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a b s t r a c t

Food reward, not hunger, is the main driving force behind eating in the modern obesogenic environment.
Palatable foods, generally calorie-dense and rich in sugar/fat, are thus readily overconsumed despite the
resulting health consequences. Important advances have been made to explain mechanisms underlying
excessive consumption as an immediate response to presentation of rewarding tastants. However, our
understanding of long-term neural adaptations to food reward that oftentimes persist during even a pro-
longed absence of palatable food and contribute to the reinstatement of compulsive overeating of high-
fat high-sugar diets, is much more limited. Here we discuss the evidence from animal and human studies
for neural and molecular adaptations in both homeostatic and non-homeostatic appetite regulation that
may underlie the formation of a ‘‘feed-forward’’ system, sensitive to palatable food and propelling the
individual from a basic preference for palatable diets to food craving and compulsive, addiction-like eat-
ing behavior.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

1.1. With food reward being the main driving force for eating in the
modern society, addiction-like overeating is a crucial factor in the
obesity epidemic

Food reward, not hunger, has become the main driving force for
eating in the modern society. We seek pleasure derived from con-
sumption of rewarding foods that usually combine palatability and
high energy density, even though overeating promotes body
weight gain. Weight control programs aimed at reducing the intake
of palatable food suffer from poor long-term compliance and food
craving appears to be a critical factor underlying relapse to over-
eating. Importantly, craving for palatable calories has many simi-
larities with drug craving observed in addiction, and obese as
well as lean individuals often develop – as we will illustrate in
the current review – addictive-like overeating behavior.

Drug addiction is a chronic relapsing disorder progressing from
occasional use, through repeated drug taking, to loss of control
over use and compulsive intake [215,235]. Neuroadaptations
precipitated by drug use promote further drug seeking and drug
ll rights reserved.
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taking. Ultimately, if a drug addict attempts to abstain from drug
use, drug craving ensues that may lead to a relapse long after the
physical signs of withdrawal have subsided, making an addiction
into an adverse condition, often lifelong, whose signs of manifesta-
tion need to be closely monitored on a virtually indefinite basis.
Importantly, reward-driven overeating is oftentimes also charac-
terized by repeated cycles of abstinence and apparent craving, as
evidenced by the difficulties to adhere to healthy eating habits over
extended periods of time. This makes excessive eating-driven
obesity a chronic condition that is extremely difficult to overcome.

Drug addiction and food overconsumption share striking simi-
larities at the physiological and behavioral level. Whereas the ef-
fect size differ by an order of magnitude, natural reinforcers and
addictive drugs all activate the mesocorticolimbic dopamine (‘‘re-
ward’’) system [21,22,57,112], and the pleasure experienced from
both preferred food [193] and psychostimulants [62] correlates
with the amount of dopamine release in the striatum. The role of
reward processing in overeating is established and it implicates
both limbic and cortical circuitry (see e.g., [29,108,125]). In fact,
similar disturbances in these regions are observed in drug addicts
and obese individuals: the binding to dopamine D2 receptors is
down-regulated in the striatum of cocaine, methamphetamine,
and heroin addicts [224,219,218], as well as in the obese [225],
whereas both obesity and drug addiction is associated with de-
creased cortical activity [76,221]. The causal relationship between
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such disturbances and reward-associated disorders remains un-
clear, but it is noteworthy that genetic variants related to dopa-
mine signaling (e.g., the TaqI A A1 allele of the DRD2 gene) have
been associated with both drug addiction and obesity [144,201].

More evidence for interactions between overeating and drug
taking stems from studies on experimental animals. In rodents, su-
crose preference is associated with increased alcohol responsive-
ness [244], as well as with higher self-administration of both
cocaine [77] and amphetamine [56]. Ghrelin, an orexigenic hor-
mone released by the gut during fasting [141], activates the meso-
corticolimbic dopamine system via receptors in the ventral
tegmental area (VTA) and stimulates the intake of palatable food
over standard chow [63], but injections of this hormone also in-
crease alcohol consumption [95] and facilitate cocaine-induced
conditioned place preference [54]. Accordingly, food restriction
promotes self-administration of drugs of abuse [42], whereas
injections of the adipocyte-derived anorexogenic hormone leptin
hamper such self-administration [186].

The convergence of data from drug addiction and overeating is
perhaps surprising, considering that whereas drugs of abuse act
pharmacologically at molecular targets within the dopamine/opi-
oid pathways (or subsidiary systems), palatable food primarily
activates sensory systems, vagal afferents, and metabolic re-
sponses, through either anticipatory (sight, thought of food), oral
(taste, texture, smell) or post-oral stimulation (including stomach
distention, rise in plasma nutrients, and insulin release). However,
these systems communicate with the reward system and they are
individually capable of reinforcing food seeking and consumption
of palatable or energy-dense food. That taste has an individual role
in reinforcement is e.g., illustrated by the facts that naïve rats dis-
play high preference for the palatability of non-nutritive lipid ta-
stants [181], and will fervently lever press to gain access to non-
caloric sweeteners [38]. Likewise, sham-feeding rats (i.e., animals
with a surgically implanted gastric fistula that is opened to drain
imbibed liquids from the stomach) with intermittent access to su-
gar show a similar escalation of drinking (binge-like response) over
time as do their controls (gastric fistula closed) [15]. Further, liq-
uids containing either carbohydrates or lipids are reinforcing inde-
pendently of taste, as they are capable of inducing conditioned
taste preference and operant responding even when infused di-
rectly into the stomach [182,183]. Oral and postoral effects thus
combine to reinforce food seeking in experimental animals, but
stimuli paired with the delivery of palatable food also acquire
incentive salience and maintain operant responding even in the ab-
sence of the primary reinforcer [66]. These learning mechanisms,
however optimal throughout prehistory, all contribute to putting
the modern man at risk for overeating and weight gain, with ensu-
ing health problems. They are also at the core of drug addiction
[66].

Repeated exposure to the reinforcing properties of drugs is a
prerequisite for addiction to develop. As evidenced in animal stud-
ies, this occurs because, aside from transient effects on the meso-
limbic dopamine system [57], drugs cause molecular adaptations
throughout brain circuitry. These include changes in morphology
[133] and synaptic plasticity [100,105], as well as altered signaling
in glutamatergic [241,242], dopaminergic [35], cannabinoidergic
[156], and serotonergic [236] systems, and a shift in the brain
activity including the greater recruitment of dorsal regions of the
striatum [65]. Neuropeptidergic adaptations are also reported, per-
taining to e.g., opioids [231], orexins [109], and corticotropin-
releasing hormone (CRH) [113]. Although the relative importance
for these adaptations largely remains to be determined, they likely
represent the sustained molecular changes underlying the behav-
ioral outcome of repeated drug use and thus play important roles
in the development of the compulsive drug-seeking and -taking
behaviors characteristic for addiction.
From the parallels between drug taking in addicts and overeat-
ing of palatable food in obese individuals stems the question
whether also palatable food, a reinforcer experienced daily, causes
molecular adaptations that promote further consumption. Recent
findings suggest that such plasticity occurs in addictive-like behav-
ior also outside substance dependence [150]. If so, palatable diets
in the modern environment may be noxious not only because of
ensuing weight gain and its associated health risks, but also be-
cause adaptations have occurred in the neurobiology of the indi-
vidual, driving the overeating of palatable food away from
voluntary control and into compulsivity. We propose that such
changes act in a ‘‘feed-forward’’ manner, both driving a positive
feedback loop to enhance signals that stimulate further food in-
take, and triggering downstream events that block negative feed-
back. Accumulating data show that hedonic (non-homeostatic)
components of eating forcefully override satiety signals (homeo-
static regulation) [24,106,138]. However, less focus has been given
to the plasticity of the neural circuitry underlying such palatabil-
ity-driven overeating. Addictive-like eating behavior in rodents is
therefore presented in Section 1.2. Further, in Section 2, we will re-
view the evidence for sustained plasticity in response to energy-
dense diets, which may contribute to the addictive-like eating
behaviors observed in animals after extended access to palatable
food, and to obesogenic eating behaviors in humans.

1.2. Hedonic deprivation precipitates food craving: insights from
human and animal studies

1.2.1. The case for food craving in overeating and obesity
Food craving, a compelling desire to consume specific kinds of

food, is a frequent phenomenon, experienced regularly by most
individuals [86,233]. To some extent, it may serve a physiological
function during, e.g., nutrient deficiency; but since the most com-
monly craved foods are sweet, salty, and fat-laden, palatability
rather than nutritional value seems to be the main orexigenic fac-
tor [178,234,240]. Food culture and preferences also influence
craving: American students reported chocolate, pizza, and chips
as frequently craved food items [234], whereas sushi got high
scores among Japanese students [111]. Because the craved foods
tend to be more energy-dense than the habitual diet [72], it seems
plausible that individuals that experience strong food craving may
be at an increased risk of gaining weight, or be less likely to suc-
ceed in losing weight. This would be homologous to drug addic-
tion, where drug craving is argued to promote relapse to drug
taking during abstinence [118,168]. Indeed, craving for both
high-fat (HF) and high-sugar (HS) foods has been positively associ-
ated with BMI [36], whereas binge eating in obese individuals [80]
and in bulimics [230] has been strongly linked to craving. Brain
imaging studies have identified neuroanatomical structures acti-
vated during food craving, including the caudal and medial orbito-
frontal cortex, amygdala, striatum and midbrain [147,164,192].
Importantly, obese and lean subjects differ in brain activity during
consumption and anticipation of palatable food [104,177,202,203].
For example, blunted activation was noted in the caudate nucleus
of obese individuals during consumption of a palatable milkshake
[202].

Food craving is thus heavily implicated in obesity, and it is
important to determine which factors lead to such hedonic drive.
During dieting, energy-dense foods are commonly excluded,
though – perhaps counterintuitively – negative energy balance
by itself does not seem to precipitate craving [86,87,210,233];
see however [162]. It is therefore noteworthy that stronger craving
is reported specifically for food items that are currently excluded
from the diet [86]. In agreement, dietary monotony has been
shown to increase the number and intensity of reported craving
episodes, and to increase consumption of the missing tastant when
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the deprivation is discontinued [46,163,170]. Taken together, these
results strongly suggest that craving is provoked by sensory depri-
vation (in effect, denying the pleasure of eating preferred or de-
sired food), not by caloric restriction. Reduced energy
consumption may reinforce search for preferred foods [162], but
does not seem the main cause of it. This notion may have implica-
tions for diet regimens, since craving induced by hedonic depriva-
tion may compromise adherence to weight control programs, but
is also important when evaluating the validity of animal models
of food craving.

1.2.2. Addictive-like overeating in animals maintained on palatable
food

A plethora of evidence related to addictive-like overeating
stems from rodent experiments (Table 1). Mice and rats readily ac-
quire operant tasks reinforced by palatable foods and are highly
motivated to obtain such tastants as measured by the maximum
number of responses required to earn reinforcers on both fixed
and progressive ratio schedules of self-administration [6,179]. Fur-
ther, if provided with free access to high-fat high-sugar (HFHS)
food in the home cage, rodents consume large amounts of energy,
leading to weight gain particularly in animals prone to diet-in-
duced obesity [122,167]. Notably, palatability promotes overfeed-
ing both in the sated state [6] and during re-feeding after
deprivation, when hunger signals are activated, highlighting the
importance of hedonic contribution to eating regardless of the
homeostatic state [152].

An important aspect of overeating in humans is the strong influ-
ence by the environment on everyday food choices. Thus, social
cues, time of day, availability of food, and visual cues including size
of packages, plates, and containers both influence the frequency
and the size of meals (for a review, see [227]). Interestingly, ques-
tionnaire studies suggest that obese individuals are more respon-
sive to environmental food cues [34], and less sensitive to
internal cues, e.g., feeling full [229].

Although many cues stimulate food intake in general, i.e.,
regardless of pleasant taste [228], stimuli previously linked to pal-
atable food are strong inducers of food craving and subsequent
food consumption [87,162], suggesting a strong role for cues in
addictive-like overeating. This phenomenon has been studied in
the context of Pavlovian conditioning in rodents: even in sated rats,
cues (e.g., a stimulus sound or an environmental context) stimulate
feeding if they have been previously paired with the delivery of
palatable food [166,232]. Importantly, in drug addiction, craving
can occur months or even years after the last exposure to the drug,
which is critical to the chronic nature of this disorder. Such craving
can be induced by drug-associated cues, by small doses of the drug
(priming), or by internal factors such as stress or anxiety
Table 1
Addictive-like eating behavior in animal models.

Extended access to HF/HS diets Withdrawal from HF/HS diets

Escalation of intake Self-restriction of standard chow
Bingeing Sugar craving "
Reward sensitivity ; Cross-sensitisation to drugs
Operant response for sugar " Anxiety-like behavior "

Deprivation effect
Compulsive food-seeking
Cue-induced relapse to food seeking

Equivalent behaviors have been reported in animal models of addiction (e.g.,
bingeing on heroin in long-access paradigms, increased ethanol consumption after
deprivation, cue-induced cocaine-seeking after extinction of an operant response).
Behaviors listed are compiled from studies using different protocols for extended
exposure to HF/HS diets, including both ad libitum access and scheduled access;
liquid as well as solid tastants; cafeteria diets (composed of a number of HF and/or
HS food items) and single-food diets. Time frame for withdrawal from palatable
food likewise varies.
[93,190,222], which have also been shown to induce craving for
palatable food [87]. Accordingly, food-paired cues potently in-
duced reinstatement of food-seeking responses in mice (respond-
ing in the absence of food on a lever previously coupled to food
delivery), even under conditions where reinstatement was not ob-
served after stress or priming [131].

Overconsumption of calories during ad libitum access to palat-
able food occurs both in the acute and in the chronic phase,
although animals typically overconsume most during the first sev-
eral days when the food is still novel [116,167]. In contrast, ani-
mals on intermittent access to palatable foods dramatically
increase their intake over time until reaching a plateau. If the ani-
mals have free access to regular chow and intermittent access to
HFHS chow, intake of the palatable food quickly reaches binge-like
levels (more than doubles), while chow intake is remarkably re-
duced [27]. Elevated consumption over time is observed also in
drug self-administration studies [2,3], where such escalation of
drug intake is interpreted as the development of tolerance to the
effects of the drugs. Escalation of intake in the context of palatable
tastants has been observed also when sweet liquids are presented
[48,47]. Avena and co-workers developed a paradigm in which rats
with intermittent access to sucrose or glucose solution (12 h daily)
doubled their intake over a 10-day period, with a binge-like drink-
ing pattern during the first hour of access each day [16,17,48,47]. It
has been argued that such elevated intake of HS diets over time
also reflects tolerance to the rewarding effects of sugar [18].

During extended access to palatable food, changes in the
responsiveness of the reward system have been studied by testing
the motivation for a range of reinforcers. Lever pressing for palat-
able food per se (sucrose reinforcers) was elevated during ad libi-
tum availability of a HFHS diet in some studies [70,115] but not
all [55,167]. Further, impaired acquisition of an operant response
reinforced by cocaine was observed in rats maintained on saccha-
rin-sweetened chow [41] and on a HF diet [239], suggestive of re-
duced sensitivity to psychostimulant reward. Conditioned place
preference for amphetamine was likewise diminished [55], and
amphetamine drinking was reduced by simultaneous access to
either sucrose or fat [101]. These effects indicate that continuous
(non-scheduled, non-deprived) long-term access to palatable food
may promote further food seeking while the motivation for other
reinforcers is attenuated. This concept is also substantiated by
the results of an electrical intracranial self-stimulation (ICSS)
experiment, showing that the sensitivity of the reward system
was significantly reduced during exposure to palatable food: free
access to a cafeteria-style HFHS diet increased thresholds needed
to elicit self-stimulation [97]. Increased thresholds for ICSS were
previously noted after cocaine and heroin self-administration
[4,110]. Notably, after the cafeteria-diet exposure, the elevated
thresholds were present even two weeks after the animals had
been withdrawn from the HFHS diet and provided access only to
standard chow [97].

1.2.3. Do rodents experience withdrawal from palatable food?
Several laboratories have investigated the effects of forced

abstinence from palatable food on behavior in mice and rats, by
first providing animals with long-term access to palatable food
and subsequently replacing these diets with standard rodent chow.
This is relevant because two of the hallmarks of substance depen-
dence are the emergence of withdrawal symptoms upon the dis-
continuation of drug use (e.g., anxiety and negative mood states,
but also physical symptoms such as tremor and tachycardia), and
the aforementioned drug craving recurring even after the physical
withdrawal symptoms have disappeared [note that whereas drug
craving is not included in the clinical definition in the Diagnostic
and Statistical Manual for Mental Disorders IV, it is acknowledged
that drug craving is ‘likely to be experienced by most (if not all)
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individuals with Substance Dependence’]. Although physical with-
drawal during abstinence from palatable food seem unlikely (how-
ever, see below), psychological symptoms and craving suggest
neural adaptations to the chronic exposure to food reward.

Firstly, when rats that have had extended access to palatable
food are transferred back to standard chow, they eat very few cal-
ories and lose weight [85,97,121,167,205]. In other words, appetite
for standard diets seems diminished by exposure to palatable food.
Such rejection of standard chow is observed already after one week
of access to palatable tastants [85]. Using a diet cycling paradigm,
Cottone and colleagues were able to show that the reinforcing effi-
cacy (i.e., break points on progressive ratio) of a low-sucrose diet
gradually decreased in non-food restricted rats that had intermit-
tent access to a palatable HS diet [52].

In contrast to the animals’ self-restricted consumption of regu-
lar chow, appetitive behavior directed at palatable foods increases
during forced abstinence from these diets. Avena et al. showed that
after intermittent (12 h/day) access to glucose for 4 weeks, 2 weeks
of forced abstinence significantly increased lever pressing for glu-
cose when the animals regained access to this tastant [14]. This
appetitive state during forced withdrawal from palatable food
takes on compulsive characteristics, manifested as food seeking
and excessive consumption despite short- and long-term negative
consequences. After 4 weeks of ad libitum access to a HF diet, mice
transferred to a regular diet withstood an aversive environment to
receive HF food pellets whereas low fat diet-fed mice or mice with
continuous access to a HF diet did not [205], suggesting that ele-
vated motivation accompanies withdrawal. After extended access
to a cafeteria diet, animals continued feeding on palatable food de-
spite paired negative stimulation (an auditory cue previously asso-
ciated with a foot shock) that reduced hedonic feeding in controls
[97]. In an approach stemming from animal models of drug addic-
tion [243], it was also shown that after extended access to a palat-
able chocolate diet, the majority of the animals continued to eat
the food even after it was adulterated with quinine [85].

Further, Teegarden and Bale showed that animals withdrawn
from a HF diet displayed elevated arousal and emotionality, and
that this effect could be reversed by refeeding with HF food
[205]. Anxiolytic effects of HF food have been previously reported
[172] and, while not all data support this hypothesis [157], it might
be speculated that consumption of palatable (especially HF) food
during abstinence is stimulated by the drive to alleviate anxiety
or stress through ‘‘self-medication’’ [53]. This seems plausible also
in the light of the perhaps surprising findings from Colantuoni and
colleagues, who used their intermittent access to sugar model to
show that forced abstinence from glucose produces a state similar
to opioid withdrawal in rats, with physical withdrawal signs
including behaviors such as teeth chattering and forepaw tremor
[48]. In addition, anxiety-like behavior in the elevated plus-maze
test was increased during this forced-withdrawal state [16,48].

In stark contrast to the reduced responding for cocaine and
amphetamine observed in rats with continuous access to palatable
food, animals placed on forced abstinence from sucrose after a
long-term intermittent access show enhanced responsiveness to
alcohol and drugs of abuse [13,12,78]. In such animals, intake of
alcohol is elevated [13], while both behavioral sensitisation in-
duced by cocaine [78] and locomotor activity induced by amphet-
amine [12] are enhanced. In rats receiving daily sessions of access
to sucrose pellets in a runway, locomotor activity during sessions
increased over time, indicating behavioral sensitisation [117].
These animals display cross-sensitisation to other drugs: when in-
jected with either cocaine or morphine in the absence of sucrose
pellets, the rats show further increases in locomotor activity in
the runway compared to controls.

Overall, behavioral data strongly indicate that adaptations in
the processing of feeding reward occur during long-term exposure
to palatable food. These adaptations are manifested as addictive-
like behavior during access to such diets (escalation of HF/HS diet
consumption, binge eating, increased thresholds for ICSS) and,
even more clearly so, during forced abstinence from palatability
(food craving, compulsive food seeking, anxiety-like behavior).
These findings from animal experiments mirror many of the obser-
vations from human studies.
2. Exposure to food reward leads to neuroadaptive
changes in the brain

Since chronic exposure to feeding reward can provoke the sig-
nificant behavioral changes in rodents described in the previous
section, the question arises as to what molecular adaptations to
palatable food underlie such behaviors. Due to the persistence of
addictive-like behavior during (forced) abstinence from HF/HS
diets, these neuroadaptations are expected to be chronic or sub-
chronic in nature and only revert to normal levels after extended
abstinence from palatability, if at all. In this section, we describe
the evidence for palatable food-induced alterations in the feed-
ing-related neural circuitry, promoting a positive feedback that
manifests itself as elevated preference for and consumption of pal-
atable food, ultimately precipitating food craving and - in conse-
quence - increasing a likelihood of overconsumption. These
effects include but are not limited to neuropeptidergic signaling
within the hypothalamus and adaptations in the dopaminergic
and opioid systems (Fig. 1). Below we present examples of neural
systems whose altered activity upon exposure to rewarding ta-
stants is thought to allow an occasional experience with palatable
food to be transformed into a lifelong drive to seek feeding reward.

2.1. Mediators of hedonic feeding

In agreement with escalation of intake and altered responsive-
ness of the brain reward pathways, neuronal activation in re-
ward-associated areas is affected by long-term exposure to
palatable food. This is exemplified by the upregulation of the mar-
ker for neuronal activity, cFos, in a number of limbic forebrain re-
gions (including the ventral striatum, bed nucleus of the stria
terminalis, caudate putamen, and central amygdala) after three-
week free access to a 10% sucrose solution in rats [171].

2.1.1. Endogenous opioids in palatability-induced feeding
Opioid peptides (e.g., enkephalin and dynorphin) and the opioid

mu, delta, and kappa receptors (MOR; DOR; KOR) have been
strongly linked to the hedonic aspects of feeding (for a review,
see [155]). Opioid antagonists such as naloxone and naltrexone re-
duce feeding in food-restricted rats mainly when palatable food is
provided [73,124,238] and lowers the preference for sweetened
solutions in human volunteers [67]. Injections of opioid agonists
(e.g., morphine or the MOR-selective agonist D-Ala2-N-Me-Phe4-
Glycol5-enkephalin; DAMGO) accordingly stimulate the intake of
food items that are preferred by individual animals (i.e., intake of
dietary fat is promoted in fat-preferrers and carbohydrate con-
sumption is elevated in carbohydrate-preferrers) in food-choice
paradigms [64,79], whereas naloxone reduces such preference
[74]. In agreement with a significant role for opioids in non-calorie
driven appetite, acceptance and preference for saccharin, the non-
caloric sweetener, is attenuated by naloxone and genetic deficien-
cies in the MOR [123,126,212,245].

Opioid peptides and receptors are expressed throughout the
brain: in the brainstem, subregions of the hypothalamus, ventral
tegmental area (VTA), and within different striatal compartments.
At many sites associated with food intake control, opioid receptor
antagonism reduces feeding; these include the arcuate (ARC),



Fig. 1. Motivational and molecular adaptations in overeating. TOP: Overeating modeled as an addiction-like motivational progression from palatability-driven feeding to food
craving and compulsive eating (i.e. overeating in spite of both negative consequences and efforts to reduce the intake of preferred, palatable food). The loop between dietary
restraint and relapse to compulsive eating is characterized by loss of control over food intake. BOTTOM: signaling molecules implicated in food reward, hunger and satiety
contribute to the positive feedback loop that drives eating behavior from a pleasurable experience to craving and compulsivity. AgRP, agouti-related peptide; BDNF, brain-
derived neurotrophic factor; CamKIIa, Ca2+/calmodulin-dependent protein kinase alpha; CART, cocaine- and amphetamine-regulated transcript; CB1, type 1 cannabinoid
receptor; COMT, catechol-O-methyl transferase; CREB, cAMP response element-binding protein; CREBbp, CREB binding protein; CRH, corticotropin-releasing hormone; DAT,
dopamine transporter; D1R and D2R, types 1 and 2 dopamine receptor; GluR3, glutamate receptor 3; MOR, mu opioid receptor; mTOR, mammalian target of rapamycin;
NR2a, NMDA receptor 2A; NPY, neuropeptide Y; POMC, proopiomelanocortin. " denotes higher levels or activity; ; denotes reduced activity; "# denotes that both up-
regulated and down-regulated activity have been reported.
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paraventricular (PVN), and lateral hypothalamic nuclei, nucleus
accumbens (Acb) shell (AcbSh), VTA, amygdala [75,142]. In the
VTA and AcbSh, opioid receptors are present on GABAergic neu-
rons, tonically inhibiting dopamine signaling [98]. MOR and DOR
agonists injected locally into the VTA or AcbSh release dopamine
in the AcbSh and increase hedonic feeding, while KOR agonists de-
crease AcbSh dopamine release and have no effect on food intake
[37,58,128,145,146,198,199,249,247,246].

One of the specific roles for opioids in overeating seems to be in
mediating the hedonic impact of, that is pleasure derived from,
palatable food. Peripheral morphine injections enhance positive
taste reactivity (tongue protrusions and licking the paws) elicited
by sucrose in rats [158] and these effects are replicated when mor-
phine or DAMGO are injected into specific anatomical locales with-
in the AcbSh [159,160,194]. Injections into adjacent parts of the
AcbSh promote food intake but do not affect taste reactivity [160].

Since opioids preferentially stimulate intake of food that is pal-
atable, it was suggested that these peptides have a role also in
chronic overfeeding. Indeed, a substantial body of evidence
indicates that exposure to palatable food changes the activity of
opioidergic pathways. In the hypothalamus, prodynorphin mRNA
levels were elevated in the ARC after 1-week ad libitum access to
a HFHS diet; this effect was accompanied by higher levels of dynor-
phin A1-17 in the PVN [237]. After extended access to liquid and
solid HFHS diets, with subsequent withdrawal to regular chow
for three weeks, prodynorphin gene expression was decreased
both in the ARC and ventromedial hypothalamus [136]. Further,
MOR expression in a number of brain regions including the ARC
was increased in HF diet-fed animals [19,195]. Additional effects
have been observed in paradigms where palatable food was pro-
vided intermittently. MOR binding in several brain areas (AcbSh,
cingulate cortex, hippocampus and locus coeruleus) was increased
after a 30-day intermittent sugar exposure [47]. Rats both prone
and resistant to diet-induced obesity displayed elevated
gene expression of MOR in the Acb two weeks into forced absti-
nence from a HFHS diet [7]. Enkephalin expression in the Acb
was decreased in animals on intermittent access to either sucrose
[200] or a HFHS liquid diet [107]. It has been speculated that
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downregulation of enkephalin causes a compensatory increase in
MOR presentation [17]. Accordingly, long-term overeating was
blocked by repeated infusions of a MOR antagonist in the AcbSh
or core in rats [120].

Because chronic exposure to palatable food is presumed to
repeatedly release endogenous opioids, it is interesting to note that
upregulation of MOR binding [217] and downregulation of striatal
enkephalin [211] is observed also after opiate infusions. To test the
hypothesis that endogenous opioids are crucial for the behaviors
observed during forced abstinence from palatable food, Colantuoni
and colleagues administered naloxone to rats after long-term
intermittent glucose access; it precipitated the same behavioral
signs of withdrawal (e.g., teeth chattering and anxiety-like behav-
ior) as did food deprivation [48]. Since these behaviors were not
present in the reference groups (intermittent access to chow or
ad libitum access to either chow or sucrose), the data suggest that
intermittent access to sugar causes a dependent-like state to
endogenous opioids.

2.1.2. Dopaminergic adaptations after extended access
to palatable food

The mesocorticolimbic dopamine system is implicated in both
obesity and drug addiction by virtue of its strong connections to
food and drug reward [225,220]. Animal experiments show that
dopamine is released in the striatum during intake of novel food
items [21], but also if the food provided is palatable [174] or deliv-
ered during negative energy balance [22]. Further, dopamine
release also occurs in response to cues (conditioned stimuli) pre-
dictive of food delivery [21,180]. Dopamine is suggested to encode
the incentive properties of food [28]; the basis for this notion is
that depletion of dopamine or blockade of dopamine receptors
do not diminish pleasurable responses to palatable foods in ani-
mals or humans [28]. Mutant mice with elevated extracellular
dopamine levels accordingly had higher motivation for sucrose in
a runway task, while no differences were observed with regard
to positive taste reactions [161]. This contrasts somewhat with
data from brain imaging studies in humans, which show that stri-
atal dopamine release in response to palatable food is proportional
to the pleasure associated with eating that food [193].

Reduced striatal dopamine D2 receptor levels have been ob-
served in obese humans [225], which is strikingly similar to the
findings from drug addicts [224,219,218]. Functionally, obese sub-
jects also display blunted striatal response to palatable food [202].
Importantly, Stice and colleagues showed in a longitudinal study
that such impaired striatal responsiveness develops as individuals
gain weight [204], forcefully indicating the plasticity of the human
reward system to metabolic/dietary challenges. In experimental
animals, dopamine signaling is likewise attenuated after long-term
access to palatable diets with or without concurrent obesity. Dopa-
mine turnover in the Acb was decreased after both ad libitum and
limited access to a HF diet [55]. Dopamine levels in the striatum
were reduced after long-term (15-week) access to a cafeteria diet
in rats [71], as measured by microdialysis with or without amphet-
amine injections to stimulate dopamine release. In coronal slice
preparations, electrically induced dopamine release was attenu-
ated in the diet-induced obese animals from both the Acb and
the dorsal striatum [71]. Moreover, reduced D2 receptor levels in
the striatum of obese animals or after long-term access to HFHS
diets in non-obese rats have been observed in some studies
[82,83,97], although contrasting data also exist [92,196]. We
showed that dopamine D1 and D2 receptors both were down-regu-
lated in the Acb after 5-week intermittent access to a HFHS diet [7].
Also, we observed down-regulated D1 receptor expression in the
Acb in obesity-prone rats that were transferred from the HFHS diet
to regular chow; these forced-abstinence rats furthermore
presented elevated mRNA expression of COMT in the caudate
putamen and of dopamine transporter in the VTA [7]. Notably,
Lenti virus-mediated knock-down of D2 receptors in the dorsal
striatum had no effect on food intake in the home cage or on
weight-gain over time, but significantly affected compulsive intake
of palatable food; i.e., knock-down rats continued to consume
palatable food even in the presence of aversive stimuli, while
sham-injected controls reduced food intake under such conditions
[97]. The impaired dopamine activity in HFHS-treated animals has
been suggested to cause a compensatory overconsumption of
palatable food and motivation for feeding reward. This view is con-
sistent with the fact that, in such animals, palatable food releases
dopamine in the Acb while regular chow does not [71].

2.1.3. The endocannabinoids affect food intake at multiple levels
The type 1 cannabinoid receptor (CB1) and its endogenous li-

gands (endocannabinoids such as anandamide) have emerged
more recently as important players in hedonic aspects of feeding,
although such a role had been expected based on the orexigenic ef-
fects associated with marijuana. Such appetite typically favors in-
take of palatable food and stems from CB1 activation in a number
of appetite-related sites including the hypothalamus, brainstem
and striatum [25,60,173,187]. Whereas CB1 receptors act presyn-
aptically to inhibit both excitatory and inhibitory neurons, the
orexigenic effects have been linked to the inhibition of glutamater-
gic input in the ventral striatum [25]. The CB1 antagonist rimona-
bant accordingly reduces food intake and, hence, body weight in
experimental animals [209], but it should be noted that it also af-
fects body weight by acting on lipolysis and energy expenditure
[94] and that the peripheral endocannabinoid system is affected
in obesity [32]. Nevertheless, the anorexigenic effects seem stron-
ger when palatable HS diets are offered [11]. Further, CB1 receptor
knockout mice are lean compared to wild type littermates and do
not develop obesity or leptin resistance on a HF diet [175]. In hu-
mans treated with rimonabant, food reward-induced neural activa-
tion is blunted in both striatal and orbifrontal regions [90]. Such
effects on the reward system are arguably associated both with
the drug’s efficacy in anti-obesity treatment and with its negative
effects on mood [44].

As with the opioid system and dopamine pathways, alterations
are observed in cannabinoidergic tone in reward areas after ex-
tended access to palatable food. After free access to palatable food
for 10 weeks, CB1 receptor binding in the Acb, hippocampus, and
entopeduncular nucleus was inversely correlated to the amount
of palatable food consumed and to weight gain [84]. Accordingly,
CB1 receptor binding was decreased in these areas in these rats
compared to chow-fed controls [84]. In mice, diet-induced obesity
was associated with elevated hippocampal levels of endocannabi-
noids and CB1 receptor binding [132]. Also, after 20 weeks of HF
diet exposure, CB1 binding was elevated in the midbrain of mice,
both in the VTA and in the substantia nigra [197]; a shorter expo-
sure (3 weeks) caused decreased CB1 binding in the hypothalamus
[197]. Cannabinoidergic activity in the hypothalamus is directly
regulated by leptin levels: leptin injections reduce hypothalamic
levels of endocannabinoids whereas leptin-deficient strains display
elevated endocannabinoid levels in the hypothalamus [59].

2.1.4. Downstream targets in food-reward-associated molecular
adaptations

Several intracellular pathways that are activated by dopamine,
opioid peptides and endocannabinoids and that are tied to overeat-
ing have been identified. Ulrich-Lai and colleagues exposed rats to
a 2-week intermittent sucrose exposure (4 mL of 30% sucrose solu-
tion twice daily) and investigated gene expression in the amygdala
using microarrays [214]. By performing functional clustering anal-
ysis of the genes significantly changed by their sucrose-drinking
paradigm, they showed that calcium signaling pathways, as well



J. Alsiö et al. / Frontiers in Neuroendocrinology 33 (2012) 127–139 133
as genes related to synaptic long term potentiation, were affected
in the amygdala of these rats (e.g., cAMP response element-binding
protein (CREB) binding protein (CREBbp), Ca2+/calmodulin-depen-
dent protein kinase II a (CamKIIa), and glutamatergic receptors
including GluR3 and NR2A).

In the context of reward processing, one of the most studied tran-
scription factors is DFosB, a remarkably stable protein that is found
in high levels in the ventral and dorsal striatum under basal condi-
tions, but that may be further induced by stress, dopamine denerva-
tion and pharmacological treatments [31,135]. Dopamine D1

receptor stimulation is a strong contributor to DFosB induction
[248]. Downstream targets of DFosB include substance P, dynor-
phin, GluR2, and NR1A [31,135]. DFosB is also upregulated in re-
ward-associated regions including the Acb and amygdala after
chronic drug exposure in rats, and thus may have an intimate asso-
ciation with substance dependence [143,165]. However, extended
sucrose [45,223] or dietary fat [205] exposure also increased DFosB
protein levels in the Acb and amygdala. Importantly, these elevated
DFosB levels were observed even three weeks after the discontinu-
ation of sucrose exposure [45]. In fact, rats fed a HF diet in early life
(3 weeks old) display elevated Acb DFosB levels in adulthood
(3 months old), concomitant with elevated HF diet preference [207].

From these findings stems the question which are the func-
tional implications of elevated DFosB. Studies aimed at investigat-
ing this have employed genetic approaches including knock-in
techniques and targeted viral delivery. Mice overexpressing DFosB
in the striatum display elevated motivation for cocaine [49]. Mir-
roring the effects in models of addiction, experimenter-induced
overexpression of DFosB in the striatum stimulates operant
responding for both HS [149,223] and HF rewards [216]. Interest-
ingly, high Acb expression levels of DFosB is associated with ele-
vated preference for HF diets [207], but long-term exposure to
HF diets normalize DFosB overexpression [206]. Plausible down-
stream targets of DFosB include dynorphin and the glutamate
AMPA receptor subtype GluR2 [143].

Another transcription factor linked to drug addiction is CREB,
which is expressed in all types of neurons and affects transcription
by binding to cAMP response elements present on a large number
of activity-dependent genes [40]. The main functions seem to be to
convey behavioral and neuronal plasticity [26]; for instance, mem-
ory function in rodents has been shown to be impaired by CREB
inactivation [33] and improved by CREB overexpression [99]. Like
DFosB, CREB affects expression of genes relevant to reward and
addiction, including dynorphin, CRH, and BDNF [40,39,134]. How-
ever, overexpression of CREB is associated with reduced respon-
siveness to cocaine [39]. Indeed, it seems like DFosB and CREB
have opposing roles, as DFosB-overexpressing mice have reduced
CREB levels in the striatum [206]. In contrast to DFosB, phosphor-
ylated CREB is thus decreased in the ventral striatum after ex-
tended exposure to palatable food [205], whereas CREB
inactivation in the striatum increases preference for sucrose and
CREB overexpression decreases preference [20]. Taken together,
both DFosB and CREB appear to play important roles in the propa-
gation of overeating palatable food by affecting both preference
and motivation for HS and HF diets and by doing so long after
the exposure to such diets has been discontinued.

2.2. Interaction of hedonic and homeostatic pathways

Initial hypotheses on the neurophysiology of feeding reward fo-
cused on very select molecules (opioids, dopamine and, more re-
cently, cannabinoids) acting within the highly specialized brain
network dubbed the ‘‘reward system’’. Likewise, ‘‘hunger’’ and
‘‘satiety’’ centers were described within the hypothalamus and
brainstem, and signals within these structures were identified,
including the first-order neurons (receiving input from circulating
hormones and nutrients) of the ARC, containing either neuropep-
tide Y (NPY)/agouti-related peptide (AgRP), or cocaine- and
amphetamine-regulated transcript (CART)/proopiomelanocortin
(POMC). Whereas the functions of these systems are often divided
into non-homeostatic and homeostatic food intake regulation, it is
established that reciprocal and functional interactions exist be-
tween the reward molecules and neuropeptidergic systems
responsible for the regulation of calorie intake. This picture has
been completed with the cognitive ‘‘top-down’’ control from pre-
frontal areas and input from both limbic and memory systems. In
agreement with this integrative view of appetite regulation, recep-
tors for the anorexigenic hormone leptin are present throughout
the hypothalamus and brainstem nuclei, but also expressed and
functional in the hippocampus and on dopamine neurons in the
ventral tegmental area [89,102,185]. Likewise, ghrelin infusions di-
rectly into the VTA and nucleus accumbens increased food intake
in rats [191]. In agreement with such neural interplay, leptin and
ghrelin injections alter brain activity in striatal as well as cortical
structures in humans [68,129]. In fact, the expression patterns of
many genes classically associated with hunger, satiety, or reward
display a high degree of overlap [151]. The neural circuits thus
implicated in appetite regulation have been the subject of many
excellent reviews [1,30,108].

2.2.1. Increased orexigenic drive
One important set of mechanisms strengthening palatability-

driven hyperphagia is that the ‘‘classical’’ calorie intake regulators
may in fact participate in shaping a response to palatable tastants
by affecting preferences for macronutrients and flavors. This would
explain why we are ‘‘hungry’’ for palatable foods despite not need-
ing calories to replenish energy stores, why – when a choice of pal-
atable foods is offered – we feel particularly hungry for tastants of
specific macronutrient characteristics (fat, sugar, protein), and fi-
nally why satiety can be macronutrient- and flavor-specific too
(e.g., we crave sugary food despite having reached fat-specific sati-
ety after finishing a high-fat meal).

It has been shown that NPY preferentially stimulates intake of
carbohydrates or sweet solutions [127,140], while HF diet con-
sumption is stimulated by AgRP [81] and ghrelin [188]. During ini-
tial access to HFHS diets, elevated leptin levels inhibit NPY/AgRP
neurons in the ARC while stimulating anorexigenic POMC/CART
neurons [169]. Similarly, stimulatory input to orexin neurons in
the lateral hypothalamus is inhibited by leptin [91]. Accordingly,
NPY and AgRP levels were downregulated in the hypothalamus
after 2 days of a HF diet in mice, but returned to baseline after
1 week [250]. POMC expression was elevated after 2 weeks in the
same study, but the animals still overconsumed HF food. In rats
provided access to a free-choice HFHS diet for 7 days, NPY levels
were upregulated while POMC levels were down [116]. NPY gene
expression was also increased in the brainstem after two weeks
of scheduled HS exposure [152]. Such data suggest that, while the
immediate response to overconsumption of palatable diets is
anorexigenic in nature and counteracts palatability-induced hyper-
phagia, the neurobiological response is blunted or even reversed
over time. In agreement with this, animals initially display a strong
hyperphagic response during access to a given palatable diet, but
also maintain elevated consumption levels long-term. Further, as
described above, animals transferred from HF/HS diets to standard
chow display elevated appetite when the palatable diet is reintro-
duced. In line with this, Archer and colleagues found elevated
mRNA levels of NPY in the hypothalamus of rats transferred from
high-energy diets to standard chow [10]. These adaptations may
promote overconsumption if the palatable diets are offered anew.

Another neuropeptide associated with HF diet preference and
fat consumption is the orexigen galanin, which is expressed in
multiple hypothalamic sites including the PVN and ARC. While
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expression of this peptide seems unaffected by caloric deprivation
[96], food intake in sated rats is stimulated by galanin injections
throughout the hypothalamus, in particular into the PVN [114].
These effects are stronger if HF diets are offered [148,208] and,
accordingly, fat ingestion is reduced by intra-PVN injections of
antisense galanin mRNA [5]. Galanin mutant mice have no clear
phenotype while maintained on standard chow [88], whereas gal-
anin overexpression increases intake of a HF diet [103]. Galanin
protein levels in the PVN are strongly correlated with the con-
sumption of HF diets after 5–6 weeks [5]. In fact, both animals that
self-select dietary fat and animals exposed to high levels of dietary
fat in a no-choice paradigm have elevated galanin expression in the
PVN [119]. It was also shown that in genetically obesity-prone rats,
mRNA and protein levels of galanin in the PVN were elevated after
HF access, an effect not observed with HS diets or in obesity-resis-
tant rats on a HF diet [61]. These data indicate that galanin may
provide positive feedback in response to HF diet consumption, both
stimulating and being stimulated by consumption of HF foods.

2.2.2. Blunted effect of anorexigens
Activity of paraventricular neurons synthesizing an anorexi-

genic peptide oxytocin [154], was found to be down-regulated
upon long-term intermittent sugar exposure [138]. We subjected
rats to 20 days of scheduled access to a sucrose or cornstarch diet.
On the experimental day, activity of oxytocin neurons at the end of
a meal was blunted in the rats with extended access to sucrose
compared to the cornstarch-treated rats, as shown by c-fos levels
[138]. Other data support the notion that there is a relationship be-
tween the oxytocin system’s activity and palatable sugar intake. In
oxytocin null mice, intake of non-sweet diets does not differ during
ad libitum conditions or during refeeding after an overnight fast
[130]. However, oxytocin knock-out mice consumed substantially
more of sucrose and saccharin solutions than their wild type litter-
mates [137,184], even after sustained exposure [8]. Also, oxytocin
receptor antagonist injections in wild-type mice precipitated an in-
creased preference for sucrose compared to fat [153].

In addition to these effects on the oxytocin system, reduced
expression of anorexigenic CART and brain-derived neurotrophic
factor (BDNF) was noted during forced abstinence from palatable
food [10]. Further, CRH expression in the amygdala and PVN was
reduced by extended exposure to a HF diet, and significantly ele-
vated in the amygdala during withdrawal from this diet [205,213].

Whereas the neuropeptidergic adaptations to specific macronu-
trients described above can shape preference and food choice, it
should also be acknowledged that diet-induced obesity entails
changes in the signaling of circulating satiety signals such as leptin
and insulin. In fact, insulin and leptin resistance develops both
peripherally and centrally over time. Insulin infusions into the
third ventricle or directly into the ARC decreased food intake and
lowered body weight in chow-fed animals, whereas this effect
was blunted in rats after access to a HF diets [9,43,69]. In rats
maintained on ad libitum chow, intracerebroventricular injections
of either insulin or leptin reduced motivation for sucrose as mea-
sured by lever pressing on a progressive ratio schedule of rein-
forcement [70]; however, after 5-week ad libitum access to a
HFHS diet, the same doses of leptin and insulin produced no effect
[70]. Notably, the animals in this study did not differ in weight,
suggesting that although the obese state may accentuate central
leptin and insulin insensitivity, diet exposure alone is capable of
mediating such effects.

Some mechanisms for leptin resistence have been suggested.
Leptin receptor signaling is dependent on the JAK2/STAT3 pathway
[23,176] and activation of this pathway stimulates SOC3, a key
player in a negative feedback loop that attenuates STAT3 phos-
phorylation. Deletion of SOC3 from the CNS accordingly increased
leptin-mediated phosphorylation of STAT3 and rendered mice
resistant to diet-induced obesity [139]. A more recently suggested
mechanism for diet-induced changes in leptin receptor signaling
and hypothalamic function is the mammalian target of rapamycin
(mTOR). This kinase promotes protein synthesis centrally and
peripherally but may also, within the ARC act as a fuel sensor
responding to signals such as leptin and plasma nutrients [50].
However, after HF diet treatment in rats, mTOR signaling in the
hypothalamus was reduced; these rats did not respond to a leptin
treatment, which in low-fat diet-fed controls activated mTOR and
decreased food intake [51]. Further, knockout mice lacking mTOR
signaling were non-responsive to leptin injections [51]. Thus, HF
diets can be speculated to directly affect levels of mTOR activity,
which together with SOC3-mediated effects convey central leptin
resistance and potentially disinhibit food intake, especially in
diet-induced obese animals.

Taken together, it is evident that not only the reward-associated
pathways, but also circuits traditionally linked to hunger/satiety
display functional adaptations over time in response to palatable
diets. From the literature reviewed above, it stands to reason that
such plasticity may infer behavioral changes including elevated
preference for HF/HS diets or attenuated satiety signaling.

2.3. Diet-induced neural adaptations are not dependent on
concomitant obesity

From the literature reviewed here, it becomes evident that sus-
tained neuroadaptations in both ‘‘non-homeostatic’’ reward path-
ways (dopamine, opioid pathways etc.) and ‘‘homeostatic’’
appetite signaling (NPY, oxytocin etc.) occur in animals during ex-
tended exposure to palatable food. Note that these adaptations are
sustained even long after the exposure to HF and/or HS diets have
been discontinued. Thus, the brain not only seems primed to prefer
and overconsume palatable, energy-dense food during early expo-
sure to HF and HS tastants, but also displays remarkable plasticity
to increase such preference over time, eventually reaching intensi-
fied orexigenic states such as food craving, bingeing, and compul-
sive eating despite negative consequences.

It is crucial to note that these neural and behavioral adaptations
do not represent simply the effects of obesity or related factors
such as insulin and leptin resistance, elevated plasma glucose lev-
els, or inflammatory processes in tissues. Supporting this
renouncement, many of the references above present protocols
which do not produce excess weight gain, such as scheduled access
to HF/HS diets employed by many groups [7,16,45,55,107,214].
Further, we have shown that some (but not all) addictive-like
behaviors and gene expression changes are present in both obes-
ity-prone and obesity-resistant animals [7,167]. Reduced D2 recep-
tor levels after free access to a cafeteria diet was likewise reported
regardless of an obesity phenotype [97]. Nevertheless, it should be
acknowledged that, in many cases, it is not possible to separate the
effects of excessive consumption of palatable food from the effects
of ensuing body fat accrual and metabolic disturbances. Factors
more closely related to the obese state, such as elevated plasma tri-
glycerides, or peripheral and central leptin insensitivity, may add
to the effects of palatability to create the neurobiological pheno-
type of diet-induced obese animals after free access to palatable
food. However, it seems clear that repeated food reward per se
has the capacity to induce important neural adaptations, driving
addictive-like eating behavior.

The behavioral as well as molecular findings from animal experi-
ments arguably bear relevance also for humans, since addictive-like
eating behavior (craving for palatable food) is frequently reported
in questionnaire studies. Neural adaptations are also not restricted
to animal models, as overeating/weight gain in overweight women
was, in a recent longitudinal study, shown to affect the striatal activ-
ity in response to palatable food [204]. This seems relevant
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throughout the higher end of the body weight spectrum: Wang and
colleagues showed [225] that there was an inverse association be-
tween BMI and striatal D2 receptor binding in severely obese individ-
uals (BMI range 42–60). Future research should investigate whether
these effects are related to overeating per se or to the body weight.
Also, in the context of altered processing of reward in obese subjects,
it is interesting to note that whereas certain genetic variants predis-
pose both drug addiction and obesity [144,201], drug abuse is actu-
ally less frequent in obese populations [189]. Based on the
preclinical data presented above, it can be tentatively speculated that
food reward makes drugs less reinforcing, thus reducing the risk for
drug abuse, although further studies are needed to investigate the
causal relationship behind this association (drug abuse can arguably
be expected to reduce the risk for obesity; see e.g., [226]).

3. Can we stop (over)eating palatable food? Conclusive remarks
utilizing the feed-forward model

Palatability is undeniably a profound factor driving our desire to
(over)eat and one of the main culprits underlying the current obes-
ity ‘‘epidemic’’. That tasty, caloric and nutritious foods are most
readily consumed is an evolutionarily and physiologically sound
phenomenon that serves its purpose in the environment of food
scarcity. The function of relatively well defined mechanisms that
propel the intake of palatable ingestants occasionally encountered
by the individual is therefore intuitively understood. Yet the issue
that still puzzles us is why feeding for pleasure during food abun-
dance can so easily get out of control to jeopardize homeostasis
and cause short- and long-term negative health consequences.
Why is it so difficult to refrain from consuming palatable tastants
even though dangers associated with excessive feeding by far out-
weigh benefits? Based on the wealth of evidence mentioned above,
we propose herein a ‘‘feed-forward’’ model illustrating how palat-
ability-motivated food intake progresses to loss-of-control, addic-
tive-like overeating (Fig. 1). We stipulate that neuromolecular
changes occurring initially – i.e., upon isolated experiences with
palatability – mainly within reward networks, enable the positive
(hedonic) reinforcement to be translated into consummatory
behavior that may on a given occasion exceed energy needs.
Intriguingly, when exposure to palatability is frequent and repeti-
tive, hedonic overeating becomes habitual, which stems from neu-
robehavioral adaptations that are much more complex and they
affect a wider scope of processes controlling reward and motiva-
tion as well as those regulating energy balance. Once palatabil-
ity-driven consumption reaches this habitual level, it enters in
fact the vicious cycle of (compulsive) overeating episodes inter-
spaced with cravings precipitated by (in case of dieters) voluntary
or (in forced abstinence cases) involuntary hedonic deprivation. It
is of particular interest that relapsing into loss-of-control overeat-
ing happens not just after a short-term withdrawal from palatabil-
ity, but also long after new, healthier dietary habits have been
established. This indicates that palatability evokes neurobehavioral
and molecular adaptations that define our long-term (perhaps, life-
long) attitude and responses toward rewarding ingestants. While
palatable food restriction methods may be effective in curbing cal-
orie intake (hence, in precipitating weight loss), this is only a tran-
sient effect, as they do not really break the vicious cycle of craving
and compulsive overeating. They only ‘‘mechanically’’ delay the re-
lapse into excessive consumption, whereas the neuromolecular
mechanisms that have already adapted to palatability are always
in place to quickly restore previous overeating habits.
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