫾0.07

0.90⫾0.23
0.83⫾0.12b
1.03⫾0.09
0.81⫾0.12
0.75⫾0.15
0.71⫾0.13
0.77⫾0.08
0.61⫾0.07

0.34⫾0.10
0.63⫾0.17c
1.10⫾0.19
1.06⫾0.20
0.80⫾0.13
0.55⫾0.05
0.94⫾0.23
0.69⫾0.18

0.86⫾0.19
1.03⫾0.10
0.73⫾0.08
0.65⫾0.09
0.97⫾0.27

0.57⫾0.21
0.65⫾0.24
0.65⫾0.21
0.42⫾0,15
0.11⫾0.06

1.99⫾0.65
1.00⫾0.07
0.99⫾0.13
1.64⫾0.29

5.18⫾1.00
0.92⫾0.08
0.76⫾0.07
0.79⫾0.08

ARC

VMN
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exercise since this was the minimal amount of time required to
provide sustained protection against the development of obesity. At this 3-wk time point, there were few differences among
Sed, Ex, and Restr rats that might explain future differences in
body weight gain and adiposity. Despite their lower levels of
adiposity and leptin levels, NPY, AgRP, and POMC expression levels in Ex rats did not differ from those of Sed rats. This
failure to alter the expression of these peptides or to increase
their food intake in the face of decreasing adiposity and leptin
levels is similar to what occurs in adult DIO rats after 6 wk of
exercise (37). Thus, in some, as yet unidentified way, voluntary
wheel running suppresses the expected compensatory responses to the negative energy balance and reduced leptin
levels caused by such exercise (5, 36, 40, 48, 62). In fact, there
were only minor reductions in ARC MC3R and NPY1 receptor
and DMN SOCS3 mRNA levels in Ex compared with Sed rats
at this time. Surprisingly, while food restriction would be
expected to increase ARC NPY and AgRP and decrease

DMN

PVN
CYC
MC3R
MC4R
BDNF
CRF

0.95⫾0.19
1.27⫾0.12
0.89⫾0.09
0.69⫾0.13
0.80⫾0.25

1.14⫾0.28
0.87⫾0.19
0.69⫾0.11
0.63⫾0.13
0.80⫾0.24
LH

CYC
NPY1R
NPY5R
BDNF

1.97⫾0.55
0.93⫾0.13
1.12⫾0.14
1.29⫾0.16

2.20⫾0.72
0.92⫾0.09
1.00⫾0,13
1.46⫾0.25

Values are means ⫾ SE ratios of the mRNA of interest relative to cyclophilin
mRNA. mRNA expression data are derived from the brains of the rats in Table 2.
Tissue from the arcuate nucleus (ARC), ventromedial nucleus (VMN), dorsomedial hypothalmic nucleus (DMN), paraventricular nucleus (PVN), and lateral
hypothalmus (LH) were micropunched and assayed by quantitative PCR (QPCR).
CYC, cyclophilin; NPY, neuropeptide Y; POMC, proopiomelanocortin; AgRP,
agouti-related peptide; NPY1R, neuropeptide Y1 receptor; MC3R, melanocortin-3
receptor; lepr-b, leptin receptor-b; BDNF, brain-derived neurotropic factor;
CRF1R, corticotrophin releasing factor-1 receptor; SOCS3, suppressor of cytokines signaling-3. a,b,cParameters with differing superscripts differ from each other
at the P ⬍ 0.05 level by post hoc Bonferroni adjustment after significant intergroup
differences were found by 1-way ANOVA.

conflicting results represent differences in the way in which
prepubertal rats respond to dietary restriction compared with
adults.
We also examined changes in the mRNA expression of brain
neuropeptides, receptors, and growth factors after 3 wk of
AJP-Regul Integr Comp Physiol • VOL

Fig. 4. At 4 wk of age, male DIO rats were weaned onto an HE diet and then
remained sedentary for 13 wk (n ⫽ 6), or were given access to a running wheel
for only 2 wk and then left sedentary for an additional 11 wk (2 wk Ex/11 wk
Sed; n ⫽ 6), or were given access to a running wheel for only 3 wk and then
left sedentary for an additional 10 wk (3 wk Ex/10 wk Sed; n ⫽ 6). A; body
weight gain. B: terminal fat pad weights following 13 wk. Arrows denote
removal of running wheel. Groups with differing superscripts differ from each
other at the P ⱕ 0.05 level by post hoc Bonferroni adjustment after significant
intergroup differences were found by repeated-measures or 1-way ANOVA.
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Table 4. Experiment 3: determination of the minimal amount
of postweaning exercise required for sustained reduction in
body weight gain, food intake, and adiposity
Sed

Initial body weight, g
Body weight 2 wk, g
Body weight 3 wk, g
Body weight 4 wk, g
Body weight gain 2 wk, g
Body weight gain 3 wk, g
Body weight gain 4 wk, g
Final body weight, g
Final body weight gain, g
Total intake 1–13 wk, kcal
Total feed efficiency, 1–13 wk,
g/kcal ⫻ 1,000
Total fat pads, g
Total fat pads/body weight, %

72⫾5a
180⫾6a
240⫾7
287⫾7a
107⫾2
165⫾1
215⫾3a
570⫾5a
493⫾3a
7,894⫾597
68.1⫾2.2
43.8⫾2.0a
7.8⫾0.77a

2 wk Ex/11
wk Sed

3 wk Ex/10
wk Sed

51⫾2b
164⫾3b
221⫾4
280⫾3a
115⫾5
167⫾4
231⫾5a
529⫾13a
478⫾13a
7,236⫾147

67⫾8a
154⫾10a
211⫾9
246⫾12b
90⫾7
142⫾11
175⫾8b
496⫾10b
427⫾13b
7,212⫾832

66.1⫾2.1
ND
ND

65.3⫾4.6
23.9⫾1.7b
4.8⫾0.55b

Values are means ⫾ SE. At 4 wk of age, male DIO rats were weaned onto
a high-energy diet and then remained sedentary for 13 wk (Sed; n ⫽ 6) or were
given access to a running wheel for 2 wk (n ⫽ 6) or 3 wk (n ⫽ 6) and then left
sedentary for an additional 11 wk (2 wk Ex/11 wk Sed) or 10 wk (3 wk Ex/10
wk Sed), respectively. ND, not determined. a,bParameters with differing
superscripts differ from each other at the P ⬍ 0.05 level by post hoc Bonferroni
adjustment after significant intergroup differences were found by 1-way
ANOVA.

POMC expression in adult rats (5, 12, 37, 40), this did not
occur with the modest 3-wk 15% caloric restriction imposed on
the postweanling Sed rats. The other differences in mRNA
expression profiles between Restr and either Ex or Sed rats
were also modest, at best. Probably the most notable difference
was the reduction in VMN SOCS3 mRNA in Restr compared
with Sed rats, a change that should lead to increased leptin
receptor sensitivity (53) and a decreased drive to eat (16). On
the other hand, Restr rats had reduced VMN BDNF mRNA
expression compared with Sed rats. Such a reduction in this
anorectic trophic factor would be expected to provide a drive to
increase caloric intake in these food-deprived animals when
they were allowed to eat ad libitum (69). However, VMN
BDNF mRNA expression was similar between Rstr and Ex
rats. Without further studies, it is not possible to know what
these intergroup differences in mRNA expression might mean.
There are some important caveats to the interpretation of our
findings. First, changes in mRNA expression are not necessarily representative of parallel changes in peptide release or
receptor function. Second, in Ex rats, all neuropeptide and
receptor mRNA levels were assessed at the onset of the dark
cycle, 4 h after running wheels were removed during the end of
the light cycle. Since the majority of the running takes place
during the dark cycle, it is possible that we might have missed
any temporal changes in neuropeptide expression that occur in
Ex rats immediately following a bout of exercise. However, we
expect that these changes if any, would only regulate energy
homeostasis on a short-term basis, and the changes witnessed
here would have a greater role in the long-term regulation of
energy homeostasis in these rats.
Importantly, the long-term benefit of prior exercise on body
weight and adiposity in rodents appears to be highly dependent
on genetic background. For example, prior exercise leads to
hyperphagia and increased obesity (28) or adipocyte cell numbers upon exercise cessation (4) in some rat strains, even when
AJP-Regul Integr Comp Physiol • VOL

exercise is initiated during the juvenile period (32, 33). This is
unlike our DIO rats which failed to show any compensatory
increase in caloric intake either during or after exercise termination and the hyperphagic Otsuka Long-Evans Tokushima

Table 5. Experiment 4: hypothalamic mRNA expression in
DIO Sed, Ex, or Rstr rats for 3 wk postweaning
Sed

Ex

Rstr

0.92⫾0.19
0.92⫾0.07
0.78⫾0.07
0.80⫾0.15
0.83⫾0.10
0.69⫾0.06a
0.91⫾0.07
0.81⫾0.07a
0.88⫾0.11
0.88⫾0.08
1.09⫾0.21
1.14⫾0.11
0.62⫾0.09

1.20⫾0.16
0.90⫾0.14
1.01⫾0.17
0.96⫾1.18
1.03⫾0.10
1.02⫾0.04b
0.97⫾0.10
0.92⫾0.10ab
0.98⫾0.11
1.17⫾0.12
0.83⫾0.21
1.16⫾0.17
1.03⫾0.21

ARC
CYC
NPY
AGRP
POMC
INSR
MC3R
MC4R
NPY1R
NPY5R
lepr-b
SOCS3
CRF1R
CRF2R

1.35⫾0.27
0.93⫾0.15
0.99⫾0.15
1.27⫾0.15
1.08⫾0.08
0.94⫾0.04b
1.16⫾0.09
1.13⫾0.09b
1.22⫾0.07
1.17⫾0.10
1.52⫾0.22
1.12⫾0.13
0.78⫾0.13

VMN
CYC
INSR
MC3R
MC4R
NPY1R
NPY5R
lepr-b
SOCS3
BDNF

0.45⫾0.07
1.06⫾0.08
2.33⫾0.19a
1.61⫾0.24
8.46⫾1.02
5.61⫾0.52
0.98⫾0.14
10.74⫾1.33a
4.46⫾0.58a

0.61⫾0.06
0.86⫾0.06
2.10⫾0.26a
1.29⫾0.26
6.91⫾0.76
5.20⫾0.57
0.78⫾0.07
8.37⫾1.42ab
3.50⫾0.28ab

0.40⫾0.06
0.83⫾0.14
1.01⫾0.28b
1.47⫾0.30
5.85⫾0.10
4.06⫾0.68
0.72⫾0.10
4.73⫾0.95b
2.77⫾0.48b

DMN
CYC
INSR
MC3R
MC4R
NPY1R
NPY5R
SOCS3
BDNF
CRF

0.16⫾0.05
0.15⫾0.03
2.39⫾0.52
2.14⫾0.25
2.70⫾0.29
0.63⫾0.07
9.72⫾0.89b
2.36⫾0.23a
0.29⫾0.04

0.11⫾0.04
0.15⫾0.04
2.00⫾0.31
1.91⫾0.27
2.39⫾0.32
0.62⫾0.11
6.02⫾0.53a
1.73⫾0.13ab
0.29⫾0.02

0.12⫾0.05
0.15⫾0.03
2.49⫾0.38
1.77⫾0.38
2.67⫾0.41
0.68⫾0.11
6.19⫾0.52a
1.45⫾0.19b
0.35⫾0.03

1.16⫾0.18
1.00⫾0.02
1.08⫾0.07
0.93⫾0.14
1.09⫾0.11
1.25⫾0.09
0.97⫾0.05

0.82⫾0.24
1.08⫾0.04
1.36⫾0.16
1.11⫾0.10
1.33⫾0.15
1.78⫾0.43
1.33⫾0.16

1.03⫾0.18
2.12⫾0.62
1.78⫾0.36
3.78⫾0.55
1.25⫾0.17

1.27⫾0.19
1.71⫾0.13
1.73⫾0.10
4.16⫾0.76
1.42⫾0.12

PVN
CYC
MC3R
MC4R
BDNF
CRF
CRF1R
CRF2R

1.15⫾0.17
1.09⫾0.02
1.04⫾0.07
1.25⫾0.07
1.20⫾0.32
1.15⫾0.08
1.28⫾0.13

CYC
NPY1R
NPY5R
BDNF
MCH

0.96⫾0.29
2.57⫾0.96
1.82⫾0.29
2.84⫾0.38
1.83⫾0.32

LH

At 4 wk of age, DIO rats were weaned onto the high-energy diet and then
left sedentary (Sed; n ⫽ 8), given access to a running wheel (Ex; n ⫽ 8), or
calorically restricted (Rstr; n ⫽ 8) for 3 wk postweaning. Tissue from the
ARC, VMN, DMN, PVN, and LH were micropunched and assayed by QPCR.
INSR, insulin receptor. Values are means ⫾ SE ratios of the mRNA of interest
relative to cyclophilin mRNA. Parameters with differing superscripts differ
from each other at the P ⬍ 0.05 level by post hoc Bonferroni adjustment after
significant intergroup differences were found by 1-way ANOVA.
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Fatty rats, which also fail to increase their intake during
exercise (52). Thus, the way in which rodents regulate caloric
intake and overall energy homeostasis in response to exercise
and exercise termination may be a main determinant of the
ability of exercise to produce long-term loss of weight and
adiposity.
Voluntary exercise during the immediate postweaning period can override the genetic propensity of DIO rats to become
obese, even when they are chronically exposed to a diet
containing moderately elevated levels of fat and caloric density. The protective effect of continued exercise prevented the
expected changes in anabolic and catabolic hypothalamic neuropeptide expression, despite the loss of adipose mass and
reductions in plasma leptin and insulin levels. Importantly,
only 3 wk of exercise was required to provide a long-lasting
protective effect on the development of obesity. The association with increased ARC POMC expression 7 wk after cessation of exercise suggests that this finding may play an important role in their persistent obesity resistance. Perhaps of equal
importance was the finding that 6 wk of postweaning caloric
restriction led to increased obesity when these rats were allowed to eat ad libitum for another 7 wk. Thus, juvenile rats
react very differently from adult rats to exercise and caloric
restriction with regard to both long-term regulation of energy
homeostasis and hypothalamic neuropeptide and receptor mRNA
expression in response to these perturbations. We suggest that
these differences may be due to an effect on the organization or
function of the neural pathways involved in the regulation of
energy homeostasis during this critical developmental period.
While it known that the projections of critical NPY/AgRP and
POMC neurons in the ARC reach their distal targets during the
first 2–3 postnatal wk (9, 21), our data suggest that a potential
window of opportunity for modifying these or other critical
pathways may exist for several weeks beyond this time.
Perspectives and Significance
Exercise has a selective but self-limited effect on lowering
adiposity in obese adult rodents (4, 39, 51, 52, 64, 65, 75).
However, we demonstrate here that rats selectively bred to
develop DIO fail to become obese after only 3 wk of postweaning exercise, despite continued intake of a 31% fat HE
diet for many weeks after exercise cessation. To our knowledge, this is the only example where such a short-term intervention produces such a long-lived prevention of obesity in
genetically predisposed animals. Given the fact that the brain is
still developing during this prepubertal period, we hypothesized that exercise might alter the formation of brain circuitry
involved in the regulation of energy homeostasis. The failure
of these animals to demonstrate differences in ARC NPY or
AgRP mRNA expression is probably because these neurons
have largely completed their intrahypothalamic target connections by the third week of life (11). On the other hand, it is
possible that some factors (e.g., cytokines) released during
exercise might either affect the early development of other
neural pathways or in some way correct the inherited reductions of medial hypothalamic leptin (27, 41, 44) and insulin
signaling (27) of DIO rats. Although exercise did not affect
leptin or insulin receptor mRNA expression, it is still possible
that binding to or downstream signaling of these receptors
might be altered to explain why these rats had no compensatory
AJP-Regul Integr Comp Physiol • VOL
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hyperphagia to restore to their reduced adiposity once exercise
was stopped. Unfortunately, it is difficult to extrapolate the
present findings in the DIO rat to humans because of the
marked differences in the temporal patterns of brain development between humans and rodents (10, 20, 21, 59, 60). Thus,
even if early-onset exercise might prevent the development of
obesity in children, it is unclear at what age they would have to
begin exercising to obtain benefits similar to those seen in our
rats. However, in keeping with our previous rat studies (19),
the present ones do suggest that environmental perturbations
during the prepubertal period might be able to modify the
development of obesity in genetically predisposed humans.
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