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Introduction

'Food intake in humans and other mam-
mals is a complex process, resulting from
the integration of homeostatic systems
that monitor energy stores with hedonic
drive resulting from the behaviorally rein-
forcing properties of food (Fig. 1) (Lutter
and Nestler, 2009). Under conditions of
food scarcity, the hedonic and homeostatic
drives cooperate to enhance the intake of
highly palatable food. During times of nu-
trient excess, the homeostatic drive reduces
food intake and increases energy expendi-
ture in an attempt to maintain body weight.
However, the hedonic drive to feed, condi-
tioned through exposure to highly palatable
food, continues to promote food con-
sumption and excessive intake of calo-
ries. Several neuropsychiatric disorders,
including Prader-Willi syndrome (PWS),
bulimia nervosa, and binge eating disorder
exhibit derangements in food intake result-
ing from perturbations in the hedonic drive
to feed. In addition, genetic studies in pa-
tients with obesity are identifying mutations
in genes that increase food consumption.
Techniques developed in recent years now
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allow for a more sophisticated assessment of
feeding behaviors in both laboratory ani-
mals and humans (Fig. 2). In this review,
we will discuss recent advances in our
understanding of food reward using a
combination of laboratory animal and
human research techniques.

Disorders associated with hyperphagia
Several disorders are associated with elevated
food intake. PWS is an uncommon disorder
characterized by complete or partial loss of a
segment of the paternal chromosome 15
(q11-13). This neurodevelopmental disor-
der is characterized by marked hyperphagia
and obesity, among other deficits (Gold-
stone, 2004). Unmonitored, individuals
with PWS will eat both food and nonfood
objects resulting in consumption of several-
fold more calories than is required under
normal conditions.

Approximately 1.5% of women and
0.5% of men suffer from bulimia nervosa, a
psychiatric illness marked by repetitive epi-
sodes of binge eating in which individuals
consume larger amounts of food than
would be considered appropriate within a
2 h period of time (Treasure et al., 2010).
Importantly, patients with bulimia nervosa
feel out of control of their eating behaviors
and use strategies to compensate for the in-
creased calorie intake. These methods in-
clude self-induced vomiting (i.e., purging),
laxative abuse, and excessive exercising to
prevent weight gain (Treasure et al., 2010).

The Diagnostic and Statistical Manual
of Mental Disorders, fourth edition, also
includes binge eating disorder as a re-
search diagnosis (American Psychiatric
Association, 1994). In contrast to bulimia
nervosa, patients who suffer from binge

eating disorder engage in bouts of binge
eating but do not use compensatory mea-
sures such as purging or exercise. Current
estimates indicate that 3.5% of women
and 2.0% of men would meet criteria for
binge eating disorder, if it becomes an of-
ficial diagnosis, which would make it the
most common eating disorder in the gen-
eral population (Treasure et al., 2010).

It should be noted that binge eating
disorder is not synonymous with obesity.
Although obesity is common among pa-
tients with binge eating disorder, obesity
is best viewed as a heterogeneous illness
with many factors, including food moti-
vation, satiety, and energy expenditure,
contributing to its development. Human
genetic studies have begun to identify sub-
sets of patients with genetic mutations
that promote food intake leading to obe-
sity. Two prominent examples of this ap-
proach are the melanocortin 4 receptor
(MC4R) and fat mass and obesity associ-
ated (FTO) genes. Mutations in the MC4R
gene have been reported in ~5% of indi-
viduals with severe obesity (Yeo et al.,
1998; Farooqi et al., 2003b). Recently, ge-
netic variants in the FTO gene were iden-
tified as a risk factor for the development
of severe and early onset obesity (Dina et
al., 2007; Frayling et al., 2007). Approxi-
mately 16% of individuals of European
ancestry are homozygous carriers of this
FTO variant, which confers a 1.67-fold in-
crease in the odds of developing obesity.

Methodological review

Human methods

A variety of methods are available for
measuring the hedonic value of food in
humans. Traditionally, food diaries and
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Figure 1.  Hierarchical representation of feeding requla-
tion. Peripheral organs like the stomach and adipose tissue
produce endocrine signals, such as the hormones ghrelin and
leptin, in response to changes in energy balance. Those sig-
nals are relayed primarily to structures in the deep brain, in-
cluding the hypothalamus, VTA, and striatum, to requlate
metabolic processes and food reward. Cortical regions then
provide higher-order levels of processing of emotional re-
sponses to food.

test meals consumed under laboratory
settings have been used to monitor con-
sumption of palatable foods (de Castro,
2000). In recent years, these techniques
have been supplemented by self-report
questionnaires such as the Child Eating
Behavior Questionnaire (Wardle et al.,
2001) and the Power of Food Scale (Lowe
et al., 2009) that measure certain aspects
of the appetite for highly palatable foods.
More recently, computer-based programs
have been developed for use in humans
that measure the behaviorally reinforcing
quality of food using operant responding
tasks (Nasser et al., 2008). A similar pro-
gram seeks to distinguish “liking” or he-
donic value of a food from “wanting” or
incentive salience of a rewarding food
(Finlayson et al., 2007). Together, these
studies provide methods for the initial char-
acterization of the components of food
reward.

Noninvasive neuroimaging techniques,
such as functional magnetic resonance im-
aging (fMRI), have recently been adapted to
study food reward. fMRI is a specialized
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Translational neuroscience approaches to studying eating behaviors. Several techniques are available to study

eating behaviors at different sites of regulation. Complementary techniques in laboratory animals and humans can be used to
extend initial findings and generate new hypotheses. For instance, electrophysiological studies are of limited use in humans but

readily amendable for use in laboratory animals.

MRI scan that measures changes in oxygen
consumption and blood flow caused by
changes of neural activities in the brain
(Ogawa et al., 1990). This technique has
helped to identify brain regions that are ac-
tivated by food-related cues such as images
or smell (Pelchat et al., 2004; Bragulat et
al., 2010). In addition, fMRI imaging has
identified regions activated by appetite-
regulating hormones, including leptin,
PYY, 5., and ghrelin (Batterham et al,,
2007; Farooqi et al., 2007; Malik et al,,
2008). A powerful use of functional imag-
ing has been to reveal regions of the brain
differentially regulated between patients
with eating disorders and normal individ-
uals. Together, these studies provide new
insight on how the human brain responds
to food-related information, identify neural
circuits involved in food-related reward be-
havior, and suggest how dysregulation of
these pathways may contribute to eating
disorders.

Rodent methods

Most current studies analyze food intake
in rodents by allowing animals ad libitum
access to food and then measuring the
amount of food consumed within a set pe-
riod of time. Allowing rodents ad libitum
access to food, however, eliminates the re-
quirement of effortful responding and in-
stead largely measures satiety (i.e., meal
cessation or how “full” or “satisfied” an
animal is). To study the reinforcing prop-
erties of food, many approaches originally
developed to study drug addiction have
been applied to study food reward in both
humans and rodents. Diet preference tests
allow animals to choose between specially
selected research diets composed of differ-
ent macronutrient content (such as high
fat vs high carbohydrate). The amount of
food consumed for each diet is recorded
and relative preference for each diet is de-
termined. Test animals typically consume
more of the diet that they find more pal-
atable. This test aims to measure the “lik-
ing” component of the diet and has helped

to identify signaling pathways that are in-
volved in the relative reward valuation of
different macronutrients, such as opiate
and dopamine signaling (Naleid et al.,
2007; Johnson and Kenny, 2010).

Operant responding tests allow ani-
mals to establish an association between a
particular effortful behavior (such as lever
pressing) and obtainment of a reward
(such as the availability to a palatable
food). Test animals are willing to expend
more effort in the particular behavior
when they find a food to be more reward-
ing. The reinforcing value is determined
by measuring how much effort the exper-
imental animal is willing to give to acquire
the food reward (i.e., “wanting”). In con-
trast, in the food conditioned place pref-
erence (CPP) task, animals learn to
associate environmental cues (such as vi-
sual patterns of the wall and the floor
texture) with certain stimuli, such as pal-
atable food, during training sessions. The
reward value is determined by measuring
the preference an animal displays for the
environmental cues associated with the
rewarding stimuli. In general, the CPP test
measures various aspects of motivated be-
haviors, including the liking and associa-
tive learning components of the reward
pathways while operant responding as-
sesses wanting. These paradigms have
been used to evaluate the consequences of
certain pharmacological or genetic per-
turbations on food reward. For instance,
operant responding tasks have been used
to identify a role for many signaling path-
ways in food reward, including the gluta-
matergic, opiate, AFosB, and serotonin
signaling (Herzig et al., 2005; Olausson et
al., 2006; Yonghui et al., 2006; Jarosz et al.,
2007; Sanders et al., 2007).

Neuroendocrine systems involved in
food reward

Prader-Willi syndrome

The hyperphagia of PWS likely involves
aberrations in neuronal pathways in-
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volved in the control of hedonic feeding,
because changes in food valuation have
been reported (Holsen et al., 2006). After
intake of a meal, patients with PWS dis-
play enhanced activation of limbic regions
of the brain when compared to normal
weight control subjects (Holsen et al,
2006). Imaging of the frontal cortex, a
structure involved in assigning salience to
rewards (Fig. 1), by fMRI has shown that
patients with PWS show greater activity in
the prefrontal cortex than lean controls
when viewing food pictures, suggesting that
food possesses a higher reward value in
those with PWS (Miller et al., 2007). A sec-
ond fMRI imaging study reported similar
results, with enhanced hypothalamic and
orbital frontal cortical activation in PWS pa-
tients relative to controls when presented
with high-calorie versus low-calorie foods
(Dimitropoulos and Schultz, 2008).

In 2002, a potential mechanism for the
increased motivation for food was discov-
ered when it was reported that patients
with PWS display significant elevations in
the appetite-stimulating hormone ghrelin
(Cummings et al., 2002; DelParigi et al.,
2002). Ghrelin is an octanoylated peptide
mainly produced by the stomach that
serves as the endogenous ligand for the
ghrelin receptor [or GHSR (growth hor-
mone secretagogue receptor)]. The devel-
opmental progression of PWS has been
suggested to be linked to this elevation in
ghrelin, as early elevations accompany a
failure to thrive followed by the develop-
ment of hyperphagia as early as the second
year of life (Gunay-Aygun et al., 2001).
Several studies have demonstrated a large
elevation of ghrelin in PWS children rela-
tive to lean and obese controls (Feigerlova
et al., 2008; Bizzarri et al., 2010). After
meal ingestion, ghrelin levels decrease
slightly yet remain high and may be re-
sponsible for the decreased satiety evident
in PWS patients (Feigerlova et al., 2008;
Bizzarri et al., 2010). These studies also
suggest that perturbations in ghrelin sig-
naling may be causative in the develop-
ment of obesity, as the elevation precedes
weight gain (Feigerlova et al., 2008; Biz-
zarri et al.,, 2010). Other investigations,
however, do not show early elevations in
ghrelin (Haqq et al., 2008) in all PWS sub-
jects, which might be explained by the in-
herent difficulty in ghrelin measurement
coupled with small sample size. Alter-
nately, PWS may exhibit variability in the
expression of hyperghrelinemia. During
adolescence and adulthood, ghrelin levels
decrease similar to that observed in the
control population (Feigerlova et al.,
2008; Bizzarri et al., 2010). Finally, the use

of somatostatin to suppress ghrelin levels
in individuals with PWS did not reduce
appetite, suggesting that inhibition of gh-
relin signaling alone may not be enough to
normalize food intake and body weight
(Tan et al., 2004; De Waele et al., 2008).

With respect to the regulation of food
reward, in rodents, the ghrelin receptor is
expressed widely throughout the brain,
including neurons in both the hypothala-
mus and dopaminergic neurons in the
ventral tegmental area (VTA) (Zigman et
al., 2006). The mesolimbic dopamine cir-
cuit is composed of dopaminergic neu-
rons originating in the VTA that project to
neurons in the nucleus accumbens. This
circuit regulates many aspects of reward-
related behaviors, including psychomotor
activation, behavioral arousal, and condi-
tioned learning (remembering food-
associated cues) (Berridge, 2009; Lutter
and Nestler, 2009). Ghrelin acts directly
on VTA neurons to stimulate dopamine
release and increase food intake (Abizaid
et al., 2006). Recently, we have shown
that ghrelin also increases food reward-
related behaviors by enhancing both
food CPP and operant responding for
high-fat diet under a progressive ratio
schedule (Perello et al., 2010). Also, ghre-
lin action is required to observe the en-
hancement in food CPP normally seen
after calorie restriction in animals (Perello
et al., 2010). Functional MRI signaling in
humans confirms that ghrelin-induced
enhancement in appetite correlates with
activation of brain reward regions, in-
cluding the orbitofrontal cortex, anterior
insula, amygdala, and striatum (Fig. 1)
(Malik et al., 2008).

Bulimia nervosa

Similar to PWS, functional imaging tech-
niques have been used to identify neural
correlates of disordered eating in patients
with bulimia nervosa. Several studies have
consistently identified deficits in cortico-
striatal neural circuits in patients with bu-
limia nervosa (Fig. 1) (Uher et al., 2004;
Marsh et al., 2009; Wagner et al., 2010). In
contrast to PWS, no increase in ghrelin
levels has been observed for bulimia
nervosa. However, several studies have
reported reduced levels of the adipocyte-
derived hormone leptin (Jimerson et al.,
2000; Monteleone et al., 2000). Leptin is a
potent anorexigenic signal essential in the
regulation of the energy balance. Leptin
receptors are highly expressed throughout
the brain, including several nuclei in the
hypothalamus, the brainstem, and VTA
(Elias et al., 2000; Hommel et al., 2006).
Leptin acts directly on VTA dopaminergic
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neurons to reduce firing rate and suppress
food intake (Hommel et al., 2006). Im-
portantly, reduction in leptin receptor
levels in the VTA by RNAi enhances mo-
tivated behaviors such as locomotor activ-
ity and preference for highly palatable
foods such as sucrose and a high-fat diet
(Hommel et al., 2006). A recent study has
identified a novel population of leptin-
responsive neurons in the lateral hy-
pothalamus that project to the VTA.
Activation of these neurons by local ad-
ministration of leptin inhibits feeding, in-
creases expression of tyrosine hydroxylase
in the VTA (the rate limiting step of dopa-
mine synthesis), and restores dopamine
content within the nucleus accumbens
(Leinninger et al., 2009). By using two pa-
tients with congenital deficiency in leptin,
researchers have demonstrated that leptin
modulates the perception of food reward
by acting on brain reward circuits (Fa-
rooqi et al., 2007). These findings suggest
that leptin action on VTA function likely
involves a complex interplay of multiple
neural circuits to differentially regulate
behavioral outcomes.

Binge eating disorder

After exposure to food images, patients
with binge eating disorder demonstrated
increased reward sensitivity and activa-
tion of the orbital frontal cortex, anterior
cingulated cortex, and insula (Fig. 1)
(Schienle et al., 2009). These regions have
previously been associated with process-
ing of hedonic value of food (Berridge,
2009). A recent study suggests a role for
two G-protein-coupled receptors, the do-
pamine 2 receptor (D,R) and u-opioid re-
ceptor (mOR), in the regulation of
hedonic aspects of overeating in patients
with binge eating disorder. Compared to
weight-matched control subjects with
obesity, genetic evaluation of individuals
with binge eating disorder found higher
frequencies of genetic polymorphisms as-
sociated with increased activity of D,R
and mOR, both of which are associated
with increased reward sensitivity, creating
a “hedonic-enhanced” state in response to
highly palatable foods (Davis et al., 2009).
Although this genetic association is still
preliminary and needs to be replicated,
the results are tantalizing given that exten-
sive work performed in mice has high-
lighted the importance of mOR signaling
in food reward (Berridge, 2009). The opi-
oid peptide B-endorphin [derived from
pro-opiomelanocortin] is the endoge-
nous ligand to - and 8-opioid receptors
(Glassetal., 1999). Although opioid signal-
ing increases food intake, the effect appears
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to occur by promoting a preference for the
palatability of food rather than its energy
content (Erlanson-Albertsson, 2005). Opi-
oid agonists act on the nucleus accumbens
to affect many different aspects of food
reward, such as increasing food-seeking
behaviors and motivation for palatable
foods (Erlanson-Albertsson, 2005).

Human neuroimaging techniques have
been used to investigate hypotheses first
generated from human genetic and mouse
behavioral studies. Researchers examined
individuals lacking the Al allele of the D,R
using fMRI (Felsted et al., 2010). This ge-
notype is associated with increased levels
of D,R within the striatum and displays an
increased frequency in individuals with
binge eating disorder compared to obese
controls (Davis et al., 2009). After ingest-
ing a highly palatable food (a milkshake),
individuals without the A1 allele displayed
enhanced reward sensitivity correspond-
ing with increased activation of several brain
regions, including the midbrain, thalamus,
and orbital frontal cortex (Davis et al.,
2009). This finding supports the idea that
individuals with binge eating disorder expe-
rience a “hedonic-enhanced” state that pro-
motes overeating.

Obesity

Human genetics has been a powerful tool
in identifying genetic contributions to
specific behaviors such as hyperphagia
(Hinney et al., 2010). Although several
sporadic mutations have been reported,
the two most common genes implicated
in obesity because of hyperphagia are
MC4R and FTO. Frameshift mutations in
MC4R associated with an autosomal
codominant form of inherited obesity
were originally described in 1998 (Yeo et
al., 1998; Faroogqi et al., 2003b). Since that
time, several other mutations affecting
MCA4R have been described that promote
the development of obesity (Farooqi et al.,
2003b). Although great controversy exists
regarding whether MC4R mutations are
associated with an increased risk for de-
veloping eating disorders such as bulimia
nervosa or binge eating disorder (Branson
et al., 2003; Farooqi et al., 2003a; Gotoda,
2003; Herpertz et al., 2003; Hebebrand et
al., 2004), clearly, individuals with these
mutations consume significantly more
calories in test meals than unaffected rel-
atives even after correction for lean body
mass, especially in children (Farooqi et al.,
2003b).

Once it was established that signaling
through the MC4R affected food intake
and body weight in humans, mouse
models could then be used to further

elucidate the neural processes that me-
diate these effects. Genetic and pharma-
cologic techniques have been used in mice
to demonstrate a role for MC4R signaling
in several feeding behaviors, including
meal size, macronutrient selection, and
instrumental responding for food (Adan
et al., 2006; Vaughan et al., 2006). Ad-
vanced gene expression techniques in
mice have been used to identify the neural
circuits that underlie specific functions of
MCA4R. For instance, a distinct population
of neurons within the paraventricular nu-
cleus of the hypothalamus and amygdala
control food intake without affecting en-
ergy expenditure (Balthasar et al., 2005).

Recently, genome-wide association
studies have been used for the identification
of candidate genetic variants that can be as-
sociated with obesity. Common variants of
FTO have been associated with increased
body mass in the general population (Dina
etal., 2007; Frayling et al., 2007). It is now
becoming clear that alteration of eating
behaviors may be the reason why variants
of FTO are consistently associated with
obesity risk (Cecil et al., 2008; Speakman
etal., 2008; Timpson et al., 2008; Haupt et
al., 2009). Although the exact mechanism
of this effect is not clear, one potential way
in which variants of FTO might affect
food intake is by decreasing self-reported
feelings of satiety (Wardle et al., 2008).

Experiments in mice are now being
conducted to identify specific neuronal
functions of FTO. The FTO gene codes for
a demethylase enzyme that is highly ex-
pressed in the brain (Gerken et al., 2007).
The neuroanatomical distribution of FTO
is consistent with a potential role in body
weight homeostasis with high expression
in hypothalamic regions related to the en-
ergy balance, including the paraventricu-
lar, arcuate, and dorsomedial nuclei of the
hypothalamus (Olszewski et al., 2009). In-
terestingly, FTO is expressed at very low
levels in regions typically associated with
food reward such as the VTA and nucleus
accumbens (Olszewski et al., 2009). Addi-
tional studies will need to elucidate the
role of FTO in neuronal function and to
determine whether reward modulation is
affected in individuals harboring pro-
obesity variants of the gene.

Conclusions and future directions

Food intake in humans is a complex inter-
play of hormonal, neural, and psychological
processes. Although disordered eating
syndromes often present with similar
behavioral disturbances, a combinat-
ion of approaches can be used to ident-
ify pathophysiological processes. Future
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studies will focus on better understanding
the role of specific genes on neural circuits
that control aspects of food intake and
food reward. Additionally, a great need
exists to determine how engaging in spe-
cific eating behaviors, such as repeated
episodes of binging, affects neuronal
function. A good example of this concept
is the recent paper that demonstrates the
effect of repeated exposure to highly pal-
atable food on dopaminergic signaling in
the ventral striatum (Johnson and Kenny,
2010). Hopefully, new insights into these
processes will allow for the development
of novel treatments for individuals suffer-
ing from these disorders.
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