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Abstract

The taste cortex in the anterior insula provides separate and combined rep-
resentations of the taste, temperature, and texture of food in the mouth
independently of hunger and thus of reward value and pleasantness. One
synapse on, in the orbitofrontal cortex, these sensory inputs are combined
by associative learning with olfactory and visual inputs for some neurons,
and these neurons encode food reward value in that they respond to food
only when hunger is present and in that activations correlate linearly with
subjective pleasantness. Cognitive factors, including word-level descriptions
and selective attention to affective value, modulate the representation of the
reward value of taste, olfactory, and flavor stimuli in the orbitofrontal cortex
and a region to which it projects, the anterior cingulate cortex. These food
reward representations are important in the control of appetite and food
intake. Individual differences in reward representations may contribute to
obesity, and there are age-related differences in these reward representations.
Implications of how reward systems in the brain operate for understanding,
preventing, and treating obesity are described.
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INTRODUCTION

This article describes how taste, olfactory, food texture, and visual inputs are processed in the
brain; how a representation of food reward value is produced and is related to subjective pleasure;
how cognition and selective attention influence processing related to food reward value; how this
reward value is affected by nutritional signals of hunger and satiety; how reward value acts as
the signal for appetite for food and eating; and how sensory-related reward signals can override
nutritional requirements to contribute to overeating and obesity and what the implications are for
controlling overeating and obesity.

The concept here is that food reward is a goal that normally drives appetite and eating, and
it is therefore important to understand the brain mechanisms involved in food reward in order
to understand the control of appetite and food intake (114–116). It is normally the case that
motivated behavior is performed for the reward or goal, and it is only when a habit or stimulus-
response behavior becomes established that eating is no longer under the control of the reward
(7); normally, goal-directed “liking” predicts motivation or “wanting” (114, 116).

Research in primates and humans is emphasized because evidence indicates that the rodent
taste and food reward systems operate somewhat differently from those of primates and humans
(114–116). In brief, the taste system is different in rodents in that there is a pontine taste area,
which then projects subcortically, whereas in primates there is no pontine taste area, and cortical
processing is performed first (Figures 1 and 2b). Second, in rodents the taste and olfactory systems
are modulated peripherally [in the nucleus of the solitary tract and the olfactory bulb (89, 90),
respectively] by hunger so that reward is represented peripherally and is entangled with sensory
processing, whereas in primates and humans food perception is separated from its reward value,
as described below (Figure 2b). A perceptual correlate of this is that when humans feed to satiety,
the intensity of the flavor changes very little but the pleasantness of the flavor decreases to zero
(139, 140), showing that in humans perceptual representations of taste and olfaction are kept
separate from hedonic representations. This separation is adaptive in that we do not become
insensitive to the sight, taste, and smell of food after eating it to satiety, and we can therefore still
learn about where food is located in the environment even when we are not hungry (114). Third,
the orbitofrontal cortex is very little developed in rodents (with only an agranular part) (183),
yet it is one of the major brain areas involved in taste and olfactory processing, and emotion and
motivation, in primates including humans (114). For these reasons, the rodent taste and olfactory
system is a poor model of neural food reward processing in humans, and I therefore emphasize
discoveries in primates and humans (114–116).

TASTE, OLFACTORY, AND ORAL TEXTURE PROCESSING IN THE
PRIMATE, INCLUDING IN THE HUMAN BRAIN

Pathways

Diagrams of the taste and the related olfactory, somatosensory, and visual pathways in primates
are shown in Figures 1 and 2. A multimodal convergence enables single neurons to respond
to different combinations of taste, olfactory, texture, temperature, and visual inputs to represent
different flavors produced by new combinations of sensory input and where reward is represented.

The Insular Primary Taste Cortex

Neuronal responses to taste. The primary taste cortex in the primate anterior (granular) insula
and adjoining frontal operculum contains not only taste neurons tuned to sweet, salt, bitter, sour
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Decision making/
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visual cortex
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top-down affective modulation
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area 10

PreGen
Cing

Choice value
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cortex

Orbitofrontal
cortex
Orbitofrontal
cortex

Gate

AmygdalaAmygdala

Figure 1
Schematic diagram showing some of the gustatory, olfactory, visual, and somatosensory pathways to the
orbitofrontal cortex, and some of the outputs of the orbitofrontal cortex, in primates. The secondary taste
cortex and the secondary olfactory cortex are within the orbitofrontal cortex. V1, V2, and V4 are visual
cortical areas. Tier 1 is the column of brain regions, including and below the inferior temporal visual cortex,
that represents regions in which “what” stimulus is present is made explicit in the neuronal representation.
The reward or affective value of the stimulus is represented in Tier 2 brain regions, the orbitofrontal cortex
and amygdala, and in the anterior cingulate cortex. In Tier 3 areas, such as medial prefrontal cortex area 10,
choices or decisions about reward value are made (107, 114, 126). Top-down control of affective response
systems by cognition and by selective attention from the dorsolateral prefrontal cortex is also indicated.
Abbreviations: PFC, prefrontal cortex; PreGen Cing, pregenual cingulate cortex; VPL, ventral
posterolateral thalamic nucleus, pars parvocellularis; VPMpc, ventral posteromedial thalamic nucleus (the
thalamic nucleus for taste). “Gate” refers to the finding that inputs, such as the taste, smell, and sight of food,
in some brain regions produce effects only when hunger is present (114).
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(142, 157, 158, 188), and umami, as exemplified by monosodium glutamate (MSG) (2, 120), but
also other neurons that encode oral somatosensory stimuli, including viscosity, fat texture, and
temperature as well as capsaicin (found in hot peppers) (176). Some neurons in the primary taste
cortex respond to particular combinations of taste and oral texture stimuli, but macaque insular
taste cortex neurons do not respond to olfactory stimuli or to visual stimuli, such as the sight of
food (176). Neurons in the insular and frontal opercular primary taste cortex do not represent the
reward value of taste, that is, the appetite for a food, in that their firing is not decreased to zero by
feeding the taste to satiety (143, 187). In macaques, neural processing peripheral to the primary
taste cortex is consistent with this finding: Taste responses in the rostral part of the nucleus of the
solitary tract (159) are not influenced by feeding to satiety (189).

Activations of the insular taste cortex in humans. Neuroimaging studies using functional
magnetic resonance imaging (fMRI) in humans indicate that taste activates an area of the ante-
rior insula/frontal operculum, which is probably the primary taste cortex (24, 43, 82, 163, 167).
This area is generally found at coordinates between Y= 10 and Y= 20. Figure 3 illustrates the
primary taste cortex as well as activations to taste stimuli in the orbitofrontal cortex, which is
the secondary taste cortex (24, 34, 82, 116), and the anterior cingulate cortex. We pioneered the
use of a tasteless control with the same ionic constituents as saliva (24, 82), as water can acti-
vate some neurons in cortical taste areas (148) and can activate the taste cortex (24). The insular
primary taste cortex is activated by oral temperature (51). In the insular taste cortex, there is a
somatosensory representation of oral texture (25), which might be unpleasant, and this region can
sometimes be activated by taste stimuli (Figure 3). If the insular taste cortex in humans is acti-
vated by odors, it may be because of taste recalled through back-projection pathways (117) from
the more anterior agranular insular cortex, which is multimodal (26), or from the orbitofrontal
cortex.

The primary taste cortex in the anterior (granular) insula of humans represents the identity and
intensity of taste (115, 116) in that activations there correlate linearly with the subjective intensity
of taste; the orbitofrontal and anterior cingulate cortices represent the reward value of taste in
that activations there correlate with the subjective pleasantness of taste (43, 47) (Figure 3) and
in that activations in the orbitofrontal cortex decrease when humans are fed to satiety but do not
decrease in the insular taste cortex (68). The texture-related unpleasantness of some oral stimuli
is represented in frontal opercular areas that are close to the insular taste cortex (134).

The Piriform Olfactory Cortex

In humans, the piriform (primary olfactory) cortex is activated by olfactory stimuli (39, 135,
169). Activations in the piriform cortex are correlated with the intensity of odors but not their
pleasantness (135). In addition, feeding to satiety has not been shown to reduce the activations of
the piriform cortex to odors, although satiety does reduce activations of the orbitofrontal cortex
to food-related odors (83) and to flavors that include taste and olfactory components (68). These
findings provide evidence that the human piriform cortex is involved in representing the intensity
and identity of odors but not their reward value or pleasantness.

The Secondary Taste and Olfactory Cortex in the Orbitofrontal
Cortex and the Representation of Reward Value

Neuronal responses to taste. Rolls and colleagues (144, 148, 174) discovered a secondary cor-
tical taste area in the orbitofrontal cortex in primates; it extends several millimeters in front of
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the primary taste cortex. This area is defined as a secondary cortical taste area because it receives
direct inputs from the primary taste cortex, as shown by an investigation that traced the neuro-
physiological and anatomical pathways (3). Different neurons in this region respond not only to
each of the four classical prototypical tastes [sweet, salt, bitter, and sour (64, 147, 148, 177)] but
also to umami tastants such as glutamate (which is present in many natural foods, such as tomatoes,
mushrooms, and human milk) (2) and inosine monophosphate (which is present in meat and some
fish, such as tuna) (120). This evidence, taken together with the identification of glutamate taste
receptors (73, 193), indicates that five prototypical types of taste information channels exist, with
umami contributing, often in combination with corresponding olfactory inputs (74, 109, 121),
to the flavor of protein. In addition, other neurons respond to water (148), and still others to
somatosensory stimuli, including astringency [as exemplified by tannic acid (20)] and capsaicin
(63, 147).

Some of the coding principles are illustrated by the two neurons shown in Figure 4. Each
neuron has its independent tuning to the set of stimuli. This independent tuning or coding with
sparse distributed representations underlies the ability of the brain to represent the exact nature of a
stimulus or event, and this tuning applies to taste in addition to other sensory modalities, including
smell (116, 117, 124, 125, 146). This tuning also provides a foundation for the implementation of
sensory-specific satiety (114, 116). Taste responses are found in a large mediolateral extent of the
orbitofrontal cortex (20, 96, 106, 116, 127).

The majority of these orbitofrontal cortex neurons respond to taste and/or olfactory stimuli
modulated by hunger (18), as illustrated in Figure 5. This response is described in more detail in
the section titled Reward Value in the Orbitofrontal Cortex.

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 2
(a) Lateral view of some of the primate (macaque) brain pathways involved in processing food-related stimuli. Connections are shown
from the primary taste and olfactory cortices to the orbitofrontal cortex and amygdala and from the ventral visual system (V1 to V2, to
V4) to the inferior temporal visual cortex, etc., with some connections reaching the amygdala and orbitofrontal cortex (OFC). Also
shown are connections from the somatosensory cortical areas 1, 2, and 3 that reach the orbitofrontal cortex directly and via the insular
cortex and that reach the amygdala via the insular cortex. Numerals refer to architectonic areas and have the following approximate
functional equivalence: 1, 2, and 3, somatosensory cortex (posterior to the central sulcus); 4, motor cortex; 5, superior parietal lobule; 6,
lateral premotor cortex; 7a, inferior parietal lobule, visual part; 7b, inferior parietal lobule, somatosensory part; 8, frontal eye field; 12,
part of orbitofrontal cortex; 46, dorsolateral prefrontal cortex. (b) Taste pathways in the macaque and rat. In the macaque, gustatory
information reaches the NTS, which projects directly to the taste thalamus (ventral posteromedial nucleus, pars parvocellularis,
VPMpc), which then projects to the taste cortex in the anterior insula. The insular taste cortex then projects to the orbitofrontal cortex
and amygdala. The orbitofrontal cortex projects taste information to the anterior cingulate cortex. Both the orbitofrontal cortex and
the amygdala project to the hypothalamus (and to the ventral striatum). In macaques, feeding to normal self-induced satiety does not
decrease the responses of taste neurons in the NTS or taste insula (and by inference not in VPMpc). In rats, in contrast, the NTS
projects to a pontine taste area, the PbN. The PbN then projects directly to a number of subcortical structures, including the
hypothalamus, amygdala, and ventral striatum, thus bypassing thalamo-cortical processing. The PbN in the rat also projects to the taste
thalamus (VPMpc), which projects to the rat taste insula. The taste insula in the rat then projects to an agranular orbitofrontal cortex
(AgOFC), which probably corresponds to the most posterior part of the primate OFC, which is agranular. [In primates, most of the
orbitofrontal cortex is granular cortex, and there may be no equivalent to this in rats (92, 114, 116, 165, 183).] In the rat, satiety signals
such as gastric distension and satiety-related hormones decrease neuronal responses in the NTS and by inference in the other brain
areas with taste-related responses. Abbreviations: as, arcuate sulcus; cal, calcarine sulcus; DP, dorsal perilunate; FST, frontal superior
temporal visual motion-processing area; io, inferior occipital sulcus; ip, intraparietal sulcus (which has been opened to reveal some of
the areas it contains); LIP, lateral intraparietal area; lun, lunate sulcus; MST, medial superior temporal visual motion-processing area;
MT, middle temporal visual motion-processing area (also called V5); NTS, nucleus of the solitary tract; PbN, parabrachial nucleus; ps,
principal sulcus; STP, superior temporal plane; TE, architectonic area, including high-order visual association cortex, and some of its
subareas (TEa and Tem); TG, architectonic area in the temporal pole; V1, V2, and V4, visual areas V1, V2, and V4; VIP, ventral
intraparietal area; VPMpc, ventral posteromedial thalamic nucleus.
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Activations of the orbitofrontal cortex in humans to taste stimuli. Different regions of the
human orbitofrontal cortex can be activated by pleasant (e.g., sucrose or glucose) or aversive
(e.g., quinine or sodium chloride) taste stimuli (82, 190, 191). Umami taste stimuli, of which an
exemplar is MSG, capture what is described as the taste of protein. Umami stimuli activate the
insular (primary), orbitofrontal (secondary), and anterior cingulate [tertiary (106)] taste cortical
areas (23, 109).

Neuronal responses to odors in the primate orbitofrontal cortex. Some primate orbitofrontal
cortex neurons respond well to olfactory stimuli (19, 123, 125). For many of these neurons, the
response is related to tastes (19) and can be acquired by olfactory-to-taste association learning (123),
providing evidence that the orbitofrontal cortex can remap odors from the olfactory gene-specified
representation (12, 75) into a representation where the “meaning” in terms of the association of
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the odor with other stimuli is paramount. Flavors are built by learning in the orbitofrontal cortex
as combinations of taste and olfactory inputs, with oral texture also often being a component
(123). The olfactory-to-taste association learning is slow, though, taking 30 to 60 trials to reverse,
and thus flavor representations are somewhat stable (123). The representation of information by
primate orbitofrontal cortex neurons (124) is approximately independent by different neurons, in
that the information increases approximately linearly with the number of neurons (125).

Many primate olfactory orbitofrontal neurons encode the reward value of odor in that their
activity is decreased in a sensory-specific satiety way by feeding a particular food to satiety (18)
(see section titled Reward Value in the Orbitofrontal Cortex).

Olfactory representations in the human orbitofrontal cortex. In humans, the orbitofrontal
cortex is strongly and consistently activated by olfactory stimuli (34, 135, 192). This region rep-
resents the reward value and pleasantness of odor, as demonstrated by a sensory-specific satiety
experiment with banana versus vanilla odor (83). These reward-specific activations have been
confirmed by Gottfried and colleagues (40, 57; personal communication), who also showed that
odor devaluation by satiety did not decrease activations in the piriform (primary olfactory) cortex.
In addition, pleasant odors tend to activate the medial orbitofrontal cortex, whereas unpleasant
odors activate the more lateral orbitofrontal cortex (135), providing further evidence that a hedonic
map is present in the orbitofrontal cortex as well as in the anterior cingulate cortex, which re-
ceives inputs from the orbitofrontal cortex (45, 114, 127). The primary olfactory (piriform) cortex
represents the identity and intensity of odor, in that activations there correlate with the subjective
intensity of the odor, whereas the orbitofrontal and anterior cingulate cortices represent the re-
ward value of odor, in that activations there correlate with the subjective pleasantness (medially)
or unpleasantness (laterally) of odor (45, 48, 114, 127, 130, 131, 135).

The texture of food, including fat texture.

Viscosity, particulate quality, and astringency. Some orbitofrontal cortex neurons have oral
texture–related responses that parametrically encode the viscosity of food in the mouth (shown

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 3
Effect of paying attention to the pleasantness versus the intensity of the taste stimulus monosodium glutamate. (a) A significant
difference related to the taste period was found in the taste insula at [42 18 −14] z= 2.42, p < 0.05 (indicated by the cursor) and in the
mid insula at [40 −2 4] z= 3.03, p < 0.025. (b) Taste insula. (right) The parameter estimates [mean ± standard error of mean (SEM)
across subjects] for the activation at the specified coordinate for the conditions of paying attention to pleasantness or to intensity. The
parameter estimates were significantly different for the taste insula (t= 4.5, df= 10, p= 0.001). (left) The correlation between the
intensity ratings and the activation [% blood-oxygen-level-dependent (BOLD) change] at the specified coordinate (r= 0.91, df= 14,
p� 0.001). (c) Mid insula. (right) The parameter estimates (mean ± SEM across subjects) for the activation at the specified coordinate
for the conditions of paying attention to pleasantness or to intensity. The parameter estimates were significantly different for the mid
insula (t= 5.02, df= 10, p= 0.001). (left) The correlation between the intensity ratings and the activation (% BOLD change) at the
specified coordinate (r= 0.89, df= 15, p� 0.001). The taste stimulus, monosodium glutamate, was identical on all trials. (d ) A
significant difference related to the taste period was found in the medial orbitofrontal cortex at [−6 14 −20] z= 3.81, p < 0.003 (toward
the back of the area of activation shown) and in the pregenual cingulate cortex at [−4 46−8] z= 2.90, p < 0.04 (at the cursor). (e) Medial
orbitofrontal cortex. (right) The parameter estimates (mean ± SEM across subjects) for the activation at the specified coordinate for the
conditions of paying attention to pleasantness or to intensity. The parameter estimates were significantly different for the orbitofrontal
cortex (t= 7.27, df= 11, p < 10−4). (left) The correlation between the pleasantness ratings and the activation (% BOLD change) at the
specified coordinate (r= 0.94, df= 8, p� 0.001). ( f ) Pregenual cingulate cortex. Conventions are the same as above. (right) The
parameter estimates were significantly different for the pregenual cingulate cortex (t= 8.70, df= 11, p < 10−5). (left) The correlation
between the pleasantness ratings and the activation (% BOLD change) at the specified coordinate (r= 0.89, df= 8, p= 0.001). The
taste stimulus, 0.1 M monosodium glutamate, was identical on all trials. (Figure adapted from Reference 43 with permission.)
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Figure 4
Independent coding of food-related stimuli shown by the responses of two orbitofrontal cortex neurons to
taste and oral somatosensory inputs. (a) Firing rates [mean ± standard error of mean (SEM)] of viscosity-
sensitive neuron bk244, which did not respond differentially to the different taste stimuli and thus did not
have taste responses. The firing rates are shown to the viscosity series [carboxymethylcellulose 1–
10,000 centipoise (cP)]; to the gritty stimulus (1,000 cP carboxymethylcellulose with Fillite microspheres); to
the taste stimuli 1 M glucose (Gluc), 0.1 M sodium chloride (NaCl), 0.1 M monosodium glutamate (MSG),
0.01 M hydrochloric acid (HCl), and 0.001 M Quinine; and to black currant juice (BJ). (b) Firing rates
(mean ± SEM) of viscosity-sensitive neuron bo34, which responded to some taste stimuli and did not
respond to oils (mineral oil, vegetable oil, safflower oil, and coconut oil, which all have viscosities that are
close to 50 cP). The neuron responded to the gritty stimulus as was expected given the viscosity of the
stimulus; it was taste tuned and did respond to capsaicin. (Figure adapted from Reference 147 with
permission.)
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using a methylcellulose series in the range of 1 to 10,000 centipoise), and other neurons inde-
pendently encode the particulate quality of food in the mouth (147). Somatosensory signals that
transmit information about capsaicin and astringency are also reflected in neuronal activity in
these cortical areas (20, 63, 64).

Oral fat texture. Texture in the mouth indicates whether fat is present in a food. Fat is important
not only as a high-value energy source but also as a potential source of essential fatty acids. Rolls
et al. (122) have found a population of neurons in the orbitofrontal cortex that responds when fat
is in the mouth. The fat-related responses of these neurons are produced at least in part by the
texture of the food rather than by receptors sensitive to certain chemicals, in that such neurons
typically respond not only to foods such as cream and milk containing fat but also to paraffin
oil (which is a pure hydrocarbon) and silicone oil [(Si(CH3)2O)n]. Moreover, the responses of
these neurons cannot be predicted by the viscosity of the oral stimuli, as illustrated in Figure 5b,
because the texture channels through which these fat-sensitive neurons are activated are separate
from viscosity-sensitive channels (110, 177). The responses of these oral fat-encoding neurons are
not related to free fatty acids such as linoleic or lauric acid (64, 110, 177), and the fat responsiveness
of these primate orbitofrontal cortex neurons is therefore not related to fatty acid sensing (37, 38)
but instead to oral texture sensing (110). [It is hypothesized that in rodents, with relatively high
concentrations of lingual lipase, a fatty acid–responsive “taste” receptor might provide evidence
about the presence of fat in the mouth (37, 38).] Primates have less lingual lipase, and the neuronal
responses to fat placed in the mouth in macaques are fast (176, 177); thus, the intervention of
digestion by a salivary enzyme is unlikely to be the main mechanism that detects fat in the mouth.
Moreover, oils that have the same texture as fat but that contain no fat, such as silicone and
paraffin oil, activate the neurons in macaques that respond to fat in the mouth. This finding has
important implications for the development of foods with the mouth feel of fat but low energy
content (110). A few neurons do respond to linoleic and/or lauric acid, but these neurons do not
respond to fat in the mouth and may reflect the bad taste that rancid fats may have because of
their free fatty acids (110, 177). In addition to taste inputs, some of these neurons respond to
the odor associated with a fat, such as the odor of cream (122), which indicates that some of the
fat-texture-related orbitofrontal cortex neurons have convergent inputs from the chemical senses.
These fat-responsive neurons do not respond to a fat (e.g., cream) eaten to satiety, providing
evidence that they encode the reward value of fat in the mouth, but if the neuron receives a taste
input from, for example, glucose, that response is not decreased by feeding to satiety with cream
(122).

Oral temperature. It has also been shown that some neurons in the insular cortex, orbitofrontal
cortex, and amygdala reflect the temperature of substances in the mouth and that some neurons
represent this temperature information independently of other sensory inputs, whereas other
neurons represent the information in combination with taste or texture (63–65, 176). Neuronal
activity in these brain areas also reflects somatosensory signals that transmit information about
capsaicin (63, 64). Activations in the human orbitofrontal and insular taste cortices also reflect oral
temperature (51).

Activations in humans. The viscosity of food in the mouth is represented in the human primary
taste cortex (in the anterior insula) as well as in a mid-insular area that may not be primarily taste
cortex but which represents oral somatosensory stimuli (25). Oral viscosity is also represented in
the human orbitofrontal and perigenual cingulate cortices, and it is notable that the pregenual
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cingulate cortex, an area in which many pleasant stimuli are represented, is strongly activated by
the texture of fat in the mouth and also by oral sucrose (25). We have shown that the pleasantness
and reward value of fat texture is represented in the mid-orbitofrontal and anterior cingulate
cortices, where activations are correlated with the subjective pleasantness of oral fat texture (50,
109). This finding provides a foundation for future studies of whether activations in the fat reward
system are heightened in people who tend to become obese (112). Interestingly, high-fat stimuli
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with a pleasant flavor increase the coupling of activations between the orbitofrontal cortex and
somatosensory cortex, which suggests that the somatosensory cortex plays a role in processing the
sensory properties of food in the mouth (46).

Convergence of olfactory, taste, and visual inputs in the orbitofrontal cortex.

Neuronal activity. Taste and olfactory pathways are brought together in the orbitofrontal
cortex, where flavor is formed by learned associations at the neuronal level between these inputs
(see Figure 1) (19, 118, 124). Visual inputs also become associated by learning in the orbitofrontal
cortex with the taste of food to represent the sight of food and contribute to flavor (123, 174).
Olfactory-to-taste association learning by these orbitofrontal cortex neurons may take 30 to 40
trials to reverse in an olfactory-to-taste discrimination task, and this slow learning may help to
make a flavor stable (123). Olfactory neurons are found in a considerable anterior-posterior extent
of the primate orbitofrontal cortex, extending far into areas 11 and 14 (18, 19, 118, 123, 124), and
are not restricted to a posterior region, as some have thought (41).

Visual-to-taste association learning and its reversal by neurons in the orbitofrontal cortex can
take place in as little as one trial (28, 123, 174). This fast learning has clear adaptive value in enabling
particular foods with a good or bad taste to be learned and recognized quickly, which is important
in foraging and in food selection for ingestion. The visual inputs reach the orbitofrontal cortex
from the inferior temporal visual cortex, where neurons respond to visual objects independently of
their reward value (e.g., taste), as shown by satiety and reversal learning tests (107, 111, 133). The
visual-to-taste associations are thus learned in the orbitofrontal cortex (114). These visual-taste
neurons thus respond to expected value (114).

Different neurons in the orbitofrontal cortex respond when a visually signaled expected taste
reward is not obtained, that is, the neurons respond to negative reward prediction error (114,
127, 174). Dopamine neurons in the ventral tegmentum respond to positive reward prediction
error (152), and as such, they do not respond to taste reward (114). The inputs to the dopamine
neurons may originate from structures such as the orbitofrontal cortex, where expected value,
reward outcome (e.g., taste), and negative reward prediction error are represented (114).

Activations in humans demonstrate taste-olfactory convergence. Taste and olfactory conjunc-
tion analyses, and the measurement of supra-additive effects that provide evidence for convergence

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 5
(a, top) The effect of feeding to satiety with glucose solution on the responses [firing rate ± standard error of
mean (SEM)] of a neuron in the primate orbitofrontal (secondary taste) cortex to the taste of glucose and
black currant juice. The spontaneous firing rate is also indicated (spontaneous activity). Pre is the firing rate
of the neuron before the satiety experiment started. (a, bottom) Behavioral measure of the monkey’s
acceptance or rejection of the solution on a scale from +2 (strong acceptance) to −2 (strong rejection). The
solution used to feed to satiety was 20% glucose. The monkey was fed 50 ml of the solution at each stage of
the experiment, as indicated along the abscissa, until he was satiated, as shown by whether he accepted or
rejected the solution. (Panel a adapted from Reference 144 with permission.) (b) A neuron (bk265) in the
primate orbitofrontal cortex responding to the texture of fat in the mouth independently of viscosity. The
cell increased its firing rate to a range of fats and oils [the viscosity of which is shown in centipoise (cP)]. The
information that reaches this type of neuron is independent of a viscosity-sensing channel in that the neuron
did not respond to the carboxymethylcellulose (CMC) viscosity series. Evidence indicates that the neuron
responded to the texture rather than the chemical structure because it also responded to silicone oil
[(Si(CH3)2O)n] and paraffin (mineral) oil (hydrocarbon). Some of these neurons have taste inputs.
Panel b adapted from Reference 177 with permission.)
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and interactions in fMRI investigations, showed convergence for taste (sucrose) and odor (straw-
berry) in the orbitofrontal and anterior cingulate cortices, and activations in these regions were
correlated with the pleasantness ratings given by the participants (26, 164, 166). These results
provide evidence on the neural substrate for the convergence of taste and olfactory stimuli to
produce flavor in humans as well as evidence on where the pleasantness of flavor is represented
in the human brain (114, 116). The effects of this olfactory-taste convergence are first found in
an agranular part of what cytoarchitecturally is the insula, which is topologically found in the
posterior orbitofrontal cortex, though it is anterior to the insular taste cortex and posterior to the
granular orbitofrontal cortex (26, 115, 116).

McCabe & Rolls (74) have shown that the convergence of taste and olfactory information in
the orbitofrontal cortex appears to be important for the delicious flavor of umami. They showed
that when glutamate was given in combination with a consonant, savory odor (vegetable), the
resulting flavor could be much more pleasant than the glutamate taste or vegetable odor alone,
which reflected activations in the pregenual cingulate cortex and medial orbitofrontal cortex. The
principle is that certain sensory combinations can produce very pleasant food stimuli, which may
of course be important in driving food intake; these combinations are formed in the brain far
beyond the taste or olfactory receptors (109).

O’Doherty et al. (84) showed that visual stimuli associated with the taste of glucose activate
the orbitofrontal cortex and some connected areas, consistent with the primate neurophysiology.
Simmons et al. (162) found that showing pictures of foods, compared to pictures of places, can
also activate the orbitofrontal cortex. Similarly, presenting food stimuli to food-deprived subjects
activated the orbitofrontal cortex and connected areas (179).

Reward value in the orbitofrontal cortex. The visual and olfactory as well as the taste in-
puts represent the reward value of the food, as shown by sensory-specific satiety effects (18) (see
Figure 5a). The modulation of the reward value of a sensory stimulus such as the taste of food
by motivational state, for example, hunger, is one important way in which motivational behavior
is controlled (114, 116). The subjective correlate of this modulation is that food tastes pleasant
when hunger is present and tastes hedonically neutral when it has been eaten to satiety. Following
Edmund Rolls’s discovery of sensory-specific satiety revealed by the selective reduction in the
responses of lateral hypothalamic neurons to a food eaten to satiety (105, 137), it has been shown
that sensory-specific satiety is implemented by neurons in a region that projects to the hypothal-
amus, the orbitofrontal (secondary taste) cortex, for the taste, odor, and sight of food (18, 116,
144). Consistent changes are found in humans (68), and this study provided evidence that the
subjective pleasantness of the flavor of food, and sensory-specific satiety, are represented in the
human orbitofrontal cortex.

This evidence shows that the reduced acceptance and reward value of food that occurs when
food is eaten to satiety, the reduction in the pleasantness of its taste and flavor, and the effects of
variety on increasing food intake (55, 99–104, 138, 140) are produced in the primate orbitofrontal
cortex but not at earlier stages of processing, including in the insular-opercular primary taste cortex
(143, 187) and the nucleus of the solitary tract (189), where the responses reflect factors such as
the intensity of the taste, which is little affected by satiety (127, 139). In addition to providing
an implementation of sensory-specific satiety (probably by adaptation of the synaptic afferents to
orbitofrontal cortex neurons with a time course on the order of the length of one course of a meal),
it is likely that visceral and other satiety-related signals reach the orbitofrontal cortex (as indicated
in Figure 1) (from the nucleus of the solitary tract via thalamic nuclei, insular visceral cortex,
and possibly hypothalamic nuclei) and there modulate the representation of food, resulting in an
output that reflects the reward (or appetitive) value of each food (114, 116).
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The Neuroeconomics of food reward value in the orbitofrontal cortex. The reward value
representations in the primate orbitofrontal cortex of taste, olfactory, and flavor stimuli are ap-
propriate for economic decision making in a number of ways (114, 116). First, the responses of
orbitofrontal cortex neurons reflect the quality of the commodity or “good” (e.g., the sight or taste
of food) multiplied by the amount available (86, 87). In humans, activations in the orbitofrontal
cortex reflect the “subjective value” of foods (where “subjective value” in economics strictly refers
to what is chosen by a subject rather than to conscious subjective pleasantness) (114, 116), measured
in a task in which the value is assessed by choices between different foods and different amounts
of money (94). Moreover, these neurons reflect the value of reward stimuli and not actions made
to obtain them (87, 114, 148, 174, 177).

Representations in the orbitofrontal cortex of reward value on a common scale but not
in a common currency. For decision making, it is important that representations of reward
value are on a common scale (so that they can be compared) but are not in a common currency
of general reward value, for the specific reward must be represented to guide actions (114, 116).
To investigate whether specific reward representations are on a common scale of reward value,
we performed an fMRI study in which we were able to show that even fundamentally different
primary rewards—taste in the mouth and warmth on the hand—produced activations in the human
orbitofrontal cortex that were scaled to the same range (42). Further fMRI studies are consistent
with this finding (69). These reward value representations in the orbitofrontal cortex are thus in
a form suitable for making decisions about, for example, whether to choose and eat a particular
food, and the decision-making mechanisms are now starting to be understood (45, 114, 116, 126,
128, 129, 132).

The Amygdala

The amygdala is a structure in the temporal lobe with connections somewhat similar to those of
the orbitofrontal cortex (see Figure 1). The amygdala has been present in evolution for much
longer than the primate orbitofrontal cortex and appears to differ from the orbitofrontal cortex
in that it cannot implement one-trial, rule-based, visual discrimination reversal when the taste
or flavor associated with the visual stimulus is reversed (114). The primate amygdala contains
neurons that respond to taste and oral texture (64, 65, 150, 156). Some neurons respond to visual
stimuli associated with reinforcers such as taste but do not reflect the reinforcing properties very
specifically, do not rapidly learn and reverse visual-to-taste associations, and are much less affected
by reward devaluation by feeding to satiety than are orbitofrontal cortex neurons (64, 65, 114, 150,
182, 186). The primate orbitofrontal cortex appears to be much more closely involved in flexible
(rapidly learned, and affected by reward devaluation) reward representations than is the primate
amygdala (114).

Fat texture, oral viscosity, and temperature, for some neurons in combination with taste, as well
as the sight and smell of food are represented in the macaque amygdala (64, 65, 142). Interestingly,
the responses of these amygdala neurons do not correlate well with the preferences of the macaques
for the oral stimuli (64), and feeding to satiety does not produce the large reduction in the responses
of amygdala neurons to food (142, 186) that is typical of orbitofrontal cortex neurons.

We (34) found activation of the human amygdala by the taste of glucose. Extending this study,
O’Doherty et al. (82) showed that the human amygdala was as much activated by the affectively
pleasant taste of glucose as by the affectively negative taste of sodium chloride and thus provided
evidence that the human amygdala is not especially involved in processing aversive as compared
to rewarding stimuli. Zald et al. (190, 191) also showed that the human amygdala responds to
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aversive (e.g., quinine) and to sucrose taste stimuli. Rolls (114) compared and contrasted the roles
of the orbitofrontal cortex and the amygdala.

The Anterior Cingulate Cortex: A Tertiary Taste Cortical Area

The orbitofrontal cortex, including the extensive areas where the taste neurons noted above are
found, projects to the pregenual cingulate cortex area 32 (16) (see Figures 1 and 2). In human
imaging studies it has been shown that reward-related stimuli, such as the taste of sucrose and
the texture of oral fat, activate the pregenual cingulate cortex (25, 45, 108, 127). In recordings
made in the primate pregenual cingulate cortex, Rolls (106) showed that neurons can respond
to taste and related food texture stimuli such as glucose, fruit juice, and cream, to MSG and to
quinine, and that such neurons show a sensory-specific decrease in the response to the taste of
glucose after feeding to satiety with glucose. These investigators hypothesized that the outcomes,
the rewards and punishers, are represented in the anterior cingulate cortex because it is involved
in action-outcome learning (45, 106, 108, 114, 149).

Hypothalamus

The orbitofrontal cortex and amygdala project to the hypothalamus, which is implicated in the
control of food intake (114). The primate lateral hypothalamus contains taste-responsive neurons,
which only respond to food when hunger is present and indeed reflect sensory-specific satiety
(105, 137). The lateral hypothalamus also contains neurons that respond to the sight of food,
and they also respond to food only when hunger is present, that is, when the food is rewarding
(14, 76, 105, 114, 119, 137, 141). The traditional view of the hypothalamus is that it integrates
many of the hormonal and nutritional signals that control appetite (77, 172, 184) (see section
titled Hormonal Signals Related to Hunger and Satiety and Their Effects on the Hypothalamus),
but this neurophysiological evidence shows that the hypothalamus is also involved in the reward
signals from taste, olfaction, and vision that need to be interfaced to hunger and satiety signals
(114).

Striatum

The primate ventral striatum and adjoining part of the head of the caudate nucleus receive con-
nections from the orbitofrontal cortex and amygdala (52, 114). Consistent with these connections,
some neurons in these striatal regions respond to the taste, flavor, and/or sight of food (114, 145,
171, 181).

These taste and related inputs to the basal ganglia may be involved in stimulus-response habit
formation, with the taste and other reinforcers helping to stamp in the connections between
environmental stimuli and behavioral responses that co-occur just prior to receiving a reinforcer
such as the taste, flavor, or sight of food (114). Perhaps as part of this functionality, incentive
stimuli such as the food can have effects on behavior that are mediated through the striatum
(31, 168). Investigators (17) have questioned the hypothesis that there is less D2 receptor binding
in the dorsal striatum of the obese and that this system contributes to human obesity (178).
Blood-oxygen-level-dependent (BOLD) responses in the dorsal striatum to palatable food are
smaller with increasing body mass index, with the reduced striatal response being interpreted as a
consequence of the reduced incentive value of food in the overweight. In contrast, the relation of
D2/D3 receptor binding to body mass index is positive, and this is not associated with the change
in the BOLD response (17).

450 Rolls

A
nn

u.
 R

ev
. N

ut
r.

 2
01

6.
36

:4
35

-4
70

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
U

ni
ve

rs
ity

 o
f 

W
ar

w
ic

k 
on

 0
7/

26
/1

6.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



NU36CH17-Rolls ARI 10 June 2016 11:59

The striatum receives a dopaminergic input that has been suggested to be a positive reward
prediction error signal (153), although there may be too much diversity in the activity of dopamine
neurons for this to apply in a simple way (11, 114). Moreover, there is no evidence that the
dopamine neurons encode a specific reward signal (e.g., for the taste of food versus the texture
of fat) in the way that is required to account for the control of goal-directed rewarded behavior
and that is present in the primate orbitofrontal cortex (114). Furthermore, the activity of ventral
striatal neurons appears to be more influenced by orbitofrontal cortex types of signal rather than
by positive reward prediction error signals (171). The role of the striatum and of dopamine in the
control of behavior is considered in more detail elsewhere (114).

FURTHER IMAGING STUDIES ON REWARD VALUE
REPRESENTATIONS IN HUMANS

Top-Down Cognitive Effects on Taste, Olfactory, and Flavor Processing

To what extent does cognition influence the hedonics of food-related stimuli, and how far down
into the sensory system does the cognitive influence reach? We measured the activation to a
standard test odor (isovaleric acid combined with cheddar cheese odor, presented orthonasally
using an olfactometer) that was paired with a descriptor word on a screen, which on different
trials was “cheddar cheese” or “body odor.” Participants rated the affective value of the standard
test odor, isovaleric acid, as significantly more pleasant when labeled “cheddar cheese” than when
labeled “body odor,” and these effects reflected activations in the medial orbitofrontal cortex and
pregenual cingulate cortex (27). The implication is that cognitive factors can have profound effects
on our responses to the hedonic and sensory properties of food, in that these effects are manifest
quite far down into sensory and hedonic processing (in the orbitofrontal cortex; see Figure 1) and
affect hedonic representations of odors (27).

Similar cognitive effects and mechanisms have now been found for the taste and flavor of food
in a study where the cognitive word-level descriptor was, for example, “rich delicious flavor,” and
activations to flavor were increased in the orbitofrontal cortex and regions to which it projects,
including the pregenual cingulate cortex and ventral striatum, but were not influenced in the insular
primary taste cortex, where activations reflected the intensity (concentration) of the stimuli (47)
(see Figure 6). Cognitive factors can also influence the release of the hunger-related hormone
ghrelin (21). If self-control of reward-related processing is required, the dorsolateral prefrontal
cortex may be involved in the attentional and related aspects of the processing (53, 114).

Effects of Top-Down Selective Attention to Affective Value Versus Intensity on
Representations of Taste, Olfactory, and Flavor Processing

With taste, flavor, and olfactory food-related stimuli, selective attention to pleasantness modulates
representations in the orbitofrontal cortex, whereas selective attention to intensity modulates
activations in areas such as the primary taste cortex (see Figure 3) (35, 43, 44, 71, 113, 131).

This differential biasing of brain regions engaged in processing a sensory stimulus depending
on whether the cognitive demand is for affect-related versus more sensory-related processing may
be an important aspect of cognition and attention that has implications for how strongly the reward
system is driven by food and thus for eating and the control of appetite (43, 45, 112, 114, 131).
The top-down modulations of processing have many implications for investigations of taste and
olfactory and other sensory processing, and for the development of new food products.
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Figure 6
Cognitive modulation of flavor reward processing in the brain. (a) The medial orbitofrontal cortex was more strongly activated when a
flavor stimulus was labeled “rich and delicious flavor” (MSGVrich) than when it was labeled “boiled vegetable water” (MSGVbasic)
(−8 28 −20). The flavor stimulus, MSGV, was the taste 0.1 M monosodium glutamate + 0.005 M inosine 5′monophosphate combined
with a consonant 0.4% vegetable odor. (b) The peak values of the BOLD signal (mean across subjects ± SEM) were significantly
different (t= 3.06, df= 11, p= 0.01). (c) The time course of the blood-oxygen-level-dependent (BOLD) signals for the two conditions.
(d ) The BOLD signal in the medial orbitofrontal cortex was correlated with the subjective pleasantness ratings of taste and flavor, as
shown by the Statistical Parametric Mapping (SPM) analysis and as illustrated (mean across subjects ± SEM, r= 0.86, p < 0.001).
(Figure adapted from Reference 47 with permission.)

Individual Differences in the Reward System

An important hypothesis is that in humans, reward systems may differ in how strongly they are
activated, and differences in these activations are driven by the sensory and cognitive factors that
make taste, olfactory, and flavor stimuli attractive. In a test of this hypothesis, Rolls et al. (136)
showed that activations to the sight and flavor of chocolate in the orbitofrontal and pregenual
cingulate cortex were much higher in chocolate cravers than noncravers, although there were no
differences at the level of the insular taste cortex. This finding provides evidence that differences
in specific reward systems, and not necessarily in earlier sensory processing, can lead to individual
differences in behavior to taste, olfactory, and flavor stimuli. This evidence is consistent with the
hypothesis that evolution results in effective specific reward systems in part through utilization of
natural variation in these reward systems and selection for reward systems that lead to reproductive
success (114). The concept that individual differences in responsiveness to food reward are reflected
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in brain activations in regions related to the control of food intake (4, 136) may provide a way to
understand and help control food intake and obesity (112, 114).

Age-Related Differences in Food Reward Representations

Age-related differences exist in the acceptability of different foods. For example, children may not
take readily to a wide range of vegetables yet find sweet foods palatable (9, 56). Adults may find a
wide range of foods pleasant. As people age, smell and even taste may become less sensitive, and
this may contribute to the changes in eating that can occur in aging (60). In an examination of
the neural mechanisms underlying these age-related differences in the acceptability of different
flavors and foods with three age groups (21, 41, and 61 years), Rolls et al. (134) found that orange
flavor was liked by all age groups, whereas vegetable juice was disliked by the young and liked
by the elderly. In the insular primary taste cortex, the activations to these stimuli were similar in
the three age groups, indicating that the differences in liking for these stimuli between the three
groups were not represented in this first stage of cortical taste processing. In the supracallosal
anterior cingulate cortex, where unpleasant stimuli are represented, a greater activation to the
vegetable than to the orange stimuli was identified in the young but not in the elderly. In the
amygdala (and orbitofrontal cortex), where the activations were correlated with the pleasantness
of the stimuli, there was a smaller activation to the vegetable than to the orange stimuli in the
young but not in the elderly. These findings indicate that in some brain areas where olfactory,
taste, and flavor stimuli are represented in terms of their hedonic value, age differences in the
activations to different flavors can be related to, and probably cause, the age-related differences in
pleasantness of foods (134).

BEYOND REWARD VALUE TO DECISION MAKING

Representations of the reward value of food, and their subjective correlate, the pleasantness of
food, are fundamental in determining appetite and processes such as food-related economic de-
cision making (86, 88, 114). But after the reward evaluation, a decision has to be made about
whether to search for and consume the reward. We are now starting to understand how the brain
makes decisions [as described in The Noisy Brain: Stochastic Dynamics as a Principle of Brain Func-
tion (126) and Emotion and Decision-Making Explained (114)], and this decision-making process
has implications for whether a reward of a particular value will be selected (29, 45, 107, 114,
126, 127).

A tier of processing beyond the orbitofrontal cortex, in the medial prefrontal cortex area 10,
becomes engaged when choices are made between odor stimuli based on their pleasantness (49,
128, 129, 132) (Tier 3 in Figure 1). For example, activations in this area are larger when humans
make a decision about which of two odors they prefer compared to when they only rate the odors
on a continuous scale of reward value (49).

HORMONAL SIGNALS RELATED TO HUNGER AND SATIETY
AND THEIR EFFECTS ON THE HYPOTHALAMUS

Many peripheral signals, including hormonal signals, are produced when food is eaten, and some
of these influence hunger and satiety by their direct or indirect effects on hypothalamic nuclei (5,
77, 185). These hunger/satiety signals modulate the reward value of food, that is, when hunger is
present the reward value of food is high, and when satiety is present the reward value of food is low
or zero. To modulate reward value, it is likely that these hypothalamic hunger/satiety signals reach
the primate, including human, orbitofrontal cortex, where they affect neuronal responsiveness to
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taste, olfactory, flavor, and visual stimuli to produce the food reward signal present in orbitofrontal
cortex neurons. Some of the effects of these hunger/satiety signals on the hypothalamus are sum-
marized in Figure 7.

Many investigators (15, 77, 175) have examined the hormone leptin, with some of the findings
as follows. Leptin or OB protein is the hormone encoded by the mouse ob gene (here ob stands
for obesity). Genetically obese mice that are double recessive for the ob gene (i.e., ob/ob mice)
produce no leptin. Leptin reduces food intake in wild-type (lean) mice (which have genes that
are OB/OB or OB/ob; thus, these mice produce leptin) and in ob/ob mice (showing that ob/ob mice
have receptors that are sensitive to leptin). Leptin does not produce satiety (and thus reduce food
intake) in another type of genetically obese mouse designated db/db. These mice may be obese
because they lack the leptin receptor or mechanisms associated with it. Leptin has a long time
course: It fluctuates over 24 hours but not in relation to individual meals. Leptin concentration
may correlate with body weight/adiposity, consistent with the evidence that it is produced by fat
cells, and can signal the total amount of body fat.

A hypothesis consistent with these findings is that leptin is produced in proportion to the
amount of body fat and that this is a signal that influences how much food is eaten. Although leptin
production is an interesting mechanism implicated in the long-term control of body weight, it

Ghrelin

Leptin from adipose tissue
Insulin from pancreas

Stomach

Lateral hypothalamus

+ Eating increases; 
metabolic rate
reduces

Brain stem autonomic nervous
system; decreases insulin

Lateral hypothalamus

+

Arcuate
nucleus

Y1r

Mc3r

Y1r

–
Mc4r

Agrp/NpY α-MSH/CART/
POMC

Paraventricular
nucleus

+ +–

MCH

Orexin

TRH

CRH

Figure 7
Effects of peripheral hunger and satiety-related signals on some of the neurochemically identified feeding-
related neurons of the hypothalamus, including neurons in the arcuate, lateral hypothalamic, and
paraventricular nuclei. The agouti-related peptide/neuropeptide Y (Agrp/NpY) neurons have hunger-
related activity and effects ( green oval ). The α-MSH/CART/POMC neurons contain alpha-melanocyte-
stimulating hormone, cocaine- and amphetamine-regulated transcript, and pro-opiomelanocortin and have
satiety-related activity and effects (red oval ). Abbreviations: CRH, corticotropin-releasing hormone; Mc3r,
melanocortin-3 receptor; Mc4r, melanocortin-4 receptor; MCH, melanin-concentrating hormone; TRH,
thyrotropin-releasing hormone; Y1r, NpY receptor type 1. Excitatory is indicated by +; inhibitory is
indicated by −.
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appears that most obesity in humans cannot be accounted for by malfunction of the leptin system
because even though genetic malfunctions of this system can produce obesity in humans, such
genetic malfunctions are very rare (32, 33, 175).

The brain mechanisms involved in sensing leptin and other hormones that influence feed-
ing (77) are summarized in Figure 7. The lateral hypothalamus contains melanin-concentrating
hormone and orexin-producing neurons, and an increase in their activity increases food intake
and decreases metabolic rate (Figure 7). These neurons are activated by neuropeptide Y (NpY),
itself a potent stimulator of food intake, which is produced by neurons in the arcuate nucleus, a
hypothalamic nucleus in the ventromedial hypothalamic region. The arcuate NpY neurons also
release agouti-related peptide (Agrp), itself a potent stimulator of food intake. One of the signals
that activates NpY/Agrp neurons is ghrelin, a hunger hormone produced by the stomach (77, 78)
(Figure 7). NpY/Agrp neurons increase their firing rates during fasting and are inhibited by leptin
(77), so these neurons may be thought of as signaling hunger.

Leptin also inhibits the lateral hypothalamic orexin-producing neurons that are linked to
eating, which may decrease feeding (77). The alpha-melanocyte-stimulating hormone/cocaine-
and amphetamine-regulated transcript/pro-opiomelanocortin (α-MSH/CART/POMC) “satiety”
neurons in the arcuate nucleus produce CART, which reduces hunger (i.e., is anorexigenic or in-
creases satiety). α-MSH, which is produced by the same neurons, also reduces hunger, and these
satiety neurons are also activated by leptin, providing more ways in which leptin may act to reduce
feeding (77) (Figure 7). Consistent with these activities, the very rare humans with clear genetic
dysfunctions of the leptin receptor systems may show overeating and obesity that is treatable by
leptin, and approximately 4% of obese people have deficient melanocortin-4 receptors for MSH
(175). Also consistently, a very rare mutation in the gene encoding POMC in humans results in
low MSH levels and obesity (175).

The paraventricular nucleus contains the anorectic thyrotropin-releasing hormone and
corticotropin-releasing hormone. Destruction of the paraventricular nucleus causes hyperpha-
gia and obesity. A number of hormones released when food enters the gut also influence food
intake and act via effects on the hypothalamus and on brain stem areas such as the nucleus of the
solitary tract, which contains a brain stem relay of afferents from the gut. These hormones include
glucagon-like peptide-1, cholecystokinin, pancreatic polypeptide, peptide YY, and oxyntomod-
ulin (59, 95). The afferents from the gut convey the effects of gastric distension, which is essential
for satiety (36, 114), and of taste and other receptors in the gut, which probably contribute to
satiety.

These findings show that many hormones and other signals that influence hunger, satiety,
and body weight act on the hypothalamus, but they do not address how these effects in the
hypothalamus impact the reward value of the sensory stimuli produced by food to influence
appetite and food intake. That impact is likely to occur in primates as a result of these hunger and
satiety signals influencing taste and flavor neurons, including those in the human orbitofrontal
cortex; the resulting food reward value signal is then relayed to the lateral hypothalamus, where
neurons respond to food reward, in particular to the sight and taste of food when hunger is present
(14, 114, 141).

POSTINGESTIVE EFFECTS OF NUTRIENTS, INCLUDING
CONDITIONED APPETITE AND SATIETY

Oral signals of taste, texture, and temperature as well as retronasally sensed olfactory effects
implement the hedonic reward value of food, with subjective pleasantness correlated with activa-
tions in the orbitofrontal cortex and anterior cingulate cortex. Animals including humans work to
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obtain small quantities of these oral signals. Small quantities of food placed directly into the gut
or provided intravenously do not produce immediate unconditioned reward (81, 155). That is, a
reduction in hunger produced by directly placing food into the gut and bypassing taste and smell
is not very rewarding. Consistent with this finding, turning off hunger-related Agrp neurons in
the arcuate nucleus of the hypothalamus is not a good reward for instrumental behavior, although
it can produce some conditioned preferences for foods or places with which the hunger reduction
is associated (170).

Food sensed in the gut after ingestion can produce conditioned (learned) appetite or preference
for a food and can also produce conditioned satiety, as was demonstrated by David Booth (10), who
fed participants either high-energy sandwiches with flavor 1 or low-energy sandwiches with flavor
2. After subjects were fed one of these pairings for several days, when medium-energy sandwiches
were provided, subjects ate more of those with flavor 2, as it had previously been paired with low-
energy nutrition that was sensed after ingestion. This demonstrates how postingestive signals can
influence humans’ flavor preferences through conditioning. It is important to bear in mind these
conditioned appetite and satiety effects in the design of low-energy foods because postingestive
conditioning is likely to produce some compensation through an increase in the amount eaten of
such foods.

There is considerable interest in how signals sensed in the gut contribute to the postingestive
effects of nutrients. When ingested food reaches the gastrointestinal tract, it produces satiety
through gastric distension and stimulation of intestinal hormone release [as shown by the absence
of satiety in sham feeding in primates, when food is drained from a gastric or duodenal cannula
(36)], and gastric distension occurs only if food enters the duodenum, where it activates gut
receptors and causes closing of the pyloric sphincter. The closing is probably an unconditioned
satiety effect produced by gastric distension and intestinal hormonal release (160). If the distension
is reduced at the end of a meal, then feeding resumes very quickly, typically within one minute in
primates (36, 114). In addition to the unconditioned effects of food in the gut, conditioned effects
occur whereby the metabolic and other nutritive consequences of the ingestion of a flavor can
influence the reward value of the flavor later [for example, in conditioned appetite (10)], which
sometimes is referred to as appetition (154).

When food enters the gastrointestinal tract, it activates a wide range of gut receptors, includ-
ing gut taste receptors, which locally stimulate the release of peptides, such as cholecystokinin,
peptide YY, ghrelin, and glucagon-like peptide-1, from endocrine cells (30, 66, 67, 72). These gut
endocrine cells play a crucial role in the regulation of food intake (59, 91, 95). The gut sensing
mechanisms and their role in conditioned appetite are reviewed elsewhere (1, 62, 154). Many
of the studies conducted have focused on conditioned preferences produced by food in the gas-
trointestinal tract, and it will be of interest in future research to analyze how visceral signals can
produce conditioned satiety for the flavor with which they are paired. It also would be of interest
to develop our understanding of conditioned satiety, which may be relevant to food intake control
and the treatment of food intake disorders.

RELEVANCE TO THE CONTROL OF FOOD INTAKE

The investigations described in the previous sections have established that a principle of brain
function is that representations of the reward/hedonic value and pleasantness of sensory stimuli,
including food-related stimuli, are formed separately from representations of the stimuli and their
intensity. The pleasantness/reward value is represented in areas such as the orbitofrontal cortex
and pregenual cingulate cortex, and it is in those areas that hunger/satiety signals modulate the rep-
resentations of food to lead to a representation of reward value. The satiety signals that help in this
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modulation may reach the orbitofrontal cortex from the hypothalamus; in turn, the orbitofrontal
cortex projects to the lateral hypothalamus, where neurons respond to the sight, smell, and taste
of food if hunger is present (14, 105, 114, 119, 127). The principal factors that help to make a
food pleasant, including particular combinations of taste, olfactory, texture, visual, and cognitive
inputs, have been described in detail above and play a significant role in controlling food intake.

IMPLICATIONS FOR UNDERSTANDING, PREVENTING,
AND TREATING OBESITY

Understanding the mechanisms that control appetite is becoming an increasingly important issue,
given the increasing incidence of obesity: Using the World Health Organization’s definition
of a body mass index (weight in kg/height in meters2) of more than 30 kg/m2 to define obesity
(http://www.who.int/features/factfiles/obesity/facts/en/), 30% of Americans and 10% to 20%
of Europeans are classified as obese, with the prevalence rising in many developing countries.
As body mass index increases, so does the relative risk of type 2 diabetes, hypertension, and
cardiovascular disease (8).

Many factors can cause or contribute to obesity in humans (77, 175). Rapid progress is being
made in understanding these factors at present, with the aim of improving ways to minimize and
treat obesity. These factors are discussed below.

Genetic Factors

The obesity “epidemic” that has occurred since 1990 cannot be attributed to genetic changes
because the time scale has been far too short for such changes to take place. Instead, the increased
palatability, variety, and availability of food in our modern environment are some of the crucial
drivers of the type and amount of food that is eaten (54, 112, 114). However, evidence for genetic
contributions to body weight comes from family, twin, and adoption studies, which demonstrate
that the heritability (fraction of the total phenotypic variance of a quantitative trait attributable to
genes in a specified environment) of body mass index is between 0.71 and 0.86 (161). In a small
fraction of cases, obesity can be related to particular genes, as described in the next section.

Endocrine Factors and Their Interaction with Brain Systems

A small proportion of cases of obesity can be related to gene-related dysfunctions of the peptide
systems in the hypothalamus; for example, 2% to 5% of obese people have deficient melanocortin-
4 receptors for melanocyte-stimulating hormone (175). Cases of obesity that can be related to
changes in the leptin hormone satiety system are also rare (1–5%) (85, 175). Furthermore, obese
people generally have high levels of leptin, so leptin production is not the problem, and instead
leptin resistance (i.e., insensitivity) may be somewhat related to obesity, with the resistance perhaps
related in part to smaller effects of leptin on arcuate nucleus NpY/Agrp neurons (79). Oxytocin
can reduce hunger and may act on hypothalamic hunger-regulating neurons, and central oxytocin
signaling provides a potential target in the treatment of obesity (77, 175).

Brain Processing of the Sensory Properties and Pleasantness/Reward
Value of Food

The way in which the sensory factors produced by the taste, smell, texture, and sight of food
interact in the brain with satiety signals (such as gastric distension and satiety-related hormones)
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to determine the pleasantness and palatability of food, and therefore whether and how much food
will be eaten, is described above and shown in Figures 1 and 8. The convergence of sensory
inputs produced by the taste, smell, texture, and sight of food occurs in the orbitofrontal cortex
to build a representation of food flavor. The orbitofrontal cortex is where the pleasantness and
palatability of food are represented, as shown by the discoveries that these representations of food
are activated only if hunger is present, and they correlate with the subjective pleasantness of the
food flavor (114–116). The orbitofrontal cortex representation of whether food is pleasant (given
any satiety signals present) then drives activity in brain areas, such as the striatum and cingulate
cortex, that then leads to eating behavior (114).

The fundamental concept this leads to about some of the major causes of obesity is that, over the
past 30 years, sensory stimulation produced by the taste, smell, texture, and appearance of food has
increased dramatically, as has the availability of food, yet the satiety signals produced by stomach
distension, satiety hormones, and so forth (22, 59, 95) have remained essentially unchanged, so
that the effect on the brain’s control system for appetite (shown in Figures 1 and 8) is to lead to a
net average increase in the reward value and palatability of food that overrides the satiety signals
and contributes to the tendency to be overstimulated by food and to overeat.

In this scenario, the prevention and treatment of obesity will be enhanced by an improved
understanding of the system the brain uses to produce the representation of the pleasantness of
food, how this system is modulated by eating and satiety, and how sensory factors can be designed

Obesity: sensory and cognitive factors
 that make food increasingly palatable

may override existing satiety signals

Cognitive factors:
Conscious rational control
Beliefs about the food
Advertising
Selective attention

Eating:
Autonomic and
endocrine effects

Brain mechanisms:
Sensory factors modulated
by satiety signals
produce reward value
and appetite

Satiety/hunger signals:
Adipose signals
Gut hormones
Gastric distension

Sensory factors:
Taste
Smell
Texture
Sight

Effects of:
Variety
Sensory-specific satiety
Palatability
Food concentration
Portion size
Ready availability

Figure 8
Sensory factors interact in the orbitofrontal cortex with satiety signals to produce the hedonic, rewarding
value of food, which leads to appetite and eating. Cognitive and attentional factors directly modulate the
reward system in the brain.
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and controlled so as not to override satiety signals. Advances in understanding the receptors that
encode the taste and olfactory properties of food (13, 193) and the processing in the brain of these
and texture properties (110, 116) are also needed to provide the potential to produce food that is
highly palatable as well as nutritious and healthy.

An important aspect of this hypothesis is that some humans may have reward systems that are
especially strongly driven by the sensory and cognitive factors that make food highly palatable. In a
test of this theory, Rolls & McCabe (136) showed that activation to the sight and flavor of chocolate
in the orbitofrontal and pregenual cingulate cortex was much higher in chocolate cravers than in
noncravers (136). Furthermore, the brain systems that process the sometimes aversive bitter and
texture properties of food vary with age, and these properties affect people in their 40s and 60s less
than those in their 20s (134). The concept that brain activations in regions related to the control
of food intake reflect individual differences in responsiveness to food reward (4, 136) may provide
a way to understand and help control food intake.

Food Palatability

With modern methods of food production, food palatability can now be greater than it would have
been during the evolution of our feeding control systems. Brain systems evolved so that internal
signals from, for example, gastric distension and glucose utilization could act to decrease the
pleasantness of the sensations produced by feeding sufficiently by the end of a meal to stop further
eating (114). However, the greater palatability of modern food may have altered this balancing
ability, contributing to the excess consumption of food (see Figure 8).

Sensory-Specific Satiety and the Effects of Variety on Food Intake

Sensory-specific satiety is the decrease in the appetite for a particular food as it is eaten in a meal,
without a decrease in the appetite for different foods (114, 116, 137, 140). It is an important factor
influencing how much of each food is eaten in a meal, and its evolutionary significance may have
been to encourage eating of a range of different foods to obtain a range of nutrients. As a result
of sensory-specific satiety, if a wide variety of foods is available, overeating in a meal can occur.
It is now possible to make food readily available in a very wide range of flavors, textures, and
appearances, and this variety effect may be a factor that promotes excess food intake (55).

Fixed Meal Times and the Availability of Food

Another factor that could contribute to obesity is fixed meal times, in that the normal control of
food intake by alterations in intermeal interval is not readily available in humans, and food may
be eaten at a mealtime even if hunger is not present (114). Additionally, because of the high and
easy availability of food (in the home and workplace) and stimulation by advertising, a tendency
exists to start eating again when satiety signals after a previous meal have decreased only a little,
and as a consequence the feeding control system becomes overloaded.

Food Saliency and Portion Size

Making food salient, for example by placing it on display, may increase food selection, particularly
in the obese (151). Portion size is also a factor, with more being eaten if a large portion of food is
presented (98). The driving effects of visual and other stimuli, including advertising, on the brain
systems that food reward activates may differ among individuals and may contribute to obesity.
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Energy Density of Food

Although gastric emptying rate is slower for high-energy-density foods, this slower rate does
not fully compensate for the energy density of the food (58). It has been suggested that eating
energy-dense foods (e.g., high-fat foods) may not allow gastric distension to contribute sufficiently
to satiety, and thus the energy density of foods may be an important factor that influences how
much energy is consumed in a meal (97). Indeed, it is notable that obese people tend to eat high-
energy-density foods and to visit restaurants with high-energy-density (e.g., high-fat) foods. In
addition, gastric emptying is faster in obese than in thin individuals, which indicates that gastric
distension may play a less effective role in contributing to satiety in the obese. It is also important
to remember that the flavor of a food can be conditioned to its energy density, which over a few
days can lead to eating more low-energy-dense than high-energy-dense foods, a phenomenon
known as conditioned satiety (10) (discussed in section titled Postingestive Effects of Nutrients,
Including Conditioned Appetite and Satiety).

Eating Rate

A factor related to the energy density of food is the eating rate, which is typically fast in the obese
and may provide insufficient time for the full effect of satiety signals to operate as food reaches
the intestine.

Stress

Another factor that potentially contributes to obesity is stress, which can induce eating (93). Results
of a study in a rat model indicated that mild stress experienced in the presence of food could lead
to overeating and obesity. In this study, antianxiety drugs reduced overeating.

Food Craving

Binge eating has some parallels to addiction (80). In one rodent model of binge eating, access to
sucrose for several hours each day can lead to binge-like consumption of sucrose over a period
of days (6). Binge eating is associated with the release of dopamine. Binge eating is close to
an addictive process, at least in this rodent model, in that after binge eating has become a habit,
sucrose withdrawal decreases dopamine release in the ventral striatum (a part of the brain involved
in addiction to drugs such as amphetamine), altered binding of dopamine to its receptors in the
ventral striatum is produced, and signs of withdrawal from an addiction occur, including teeth
chattering. In withdrawal, the animals are also hypersensitive to the effects of amphetamine (80).
Another rat model is being used to investigate binge eating of fat and whether the associated
reinforcing cues can be reduced by the GABAB receptor agonist baclofen (6).

Energy Output

If energy intake is greater than energy output, body weight increases; thus, energy output is an
important factor. However, studies in humans show that although exercise has cardiovascular and
brain health benefits, it does not have very significant effects on body weight gain and adiposity in
the obese or in those who become obese (61, 173, 180). These findings emphasize the importance
of understanding the factors that lead to overeating, including increased responsiveness of the
reward system for food in some individuals as well as the effects that contribute to reward signals
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produced in modern society being greater than satiety signals, which have not changed from those
in our evolutionary history (54).

Cognitive Factors and Attention

As shown above, cognitive factors, such as preconceptions about the nature of a particular food
or odor, can reach down into the olfactory and taste system in the orbitofrontal cortex, which
controls the palatability of food, to influence how pleasant an olfactory, taste, or flavor stimulus is
(27, 47). This finding has implications for further ways in which food intake can be controlled by
cognitive factors, and it needs further investigation. For example, the cognitive factors that have
been investigated in these studies are descriptors of the reward value of the food, such as “rich and
delicious.” But it could be that cognitive descriptions of the consequences of eating a particular
food, such as “This food tends to increase body weight,” “This food tends to alter your body shape
toward fatness,” “This food tends to make you less attractive,” and “This food will reduce the risk
of a particular disease,” could also modulate the reward value of the food as it is represented in
the orbitofrontal cortex. If so, these further types of cognitive modulation could be emphasized
in the prevention and treatment of obesity.

Furthermore, attention to the affective properties of food modulates processing of the reward
value of food in the orbitofrontal cortex (43, 131), and this again suggests that how attention is
directed may be important in the extent to which food overstimulates food intake. Not drawing
attention to the reward properties of food, or drawing attention to other properties such as its
nutritional value and energy content, could reduce the activation of the brain’s reward system by
the food and could be another useful way to help prevent and treat obesity.

Summary

Overall, I suggest that new avenues in the control of overeating and body weight may be provided
through a more complete understanding of all the above processes and their effects in combination
rather than purely individually. I have outlined a number of factors that may tend to promote
overeating and obesity in our modern society, including increasing the impact of reward signals
on the brain’s appetite control system and making it difficult for individuals to resist the increased
hedonic value of food. Any one of these factors, or a few in combination, could produce overeating
and obesity, and the conclusion I therefore reach is that in the prevention and treatment of obesity,
a focus on, or the testing of, just one or a few of these factors is unlikely to be sufficient. It may be
important to address all of the above factors together. The science I have described suggests that
taking this overall approach and minimizing the impact of all these factors could be an important
aim for future research and strategy.

CONCLUSION AND FUTURE ISSUES

In this review, some of the rules of the cortical processing of taste, olfactory, and flavor stimuli in
primates including humans have been described. The discoveries provide an important foundation
for understanding the brain mechanisms underlying the control of food intake.

Important future research issues and questions include:

1. Can our increasing understanding of the taste, olfactory, and food texture, including fat
texture systems (110, 116), help in the development of new highly palatable and rewarding
but nutritionally healthy foods?
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2. What is the mechanism of transduction and peripheral encoding of oral texture (for viscosity,
fat texture, etc.), and how is it relevant to the development of new foods?

3. How do hypothalamic neurons that signal hunger and satiety modulate the activity of food
reward neurons in the orbitofrontal cortex and related areas?

4. Do these hypothalamic areas project their hunger- and satiety-related signals to the or-
bitofrontal cortex?

5. Given that hunger and satiety signals in rodents modulate taste and olfactory processing in
early neural processing stages—such as in the nucleus of the solitary tract for taste and the
olfactory bulb for olfaction—but do not modulate processing in primates including humans,
future studies of the operation of the food reward system in primates including humans will
be especially relevant to appetite control in humans.

6. To what extent does the food reward system operate differently in different individuals and
predict food intake and obesity? Individual differences in these reward processes, and how
they change in aging, are important and may be more significant than individual differences
in hunger and satiety signals.

7. Individual differences in impulsivity may impact overeating and may reflect weaker inhibition
of behavior by reward error/correction systems in the lateral orbitofrontal cortex that restrain
behavior (114). The influence of this system on eating behavior is of interest, as is the question
of how alcohol consumption that affects this system by increasing impulsivity (70) may also
lead to an increase in eating.

8. To what extent does the explicit, reasoning system (114) provide top-down cognitive and
attentional modulation of food reward information processing in the human brain, and to
what extent can this influence feeding behavior and obesity?

9. In what ways are decisions about actions (such as whether to eat) made by decision-making
systems in the brain based on reward value (114, 116)?

10. Many different factors acting separately may contribute to overeating and obesity. To what
extent can taking into account all of the factors help in the control of the amount of food
eaten and the prevention and control of obesity?
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