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Abstract

The brain plays a key role in the controls of energy intake and expenditure and many genes
associated with obesity are expressed in the central nervous system. Technological and conceptual
advances in both basic and clinical neurosciences have expanded the traditional view of
homeostatic regulation of body weight by mainly the hypothalamus to include hedonic controls of
appetite by cortical and subcortical brain areas processing external sensory information, reward,
cognition, and executive functions. Thus, hedonic controls interact with homeostatic controls to
regulate body weight in a flexible and adaptive manner that takes environmental conditions into
account. This new conceptual framework has several important implications for the treatment of
obesity. Because much of this interactive neural processing is outside awareness, cognitive
restraint in a world of plenty is made difficult and prevention and treatment of obesity should be
more rationally directed to the complex and often redundant mechanisms underlying this
interaction.
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The importance of consuming energy is reflected by the elaborate regulatory system that has
evolved over millions of years, reaching its pinnacle in the high energy demand of
homeotherms such as humans and birds?. It takes a truly remarkable regulatory system to
manage the energy demands of a hummingbird which has a heart rate of up to 1,200 beats/
min, a muscle oxygen consumption rate 10 times higher than that of an elite athlete, a
reversible fat compartment allowing long migration flights, and the ability to enter a mode of
reduced metabolism (torpor) to survive cold nights without food?. Similar to the
hummingbird, our human ancestors also needed a regulatory system that could adaptively
respond to periods of limited food supply and/or high physical activity, such as migrations
and famines. In addition, the mechanisms for finding and selecting optimal food sources
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while avoiding toxic foods had to be strong enough to compete with other behaviors and had
to be learned and passed to future generations.

Such a high energy throughput also requires a large gastrointestinal tract capable of
efficiently digesting and absorbing necessary nutrients. This is particularly true when high
physical activity is combined with low dietary energy density and a massive brain as in early
hominids. At the highest level of physical activity, our ancestors might have eaten several
kilograms of food and absorbed several thousand Kcals every day. It is thus not surprising
that the gut brain axis is a crucial component of the control of food intake and regulation of
energy balance (For an in-depth discussion of gut-brain communication please see chapter x
in this issue by Monteiro and Batterham)

To be efficient, the regulatory system requires (1) complex and redundant nutrient sensing
and monitoring mechanisms, (2) a flexible integrative mechanism that can learn from and
adapt to changing external and internal conditions, and (3) powerful effector mechanisms for
energy intake and metabolism (Fig. 1). The brain has inputs from and outputs to other organs
just like a computer’s peripherals, but the crucial integrator is located in the brain. Indeed,
research some 70 years ago identified the hypothalamus as indispensable for the regulation
of food intake and body weight24, and the most recent genome wide association study
found that an overwhelming majority of genes associated with body mass index are
expressed in the central nervous system, many of them in the hypothalamus®.

In the following review we examine the mechanisms through which the nervous system
detects both external and internal nutritional signals, integrates this information to control
eating behavior and energy expenditure, and thereby ultimately regulates body weight. As
several aspects of body weight regulation and obesity are addressed in other papers of this
Special Issue and in earlier reviews, we will mainly focus on recent developments in the
neurobiology of obesity. Given space limitations, we will often cite recent reviews
summarizing specific aspects of this topic, rather than original papers.

Monitoring Nutrients

In order to make decisions about eating, an organism must have accurate information about
available nutrients inside and outside the body. Internal sensors monitor the nutritional
requirements of every cell, tissue, and organ, and signal impending deficits to the brain. For
longer-term nutritional planning, an organism needs to know where to find specific kinds of
nutrients and be able to balance the need for these nutrients with the time and effort
necessary to procure them.

Sensing nutrients in the environment

All five classical senses are used to monitor nutrients in the environment. While humans,
non-human primates, and birds rely quite heavily on the visual system, other species rely
almost exclusively on smell and taste. We all know the power of pictures with appealing
food items, even when we are not really hungry. The food industry exploits this power in
advertisements®, and scientists have built an entire paradigm exploring brain function with
visual food stimuli. Importantly, a visual stimulus does not have to show a food item to be
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salient; it can simply be a cue learned from prior experience with food®. Just like visual and
other sensory stimuli can become conditioned cues for addictive behavior, they can signal
availability of desired foods and drinks®.

Large areas of the brain are dedicated for processing sensory information through the visual,
olfactory and auditory, as well as the oral taste systems. Final integration of sensory input
takes place in polymodal association areas such as the orbitofrontal, prefrontal, and insular
cortex’. The insular cortex is crucial as it also receives information related to oral taste and
the internal milieu through the vagus nerve, while a specialized area of the human anterior
insula has been implicated in the generation of self-awareness and consciousness8. Together
with relevant spatial and temporal information, such multimodal sensory representations of
foods are then laid down as “food memories” in a distributed network consisting of the
hippocampal formation, prefrontal cortex, dorsal striatum, and amygdala® 9. Memorial
representations of prior experience with food are then used to guide future ingestive
behavior. One manifestation of the involvement of learning and memory is anticipatory
responding!

Sensing nutrient absorption and nutritional status

Each and every cell in the body has an evolutionarily preserved fuel sensing mechanism
composed of nutrient sensors such as AMP kinase and mTOR12 13| A fundamental question
therefore is how the nutritional status of individual cells is communicated to other cells,
tissues and organs, and most importantly, to the brain.

Once food passes into the gastrointestinal tract, it is processed and eventually absorbed into
the blood or lymph within the alimentary canal. One remarkable discovery over the past
decades is the fact that “taste’ doesn’t just occur within the mouth, but that the gut has a
variety of taste receptors, as well as unique mechanosensors and chemoreceptors, which it
uses to sense the volume and nutrient content of consumed food4. This information reaches
the brain via several pathways, but two in particular are notable. First, the entire Gl tract is
densely innervated by vagal sensory nerves!®, which are positioned to directly communicate
nutritional information from the gut to brainstem. This vagal sensory information has been
particularly linked to the process of satiety and meal termination, as disruption of vagal
signaling leads to larger meal sizes and an impaired ability to modulate food intake in
response to nutritional preloads!®. A second communication mode is via the production of
endocrine hormones in response to presence of food within the GI system. Unique hormones
are produced in multiple sites along the Gl tract, with these hormones not only acting locally
to influence nutrient absorption and metabolism, but also acting directly in the brain to alter
feeding behavior (reviewed inl7). The effect of Gl-derived hormones on feeding behavior
and metabolism is a large and ever growing field, and as such is a specific emphasis of a
separate chapter within this Special Issue.

Absorbed glucose, proteins and small lipids are first delivered to the liver via the hepatic
portal vein before entering the general circulation, while larger lipids (chylomicrons) are
absorbed via the intestinal lymph system, bypass the liver, and are delivered directly to the
blood stream. Circulating nutrients are then utilized or stored by all tissues within the body,
with the brain serving in some fashion to help coordinate this nutritional flux while also
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monitoring the nutritional status of the organism and potentially individual tissues. Over the
past 20 years, there has been an explosion in our understanding of how nutritional
information is transmitted to the brain. The primary driver of this expansion was the
discovery of the hormone leptin, which is produced by adipose tissue in proportion to the
adipose mass, and which acts in the brain to suppress food intake, stimulate energy
expenditure, and also influence growth and reproduction (reviewed in18). In this manner,
leptin effectively informs the brain as to the “status’ of energy stores throughout the body. It
is now known that adipose tissue secretes a multitude of paracrine and endocrine hormones,
often termed *‘adipokines’, which influences metabolism, immune function and other
endpoints, and many of these signals are also detected by the brain!®. Thus the view of
adipose tissue has shifted from an “inert’ energy storage depot to a metabolically active and
dynamic tissue which communicates directly with the brain. This view of adipose tissue as
an endocrine organ has been extended to other tissues as well. For instance, muscle has been
shown to secrete ‘myokines’ in response to exercise or metabolic stress, and some of these
hormones appear to act on the brain (reviewed in20). Likewise, the liver has also been
recently demonstrated to communicate to the brain via endocrine signals, with the metabolic
hormone Fibroblast growth factor-21 (FGF21) being a notable example (reviewed in?l).
FGF21 acts on peripheral tissues and the brain to promote changes in energy expenditure,
food intake and selection, glucose and lipid homeostasis and growth, and recent work
suggests that FGF21 may be particularly important for coordinating metabolic responses to
macronutrient imbalance and dietary protein restriction?2,

Besides the role of primary (vagal and dorsal root) afferents in the communication of
nutritional information from the periphery, many circulating nutrients, hormones, cytokines,
and other factors can reach the brain directly at places with a weak or absent blood brain
barrier or via transport mechanisms. Representatives of all of the macronutrients (glucose,
amino acids, and fatty acids), gut hormones such as ghrelin and GLP-1, as well as many
other hormones such as leptin, insulin, and FGF21, have relatively easy access to the brain
and have been implicated in the control of food intake and the regulation of energy balance
(reviewed inZ3).

In summary, the brain receives a great deal of external and internal nutritional information
before, during, and after the ingestion of food. Integration of this information allows the
brain to make metabolic adjustments, prioritize appropriate behavioral action, and optimize
the nutritional value of ingested food, as discussed below.

Neural Control of Appetite and Food Intake

How does the brain use the many internal and external signals of nutrient availability
discussed above to make the decision to eat and what to eat? Now classical studies
conducted in the mid-1900s established the hypothalamus as the key brain area controlling
food intake and regulating energy balance 3, 4, 24. Specifically, electrical stimulation of the
lateral hypothalamus® or lesions of the ventromedial hypothalamus?® resulted in voracious
appetite or weight gain, leading to the labels “feeding center” and “satiety center”,
respectively. While the massive research effort launched since then has undoubtedly both
refined and expanded this original portrayal, at its core it remains the same. Thus, the
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hypothalamus is the only integrative brain area whose manipulation elicits profound eating
and body weight phenotypes. For example, selective ablation or stimulation of only one
cluster of chemically identified AGRP/NPY/GABA-expressing neurons in the basomedial
hypothalamus (an estimated 20,000 neurons in the mouse) results in either starvation and
death or dramatic overeating and obesity, respectively?® 26, The hypothalamus therefore
remains a hotbed for research identifying the nuts and bolts of the molecular machinery
leading to these profound changes in eating and body weight.

Perhaps the biggest addition to the original discovery is the realization that the
hypothalamus does not act in isolation, but is intimately connected to representations of both
the outside and inside world. It can thus be seen as the ultimate integrator of nutritional
information from both the environment and the internal milieu?’. Given the many
discussions summarizing current knowledge of hypothalamic control of food intake and
energy homeostasis (for example28: 29), the main purpose of this review is to highlight recent
studies addressing a new conceptual framework that integrates both metabolic (generated by
real or perceived nutrient needs) and hedonic (generated by other than nutrient needs) drives
to eat.

Depletion of available nutrients, as signaled to the brain through changes in the numerous
metabolites and hormones discussed above, is the main driver of ingestive behavior. The
basomedial hypothalamic AGRP/NPY neurons are central for the drive to eat25. Recent
evidence from selective optogenetic manipulation of these neurons suggests that their
stimulation for as briefly as 1 minute triggers voracious food intake even if access to food is
delayed by up to 30 minutes after cessation of stimulation3. Furthermore, mice were
motivated to press a lever to obtain food reward, they learned to prefer a food that was eaten
with optogenetic AGRP/NPY neuron stimulation over another food that was not paired with
stimulation, and they learned to lever press for optogenetic AGRP/NPY neuron self-
stimulation. In other words, these “hunger neurons drive feeding through a sustained positive
reinforcement signal”3. Even though being hungry without access to food is associated with
a negative emotional state3!, the anticipation of, and the actual eating that follows are
rewarding, suggesting that both negative and positive reinforcement mechanisms are
operative during an ingestive bout.

Importantly, the downstream neural network driving feeding seems to consist of several
redundant pathways, as selective stimulation of individual projections from the AGRP/NPY
neurons to various brain areas is sufficient for the elicited behavior3. These observations are
consistent with the idea that AGRP/NPY neurons translate hunger signals into sustained and
complete appetitive and consumatory ingestive behavior by programming a downstream
neural network that increases the incentive or reward value of particular foods. Therefore,
AGRP/NPY neurons directly integrate classical homeostatic with reward and cognitive
mechanisms (Fig. 2).

The hypothalamus, together with the corticolimbic system and the hindbrain can be seen as
core processor in the control of appetite (Fig. 3). The hindbrain or brainstem is mainly
concerned with meal size control, as it possesses all the elements to detect sensory
information mediated by vagal afferents and circulating factors, and generate motor output
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associated with the ingestion, digestion, and absorption of food32. However, by itself, the
brainstem alone cannot adjust food intake to external demands such as anticipation of a food
shortage33.

The cortico-limbic system, consisting of large cortical areas, basal ganglia, hippocampus,
and amygdala, is intimately connected to the hypothalamus and brainstem and provides the
emotional, cognitive, and executive support for ingestive behavior34. The neurology of
reward, economics, and decision making3® are increasingly recognized as important
determinants of food intake3®. Studies in rodents and humans have shown that when there is
a choice between two foods, the cost/reward value of each food is compared before a choice
is made3: 38 (Fig. 4). An intuitive and simple way to understand food reward is to parse it
into two components, ‘liking” and ‘wanting’3°. Intrinsic liking is represented diffusely in
both forebrain and hindbrain circuits with an important role for the mu-opioid receptor?,
while conscious liking in humans is encoded in the prefrontal cortex*. Intrinsic wanting is
encoded by the mesolimbic dopamine system mainly projecting to the nucleus accumbens in
the ventral striatum?2. While ‘liking is relatively independent of the prevailing nutritional
state, ‘wanting’ is greatly amplified by hunger3. Thus, a particular food can be very much
liked, but not necessarily wanted after just eating to full satiety. This latter example points to
the process of devaluation. Eating a food to satiation devalues the salience of cues and
sensory attributes of this food, but not necessarily to other types of food#4 45, The fact that
most of us still readily eat a sweet dessert after being full on a savory meat dish is known as
sensory-specific satiety*5.

Through its access to multimodal sensory information and the skeletal motor system, the
cortico-limbic system is the main interface with the environment. However, just like the
other two nodes, components of the cortico-limbic system can also sense the availability of
internal nutrients either directly through relevant nutrient and hormone receptors or
indirectly through neural inputs from the hypothalamus and brainstem*’. The hypothalamus,
located strategically between the hindbrain and cortico-limbic system, is the key hub for
detecting overall nutritional state, generating the drive to eat, prioritizing essential
behaviors*8, and regulating long-term energy balance by matching energy intake with
expenditure (see below).

In summary, many brain areas are involved in a hierarchical fashion in the neural control of
food intake. At the top of the hierarchy are the “hunger neurons” (AGRP/NPY) in the
basomedial hypothalamus that directly translate low nutrient availability, for example after a
fasting period, into motivated behavioral action. Other important nodes in the hypothalamus,
brainstem, and cortico-limbic system are involved in the orchestration and execution of
ingestive behavior vis-a-vis other behaviors. Most importantly, much of neural processing
within this core processor occurs outside awareness, rendering it relatively inaccessible to
conscious manipulation (for detailed discussion see??)

Neural Controls of Energy Expenditure

Besides energy intake, energy expenditure is the other component of energy balance
regulation that can, at least partially, be controlled through the brain. Whole body energy
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expenditure can be divided into its individual components, such as basal metabolism, the
thermic effect of food, and thermogenesis to maintain body temperature, and physical
activity, each with its own neural controls and effector pathways. Whether surplus energy,
for example after a larger than normal meal, is automatically expended through increased
basal metabolism and thermogenesis, just like surplus water is excreted through the kidneys,
has been a matter of intense debate.

Already some 35 years ago, intense research focused on thermogenesis in brown adipose
tissue (BAT)*9. While it was shown that the interscapular brown fat pad in rodents expresses
very high levels of the uncoupling protein UCP1 and generates much of the necessary heat
for maintenance of body temperature, very little BAT was found in adult humans and the
idea of using this tissue for body weight control remained dormant. However more recently,
by using routine 18F-glucose imaging for the detection of neoplasms, considerable depots of
BAT were discovered above the clavicular bones and near the cervical and thoracic vertebrae
in at least some adult humans®L. This discovery has stimulated renewed interest in
harnessing this tissue for the fight against obesity52. How BAT, which is present in
considerable amounts in newborns, can be preserved through adolescence and adulthood,
and how it can be activated to burn energy is of great interest. Clearly, the brain exerts key
control over BAT thermogenesis through the sympathetic nervous system (SNS)3, and
much of the central neural circuitry has been deciphered in rodents (reviewed in>%).

Discovery of brown fat-like adipocytes (also referred to as beige or brite adipocytes) within
classical white fat storage depots has spurred even more excitement about the role of fat
tissue in energy balance regulation and its exploitation for obesity prevention and
treatment®®, Researchers are feverishly studying the optimal conditions and signals for
“beiging” of white fat depots in the hope of using them to “effortlessly” increase energy
expenditure®®. Until such a new “pill” is available, we will have to rely on the old-fashioned
way of getting rid of excess energy intake, namely physical activity.

Before industrialization and automatization, physical activity was the major component of
energy expenditure and could result in the utilization of several thousand calories per day.
Modern lifestyles now involve sitting in a chair for most of the day, resulting in drastically
decreased energy expenditure for many of us. It is thus imperative to develop strategies for
increasing physical activity at the workplace and at home. Again, the brain is key to such
strategies, as it controls not only skeletal muscle but also the motivation to engage in
physical activity. Much clinical research is focusing on how children and adolescents can be
motivated to engage in physical activity. Exergaming, which is taking advantage of the
astonishing affinity of children for videos and electronic devices, has shown some promising
results®, but much remains to be done®8. Preclinical research is just beginning to study
mechanisms and map the neural pathways underlying the drive for physical activity. For
example, hypothalamic orexin-expressing neurons have been implicated in voluntary
physical activity and the development of obesity®°.

In summary, research trying to capitalize on the thermogenic capacity of brown and beige
adipocytes to get rid of excess calories has exponentially increased in the last decade.
However, success with this strategy may be complicated by compensatory changes in energy
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intake. Restoring adequate physical activity levels through exercise has been a longstanding
strategy, although with only moderate success. There is no doubt that regular physical
activity has many health benefits, but the realization that physical activity alone is not an
efficient weight loss strategy89 has been a major roadblock. In addition, we do not
understand how the brain regulates physical activity level and couples it with energy intake.
Thus, a physical activity “mimetic” seems unlikely in the near future.

Neural Regulation of Body Weight

Set point theory

In a strict sense, energy intake and expenditure are controlled but not regulated processes, as
the organism does not seek to maintain constant levels of either endpoint. In contrast, body
weight (or perhaps adiposity) is regulated to maintain constant levels via the control of
intake and expenditure, and this process is often termed energy homeostasis. Although the
major attention is on eating behavior, obesity is primarily the result of defective regulation of
energy balance and body weight, rather than defective eating controls. There is no doubt that
excess food intake can lead to obesity, but only if the regulatory system fails to compensate
for increased energy intake by either commensurately increasing energy expenditure or by
reducing food intake at subsequent meals. A healthy regulatory system is able to defend
body weight within narrow limits, often referred to as a set point. The principle of set point
regulation has been demonstrated at the behavioral level in both rodents and humans. When
body weight is artificially perturbed by periods of either under- or overfeeding, adaptive
changes in food intake and energy expenditure promptly return body weight to pre-
perturbation levels®l,

Despite the evidence for the homeostatic regulation of body weight, a number of
observations refute the notion of a specific set point. First, there is no fixed set point around
which mammalian species regulate their body weight. This is best illustrated by the
seasonably variable yet homeostatically defended body weight set point of hibernators, who
spontaneously gain or lose weight in response to seasonal changes in photoperiod®2,
Interestingly, if these animals are artificially under- or overfed to induce weight loss or
weight gain, they return to exactly the body weight corresponding to their current seasonal
cycle upon removing the artificial feeding regimen. Hibernators are thus perfectly capable of
cycling between leanness and obesity without any apparent metabolic complications while
also defending this moving body weight target. These results are not consistent with the
basic set point theory, and rather suggest a flexible or sliding set point.

Second, in non-hibernators, transition to obesity can change the defended body weight set
point. This is certainly the case in the genetically obese, such as leptin-deficient rodents and
humans, but has also been demonstrated in common obesity53 64, For example, obese
rodents that had been exposed to high-fat diet for an extended period of time will not fully
return to lean levels upon cessation of high-fat diet feeding®>: 6. In parallel, hypothalamic
neural projections are permanently disrupted in genetic lines of diet-induced obesity-prone
rats8”. Another line of evidence suggests that overingestion of high-fat diets can rapidly
produce hypothalamic inflammation and damage, causing the set point to change (as
summarized in®. Thus, obese rodents and humans start defending their new, higher body
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weight rather than their pre-obesity lean body weight, again suggesting a sliding, rather than
fixed set point (Fig. 5).

Third, although the notion of set point receives considerable support from behavioral
observations, we do not understand its neural and molecular basis. It likely involves the
powerful basomedial hypothalamic circuitry consisting of AGRP/NPY and POMC/CART
neurons, but obviously not in the rigid way purported by the original adipostat hypothesis®®.
An additional mechanism which allows the set point to slide according to seasonal or other
variations in nutritional supply is necessary to explain the behavior of hibernators as well as
humans. Given the novel mechanisms by which sensory, cognitive and emotional
information can rapidly modulate activity of AGRP neurons (as discussed above),
elucidation of these complex pathways and their molecular identity will be important for
understanding this flexible homeostatic/allostatic regulator.

The brain and current hypotheses on the causes of obesity

New hypotheses about the cause of obesity spring up almost every day, and the purpose of
this brief section is to highlight those that are clearly anchored in the CNS and have received
the most attention.

Genetics and epigenetics—Genetic or epigenetic variation in genes that control energy
homeostasis is a logical contributor to obesity (for a more detailed discussion see chapter xy
in this issue). There are clear examples in humans where either leptin-deficiency or single-
point mutations of the melanocortin-4 receptor cause severe obesity, and preclinical research
has identified signaling through leptin and MC4 receptors in the hypothalamus as most
critical’%. However, common obesity is not generally caused by mutations in any single
gene, and obesity is more likely induced by the accrual of multiple genes that more subtly
predispose an individual to obesity. A recent genome wide association study (GWAS) in
over 300,000 subjects found that a majority of genes within BMI-associated loci are
preferentially and significantly enriched in the CNS®. Most of these genes are involved in
functional and structural aspects of neurotransmission that could affect any component of
the neural control of energy intake, energy expenditure, and regulation of body weight and
any of the mechanisms discussed in this review and below. However, because only about
20% of BMI variation can be accounted for by common genetic variation®, other factors and
mechanisms must contribute to obesity. Epigenetic modifications of gene expression during
early life and even later in life is also increasingly recognized as an important contributor to
obesity, and preclinical studies have identified several epigenetically modified genes in the
hypothalamus associated with obesity /L.

Increased availability of palatable energy-dense foods—The relatively recent rise
in obesity prevalence has been the main argument against a major role of inheritance and a
more prominent role of environment and lifestyle. Among the many potential environmental
factors causing obesity, reaching from viruses’2 through toxins’3 to the use of artificial
light”*, changes in nutrition and food hedonics have attracted the most attention. Particularly
the shift away from relatively low-calorie, high-fiber diets towards energy-dense, palatable
diets is considered an important contributor to the increased prevalence of obesity. This
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effect can be clearly demonstrated in laboratory animals®4 and pets’>. Although similar
well-controlled, randomized long-term studies in humans have not been conducted, studies
on populations with voluntary or involuntary long-term calorie-restriction or over-feeding
are generally supportive of the overall beneficial metabolic effects of reducing the
availability of energy dense, palatable foods’®: 77.

Increased exposure to food cues—In most industrialized countries and urbanized
populations of the modern world, there is an onslaught of advertisements for enticing foods
(often referred to as “food porn”) in the public space as well as at home through the media,
with the sole purpose to sell more food. Because such signals are processed by the brain
largely outside awareness, they are quite resistant to conscious inhibitory control?”. As a
result, cognitive reasoning, impulsivity, and executive self-control are challenged on a daily
basis®. In addition, a considerable portion of total food intake is in restaurants and other
food-selling businesses. Much of the low-cost food available at such places is salty, greasy
and/or sweet and thus relatively palatable, particularly if paired with large amounts of
sweetened beverages. Exposure to these food cues constitutes a constant challenge for
homeostasis?® 39, One key neural mechanism for disordered eating is the transition from
normal ‘liking” and ‘wanting’ to addictive behavior. The debate about sugary foods goes on,
and while there is no strong direct evidence for sugar addiction or sugar-induced obesity, it
has been demonstrated that rats readily chose sweet over cocaine or nicotine reward and
have a greater attraction for sweet versus drug cues’8: 79,

Stress-induced overeating—The modern environment, hectic lifestyle, and socio-
economic inequalities have considerably increased the psychological stress burden starting
at childhood8?, Stress-induced overeating can be seen as another disorder of reward
mechanisms. Reward from comfort food is considered an attempt at self-medication to
relieve the negative emotion and depressive state associated with chronic psychological
stress® 82, Thus stress management through a variety of techniques is an important
component in obesity care83,

Mindless and habit-driven food intake—For many, eating has become completely
detached from procuring and preparing food, and is often done rapidly and in the presence
of a TV or other significant distraction. In short, eating has become less mindful but more
automatic and habitual, and this change poses a challenge to homeostatic regulation.
Distracted eating caused by watching television, text messaging, or playing computer games
impairs the memory of the meal and increases later snack intake, suggesting that the
attentive and mindful experience of a meal is necessary for adequate satiation mechanisms
and proper inhibitory controls83 84, Because automatic, habitual eating takes place outside
awareness, conscious cognitive influences such as response inhibition by prefrontal cortical
activity is largely ineffective. In addition, mechanisms by which satiety signals devalue
incentive motivation appear to be desensitized in habitual food intake and may lead to
overeating and obesity®.
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What does the neural control of food intake and energy balance tell us

about strategies for the treatment or prevention of obesity and metabolic

disease?

If body weight were indeed regulated by a sliding set point mechanism and we understood
its neural and molecular basis, all we would have to do is change the setting, just like we
change the setting of our living room thermostat. In the meantime, obesity treatment remains
symptomatic, using almost “anything that works”. However, given from what we know,
some approaches seem to work better than others. Because the regulatory system varies both
energy intake and expenditure to maintain a given steady state, energy intake will change to
compensate when expenditure is challenged (exercise), while energy expenditure
compensates when intake is challenged (calorie restriction). Successful treatment will
require uncoupling of these compensatory mechanisms. As long as the exact molecular
mechanisms responsible for coupling are not understood, two-prong approaches attacking
both energy intake and expenditure will likely yield superior results. The validity of this
approach is supported by the observation that physically active rats lose more weight during
three weeks of 50% calorie-restriction compared with physical inactive rats8¢, and analysis
of weight loss in a large cohort from the 2009-2012 National Health and Nutrition
Examination Surveys showed that long-term weight losers consumed fewer calories and
reported more vigorous leisure activity than did overweight or obese individuals®’. However,
only randomized controlled intervention studies will provide the necessary rigor to more
conclusively illuminate this important issue.

In addition, because the neural pathways controlling intake and expenditure are complex and
involve redundant mechanisms controlled by a multitude of genes, successful treatment will
likely require combination approaches (Supplementary Fig. S1). Combinations, for example
a drug and bariatric surgery, which manipulate a single pathway/mechanism may also have
relatively small effects. Instead, successful combinations are likely to target multiple
mechanisms in order to produce effects that are fully additive or even synergistic. Most of
the pertinent literature has been discussed in a recent review?8,

The superior efficacy of combination drug treatments has already been demonstrated in
preclinical studies8?, with many of them currently in phase 1 or phase 2 clinical trials®8. A
better understanding of the complexity and redundancy of neural and non-neural pathways
underlying body weight regulation should lead to more rationally designed combinations.

Conclusions and Outlook

The worldwide increase in the prevalence of obesity is best explained by gene-environment
interactions whereby rapid changes in food supply and built environment trigger overeating
and/or sedentary behavior in individuals with genetic predisposition. Many of the genes
underlying this predisposition are expressed in the brain, the final arbitrator of ingestive and
locomotor behavior and regulator of body weight. Although the hypothalamus has long been
known to be a key player in the control of food intake and regulation of body weight,
technological advances in manipulating and listening to the brain of both rodents and
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humans have significantly expanded this view by demonstrating hypothalamic connections
and functional interactions with other major brain areas such as the corticolimbic system and
the hindbrain. Thus, the traditional dichotomy between homeostatic and non-homeostatic/
hedonic systems should be replaced by a much larger, highly interactive system that unifies
homeostasis with reward, cognition and emotion. This new conceptual framework has
several important implications for the treatment of obesity. First, obesity-disposing genes
may exert their influence not only on classical homeostatic pathways, but also on the large
brain areas involved in the hedonic aspects of food intake. Second, because hedonic
processes are intricately interacting with homeostatic hypothalamic processes, which operate
completely outside awareness, hedonic processes are also less under conscious control. It is
therefore unlikely that obese individuals can simply will themselves to weight loss. Third,
the complexity and redundancy of neural pathways controlling ingestive behavior and
regulation of body weight suggests combination therapies that attack more than one
mechanism to be the most efficient in combating obesity. Finally, deciphering the molecular
underpinnings of flexible set point regulation should be a high priority goal for basic
research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

The brain uses nutritional information from both outside and inside the body before, during,
and after ingestive behavior. During the initiation phase, attention may be shifted to
ingestive behavior because of hunger or an opportunity to consume a highly rewarding food
item in the absence of metabolic hunger. During the procurement phase, unconditioned and
conditioned stimuli from food and food cues interact through the external senses with the
cognitive, emotional, and executive brain. During the consumatory phase, interoceptive
signals from taste and the gastrointestinal tract reaching the ‘metabolic’ brain guide the
relatively stereotypical processes of digestion, transport, and absorption. Anticipatory
reflexes shaped by prior experience thereby help keeping regulated parameters within
optimal limits. Finally, during the postingestive or metabolic phase, signals from the gut, and
organs that can store and/or metabolize energy such as adipose tissue and liver inform the
brain about the metabolic consequences of the meal, providing reward from satisfaction and
generating episodic memorial representations of the entire meal for future reference. By
integrating external and internal information, the brain can regulate long-term body weight
flexibly and adaptively, to accommodate special circumstances (allostasis).
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Schematic diagram showing the three heavily interconnected major brain areas constituting
the core processor for the control of ingestive behavior and its relation to the gastrointestinal
tract and other peripheral organs involved in energy storage and utilization. The hindbrain is
mainly concerned with meal size control, as it possesses all the elements to detect sensory
information mediated by vagal afferents and circulating factors, and generate motor output
associated with the ingestion, digestion, and absorption of food. The cortico-limbic system,
consisting of large cortical areas, basal ganglia, hippocampus, and amygdala, is intimately
connected to the hypothalamus and brainstem and provides the emotional, cognitive, and
executive support for ingestive behavior. The hypothalamus and its connections with the
other areas is central for the drive to eat and can potently modulate peripheral organs by
autonomic and endocrine outflow.
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Deprivation state for

specific nutrient

Schematic diagram showing the neural basis for the selection of specific foods. Before
ingestion, available foods and their cues act through external sensory channels to retrieve
representations with prior experience (‘food memories’) that have access to reward-based
decision making circuits. If there is a specific need state for that food (nutrient), it is
sampled. If the taste experience confirms the stored information retrieved from memory,
ingestion follows, eliciting interoceptive signals such as metabolites and hormones which
feed back to the hindbrain and hypothalamus to stop eating when satiated and update the
memory. If tasting reveals any problem with the food (spoiled food or otherwise aversive),
the food item is not ingested and the memory updated. Abbreviations: Amy, amygdala;
Hipp, hippocampal complex; Nac, nucleus accumbens; OFC, orbitofrontal cortex; PFC,

prefrontal cortex; VTA, ventral tegmental area.
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Basomedial hypothalamic neurons as master integrators of internal and external nutritional

information to achieve allostasis. AGRP/NPY hunger neurons translate hunger signals from
both the internal milieu and hedonic feedback into sustained and complete appetitive and
consumatory ingestive behavior by programming a downstream neural network that
increases the incentive or reward value of particular foods. While AGRP/NPY neurons could
be thought of as the gas pedal, POMC/CART neurons represent the brake pedal, acting
through parallel downstream pathways.
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Fig. 5.

chhematic diagram showing interactions between metabolic and hedonic consequences of
food and their relationship to obesity. Obesity can be caused by overstimulation of hedonic
processes leading to hedonic overeating or by impaired metabolic processes leading to lack
of compensation following overfeeding. Both processes are subject to an interaction with
genetic and epigenetic predisposition. The obese state can also lead to a secondary
impairment of both hedonic and metabolic processes, leading to a vicious circle and further
progression of obesity, as well as causing metabolic disturbances in offspring.
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