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Dopaminergic Control of the Feeding Circuit

Ja-Hyun Baik

Molecular Neurobiology Laboratory, Department of Life Sciences, Korea University, Seoul, Korea

There is increasing evidence demonstrating that reward-related motivational food intake is closely connected with the brain’s ho-
meostatic system of energy balance and that this interaction might be important in the integrative control of feeding behavior. Dopa-
mine regulates motivational behavior, including feeding behaviors, and the dopamine reward system is recognized as the most
prominent system that controls appetite and motivational and emotional drives for food. It appears that the dopamine system exerts a
critical role in the control of feeding behavior not only by the reward-related circuit, but also by contributing to the homeostatic cir-
cuit of food intake, suggesting that dopamine plays an integrative role across the converging circuitry of control of food intake by
linking energy state-associated signals to reward-related behaviors. This review will cover and discuss up-to-date findings on the do-
paminergic control of food intake by both the reward-related circuit and the homeostatic hypothalamic system.
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INTRODUCTION

Regulation of food intake and energy homeostasis is tremen-
dously complex, and recent findings have revealed that the mo-
tivation for food is closely linked to our brain reward system,
which responds to the hedonic properties of food and may inter-
act with homeostatic regulation for integrative control of feed-
ing behaviors. While the homeostatic regulation of food intake
can coordinate the energy balance between energy intake and
expenditure, palatable food can stimulate food intake even when
hunger is absent, and this motivation to obtain palatable food
can override homeostatic signals [1-3]. It has been suggested
that the brain’s reward systems mediate the motivation toward
palatable food, which involves learning associated with sensory
perception, such as the sight, smell, and taste of food, as well as
cues that are associated with food or the hedonic context of food
intake. The dopamine reward system is the most prominent re-

ward circuit in the brain, and can control appetite and motiva-
tional feeding behavior [1-3].

Dopamine is synthesized mostly by midbrain neurons in the
substantia nigra and the ventral tegmental area (VTA). Dopami-
nergic neurons can be identified by immunohistochemistry for
tyrosine hydroxylase, the rate-limiting enzyme of dopamine
synthesis, and are designated as group A cells (cells containing
catecholamines, primarily noradrenaline and dopamine); specif-
ically, the dopamine-containing cell groups are A8 through A16
[4-6]. The nigrostriatal pathway constitutes the projection of
neurons from the A8 cells, which are located in the retrorubral
field, and the A9 neurons in the substantia nigra pars compacta
to the dorsal striatum (DS). The nigrostriatal pathway is primar-
ily involved in the control of movement execution and goal-di-
rected behaviors, including reward-related cognition. The meso-
limbic and mesocortical pathways are other major dopaminergic
pathways originating from the VTA. The A10 cell group from
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the VTA projects to the ventral striatum, which is known as the
nucleus accumbens (NAc), and also to the prefrontal cortex and
other limbic areas. This pathway plays a crucial role in reward-
related behaviors and motivation. The tubero-infundibular path-
way comprises the arcuate nucleus (cell group A12) and peri-
ventricular nucleus (cell group A14) of the hypothalamus pro-
jecting to the pituitary, and is known to control the secretion of
pituitary hormone and prolactin [4-6]. The effect of dopamine is
mediated by the binding of dopamine to the dopamine recep-
tors, which belong to a family of seven transmembrane domain
G-protein-coupled receptors. Five different subtypes of dopa-
mine receptor have been identified based on their structural and
G-protein coupling properties: the D1-like receptors (D1 and
D5), which stimulate intracellular cyclic adenosine monophos-
phate (cAMP) levels, and the D2-like receptors (D2, D3, and
D4), which inhibit intracellular cAMP levels [3].

The mesolimbic and mesocortical pathways in the dopamine
reward system have attracted considerable attention regarding
the control of food intake in association with hedonic feeding.
Mounting evidence suggests that reward-related motivational
food intake interacts with the homeostatic system of energy bal-
ance, and it appears that the dopamine system plays a critical
role in the control of feeding behavior, both through the reward-
related circuit and by contributing to the homeostatic regulation
of energy balance by participating in the hypothalamic circuit of
food intake [7]. Herein, I will review and discuss current find-
ings on the role of the dopamine system in the control of food
intake through the reward-related circuit and the homeostatic
hypothalamic system.

DOPAMINERGIC CONTROL OF FOOD
INTAKE THROUGH THE REWARD
CIRCUIT

Initial studies demonstrated that as like addictive drugs, palat-
able foods that are rich in fat and sugar content can significantly
activate the dopamine reward system. For example, when dopa-
mine was measured by microdialysis in the NAc of freely mov-
ing rats, it was observed that extracellular dopamine in the NAc
increased significantly during and after receiving food as a re-
ward [8]. Roitman et al. [9] measured dopamine throughout the
entire sequence of feeding behavior by sampling dopamine ev-
ery 100 ms, using fast-scan cyclic voltammetry in the NAc of
rats trained to press a lever to obtain sucrose, and found that
subsecond dopamine signaling in the NAc operated as a real-
time modulator of food-seeking behavior. In contrast, intra-oral
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delivery of quinine, which has an aversive taste, suppressed do-
pamine release in the NAc, showing that dopamine signals were
differentially modulated by appetitive (rewarding) and aversive
stimuli [10].

Based on the role of the dopamine reward system in food-
seeking behavior, considerable evidence has revealed that there
is an interplay between the homeostatic regulator and dopamine
system, such that homeostatic regulators of food intake interact
with the dopamine reward system to exert an inhibitory or en-
hancing effect on food intake. For example, it has been demon-
strated that leptin and insulin inhibit VTA dopamine neurons,
while ghrelin activates them [11-17]. Hommel et al. [11] estab-
lished that VTA dopamine neurons express the leptin receptor,
and in response to leptin, these VTA leptin receptors are activat-
ed and suppress the activity of dopamine neurons. Administra-
tion of leptin to the VTA was found to decrease food consump-
tion, while knockdown of leptin receptors in the VTA resulted
in an increase in food intake, locomotor activity, and hedonic
feeding [11]. Fulton et al. [12] observed a similar result, show-
ing that leptin-responsive VTA dopamine neurons project to the
NAc; moreover, in leptin-deficient 0b/ob mice, leptin function
in the VTA-NACc circuit was altered, indicating that leptin can
modulate the dopamine mesolimbic reward pathway. In paral-
lel, Farooqi et al. [13] reported that using functional magnetic
resonance imaging, in patients with congenital leptin deficiency,
leptin treatment diminished perceptions of food reward, which
was associated with the modulation of neural activation in the
NAc-caudate region, suggesting that leptin reduced the food re-
ward by acting on the dopamine reward system [13,18]. How-
ever, it appears that leptin receptor expression is very low in the
VTA; therefore, whether in vivo leptin can physiologically and
significantly inhibit the VTA dopamine neuron activity through
its receptors remains uncertain (Fig. 1) [1,3].

Consistent with the above concern, conditional knockout
(KO) mice lacking functional leptin receptor selectively in do-
pamine neurons, using dopamine transporter (DAT) promoter-
driven Cre-transgenic mouse line, exhibited normal body
weight and hedonic feeding responses [19]. Instead, leptin re-
ceptor signaling in midbrain dopamine neurons appears to be
important for the modulation of anxiety-related behaviors [19].
Evans and Anderson [20] recently reported an assessment of the
functional importance of leptin receptors in midbrain dopamine
neurons by exclusively expressing leptin receptors in dopamine
neurons in otherwise leptin receptor-deficient mice to test
whether dopamine neuron-restricted leptin signaling is effective
for improving the obesity phenotype of leptin receptor-deficient
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Fig. 1. Dopaminergic control of food intake by reward circuit path-
ways. Schematic illustration of dopaminergic reward circuit path-
ways: the mesolimbic and mesocortical pathways, including projec-
tions from the ventral tegmental area (VTA) to the nucleus accum-
bens (NAc) and the prefrontal cortex (PFC). Dopamine reward sys-
tems mediate the motivational and emotional drive for food, which
involves learning, associated with the hedonic properties of food
and the context of food intake. It has been suggested that leptin and
insulin inhibit VTA dopamine neurons, while ghrelin activates
them, thereby modulating the dopamine VTA-NAc reward circuits
to control feeding behavior. Possible indirect effects of these hor-
mones from the lateral hypothalamus, or from the effector-respon-
sive neurons to the VTA, are not depicted here and remain to be
elucidated. The nigrostriatal pathway constituting the projection of
neurons in the substantia nigra pars compacta (SNc) to the dorsal
striatum (DS), is also depicted. The role of DS in the control of
feeding behavior is discussed in the main text.

mice. In these mice, where leptin receptor was expressed exclu-
sively in dopamine neurons, the obesity phenotype was not
ameliorated; rather, male mice developed an exacerbated obesi-
ty phenotype, although these mice still showed an acute leptin-
induced effect on food intake [20].

Leinninger et al. [21] reported another circuit where leptin
acts via leptin receptor-expressing GABAergic lateral hypotha-
lamic neurons, and then modulates the mesolimbic dopamine
system and suppresses feeding. Recent evidence suggests that
optogenetic activation of lateral hypothalamus GABA neurons
that project to the VTA can modulate feeding, food seeking, and
reward [22,23]. These findings therefore underscore the impor-
tance of the VTA-to-NAc reward circuit as a mediator of food-
seeking behavior, as well as the indirect action of leptin on the
dopamine reward system for control of feeding.

However, when dopamine-deficient mice were generated,
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these mice were aphagic and stopped feeding a few weeks after
birth, ultimately dying of starvation by 4 weeks of age; restora-
tion of dopamine production of the caudate-putamen (DS), but
not of the NAc, restored feeding [24]. Other studies have also
revealed the importance of the DS, which is involved in goal-
directed behavior including reward-related cognition and learn-
ing, rather than the NAc, within the dopamine circuit in the con-
trol of motivational feeding behavior. For example, injection of
a dopamine antagonist into the DS of rats, but not into other
brain areas such as the NAc, amygdala, or frontal cortex, pro-
duced a reduction in food reward-associated lever pressing [25].
A study reported by Johnson and Kenny [26] revealed that ani-
mals given a “cafeteria diet” (i.e., a palatable high-fat diet)
gained weight through compulsive eating behavior and had de-
creased dopamine D2 receptor expression in the striatum. In an-
other recent study, Tellez et al. [27] found that dorsal and ventral
striatum (NAc) in mice are differentially involved in the hedon-
ic and nutritional actions of sugar. Dopamine release was in-
creased in the DS only when energy was present in a sweet so-
lution, indicating that it encoded the nutritional value, whereas
the NAc was responsible for the hedonic value of sugar solution
[27]. Thus, it appears that there are separate circuitries in the
striatum that are differentially recruited to the hedonic and nu-
tritional values of sugar, allowing the animal to sense nutrients
for feeding [27]. On the other hand, it has been reported that do-
pamine in the DS circuit can enhance the incentive salience of
food reward cues, especially when foods are both caloric and
palatable, thus implying that DS plays a role in “incentive moti-
vation” (Fig. 1) [28,29].

Brain imaging of the dopamine reward system and human
obesity

Numerous studies of humans have investigated the relationship
between dopamine reward system activation and eating behav-
iors, mostly using positron emission tomography (PET) and
single photon emission computed tomography to measure base-
line binding potential (BP) for dopamine receptor D2R (D2/
D3R) ligands.

Small et al. [30] reported a correlation between the reduction
in binding of raclopride, a dopamine ligand, and meal pleasant-
ness in the DS, but not in the NAc, in a PET study of healthy
human subjects. Consistent with this finding, numerous studies
reported that striatal dopamine D2R availability was reduced in
obese individuals in proportion to their body mass index (BMI),
suggesting a negative correlation between D2R BP and BMI
[31-37]. This reduced D2R BP measured by PET analysis is in-
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terpreted as indicating increased dopamine release due to com-
petition between endogenous dopamine and the radioligand for
binding to D2R.

However, other reports have described positive correlations
between D2R BP and a higher BMI [38,39]. Dunn et al. [38]
measured D2R availability using PET and fallypride, a high-af-
finity dopamine D2/D3R antagonist radioligand, in lean (n=38)
and obese (n=14) females. In the caudate, there was a positive
association of BMI and leptin with D2R availability and D2R
availability was increased in obese subjects, indicating reduced
dopamine release competing with the radioligand [38]. Cara-
vaggio et al. [39] found that in individuals with a normal range
of BMI, there was a positive correlation between BMI and D2R
agonist binding in the NAc, but no correlation with D2R antag-
onist binding; furthermore, no correlation with either D2R ago-
nist or antagonist binding was found in the DS.

However, other studies reported no significant difference in
D2R availability according to BMI. For example, Eisenstein et
al. [40] found no correlation between striatal D2R BP and BMI
values using the D2R antagonist. Karlsson et al. [41] also re-
ported that there were no significant differences in D2R avail-
ability revealed by raclopride between obese and nonobese sub-
jects in any brain region.

Interestingly, Guo et al. [42] reported that opportunistic eating
and obesity are positively associated with D2R BP using fal-
lypride in the DS, which appears to be associated with habit for-
mation, while there was a negative correlation between BMI
and D2R BP in the NAc. The finding of distinct patterns in the
DS and the NAc in a D2R brain imaging study provides further
support for the possibility that obese people might have altera-
tions in the dopamine system, with increased susceptibility to
opportunistic overeating but a decrease in reward in response to
food intake; this alteration in neural circuitry could be an impor-
tant contributor to behavior in the pathogenesis of obesity [42].

To better understand whether changes in dopamine signaling
are a cause or a consequence of an increase in body weight, sev-
eral groups have studied D2R binding by PET in obese individ-
uals who underwent bariatric surgery, although these studies
were limited by a small sample size. Dunn et al. [43] reported
that dopamine D2R availability decreased at 7 weeks after sur-
gery (roux-en-Y gastric bypass [RYGB] or vertical sleeve gas-
trectomy surgery, five females) in the DS, as well as in the NAc
and the hypothalamus, and these decreases were accompanied
by significant decreases in plasma insulin and leptin levels. In
contrast, Steele et al. [44] observed that D2R availability in-
creased 6 weeks after gastric bypass surgery (laparoscopic
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RYGB, five females), and this increase appeared to be propor-
tional to the amount of weight lost, thus showing opposite re-
sults, probably due to the small number of individuals in the
study. With a relatively larger sample (n=18), de Weijer et al.
[45] reported that 6 weeks after RYGB surgery, BMI signifi-
cantly reduced, but there was no correlation between BMI and
D2R (D2/3R) BP before or after surgery. Interestingly, however,
repeated striatal D2R BP measurements during long-term fol-
low-up (2 years) after RYGB surgery in 14 subjects of the origi-
nal cohort reported by de Weijer et al. [45] demonstrated that
the mean BMI declined and this decrease was associated with a
significant increase in striatal D2R availability in this cohort
[46]. These findings demonstrated that striatal D2R availability
increases after long-term RYGB-induced weight loss and that
the reduced D2R availability in obesity could be reversible.
These findings support the idea that D2R downregulation could
be a consequence of excessive eating and of obesity, rather than
a cause, as was also reported in rats fed a highly palatable cafe-
teria diet [26,29]. However, taken altogether, the relationship
between dopamine release or dopamine receptor availability
and the obese phenotype remains unclear based on current brain
imaging studies. The discrepancies among studies of D2R BP
and BMI can be explained by use of different ligands across the
different studies and individual variability in the experimental
group, as well as different study designs with variability in met-
abolic status and diet types, measurement times, and so forth.
Another question on the data from these studies relates to the
real physiological relevance of D2R BP changes observed by
brain imaging. It remains to be clarified whether the decrease in
D2R availability represents a reduction of D2R density, which
is hence associated with altered dopamine neurotransmission, or
this decrease in D2R binding corresponds to an increase in the
concentration of extracellular dopamine given that these ligands
for brain imaging compete with endogenous dopamine for bind-
ing to the dopamine D2R. It has been postulated that decreased
mesolimbic dopamine neurotransmission can induce a reward
deficiency, leading to abnormal craving behaviors to compen-
sate for this deficit [2,47]. Otherwise, increased mesolimbic do-
pamine release may be associated with impulsivity and is be-
lieved to be associated with increased incentive salience, which
can result in excessive intake of highly palatable foods [29]. Fu-
ture studies with new imaging technologies, which can provide
direct and more precise central dopamine levels will be neces-
sary to resolve this issue.

Copyright © 2021 Korean Endocrine Society
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ROLE OF HYPOTHALAMIC DOPAMINE IN
THE REGULATION OF FOOD INTAKE

Dopamine neurons and receptors in the hypothalamus
Beyond its role as part of the reward system from the mesolim-
bic brain area, dopamine can contribute to the regulation of nor-
mal appetite and food reward by interacting with hypothalamic
homeostatic signals. In the hypothalamus, dopamine-containing
neurons are present in the posterior hypothalamus and in the
medial zona incerta (group All and A13), in the arcuate nucleus
(group A12), and in the rostral periventricular region [47,48].
The dopamine neurons situated in the rostral part of the arcuate
nuclei constitute tuberohypophysial dopamine neurons project-
ing to the neural and intermediate lobes of the pituitary [47,48].
The tuberoinfundibular (arcuato-infundibular) dopamine neu-
rons, which are located in the arcuate nucleus and adjacent peri-
ventricular region, project to the external layer of the median
eminence [47,48].

A systematic analysis of dopamine neurons in the hypothala-
mus revealed that in rodents, dopamine neurons (tyrosine-hy-
droxylase positive) are present throughout the hypothalamus,
particularly in the arcuate nucleus and dorsomedial nucleus,
with some areas of low density in the lateral hypothalamic area
(LHA), except the zona incerta, where a high density of dopa-
mine neurons is present [49]. Recently, it has been reported that
dopamine neurons of the hypothalamic arcuate nucleus colocal-
ize with vesicular GABA transporter and corelease GABA;
these cells project to the hypothalamic paraventricular nucleus
and communicate with other neurons, which suggests the possi-
bility that they may regulate the excitability of synapsing neu-
rons [49-51]. Furthermore, optogenetic stimulation of mouse
arcuate dopamine neurons increased food intake; when these
neurons were silenced, a long-term reduction in body weight
occurred [51]. Optogenetic stimulation of these neurons inhibit-
ed pro-opiomelanocortin (POMC) neurons, possibly via D2R
and dopamine excited neuropeptide Y (NPY)/agouti-related
peptide (AgRP) neurons. Food deprivation also increased c-Fos
expression and the activity of arcuate dopamine neurons, sug-
gesting that hypothalamic dopamine neurons may directly con-
tribute to the hypothalamic control of energy homeostasis by
sensing energy-state-related signals and directly modulating the
activity of other neurons within the hypothalamic feeding cir-
cuits [51]. These findings suggest that dopamine neurons in the
hypothalamus can control food intake independently and/or by
interacting with other neurons such as NPY/AgRP and POMC
neurons to regulate energy homeostasis (Fig. 2).
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Fig. 2. Dopaminergic control of food intake in the hypothalamus.
Dopamine neurons (tyrosine-hydroxylase [TH]-positive) are pres-
ent throughout the hypothalamus, particularly in the arcuate nucleus
and dorsomedial nucleus. It has been reported that dopamine neu-
rons of the hypothalamic arcuate nucleus colocalize with the vesic-
ular GABA transporter and corelease GABA; these cells project to
the hypothalamic paraventricular nucleus (PVN) and communicate
with leptin-responsive neurons, such as pro-opiomelanocortin
(POMC) neurons or agouti-related peptide (AgRP) neurons.
[50,51]. The effect of hypothalamic dopamine signaling is mediated
mostly by D1R and D2R, and it appears that the D1R and D2R are
located on POMC neurons, co-localized with leptin receptors in the
arcuate nucleus, raising the possibility that dopamine signaling in
the hypothalamus may be involved in the leptin signaling-mediated
network to contribute to hypothalamic control of energy homeosta-
sis. However, the details of the dopaminergic circuits in the hypo-
thalamus are currently unknown. 3V, third ventricle.

These effects of hypothalamic dopamine signaling are medi-
ated mostly by DIR and D2R; it has been reported that in the
human brain there is a preferential expression of D2R as com-
pared to DIR in the hypothalamus [52]. In the human brain,
D2R mRNA-expressing cells have been found in most of the
major hypothalamic nuclei, particularly the lateral and ventro-
medial nuclei (VMN) [53]. In rodents, expression of D2R is
found in several hypothalamic regions, including the LHA, dor-
somedial, paraventricular, VMN, and arcuate nuclei [54,55].
Cells expressing D1 receptor mRNA were detected in the para-
ventricular, supraoptic, and suprachiasmatic nuclei, but also ob-
served to a lesser extent in the dorsal and medial nuclei, the
VMN, and LHA [56].
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Initial pharmacological studies using D1 and D2R agonists/
antagonists showed that the modulation of hypothalamic dopa-
mine receptor activity could regulate feeding behavior, although
these studies had limitations in their ability to provide greater
precision for cell-type or pathway-specific function in a behav-
ioral response. Bina and Cincotta [57] reported that daily treat-
ment of genetically obese, 0b/0ob mice with dopamine D1/D2R
agonists for 2 weeks normalized body weight, hyperlipidemia,
and hyperglycemia to the levels observed in lean mice and also
reduced hyperphagia. Treatment with dopamine D1/D2R ago-
nists also significantly reduced elevated levels of NPY and cor-
ticotropin-releasing hormone (CRH), which promote food in-
take, in the hypothalamus of obese mice. These findings suggest
that dopaminergic D1/D2R coactivation may ameliorate the
obesity phenotype in 0b/0b mice, partially by modulating levels
of both NPY and CRH [57].

Using a tumor-bearing anorexia rat model where meal size
and number were decreased, Sato et al. [58] examined the role
of DI and D2R in the LHA and VMN, in association with feed-
ing patterns (changes in meal number and size). Interestingly,
hypothalamic expression of D1 and D2R mRNA was higher in
anorectic tumor-bearing rats. Intra-VMN DIR antagonist injec-
tion in tumor-bearing rats decreased food intake with a decrease
in meal size, while intra-VMN D2R antagonist administration
in tumor-bearing rats increased food intake with an increase in
meal number. In non-tumor-bearing free-feeding rats, food in-
take increased with an increase in meal size. In the LHA, there
was no effect of D1R antagonist on food intake, whereas intra-
LHA injection of a D2R antagonist in tumor-bearing and in
non-tumor-bearing free-feeding rats increased food intake with
an increase in meal number, suggesting that dopamine receptor
subtypes in the hypothalamus are differentially involved in the
regulation of food intake [58].

Recently, it has been shown that the D1R and D2R are located
on POMC-immunopositive neurons, and co-localized with
leptin receptors in the arcuate nucleus of rats and mice [59],
raising the possibility that dopamine signals in the hypothala-
mus may be involved in the leptin receptor-mediated network
(Fig. 2). Within the hypothalamic circuitry, it is probable that in-
teractions between dopamine and leptin, a primary player in the
homeostatic hypothalamic network of energy balance, will play
a critical role. We will now briefly discuss the interaction of the
hypothalamic dopamine system with the leptin network.

Interaction between the dopamine system and leptin
Leptin, an adipocyte-derived hormone, is a primary potent regu-
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lator of appetite and by binding to the leptin receptor in the hy-
pothalamus, induces specific signaling cascades that suppress
food intake [60,61]. It is well established that in the arcuate nu-
cleus of the hypothalamus, leptin receptors are expressed in
POMC neurons, which produce the anorectic peptide a-mela-
nocyte—stimulating hormone [60-62]. On the other hand, leptin
receptors are also expressed in neurons that produce the orexi-
genic peptides NPY and AgRP. Binding of leptin to leptin re-
ceptors in these neurons appears to regulate the activity of these
neurons in opposite directions [60-62]. Early evidence has sug-
gested interactions between leptin and the dopamine system.
Initial findings of the expression of leptin receptors on dopa-
mine neurons in the arcuate nucleus of the hypothalamus pro-
vided neuroanatomical evidence for the interactions between
leptin and the dopamine system [62].

Kok et al. [63] reported a study about the acute effect of bro-
mocriptine, a D2R agonist, on circadian leptin levels in obese
women. Activation of D2R by bromocriptine treatment reduced
circulating leptin levels in an obese woman, although the effect
was modest (approximately 10% reduction compared with pla-
cebo), indicating that dopaminergic control through D2R may
play a role in regulating leptin levels in humans [63]. Recipro-
cally, in a study of the effect of leptin on dopamine release from
hypothalamic neuronal endings in vitro, leptin had no effect on
basal release, but inhibited depolarization-induced dopamine
release [64]. This suggests that dopamine enhances feeding in
the hypothalamus, implying that the anorectic activity of leptin
in the hypothalamus could be attributed to an inhibition of do-
paminergic neuron firing.

Hagan et al. [65] examined the concentration of leptin in hu-
man plasma and cerebrospinal fluid (CSF), together with dopa-
mine, and found that CSF dopamine levels were strongly corre-
lated with plasma leptin levels. Both plasma leptin and CSF do-
pamine were positively associated independent of BMI, sug-
gesting that dopaminergic systems are involved in the effects of
leptin and that this interaction might be altered in obesity [65].
It is also possible that the amelioration of diabetes and obesity
by dopamine agents involves leptin [65]. Clark et al. [66] inves-
tigated the effect of leptin administration via the intraperitoneal
or intracerebroventricular route on hypothalamic dopamine lev-
els in rats and observed that both intraperitoneal and intracere-
broventricular administration of leptin treatment significantly
decreased dopamine concentrations in the paraventricular nu-
cleus, which is presumed to be associated with an opposite ef-
fect on thyrotropin hormone secretion exerted by dopamine and
leptin [66,67]. However, it is also possible that this hypothalam-
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ic leptin-dopamine regulation can be relayed to other brain areas
that influence motivated behaviors, which finally can be inter-
faced with the midbrain dopamine reward circuit. Our own
work with dopamine D2R KO mice showed lower body weight
and food intake in D2R KO mice than in wild-type littermates
[68], and hypothalamic leptin signaling was enhanced in the ab-
sence of D2R, indicating that the hypothalamic dopamine re-
ceptor D2R-leptin interaction plays a role in the control of food
intake and energy homeostasis [68].

The association between the dopamine receptor genotype and
obesity in humans has been also investigated, demonstrating
that genetic variants of the human obesity gene interact with
DRD?2, the gene that codes for D2R [69-72]. The most investi-
gated polymorphism of DRD? is allelic variants of the TaglA
polymorphism in the DRD2 gene, which is located within the
protein-encoding region of a neighboring gene (ankyrin repeat
and kinase domain containing 1 [ANKK/]) and it has been sug-
gested that the 7ag/A4 polymorphism affects D2R expression
[70,71]. The TaglA polymorphism has three allelic variants:
Al/Al, A1/A2, and A2/A2; individuals with one or two copies
of the A1 allele (i.e., AI/Al and A1/A2 genotypes) have lower
D2R density than those without an A1 allele (i.e., the A2/A2
genotype) [70,72].

Interestingly, an association of the DRD2 gene (the Taql Al
allele) with the leptin receptor gene (LEPR) (Lys109Arg) was
found in a sample of individuals with clinically severe obesity
[73]. Individuals who carried one or more copies of Taql Al and
were homozygous for the Lys109Arg LEPR variant had a sig-
nificantly higher BMI than carriers of all other alleles, suggest-
ing a possible critical interaction between dopamine and the
leptin system through D2R, although no independent associa-
tion between Lys109RArg and BMI was observed [73].

When D2R availability was examined using PET imaging in
the human brain, shortly after RYGB surgery or after short-term
caloric restriction in obese females with a very-low-calorie diet,
body weight and dopamine D2R binding availability decreased,
which was associated with a decrease in leptin concentrations
[43,74]. Tt is possible that caloric restriction-induced decreases
in leptin interact with the dopamine system, probably to comply
with calorie restriction-induced energy homeostasis.

In a recent study, Lopez-Vicchi et al. [75] reported that female
mice with a specific loss of lactotrope D2Rs (lacDrd2KO mice)
that evokes hyperprolactinemia developed leptin insensitivity
by 10 months of age, were overweight, showed increased food
intake and body fat, and had higher serum leptin and insulin
levels than the wild-type control group. In addition, these lac-
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Drd2KO mice at 10 months of age showed increased Npy and
Agrp gene expression in the arcuate nucleus and in the dorso-
medial nucleus in the hypothalamus [75]. The obese lacDrd2KO
mice displayed leptin resistance, as evidenced by blunted leptin
response to food intake and altered leptin receptor signaling,
specifically in the mediobasal hypothalamus [75]. These results
suggest an important role of prolactin in metabolic regulation
via hypothalamic regulation, but at the same time a role of D2R
in lactotroph cells, which are under both hypothalamic dopa-
mine release and feedback control to the hypothalamus.

CONCLUSIONS

Growing evidence connects the circuit controlling food intake,
and recent findings have provide insights into specific popula-
tions of cells or circuits that control specific feeding-related be-
haviors and have helped demonstrate interactions between the
homeostatic and reward circuits of feeding behavior. It is still
clear that the dopamine reward circuit is the central regulator of
motivation for food, although increasing evidence is emerging
regarding the details of dopaminergic control in the homeostatic
system in controlling eating behavior and obesity. Although
these two systems appear to be functionally and anatomically
distinct, one system (e.g., the hypothalamic dopamine system in
control of food intake and energy homeostasis) may provide a
substantial role of the dopamine system over integrative neural
regulation of food intake in association with another system, the
mesolimbic dopamine system. Therefore, one can argue that
these distinct dopaminergic circuits for control of feeding be-
havior are closely connected through a network that most likely
employs various intermediates, such as leptin, insulin, and other
appetite-controlling peptide hormone and neurotransmitters
with specific circuits. Current and upcoming breakthroughs in
cell type- and circuit-specific genetic manipulation and cellular
imaging tools will facilitate an improved understanding of the
converging circuitry of control of food intake by linking energy
state-associated signals to reward-related behaviors.

CONFLICTS OF INTEREST

No potential conflict of interest relevant to this article was re-
ported.

ACKNOWLEDGMENTS

This work was supported by the Bio & Medical Technology

www.e-enm.org )35




EnM

Development Program (grant nos. 2013M3A9D5072550 and
2016M3A9D5A01952412), the Mid-Career Researcher Pro-
gram (grant no. NRF-2020R1A2C2101010) from the National
Research Foundation of Korea (NRF) by the Ministry of Sci-
ence, ICT & Future Planning, and a Korea University grant.

ORCID

Ja-Hyun Baik htps://orcid.org/0000-0002-4607-924X

REFERENCES

10.

. Palmiter RD. Is dopamine a physiologically relevant media-

tor of feeding behavior? Trends Neurosci 2007;30:375-81.

. Kenny PJ. Reward mechanisms in obesity: new insights and

future directions. Neuron 2011;69:664-79.

. Baik JH. Dopamine signaling in reward-related behaviors.

Front Neural Circuits 2013;7:152.

. Baik JH. Stress and the dopaminergic reward system. Exp

Mol Med 2020;52:1879-90.

. Bjorklund A, Dunnett SB. Dopamine neuron systems in the

brain: an update. Trends Neurosci 2007;30:194-202.

. Hornykiewicz O. Dopamine (3-hydroxytyramine) and brain

function. Pharmacol Rev 1966;18:925-64.

. Vucetic Z, Reyes TM. Central dopaminergic circuitry con-

trolling food intake and reward: implications for the regula-
tion of obesity. Wiley Interdiscip Rev Syst Biol Med 2010;2:
577-93.

. Hernandez L, Hoebel BG. Food reward and cocaine in-

crease extracellular dopamine in the nucleus accumbens as
measured by microdialysis. Life Sci 1988;42:1705-12.

. Roitman MF, Stuber GD, Phillips PE, Wightman RM,

Carelli RM. Dopamine operates as a subsecond modulator
of food seeking. J Neurosci 2004;24:1265-71.

Roitman MF, Wheeler RA, Wightman RM, Carelli RM. Re-
al-time chemical responses in the nucleus accumbens differ-
entiate rewarding and aversive stimuli. Nat Neurosci 2008;
11:1376-7.

. Hommel JD, Trinko R, Sears RM, Georgescu D, Liu ZW,

Gao XB, et al. Leptin receptor signaling in midbrain dopa-
mine neurons regulates feeding. Neuron 2006;51:801-10.

. Fulton S, Pissios P, Manchon RP, Stiles L, Frank L, Pothos

EN, et al. Leptin regulation of the mesoaccumbens dopa-
mine pathway. Neuron 2006;51:811-22.

. Farooqi IS, Bullmore E, Keogh J, Gillard J, O’Rahilly S,

Fletcher PC. Leptin regulates striatal regions and human eat-

7236 www.e-enm.org

16.

20.

21.

22.

23.

24.

25.

ing behavior. Science 2007;317:1355.

. Baicy K, London ED, Monterosso J, Wong ML, Delibasi T,

Sharma A, et al. Leptin replacement alters brain response to
food cues in genetically leptin-deficient adults. Proc Natl
Acad Sci U S A 2007;104:18276-9.

. Konner AC, Hess S, Tovar S, Mesaros A, Sanchez-Lasheras

C, Evers N, et al. Role for insulin signaling in catecholamin-
ergic neurons in control of energy homeostasis. Cell Metab
2011;13:720-8.

Abizaid A, Liu ZW, Andrews ZB, Shanabrough M, Borok E,
Elsworth JD, et al. Ghrelin modulates the activity and syn-
aptic input organization of midbrain dopamine neurons
while promoting appetite. J Clin Invest 2006;116:3229-39.

. Cone JJ, McCutcheon JE, Roitman MF. Ghrelin acts as an

interface between physiological state and phasic dopamine
signaling. J Neurosci 2014;34:4905-13.

. Volkow ND, Wang GJ, Baler RD. Reward, dopamine and

the control of food intake: implications for obesity. Trends
Cogn Sci 2011;15:37-46.

. Liu J, Perez SM, Zhang W, Lodge DJ, Lu XY. Selective de-

letion of the leptin receptor in dopamine neurons produces
anxiogenic-like behavior and increases dopaminergic activi-
ty in amygdala. Mol Psychiatry 2011;16:1024-38.

Evans MC, Anderson GM. Dopamine neuron-restricted
leptin receptor signaling reduces some aspects of food re-
ward but exacerbates the obesity of leptin receptor-deficient
male mice. Endocrinology 2017;158:4246-56.

Leinninger GM, Jo YH, Leshan RL, Louis GW, Yang H,
Barrera JG, et al. Leptin acts via leptin receptor-expressing
lateral hypothalamic neurons to modulate the mesolimbic
dopamine system and suppress feeding. Cell Metab 2009;
10:89-98.

Barbano MF, Wang HL, Morales M, Wise RA. Feeding and
reward are differentially induced by activating GABAergic
lateral hypothalamic projections to VTA. J Neurosci 2016;
36:2975-85.

Sharpe MJ, Marchant NJ, Whitaker LR, Richie CT, Zhang
YJ, Campbell EJ, et al. Lateral hypothalamic GABAergic
neurons encode reward predictions that are relayed to the
ventral tegmental area to regulate learning. Curr Biol 2017;
27:2089-100.

Szczypka MS, Kwok K, Brot MD, Marck BT, Matsumoto
AM, Donahue BA, et al. Dopamine production in the cau-
date putamen restores feeding in dopamine-deficient mice.
Neuron 2001;30:819-28.

Beninger RJ, Ranaldi R. Microinjections of flupenthixol

Copyright © 2021 Korean Endocrine Society



Dopamine Signaling and Food Intake E n M

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

into the caudate-putamen but not the nucleus accumbens,
amygdala or frontal cortex of rats produce intra-session de-
clines in food-rewarded operant responding. Behav Brain
Res 1993;55:203-12.

Johnson PM, Kenny PJ. Dopamine D2 receptors in addic-
tion-like reward dysfunction and compulsive eating in obese
rats. Nat Neurosci 2010;13:635-41.

Tellez LA, Han W, Zhang X, Ferreira TL, Perez 10, Sham-
mah-Lagnado SJ, et al. Separate circuitries encode the he-
donic and nutritional values of sugar. Nat Neurosci 2016;19:
465-70.

DiFeliceantonio AG, Berridge KC. Dorsolateral neostriatum
contribution to incentive salience: opioid or dopamine stim-
ulation makes one reward cue more motivationally attrac-
tive than another. Eur J Neurosci 2016;43:1203-18.

Morales I, Berridge KC. ‘Liking’ and ‘wanting’ in eating
and food reward: brain mechanisms and clinical implica-
tions. Physiol Behav 2020;227:113152.

Small DM, Jones-Gotman M, Dagher A. Feeding-induced
dopamine release in dorsal striatum correlates with meal
pleasantness ratings in healthy human volunteers. Neuroim-
age 2003;19:1709-15.

Wang GJ, Volkow ND, Logan J, Pappas NR, Wong CT, Zhu
W, et al. Brain dopamine and obesity. Lancet 2001;357:354-7.
Haltia LT, Rinne JO, Merisaari H, Maguire RP, Savontaus E,
Helin S, et al. Effects of intravenous glucose on dopaminer-
gic function in the human brain in vivo. Synapse 2007;61:
748-56.

Volkow ND, Wang GJ, Telang F, Fowler JS, Thanos PK,
Logan J, et al. Low dopamine striatal D2 receptors are asso-
ciated with prefrontal metabolism in obese subjects: possible
contributing factors. Neuroimage 2008;42:1537-43.

de Weijer BA, van de Giessen E, van Amelsvoort TA, Boot
E, Braak B, Janssen IM, et al. Lower striatal dopamine D2/3
receptor availability in obese compared with non-obese sub-
jects. EINMMI Res 2011;1:37.

Kessler RM, Zald DH, Ansari MS, Li R, Cowan RL. Chang-
es in dopamine release and dopamine D2/3 receptor levels
with the development of mild obesity. Synapse 2014;68:317-
20.

van de Giessen E, Celik F, Schweitzer DH, van den Brink W,
Booij J. Dopamine D2/3 receptor availability and amphet-
amine-induced dopamine release in obesity. J Psychophar-
macol 2014;28:866-73.

Lee Y, Kroemer NB, Oehme L, Beuthien-Baumann B, Gos-
chke T, Smolka MN. Lower dopamine tone in the striatum

Copyright © 2021 Korean Endocrine Society

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

is associated with higher body mass index. Eur Neuropsy-
chopharmacol 2018;28:719-31.

Dunn JP, Kessler RM, Feurer ID, Volkow ND, Patterson BW,
Ansari MS, et al. Relationship of dopamine type 2 receptor
binding potential with fasting neuroendocrine hormones and
insulin sensitivity in human obesity. Diabetes Care 2012;35:
1105-11.

Caravaggio F, Raitsin S, Gerretsen P, Nakajima S, Wilson A,
Graff-Guerrero A. Ventral striatum binding of a dopamine
D2/3 receptor agonist but not antagonist predicts normal
body mass index. Biol Psychiatry 2015;77:196-202.
Eisenstein SA, Antenor-Dorsey JA, Gredysa DM, Koller
JM, Bihun EC, Ranck SA, et al. A comparison of D2 recep-
tor specific binding in obese and normal-weight individuals
using PET with (N-[(11)C]methyl)benperidol. Synapse
2013;67:748-56.

Karlsson HK, Tuominen L, Tuulari JJ, Hirvonen J, Parkkola
R, Helin S, et al. Obesity is associated with decreased
p-opioid but unaltered dopamine D2 receptor availability in
the brain. J Neurosci 2015;35:3959-65.

Guo J, Simmons WK, Herscovitch P, Martin A, Hall KD.
Striatal dopamine D2-like receptor correlation patterns with
human obesity and opportunistic eating behavior. Mol Psy-
chiatry 2014;19:1078-84.

Dunn JP, Cowan RL, Volkow ND, Feurer ID, Li R, Williams
DB, et al. Decreased dopamine type 2 receptor availability
after bariatric surgery: preliminary findings. Brain Res
2010;1350:123-30.

Steele KE, Prokopowicz GP, Schweitzer MA, Magunsuon
TH, Lidor AO, Kuwabawa H, et al. Alterations of central
dopamine receptors before and after gastric bypass surgery.
Obes Surg 2010;20:369-74.

de Weijer BA, van de Giessen E, Janssen I, Berends FJ, van
de Laar A, Ackermans MT, et al. Striatal dopamine receptor
binding in morbidly obese women before and after gastric
bypass surgery and its relationship with insulin sensitivity.
Diabetologia 2014;57:1078-80.

van der Zwaal EM, de Weijer BA, van de Giessen EM, Jans-
sen I, Berends FJ, van de Laar A, et al. Striatal dopamine
D2/3 receptor availability increases after long-term bariatric
surgery-induced weight loss. Eur Neuropsychopharmacol
2016;26:1190-200.

Bjorklund A, Moore RY, Nobin A, Stenevi U. The organiza-
tion of tubero-hypophyseal and reticulo-infundibular cate-
cholamine neuron systems in the rat brain. Brain Res 1973;
51:171-91.

www.e-enm.org )37




EnM

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

Kawano H, Daikoku S. Functional topography of the rat hy-
pothalamic dopamine neuron systems: retrograde tracing
and immunohistochemical study. J] Comp Neurol 1987;265:
242-53.

Negishi K, Payant MA, Schumacker KS, Wittmann G, But-
ler RM, Lechan RM, et al. Distributions of hypothalamic
neuron populations coexpressing tyrosine hydroxylase and
the vesicular GABA transporter in the mouse. J] Comp Neu-
rol 2020;528:1833-55.

Zhang X, van den Pol AN. Dopamine/tyrosine hydroxylase
neurons of the hypothalamic arcuate nucleus release GABA,
communicate with dopaminergic and other arcuate neurons,
and respond to dynorphin, met-enkephalin, and oxytocin. J
Neurosci 2015;35:14966-82.

Zhang X, van den Pol AN. Hypothalamic arcuate nucleus
tyrosine hydroxylase neurons play orexigenic role in energy
homeostasis. Nat Neurosci 2016;19:1341-7.

Hurd YL, Suzuki M, Sedvall GC. D1 and D2 dopamine re-
ceptor mRNA expression in whole hemisphere sections of
the human brain. ] Chem Neuroanat 2001;22:127-37.
Gurevich EV, Joyce JN. Distribution of dopamine D3 recep-
tor expressing neurons in the human forebrain: comparison
with D2 receptor expressing neurons. Neuropsychopharma-
cology 1999;20:60-80.

Meguid MM, Fetissov SO, Varma M, Sato T, Zhang L, La-
viano A, et al. Hypothalamic dopamine and serotonin in the
regulation of food intake. Nutrition 2000;16:843-57.
Mansour A, Meador-Woodruff JH, Bunzow JR, Civelli O,
Akil H, Watson SJ. Localization of dopamine D2 receptor
mRNA and D1 and D2 receptor binding in the rat brain and
pituitary: an in situ hybridization-receptor autoradiographic
analysis. J Neurosci 1990;10:2587-600.

Fremeau RT Jr, Duncan GE, Fornaretto MG, Dearry A, Gin-
grich JA, Breese GR, et al. Localization of D1 dopamine re-
ceptor mRNA in brain supports a role in cognitive, affective,
and neuroendocrine aspects of dopaminergic neurotransmis-
sion. Proc Natl Acad Sci U S A 1991;88:3772-6.

Bina KG, Cincotta AH. Dopaminergic agonists normalize
elevated hypothalamic neuropeptide Y and corticotropin-re-
leasing hormone, body weight gain, and hyperglycemia in
ob/ob mice. Neuroendocrinology 2000;71:68-78.

Sato T, Meguid MM, Fetissov SO, Chen C, Zhang L. Hypo-
thalamic dopaminergic receptor expressions in anorexia of
tumor-bearing rats. Am J Physiol Regul Integr Comp Physi-
01 2001;281:R1907-16.

Romanova IV, Derkach KV, Mikhrina AL, Sukhov IB,

7238 www.e-enm.org

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Mikhailova EV, Shpakov AO. The leptin, dopamine and se-
rotonin receptors in hypothalamic POMC-neurons of nor-
mal and obese rodents. Neurochem Res 2018;43:821-37.
Schwartz MW, Woods SC, Porte D Jr, Seeley RJ, Baskin
DG. Central nervous system control of food intake. Nature
2000;404:661-71.

Gautron L, Elmquist JK. Sixteen years and counting: an up-
date on leptin in energy balance. J Clin Invest 2011;121:2087-
93.

Hakansson ML, Brown H, Ghilardi N, Skoda RC, Meister B.
Leptin receptor immunoreactivity in chemically defined tar-
get neurons of the hypothalamus. J Neurosci 1998;18:559-72.
Kok P, Roelfsema F, Frolich M, van Pelt J, Meinders AE,
Pijl H. Activation of dopamine D2 receptors lowers circadi-
an leptin concentrations in obese women. J Clin Endocrinol
Metab 2006;91:3236-40.

Brunetti L, Michelotto B, Orlando G, Vacca M. Leptin in-
hibits norepinephrine and dopamine release from rat hypo-
thalamic neuronal endings. Eur J Pharmacol 1999;372:237-
40.

Hagan MM, Havel PJ, Seeley RJ, Woods SC, Ekhator NN,
Baker DG, et al. Cerebrospinal fluid and plasma leptin mea-
surements: covariability with dopamine and cortisol in fast-
ing humans. J Clin Endocrinol Metab 1999;84:3579-85.
Clark KA, MohanKumar SM, Kasturi BS, MohanKumar PS.
Effects of central and systemic administration of leptin on
neurotransmitter concentrations in specific areas of the hypo-
thalamus. Am J Physiol Regul Integr Comp Physiol 2006;
290:R306-12.

Seoane LM, Carro E, Tovar S, Casanueva FF, Dieguez C.
Regulation of in vivo TSH secretion by leptin. Regul Pept
2000;92:25-9.

Kim KS, Yoon YR, Lee HJ, Yoon S, Kim SY, Shin SW, et
al. Enhanced hypothalamic leptin signaling in mice lacking
dopamine D2 receptors. J Biol Chem 2010;285:8905-17.
Comings DE, Gade R, MacMurray JP, Muhleman D, Peters
WR. Genetic variants of the human obesity (OB) gene: as-
sociation with body mass index in young women, psychiat-
ric symptoms, and interaction with the dopamine D2 recep-
tor (DRD2) gene. Mol Psychiatry 1996;1:325-35.

Ritchie T, Noble EP. Association of seven polymorphisms of
the D2 dopamine receptor gene with brain receptor-binding
characteristics. Neurochem Res 2003;28:73-82.

Fossella J, Green AE, Fan J. Evaluation of a structural poly-
morphism in the ankyrin repeat and kinase domain contain-
ing 1 (ANKK1) gene and the activation of executive atten-

Copyright © 2021 Korean Endocrine Society



Dopamine Signaling and Food Intake E n M

72.

73.

tion networks. Cogn Affect Behav Neurosci 2006;6:71-8.
Jonsson EG, Nothen MM, Grunhage F, Farde L, Nakashima
Y, Propping P, et al. Polymorphisms in the dopamine D2 re-
ceptor gene and their relationships to striatal dopamine re-
ceptor density of healthy volunteers. Mol Psychiatry 1999;4:
290-6.

Carpenter CL, Wong AM, Li Z, Noble EP, Heber D. Associ-
ation of dopamine D2 receptor and leptin receptor genes
with clinically severe obesity. Obesity (Silver Spring) 2013;

Copyright © 2021 Korean Endocrine Society

74.

75.

21:E467-73.

Dunn JP, Abumrad NN, Kessler RM, Patterson BW, Li R,
Marks-Shulman P, et al. Caloric restriction-induced decreases
in dopamine receptor availability are associated with leptin
concentration. Obesity (Silver Spring) 2017;25:1910-5.
Lopez-Vicchi F, Ladyman SR, Ornstein AM, Gustafson P,
Knowles P, Luque GM, et al. Chronic high prolactin levels
impact on gene expression at discrete hypothalamic nuclei
involved in food intake. FASEB J 2020;34:3902-14.

www.e-enm.org 239




