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Abstract

Hunger, mostly initiated by a deficiency in energy, induces food seeking and intake. However, the
drive toward food is not only regulated by physiological needs, but is motivated by the pleasure
derived from ingestion of food, in particular palatable foods. Therefore, feeding is viewed as an
adaptive mativated behavior that involves integrated communication between homeostatic feeding
circuits and reward circuits. The initiation and termination of a feeding episode are instructed by a
variety of neuronal signals, and maladaptive plasticity in almost any component of the network
may lead to the development of pathological eating disorders. In this review we will summarize
the latest understanding of how the feeding circuits and reward circuits in the brain interact. We
will emphasize communication between the hypothalamus and the mesolimbic dopamine system
and highlight complexities, discrepancies, open questions and future directions for the field.
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Introduction

In mammals, feeding is coordinated by peripheral and central neuronal signaling to help
maintain energy homeostasis. Feeding behavior is under complex control and is significantly
influenced by emotions (i.e. pleasure, joy, stress, anxiety, depression and fear),
environmental factors (i.e. temperature and time of day) and genetic traits (i.e. epigenetic
modifications and genetic mutations).
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Regulatory mechanisms that control feeding may be divided into two categories —
homeostatic, and reward-initiated (i.e. hedonic). Homeostatic mechanisms are defined as an
increased drive to eat after energy depletion, followed by termination of feeding upon
replenishment. Homeostasis is regulated by the metabolic state of the body, activity levels,
and the distribution of essential nutrients (carbohydrates, fats, proteins and minerals) (Blouet
and Schwartz, 2010; Volkow et al., 2011). Hedonic mechanisms are defined as the
motivation to consume palatable foods even when the homeostatic “set-point” has been
reached (Volkow et al., 2011). The interplay between the homeostatic and hedonic systems
is intimate and sculpts feeding behavior.

The hypothalamus is traditionally recognized as the main brain region regulating food
intake. It regulates feeding as a function of caloric and nutritional requirements, by sensing
macronutrients and through the action of circulating regulatory hormones, neuropeptides and
neuromodulators such as leptin, cholecystokinin (CCK), ghrelin, orexin/hypocretin, insulin,
neuropeptide Y (NPY) and endocannabinoids (Coll et al., 2007; Dietrich and Horvath, 2009;
Blouet and Schwartz, 2010; Volkow et al., 2011). In particular, homeostatic food intake is
tightly regulated by communication among hypothalamic nuclei including the arcuate
nucleus (ARC), the paraventricular nucleus of the hypothalamus (PVH), the ventromedial
and dorsomedial hypothalamus, as well as the lateral hypothalamic area (LHA).
Misregulated hypothalamic function can lead to eating disorders such as anorexia, causing
drastic body weight reduction, or hyperphagia, leading to body mass increase and obesity
(Goldstone, 2006; Belgardt et al., 2009). Many limbic brain areas including the ventral
tegmental area (VTA), nucleus accumbens (NAc), amygdala and hippocampus, as well as
cortical brain regions including the medial prefrontal cortex (mPFC), orbitofrontal cortex
(OFC), cingulate gyrus (ACC) and insula, have been implicated in hedonic aspects of
feeding (Petrovich et al., 2005; Volkow et al., 2008; Land et al., 2014). With a growing
appreciation for the role played by the reward circuit in defining hedonic aspects of feeding,
binge eating disorders are increasingly viewed as sharing common mechanisms with
addiction to drug of abuse (Lutter and Nestler, 2009; Kenny, 2011a; Volkow et al., 2013).
Both are compulsive behavioral disorders that can be viewed as stemming from maladaptive
plasticity in the mesolimbic dopaminergic (DA) system, which is essential for the
development of adaptive motivated behaviors (Volkow et al., 2013). In this review, we will
describe how regulation of food intake by the hypothalamus can be modulated by the
neurocircuitry for reward and motivation (Baicy et al., 2007; Farooqi et al., 2007) (Fig. 1).

The neural circuit of homeostatic regulation of feeding has been discussed in many excellent
reviews (Morton et al., 2006; Morton and Salovitz, 2006; Sternson, 2013; Morton et al.,
2014). In this review, we focus on the interactions between the neural circuitry regulating
feeding and the neural circuitry of reward. We hope to convince the reader that the
interaction between the lateral hypothalamic area (LHA) and the mesolimic dopamine (DA)
system is a key element in the regulation of feeding, and a major target for maladaptive
plasticity underlying the development of overeating. Specifically, we focus on the regulation
of hedonic aspects of feeding by ventral tegmental (VTA) DA neurons and nucleus
accumbens (NAc) medium spiny neurons (MSNs) and the integration of the hedonic input
from the reward circuitry with homeostatic regulation of feeding by neurons in the LHA.
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The lateral hypothalamus (LHA)— the linker between the hypothalamic
feeding circuitry and the reward circuitry

The LHA is a large and heterogeneous area with several distinct subregions. As one of the
most extensively interconnected areas of the hypothalamus, with a vast array of interoceptive
and exteroceptive afferent inputs and an equally rich efferent connectivity, the LHA is
positioned to integrate homeostatic information and orchestrate adaptive responses by
modulating cognitive, motor, autonomic, and endocrine functions. The LHA receives
metabolic state information through both neural and humoral routes and can affect energy
assimilation and expenditure through direct access to behavioral, autonomic, and endocrine
effector pathways.

The LHA was classically identified as a “hunger center” about 60 years ago, with
observations that electrical stimulation of the LHA is reinforcing and induces feeding, while
lesions to the LHA depress feeding (Anand and Brobeck, 1951; Teitelbaum and Stellar,
1954; Morrison and Mayer, 1957; Miller, 1960). Diverse subtypes of neurons are loosely
distributed around the fornix to form the LHA within the lateral part of the tuberal region of
the hypothalamus. However, this region and the multiple cell types within it have been
strongly implicated in the regulation of energy expenditure and feeding (Willie et al., 2001;
Saper et al., 2005). Major neurochemically defined subtypes of LHA neurons include
Melanin Concentrating Hormone (MCH) secreting cells (Skofitsch et al., 1985; Nahon et al.,
1989), which likely co-release GABA (Harthoorn et al., 2005; Meister, 2007); orexin/
hypocretin-secreting neurons, which are likely glutamatergic (Rosin et al., 2003);
thyrotropin-releasing hormone (TRH)-secreting neurons (Horjales-Araujo et al., 2014); as
well as non-MCH/Orexin expressing GABAergic neurons (Karnani et al., 2013), a subset of
which expresses leptin receptors (Leinninger et al., 2009) and neurotensin (Leinninger et al.,
2011; Kempadoo et al., 2013; Goforth et al., 2014). All of these cellular subtypes are
strongly implicated in regulating feeding (Qu et al., 1996; Lu et al., 2000; Kokkotou et al.,
2001; Ludwig et al., 2001).

A complex wiring pattern of the LHA has emerged from tracing experiments, whereby
subregions of the LHA are connected with almost every major division of the brain (Hahn
and Swanson, 2010; Hahn and Swanson, 2012). Even so, it is clear that the LHA receives
significant inputs from the NAc, the Bed Nucleus of Stria Terminalis (BNST), and multiple
hypothalamic nuclei, including the preoptic nucleus, the dorsomedial nucleus (DMH), the
ventromedial nucleus (VMH) and the ARC. LHA neurons give rise to many fibers in the
medial forebrain bundle, which connects forebrain structures including the NAc to the
tegmentum (Ciriello et al., 2003; Hahn and Swanson, 2010; Hahn and Swanson, 2012).
These wiring patterns not only enable fast communication between the LHA and the
mesolimbic reward system, but also position the LHA as a linker engaging the circuits of
homeostatic feeding and of reward/emotion.

Classic studies of intracranial self-stimulation have been highly influential in defining the
role of the LHA as an integrator of rewarding aspects of feeding. Intracranial stimulation of
the LHA induces voracious feeding and moreover, following removal of food, the lever-
pressing rate for LHA self-stimulation gradually increases with time, resembling a learned
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behavior (Olds and Milner, 1954; Atrens et al., 1982). Interestingly, when food and the
opportunity to self-stimulate the LHA are simultaneously available, rats develop a
preference for electrical stimulation of the LHA over eating regular chow. However, access
to palatable food dampens the increasing rate of level pressing for stimuli (Routtenberg and
Lindy, 1965; Spies, 1965). These classical experiments suggest that 1) Activation of the
LHA initiates food intake; 2) LHA stimulation is reinforcing and ‘rewarding’ (Hoebel and
Teitelbaum, 1962; Frank et al., 1982); and 3) Pleasure derived from eating palatable foods is
more intense than direct activation of the LHA, potentially due to involvement of additional
elements of the reward circuitry (Routtenberg and Lindy, 1965; Spies, 1965; Coons and
Cruce, 1968; Wise, 1974). Thus, it is likely that the initiation of food intake and the
rewarding aspects of hedonic feeding (as well as direct LHA stimulation) are mediated by
distinct pathways that converge in the LHA (Frank et al., 1982).

The rewarding character of feeding evoked by activation of the LHA is mediated by the DA
system, since feeding evoked by stimulation of the LHA is prevented by blocking striatal
DA signaling (Saper et al., 2002). Furthermore, the LHA closely interacts with the
mesolimic DA system: LHA neurons project to the VTA (Leinninger et al., 2009) and the
NAc, while the NAc provides reciprocal input to the LHA (Bittencourt et al., 1992; Sano and
Yokoi, 2007) (Fig. 1B-E). However, the NAc-LHA and LHA-VTA pathways may mediate
different aspects of eating behaviors. The stimulatory role of the LHA in driving food
consumption appears to be constrained by tonic inhibition from striatal pathways (for review
see Kelley et al., 2005b) since inhibition of neurons in the NAc medial shell dramatically
promotes voracious eating in well fed animals and correlates with increased Fos expression
in LHA and ARC neurons (for review see Kelley et al., 2005b). It is likely that the inhibitory
function of NAc neurons on the LHA is indirect, directed through the ventral pallidum
(Stratford and Kelley, 1999). More so, the different roles of the VTA and NAc in the
regulation of LHA function are far from being resolved, and we venture that this will be a
hotbed of discovery in coming years.

An even more complex picture of the functional organization and regulation of the LHA is
emerging, as recent observations demonstrate that food intake is also initiated by optogenetic
enhancement of inhibitory inputs into the LHA (Atasoy et al., 2008; Atasoy et al., 2012;
Betley et al., 2013; Jennings et al., 2013). Specifically, activation of inhibitory inputs from
the BNST to the LHA, which suppresses the firing of glutamatergic LHA neurons, induces
voracious feeding (Jennings et al., 2013). Furthermore, activation of AgRP axons within the
LHA, which presumably also release GABA (Atasoy et al., 2008; Atasoy et al., 2012) and
evoke robust feeding, comparable to that driven by direct activation of AgRP cell bodies in
the arcuate nucleus (Betley et al., 2013). Resolving the discrepancy between induction of
feeding by electric stimulation of the LHA (Miller, 1960; Coons and Cruce, 1968; Wise,
1974), or by optogenetic enhancement of inhibitory input into the LHA (Jennings et al.,
2013) requires further investigation. While one explanation is that the electrical stimulation
is dominated by activation of local inhibitory circuits, an altenative explanation is that the
inhibitory inputs from the BNST and ARC may target specific groups of neurons whose
activity may be overridden by electric stimulation of the LHA.
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Thus, the LHA may be envisioned as a major component of the “core-forebrain feeding
circuitry” (which also includes the PVT, BNST and PVH) (Betley et al., 2013), that
comprises of both pro-feeding and pro-satiety “decision-making” neurons. Potentially, the
pro-feeding neurons could be regulated by reward, while the pro-satiety neurons are
inhibited by inputs from the BNST and ARC. Future investigation is essential in order to
confirm this hypothesis and identify these potential neuronal populations.

The nucleus accumbens (NAc) — an integrator of hedonic feeding

The mesolimbic VTA—NAC reward circuitry is a relatively well studied neural system, and
is responsible for action selection and the development of adaptive motivated behaviors
(Kauer and Malenka, 2007). Experiences are evaluated by the organism and favored actions
are reinforced by the neural circutry of reward. The NAc, located in the ventral striatum, is
widely regarded as a central node of reward, and integrates glutamatergic inputs from
multiple brain regions, including the prefrontal cortex (PFC), the ventral subiculum (vSub),
the basolateral amygdala (BLA) (Cardinal et al., 2002), and DA input from the VTA (Kauer
and Malenka, 2007; Citri and Malenka, 2008). Based on the different afferent and efferent
projections (Zahm and Brog, 1992) and neurochemical characters, two subregions of the
NAC are generally recognized as the NAc core (surrounding the anterior commissure) and
shell (surrounding the core). Medium spiny neurons (MSN) within the NAc receive DAergic
input from the VTA, and project back to the VTA either directly, or indirectly via the ventral
pallidum. The direct pathway comprises D1 receptor-expressing MSNs, and encodes a “Go”
signal, while D2 receptor-expressing MSNs project indirectly to the VTA and encode a “No
Go” signal (Kauer and Malenka, 2007). Modulation of this circuit is thought to underlie the
development of addiction, as well as hedonic feeding. For example, a decrease in the levels
of D2 DA receptors is observed in the striatum of cocaine addicts (Trifilieff and Martinez,
2014), as well as obese and overweight individuals (Wang et al., 2001; Volkow and Wise,
2005; Haltia et al., 2007). A negative correlation has also been observed between the body
mass index (BMI) of overweight individuals and the expression level of D2 receptors in the
striatum (Wang et al., 2001; Haltia et al., 2007).

The NAc shell evaluates information coding homeostatic status by integrating afferents from
the LHA and POMC neurons in the ARC (Stratford and Kelley, 1999; Kenny, 2011b). The
specific activation of melanocortin 4 receptors (MC4Rs) on D1R MSNs from POMC (Lim
et al., 2012) also mediates stress-induced anorexigenic responses and weight loss
(Millington, 2007; Chung et al., 2009). Meanwhile, the efferents of the NAc shell control
feeding through both the cortical motor output systems and the descending signals to the
hypothalamus (Kelley et al., 1996; Kelley, 2004). Lesion or local depression caused by
enhancing GABA tone in the NAc shell, results in heightened appetite, hyperphagia and
weight gain (Stanley et al., 1993; Pecifia and Berridge, 1995; Pecifia and Berridge, 2000;
Wang et al., 2014), along with increased Fos expression within NPY/AgRP cells in the ARC
and decreased expression of Fos in POMC neurons (Zheng et al., 2003). These effects could
be counteracted by increasing the GABAergic tone within the ARC (Zheng et al., 2003),
suggesting a direct inhibitory control of the NAc over NPY/AgRP neurons to limit feeding.
Moreover, the NAc shell further controls feeding by depressing other hypothalamic
substrates such as the LHA. The inhibition of the LHA is mediated by the ventral pallidum,
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adding another level of NAc control of the hypothalamus via the indirect pathway (Stratford
and Kelley, 1999). The NAc shell also receives reciprocal direct inputs from the LHA, likely
from Orexin or MCH neurons, which might serve as feedback loops, regulating the NAc-to-
LHA circuit.

In light of these observations, the NAc is identified to exert multidimensional control over
food seeking and intake. On one hand, DA in the NAc critically modulates goal-seeking
instrumental strategies and augments hedonic experience, particularly with regard to
palatable food (Kelley et al., 2005b; Morton et al., 2006; Murray et al., 2014); on the other
hand, GABAergic transmission from the NAc exerts a sentinel-like control function over
motor outputs. This integrative function of the NAc shows its fundamental importance in the
anticipation of rewards and preparing actions toward gratification (Sterling and Eyer, 1988).

Neuropeptides in the LHA—regulation of food intake and mesolimbic

function

Two major orexigenic neuropeptides are exclusively produced in LHA neurons and project
widely throughout the brain: orexins/hypocretins (Fadel and Deutch, 2002) and MCH
(Shimada et al., 1998; Chung et al., 2009). Both of these peptides regulate the activity of
VTA DA neurons and NAc medium spiny neurons, impacting both the development of drug
addiction, as well as the regulation of feeding. Additionally, neurotensin, most likely an
anorexigenic neuropeptide (Boules et al., 2000; Feifel et al., 2010), is also expressed by a
subpopulation of LHA neurons, and interestingly, this group of neurons mediate leptin
function (Sahu et al., 2001) on orexin neurons in the LHA as well as neurons in the VTA
(Leinninger et al., 2011).

Orexin levels in the hypothalamus regulate feeding (Horvath, 2005) and injection of either
orexin or MCH into hypothalamic nuclei, including the PVN, DMN, and LHA, elicits
feeding in well-fed animals, (Qu et al., 1996; Sakurai et al., 1998; Dube et al., 1999). Orexin
neurons have been reported to be directly inhibited by glucose or the anorexigenic peptide
leptin, while excited by the orexigenic peptide ghrelin (Yamanaka et al., 2003). LHA orexin
neurons send direct projections to the VTA, PFC and striatum, including the NAc shell. In
the VTA, orexin-positive afferents intermingle with TH-positive neurons, while in the NAc,
orexin-positive terminals intertwine with DA fibers (Fadel and Deutch, 2002). Therefore,
orexin neurons in the LHA potentially influence forebrain DA transmission, by acting either
directly in the VTA, or in the NAc on inputs from the VTA. In support of this notion, orexin
has been found to impact excitatory transmission onto VTA DA neurons, both by producing
a LTP-like increase in the AMPA/NMDA ratio and by modulating NMDA receptor
trafficking and subunit composition (Borgland et al., 2010). These orexin-induced synaptic
modifications are required for sensitization to cocaine, and are blocked by VTA-specific
antagonism of orexin receptors (Borgland et al., 2010).

MCH-expressing neurons in the LHA also project widely throughout the brain and MCH
receptors are found co-expressed with DA receptors on NAc neurons. Infusion of MCH into
the NAc shell increases feeding, while blocking MCH signaling with antagonists decreases
feeding (Georgescu et al., 2005). Similar effects of MCH were observed on the regulation of
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cocaine-elicited behaviors in addiction models: blocking MCH signaling in the NAc
decreases cocaine-induced conditioned place preference, as well as behavioral sensitization
to cocaine (Chung et al., 2009). Consistent with this observation, MCH receptor 1 knockout
mice are hypophagic, lean and hyperactive (Marsh et al., 2002; Lalonde and Qian, 2007).
While MCH has been reported to reduce neuronal firing in the NAc shell via a combination
of reducing presynaptic excitatory inputs and activation of post-synaptic K* channel (Sears
et al., 2010), MCH receptor activation has also been reported to potentiate the action of DA
in the NAc, synergistically increasing firing of NAc MSNs (Chung et al., 2009). Obviously,
future investigation is required in order to resolve the role of MCH in regulation of NAc
activity.

Receptors for the anorexigenic neuropeptide leptin have also been identified on a
subpopulation of LHA GABAergic neurons (Hakansson et al., 1999; Yamanaka et al., 2003;
Fulton et al., 2006). However, not all the leptin receptor-expressing neurons in the LHA
respond to leptin in the same fashion: one third of leptin receptor-expressing LHA neurons
are depolarized by leptin; another third are hyperpolarized by leptin and the remaining do
not respond. The reason for these differential effects of leptin on LHA GABAergic neurons
is unknown (Leinninger et al., 2009). Nevertheless, ablation of leptin receptors from LHA
GABAergic neurons that project to the VTA specifically decreases mesolimbic DA release
and contributes to the development of obesity (Fulton et al., 2006; Leinninger et al., 2009).

Feeding peptides can also directly modulate the activity of mesolimbic DA neurons. For
example, DA neurons in the VTA express receptors to leptin (Hommel et al., 2006), ghrelin,
insulin, orexin, melanocortin and GLP-1 (Narayanan et al., 2010; Dossat et al., 2011; Dossat
et al., 2013). Furthermore, orexigenic peptides like ghrelin increase the activity of VTA DA
cells and increase DA release in the NAc when exposed to food stimuli (Jerlhag et al., 2012;
Skibicka et al., 2013), potentiating an increase in food intake. In contrast, anorexigenic
peptides like leptin inhibit DA firing, decrease DA release (Rada et al., 2005; Johnson and
Kenny, 2010) and reduce food intake, while decreasing VTA leptin signaling was found to
increase sensitivity to palatable foods (Ishiwari et al., 2004; Hommel et al., 2006; Domingos
etal., 2011; Murray et al., 2014). As deletion of leptin receptors in GABAergic neurons, but
not in AgRP, POMC or glutamatergic neurons, leads to massive increase of body weight, the
effect of leptin in the VTA may be indirect and mediated by GABAergic interneurons, rather
than through a direct effect on VTA DA neurons (Vong et al., 2011).

In summary, the LHA is positioned as a crucial component, linking the homeostatic feeding
circuitry (the ARC) and the reward circuitry (the VTA and NAc) (Fig. 2), and likely governs
the transition from homeostatic to hedonic eating. The major neuropeptides (MCH and
orexin) secreted by the LHA regulate the activity of neurons of the mesolimbic system to
promote feeding, potentially by modulating the hedonic aspects of feeding. Meanwhile,
these orexigenic functions are balanced by glutamatergic neurons in the LHA whose action
leads to reduction in food intake. Moreover, circulating leptin regulates leptin receptor
expressing neurons in the LHA that directly synapse on VTA DA neurons. This
communication between the LHA and the mesolimbic system is likely crucial for defining
the outcome of an interaction with palatable food, and in formation of maladaptive feeding
habits that lead to obesity. It should also be noted that LHA neurons participate in the
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regulation of additional motivated processes such as arousal, sleep and sexual behavior
(Hansen et al., 1981; Krilowicz et al., 1994; Kelley et al., 2005a; Gutierrez et al., 2011).

Mesolimbic DA signaling — a shared pathway for drug addiction and

feeding

DA has long been implicated in modulation of the neural circuitry of reward. More recently,
accumulated evidence suggests that DA is associated with hedonic aspects of feeding
(Volkow et al., 2008; Kenny, 2011b). Human fMRI studies in cocaine addicts show
overlapping patterns of brain activation to cocaine and palatable foods (Tomasi et al., 2014).
Also, in a human PET study, DA was found to be released in the dorsal striatum in
proportion to the self-reported pleasure derived from the ingestion of energy-dense food
(Small et al., 2003). In accordance, VTA activation by electrical stimulation promotes
feeding in well-fed rats (Trojniar et al., 2007). Interestingly, DA depletion reduces the effort
an animal is willing to exert in order to obtain food without affecting intake when food is
freely available (Salamone et al., 1994); while voracious eating induced by inhibition of the
NAc does not contain a reinforcing character because the animals will not exert an effort in
order to obtain food.

Numerous animal studies suggest that striatal D2R pathways are modified in obesity.
Reduced D2R expression is observed in leptin-resistant obese rats (Pfaffly et al., 2010), as
well as diet-induced binge-eating animals (Avena et al., 2008). The reduction of D2Rs
further develops as the rats gaining weight (Thanos et al., 2008). Lentivirus-mediated
knockdown of striatal D2Rs showed acceleration in the development of compulsive food
seeking for palatable food (Johnson and Kenny, 2010). Therefore, reduced DA input onto
D2R MSNs may undermine the animal’s ability to resist the temptation to feed, and
reinforcing D2R function might dampen the drive toward compulsive feeding. However,
these speculations require further experimental interrogation.

Collectively, DA functions to modulate motivation and reinforce reward (Volkow and Wise,
2005; Wise, 2006; Berridge, 2009). Interestingly, DA release has been found to increase in
the NAc of control rats upon exposure to normal chow, while in obese rats, with a history of
extended access to palatable food, only energy-dense food could trigger an increase in DA
levels in the NAc (Geiger et al., 2009). In this sense, both addiction and over-eating can be
viewed as the acquisition of alternative homeostatic states that develop following prolonged
exposure to the addictive substance (drugs of abuse or comforting foods). The newly
established pathological state may be actively defended by the reward circuits in the brain
(Morton et al., 2006). This view necessitates a new experimental perspective to understand
the circuit modifications underlying the development of addictions and compulsive
consumption.

In summary, it is clear that DA released from the VTA is a crucial modulator of feeding,
specifically in terms of the rewarding aspects of food. The evidence primarily points to a
function for hypothalamic peptides in regulating DA release through direct action in the
VTA, as well as action on DA terminals in the striatum, particularly the NAc. Much remains

Front Biol (Beifing). Author manuscript; available in PMC 2018 May 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 9

to be discovered about the specific modes of action of DA in the NAc, and how it modulates
the activity of D1R and D2R-expressing MSNs to regulate feeding.

Integration of hedonic and homeostatic feeding

The hedonic reward system and the homeostatic feeding neurocircuitry maintain a strong
interaction. The homeostatic state of the organism strongly modifies the perceived rewarding
value. For example, food deprivation strongly augments the rewarding value of drugs of
abuse, including heroin, amphetamine and cocaine (Carroll et al., 1979; Stuber et al., 2002);
drives for electrical stimulations in brain ‘pleasure areas’ are augmented by starvation
(Fulton et al., 2000), and dampened by feeding of palatable food (Routtenberg and Lindy,
1965; Spies, 1965). As described above, the intimate connections between the LHA, a key
component of the forebrain feeding neural circuit, and the mesolimbic system, including the
VTA and the NAc (Fig. 1), provide strong evidence for a direct anatomical and functional
relationship between the hedonic and homeostatic feeding behaviors. Hormones such as
leptin and insulin regulate the central nodes of this reciprocal system through their
fluctuations according to energy status. Consistent with this, central administration of insulin
or leptin diminishes food reward (sucrose preference). The mechanism may involve
increased DA transporter expression on VTA DA neurons, reducing DA tone in the NAc
(Figlewicz, 2003). Conversely, fasting intensifies the rewarding values of substances. These
observations suggest that by decreasing neuronal input from anorexigenic hormones, energy
restriction increases responses to rewarding stimuli as an adaptive mechanism, motivating
animals that are threatened by caloric insufficiency to seek and obtain energy dense foods.

In vulnerable individuals, the consumption of high quantities of palatable food (similar to
drugs of abuse) likely upsets the balanced interaction between these circuits, resulting in an
enhanced reinforcing value of food and in a weakened control over impulses. This
perturbation is a result of conditioned learning and the resetting of reward thresholds in at-
risk individuals. The undermining of the cortical top-down regulatory networks over the
subcortical regions results in impulsive and compulsive food intake. Recently, experimental
evidence has been obtained supporting this model in the context of exposure to drugs of
abuse (Stuber et al., 2011; Pascoli et al., 2014). These papers describe synaptic mechanisms
hijacked by drugs of abuse (Molkow and Wise, 2005; Volkow et al., 2008; Volkow et al.,
2011; Volkow et al., 2013). One study revealed that following prolonged cocaine self-
administration, a reduction in the strength of synapses from the PFC onto D1R-expressing
MSNSs in the NAc shell is observed, in parallel to an increase in the strength of synaptic
inputs from the ventral hippocampus (Pascoli et al., 2014).

A separate study observed that mice would perform optical self-stimulation of inputs from
the basolateral amygdala (BLA) into the NAc, while optogenetic inhibition of the input from
the BLA to the NAc reduced cue-evoked sucrose intake (Stuber et al., 2011). The BLA and
hippocampus are crucial components of the emotional and contextual circuits of the brain
and indeed, similar to addictive substances (Cota et al., 2006), palatable foods enhance
mood in humans (Davis et al., 2004). Palatable foods are believed able to carry out powerful
reinforcing effects by fast sensory inputs and by slower post-ingestive effects (Volkow and
Wise, 2005). Conversly, emotional states strongly modify reinstatement of addictive drugs
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and may produce similar unsuppressable cravings leading to repeated binging of comforting/
mood-enhancing foods. Supporting this notion, high co-morbidity is seen of anxiety,
depression, drug addiction, and obesity or other eating disorders (Everson et al., 2002;
Musselman et al., 2003; McCarty et al., 2009), and overeating in obese or bulimic
individuals show a compulsive anxiety-triggered element (Menatti et al., 2013).

Perspective

We are currently in the midst of an exciting phase of discovery in the study of neural
circuitry function in regulating behavior, including food intake. The combination of different
genetically encoded tools (optogenetic and pharmacogenetic) with the increasing availability
of animal models provides opportunities to delineate neural circuits and define their function
with high resolution. Until recently, the majority of research in investigation of the neural
circuitry of feeding was based on global manipulations: ablation of brain regions,
pharmacological excitation or inhibition of brain tissue, and electrical stimulation of brain
nuclei. In this review we focused on describing the interaction of LHA—VTA—NAC.
Taking a page from the recent advances in identifying the synaptic and circuit mechanisms
underlying the development of addiction to drug of abuse, we believe the next developments
in understanding the regulation of feeding will come from identifying loci of synaptic
plasticity affected by feeding, and the regulation of the plasticity by peptides and hormones
for feeding and satiety. More importantly, as is being demonstrated by the new pioneers of
this field we now have much improved genetic access to many elements of the
neurocircuitry, and through implementing pharmacogenetic and optogenetic tools, we can
expect to obtain modifications and corrections to the circuit diagrams associating the reward
circuitry with the feeding circuitry. Thus, we can expect the next few years to lead to
significant insight into the neural circuit mechanisms underlying the extremely important
topic of regulation of feeding, which is of fundamental relevance to human health and well-
being.
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Figure 1.
Neural circuits regulate feeding behaviors. (A) Homeostatic feeding is mainly regulated by

hypothalamic regions receiving input from the arcuate nucleus (ARC) including
paraventricular nucleus of the hypothalamus (PVVH). The neural circuit for reward/addiction
involves the mesolimbic DA system, including the ventral tegmental area (VTA) and the
nucleus accumbens (NAc). The lateral hypothalamic area (LHA) relates homeostatic feeding
to reward by directly synapsing on neurons in the VTA and NAc. Brain regions in charge of
emotion and memory also modulate feeding behavior, such as the prefrontal cortex (PFC),
the hippocampus (Hipp) and the amygdala nuclei including the basal lateral amygdala
(BLA), the central amygdala (CeA) and the bed nucleus of stria terminalis (BNST). Nucleus
tractus solitarius (NTS) in the hindbrain directly receives inputs from gastrointestinal
structures, and communicates the peripheral signals to the parabrachial nucleus (PBN) to
regulate satiety and aversion. The NTS also receives anorexigenic signals from the
serotonergic neurons in the dorsal raphe. (B) A simplified diagram of LHA-mesolimbic
interactions. (C) Retrograde tracing showing LHA neurons project to the NAc (Red) and
VTA (Green). Red and green fluorescent beads were injected to the NAc and VTA,
respectively. Hb: Habenula.
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Figure 2.
Interactions of LHA-NAc-VTA neurocircuitry and the regulation of food intake. The NAc

shell contains DA receptor 1 (D1R)-expressing neurons, as well as D2R-expressiing
neurons, which project to the VTA either directly (D1R-MSNSs) or indirectly (D2R-MSNs),
through the ventral pallidum (VP). Neurons in the NAc are regulated by both MCH and
orexin input from the LHA to promote eating. There are roughly four major subtypes of
LHA neurons: MCH, orexin, GABAergic and Glutamatergic (Glu) neurons. A subgroup of
the GABAergic neurons expresses Leptin receptors and projects to the VTA. A subgroup of
glutamatergic neurons receives inhibitory input from the BNST and its inhibition promotes
eating. ARC NPY/AgRP is the major “receiver” to mediate body hormones and energy
status of the body to “forebrain feeding circuit” composed of paraventricular hypothalamus
(PVH), paraventricular hypothalamic nucleus (PVT), the Bed Nucleus of Stria Terminalis
(BNST) as well as LHA.
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