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Synopsis
The central nervous system control of energy balance is a multi-determined process involving a
distributed and redundant network of communication that exists between various brain regions and
the body. The brain continuously receives, processes, and issues autonomic and behavioral output
commands to respond to internal signals of energy availability. These signals are communicated to
the brain either through a humoral pathway via the circulatory system, or through neuronal
communication via the vagus and spinal nerves. Environmental, emotional, rewarding, and learned
factors influence the brain’s perception of these internal signals and ultimately promote behaviors
that drive the system to conserve energy and ingest energy-dense foods in excess. Therefore, this
review discusses the energy balance system under normal physiological conditions, as well as the
processes that have evolutionarily developed to promote energy surplus.

Energy balance refers to the physiological mechanisms that are reciprocally linked to ensure
that adequate energy is available for cellular processes required for survival and
reproduction. As the term implies, there are two arms of this balance, each equally important
in maintaining energy homeostasis: energy intake (i.e., food intake) and energy expenditure
(e.g., physical activity, metabolism, and core body temperature regulation). Any internal or
external perturbations to the physiological mechanisms governing either energy intake or
expenditure will almost undoubtedly affect the other arm of the system and result in a
disruption in the energy balance system as a whole. The coordinated regulation of energy
balance is therefore ultimately controlled by the central nervous system (CNS). Given the
reciprocal link between energy intake and expenditure, and the fundamental requirement to
maintain adequate energy for survival and reproduction, the CNS control of energy balance
is one that is multi-determined. Multiple internal signals, neural receptors, and regions of the
brain operate with a degree of redundancy to ensure that enough energy exists to sustain life.
This review will discuss some of the classic internal signals, physiological mechanisms, the
distinct nuclei within the brain, as well as the brain’s response to environmental stimuli, that
together play an essential role in energy balance regulation.
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CNS control of food intake
When discussing how the brain regulates energy intake, we must consider “the meal” as the
fundamental unit of energy intake.1 Thus, the physiological systems that exist to regulate
food intake function to negatively or positively influence food intake either during a meal
(within-meal) and/or between a meal, influencing the time between meals and the frequency
of meal taking (inter-meal-interval).1–4 Once a meal has begun, and the ingested food enters
the oral cavity, the brain perceives various components of the meal including the taste and
texture of the food, potentially communicating the presence of preferred energy-rich
nutrients (e.g., fats and sugars) that promote for further feeding.5–7 As food is swallowed
and enters into the gastrointestinal (GI) tract, information about the volume of the ingested
food through the mechanical distension of the stomach is relayed to the brain. In turn, these
gastric-inhibitory signals begin to counteract the positive meal-promoting signals from the
oral cavity. In addition, the various chemical and nutritive properties of the food also give
rise to the release of a number of gut peptides (hormones) and neurotransmitters from the GI
tract that communicate to the brain about the ongoing status of the meal. The majority of
these signals are referred to as satiation signals, or within-meal intake inhibitory signals.1
As these satiation signals accumulate, feeding rate slows and eventually satiety, or meal
termination, is achieved. Satiety then persists from the end of one meal to the start of the
next meal.

To date, an extensive number of GI-derived satiation signals have been identified (some are
discussed in more detail below), each with a rich literature base unto themselves. A short,
non-comprehensive list of some of the classic satiation signals includes: cholecystokinin
(CCK); serotonin (5-HT); peptide-YY (PYY); glutamate; enterostatin; glucagon-like-
peptide-1 (GLP-1); and gastric distension. While specific receptor populations exist within
the CNS for many of these GI-derived satiation signals, under normal physiological
conditions, the available circulating levels of these gut-peptides and neurotransmitters are
not elevated in sufficient quantity to have direct action within the brain.4, 8 Instead, the
majority of GI-derived satiation signaling is communicated to the brain via afferent fibers of
the vagus nerve (cranial nerve X), which innervates all of the organs within the peritoneal
and thoracic cavity.4, 8, 9 Thus, the presence of food within the lumen of the GI tract results
in the release of the aforementioned gut-peptides, which in turn activate specific receptors
expressed on the dendritic terminals of vagal afferents that innervate the GI tract. This vagal
afferent activation is then relayed to the brainstem where processing of the inhibitory signals
begins. The vagal communication and CNS processing of these signals will be discussed in
greater detail below.

The physiological control of meal taking is not only governed by GI-derived vagally-
mediated satiation signals. The brain also detects a number of circulating hormones and
nutrients (e.g., glucose, free-fatty acids) that communicate the availability of circulating and
stored energy. These circulating hormones have been previously termed, “long-term energy
status signals” or “adiposity signals” 2, 10 and include neuropeptides released from the
pancreas (e.g., insulin, glucagon, amylin), adipose tissue (e.g., leptin, adiponectin), as well
as the GI tract (e.g., ghrelin). While receptors for many of these signals exist on the vagus
nerve, the principal pathway of communication for these long-term energy status signals is
one of an endocrine-pathway with direct brain activation. In other words, they circulate in
the blood, cross the blood brain barrier, and act directly on receptors in the brain.
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CNS processing of gut-peptide satiation and energy-status hormonal
signals

Historically, much of the field’s attention has focused on the role of hypothalamic nuclei in
regulating energy balance. While this hypothalamic-centric work greatly added to our
knowledge of the neural control circuitry and intracellular signaling pathways meditating
food intake and energy expenditure control,10–13 it neglected the role of other important
brain structures involved in energy balance regulation. Only within the last decade has the
field at large started to embrace the perspective that the CNS regulation of energy balance
involves a multitude of distributed nuclei that each has a critical role in energy balance
regulation.2, 14–19 Reciprocal ascending and descending projections exist between many
brain structures to control food intake, as well as energy expenditure. Many of the
previously described vagally-mediated satiation signals, as well as the circulating energy-
status signals, engage processing of the same brain structures and subsequently influence not
only ingestive behavior but energy expenditure autonomic responses (e.g., heart rate, core
body temperature, nutrient metabolism and storage).2, 9, 16, 20

Among the CNS nuclei controlling energy balance, the more evolutionarily conserved nuclei
of the caudal brainstem and hypothalamus are often considered regulatory centers of energy
balance from a homeostatic (energy need-based) perspective. However, metabolic need (i.e.,
when the body is in a state of negative energy balance) is not the only motivation to
consume food. Other factors influencing food intake include the rewarding features of the
food, temporal factors (time of day, season), emotion, and cognition (learning, memory,
social cues). Collectively, these factors influence the non-homeostatic/hedonic control of
food intake and could be discussed with extensive detail in numerous reviews. The hedonic
control centers of energy intake are often classified as higher-order nuclei and include, but
are not limited to, the hippocampus, amygdala, ventral tegmental area (VTA), nucleus
accumbens (NAc) and prefrontal cortex. Figure 1 attempts to illustrate: 1) the distributed
CNS nuclei controlling energy intake; and 2) the perspective that circulating energy-status
signals, as well as vagally-mediated satiation signals, can act either directly or indirectly on
both homeostatic nuclei (hypothalamus and nucleus tractus solitarius [NTS] in the
brainstem) and hedonic/non-homeostatic nuclei. Signals considered relevant to homeostatic
control of feeding may also affect neural circuitries associated with hedonic feeding,
suggesting that the functional descriptors to brain regions as “homeostatic” vs. “hedonic”
may be too restrictive, as individual brain regions contribute to both homeostatic and non-
homeostatic control functions.16, 21

Satiation and long-term energy status signals
The rewarding properties of food, together with the hedonic processes listed above, and
described in more detail below, contribute to the cognitive decision to procure food and
initiate feeding. However, it is very clear that the determinants which initiate a meal are not
purely appetitive in nature, but also involve internal hunger cues. While orexigenic (i.e.,
hunger/meal-initiating) hormonal signals do exist (e.g., ghrelin) and contribute to overall
food intake regulation, the vast majority of evidence suggests that the sensation of hunger
occurs in response to 1) the accumulation of these orexigenic signals, 2) the decrease in
anorectic satiation signals from the last meal1, 4 and, 3) the decrease in specific energy-status
signals (e.g., leptin).2 Following digestion, the decrease or absence of nutrient content within
the GI tract results in a decrease or cessation of hormonal gut-peptide release from the GI
tract. Thus, the satiation gut peptides not only negatively communicate to the brain during a
meal, eventually leading to satiety, but the lack of signaling by these hormones can actually
promote meal initiation (as a result of an absence in the vagally-mediated inhibitory signal).
Among the plethora of GI- derived satiation signals that could be discussed, two hormones
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have received the most attention over the last four decades for their intake-inhibitory role:
CCK and GLP-1. Each is discussed in very brief detail below and in much greater detail by
others.3, 4, 17, 22–24 Likewise, among a wide variety of circulating energy-status signals that
contribute to energy balance control, leptin and ghrelin have perhaps been investigated more
than others2, 15, 25–27 and are also briefly discussed.

Cholecystokinin (CCK)
Gibbs, Young and Smith first reported in 1973 that exogenous administration of CCK
produces a dose-dependent decrease in meal size.28 A number of studies have since revealed
that CCK (released from intestinal “I” cells in response to ingestion of nutrients29, 30) is one
of the most biologically potent satiety peptides. Systemic CCK acts via CCK-1 receptors,
found densely distributed in the periphery on the vagus nerve and in select regions of the
CNS.31, 32 CCK-induced suppression of intake is enhanced when combined with other GI-
derived satiation signals, such as serotonin33–37 or gastric distension.38, 39 Recent evidence
also suggests that in addition to the traditional role of CCK as a within-meal inhibitory
signal, CCK may interact with specific long-term energy status signals, such as insulin or
leptin,2, 18, 40–42 demonstrating a role for CCK not only in the control of meal size, but also
in long-term body weight regulation and overall energy homeostasis.

Glucagon-like-peptide-1 (GLP-1)
GLP-1 is a neuropeptide that is endogenously released, principally from two distinct sources
within the body: 1) “L” cells in the GI tract following ingestion of food;43–45 and 2) neurons
of the nucleus NTS in the caudal brainstem that project to GLP-1 receptors (GLP-1R), both
locally and throughout the brain.46–48 Exogenous stimulation of either peripheral or central
GLP-1Rs results in reduced food intake,49–53 inhibition of gastric emptying,49, 54 and
increased glucose-stimulated insulin secretion.55–57 Within the periphery, GLP-1 activates
GLP-1R on vagal afferent neurons in the small intestine, portal vein, liver and upper GI
tract. GLP-1 afferent signals are processed by CNS neurons which then drive
neuroendocrine, behavioral, and physiological responses that result in improved glycemic
control and reduced feeding. One such neuroendocrine response to vagal afferent activation
by GLP-1 is the subsequent vagal efferent neural transmission to the pancreatic β-cell,
resulting in insulin secretion.22, 58, 59

The effects of GLP-1 in inhibiting food intake and regulating blood glucose/insulin levels
have led to two separate emerging pharmacological approaches in an effort to take
advantage of the peripheral GLP-1 system to treat type 2 diabetes mellitus (T2DM) and
potentially obesity: 1) development of long-lasting GLP-1R analogues (e.g., exendin-4
[Byetta], liraglutide [Victoza]), and 2), dipeptidyl peptidase IV (DPP-IV) (an enzyme that
degrades GLP-1) inhibitors (e.g., sitagliptin [Januvia]), which elevate endogenous GLP-1
levels. Both of these clinical strategies are FDA-approved for the treatment of T2DM for
improving blood glucose regulation. Preliminary evidence also suggests that long-acting
GLP-1R agonists (liraglutide and exendin-4) may also produce weight loss as a consequence
of reduced food intake.60–63

Leptin
Discovery of the adipose tissue-derived hormone leptin64 has transformed our understanding
of the function of white adipose tissue from one of a simple energy storage depot to the view
that adipose tissue is an active endocrine organ. Thus, the greater the stores of energy in the
adipose tissue (i.e., the greater the fat mass of an individual), the larger the available
circulating levels of leptin. We now appreciate that leptin acting on its receptors (LepRb
a.k.a. ObRb) in the brain contributes significantly to the control of feeding and energy
expenditure.2, 10, 15, 18, 25 Under normal physiological conditions in a lean human or animal,
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both the total amount of adiposity, and fluctuation in adiposity levels, is minimal. Under
these conditions slight variations in circulating leptin levels, communicating energy storage
within the adipose tissue, are sensed by the brain, and appropriate CNS signaling pathways
are engaged to either increase or decrease food intake and energy expenditure to normalize
energy need. Unfortunately though, in the case of energy surplus (i.e., obesity), leptin levels
are chronically elevated, and the brain fails to correctly perceive and respond to the over
accumulation of the leptin signal. Such a response is known as “leptin resistance,” 25, 65

discussed in more detail below.

Ghrelin
Ghrelin is a peptide hormone released in the stomach and small intestines,66, 67 and is the
only known peripheral peptide to increase food intake. (All other peripheral feeding-related
signals act to terminate meals.) Ghrelin binds to the growth hormone secretatogue receptor
(GHS-R) located in both orexigenic regions (such as the hypothalamus and caudal
brainstem68, 69) and hedonic brain regions (such as the VTA70). Exogenous ghrelin
administration to rodents or humans results in potent increases in hunger, food intake, and
body weight.71, 72 Studies in rodents suggest that ghrelin augments food intake by increasing
primarily the frequency of meals, with smaller effects on meal size.73 The notion of ghrelin
as a physiological hunger signal is supported by the dramatic increase in plasma ghrelin
levels observed before meals, and their rapid decline following food consumption.71,74

Work to develop ghrelin antagonists and mimetics to interfere with the perception of hunger
by the elevation in this hormone is underway as a potential therapeutic tool for obesity,
although this work has been largely unsuccessful thus far.

A modern environment disrupts biology
The neural control of energy balance is tightly regulated, utilizing an array of internal
signals to defend body weight, such that small perturbations in the energy status of the body
are detected rapidly and remedied. Yet despite such tight regulation, the system is vulnerable
to disruption by environmental manipulations. The areas of the brain controlling the
regulation of food intake evolved at a time when food sources were scarce and large
amounts of physical activity were required to obtain enough calories for survival. The
resulting “thrifty genotype,”75 which allowed for easy storage of fat, conferred an obvious
advantage on the survival of humans and their young. Now however, this genotype operates
in a modern world that is exposed to a “toxic environment,” 76 characterized by the
increased availability of cheap, energy-dense foods and a decreased need for physical
activity. As such, the neurochemical signals that have evolved to initiate or terminate
feeding are no match for the ever-present array of highly palatable, calorically-rich foods
that are readily available in the environment. As Egger and Swinburn (1997) suggest,
obesity is “a normal response to an abnormal environment” (p. 477).77

Leptin and insulin resistance
Under conditions in which the body is challenged by a constant over-supply of nutrients, the
normal functioning of the physiological mechanisms maintaining energy balance is
disrupted. A state of chronic nutrient excess (caused by over-consumption of calorically-
dense foods) leads eventually to a blunting of signaling in the insulin and leptin pathways, a
concept referred to as “resistance.” As described above, under normal conditions, elevated
leptin levels act centrally to decrease feeding and prevent obesity. Likewise insulin, in the
non-obese state, acts on peripheral cells (e.g., skeletal muscle) to enhance utilization of
blood glucose. Under conditions of excess (i.e., obesity), even though large amounts of
leptin and insulin circulate in the blood, there are disruptions in the receptor and intracellular
signaling responses for these hormones. In short, the over-saturation of the hormone at the

Faulconbridge and Hayes Page 5

Psychiatr Clin North Am. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



receptor decreases the receptor response to the hormone, such that leptin fails to suppress
food intake and increase energy expenditure. Thus, weight gain continues, further
exacerbating the obesity phenotype. Likewise, insulin signaling is blunted in the obese state,
such that cells do not effectively utilize the excessive circulating levels of glucose. A vicious
cycle develops, such that a person already consuming too many calories now has less
sensitivity to the normal neurochemical signals that should be leading to meal termination.
Over time this resistance to leptin and insulin signaling further predisposes the individual
towards T2DM and obesity.

Our Love of Highly Palatable Foods
Our understanding of humans’ preference for highly palatable foods (those typically high in
fat and sugar), even in the absence of hunger, has improved over the last decade. It is now
clear that two complementary neural systems regulate food intake: homeostatic and hedonic
circuits.78, 79 As discussed above, homeostatic circuits refer to pathways that alter the
motivation to eat based on the energy status of the body. Key homeostatic brain areas that
integrate neural and peripheral signals are the hypothalamus and caudal brainstem.5, 80–82 In
contrast, hedonic neural circuits control the rewarding properties of food. Neural areas
implicated include the mesolimbic dopamine system (including the striatum and VTA), the
orbitofrontal cortex (OFC), and the amygdala.83–87 These circuits, which also mediate the
rewarding response to drugs of abuse, make highly palatable foods attractive even in the
absence of caloric/nutritional deficiency.79, 88

Substances that are hedonically pleasing, such as food, sex and drugs of abuse, stimulate
dopamine release from neurons in the VTA that project to the nucleus accumbens (NAc;
also known as the ventral striatum). 6, 89, 90 This increased release of dopamine may help to
coordinate an organism’s attempts to obtain food through increased arousal, psychomotor
activation, and increased memory for food-related stimuli.91 The mechanism by which food
intake increases dopamine signaling is not yet clear, although there are bi-directional
neuronal projections between the VTA/NAc and several of the hypothalamic nuclei involved
in homeostatic regulation.92–94 Thus, while hedonic and homeostatic pathways frequently
work in synergy to control food intake, the hedonic circuit may override homeostatic
pathways in the fed state by increasing the desire to ingest foods that are highly palatable.95

Neural mediation of food in the human brain
Several recent imaging studies in humans have examined activity in homeostatic and
hedonic areas of the brain in order to better understand why some people do not stop eating,
even when satiated. The studies examine neural activation in response to participants merely
seeing pictures of food (i.e., food cues), or to actually ingesting various food items.

Response to food cues
Typically, these investigations have used either PET or fMRI to compare responses to non-
food vs. food images, or responses to high- vs. low-calorie (or palatability) food
images.96, 97 In lean individuals, food cues (and high-calorie food cues in particular)
consistently evoke activation in hedonic pathways, including the VTA, NAc and OFC
cortex.98, 99 Interestingly, obese individuals appear to show a greater response to food cues
in these areas compared to their lean counterparts.100, 101 These findings present the
possibility that obese individuals anticipate greater hedonic reward from eating, and that
appetitive food cues may stimulate greater appetitive drive in heavier individuals.

Faulconbridge and Hayes Page 6

Psychiatr Clin North Am. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Response to feeding
Several studies have investigated the neural response to glucose ingestion102–104 or to
calorie-dense preferred foods such as chocolate,99 and found correlations between regional
cerebral blood flow and satiety. Gautier and colleagues investigated differences in neural
activation in response to a mixed nutrient meal between lean and obese men105 and
women106 using PET and the tracer [15O] labeled water. Increases in regional cerebral blood
flow were found in the prefrontal and occipital cortex (hedonic areas); decreases were
observed in the insular cortex, limbic and paralimbic regions, and the hypothalamus. This
pattern is consistent with previous findings.107 Gautier et al. hypothesized that the
hypothalamus, insula, and limbic/paralimbic regions make up a central orexigenic network
(including both homeostatic and hedonic components). This network receives inhibitory
projections from the prefrontal cortex that dampen orexigenic activity upon consumption of
food. Obese subjects showed greater activation of the prefrontal cortex than lean controls,
which may be necessary if the orexigenic network needing inhibition is over-active in these
individuals. Obese participants also showed an attenuated deactivation of the hypothalamus,
thalamus, and cingulate cortex. These findings suggest that orexigenic areas in heavier
individuals may not be inhibited to the same extent as in lean individuals after meal
ingestion, thus suggesting an impaired satiation response in the obese state.

Collectively, there is accumulating evidence that eating and food choices are controlled by a
complex network of neural circuits that are put to the test by the modern environment. We
are just beginning to understand why humans may continue to eat energy-dense foods even
after they are fully satiated. The decision to continue consuming obesogenic foods in the
absence of hunger is likely to be a result of complex integration of neural signals comprising
pleasurable feelings of reward, learning, and impaired satiety.

Summary
Maintaining adequate energy supply via regulation of food intake and energy expenditure is
crucial for survival and reproduction. The neural control of energy balance is highly
complex, occurs across distributed central and peripheral areas, and incorporates multiple
domains of control (including homeostatic and hedonic processes). The sheer number of
active compounds (such as leptin and GLP-1) involved in the regulation of food intake
speaks to the redundancy and complexity of the system. The balance between energy intake
and expenditure is under CNS control. Constant bi-directional communication between the
brain and the GI tract, as well as the brain and other relevant tissues (i.e., adipose tissue,
pancreas, and liver), ensures that the brain constantly perceives and responds accordingly to
the energy status/needs of the body. This elegant biological system is subject to disruption
by a toxic obesogenic environment, leading to syndromes such as leptin and insulin
resistance, and ultimately further exposing obese individuals to further weight gain and
T2DM. Recent imaging studies in humans are beginning to examine the influence that
higher-order/hedonic brain regions have on homeostatic areas, as well as their
responsiveness to homeostatic peripheral signals. With greater understanding of these
mechanisms, the field moves closer to understanding and eventually treating the causalities
of obesity.
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Figure 1.
The distributed CNS nuclei control energy intake. The circulating energy-status signals, as
well as vagally-mediated satiation signals, can act either directly or indirectly on both
homeostatic nuclei (hypothalamus and nucleus tractus solitarius [NTS] in the brainstem) and
hedonic/non-homeostatic nuclei.
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