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Dopamine signaling in food addiction: role of dopamine D2

receptors
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Dopamine (DA) regulates emotional and motivational
behavior through the mesolimbic dopaminergic pathway.
Changes in DA signaling in mesolimbic neurotransmission are
widely believed to modify reward-related behaviors and are
therefore closely associated with drug addiction. Recent
evidence now suggests that as with drug addiction, obesity
with compulsive eating behaviors involves reward circuitry of
the brain, particularly the circuitry involving dopaminergic
neural substrates. Increasing amounts of data from human
imaging studies, together with genetic analysis, have
demonstrated that obese people and drug addicts tend to show
altered expression of DA D2 receptors in specific brain areas,
and that similar brain areas are activated by food-related and
drug-related cues. This review focuses on the functions of the
DA system, with specific focus on the physiological interpre-
tation and the role of DA D2 receptor signaling in food
addiction. [BMB Reports 2013; 46(11): 519-526]

INTRODUCTION

Catecholamines have often been linked to the behavioral path-
ology of a number of neurological and psychiatric disorders
such as Parkinson's disease, Huntington's disease, drug addic-
tion, depression, and schizophrenia. Dopamine (DA) is the
predominant catecholamine in the brain and is synthesized by
mesencephalic neurons in the substantia nigra (SN) and the
ventral tegmental area (VTA). DA neurons project from the SN
and VTA to many different areas of the brain. These dop-
aminergic cell groups are designated as group ‘A’ cells, in-
dicating aminergic DA-containing cells, and are subdivided in-
to cell groups A8 through A14. DA cells within the pars com-
pacta (A8) and neighboring areas (group A9) of the SN project
to the basal ganglia (striatum, globus pallidus, and subthalamic
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nucleus). This projection constitutes the nigrostriatal pathway,
which is involved primarily in the control of voluntary move-
ment but also in goal-directed behaviors (Fig. 1). From the
VTA, A10 cell group projects to the nucleus accumbens (NAc),
prefrontal cortex, and other limbic areas. Thus, this group of
cells is termed the mesolimbic and mesocortical pathways
(Fig. 1). These neurons play a crucial role in reward-related be-
haviors and motivation. Another distinct group of cells con-
stitutes the tubero-infundibular pathway. These cells arise from
the arcuate nucleus (cell group A12) and periventricular nu-
cleus (cell group A14) of the hypothalamus and project to the
pituitary. This pathway is known to control the release and
synthesis of pituitary hormone, primarily prolactin (1-4).
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Fig. 1. DAergic pathways in brain. Major three dopaminergic
pathways are presented: First, nigrostriatal pathway where DA
cells within pars compacta (A8) and neighbouring area (group A9)
from SN project to striatum, this projection is involved in mostly
the control of vouluntary movement. Secondly, mesolimbic meso-
cortical pathway, which is the projection from VTA, cell group
A10, to the nucleus accumbens (NAc), the preforntal cortex (PFC)
and other limbic areas. These neurons play a crucial role in re-
ward-related behaviors. Thirdly, the tubero-infundibular pathways,
which are the cells fromarcuate nucleus (cell group A12) and per-
iventricular nucleus (cell group A14) of the hypothalamus, projec-
ting to the pituituary. This pathaway is known to control the re-
lease and synthesis of pituituary hormone, mostly prolactin. VTA,
ventral tegmental area; SN, substanita nigra; NAc, nucleus ac-
cumbens; PFC, Prefrontal cortex; HP, hypothalamus.
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Regulation of the DA system for reward-related behaviors is
mediated by the mesolimbic and mesocortical pathways. The
role of DA in reward-related behaviorshas received much at-
tention because of severe consequences of dysfunction within
the mesolimbic and mesocortical circuits, which include drug
addiction and depression. It has recently become accepted
that DA-mediated food reward is linked to obesity, a major
public health problem.

It is well known that a homeostatic regulation center for
feeding behaviors exists in the brain, in particular the hypo-
thalamus, and serves to integrate different hormonal and neu-
ronal signals that control appetite and energy homeostasis in
controlling body weight. This homeostatic regulation of body
weight monitors the level of body adiposity by employing dif-
ferent regulators such as leptin, insulin, and ghrelin (5).
However, the motivation for food is strongly associated with
reward, and responding to the hedonic properties of food such
as its sight, smell, and taste may be associated with condition-
ing cues. These hedonic qualities can override the homeostatic
system (6). Therefore, delineating how this food reward circuit
in the brain can control appetite and eating behaviors in con-
nection with the brain’s homeostatic system of energy balance
is difficult.

Considerable evidence suggests that synaptic modifications
of the mesolimbic DA system are critically associated with the
rewarding effects of drugs of abuse as well as with food reward
(7-9). However, DA reward signaling is far more complex than
it appears, and it is also implicated in learning and condition-
ing processes, as evidenced by studies revealing that dop-
aminergic reward signals are involved in coding for reward
prediction error in behavioral learning (10-13). In drug addic-
tion, it is well known that the rewarding effects of drugs are
primarily induced by increased DA release upon targeting of a
specific substrate, such as the DA transporter in the case of
cocaine. In food addiction, however, it remains to be eluci-
dated how food reward can activate the DA reward signal in a
manner similar to that evoked by drug addiction. It is im-
portant to understand the mechanisms by which these reward
components induce adaptive changes in DA circuitry respon-
sible for these addictive behaviors (7-9).

In this review, | will provide a short summary of dop-
aminergic signaling in food reward-related behaviors, with a
focus on recent studies on the role of DA receptor subtypes, in
particular D2 receptors, in this process.

DA D2 RECEPTORS

DA interacts with membrane receptors belonging to a family
of seven transmembrane domain G-protein-coupled receptors.
This leads to the formation of second messengers and the acti-
vation or repression of specific signaling pathways. To date,
five different subtypes of DA receptor have been cloned from
different species. A general subdivision into two groups has
been made based on their structural and G-protein coupling
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properties: the D1-like receptors, which stimulate intracellular
CcAMP levels and comprising D1 (14, 15) and D5 (16, 17) re-
ceptors, and the D2-like receptors, which inhibit intracellular
CAMP levels and comprise the D2 (18, 19), D3 (20), and D4
(21) receptors.

D1 and D2 receptors are the most abundant DA receptors in
the brain. The expression of D3, D4, and D5 receptors in the
brain is considerably more restricted and weaker than that of
D1 and D2 receptors. The D2 receptor is represented by two
isoforms generated by alternative splicing of the same gene
(18, 22). These isoforms, namely D2L and D2S, are identical
except for an insert of 29 amino acids present in the putative
third intracellular loop of D2L, which is in fact encoded by
exon 6 of the D2 receptor gene, an intracellular domain
thought to have a role in coupling this class of receptor to par-
ticular second messengers. The large isoform appears to be the
predominant form present in all brain regions, although the ex-
act ratio of the two isoforms can vary (22). In fact, the pheno-
type of D2 receptor total knockout mice was revealed as being
quite different from the D2L knockout mice (23-25), indicating
that these two isoforms of D2 receptor might have different
functions in vivo. Recent results from Moyer and coworkers
support a differential in vivo function of the two D2 receptor
isoforms in the human brain. They demonstratedthat the two
variants of the D2 receptor gene (Drd2), caused by D2 re-
ceptor alternative splicing, possessed intronic single-nucleo-
tide polymorphisms (SNPs) that were differentially associated
with cocaine abuse in Caucasians (26, 27). D2S and D2L
mRNA levels were measured in tissues from human brain au-
topsies (prefrontal cortex and putamen) obtained from cocaine
abusers and controls, and the relationship between the D2 re-
ceptor gene genotype, D2S/L splicing, and cocaine abuse was
examined. The results supported a robust effect of difference of
specific SNPs in decreasing the relative expression of D2S in
humans, representing strong risk factors in cases of cocaine
overdose (26). Given that these two isoforms are generated by
alternative splicing of a single gene, it would also be interest-
ing to see whether the ratio of the two isoforms could be a fac-
tor contributing to such disease.

D2 receptors are also localized presynaptically, as indicated
by experiments examining receptor expression and binding
sites in DA neurons throughout the midbrain (28). These D2
autoreceptors may either be somatodendritic autoreceptors,
which are known to decrease neuronal excitability (29, 30), or
terminal autoreceptors, which mostly reduce DA synthesis and
packaging (31, 32) and inhibit DA release (33-35). It has been
suggested that in the embryonic stage, the D2 autoreceptor
may play a role in DA neuronal development (36-38).

Bello and coworkers recently generated mice conditionally
deficient for the D2 receptor in midbrain DA neurons (referred
to as autoDrd2KO mice). These autoDrd2 KO mice lacked
DA-mediated somatodendritic synaptic responses and in-
hibition of DA release (39) and displayed elevated DA syn-
thesis and release, hyperlocomotion, and supersensitivity to
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the psychomotor effects of cocaine. The mice also exhibited
increased place preference for cocaine and enhanced motiva-
tion for food reward, indicating the importance of D2 autor-
eceptors in the regulation of DA neurotransmission and dem-
onstrating that D2 autoreceptors are important for normal mo-
tor function, food-seeking behavior, and sensitivity to the loco-
motor and reward properties of cocaine (39). Therefore, the
principal role of these autoreceptors appears to be the in-
hibition and modulation of DA neurotransmission. As demon-
strated with D2 autoreceptor deficient mice, one can therefore
hypothesize that modulating the level of sensitivity to the re-
ward response via the presynaptic D2 receptor might be cru-
cial in motivational behavioral responses to addictive drugs as
well as food rewards, although the cellular and molecular role
of these presynaptic D2 receptors remains to be further
investigated.

DOPAMINE SIGNALING IN FOOD REWARD

As mentioned above, drugs of abuse can alter our brain re-
ward systems, in particular the dopaminergic mesolimbic
system. In addition, it has been demonstrated that palatable
food with high fat and sugar content can significantly activate
DA reward circuitry. These findings suggest common neural
substrates exist for both food and drug addictions, and that
both depend on dopaminergic circuits. Furthermore, human
brain imaging studies strongly support a role for dopaminergic
circuits in the control of food intake (40-43).

Drugs of abuse trigger large increases in synaptic DA con-
centrations in the mesolimbic system (44). Likewise, it has
been reported that rewarding food stimulates dopaminergic
transmission in the NAc (45-47). When DA was measured by
microdialysis in the nucleus accumbens of freely moving rats
in the presence of food rewards, it was observed that amphet-
amine and cocaine injection increased DA levels in the NAc,
which is normally activated by eating; thus, suggesting that the
release of DA by eating could be a factor in food addiction
(46). In addition, using fast-scan cyclic voltammetry at car-
bon-fiber microelectrodes in the NAc of rats trained to press a
lever for sucrose, Rotiman and coworkers have shown that
cues signaling the opportunity to respond for sucrose reward,
or the unexpected delivery of sucrose, evoked DA release in
the NAc (47); thus, strongly implicating DA signaling in the
NAc as a realtime modulator of food-seeking behavior.
However, some other studies have revealed the importance of
the dorsal striatum, rather than the NAc, in the control of food
reward. For example, injection of the DA antagonist cis-flupen-
thixol into the dorsal striatum but not the NAc, amygdala, or
frontal cortex of rats produces a decline in food re-
ward-associated lever pressing (48). Additionally, DA-deficient
mice are hypophagic, and virally mediated restoration of DA
production in DA-deficient mice reverses aphagia only when
DA signaling in the caudate-putamen and dorsal striatumhas
been restored. In contrast, restoration of dopaminergic signal-
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ing to the NAc did not reverse aphagia, although the locomo-
tor response to a novel environment or amphetamine was re-
stored by viral delivery to the NAc (49, 50).

In humans, mostly the dorsal striatum has been observed to
correlate with feeding behaviors. For example, Small and cow-
orkers used positron emission tomography (PET) on human
subjectsto show that regional cerebral blood flow measured
while eating chocolate correlated with pleasantness ratings in
the dorsal caudate and putamen, but not in the NAc (41). In a
PET imaging study of healthy human subjects, a correlation
was observed between the reduction in DA ligand binding in
the dorsal striatum and feeding (42). Consistent with this find-
ing, striatal D2 receptor expression was decreased in obese in-
dividuals in proportion to their body mass index (40); this is-
sue will be discussed further in the following section.

D2 receptors in food reward
Although feeding increases extracellular DA concentration in
the nucleus accumbens in rats, (45, 46), as do drugs of abuse,
DA depletion in the NAc in rats following bilateral injections
of the neurotoxic agent 6-hydroxydopamine (6-OHDA) into
the nucleus accumbens alone does not alter feeding (51).
Pharmacological blockade of D1 and D2 receptors in the NAc
affects motor behavior and the frequency and duration of feed-
ing, but does not reduce the amount of food consumed (52).
Another study reported that when exposed to the same high-fat
diet, mice with lower D2 receptor density in the putamen gain
more weight than mice with higher D2 receptor density (53),
showing that the dopaminergic system responds to palatable
food. Davis and coworkers assessed the hypothesis that diet-in-
duced obesity reduces mesolimbic DA function (54). They
compared DA turnover in the mesolimbic DA system between
rats fed a high-fat diet and those consuming a standard low-fat
diet (54). The results demonstrated that animals consuming a
high-fat diet, independent of the development of obesity, ex-
hibited decreased DA turnover in the NAc, reduced preference
for an amphetamine cue, and attenuated operant responses for
sucrose. The authors also observed that obesity induced due to
a high-fat diet attenuated mesolimbic DA turnover in the nu-
cleus accumbens, while there were no differences in DA con-
centration or turnover in the orbitofrontal cortex, suggesting a
specific effect of a high-fat diet restricted to the NAc (54).
Recently, Halpern and coworkers examined the effect of
deep brain stimulation (DBS) of the NAc shell (55). Since this
procedure is currently under investigation in humans for the
treatment of major depression, obsessive-compulsive disorder,
and addiction, they hypothesized that it may also be effective
in limiting binge eating. Interestingly, DBS of the NAc shell
was found to reduce binge eating and increased c-Fos levels in
this region. Raclopride, a DA D2 receptor antagonist, attenu-
ated the effects of DBS, whereas the D1 receptor antagonist
SCH-23390 was ineffective, suggesting that DA signaling in-
volving D2 receptors is required for the effect of DBS in the
NAc shell (55). When they examined the effect of chronic NAc
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shell DBS in diet-induced obese mice, it was found to acutely
reduce caloric intake and induce weight loss and, thus, sup-
porting the involvement of D2 receptor-containing DA path-
ways in the food reward contributing to obesity, as well as the
efficacy of NAc shell DBS in modulating this system (55).

A recent study conducted by Johnson and Kenny suggested
a strong correlation between D2 receptor expression and com-
pulsive eating behaviors (56). In this study, it was observed
that in animals given a ‘cafeteria diet’, consisting of a selection
of highly palatable, energy-dense food that is available at cafe-
terias for human consumption, these animals gained weight
and demonstrated compulsive eating behavior (56). In addition
to their excessive adiposity and compulsive eating, rats under
cafeteria diet had decreased D2 receptor expression in the
striatum. In another recent study, the selective deletion of in-
sulin receptors in midbrain dopaminergic neurons in mice
demonstrated that this manipulation results in increased body
weight, increased fat mass, and hyperphagia (57). Interestingly,
in these mice, DA D2 receptor expression in the VTA was de-
creased as compared to that in the control mice, suggesting a
possible disinhibition of dopaminergic VTA/SN cells in a D2
receptor-dependent mechanism (57). However, in our labo-
ratory, we observed that compared to wild-type (WT) mice, D2
receptor KO mice have a lean phenotype and exhibit reduced
food intake and body weight with enhanced hypothalamic lep-
tin signaling (58). Based on these findings, we cannot rule out
that D2 receptor has a role in the homeostatic regulation of
metabolism in association with homeostatic regulators of en-
ergy balance, such as leptin, in addition to its role in food mo-
tivation behavior. Therefore, it appears that the expression of
D2 receptor is tightly associated with food reward and eating
behaviors, and that depending on the localization of D2 re-
ceptors in the brain, this could lead to different outcomes in
the relevant circuits.

DA D2 receptors in human obesity
Many human studies have indicated the importance of the DA
D2 receptor in regulating food rewardin the context of obesity,
particularly showing a change in striatal D2 receptor function
and expression (59, 60). Obese people and drug addicts tend
to show reduced expression of DA D2 receptors in striatal
areas, and imaging studies have demonstrated that similar
brain areas are activated by food-related and drug-related cues
(61, 62). PET studies suggest that the availability of DA D2 re-
ceptors is decreased in obese individuals in proportion to their
body mass index (40); thus, suggesting that DA deficiency in
obese individuals may perpetuate pathological eating as a
means to compensate for decreased activation of dop-
aminergic reward circuits. An alternative explanation is that in-
dividuals with low numbers of D2 receptors may be more vul-
nerable to addictive behaviors, including compulsive food in-
take, and, thus, providing direct evidence of a deficit in DA
D2 receptors in obese individuals (40).

Based on the reduced D2 receptor availability in the striatal
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region of obese individuals, which suggests a possible role for
D2 receptors in the inhibitory control of compulsive eating be-
haviors, Volkow and coworkers investigated whether D2 re-
ceptor availability in obese subjects would be associated with
metabolism in prefrontal regions such as the cingulate gyrus
(CG), dorsolateral prefrontal cortex (DLPFC), and orbitofrontal
cortex, which are brain regions that have been implicated in
various components of inhibitory control (63). Their study re-
vealed a significant association between D2 receptor levels in
the striatum and the activity in the DLPFC, medial OFC, and
CG in obese subjects. Since these brain regions are implicated
in inhibitory control, salience attribution, and emotional re-
activity, this finding suggests that disruption of these areas can
cause impulsive and compulsive behaviors, and that this may
be one of the mechanisms by which the low D2 receptor lev-
els in obesity contribute to over-eating and obesity (63).

The association between D2 receptor genotype and obesity
in humans has been investigated, and it has been suggested
that allelic variants of the Taq7A polymorphism in the D2 re-
ceptor gene affect D2 receptor expression (64, 65). This poly-
morphism lies 10 kb downstream of the coding region of the
gene and falls within the protein-encoding region of a neigh-
boring gene ankyrin repeat and kinase domain containing 1
(ANKKT). The TagTA polymorphism has three allelic variants:
AT1/A1, A1/A2, and A2/A2. Postmortem and PET studies sug-
gest that individuals with one or two copies of the A1 allele
have 30-40% fewer D2 receptors when compared to those
without an A1 allele (64) and an association of the A1 allele
with alcoholism has been suggested (64, 66). Interestingly, it
has been reported that food reinforcement has a significant ef-
fect on energy intake, and this effect is moderated by the A1
allele (67, 68). Epstein and coworkers examined food re-
inforcement, polymorphisms in the dopamine D2 receptor and
DA transporter genes, and laboratory energy intake in obese
and non-obese humans. Food reinforcement was greater in
obese than in non-obese individuals, especially in obese in-
dividuals with the Tagl A1 allele. Energy intake was greater for
individuals with high levels of food reinforcement and greatest
in those having high levels of food reinforcement as well as
the Tagl A1 allele (68). However, no effect of the DA trans-
porter genewas observed in this study, indicating an associa-
tion between D2 receptor gene polymorphism and food
reinforcement.

In accordance with this study, Stice and coworkers used
functional magnetic resonance imaging (fMRI) to show that in
individuals with the A1 allele of the TaglA polymorphism in
the D2 receptor gene, weaker striatal activation in response to
food intake was significantly more strongly related to current
body mass and future weight gain over a 1-year follow-up,
compared to those lacking the A1 allele (59, 69, 70). Using a
different fMRI experimental paradigm, Stice and coworkers
demonstrated that weaker activation of the frontal operculum,
lateral orbitofrontal cortex, and striatum in response to imag-
ined eating of appetizing foods, as opposed to imagined eating
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of less palatable foods or drinking water, predicted elevated
weight gain for those with the AT allele (71). Weaker activa-
tion of the frontal operculum, lateral orbitofrontal cortex, and
striatum in response to imagined intake of palatable foods also
predicted future increases in body mass for those with the
TaglA AT allele of the D2 receptor gene (71), suggesting that
for those lacking this allele, greater responsivity of these food
reward regions predicted future increases in body mass.

Interestingly, a recent report by Davis and coworkers dem-
onstrated another aspect of the link between D2 receptor sig-
nals and compulsive eating behaviors (72). They showed that
obese adults with binge eating disorder differ biologically from
their counterparts who do not binge eat. In fact, obese adults
with binge eating disorder were characterized by a stronger
DA signal when compared to their obese but non-binging
counterparts, a difference that was associated with a distinct
genetic polymorphism of TaglA of the D2 receptor gene (72).

In addition, while D2 receptor signaling in the dorsal stria-
tum seems to be implicated in the inhibitory control of com-
pulsive eating behaviors, Caravaggio and coworkers recently
reported a positive correlation between body mass and D2/D3
receptor agonist binding in the ventral striatum (NAc) of
non-obese humans, but found no relationship with antagonist
binding. These data suggest that in non-obese individuals,
higher body mass may be associated with increased D2 re-
ceptor affinity in the NAc, and that this increased affinity may
potentiate the incentive salience of food cues and may in-
crease motivation to consume palatable foods (73).

Therefore, even though considerable evidence indicates that
low D2 receptor levels are associated with increases in food
intake, weight gain, and risk for food addiction, as observed in
humans with substance abuse problems (74), it would be val-
uable to determine how D2 receptor expression and its down-
stream signaling may control this association.

CONCLUSIONS AND FUTURE DIRECTIONS

Increasing evidence has been made to delineate the brain cir-
cuit controlling the homeostatic regulation of food intake.
Recent findings have helped demonstrate the remarkable inter-
action between the homeostatic and reward circuits of feeding
behaviors. Human studies strikingly demonstrate the im-
portance of reward systems, in particular the DA system, in
controlling eating behavior and obesity. Based on known ge-
netic susceptibilities and regulation of the D2 receptor in food
reward studies, it is clear that D2 receptor function is critical
for food motivation and brain signaling in obesity. However, it
remains difficult to define a framework of the involved brain
circuits that includes the molecular substrates relevant for con-
trolling food addiction. Recent studies from our laboratory
demonstrated that the D2 receptor is not required for the ac-
quisition of drug addiction, but it plays a key role in regulating
synaptic modifications triggered by experiences such as stress.
Therefore, the D2 receptor functions rather as a mediator of
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Fig. 2. Food reward circuit involving DA system and D2
receptors. As the drug addiction, it appears that food stimuli acti-
vate VTA-NAc DA mesolimbic circuit with phenotypic importance
of feeding behaviors translated through signaling in caudate puta-
men, dorsal striatum (DS), interacting with prefrontal cortex (PFC)
for decision making and execution of eating behaviors. As well,
the homeostatic regulators such as leptin, insulin and ghrelin ex-
ert their input to midbrain DA system for connection between ho-
meostatic and hedonic system of food intake. Expression of D1
and D2 receptors in each area is shown as D1, D2 or autoD2
(presynaptic D2 autoreceptor). Other mesolimbic circuit areas
which control also eating behavior and food reward such as
amygdala and hippocampus are not presented here. VTA, ventral
tegmental area; SN, substanita nigra; NAc, nucleus accumbens;
DS, dorsal striatum; PFC, Prefrontal cortex; HP, hypothalamus.

experience-induced, drug-seeking, and relapse behaviors (75),
indicating its specific role in addictive behaviors.

As for drug addiction, it appears that food stimuli activate
the VTA-NAc dopaminergic mesolimbic circuit, with the phe-
notypic importance of feeding behaviors translated through
signaling in the caudate putamen and dorsal striatum, which
interact with the prefrontal cortex for decision making and ex-
ecuting eating behaviors. The aforementioned homeostatic
regulators, such as leptin, insulin, and ghrelin, exert their im-
pact on the midbrain DA systemby regulating the connection
between the homeostatic and hedonic systems of food intake,
(6, 9, 76) (Fig. 2). There is no doubt that these lines of inves-
tigation have provided a foundation for future studies on the
neural circuitry of the DA system, which will assist in the elu-
cidation of the underlying pathophysiology of food addiction.
Recent breakthroughs in tools such as optogenetics and
DREADD:s (designer receptors exclusively activated by design-
er drugs) will facilitate these studies through allowing access to
specific neuronal cells or circuits that control specific re-
ward-related behaviors.
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