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Abstract
Obesity is on the rise in all developed countries, and a large part of this epidemic has been
attributed to excess caloric intake induced by ever present food cues and the easy availability of
energy dense foods in an environment of plenty. Clearly, there are strong homeostatic regulatory
mechanisms keeping body weight of many individuals exposed to this environment remarkably
stable over their adult life. Other individuals, however, seem to eat not only because of metabolic
need, but also because of excessive hedonic drive to make them feel better and relief stress. In the
extreme, some individuals exhibit addiction-like behavior towards food, and parallels have been
drawn to to drug and alcohol addiction. However, there is an important distinction in that unlike
drugs and alcohol, food is a daily necessity. Considerable advances have been made recently in the
identification of neural circuits that represent the interface between the metabolic and hedonic
drives of eating. We will cover these new findings by focusing first on the capacity of metabolic
signals to modulate processing of cognitive and reward functions in cortico-limbic systems
(bottom-up) and then on pathways by which the cognitive and emotional brain may override
homeostatic regulation (top-down).

Introduction
In our modern world, we no longer eat only when metabolically hungry. We often eat in the
complete absence of hunger and in spite of large fat reserves. Eating when fuels are depleted
and abstaining from eating when replete serves a “homeostatic” model for the regulation of
energy balance. In contrast to this metabolically driven eating, all other eating can be
considered “non-homeostatic”, implying that it is not regulated or compensated by some
form of metabolic feedback. A more expressive term for “non-homeostatic” is “hedonic”
eating, which refers to the involvement of cognitive, reward and emotional factors. Much
progress has been made in identifying the metabolic feedback signals and neural systems,
located mainly in brainstem and hypothalamus, that represent a “homeostatic regulator (Fig.
1). On the other hand, the neural pathways and functions principally located in cortico-
limbic structures responsible for “hedonic” eating – eating that has parallels with addiction
mechanisms - are much less understood. Importantly, it is necessary to understand how these
metabolic and hedonic pathways interact with each other. The following is an attempt to
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delineate these potential pathways and mechanisms of such interaction by reviewing recent
evidence.

Bottom-up processes: Metabolic signals modulate higher brain functions
It has long been known that food deprivation or restriction increases the reinforcement value
of a food reward [1]. This basic observation has been confirmed in numerous studies, and
modern neuroimaging techniques have begun to identify the specific neural systems
involved in humans. A recent study in fasting healthy human subjects viewing pictures of
high-calorie versus low-calorie foods showed that high-calorie foods selectively increased
neural activity in reward related areas such as the orbitofrontal cortex, ventral striatum,
amygdala, and anterior insula. These increases were positively correlated with subjective
liking of the foods represented by the images [2]. Together, the findings suggest that some
fasting-related signal, a signal conveying “caloric need”, modulates the hedonic value
assigned to specific familiar foods triggered by looking at pictures, and that these foods will
be preferred if available for eating. The process of fasting-induced heightened motivation
has been termed incentive salience attribution [3]. In an important paper, Tindell, Berridge
and colleagues recently demonstrated that prior experience with the specific nutrient
stimulus is not necessary for making it more attractive under deprivation conditions [4]. In
salt-depleted rats, increased wanting of salt was accompanied by cue-induced firing of
ventral pallidal neurons even before the intense, and normally disliked, saltiness had ever
been tasted and liked, suggesting that a cue’s incentive salience can be recomputed
adaptively [4].

Although these studies show that the metabolic state can strongly modulate hedonic effects
of food and food-related stimuli, they do not identify the specific neural pathways and
mechanisms. In the sections that follow, I discuss the putative mechanisms of how the
metabolic state influences neural function and thereby ingestive behavior.

Modulation of gustatory and olfactory pathways by circulating hormones (Fig. 2, pathway
1)

One way in which a metabolic signal could increase the pleasure of eating is by enhancing
the sensory properties of food. Perceived taste and odor are two such properties that can be
potentially manipulated by alterations in sensory perception. The first indication that
hormones reflecting metabolic state (caloric demand) may affect ingestive behavior (caloric
intake) by modulating sensory perception was provided by the observations that leptin and
insulin administration decreased gustatory and olfactory perception [5–7] [8]. Leptin may
suppress sweet taste via leptin responsive lingual taste cells [5], and may modulate olfaction
by changing mucous production in olfactory mucosal cells, which secrete odorant-binding
proteins important in the detection of odorants by olfactory neurons [9].

Peripheral taste function appears to be modulated not just by leptin and insulin but also by
other agents that reflect nutrient availability, including endocannabinoids, glucagon-like
peptide-1 (GLP-1) and vasoactive intestinal peptide (VIP). Administration of the
endocannabinoids AEA or 2-AG increases the electrical activity of taste receptor cells and
gustatory nerve responses selectively to sweet but not other taste stimuli [10], suggesting
that endocannabinoids may drive a metabolic need for food by perceptually enhancing the
sweet properties of a given food. The receptor for GLP-1, a gut hormone that suppresses
food intake, is also expressed in mammalian taste buds. Mice lacking the GLP-1 receptor
(GLP-1R) exhibit a reduction in sensitivity to sweet taste but an enhancement of UMAMI
taste [11], which suggests that by alterations in sensory perception, GLP-1 could enhance
intake of sweet food, but reduce intake of foods with more savory properties. This apparent
incongruence of effects on intake need further study in genetically “normal” animals. VIP
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may inhibit food intake by limiting sweet taste perception, as VIP knockout mice also
exhibit enhanced taste preference for sweets. Because they also have elevated glucose,
insulin, and leptin levels, it was suggested that the tongue could modulate energy intake to
compensate for peripheral glycemic imbalances [12]. However, it is not yet clear whether
the ligands for these taste bud receptors are locally produced and act in a paracrine fashion,
or are gut derived.

Modulation of midbrain dopamine systems by leptin and insulin
There are two prevalent hypotheses suggested to explain the action of midbrain dopamine
and excess food intake. The first is the “gluttony hypothesis”, which suggests that
overindulgence in pleasurable stimuli is based on a positive correlation between the amount
of dopamine signaling generated and pleasure derived from a sensory experience [23,24].
The second is the “reward-deficiency hypothesis”, which suggests that overindulgence is an
attempt to self-medicate and bring deficient dopamine signaling to “pleasurable” levels [25].
There are data to support both hypotheses, as presented below.

Midbrain dopamine neurons with projections to the nucleus accumbens in the ventral
striatum have been strongly implicated in food and drug reward with the potential to
strongly affect the amount of energy consumed. The nucleus accumbens is particularly
important for the control of reward functions, as opioid signaling within the shell portion of
this nucleus plays a crucial role in hedonic value or “liking” and dopamine signaling plays a
crucial role in translating motivation into action [13] by serving as an error signal for and
attribution of incentive salience to reinforcing stimuli [3,14]. Earlier observations have
demonstrated expression of insulin and leptin receptors, activation of intracellular signaling
pathways, and modulation of electrical activity in mesolimbic dopamine neurons [15,16].
Furthermore, leptin receptor stimulation decreased dopamine release in the nucleus
accumbens, while leptin receptor silencing increased dopamine release and increased
sucrose preference and food intake [17,18]. In a recent series of papers, Myers and
colleagues have started to further dissect this leptin-reward pathway and have produced
several interesting observations [19–21]. Firstly, leptin modulation of midbrain dopamine
neurons takes place not only by direct action on dopamine neurons, but also via orexin and
neurotensin-expressing neurons located in the lateral hypothalamus [19]. Secondly, leptin
responsive dopamine neurons project primarily to cocaine-and-amphetamine-regulated
transcript- (CART)-expressing neurons in the extended central amygdala (but not the
nucleus accumbens), which may be involved in processing of aversive stimuli and behaviors
such as anxiety, depression, and stress responses [20]. Finally, systemic leptin
administration in lean Sprague-Dawley rats stimulated dopamine transporter and tyrosine
hydroxylase expression and enhanced amphetamine-stimulated dopamine efflux in the
nucleus accumbens [21], suggesting up-regulation of dopamine signaling and leading to
increased D2R occupation. Decreased D2R binding in leptin-treated mice [22], suggestive of
higher occupation by endogenous dopamine corroborates these findings. However, the
opposite was observed in leptin-deficient ob/ob mice: namely an observed increase in D2R
availability after leptin-treatment, suggesting lower occupation by endogenous dopamine.
Unfortunately, neither of these studies assessed the effects on food intake or preference,
leaving open the ultimate question whether leptin decreases reward-driven calorie intake by
inhibiting dopamine transmission or by rendering dopamine transmission more efficient.
The former would be predicted by the “gluttony hypothesis”, as overindulgence in
pleasurable stimuli would be positively correlated to the amount of dopamine signaling
generated [23,24]. The latter would be predicted by the “reward-deficiency hypothesis”, in
that the overindulgence could be interpreted as an attempt to normalize deficient dopamine
signaling to “pleasurable” levels [25].
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Other potential nutritional state modulators of midbrain dopamine function include ghrelin
[26] and catecholaminergic afferents from hindbrain areas [27] known to process metabolic
information. One of the few studies linking physical activity with the neural control of food
preference suggests that the decreased preference for high fat diet in wheel-running rats may
be mediated by enhanced leptin signaling in the ventral tegmental area [28]. These data
suggest that the rewarding effects of wheel running, which may put animals in a state of
metabolic need, substitutes for the consumption of a palatable high fat diet, thereby
eliminating the preference for the HF food. This idea fits more along the lines of a “pleasure
substitution” hypothesis; in that need for food reward is replaced by the perceived similar
reward from physical activity, via enhanced dopamine signaling in VTA.

Given the complexity of midbrain dopamine projections to different portions of the striatum
and other targets such as the amygdala, prefrontal cortex, hippocampus, and hypothalamus
[29,30] it will be important in future experiments to delineate the specific subpopulations of
these projecting dopamine neurons to better understand the different functions they
subserve. Clearly, the above data show that metabolic inputs allows the brain to sense
metabolic status (e.g. too few or too many calories) and put into play hedonic neurons that,
via their actions on midbrain dopamine for instance, drive mechanisms that allow that
metabolic need to be fulfilled. In this way, the metabolic and hedonic players interact to
fulfill the energy need requirements.

Modulation of risk-based decisions by metabolic state
The decision to eat, and how much to eat is clearly a “free decision” [31], but one which
should take into account the predicted reward values of different behavioral goals [32]. Yet
animal and human studies demonstrate that a hungry state produces more risk-taking [33]
[34,35]. The act of impulsive eating is a risk-based decision that has been explained by over-
activation of reward system components [37–41], hypo-functioning of an inhibitory network
in obese and obesity-prone individuals [42,43], or defective signaling from the amygdala to
the orbitofrontal cortex and nucleus accumbens [38] [44]. More work is needed to
understand which of these predominate in impulsive eating, but what has become clear is
that the neural processes underlying impulsive eating and other-risk based decisions are
modified by metabolic state signals [33][34,35].

Two such metabolic state signals, ghrelin and leptin, have been shown to modulate activity
of brain structures involved in memory and decision-making such as the hippocampus
[45,46]. Recent studies in rats showed that hippocampal lesions impaired retention of
discriminative responding to food cues in food-restricted rats, suggesting that the
hippocampus may be involved in the inhibition of appetitive behavior by signals of energy
availability [47]. In addition, spatial memory processing appears to be especially sensitive to
disruption by high-fat diets [48,49], possibly mediated by changes in endocannabinoid
signaling [50]. To further elucidate the effects of metabolic signals in humans, PET imaging
studies will be necessary, as this is the only way to link neurochemical events to specific
brain sites during the performance of particular behavioral tasks. In animals, the issue can be
investigated through pharmacological or genetic manipulations of relevant brain structures
or neuron populations.

Modulation of reward and cognitive functions by hypothalamic energy sensor circuitry
(Fig. 2, pathway 2)

The first studies linking metabolic state signals with specific brain functions were carried
out 50 years ago as part of the discovery of hypothalamic energy balance regulatory and
self-stimulation circuits [51]. While it has long been known that rats electrically stimulate
themselves more vigorously via lateral hypothalamic electrodes when food deprived or
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when glucose availability was decreased [52,53], the anatomical projections and chemistry
were completely unknown. The mechanisms underlying this effect and the pathways
involved have become much clearer during the last decade with the discovery of orexin and
melanin concentrating hormone expressing neurons in the lateral hypothalamus, which act
as metabolic sensors [54–56]. Through their widespread axonal projections they not only
control effector pathways serving energy homeostasis [57] but also hedonic pleasure (liking)
[58–60], reward seeking [61–66], and cognition [67]. These strategic anatomical projections
put lateral hypothalamic orexin and melanin concentrating hormone neurons in an ideal
position to link internal needs with choices available in the environment in order to make
optimal adaptive choices. Specifically, it is tempting to speculate that the direct orexin
actions on prefrontal cortex neurons [68] could be involved in reward and decision-making,
but further work in this area is needed.

Viscero-and somatosensory afferent activity: generation of self-awareness (Fig. 2,
pathway 3)

Finally, metabolic state information from the periphery can reach the brain via sensory
neural pathways. Primary afferent neurons of both vagal and dorsal root/spinal origin can
signal the state of the “rest of the body” to areas in the insular and orbitofrontal cortex as
well as the amygdala and are thought to play an important role in the experience of feelings
[69] and conscious awareness [70,71].

Top-down processes: reward and cognitive functions modulate metabolic state
Top-down processes include neural signals that influence either peripheral metabolism and/
or the brain systems important in regulating energy state, and the recent obesity epidemic
makes clear that “homeostatic” body weight regulatory processes can be overridden by other
influences. This idea is supported by a recent study of overfed rats, which showed an
orexigenic basomedial hypothalamic peptide expression profile that should signal for
reduced energy intake. Yet despite increased expression of pre-pro-opiomelanocortin
(POMC) and decreased expression of neuropeptide Y (NPY) in the hypothalamic arcuate
nucleus, the animals overate and became obese on a high fat high sugar diet. These data
suggest that while pattern of expression for hypothalamic homeostatic energy signals (NPY
and POMC) reflect sensing of the nutrient surplus, the signals are unable to stop
hyperphagia [72]. Although the role of voluntary and involuntary actions in this overriding
process has been debated, we do not understand its basic neurological pathways and
processes. Potential pathways of this “descending” or “top-down” interaction are
schematically depicted in Fig. 2.

Modulation of the “homeostatic regulator” by reward and cognitive functions
Just as hypothalamic energy regulatory signals can modulate the activity of cortico-limbic
structures (see above), signals generated by cortico-limbic structures processing sensory,
cognitive, and reward information can likewise influence hypothalamic processes relevant
for energy balance regulation. These potentially very important pathways have received
little attention.

First, it has long been known that the lateral hypothalamus receives functional gustatory and
olfactory input that is most likely independent of the cerebral cortex [73,74] (Fig. 2, pathway
4). As many of the neurons responding to gustatory stimuli are glucose sensitive and may
express orexin, they may be involved in integrating external availability with internal needs
as discussed above.

Second, the prominent projections from cortex, amygdala, and hippocampus to the
hypothalamus ([75]and see [76] for a review) are likely to play an important role in
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cognitive suppression of metabolic satiation signals (Fig. 2, pathway 5). For example, intact
projections from the amygdala and prefrontal cortex to the lateral hypothalamus are essential
to elicit feeding in sated rats previously conditioned to associate a light or tone with food
presentation while hungry [77,78].

Third, the hypothalamus receives direct input from the nucleus accumbens shell [79] (Fig. 2,
pathway 6), shown to play a role in opioid-induced reward-driven food intake via activation
of orexin neurons with projections to the ventral tegmental area [65]. This pathway may also
be partly responsible for the development of diet-induced obesity in rats through chronic
elevation of mu-opioid receptor signaling in the nucleus accumbens [80,81], as well as for
the extinction of alcohol reward seeking [82].

Subconscious and conscious contributions of cortico-limbic structures to energy intake
and expenditure (Fig 2, pathways 7 and 8)

It is generally assumed that hypothalamic energy balance signals drive behavioral,
autonomic and endocrine effector pathways below the level of conscious awareness. While
drug addiction clearly involves both conscious and unconscious components, the compulsive
behavior of a drug addict is similar to the compulsive drive to eat in a child suffering from
congenital leptin-deficiency or Prader-Willi syndrome. In the latter, this compulsion is
clearly at the unconscious level. The effector pathways involved in subconscious drives are
not well understood. Clearly, endocrine and autonomic nervous system outflow controlling
many aspects of energy assimilation, metabolism, and energy expenditure operates outside
awareness and these systems receive direct inputs from cortex and amygdala [83,84] (Fig. 2,
pathway 7). Furthermore, an emotional (or limbic) motor system organized within
longitudinal neuronal columns of the midbrain periaqueductal gray of rats [85] receives
direct inputs from the hypothalamus [86], amygdala [87], and prefrontal cortex [88,89] and
may be principally involved in human subconscious behavioral control. Activity along these
“old” pathways has completely escaped attention by neuroimaging studies.

Motor control governed by the motor cortex is also not always under conscious voluntary
control, in the sense that its actions can be determined by computations taking place outside
awareness (Fig. 2, pathway 7). Specifically, activity in prefrontal and parietal cortex can
encode the outcome of a decision before it enters awareness and precede activity in the
motor cortex [31,90].

There also appear to be interactions between cognitive and emotional processes that could
eventually lead to different responses to food cues and changes in food intake. Specifically
affective responses in amygdala and orbitofrontal cortex elicited by emotionally charged
pictures may be reduced within the context of increasing cognitive demands [91]. Similarly,
the subjective taste of wine can be influenced by knowledge about its cost in the medial
orbitofrontal cortex [92]. Also, when one interferes with the encoding of the memory of a
meal, such as during television watching, there may be an increase in the subsequent
consumption of snacks [93].

Finally, both food intake and physical activity level can be voluntarily controlled (Fig. 2,
pathway 8). For example, humans routinely go on hunger strike based on religious or
political ideas and can inhibit their drive to eat – even to the point of death [94]. The critical
aspect of voluntary motor control appears to be inhibition of inappropriate behaviors, and
inhibition/disinhibition are key descriptors in the control of food intake in humans.

In conclusion, it is clear that obesity is driven by many factors, the underlying bases of
which are of brain origin. Eating can be triggered by metabolic need, hedonic drive, or an
interaction between the two, and there are several neural circuits that represent this interface.
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Importantly, metabolic signals of energy status can modulate processing of cognitive and
reward functions in cortico-limbic systems (bottom-up processing), which influence
regulatory processes to restore energy status to the optimal level. Yet the cognitive and
emotional brain can also override homeostatic regulation (top-down processing), to yield an
energy imbalanced state. Clearly, the emerging obesity epidemic indicates that this top-
down processing may be winning the battle of the bulge. Much more evidence on the
mechanisms underlying this process is needed to effectively target this form of
overindulgence and halt further increases in obesity.
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Highlights

• Energy balance is normally tightly regulated by feedback signals from ingested
and stored nutrients.

• In our modern world, cognitive and emotional factors can overpower energy
balance regulation.

• Cognition and emotions can in turn be modulated by signals of nutrient
availability.

• Understanding the rules of interaction will help find new therapies to prevent or
reverse obesity.
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Fig. 1.
Schematic diagram showing the major factors determining neural control of appetite and
regulation of energy balance. The brain monitors the internal milieu through a number of
hormonal and neural nutrient sensing mechanisms and is under constant influence of the
environment and lifestyle through the senses and mainly the cognitive and emotional brain.
The two streams of information are integrated to generate adaptive behavioral (food intake)
and autonomic/endocrine responsses determining nutrient partitioning, energy expenditure,
and overall energy balance. All of the peripheral and central signaling steps are subject to
individual predisposition either through genetic, epigenetic, or non-genetic early life
imprinting mechanisms.
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Fig. 2.
Schematic diagram showing potential interactions between the so called “homeostatic”
energy balance regulatory system (blue) and neural systems involved in external sensory
information processing (yellowish-brown), reward processing (purple), and cognition and
executive functions (red), collectively referred to as “hedonic systems”. Blue arrows indicate
bottom-up modulation of hedonic systems by homeostatic signals. Broken blue lines
represent circulating hormones, metabolites, and other factors; solid blue lines represent
neural pathways. Red arrows indicate top-down modulation of homeostatic processes by
hedonic drives. See text for discussion of specific interactive pathways.
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