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Abstract

Obesity is typically associated with abnormal eating behaviors. Brain imaging studies in humans

implicate the involvement of dopamine (DA)-modulated circuits in pathologic eating behavior(s).

Food cues increase striatal extracellular DA, providing evidence for the involvement of DA in the

nonhedonic motivational properties of food. Food cues also increase metabolism in the

orbitofrontal cortex indicating the association of this region with the motivation for food

consumption. Similar to drug-addicted subjects, striatal DA D2 receptor availability is reduced in

obese subjects, which may predispose obese subjects to seek food as a means to temporarily

compensate for understimulated reward circuits. Decreased DA D2 receptors in the obese subjects

are also associated with decreased metabolism in prefrontal regions involved in inhibitory control,

which may underlie their inability to control food intake. Gastric stimulation in obese subjects

activates cortical and limbic regions involved with self-control, motivation, and memory. These

brain regions are also activated during drug craving in drug-addicted subjects. Obese subjects have

increased metabolism in the somatosensory cortex, which suggests an enhanced sensitivity to the

sensory properties of food. The reduction in DA D2 receptors in obese subjects coupled with the

enhanced sensitivity to food palatability could make food their most salient reinforcer putting

them at risk for compulsive eating and obesity. The results from these studies suggest that multiple

but similar brain circuits are disrupted in obesity and drug addiction and suggest that strategies

aimed at improving DA function might be beneficial in the treatment and prevention of obesity.
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The prevalence of obesity is increasing worldwide, which varies remarkably across ethnic

groups and cultures, and across age groups. In the United States, approximately 90 million

Americans are obese. Lately, the prevalence of obesity is leveling off in women but is

increasing in men, children, and adolescents.1 Obesity is associated with an increased risk of

all-cause morbidity and mortality, which places a sense of urgency to understand the

processes that have contributed to this epidemic. Obesity represents the upper end of a

bodyweight continuum, rather than a qualitatively different state. Obesity can derive from a

variety of causes (ie, genetic, culture, nutrition intake, physical activity).2 Most notably,

obesity is more prevalent (10 times more likely) in persons whose parents, brothers, or

sisters are obese. Studies in identical twins have clearly demonstrated that genetics play a
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major role.3 For example, nonidentical twins raised together were less similar in weight than

identical twins raised apart. However, despite the importance of genetics, it is likely that the

changes in the environment are the main contributors to the rapid escalation and magnitude

of the obesity epidemic in recent decades. The nature and nurture interactions associated

with obesity are thought to occur after conception but before birth. Maternal nutritional

imbalance and metabolic disturbances during pregnancy could affect gene expression and

contribute to the development of obesity and diabetes mellitus of offspring in later life.4

Recent experiments have shown that nutritional exposures, stress, or disease state after birth

may also result in lifelong remodeling of gene expression.5

Of particular relevance is the environment, which has made food not only widely available

but also increasingly more varied and palatable. However, the net effect of overweight and

obesity on morbidity and mortality is difficult to quantify. It is likely that a gene-

environment interaction(s), in which genetically susceptible individuals respond to an

environment with increased availability of palatable energy-dense foods and reduced

opportunities for energy expenditure, contribute to the current high prevalence of obesity.6

PERIPHERAL AND CENTRAL SIGNALS IN EATING BEHAVIOR

Food ingestion is modulated by both peripheral and central signals. The hypothalamus and

its various circuits including orexin and melanin concentrating hormone producing neurons

in the lateral hypothalamus as well as neuropeptide Y/agouti related protein and alpha-

melanocyte stimulating hormone producing neurons in the arctuate nucleus are thought to be

the principal homeostatic brain regions responsible for the regulation of body weight (Fig.

1A).7 Peripheral hormone signals (ie, ghrelin, peptide YY3–36, leptin) that originate from the

gut and fat cells continually inform the brain about the status of acute hunger and satiety.8

The hunger peptide, ghrelin, normally increases during fasting and drops after a meal.9

Ghrelin increases food intake and body weight by stimulating neurons in the hypothalamus.

Fasting ghrelin levels are lower in obese individuals and fail to decline after a meal and this

may contribute to their overeating.10 Obese individuals often have enlarged adipocytes with

a reduced buffering capacity for fat storage. The dysfunction of adipose tissue (particularly

abdominal fat) plays an important role in the development of insulin resistance. Adipocytes

modulate influx of dietary fat and secrete a variety of hormones (ie, leptin). Leptin signals to

the brain the level of body fat stores and induces weight loss by suppressing food intake and

by stimulating metabolic rate.11 It is also involved in the neuroendocrine response to

starvation, energy expenditure, and reproduction (initiation of human puberty).12 Common

forms of obesity in humans are associated with a failure for high leptin levels to suppress

feeding and mediate weight loss, which is defined as leptin resistance.11,13 Leptin resistance

in the hypothalamus invokes the starvation pathway and promotes food intake. Insulin

shares a common central signaling pathway with leptin that regulates energy homeostasis

through the hypothalamus. Insulin levels reflect short-term changes in energy intake,

whereas leptin levels reflect energy balance over a longer period of time.14 Insulin also acts

as an endogenous leptin antagonist. Suppression of insulin ameliorates leptin resistance.

Chronically, rises in insulin (ie, insulin resistance) impede leptin signal transduction and

propagate obesity.

The mesencephalic dopamine (DA) system regulates pleasurable and motivating responses

to food intake and stimuli,15,16 which affects and alters behavioral components of energy

homeostasis. The mesencephalic DA system can respond to food stimuli even in the

presence of postprandial satiety factors.17 When that occurs the regulation of eating

behavior can be switched from a homeostatic state to an hedonic corticolimbic state. In

addition, other mechanisms modulate eating behavior such as stress, which increases
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consumption of high energy density food,18 also contributing to obesity.19 The present

article discusses the role that DA pathways may play in obesity.

NEUROBIOLOGY OF EATING BEHAVIOR

Behavioral studies show similarities among certain patterns of overeating and other

excessive behaviors such as drinking too much alcohol and compulsive gambling. These

behaviors activate brain circuitry that involves reward, motivation, decision-making,

learning, and memory. Some ingredients in palatable food (ie, sugar, corn oil) can be a

subject to compulsive consumption, which we term abuse and can lead to a natural form of

loss of controll over their intake, which is akin to what is observed with addiction.20,21

Indeed, ingestion of sugar induces brain release of opioids and DA, which are

neurotransmitters traditionally associated with the rewarding effects of drugs of abuse. In

certain conditions (ie, intermittent, excessive sugar intake), rats can display behavioral and

neurochemical changes that resemble those observed in animal models of drug

dependence.22 From an evolutionary perspective, animals would benefit from a neural

mechanism (circuitry) that supports an animal’s ability to pursue natural rewards (food,

water, sex). These circuits, however, are sometimes dysfunctional leading to various types

of disorders.

Endogenous opioids are expressed throughout the limbic system and contribute to

processing of reinforcing signals, and palatable foods increases endogenous opioid gene

expression.23 Furthermore, injection of mu-opioid agonists in the nucleus accumbens

potentiates intake of palatable foods.24 Opioid antagonists, on the other hand, reduce food

ratings of pleasantness without affecting hunger.25 It is likely that the opioid system is

involved with the liking and the pleasurable responses to food that might augment the intake

of highly palatable foods such as those consumed in a high fat and sugar diet.26

DA is a neurotransmitter known to play a major role in motivation that is involved with

reward and prediction of reward. The mesocorticolimbic DA system projects from the

ventral tegmental area to the nucleus accumbens (NAc), with inputs from various

components of the limbic system including the amygdala, hippocampus, hypothalamus,

striatum, orbitofrontal cortex (OFC), and the prefrontal cortex. NAc DA has been shown to

mediate the reinforcing effects of natural rewards (ie, sucrose).27 DA pathways make food

more reinforcing and is also associated with the reinforcing responses to drugs of abuse (ie,

alcohol, methamphetamine, cocaine, heroine).28 Other neurotransmitters (eg, acetylcholine,

GABA, and glutamine) that modulate DA pathways are also involved in eating behaviors.29

BRAIN DA SYSTEM AND EATING BEHAVIOR

DA regulates food intake via the mesolimbic circuitry apparently by modulating appetitive

motivational processes.30 There are projections from the NAc to the hypothalamus that

directly regulate feeding.31 Other forebrain DA projects are also involved. DAnergic

pathways are critical for survival since they help influence the fundamental drive for eating.

Brain DA systems are necessary for wanting incentives, which is a distinct component of

motivation and reinforcement.32 It is one of the natural reinforcing mechanisms that

motivate an animal to perform and seek a given behavior. The mesolimbic DA system

mediates incentive learning and reinforcement mechanisms associated with positive reward

such as palatable food in a hungry animal.32

DAergic neurotransmission is mediated by 5 distinct receptor subtypes, which are classified

into 2 main classes of receptors termed D1-like (D1 and D5) and D2-like (D2, D3, and D4).

The location and function of these receptor subtypes are listed in Table 1. In the case of drug

self-administration, activation of D2-like receptors has been shown to mediate the incentive
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to seek further cocaine reinforcement in animals. In contrast, D1-like receptors mediate a

reduction in the drive to seek further cocaine reinforcement.33 Both the D1- and D2-like

receptors act synergistically when regulating feeding behaviors. Nevertheless, the precise

involvement of DA receptor subtypes in mediating eating behavior is still not clear. DA D1-

like receptors play a role in motivation to work for reward-related learning and translation of

new reward to action.34,35 No human imaging studies have assessed the involvement of D1

receptors on eating behaviors yet. Animal studies showed that infusion of DA D1 receptor

antagonists in the NAc shell impaired associative gustatory (ie, taste) learning and blunted

the rewarding effects of palatable food.36 Selective D1 receptor agonist can enhance

preference of high-palpability food over regular maintenance diet.37 The role of DA D5

receptors on eating behaviors is not established because of the lack of selective ligand that

can discriminate between D1 and D5 receptors.

The D2 receptors have been associated with feeding and addictive behaviors in animal and

human studies. D2 receptors play a role in reward seeking, prediction, expectation, and

motivation.30 Food seeking is initiated by hunger; however, it is food-predictive cues that

activate and motivate animals. Many of the animal studies were evaluated using mixed D2/

D3 receptor antagonists or agonists.38 D2 receptor antagonists block food seeking behaviors

that depend on history association (reinforcement) between the cues and the reward they

predict as well as on palatable foods they like.39 When food is no longer priming and

rewarding for an animal, D2 agonists can be used to reinstate extinguished reward seeing

behavior.40 Human imaging studies of eating behaviors have mainly used positron emission

tomography (PET) studies with [11C]raclopride, a reversible DA D2/D3 receptor

radioligand, which binds at D2 and D3 receptors with similar affinity. A human PET study

with [11C]raclopride that measured DA releases in the striatum after consumption of a

favorite food showed that the amount of DA release was correlated with the ratings of meal

pleasantness.41 Food deprivation potentiates the rewarding effects of food.42 During fasting,

the role of DA is not selective for food, but rather signals the salience for a variety of

potential biologic rewards and cues that predict rewards.43 Chronic food deprivation also

potentiates the rewarding effects of most addictive drugs.44 The striatum, OFC, and

amygdala, which are brain regions that receive DA projections are activated during the

expectation of food.45 In fact, using PET and [11C]raclopride to evaluate changes in

extracellular DA in striatum in response to food-cues (presentation of palatable food) in

food-deprived subjects, we showed significant increases in extracellular DA in the dorsal

striatum but not in the ventral striatum (where the NAc is located).46 The DA increases were

significantly correlated with the increases in self-reports of hunger and desire for food.

These results provided evidence of conditioned-cue reaction in the dorsal striatum. The

involvement of DA in the dorsal striatum seems to be crucial for enabling the motivation

required to consume the food that is necessary for survival.47,48 It is different from the

activation in the NAc, which may be related more to motivation associated with food

palatability.30,49

It has been postulated that D3 receptors might be involved in drug dependence and

addiction.50 Recently, several selective D3 receptor antagonists were developed. These

antagonists have higher selectivity for the D3 receptor compared with other DA receptors.50

Administration of a selective D3 receptor antagonist prevented nicotine-triggered relapse to

nicotine-seeking behavior.51 It also attenuated sucrose-seeking behavior induced by sucrose-

associated cue reintroduction in the rodent.52 We have also shown that D3 receptor

antagonists decrease food intake in rats.53 Several selective D3 receptor PET radioligands

have been developed54–56 but none to our knowledge has been used to investigate eating

behavior and obesity in humans. The D4 receptors are predominantly located in cortical

regions in both pyramidal and GABAergic cells,57 in striatal neurons and in

hypothalamus.58 It is believed to act as an inhibitory postsynaptic receptor controlling the
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neurons of the frontal cortex and striatum.59 These receptors may play a role influencing

satiety.60

DOPAMINE AND THE SENSORY EXPERIENCE OF FOOD

Sensory processing of food and food-related cues plays an important role in the motivation

for food and it is especially important in the selection of a varied diet. Sensory inputs of

taste, vision, olfaction, temperature, and texture are first sent to the primary sensory cortices

(ie, insula, primary visual cortex, pyriform, primary somatosensory cortex) and then to the

OFC and amygdala.61 The hedonic reward value of food is closely linked to the sensory

perception of the food. The relation of DA in these brain regions during sensory perception

of food will be discussed.

The insular cortex is involved in the interceptive sense of the body and in emotional

awareness.62 Our imaging study in which we used balloon extension to mimic the gastric

distension that occurs during normal food intake showed activation of the posterior insula,

which implicates its role in the awareness of body state.63 Indeed, in smokers, damage to the

insula disrupts their physiologic urge to smoke.64 The insula is the primary gustatory area,

which participates in many aspects of eating behavior such as taste. DA plays an important

role in the tasting of palatable foods, which is mediated through the insula.65 Animal studies

have shown that tasting sucrose increases DA release in the NAc.66 Lesions in the ventral

tegmental area reduced consumption of a preferred sucrose solution.67 Human imaging

studies have showed that tasting palatable foods activated the insula and midbrain areas.68,69

However, the human brain can distinguish the calorie content of the sweet solution

unconsciously. For example, when normal weight women tasted sweetener with calories

(sucrose), both the insula and DAnergic midbrain areas were activated, whereas when they

tasted sweetener without calories (sucralose), they only activated the insula.69 Obese

subjects have greater activation in the insula than normal controls when tasting a liquid meal

that consists of sugar and fat.68 In contrast, subjects who have recovered from anorexia

nervosa show less activation in the insula when tasting sucrose and no association of

feelings of pleasantness with insular activation as observed in the normal controls.70 It is

likely that dysregulation of the insula in response to the taste might be involved in

disturbances in appetite regulation.

There is limited literature that addresses the role of the primary somatosensory cortex in

food intake and obesity. Activation of the somatosensory cortex was reported in an imaging

study of normal weight women during the viewing of images of low caloric foods.71 Using

PET and [18F]fluoro-deoxyglucose (FDG) to measure regional brain glucose metabolism

(marker of brain function), we showed that morbidly obese subjects had higher than normal

baseline metabolism in the somatosensory cortex (Fig. 2).72 There is evidence that the

somatosensory cortex influences brain DA activity73,74 including regulating amphetamine-

induced striatal DA release.75 DA also modulates the somatosensory cortex in the human

brain.76 Moreover, we recently showed an association between striatal D2 receptors

availability and glucose metabolism in the somatosensory cortex of obese subjects.77 Since

DA stimulation signals saliency and facilitates conditioning,78 DA’s modulation of the

somatosensory cortex to food stimuli might enhance their saliency, which is likely to play a

role in the formation of conditioned associations between food and food-related

environmental cues.

The OFC, which is in part regulated by DA activity, is a key brain region for controlling

behaviors and for salience attribution including the value of food.79,80 As such, it determines

the pleasantness and palatability of food as a function of its context. Using PET and FDG in

normal weight individuals, we showed that exposure to food-cues (same paradigm as the
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one with which we shoed that cues increase DA in dorsal striatum) increased metabolism in

OFC and that these increases were associated with the perception of hunger and the desire

for food.81 The enhanced OFC activation by the food stimulation are likely to reflect

downstream DAergic effects and are likely to participate in DA’s involvement in the drive

for food consumption. The OFC participates in learning stimulus-reinforcement associations

and conditioning.82,83 It also participates in conditioned cues elicited feeding.84 Thus its

activation secondary to food-induced DA stimulation could result in an intense motivation to

consume food. Dysfunction of the OFC is associated with compulsive behaviors including

overeating.85 This is relevant because food-induced conditioned responses likely contribute

to overeating irrespective of hunger signals.86

The amygdala is another brain region involved in eating behavior. More specifically, there is

evidence that it is involved with learning and recognition of the biologic significance of

objects during food procurement.87 Extracellular DA levels in the amygdala were increased

in a preclinical study of food intake after a brief period of fasting.88 Functional

neuroimaging studies using PET and functional magnetic resonance imaging (fMRI) have

shown activation of the amygdala with food-related stimuli, tastes, and odors.89–91 The

amygdala is also involved with the emotional component of food intake. Stress-induced

amygdala activation can be dampened by the ingestion of energy-dense food.18 The

amygdala receives interoceptive signals from the visceral organs. In a study in which we

assessed with fMRI the brain activation response to gastric distention, we showed an

association between activation in the amygdala and subjective feelings of fullness.63 We

also found that the subjects with higher body mass index (BMI) had less activation in the

amygdala during gastric distention. It is likely that perception mediated by the amygdala

could influence the content and volumes of food consumed in a given meal.

INTERACTION BETWEEN PERIPHERAL METABOLIC SIGNALS AND BRAIN

DA SYSTEM

Many peripheral metabolic signals directly or indirectly interact with DA pathways. Highly

palatable foods can override internal homeostatic mechanisms through action on brain DA

pathways and lead to overeating and obesity.17 Simple carbohydrates such as sugar are a

major nutritional source and contribute to about one-fourth of total energy intake. Animal

studies have demonstrated that glucose modulates DA neuronal activity in the ventral

tegmental area and sub-stantia nigra directly. The midbrain DA neurons also interact with

insulin, leptin, and ghrelin.11,92,93 Ghrelin activates DA neurons; whereas leptin and insulin

inhibit them (Fig. 1B). Food restriction increases circulating ghrelin released from the

stomach and activates the mesolimbic system increasing DA release in the NAc.93 An fMRI

study showed that infusion of ghrelin to healthy subjects enhanced activation to food cues in

brain regions involved in hedonic and incentive responses.94 Insulin stimulates glucose

metabolism directly, functioning as a neurotransmitter or stimulating neuronal glucose

uptake indirectly. There is evidence that brain insulin plays a role in feeding behavior,

sensory processing, and cognitive function.95–97 Laboratory animals with disruption of brain

insulin receptors show enhanced feeding.98 A recent human study using PET-FDG showed

that brain insulin resistance coexists in subjects with peripheral insulin resistance, especially

in the striatum and insula (regions that relate to appetite and reward).99 Insulin resistance in

these brain regions in subjects with insulin resistance may require much higher levels of

insulin to experience the reward and the interoceptive sensations of eating. Leptin also plays

a role in regulating eating behavior in part through regulation of the DA pathway (but also

the cannabinoid system). An fMRI study showed that leptin could diminish food reward and

enhance the response to satiety signals generated during food consumption through the

modulation of neuronal activity in the striatum in leptin-deficient human subjects.100 Thus,

insulin and leptin can act complementarily to modify the DA pathway and alter eating
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behaviors. Leptin and insulin resistance in the brain DA pathways makes food intake a more

potent reward and promotes palatable food intake.101

BRAIN DA AND OBESITY

The involvement of DA in overeating and obesity has also been reported in rodent models of

obesity.102–105 Treatment with DA agonists in obese rodents induced weight loss,

presumably through DA D2- and DA D1-like receptor activations.106 Humans, chronically

treated with antipsychotic drugs (D2R antagonists) are at a greater risk of weight gain and

obesity, which is mediated in part by blockade of D2R.30 Administration of DA agonists in

obese mice normalizes their hyperphagia.105 Our PET studies with [11C]raclopride have

documented a reduction in striatal D2/D3 receptor availability in obese subjects.107 The

BMI of the obese subjects was between 42 and 60 (body weight: 274–416 lb) and their body

weight remained stable before the study. The scans were done after subjects fasted for 17–19

hours and under resting conditions (no stimulation, eyes open, minimal noise exposure). In

obese subjects but not in controls, D2/D3 receptor availability was inversely related to BMI

(Fig. 3). To assess if low D2/D3 receptors in obesity reflected the consequences of food

over-consumption as opposed to a vulnerability that preceded obesity, we assessed the effect

of food intake on D2/D3 receptor in Zucker rats (a genetically leptin deficient rodent model

of obesity) using autoradiography.108 The animals had free assess to food for 3 months and

the D2/D3 receptor levels were evaluated at 4 months old. Results showed that Zucker obese

(fa/fa) rats had lower D2/D3 receptor levels than the lean (Fa/Fa or Fa/fa) rats and that food

restriction increased D2/D3 receptors both in the lean and the obese rats indicating that low

D2/D3 reflects in part the consequences of food over-consumption. Similar to the human

study, we also found an inverse correlation of D2/D3 receptor levels and body weight in

these obese rats. The relationship between BMI and brain DA transporter (DAT) levels has

also been investigated. Rodent studies demonstrated significant decreases in DAT densities

in the striatum of obese mice.104,109 In humans, a recent study using single photon emission

tomography and [99mTc] TRODAT-1 to study 50 Asians (BMI: 18.7–30.6) in resting state

showed that BMI was inversely associated with striatal DAT availability.110 These studies

suggest the involvement of an understimulated DA system in excessive weight gain. Since

the DA pathways have been implicated in reward (predict reward) and motivation, these

studies suggest that deficiency in DA pathways may lead to pathologic eating as a means to

compensate for an understimulated reward system.

INHIBITORY CONTROL AND OBESITY

In addition to the hedonic reward responses, DA also plays an important role in inhibitory

control. Disruption of inhibitory control may contribute to behavioral disorders such as

addiction. There are several genes related to DA transmission that play important roles in

drug reward and inhibitory control.111 For example, polymorphisms in the D2 receptor gene

in healthy subjects are associated with behavioral measures of inhibitory control. Individuals

with the gene variant that is linked with lower D2 receptor expression had lower inhibitory

control than individuals with the gene variant associated with higher D2 receptor

expression.112 These behavioral responses are associated with differences in activation of

the cingulate gyrus and dorsolateral prefrontal cortex, which are brain regions that have been

implicated in various components of inhibitory control.113 Prefrontal regions also participate

in the inhibition of tendencies for inappropriate behavioral responses.114 The significant

association between D2R availability and metabolism in prefrontal regions is observed in

our studies in drug-addicted subjects (cocaine, methamphetamine, and alcohol).115–117 We

found that the reduction in D2R availability in these subjects was associated with decreased

metabolism in prefrontal cortical regions,118 which are involved in regulating impulse

control, self-monitoring, and goal-directed behaviors.119,120 A similar observation was
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documented in individuals at high familial risk for alcoholism.121 These behaviors could

influence the ability of an individual to self-regulate his/her eating behavior. Previous work

with PET using [11C]raclopride, [11C]d-threo-methylphenidate (to measure DAT

availability) and FDG to evaluate the association between DA activity and brain metabolism

in morbidly obese subjects (BMI >40 kg/m2)77 found that D2/D3 receptor but not DAT

were associated with glucose metabolism in dorsolateral prefrontal, orbitofrontal, and

cingulate cortices. The findings suggested that D2/D3 receptor-mediated dysregulation of

regions implicated in inhibitory control in the obese subjects may underlie their inability to

control food intake despite their conscious attempts to do so. This led us to consider the

possibility that the low D2/D3 receptor modulation of the risk for overeating in the obese

subjects could also be driven by its regulation of the prefrontal cortex.

MEMORY AND OBESITY

The susceptibility to gain weight is in part due to the variability in individual responses to

environmental triggers such as caloric content of food. The intense desire to eat a specific

food or food craving is an important factor influencing appetite control. Food craving is a

learned appetite for energy through the reinforcing effects of eating a specific food when

hungry.79 It is a common event that is frequently reported across all ages. Nevertheless, food

craving can also be induced by food cues and sensory stimulation regardless of the state of

satiety indicating that conditioning is independent of the metabolic need for food.122

Functional brain imaging studies have shown that the desire to eat a specific food was

associated with activation of the hippocampus, which is likely to reflect its involvement

storing and retrieving the memories for the desired food.123,124 The hippocampus connects

with brain regions involved in satiety and hunger signals including the hypothalamus and

insula. In our studies using gastric stimulation and gastric distention, we showed activation

of the hippocampus presumably from downstream stimulation of the vagus nerve and the

solitary nucleus.63,125 In these studies, we showed that the activation of the hippocampus

was associated with a sensation of fullness. These findings suggest a functional connection

between the hippocampus and peripheral organs such as the stomach in the regulation of

food intake. The hippocampus also modulates the saliency of stimuli through regulation of

DA release in the NAc126 and is involved in incentive motivation.127 It also regulates

activity in prefrontal regions involved with inhibitory control.128 An imaging study showed

that tasting a liquid meal resulted in decreased activity in the posterior hippocampus in

obese and previously obese but not in lean subjects. Persistence of abnormal neuronal

response in the hippocampus in the previously obese was associated with their susceptibility

to relapse. These findings implicate the hippocampus in the neurobiology of obesity.129

Obese subjects are reported to crave energy-dense foods that make them susceptible to gain

weight.130

IMPLICATIONS FOR TREATMENT

Since the development of obesity involves multiple brain circuits (ie, reward, motivation,

learning, memory, inhibitory control),15 the prevention and treatment of obesity should be

comprehensive and use a multimodal approach. Lifestyle modification (ie, education

concerning nutrition, aerobic exercise, effective stress reduction) should be initiated in early

childhood and ideally prevention interventions should start during pregnancy. Chronic

reduced food intake has been reported to have health benefits, which include modulating the

brain DA system. Our recent study in Zucker rats that were chronically food restricted for 3

months had higher D2/D3 receptor levels than the rats with unrestricted food access.

Chronic food restriction may also attenuate the age-induced loss of D2/D3 receptor.108

These findings are consistent with preclinical studies reporting that chronic food restriction

affects behavior, motor, reward, and slows the aging process.43,131,132 Dietary modifications
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that reduce energy intake remain central to any weight loss strategy. A study that compared

the effectiveness of popular diet programs on the market found a trend of using low

carbohydrate, low saturated fat, moderate unsaturated fat, and high protein as an effective

diet strategy.133,134 However, many people lose weight initially but start gaining weight

after a period of weight loss.135 The food industry should be given incentives to develop low

calorie foods that are more attractive, palatable, and affordable so that people can adhere to

diet programs for a long time.136 Diet strategies that emphasize social support and family-

base counseling are also important to have a successful weight maintenance program.137

Increased physical activity even with minimal impact exercise has been shown to produce

measurable improvement in fitness. Exercise generates a number of metabolic, hormonal,

and neuronal signals that reach the brain. A high level of fitness is associated with decreases

in all causes of mortality in both normal weight and obese individuals. Exercise on a

treadmill significantly increases DA release in rat striatum.138 Laboratory animals

underwent endurance exercise training (treadmill running, 1 hour per day, 5 days per week

for 12 weeks) increase DA metabolism and DA D2 receptor levels in the striatum.139

Animals exercised voluntarily in their cages using a running wheel for 10 days showed

enhanced neurogenesis in the hippocampus.140 The effects of physical exercise to human

brain function were reported in a brain MRI study that compared the brain volume in a

group of healthy but sedentary older individuals (60–79 years old) after 6 months of aerobic

exercise training.141 The intervention improved their cardiorespiratory fitness. It also

increased their brain volume in both gray and white matter regions. The participants with the

greater daily aerobic fitness activity had larger volumes in prefrontal cortices that typically

show substantial age-related deterioration. These changes were not observed in the control

subjects who participated in nonaerobic exercise (ie, stretching, toning). It is likely that

aerobic fitness activity benefits DA function and cognition. Indeed, studies in older

individuals have documented that physical activity improved cognitive function.142–145

Fitness training has selective effects on cognitive function that are greatest on executive

control processes (ie, planning, working memory, inhibitory control), which usually declines

with age.146 Many obese individuals who successfully maintain long-term weight loss report

actively engaging in physical activity.147 Their success rate may be in part due to the fact

that exercise prevents the reduction in metabolic rate, which usually accompanies chronic

weight loss.148 A well-designed aerobic exercise program can modulate motivation, reduce

psychologic stress, and enhance cognitive function all of which can help an individual to

maintain weight control.149

Drug therapies, in addition to lifestyle changes, are being developed to assist in weight loss

in combination with lifestyle management to improve weight loss maintenance and to

reduce obesity-related medical consequences. There are a number of targets for drug

therapies. Many small molecules and peptides that target the hypothalamus have been

reported to increase satiety, reduce food intake, and balance energy homeostasis in rodent

models.150,151 However, some of these molecules when tested on clinical trials failed to

show meaningful weight loss.152 Peptide YY3–36 (PYY), a physiological gut-derived satiety

signal has shown promising results in increasing satiety and reducing food intake in

humans.153 An imaging study showed that infusion of PYY modulates neural activity in

corticolimbic, cognitive, and homeostatic brain regions.17 In this study, the fasting

participants were infused with PYY or saline during 90 minutes of fMRI scanning. The

fMRI signal changes in the hypothalamus and OFC extracted from time series data were

compared with subsequent caloric intake for each subject on the PYY and saline days. On

the saline day, the subjects were fasted and had lower plasma levels of PYY, the change in

the hypothalamus correlated with subsequent caloric intake. In contrast, on the PYY day that

the high plasma levels of PYY mimicked fed state, the changes in the OFC predicted caloric

intake independently of meal-related sensory experience; whereas hypothalamic signal
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changes did not. Thus, the regulation of eating behaviors could be easily switched from a

homeostatic state to a hedonic corticolimbic state. Therefore, the strategy to treat obesity

should include agents that modulate the hedonic state of food intake. In fact, several

medications with properties of DA reuptake inhibitor (ie, Bupropion), opioid antagonist (ie,

Naltrexone), or combination of other drugs that modulate DA activity (ie, Zonisamide,

Topiramate) have been reported to promote weight loss in obese subjects.154–156 The

efficacy of these medications on long-term weight maintenance needs further evaluation.

CONCLUSION

Obesity reflects an imbalance between energy intake and expenditure that is mediated by the

interaction of energy homeostasis and hedonic food intake behavior. DA plays an important

role in circuits (ie, motivation, reward, learning, inhibition control) that regulate abnormal

eating behavior. Brain imaging studies show that obese individuals have significantly lower

D2/D3 receptor levels, which make them less sensitive to reward stimuli, which in turn

would make them more vulnerable to food intake as a means to temporarily compensate for

this deficit. The decreased D2/D3 receptor levels are also associated with decreased

metabolism in brain regions involved with inhibitory control and processing food

palatability. This may underlie the inability to control food intake in the obese individuals

while facing incentive salience such as exposure to highly palatable food. The results from

these studies have implications for the treatment of obesity since they suggest that strategies

aimed at improving brain DA function might be beneficial in the treatment and prevention

of obesity.
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FIGURE 1.

Homeostatic (A) and dopaminergic (reward/motivation) (B) circuits. Red lines depict

inhibitory inputs and blue lines depict excitatory inputs. A, Peripheral hormone signals (ie,

leptin, ghrelin, insulin, peptide YY) enter the brain directly or indirectly and provide afferent

information to the arctuate nucleus (AN), relating to short-term energy metabolism and

energy sufficiency. The AN elicits anorexigenic (alpha-melanocyte stimulating hormone,

cocaine-amphetamine regulated transcript), and orexigenic (neuropeptide Y, agouti-related

protein, gamma-amino butyric acid) signals to the melanocortin 4 receptors in the

paraventricular nucleus (PVN) and later hypothalamic area (LHA). Orexin neurons in the

LHA send axons to many brain regions including the ventral tegmental areas (VTA). The

orexin activates dopamine (DA) neurons in a manner similar to ghrelin. B, The peripheral

signals also enter the brain and act on DA neurons in the VTA and substantia nigra (SN)

directly. The DA neurons in the VTA send axon projections to the nucleus accumbens

(NAc); whereas the DA neurons in the SN send axon projections to the dorsal striatum (DS).

Ghrelin activates DA neurons; whereas leptin and insulin inhibit them.
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FIGURE 2.

Color-coded statistical parameter map (SPM) result displayed in a coronal plane with a

superimposed diagram of the somatosensory homunculus with its corresponding three-

dimensional (3D) rendered SPM images show the areas with higher metabolism in obese

than in lean subjects. The areas that are significantly higher are displayed in red and are

superimposed into the surface of 3D reconstructed brain magnetic resonance images

(grayscale). Obese subjects have higher metabolism than lean subjects in the somatosensory

areas where the mouth, lips and tongue are represented. (Adapted from Neuroreport.

2002;13:1151–1155.)
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FIGURE 3.

Group averaged images of [11C]raclopride PET scans for obese and control subjects at the

level of the basal ganglia. The images are scaled with respect to the maximum value

(distribution volume) obtained on the control subjects and presented using the rainbow scale.

Red represents the highest value (2.0) and dark violet represents the lowest value (0 mL/

gm). The obese subjects have lower D2R availability when compared with the control

subjects. Linear regression between D2R availability (Bmax/Kd) and BMI shows that the

D2R availability levels were inversely related to body mass index (BMI) in the obese

subjects but not in the control subjects. (Adapted from Lancet. 2001;357:354–357.)

Wang et al. Page 20

J Addict Med. Author manuscript; available in PMC 2011 May 20.

N
IH

-P
A

 A
u

th
o

r M
a

n
u

s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n

u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n

u
s
c
rip

t



N
IH

-P
A

 A
u

th
o

r M
a

n
u

s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n

u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n

u
s
c
rip

t

Wang et al. Page 21

TABLE 1

Location and Function of Dopamine (DA) Receptor Subtypes

DA Receptors Location (Reviewed in Ref. 38) Function

D1-like

 D1/D5 Caudate nucleus, prefrontal, premotor, cingulate and entorhinal cortices,
hippocampus, dentate gyrus, substantia nigra

Gustatory learning, food

preference36,37

D2-like

 D2 Predominantly in the striatum, in the core of nucleus accumbens (NAc), and in the
olfactory tubercle. It also presents in the prefrontal, cingulate, temporal and enthorinal
cortices, amygdala, hippocampus, hypothalamus, substantia nigra pars compacta,
ventral tegmental area (VTA)

Food seeking, prediction,
expectation, motivation (reviewed
in Ref. 30)

 D3 Predominantly in limbic brain regions, ie, NAc, islands of Calleja, VTA, substantia
nigra, internal globus pallidus, ventral pallidum and lower levels in dorsal striatum,
septum, amygdala, hippocampus

Relapse, food-related cue
reintroduction or reinstatement
(reviewed in Ref. 50)

 D4 Predominantly in frontal cortex, amygdala, hippocampus, hypothalamus,
mesencephalon, and low levels in basal ganglia

Inhibitory control, satiety 59,60
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