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Abstract Data suggest that low levels of dopamine D2 receptors and attenuated
responsivity of dopamine-target regions to food intake is associated with increased
eating and elevated weight. There is also growing (although mixed) evidence that
genotypes that appear to lead to reduced dopamine signaling (e.g., DRD2, DRD4,
and DAT) and certain appetite-related hormones and peptides (e.g., ghrelin,
orexin A, leptin) moderate the relation between dopamine signaling, overeating,
and obesity. This chapter reviews findings from studies that have investigated the
relation between dopamine functioning and food intake and how certain genotypes
and appetite-related hormones and peptides affect this relation.
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1 Introduction: Dopamine Reward and Overeating

Considerable research has implicated dopamine-based meso-limbic and meso-
cortical circuitries in eating behavior. Microdialysis studies with animals reveal
that consumption of high-sugar or high-fat food results in dopamine release in the
nucleus accumbens (Avena et al. 2008). Consumption of a pleasant meal in humans
results in dopamine release in the dorsal striatum and the magnitude of release
correlates with ratings of meal pleasantness (Small et al. 2003). Furthermore,
brain dopamine release increases during the anticipation of food intake (Volkow
et al. 2002).

Incentive salience theory posits that consummatory and anticipatory reward
operates in tandem in the development of reinforcing value of food, but that with
repeated intake of a food, hedonics decrease, while anticipatory reward increases
(Robinson and Berridge 2000). By conditioning, food images and cues come to
activate reward circuitry, leading to food cravings, and possibly to overeating and
weight gain (Ritchie and Noble 2003). This motivational state, mediated by
increased dopamine in reward circuitry, draws attention to food and results in
attentional bias for food stimuli (Berridge and Robinson 1998; Bowirrat and
Oscar-Berman 2005). After conditioning, the reward value of food shifts from
food intake to anticipated food intake. For example, naive monkeys that had not
experienced rewards in a setting showed increased firing of dopamine neurons in
midbrain only in response to food taste; however, after conditioning, increased
firing began to precede reward delivery and eventually maximal firing was elicited
by the conditioned stimuli that predicted food reward versus actual food receipt
(Schultz et al. 1993). Kiyatkin and Gratton (1994) found that the greatest dopamine
neuronal activity occurred in an anticipatory fashion as rats approached and pressed
a bar that produced food reward, with activity decreasing as the rat received and ate
the food. Indeed, although DA release occurs in response to unexpected palatable
food, Blackburn et al. (1989) found that dopamine release was greater in the
nucleus accumbens of rats after presentation of a conditioned stimulus that usually
signaled food receipt than after delivery of an unexpected meal.

2 Relation of Dopamine Functioning to Overeating
and Obesity

Increasing data suggests that variations in dopamine receptors and dopamine
release play a role in overeating and obesity. Animal research implicates that
when exposed to the same high-fat diet, mice with lower dopamine D2 receptor
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density in the putamen show more weight gain than mice with higher D2 receptor
density in this region (Huang et al. 2006). A transgenic mouse with persistently
elevated striatal dopamine displayed increased food intake and increased incentive
motivation to consume food (Orosco et al. 1996). Compared to lean Zucker rats,
obese Zucker rats, which have defective leptin receptor function, have fewer D2
receptors and reduced hypothalamic dopamine activity when fasting, but release
more phasic dopamine when eating and do not stop eating in response to insulin and
glucose administration (Orosco et al. 1996). In addition, D2 receptor blockade
causes obese, but not lean, Zucker rats to overeat (Fetissov et al. 2002), implying
that blockade of already low D2 receptor availability may increase the incentive
value of food in obese rats. Obesity-prone (DIO) Sprague-Dawley rats, compared to
the obesity-resistant strain, also have reduced dopamine turnover in the hypothala-
mus compared to the obesity-resistant strain before they become obese, and develop
obesity only when given a palatable high-energy diet (Levin and Meynell 2002).
When exposed to the same high-fat diet, mice with lower D2 receptor density in the
putamen show more weight gain than mice with higher D2 receptor density in this
region (Huang et al. 2000).

Positron emission tomography (PET) studies suggest that obese versus lean
adults show less striatal D2 receptor binding (Volkow et al. 2008), and that D2
receptors are reduced in the striatum in morbidly obese individuals in proportion to
their body mass (Wang et al. 2001). Lower D2 striatal receptor density is also
correlated with lower resting metabolism in the prefrontal cortex, which may
contribute to overeating because of reduced inhibitory control (Volkow et al.
2008). These results echo evidence that substance abuse is associated with low
D2 receptor density and less sensitivity of corticolimbic reward circuitry in
response to general reinforcers, such as money (Goldstein et al. 2007), and also
evidence that experimentally increased expression of D2 receptors reduces alcohol
self-administration in rats (Thanos et al. 2001).

Using functional magnetic resonance imaging (fMRI), we found that obese
relative to lean adolescents show weaker activation in dopamine-target regions
(caudate and putamen) in response to food intake, and that those showing reduced
striatal response to food intake who had an A1 allele of the TagIA (DRD2/ANKK1)
gene, which is associated with lower striatal D2 receptor density and attenuated
striatal dopamine signaling, were at elevated risk for weight gain over a 1-year
follow-up (Stice et al. 2008a,b). Because BOLD responses were measured, we can
only speculate that the effects reflect lower D2 receptor density. This interpretation
seems reasonable because the presence of the TaqlA Al allele, which has been
associated with reduced dopaminergic signaling in several postmortem and PET
studies (Ritchie and Noble 2003; Tupala et al. 2003), significantly moderated the
observed BOLD effects. Yet, the blunted striatal activation may also implicate
altered dopamine release from food intake rather than a lower D2 receptor density
(Knutson and Gibbs 2007). Research has also found that obese rats (due to a
cafeteria diet) had lower extracellular dopamine and lower amphetamine-induced
dopamine release (Geiger et al. 2009). Furthermore, obese individuals show greater
activation in the insula and anterior cingulate cortex in response to food receipt
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relative to healthy controls (Stice et al. 2008b). Although the above-mentioned data
suggest that obese versus lean individuals have fewer striatal D2 receptors available
and process food reward differently, there are key gaps in the literature. First,
existing studies in humans have used either fMRI measures of responses to food
or PET measures of dopamine binding, but have never measured both in the same
participants. Thus, it is unclear to what extent the fMRI results are dependent on
dopamine mechanisms. It is possible that the blunted striatal activation may also
implicate altered dopamine release from food intake rather than a lower D2 receptor
density. It is theorized that consumption of high-fat, high-sugar diet leads to
downregulation of D2 receptors (Small et al. 2003) and reduced dopamine turnover
(Davis et al. 2008). In support, animal studies suggest that repeated intake of sweet
and fatty foods results in downregulation of postsynaptic D2 receptors, increased
D1 receptor binding, and decreased D2 sensitivity (Bello et al. 2002; Kelley et al.
2003), changes that also occur in response to chronic substance abuse. As well,
experimental exposure to a high-fat diet results in reduced response to psychosti-
mulants and meso-limbic dopamine turnover (Davis et al. 2008; Wellman et al.
2007). Paradoxically, regular exposure to high-sugar food results in subsequent
increases in sugar intake (Avena et al. 2008), despite the changes to dopamine
circuitry observed by others from repeated sugar intake (Bello et al. 2002; Kelley
et al. 2003). To date, no PET imaging study has tested whether obese humans show
greater dopamine release in response to food intake relative to lean humans.
Accordingly, it will be important to investigate dopamine release in response to
food intake in obese versus lean individuals. A second gap in the literature is that
research has not tested whether abnormal responsivity of reward circuitry increases
risk for future weight gain. Therefore, it is important for future studies to charac-
terize dopaminergic synaptic function in humans and to examine its effects on
future weight gain. Finally, striatal dopamine is thought to encode a reward
prediction error signal (the difference between actual and expected reward), as
demonstrated by numerous animal and human studies (Bayer and Glimcher 2005).
Therefore, reduced BOLD signal upon food receipt may result from increased
reward anticipation and hence a reduced reward prediction error signal (Hare
et al. 2008).

3 Genetic Variation in Dopaminergic Reward in Humans

Given that dopamine plays a key role in reward circuitry and is involved in feeding
behavior (Small et al. 2003; Yamamoto 2006), it follows that genetic polymorph-
isms that affect the availability and release of dopamine and the expression or
functioning of dopamine receptors could influence the risk for weight gain.
Research has identified several genes that influence dopamine functioning, includ-
ing those that affect dopamine receptors, transport, and breakdown.
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3.1 The TaqlA Polymorphism of the DRD2 Gene

To date, the most empirical support has emerged for the Tag/A polymorphism of
the DRD2 gene. The Taq/A polymorphism has three allelic variants: Al/Al,
A1/A2, and A2/A2. Taql A was originally thought to be located in the 3'-untranslated
region of DRD2, but it actually resides in the neighboring ANKKI1 gene (Fossella
et al. 2006). Postmortem and PET studies suggest that individuals with one or two
copies of the Al allele have 30—40% fewer D2 receptors when compared to those
without an A1 allele (Ritchie and Noble 2003; Tupala et al. 2003). There is emerging
evidence that the relation between abnormalities in food reinforcement and amount
eaten is moderated by the Al allele. Epstein and colleagues (Epstein et al. 2004,
2007) found an interaction between Al allele and individual differences in food
reward in adults, such that the greatest ad lib food intake occurred in those who
reported more reinforcement from food and who had the A1 allele. Individuals with
the A1 allele report greater food craving and work harder for food than those without
this allele (Epstein et al. 2007; Comings et al. 1993). Those with the A1 allele versus
those without it are also more likely to abuse drugs and to experience greater cue-
induced cravings for cigarettes and heroin (Li et al. 2006; Erblich et al. 2005).

Some (Spitz et al. 2000; Thomas et al. 2001), but not all (Southon et al. 2003),
studies have found positive correlations between the Al TaqlA allele and body
mass index (BMI; weight in kg/height in mz). Stice et al. (2008a) found that the
relation between fMRI activation in response to anticipated and actual eating (e.g.,
weaker caudate activation in response to milkshake receipt) was significantly more
strongly related to current BMI and future weight gain over a 1-year follow-up in
those with the A1 allele versus those without it. Using another fMRI experimental
paradigm, Stice et al. (2010) found that weaker activation of the frontal operculum,
lateral orbitofrontal cortex, and striatum in response to imagined eating of appetiz-
ing foods, versus imagined eating of less palatable foods or drinking water, pre-
dicted elevated weight gain for those with the A1 allele. Kirsch et al. (2006) found
an increase of reward circuitry activation in response to the dopamine D2 receptor
agonist bromocriptine in individuals with an A1 allele, but not A2/A2 carriers, and
furthermore that the former showed improved behavioral performance in response
to bromocriptine, implying that individuals with an A1 allele are more sensitive to
dopamine agonists. Collectively, these data suggest that low D2 receptor density
associated with the A1 TaqlA DRD?2 allele is related to increased ad lib food intake,
weight gain, and risk for obesity overeating and risk for obesity.

3.2 Variants in the DRD4 Gene

DRD4 is a postsynaptic dopamine receptor whose principal action is to inhibit the
second messenger adenylate cyclase. D4 receptors are predominantly localized in
areas that are innervated by meso-cortical projections from the ventral tegmental
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area (VTA), including the prefrontal cortex, cingulate gyrus, and insula (Noain
et al. 2006). The 7-repeat or longer allele of this gene (DRD4-L) has been linked to
reduced dopamine functioning in an in vitro study (Asghari et al. 1995), to weaker
response to dopamine-stimulating drugs (Hamarman et al. 2004), and to less
dopamine release in the ventral caudate and nucleus accumbens after nicotine
use (Brody et al. 2006), suggesting it may affect reward sensitivity. Adults with
the DRD4-L allele versus without it have shown stronger food cravings in
response to food cues (Sobik et al. 2005), stronger smoking cravings and fMRI
activation of the superior frontal gyrus and insula in response to smoking cues
(McClernon et al. 2007), stronger alcohol cravings and fMRI activation in the
OFC, anterior cingulate gyrus, and striatum in response to alcohol (Hutchison
et al. 2002; Filbey et al. 2008), and greater heroin craving in response to heroin
cues (Shao et al. 2006). Weaker activation of the frontal operculum in response to
imagined eating of appetizing foods, versus imagined eating of less palatable
foods or drinking water, predicted elevated weight gain for those with the DRD4-
L allele (Stice et al. 2010). Presence of the DRD4-L allele has also been
associated with higher maximum BMI in humans at risk for obesity, including
individuals with seasonal affective disorder who report overeating, individuals
with bulimia nervosa (Kaplan et al. 2008; Levitan et al. 2004), and African-
American adolescents (Guo et al. 2007).

3.3 Variants in the Dopamine Transporter

Phasically released dopamine is normally eliminated by rapid reuptake into pre-
synaptic terminals through the dopamine transporter (DAT), which is abundant in
the striatum (Floresco et al. 2003). Lower DAT expression, which is associated with
a 10 repeat allele (DAT-L), may reduce synaptic clearance and produce higher
basal, or tonic, dopamine levels and blunted phasic dopamine release (Brody et al.
2006). Pecina et al. (2003) found that a DAT knockdown mouse with increased
extracellular dopamine displayed increased energy intake and preference for palat-
able foods. In a study of normal mice, a high-fat diet significantly decreased DAT
density in the dorsal and ventral parts of the caudate and putamen compared to a
low-fat diet (South and Huang 2008). Lower striatal DAT levels also have been
associated with elevated BMI in humans (Chen et al. 2008). DAT-L has been
associated with obesity in African-American smokers, versus smokers of other
ethnic groups (Epstein et al. 2002).

3.4 Variants in the Catechol-O-Methyltransferase Gene

Catechol-O-methyltransferase (COMT) also has been implicated in the regulation
of dopamine signaling. COMT regulates extra-synaptic dopamine breakdown,
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which occurs predominantly in the prefrontal cortex but also plays a factor in the
striatum (Matsumoto et al. 2003). A single nucleotide exchange in the COMT
gene, a valine to methionine substitution (Val/Met-158), is associated with a
fourfold reduction in COMT activity in humans. There is some evidence that
individuals with the Met-allele (low enzyme activity) had relatively higher tonic
dopamine levels in prefrontal and striatal regions, but reduced phasic dopamine
release in the striatum (Bilder et al. 2004). However, both pharmacological and
genetic manipulations of COMT (Gogos et al. 1998) have clarified its role in
dopamine metabolism in rodents. Under basal physiological circumstances, both
COMT inhibition and genetic deficiencies of COMT have little effect on DA
concentrations in the striatum (Bilder et al. 2004). Indeed, individuals with
the Met-allele versus without it showed less phasic release of dopamine in
response to cigarette smoking (Brody et al. 2006). Although one study involv-
ing patients with eating disorders found that individuals with the Met-allele
reported elevated bulimic symptoms than those without this allele (Sobik et al.
2005), another study found that individuals with bulimia nervosa were margin-
ally less likely to have a Met-allele than healthy controls (Mikolajczyk et al.
2006). Interestingly, individuals with the Val/Val genotype also showed a
preference for an immediate reward versus a larger, delayed reward as well as
greater activity levels in the dorsal prefrontal cortex and posterior parietal
cortex (Boettiger et al. 2007), suggesting an important interplay between reward
sensitivity and impulsivity.

3.5 AKT

AKT (also known as protein kinase B) is a protein kinase effector that acts
downstream of the phosphatidylinositol 3-kinase (PI3K)-dependent intracellular
signaling pathway. Over-expression of AKT decreases DAT expression (Garcia
et al. 2005). Furthermore, the functioning of AKT is regulated by insulin;
indeed, AKT appears to represent the primary pathway through which insulin
affects dopamine transmission, including the amount of dopamine released
during exposure to amphetamine (Williams et al. 2007). This effect is mediated
through changes in both the membrane-surface expression and the functionality
of DAT. The importance of the AKT for amphetamine responsivity is demon-
strated by the ability of the AKT1 inhibitor LY294002 to block amphetamine-
induced dopamine release and reuptake (Williams et al. 2007). There is also
evidence that phosphorylation of the AKT substrate PRAS40 is markedly
reduced in rats fed a high-fat diet (Nascimento et al. 2007), suggesting a
mechanism through which diet may influence DAT expression and dopamine
release. Given this combination of clinical and preclinical data, AKT1 may be
an important candidate for understanding genetic relations between dopamine
functioning and overeating.
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4 Appetite-Regulating Hormones and Peptides

Beyond the genetic polymorphisms affecting dopamine functioning, there are
several hormones and peptides that may exert a direct influence on dopamine
functioning and therefore moderate the relation between dopamine and overeating.
For instance, the phasically released orexigenic agents ghrelin and orexin A (hypo-
cretin A), both of which enhance appetite, have direct influences on dopamine
functioning. Ghrelin binds to neurons in the VTA, increases dopamine neuronal
activity, and increases dopamine turnover in the nucleus accumbens (Abizaid et al.
2006). Orexin A increases dopamine firing (Korotkova et al. 2006) and causes
increased release of dopamine both in prefrontal regions (Vittoz and Berridge 2006)
and in the nucleus accumbens shell (Narita et al. 2006). In addition to increasing
dopamine firing and release, injection of orexin into the VTA leads to behavioral
changes associated with dopamine stimulation (Narita et al. 2006). In contrast,
neuropeptide Y has been found to inhibit dopamine neurons in the VT A (Korotkova
et al. 2006). Leptin and insulin, which produce more tonic influences on appetite,
also show relations with dopamine functioning in animal studies. Critically, leptin
robustly modulates brain reward circuitry, as it has been found to alter operant
response rates for rewarding brain stimulation (Fulton et al. 2000; Fulton et al.
2004), reverse the effect of food deprivation on the reinstatement of drug-seeking
behavior (Shalev et al. 2001), and block conditioned place-preference for high-fat
diets (Figlewicz et al. 2003). It may also provide direct or indirect effects on
dopamine responsiveness to psychostimulants, although its immediate effects in
normal ad lib-fed rodents are limited (Cota et al. 2006; Hao et al. 2004). Insulin
exerts a direct effect on the DAT, by increasing DAT function (and dopamine
uptake) (Patterson et al. 1998; Carvelli et al. 2002). Indeed, there may be a direct
effect of insulin in the activation of reward circuitry by amphetamine, as insulin
appears to prevent amphetamine-induced cell surface redistribution of DAT
(Garcia et al. 2005; Carvelli et al. 2002). As noted, insulin’s action on DAT is
mediated by AKT1 (Garcia et al. 2005). Taken together, these data highlight the
potential links between appetite-regulating hormones, dopamine functioning, and
striatal responsivity. Yet, few studies have examined these relations in humans.

5 Conclusion

Overall data suggest that low levels of dopamine D2 receptors and attenuated
responsivity of dopamine-target regions (e.g., striatum) to food intake are asso-
ciated with increased eating and elevated weight. There is also growing (although
partially) mixed evidence that genotypes that appear to lead to reduced dopamine
signaling (e.g., DRD2, DRD4, and DAT) and certain appetite-related hormones and
peptides (e.g., ghrelin, orexin A, leptin) moderate the relation between dopamine
signaling, overeating, and obesity. However, there are several gaps in the literature
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for future studies to address. First, because existing studies in humans have used
either fMRI measures of responses to food or PET measures of dopamine binding,
but have never measured both in the same participants, it is unclear to what extent
the fMRI findings are dependent on dopamine mechanisms and whether this
explains the differential responsivity in obese versus lean individuals. It will be
important for future studies to integrate measurement of dopamine functioning with
fMRI measures of striatal and cortical responses to food. Second, although there is
emerging evidence that reduced responsivity of brain regions implicated in food
reward increases risk for future weight gain in individuals who appear to be at
genetic risk for attenuated dopamine signaling by virtue of DRD2 and DRD4
genotypes, it will be important to replicate these relations in independent studies
with larger sample sizes. Third, it is also important to characterize the relations
between specific parameters of dopaminergic synaptic function, such as dopamine
receptor density, basal extracellular dopamine levels, and phasic dopamine release,
and genotypes, hormones, and peptides that influence dopamine functioning to
eating and unhealthy weight gain. Finally, future research should continue explor-
ing factors that moderate the risk conveyed by abnormalities in reward circuitry in
response to food reward, as such abnormalities have been implicated in obesity as
well as substance abuse and pathological gambling. Interestingly, there is some
evidence that obese individuals show a decreased risk of substance use and abuse
(Simon et al. 2006; Warren et al. 2005), suggesting that routinely engaging in one
reinforcing behavior may reduce the probability of turning to another reinforcing
behavior. It is hoped that an improved understanding of the role of dopamine-based
reward circuitry as well as factors that influence the functioning of this circuitry
will inform the design of more effective preventive and treatment interventions
for obesity.
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