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Abstract

The cause of the current increase in obesity in westernized nations is poorly understood but is frequently attributed to a
‘thrifty genotype,’ an evolutionary predisposition to store calories in times of plenty to protect against future scarcity. In
modern, industrialized environments that provide a ready, uninterrupted supply of energy-rich foods at low cost, this
genetic predisposition is hypothesized to lead to obesity. Children are also exposed to this ‘obesogenic’ environment;
however, whether such early dietary experience has developmental effects and contributes to adult vulnerability to obesity
is unknown. Using mice, we tested the hypothesis that dietary experience during childhood and adolescence affects adult
obesity risk. We gave mice unlimited or no access to sucrose for a short period post-weaning and measured sucrose-
seeking, food consumption, and weight gain in adulthood. Unlimited access to sucrose early in life reduced sucrose-seeking
when work was required to obtain it. When high-sugar/high-fat dietary options were made freely-available, however, the
sucrose-exposed mice gained more weight than mice without early sucrose exposure. These results suggest that early,
unlimited exposure to sucrose reduces motivation to acquire sucrose but promotes weight gain in adulthood when the cost
of acquiring palatable, energy dense foods is low. This study demonstrates that early post-weaning experience can modify
the expression of a ‘thrifty genotype’ and alter an adult animal’s response to its environment, a finding consistent with
evidence of pre- and peri-natal programming of adult obesity risk by maternal nutritional status. Our findings suggest the
window for developmental effects of diet may extend into childhood, an observation with potentially important
implications for both research and public policy in addressing the rising incidence of obesity.
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Introduction

Almost two-thirds of American adults are either overweight or

obese and the incidence of childhood obesity is rising rapidly [1–

4]. The cause of the recent and dramatic rise in obesity in western

societies is not fully understood, but its appearance in a genetically

stable population indicates that environmental factors play a

critical role [5–7]. In western societies, the increased availability of

tasty, energy-rich foods together with a reduced requirement for

energy expenditure is believed to promote a net positive energy

balance resulting in increased body mass and obesity [5,8]. The

availability of these foods, however, does not entirely account for

their widespread (over-)consumption. Palatable, high-calorie foods

are widely available because there is a demand for them, though

marketing practices undoubtedly contribute to this, especially

among children [9–11]. Moreover, the widespread availability of

high fat and high sugar foods does not mean that healthier

alternatives are unavailable, though this may vary by region and

socioeconomic status [12–18]. Human beings, though influenced

by environmental factors [7], respond to their environment with

motivated, goal-directed behavior [19–21], often seeking out foods

they know to be poor choices, sometimes even when they resolve

to eat better or less. These adult behaviors are often resistant to

change [22]. Understanding the factors that shape adult food-

related motivation and its contribution to weight gain would

greatly aid in the development of preventative measures in tackling

the problem of obesity.

Efforts to understand the recent rise in obesity focus on

discerning the relative contributions of, or interactions between,

genetic and environmental factors in adulthood [6,7,19,23,24].

Developmental contributions and interactions are only recently

being investigated and have focused almost exclusively on

maternal over- and under-nutrition affecting the fetal or neonatal

nutritional environment. Arising from the fetal origins hypothesis,

termed the ‘thrifty phenotype,’ first proposed by Hales, Barker and

colleagues [25,26], this work proposes that pre- and peri-natal

nutritional status developmentally programs the organism’s adult

metabolism and energy balance to form a ‘‘predictive adaptive

response’’ [27]. This work has clearly demonstrated that early

nutritional status can alter later energy balance behavior and body

weight [28–36]. The window during which such programming

occurs, however, is not well defined. Whether a developmental

window remains open during childhood and adolescence allowing

nutritional experience during this time to substantively shape

subsequent adult energy balance remains an open question. As

children’s diets in contemporary western society tend to be replete
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with high fat and sugar foods, such developmental effects could

potentially compound the obesity epidemic or, alternatively, offer

a potential approach to addressing it.

Human studies examining childhood diet and obesity are

equivocal, providing some evidence that childhood diet can

contribute to obesity risk [37] but also showing that restricting

children’s diets increases obesity risk [38], though these studies

generally do not examine adult outcome. Given the difficulty

inherent in human studies, including the challenge of maintaining

adequate experimental control and the expense and delay inherent

in human longitudinal studies, an animal model would greatly

facilitate investigations into the relationship between early dietary

experience and adult obesity.

Like many humans, C57BL/6 mice show a strong preference

for sugar and fat and become obese and develop diabetes when

given chronic access to a high-sugar/high-fat diet [39–42]. The

C57BL/6 mouse shares with humans the ‘thrifty genotype,’ a

putative genetic predisposition to store calories whenever food is

readily available [8,40]. Here we used C57Bl/6 mice to directly

test the effect of early post-weaning experience on adult motivated

behavior and obesity risk. We focused on sucrose exposure in early

life since sucrose is a potent natural reinforcer [43] and because

the complex mechanisms that have evolved to regulate sugar

metabolism interact with motivational and reward systems [44].

We hypothesized that early experience with sucrose can alter adult

motivated behavior and thereby may constitute an important

factor determining adult feeding behavior and energy balance.

We show that unlimited access to sucrose early in life reduces

motivation to acquire sucrose, but only when work is required to

obtain it. When high-sugar/high-fat foods were made freely-

available, mice exposed to sucrose early in life preferred and

consumed this food as much as non-exposed animals, but in this

environment gained more weight than controls. These data

provide clear empirical support for the often asserted but rarely

demonstrated link between childhood diet and later adult feeding

behavior and body weight and suggest that the impact of early diet

on adult obesity risk may be contingent upon the adult

environment. These findings additionally suggest that the window

for developmental programming in response to nutritional

environment extends beyond gestation and suckling.

Materials and Methods

Animals
Ten breeding pairs of C57BL/6 mice (Jackson Laboratories,

Ben Harbor) were set up and each litter was weaned at 21 days

and distributed evenly between the experimental early environ-

mental conditions (unlimited sucrose exposure and no sucrose

exposure). Animals were housed under standard conditions

throughout. The sucrose exposure group, upon weaning, had

20 mg sucrose pellets (Bio-Serv, Frenchtown, NJ) continuously

and freely available within their homecage. There were two

cohorts born 3 weeks apart. The sucrose was removed from all

sucrose exposure mice at the same time, resulting in two cohorts

with either 4 or 7 weeks exposure to sucrose. They were

maintained on standard ad libitum chow thereafter, except during

the dietary challenge in which they were offered a high sugar/high

fat option in addition to standard chow. Both males and females

were included and distributed approximately equally.

Behavior Tests
All experiments were carried out during the light period (06:00–

18:00). When food restriction was used, mice were given 2 hours

per day access to food immediately following the behavior test.

Water was available ad libitum.

Open field. Each mouse was placed in an acrylic open field

chamber 40 cm long640 cm wide637 cm high (Med Associates,

St. Albans, VT). Illumination was 21 lux. Infrared beams recorded

the animals’ locations and paths (locomotor activity) as well as the

number of rearing movements (vertical activity). Data were

collected in 5 minute bins during 60 min trials. The chambers

were cleaned with 70% ethanol between all trials.

Wheel running. Mice were singly housed each with a 4.50

wire mesh wheel (Mini Run-a-Round, Pets International, Ltd., Elk

Grove Village, IL). Two counter-balanced magnets (Digi-key,

Thief River Falls, MN) were placed on 3/8 inch stainless steel

strips attached to the wheel (McMaster Carr Supply Co, Chicago,

IL). The wheel was situated in the cage such that a magnetic

switch closes (Digi-key) at every pass of a magnet. Data were

collected using Vitalview acquisition software, QA-4 activity input

modules, and DP-24 data ports, (Mini-mitter Co., Sun River, OR).

Data were collected in minute bins throughout the one week

experiment.

Operant tasks. The progressive ratio (PR) operant task and

the concurrent choice task were conducted in operant

conditioning chambers (Med Associates, St Albans, VT), 5 days

per week in 90 min sessions for the progressive ratio task and

30 min sessions for the concurrent choice task. In the PR

experiment, mice were first trained under a fixed ratio one

schedule (FR1, every press rewarded) with only the active lever

extended. During the first two days of training, food pellets (20-mg

sucrose pellets, Bio-Serv, Frenchtown, NJ) were also delivered into

the food receptacle on a random interval 60 s schedule with

intervals ranging between 0 and 120 seconds. When mice reached

a criterion of 30 lever presses in less than 45 min on two

consecutives days they were shifted to a PR3 schedule for two days

before PR7 testing began. In progressive ratio, the number of lever

presses required to earn a pellet is incremented by 3 (PR3) or 7

(PR7) after each reward so that each subsequent pellet becomes

more costly. Mice were tested under both food-restricted and non-

food-restricted conditions. Three parameters were recorded: the

breakpoint, defined as the last ratio completed, and number of

lever presses on the active and inactive levers. The concurrent

choice task was adapted from the protocol used by Cousins and

Salamone [45] in rats. Tests were conducted under food

restriction. Mice had the choice between lever pressing for a

more preferred food (FR35, every 35 lever presses delivers a

20 mg sucrose pellet) or consuming a less preferred standard

rodent chow that was concurrently and freely available on the

floor of the operant box. This experimental arrangement (‘‘choice

condition’’) was used on day 1, 3 and 5 of each week; and on days

2 and 4, only the FR35 was available (‘‘no choice condition’’).

Testing lasted 1 week. The number of lever presses, the total

amount of food consumed (pellet and lab chow in g) and the

percentage of food obtained by lever pressing were calculated.

Sucrose preference and extinction. Mice were singly

housed in cages that included two identical water bottles (15 ml

round bottom polypropylene tubes with rubber stopper on the

mouth and a sipper tube with ball-bearing), one of which

contained sucrose solution at varying concentrations in the

course of the experiment (0%, 0.2%, 5%, 10% and 15%). Each

concentration of sucrose was provided for four days. The positions

of the bottles were rotated daily to counter-balance potential

position preferences. The bottles were weighed daily and the

amount consumed from each recorded. A cage without mice was

maintained and weighed daily to track spillage, which remained

minimal and is not reported. Preference as a percent was
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PLoS ONE | www.plosone.org 2 September 2008 | Volume 3 | Issue 9 | e3221



calculated by dividing the amount consumed from the sucrose

bottle from the total amount consumed from both bottles. After

the final 15% concentration, all bottles were washed thoroughly

and water placed in all bottles and the test was continued for an

additional two days to determine the rate of extinction of the

preference for the previously sucrose filled bottle.

Glucose Challenge
Mice were fasted for 21 hours. Tail bleeds were used to sample

blood glucose and measured using the Accu-Check Active Meter

(Roche). After a baseline fasting glucose level was obtained, mice

were challenged with 2 g/kg dextrose prepared in 0.9% saline and

blood glucose checked at 30, 65 and 90 minutes.

High-Sugar/High-Fat Dietary Challenge
Mice were singly housed and provided both standard chow and

equal amounts of various NestléH chips (butterscotch, milk

chocolate, white chocolate, peanut butter) ad libitum. The mice

were weighed and consumption measured weekly during the three

week dietary challenge. Mice had ad libitum access to water.

Subsequent to the challenge, mice were returned to the standard

chow diet and group housing. Metabolic efficiency was calculated

by dividing the total weight gained during the challenge by the

kcal consumed to yield weight gain per kcal. Caloric content of

chow and NestléH chips were obtained from the manufacturers’

websites.

All animal procedures were approved by the Institutional

Animal Care and Use Committee at The University of Chicago.

Results

Thirty male and female C57BL/6 mice were weaned onto

standard chow and half of the animals were given concurrent

exposure to unlimited amounts of sucrose (20 mg pellets) in their

homecage for four weeks (n = 7) or seven weeks (n = 8; Figure 1a).

This post-weaning period of development approximately corre-

sponds to childhood through adolescence or early adulthood.

Following this manipulation, there was no difference in weights

between the two groups (4 wk group, F(1,9) = 2.96, p = 0.1; 7 wk

group, F(1,12) = 0.35, p = 0.6) as expected since sucrose consump-

tion alone does not generally cause weight gain in rodents

[40,46,47] or humans [48–50]. Thereafter, all animals were

maintained under standard conditions with ad libitum access to

standard chow. The groups were tested as indicated in Figure 1a.

Behavioral effects of early sucrose exposure
Five weeks after the termination of sucrose exposure, adult

animals were tested for their willingness to work to acquire sucrose

rewards in the progressive ratio test. In this instrumental task, the

number of active lever presses required to obtain a sucrose reward

is increased incrementally after each sucrose pellet earned. The

maximal number of presses for which the animal earned a reward

is termed the breakpoint and reflects an animal’s willingness to

work for a reinforcer. Mice given unlimited access to sucrose early

in life exhibited a lower breakpoint than animals not exposed to

sucrose (Figure 1b; F(1,14) = 4.61, p = 0.05). This effect was only

observed if mice were food-restricted (Figure 1c; sated condition:

F(1,14) = 2.11, p = 0.2). Interestingly, though not statistically

significant, the unlimited sucrose exposure group tended to press

less on the inactive lever as well, which does not yield reward, than

did the no sucrose exposure group (food- restricted condition,

F(1,14) = 3.38, p = 0.09, data not shown). Inactive lever-pressing can

be interpreted as either an indicator of general activity or as an

expression of the animals’ exploratory strategy; that is, how often

they check the ‘other lever’ to see if reward contingencies have

changed. Baseline locomotor activity measured in the open field

test (Figure 1d; F(1,12) = 0.52, p = 0.5) or in homecage wheel-

running (Figure 1e; F(1,13) = 0.28, p = 0.6) was not affected by

sucrose exposure, suggesting no difference between the two groups

in basal locomotion and goal-directed energy-expenditure (wheel

Figure 1. Experimental timeline, progressive ratio and activity. (a) Timeline indicating the order of experimental manipulations and tests.
Two cohorts of mice were used and administered the experimental manipulation and testing procedures as indicated above and below the timeline.
Breakpoint in progressive ratio (PR7) for the sucrose exposed and non-sucrose exposed mice tested under (b) food restriction and (c) sated conditions
(n = 8). (d) Total distance traveled in the open field (1 hr) (n = 7). (e) Total number of wheel turns in 1 week (n = 7, 8). Box plots: Middle lines represent
the median values, the top and bottom of the boxes represent the 25th and 75th percentiles, the whiskers represent the 10th and 90th percentiles
and the dots represent mean values ; * p = .05.
doi:10.1371/journal.pone.0003221.g001
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running), although these activity measures were not taken under

food restriction. Taken together, these behavior results indicate

that mice given unlimited access to sucrose in early life exhibit

reduced sucrose-seeking behavior in adulthood as indicated by a

lower breakpoint.

Given that unlimited sucrose exposure early in life reduced

sucrose-seeking in adulthood, we asked how the mice would

behave given a choice between freely available, standard chow and

sucrose that had to be earned. In this concurrent choice paradigm,

mice were tested in two conditions termed ‘choice’ and ‘no choice’

on alternating days. In the choice condition, mice could either

work (lever-press) for sucrose pellets or eat standard chow freely

available. In the no-choice condition, there was no freely available

chow. There was no difference in total food consumption (chow

plus sucrose) between the groups in the choice condition (Figure 2c;

F(1,14) = 0.59, p = 0.5). Consistent with the results from the food-

restricted progressive ratio test, mice exposed to unlimited sucrose

in early life worked less to obtain sucrose in both the choice and no

choice conditions (Choice Condition, Figure 2a; F(1,14) = 26.25,

p,0.001; No Choice Condition, Figure 2b; F(1,14) = 5.67, p = 0.03)

and showed enhanced preference for freely-available standard

chow in the choice condition (Figure 2d; F(1,14) = 38.07,

p,0.0001). Thus, unlimited access to sucrose early in life reduced

motivation for sucrose rewards and preferentially enhanced

consumption of freely-available food over more palatable food

that required work to obtain.

Following the concurrent choice test, we evaluated glucose

metabolism in this cohort of mice. After 21 hours of fasting, there

were no differences in weight between the groups (Figure 3a;

F(1,14) = .011, p = 0.917) and no difference in either fasting glucose

levels (Figure 3b; baseline, F(1,12) = .552, p = 0.472) or response to

glucose challenge (Figure 3b; group X timepoint, F(3,36) = 1.15,

p = 0.340). These results indicate that sucrose exposure early in life

does not alter glucose tolerance when animals are maintained on

standard chow in adulthood.

Both the progressive ratio and concurrent choice tests evaluate

motivation for sucrose when work is required to obtain the reward.

We also tested baseline sucrose preference with no explicit work

requirement. Singly-housed mice were presented with two bottles,

one filled with sucrose and the other with water. Increasing

Figure 2. Concurrent choice. Average lever presses during (a) choice and (b) no choice conditions (n = 8). (c) Total food consumed (earned
sucrose+freely available chow) during choice sessions (n = 8). (d) Percentage of total intake comprised of earned sucrose pellets during choice
sessions (n = 8). Box plots: as described in figure 1; * p,.05; **p,.005; *** p,.0001.
doi:10.1371/journal.pone.0003221.g002
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concentrations of sucrose (0.2%, 5%, 10%, and 15%) were

presented in one bottle for four days at each concentration. Each

day, consumption was measured and the position of the bottles

switched to control for position preferences. Across subsequent

concentrations, mice exposed to sucrose early in life showed a

reduced preference relative to mice raised without sucrose

(Figure 4a; Treatment: F(1,30) = 6.0, p = 0.03). However, there

were no significant differences in sucrose (Figure 4c; Treatment,

F(1,33) = 1.60, p = 0.2) or water (Figure 4d; Treatment, F(1,36) = 1.0,

p = 0.3) consumption between groups. Thus, in comparison with

the no sucrose exposure group, the mice exposed to unlimited

sucrose in early life show mildly reduced sucrose preference

resulting in little change in overall consumption. To further assess

sucrose-seeking behavior, we tested the mice in extinction

conditions. Sucrose bottles were washed, refilled with water, and

preference testing was continued for two days. While no overt cues

were associated with either bottle, rodents can discriminate bottles

based on tactile characteristics [51]. Although both groups showed

preference for high doses of sucrose (10 and 15%), mice given

unlimited access to sucrose early in life more readily extinguished

their preference for the sucrose bottle than animals not exposed to

sucrose when they were young (Figure 4b; F(1,12) = 11.54,

p = 0.005). Together with the instrumental data described above,

these results show a clear reduction in sucrose-seeking behavior in

mice given early unlimited exposure. The expression of this effect,

however, appears to be contingent upon the costs associated with

obtaining the sucrose. In the instrumental tasks where the cost of

food is relatively high due to an explicit work requirement and

food scarcity, i.e., food-restriction, the effect of sucrose exposure

early in life is robust. In contrast, in the sucrose preference test

where the work requirement is low and food is freely available, the

effect of early sucrose exposure on adult sucrose-seeking is

diminished.

Effects of sucrose exposure on weight gain in adulthood
To directly assess vulnerability to obesity, we measured weight

gain when mice had access to freely available high-sugar/high-fat

(HS/HF) dietary options. Prior to testing, there was no difference

in weight between the groups with no exposure and unlimited

exposure to sucrose during early life (F(1,10) = 0.14, p = 0.72). We

singly housed the mice and after a one-week acclimation period

provided both standard chow as well as HS/HF options consisting

of NestléH butterscotch, peanut butter, milk and white chocolate

chips for three weeks. We found that mice that had unlimited

exposure to sucrose when they were young gained more weight in

this environment than those animals that did not have access to

sucrose during development (Figure 5a; HS/HF weight gain,

F(1,10) = 5.84, p = 0.0362; Figure 5b; group X week, F(3,30) = 3.78,

p = 0.0206). Though both male and female mice exposed to

unlimited sucrose gained more weight than controls in this

condition, the effect may be more robust in females (17% and 12%

increase over controls in females and males, respectively). While

there was no difference between groups in consumption of either

the HS/HF food (Figure 5d, dashed lines, F(1,10) = 1.0, p = 0.34) or

standard chow (Figure 5d, solid lines, F(1,10) = 0.332, p = 0.577),

the sucrose-exposed mice exhibited greater efficiency at storing

energy as indicated by weight gained per kcal consumed (Figure 5c,

F(1,10) = 5.326, p = 0.0437). Consistent with the sucrose preference

test, in an environment where little cost was associated with

acquiring the high sugar option, both sucrose exposed and non

exposed groups equally preferred the HS/HF diet (as percentage

of total consumption, unlimited, 67.1%; no sugar, 71.0%;

F(1,10) = 0.551, p = 0.474). Singly housing mice during the dietary

challenge is unlikely to have suppressed behavioral differences

between the groups as mice were also singly housed during sucrose

preference testing where they exhibited behavioral differences.

Discussion

Our data indicate that a single factor in early, post-weaning

development– sucrose exposure– has persistent effects on adult

motivated behavior and weight gain. A study in rats published in

1978 [52] found that early exposure to different concentrations of

sucrose solution did not alter subsequent adult appetite for sweet

foods. Although the authors drew a conclusion opposite ours—

that early experience with sucrose does not significantly affect

adult consumption and preference— their data are consistent with

the present study. Like the Wurtman study, we did not observe an

effect of early sucrose exposure on preference for and consumption

of sweet food in adulthood when it was freely available. However,

their study did not examine whether there was a difference in

willingness to work to obtain sweet foods nor did it report the body

weights of rats when given access to high-sugar food. Thus,

although our study replicates their findings, the more extensive

examination of behavior and inclusion of body weight measure-

ment in this study yield a more complex picture of the impact of

early experience on adult feeding behavior and body weight and

demonstrate that early dietary experience does alter adult

consumption and vulnerability to obesity.

Current views on the cause of the recent increase in obesity

center on an interaction between genetics and adult environment

Figure 3. Glucose challenge. (a) Weights after a 21 hour fast and prior to glucose challenge. (b) blood glucose levels at fasting baseline (timepoint
0) and following i.p. injection of dextrose (2 g/kg). N = 6 (no sucrose) and 8 (unlimited).
doi:10.1371/journal.pone.0003221.g003
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[5,19,24,48]. The ‘‘thrifty genotype’’ hypothesis proposes that

humans are predisposed to store calories in times of plenty in order

to survive later times of scarcity. In contemporary society,

however, where energy rich foods are readily available without

intervening periods of scarcity, this genetic propensity is thought to

result in obesity. This view does not consider the effect that dietary

experience during development may have on expression of a

putative thrifty genotype. In our study, four to seven weeks of

exposure to sucrose post-weaning altered adult sucrose-seeking

and weight gain among mice that shared an identical ‘‘thrifty

genotype’’ and were exposed to identical environments as adults.

These data emphasize the importance of a developmental

perspective extending beyond gestation and nursing and suggest

that children’s diets can intensify or ameliorate the impact of a

putative thrifty genotype.

In human studies, unlimited soft drink consumption during

childhood is correlated with an increase in obesity risk (see [37] for

review), consistent with our finding in mice that unlimited access

to sucrose early in life resulted in increased weight gain when

exposed to freely available HS/HF dietary options. Importantly,

however, our study shows that the impact of early sucrose

exposure on adult obesity risk depends upon the dietary

environment in which the adult finds itself. Sucrose-exposed

animals do not seek out sucrose to the extent that naı̈ve animals do

when there is a significant cost associated with acquiring it;

however, they are more vulnerable to weight gain in an

environment with freely-available (low-cost), palatable, energy

rich foods. Our study suggests that individuals exposed to sugary

diets in early life will be less likely to seek these foods if there are

costs associated with obtaining them in adulthood. Consequently,

making high sugar and high fat foods less readily available within

individual environments, such as the workplace, schools and

home, may contribute to effective weight management. These

results suggest that with a population raised on a diet high in sugar,

environmental manipulation of the costs associated with energy-

dense foods is likely to be an efficacious obesity-reducing

intervention during adulthood.

These data might suggest that reducing a child’s intake of

sucrose might diminish future obesity risk. However, human

studies have also found that parental restriction of a child’s diet

also increases obesity risk (see [38] for review). Several potential

explanations of these findings have been proposed, all suggesting

that increases in sucrose/fat-seeking behavior and consumption

follow restriction [38]. The increased motivation to obtain sucrose

in the mice not exposed to sucrose in early life_ an extreme form of

restriction not possible in human studies_ supports this notion.

The differences in motivation we observe between groups in the

behavior tests are not evident when the animals are sated. This,

Figure 4. Sucrose preference. (a) Average preference expressed as sucrose consumed (g) divided by total sucrose and water consumption (g)
(n = 7). Dashed line indicates no preference. (b) Average preference for the bottle previously paired with sucrose during extinction (n = 7). (c) Average
sucrose and (d) water consumption (n = 7) 6SEM; * p,.05, ** p = .005.
doi:10.1371/journal.pone.0003221.g004
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together with the observation of no weight difference while the

mice are maintained on standard chow suggest that the

motivational differences we observe between the groups reflect

alterations in incentive motivation [53,54] for preferred, sweet

food rather than changes in primary motivation, hunger. This is

demonstrated clearly in the concurrent choice test where both

groups consumed the same amount of total food but the sucrose-

exposed mice consumed less sucrose— available, but associated

with a cost— showing that the sucrose-exposed mice exhibit less

incentive motivation to work for sucrose. This suggests that early

experience can alter the incentive motivational processes that

determine goal-directed behavior in response to hunger resulting

in different behavioral choices and consumption.

The present study cannot determine the mechanisms underlying

the observed effects of early sucrose experience. In the behavior

tests, differences in sucrose-seeking may arise as a result of (a)

different learned valuation of the preferred food arising from early

exposure, (b) different metabolic responses to food restriction

between sucrose-exposed and non-exposed animals, with the

sucrose-exposed mice protecting energy stores to a greater extent

or (c) different motivational responsiveness to metabolic signals

such as leptin or insulin, which have been shown to interact with

midbrain dopamine systems involved in reward-seeking behavior

[44,55,56]. The glucose challenge data suggests that the two

groups respond to acute food deprivation (21 hour fast) and acute

glucose increases similarly when maintained on standard chow,

consistent with the observation that sucrose-exposure does not

effect weight gain when animals eat standard chow. However,

differences in energy metabolism and storage may arise in

response to chronic food deprivation which may contribute to

the observed differences in sucrose-seeking. Similarly, sucrose-

exposed and non-exposed mice likely have different metabolic

and/or behavioral responses to HS/HF dietary options that

promote weight gain, as evidence by their increased feed

efficiency. The potential influence of sucrose exposure in early

life on the interaction between metabolic signals and motivational

systems are currently being investigated.

Although our study indicates the importance of a developmental

perspective in studying obesity, with obvious policy implications,

many questions remain. If early experience shapes later food-

seeking behavior and obesity risk, the question naturally arises as

to the time window during which these developmental processes

are active and how susceptible the developmental outcomes are to

change after that window closes. Establishing and characterizing

these developmental phenomena will facilitate investigation into

their biological substrates increasing our understanding of how

genes and environments interact to produce the current epidemic

of obesity.
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Figure 5. High sugar/high fat dietary challenge. (a) Percent weight gain 3-weeks prior to (left) and during (right) the 3-week HS/HF exposure
period in adulthood. (b) Body weight at the beginning and subsequent three weeks of HS/HF dietary options. (c) Metabolic efficiency as gram body
weight increase per kcal consumed across the HS/HF dietary challenge. (d) Weekly consumption of standard chow (solid lines) and HS/HF options
(dashed lines). N = 5–7; 6SEM, * p,.05.
doi:10.1371/journal.pone.0003221.g005

Sucrose Exposure in Early Life

PLoS ONE | www.plosone.org 7 September 2008 | Volume 3 | Issue 9 | e3221



References

1. Hedley AA, Ogden CL, Johnson CL, Carroll MD, Curtin LR, et al. (2004)

Prevalence of overweight and obesity among US children, adolescents, and
adults, 1999–2002. Jama 291: 2847–2850.

2. Kosti RI, Panagiotakos DB (2006) The epidemic of obesity in children and
adolescents in the world. Cent Eur J Public Health 14: 151–159.

3. Ogden CL, Fryar CD, Carroll MD, Flegal KM (2004) Mean body weight,

height, and body mass index, United States 1960–2002. Adv Data. pp 1–17.
4. Wang Y, Beydoun MA (2007) The obesity epidemic in the United States–

gender, age, socioeconomic, racial/ethnic, and geographic characteristics: a
systematic review and meta-regression analysis. Epidemiol Rev 29: 6–28.

5. Neel JV (1999) The ‘‘thrifty genotype’’ in 1998. Nutr Rev 57: S2–9.

6. Hill JO, Peters JC (1998) Environmental contributions to the obesity epidemic.
Science 280: 1371–1374.

7. Levitsky DA (2005) The non-regulation of food intake in humans: hope for
reversing the epidemic of obesity. Physiol Behav 86: 623–632.

8. Neel JV (1962) Diabetes mellitus: a ‘‘thrifty’’ genotype rendered detrimental by
‘‘progress’’? Am J Hum Genet 14: 353–362.

9. Hoek J, Gendall P (2006) Advertising and obesity: a behavioral perspective.

J Health Commun 11: 409–423.
10. Kelly B, Smith B, King L, Flood V, Bauman A (2007) Television food

advertising to children: the extent and nature of exposure. Public Health Nutr
10: 1234–1240.

11. Powell LM, Szczypka G, Chaloupka FJ, Braunschweig CL (2007) Nutritional

content of television food advertisements seen by children and adolescents in the
United States. Pediatrics 120: 576–583.

12. Delva J, Johnston LD, O’Malley PM (2007) The epidemiology of overweight
and related lifestyle behaviors: racial/ethnic and socioeconomic status

differences among American youth. Am J Prev Med 33: S178–186.
13. Delva J, O’Malley PM, Johnston LD (2007) Availability of more-healthy and

less-healthy food choices in American schools: a national study of grade, racial/

ethnic, and socioeconomic differences. Am J Prev Med 33: S226–239.
14. Drewnowski A (2007) The real contribution of added sugars and fats to obesity.

Epidemiol Rev 29: 160–171.
15. Morland K, Diez Roux AV, Wing S (2006) Supermarkets, other food stores, and

obesity: the atherosclerosis risk in communities study. Am J Prev Med 30:

333–339.
16. Morland K, Wing S, Diez Roux A, Poole C (2002) Neighborhood characteristics

associated with the location of food stores and food service places. Am J Prev
Med 22: 23–29.

17. Moore LV, Diez Roux AV (2006) Associations of neighborhood characteristics
with the location and type of food stores. Am J Public Health 96: 325–331.

18. Moore LV, Diez Roux AV, Nettleton JA, Jacobs DR Jr (2008) Associations of

the Local Food Environment with Diet Quality–A Comparison of Assessments
based on Surveys and Geographic Information Systems: The Multi-Ethnic

Study of Atherosclerosis. Am J Epidemiol.
19. Hill JO (2006) Understanding and addressing the epidemic of obesity: an energy

balance perspective. Endocr Rev 27: 750–761.

20. Zheng H, Berthoud HR (2007) Eating for pleasure or calories. Curr Opin
Pharmacol 7: 607–612.

21. Berthoud HR (2007) Interactions between the ‘‘cognitive’’ and ‘‘metabolic’’
brain in the control of food intake. Physiol Behav 91: 486–498.

22. Wing RR, Goldstein MG, Acton KJ, Birch LL, Jakicic JM, et al. (2001)
Behavioral science research in diabetes: lifestyle changes related to obesity,

eating behavior, and physical activity. Diabetes Care 24: 117–123.

23. Egger G, Swinburn B (1997) An ‘‘ecological’’ approach to the obesity pandemic.
Bmj 315: 477–480.

24. Ravussin E, Bogardus C (2000) Energy balance and weight regulation: genetics
versus environment. Br J Nutr 83 Suppl 1: S17–20.

25. Hales CN, Barker DJ (1992) Type 2 (non-insulin-dependent) diabetes mellitus:

the thrifty phenotype hypothesis. Diabetologia 35: 595–601.
26. Hales CN, Barker DJ (2001) The thrifty phenotype hypothesis. Br Med Bull 60:

5–20.
27. Gluckman PD, Hanson MA, Pinal C (2005) The developmental origins of adult

disease. Matern Child Nutr 1: 130–141.

28. Bellinger L, Langley-Evans SC (2005) Fetal programming of appetite by
exposure to a maternal low-protein diet in the rat. Clin Sci (Lond) 109: 413–420.

29. Bellinger L, Lilley C, Langley-Evans SC (2004) Prenatal exposure to a maternal
low-protein diet programmes a preference for high-fat foods in the young adult

rat. Br J Nutr 92: 513–520.
30. Bellinger L, Sculley DV, Langley-Evans SC (2006) Exposure to undernutrition

in fetal life determines fat distribution, locomotor activity and food intake in

ageing rats. Int J Obes (Lond) 30: 729–738.

31. Erhuma A, Salter AM, Sculley DV, Langley-Evans SC, Bennett AJ (2007)

Prenatal exposure to a low-protein diet programs disordered regulation of lipid

metabolism in the aging rat. Am J Physiol Endocrinol Metab 292: E1702–1714.

32. Langley-Evans SC, Bellinger L, McMullen S (2005) Animal models of

programming: early life influences on appetite and feeding behaviour. Matern

Child Nutr 1: 142–148.

33. Armitage JA, Taylor PD, Poston L (2005) Experimental models of develop-

mental programming: consequences of exposure to an energy rich diet during

development. J Physiol 565: 3–8.

34. McMillen IC, Edwards LJ, Duffield J, Muhlhausler BS (2006) Regulation of

leptin synthesis and secretion before birth: implications for the early

programming of adult obesity. Reproduction 131: 415–427.

35. McMillen IC, Muhlhausler BS, Duffield JA, Yuen BS (2004) Prenatal

programming of postnatal obesity: fetal nutrition and the regulation of leptin

synthesis and secretion before birth. Proc Nutr Soc 63: 405–412.

36. Muhlhausler BS, Adam CL, Findlay PA, Duffield JA, McMillen IC (2006)

Increased maternal nutrition alters development of the appetite-regulating

network in the brain. Faseb J 20: 1257–1259.

37. Moreno LA, Rodriguez G (2007) Dietary risk factors for development of

childhood obesity. Curr Opin Clin Nutr Metab Care 10: 336–341.

38. Clark HR, Goyder E, Bissell P, Blank L, Peters J (2007) How do parents’ child-

feeding behaviours influence child weight? Implications for childhood obesity

policy. J Public Health (Oxf) 29: 132–141.

39. Lewis SR, Ahmed S, Dym C, Khaimova E, Kest B, et al. (2005) Inbred mouse

strain survey of sucrose intake. Physiol Behav 85: 546–556.

40. Surwit RS, Feinglos MN, Rodin J, Sutherland A, Petro AE, et al. (1995)

Differential effects of fat and sucrose on the development of obesity and diabetes

in C57BL/6J and A/J mice. Metabolism 44: 645–651.

41. Surwit RS, Kuhn CM, Cochrane C, McCubbin JA, Feinglos MN (1988) Diet-

induced type II diabetes in C57BL/6J mice. Diabetes 37: 1163–1167.

42. West DB, Boozer CN, Moody DL, Atkinson RL (1992) Dietary obesity in nine

inbred mouse strains. Am J Physiol 262: R1025–1032.

43. Lenoir M, Serre F, Cantin L, Ahmed SH (2007) Intense sweetness surpasses

cocaine reward. PLoS ONE 2: e698.

44. Figlewicz DP, MacDonald Naleid A, Sipols AJ (2007) Modulation of food

reward by adiposity signals. Physiol Behav 91: 473–478.

45. Cousins MS, Sokolowski JD, Salamone JD (1993) Different effects of nucleus

accumbens and ventrolateral striatal dopamine depletions on instrumental

response selection in rats. Pharmacology, Biochemistry and Behavior 46:

943–951.

46. Levine AS, Kotz CM, Gosnell BA (2003) Sugars: hedonic aspects, neuroregula-

tion, and energy balance. Am J Clin Nutr 78: 834S–842S.

47. Sumiyoshi M, Sakanaka M, Kimura Y (2006) Chronic intake of high-fat and

high-sucrose diets differentially affects glucose intolerance in mice. J Nutr 136:

582–587.

48. Gibson SA (1996) Are high-fat, high-sugar foods and diets conducive to obesity?

Int J Food Sci Nutr 47: 405–415.

49. Poppitt SD, Keogh GF, Prentice AM, Williams DE, Sonnemans HM, et al.

(2002) Long-term effects of ad libitum low-fat, high-carbohydrate diets on body

weight and serum lipids in overweight subjects with metabolic syndrome.

Am J Clin Nutr 75: 11–20.

50. Saris WH, Astrup A, Prentice AM, Zunft HJ, Formiguera X, et al. (2000)

Randomized controlled trial of changes in dietary carbohydrate/fat ratio and

simple vs complex carbohydrates on body weight and blood lipids: the

CARMEN study. The Carbohydrate Ratio Management in European National

diets. Int J Obes Relat Metab Disord 24: 1310–1318.

51. Elizalde G, Sclafani A (1990) Fat appetite in rats: flavor preferences conditioned

by nutritive and non-nutritive oil emulsions. Appetite 15: 189–197.

52. Wurtman JJ, Wurtman RJ (1979) Sucrose consumption early in life fails to

modify the appetite of adult rats for sweet foods. Science 205: 321–322.

53. Berridge KC, Robinson TE (2003) Parsing reward. Trends Neurosci 26:

507–513.

54. Bindra D (1974) A motivational view of learning, performance, and behavior

modification. Psychol Rev 81: 199–213.

55. Fulton S, Pissios P, Manchon RP, Stiles L, Frank L, et al. (2006) Leptin

regulation of the mesoaccumbens dopamine pathway. Neuron 51: 811–822.

56. Hommel JD, Trinko R, Sears RM, Georgescu D, Liu ZW, et al. (2006) Leptin

receptor signaling in midbrain dopamine neurons regulates feeding. Neuron 51:

801–810.

Sucrose Exposure in Early Life

PLoS ONE | www.plosone.org 8 September 2008 | Volume 3 | Issue 9 | e3221


