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Glossary

flavor A sensation produced by the combination of
the taste, smell, and texture of food. reward A sti-
mulus such as food for which an animal will work
(see Rolls, E. T., 2005a).

sensory-specific satiety A reduction in the plea-
santness of and appetite for a food that has been

4.26.1 Taste Processing in
the Primate Cortex

4.26.1.1 Pathways

A diagram of the taste and related olfactory, somato-
sensory, and visual pathways in primates is shown in
Figure 1. Of particular interest is that in primates there
1s a direct projection from the rostral part of the nucleus
of the solitary tract (N'TS) to the taste thalamus and
thus to the primary taste cortex in the frontal opercu-
lum and adjoining insula, with no pontine taste area and
associated subcortical projections as in rodents
(Norgren, R., 1984; Pritchard, T. C. er al, 1986). This
emphasis on cortical processing of taste in primates may
be related to the great development of the cerebral
cortex in primates, and the advantage of using extensive

eaten to satiety in a meal which is partly specific to
the food eaten in a meal.

umami The fifth taste, produced by the stimuli
monosodium glutamate and 5’-ribonucleotides
such as inosine monophosphate and guanosine
monophosphate.

and similar cortical analysis of inputs from every sen-
sory modality before the analyzed representations from
each modality are brought together in multimodal
regions to form representations of flavor.

4.26.1.2 The Primary and Secondary
Taste Cortex

The primary taste cortex is in the rostral insula and
adjacent frontal operculum (Pritchard, T. C. e 4l,
1986). A secondary cortical taste area in primates was
discovered by Rolls E. T. ez 4/. (1990) in the caudolat-
eral orbitofrontal cortex, extending several millimeters
in front of the primary taste cortex, and also extending
to more medial parts of the orbitofrontal cortex (Rolls,
E. T. and Baylis, L. L., 1994).

469

The Senses: A Comprehensive Reference, vol. 4, pp. 469-478



470 The Representation of Flavor in the Brain

Cingulate cortex
@——— < Behavior

ala /Striatum
Behavior

Lateral
hypothalamus

Autonomic
responses

Gate
function

Hunger neuron controlled

by, for example, glucose utilization,
’ stomach distension, or body

! weight

Vision .
Inferior temporal
\'Al V2 \Z: visual cortex
——————— <@------<@------<@-----<@
e .
N
\
\
A
Taste
Taste Nucleus of the  Thalamus
receptors solitary tract VPMpc nuleus
Frontal operculum/insula ,"'
(primary taste cortex)
Olfaction
¢ 1
<@ L@ 4 1
Olfactory ~ Olfactory (pyriform) , 1
bulb cortex '/ !
]
1
1
!
Insula @
Touch 1
'y
[ Y]
———————————— <@ mmmmmmmm= L g

Thalamus VPL

Primary somatonsensory cortex (1.2.3)

Figure 1 Schematic diagram of the taste and olfactory pathways in primates showing how they converge with each other
and with visual pathways. The gate functions shown refer to the finding that the responses of taste neurons in the orbitofrontal
cortex and the lateral hypothalamus are modulated by hunger. VPMpc, ventralposteromedial thalamic nucleus; V1, V2, V4,

visual cortical areas.

4.26.1.3 Five Prototypical Tastes, Including
Umami

In the primary and secondary taste cortex, there are
many neurons that respond best to each of the four
classical prototypical tastes sweet, salt, bitter and sour
(Scott, T R. eral,, 1986; Yaxley, S. er al., 1988; Rolls, E. T
eral., 1990; Rolls, E. T, 1997; Rolls, E. T. and Scott, T.R,,
2003), but also there are many neurons that respond best
to umami tastants such as glutamate (which is present in
many natural foods such as tomatoes, mushrooms and
milk; Baylis, L. L. and Rolls, E. T, 1991) and inosine
monophosphate (which is present in meat and some fish
such as tuna; Rolls, E. T. ez al, 1996a).

4.26.2 The Pleasantness of
the Taste of Food

The modulation of the reward value of a sensory stimu-
lus such as the taste of food by motivational state, for
example hunger, is one important way in which motiva-
tonal behavior is controlled (Rolls, E. T, 2005a). The
subjective correlate of this modulation is that food tastes
pleasant when hungry, and tastes hedonically neutral

when it has been eaten to satiety. We have found that
the modulation of taste-evoked signals by motivation is
not a property found in early stages of the primate
gustatory system including the nucleus of the solitary
tract (Yaxley, S. ez al, 1985) and the primary taste cortex
(frontal opercular, Rolls, E. T. e al, 1988; insular,
Yaxley, S. er al, 1988). In contrast, in the secondary
taste cortex, in the caudolateral part of the orbitofrontal
cortex, the responses of neurons to the taste of glucose
decreases to zero while the monkey is fed glucose to
satiety (Rolls, E. T. ez al, 1989). It is an important prin-
ciple that the identity of a taste, and its intensity, are
represented separately (in the primary taste cortex) from
its pleasantness (in the secondary taste cortex) (Rolls,
E. T, 2005a). Thus it is possible to represent what a taste
is, and to learn about it, even when we are not hungry.

4.26.3 The Representation of
Flavor: Convergence of Olfactory and
Taste Inputs

Neuronal responses in the primate primary taste
cortex are not driven by olfactory inputs during
normal taste/smell tests (Verhagen, J. V. ez al, 2004).
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However, we found (Rolls, E. T. and Baylis, L. L.,
1994) that in the orbitofrontal cortex taste areas, of
112 single neurons which responded to any of these
modalities, many were unimodal (taste 34%, olfac-
tory 13%, visual 21%), but were found in close
proximity to each other. Some single neurons showed
convergence, responding for example to taste and
visual inputs (13%), taste and olfactory inputs
(13%), and olfactory and visual inputs (5%). Some
of these multimodal single neurons had correspond-
ing sensitivities in the two modalities, in that they
responded best to sweet tastes (e.g,, IM glucose), and
responded more in a visual discrimination task to the
visual stimulus which signified sweet fruit juice than
to that which signified saline; or responded to sweet
taste, and in an olfactory discrimination task to fruit
odor (see Figure 2). The different types of neurons
(unimodal in different modalities, and multimodal)
were frequently found close to one another in tracks
made into this region, consistent with the hypothesis
that the multimodal representations are actually
being formed from unimodal inputs to this region.

It thus appears to be in these orbitofrontal cortex
areas that flavor representations are built, where flavor
is taken to mean a representation which is evoked best
by a combination of gustatory and olfactory input.

The primate amygdala has neurons that combine
representations of taste and oral texture (Kadohisa,
M. et al., 2005b), and visual stimuli (Wilson, F. A. W.
and Rolls, E. T, 2005), and olfactory inputs also reach
the amygdala, but less is known about olfactory-taste
association learning in the primate amygdala.
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4.26.4 The Rules Underlying the
Formation of Flavor Representations
in the Primate Cortex

Critchley H. D. and Rolls E. T. (1996¢) showed that
35% of orbitofrontal cortex olfactory neurons cate-
gorized odors based on their taste association in an
olfactory-to-taste discrimination task. Rolls E. T ez /.
(1996a) found that 68% of orbitofrontal cortex odor-
responsive neurons modified their responses in some
way following changes in the taste reward associa-
odorants olfactory-taste
discrimination learning and its reversal. (In an olfac-
tory discrimination experiment, if a lick response to
one odor, the S+, is made a drop of glucose taste
reward 1s obtained; if incorrectly a lick response is
made to another odor, the S—, a drop of aversive
saline is obtained. At some time in the experiment,
the contingency between the odor and the taste is
reversed, and when the meaning of the two odors
alters, so does the behavior. It is of interest to inves-
tigate in which parts of the olfactory system the
neurons show reversal, for where they do, it can be
concluded that the neuronal response to the odor
depends on the taste with which it is associated, and
does not depend primarily on the physicochemical
structure of the odor). An example of a neuron show-
ing olfactory-to-taste reversal is shown in Figure 3.
These findings demonstrate directly a coding princi-
ple in primate olfaction whereby the responses of
some orbitofrontal cortex olfactory neurons are mod-
ified by and depend upon the taste with which the

tions of the during
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Figure 2 Olfactory to taste convergence on to a single neuron in the macaque orbitofrontal cortex. Spont, spontaneous; G,
1M glucose; N, 0.1 M NaCl; H, 0.01 M hycrochloride; Q, 0.001 M quinine hycrochloride; M, 0.1 M monosodium glutamate; Bj,
20% blackcurrant juice; Tom, tomato juice; B, banana odor; Cl, clove oil odor; On, onion odor; Or, orange odor; S, salmon
odor; C, control no-odor presentation. The mean responses + standard error of the means are shown. The neuron responded
best to the savory tastes of NaCl and monosodium glutamate and to the consonant odors of onion and salmon. Adapted from
Rolls, E. T. and Baylis, L. L. 1994. Gustatory, olfactory, and visual convergence within the primate orbitofrontal cortex. J.

Neurosci. 14, 5437-5452.
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Figure 3 Flavor learning: olfactory to taste association
reversal by an orbitofrontal cortex neuron. (a) The activity of a
single orbitofrontal olfactory neuron during the performance
of a two-odor olfactory discrimination task and its reversal is
shown. Each point represents the mean poststimulus activity
of the neuron in a 500 ms period on approximately 10 trials of
the different odorants. The standard errors of these
responses are shown. The odorants were amyl acetate
(closed circle; initially s-) and cineole (open circles; initially
s+). After 80 trials of the task the reward associations of the
stimuli were reversed. This neuron reversed its responses to
the odorants following the task reversal. (b) The behavioral
responses of the monkey during the performance of the
olfactory discrimination task. The number of lick responses to
each odorant is plotted as a percentage of the number of
trials to that odorant in a block of 20 trials of the task.
Adapted from Rolls, E. T., Critchley, H., Mason, R., and
Wakeman, E. A. 1996. Orbitofrontal cortex neurons: role in
olfactory and visual association learning. J. Neurophysiol. 75,
1970-1981.

odor is associated (Rolls, E. T., 2001; 2002a; 2002b;
Deco, G. and Rolls, E. T, 2005b).

Some neurons in the same orbitofrontal cortex
region are influenced by the sight as well as by the

taste of food, and this is a learned convergence
(Thorpe, S. J. et al., 1983; Rolls, E. T. er al., 1996b).
As a result of this learning, food choice based on the
visual—taste association can be made, and potentally
the sight of food can influence its perceived taste. It is
of interest that the olfactory-taste association learn-
ing is less complete, and much slower, than the
modifications found for orbitofrontal visual neurons
during visual—taste learning and its reversal (Rolls, E.
T. et al., 1996b). This relative inflexibility of olfactory
responses is consistent with the need for some stabi-
lity in odor—taste associations to facilitate the
formation and perception of flavors.

Some orbitofrontal cortex olfactory neurons do
not code in relation to the taste with which the
odor is associated (Critchley, H. D. and Rolls, E. T,
1996c¢) so that there is also a taste-independent repre-
sentation of odor in this region.

4.26.5 The Responses of
Orbitofrontal Cortex Taste and
Olfactory Neurons to the Texture,
and Temperature of Food

The texture of food may be considered as a compo-
nent of the flavor of food. The texture of food,
including its viscosity, influences some neurons in
the primary taste cortex that have taste responses
(Verhagen, J. V. er al, 2004). These texture inputs
also thereby influence neurons in the primate orbito-
frontal cortex (Rolls, E. T. er al, 2003b), which thus
becomes a region where flavor representations can be
influenced by the taste, smell, sight and texture of
food. Some of the orbitofrontal cortex neurons with
texture-related responses encode parametrically the
viscosity of food in the mouth (shown using a methyl
cellulose series in the range 1-10 000 centiPoise) (see
Figure 3), and others independently encode the par-
ticulate quality of food in the mouth, produced
quantitatively for example by adding 20-100 um
microspheres to methyl cellulose (Rolls, E. T. ez 4l,
2003b). Other neurons respond to water, and others
to the somatosensory stimuli astringency as exempli-
fied by tannic acid (Critchley, H. D. and Rolls, E. T,
1996a), and to capsaicin (Rolls, E. T. ez al, 2003b;
Kadohisa, M. ez al., 2004; 2005a).

Texture in the mouth is an important indicator of
whether fat is present in a food, which is important
not only as a high value energy source, but also as a
potential source of essential fatty acids. In the orbito-
frontal cortex, Rolls E. T. e al. (1999) have found a
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population of neurons 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 chemical 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 to silicone oil (Si(CH;)0,),).
Moreover, the texture channel through which these
fat-sensitive neurons are activated are separate from
viscosity sensitive channels, in that the responses of
these neurons cannot be predicted by the viscosity of
the oral stimuli (Verhagen, J. V. ez 4/, 2003). Some of
the fat-related neurons do though have convergent
inputs from the chemical senses, in that in addition to
taste inputs, some of these neurons respond to the
odor associated with a fat, such as the odor of cream
(Rolls, E. T. er al, 1999). Feeding to satiety with fat
(e.g., cream) decreases the responses of these neurons
to zero on the food eaten to satiety, but if the neuron
receives a taste input from for example glucose taste,
that is not decreased by feeding to satiety with cream.
Thus there is a representation of the macronutrient
fat in this brain area, and the activation produced by
fat is reduced by eating fat to satiety.

In addition, we have shown recently (Kadohisa,
M. et al, 2004; 2005a) that some neurons in the
orbitofrontal cortex reflect the temperature of sub-
stances in the mouth, and that this temperature
information is represented independently of other
sensory inputs by some neurons, and in combination
with taste or texture by other neurons.

4.26.6 The Representation of the
Pleasantness of Flavor in the Brain:
Olfactory and Visual Sensory-Specific
Satiety, and Their Representation in
the Primate Orbitofrontal Cortex

In the orbitofrontal cortex, it is found that the
decreases in the responsiveness of the neurons are
relatively specific to the food with which the monkey
has been fed to satiety. For example, in seven experi-
ments in which the monkey was fed glucose solution,
neuronal responsiveness decreased to the taste of the
glucose but not to the taste of blackcurrant juice.
Conversely, in two experiments in which the monkey
was fed to satiety with fruit juice, the responses of the
neurons decreased to fruit juice but not to glucose
(Rolls, E. T er al., 1989).

It has also been possible to investigate whether the
olfactory representation in the orbitofrontal cortex is
affected by hunger, and thus whether the pleasant-
ness of odor is represented in the orbitofrontal cortex.
In satiety experiments, Critchley H. D. and Rolls
E. T. (1996b) showed that the responses of some
olfactory neurons to a food odor are decreased during
feeding to satiety with a food (e.g, fruit juice) con-
taining that odor. In particular, seven of nine
olfactory neurons that were responsive to the odors
of foods, such as blackcurrant juice, were found to
decrease their responses to the odor of the satiating
food. The decrease was typically at least partly spe-
cific to the odor of the food that had been eaten to
satiety, potentially providing part of the basis for
sensory-specific satiety. It was also found for eight
of nine neurons that had selective responses to the
sight of food that they demonstrated a sensory-spe-
cific reduction in their visual responses to foods
following satiation. These findings show that the
olfactory and visual representations of food, as well
as the taste representation of food, in the primate
orbitofrontal cortex are modulated by hunger.
Usually a component related to sensory-specific sati-
ety can be demonstrated. It is thus the orbitofrontal
cortex which computes sensory-specific satiety, and
it is in areas such as this and the areas that receive
from it that neuronal activity may be related to
whether a food tastes pleasant, and to whether the
food should be eaten (see Scott, T. R. er al, 1995,
Critchley, H. D. and Rolls, E. T, 1996¢; Rolls, E. T.
and Rolls, J. H., 1997; Rolls, E. T, 1999; 2000a; 2000b;
Rolls, E. T. and Scott, T. R., 2003; Rolls, E. T., 20054,
2005b; 2006).

The enhanced eating when a variety of foods is
available, as a result of the operation of sensory-
specific satiety, may have been advantageous in evo-
lution in ensuring that different foods with important
different nutrients were consumed, but today in
humans, when a wide variety of foods is readily
available, it may be a factor that can lead to over-
eating and obesity (Rolls, E. T., 2005a).

4.26.7 Functional Neuroimaging
Studies in Humans

4.26.7.1 Taste

In humans it has been shown in neuroimaging studies
using functional magnetic resonance imaging (fMRI)
that taste activates an area of the anterior insula/
frontal operculum, which is probably the primary
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taste cortex, and part of the orbitofrontal cortex,
which is probably the secondary taste cortex
(Francis, S. et al, 1999; Small, D. M. er al, 1999,
O’Doherty, J. er al, 2001; de Araujo, 1. E. T. er al,
2003b; Faurion, A. er al, 2005). Another study has
recently shown that umami taste stimuli, including
monosodium glutamate, activate similar cortical
regions of the human taste system to those activated
by a prototypical taste stimulus, glucose (de Araujo, .
E. T. er al, 2003a). A part of the rostral anterior
cingulate cortex (ACC) was also activated in this
study, as it is in many studies by taste, odor, flavor,
and oral texture (Rolls, E. T, 2007). O’Doherty J. ez 4.
(2001) showed that the human amygdala was as much
activated by the affectively pleasant taste of glucose
as by the affectively negative taste of NaCl, and thus
provided evidence that the human amygdala is not
especially involved in processing aversive as com-
pared to rewarding stimuli.

4.26.7.2 Odor

In humans, in addition to activation of the pyriform
(olfactory) cortex (Zald, D. H. and Pardo, J. V., 1997;
Sobel, N. ¢z al., 2000; Poellinger, A. ¢t al., 2001), there
is strong and consistent activation of the orbitofrontal
cortex by olfactory stimuli (Zatorre, R. J. ez al., 1992;
Francis, S. er al, 1999). In an investigation of where
the pleasantness of olfactory stimuli might be repre-
sented in humans, O’Doherty J. er 4/ (2000) showed
that the activation of an area of the orbitofrontal
cortex to banana odor was decreased (relative to a
control vanilla odor) after bananas were eaten to
satiety. Thus activity in a part of the human orbito-
frontal cortex olfactory area is related to sensory-
specific satiety, and this is one brain region where
the pleasantness of odor is represented. Flavor sen-
sory-specific satiety is also represented in the human
orbitofrontal cortex, in that when a whole food
(either chocolate milk, or tomato juice) is eaten to
satiety activation to the flavor of the food eaten to
satiety, but not to the other flavor, decreases in the
orbitofrontal cortex but not in the primary taste
cortex (Kringelbach, M. L. e al, 2003; see Figure 4).

An important issue is whether there are separate
regions of the brain discriminable with fMRI that
represent pleasant and unpleasant odors. To investi-
gate this, we measured the brain activations produced
by three pleasant and three unpleasant odors. The
pleasant odors chosen were linalyl acetate (floral,
sweet), geranyl acetate (floral), and alpha-ionone

(woody, slightly food-related). (Chiral substances

were used as racemates.) The unpleasant odors chosen
were hexanoic acid, octanol, and isovaleric acid. We
found that they activated dissociable parts of the
human brain (Rolls, E. T. e al, 2003a). Pleasant but
not unpleasant odors were found to activate a medial
region of the rostral orbitofrontal cortex. Further, there
was a correlation between the subjective pleasantness
ratings of the six odors given during the investigation
with activation of a medial region of the rostral orbito-
frontal cortex. In contrast, a correlation between the
subjective unpleasantness ratings of the six odors was
found in regions of the left and more lateral orbito-
frontal cortex. Activation was also found in the ACC,
with a middle part of the anterior cingulate activated
by both pleasant and unpleasant odors, and a more
anterior part of the ACC showing a correlation with
the subjective pleasantness ratings of the odors.
Activation in primary olfactory cortical areas was not
correlated with the pleasantness of the odor, but was
correlated with the intensity (Rolls, E. T. ez l, 2003a).

4.26.7.3 Olfactory-Taste Convergence to
Represent Flavor

To investigate where in the human brain interactions
between taste and odor stimuli may be realized to
implement flavor, we performed an event-related
fMRI study with sucrose and monosodium glutamate
taste, and strawberry and methional (chicken) odors,
delivered unimodally or in different combinations (de
Araujo, L. E. T. er al, 2003c). The brain regions that
were activated by both taste and smell included parts
of the caudal orbitofrontal cortex, amygdala, insular
cortex and adjoining areas, and ACC. It was shown
that a small part of the anterior (putatively agranular)
insula responds to unimodal taste and to unimodal
olfactory stimuli; and that a part of the anterior frontal
operculum is a unimodal taste area (putatively pri-
mary taste cortex) not activated by olfactory stimuli.
Activatons to combined olfactory and taste stimuli
where there was little or no activation to either alone
(providing positive evidence for interactions between
the olfactory and taste inputs) were found in a lateral
anterior part of the orbitofrontal cortex. Correlations
with consonance ratings for the smell and taste com-
binations, and for their pleasantness, were found in a
medial anterior part of the orbitofrontal cortex (see
Figure 5). These results provide evidence on the
neural substrate for the convergence of taste and
olfactory stimuli to produce flavor in humans, and
where the pleasantness of flavor is represented in the
human brain (de Araujo, I. E. T'. ez 4/, 2003c).

The Senses: A Comprehensive Reference, vol. 4, pp. 469-478



The Representation of Flavor in the Brain 475

o
[N

-1 -0.5 0 0.5 1

Subjective consonance ratings

Figure 4 Flavor formation in the human brain, shown by cross-modal olfactory-taste convergence. Brain areas where
activations were correlated with the subjective ratings for stimulus (taste-odor) consonance and pleasantness. (a) A second-
level, random effects analysis based on individual contrasts (the consonance ratings being the only effect of interest) revealed
a significant activation in a medial part of the anterior orbitofrontal cortex. (b) Random effects analysis based on the
pleasantness ratings showed a significant cluster of activation located in a (nearby) medial part of the anterior orbitofrontal
cortex. The images were thresholded at P < 0.0001 for illustration. (c) The relation between the blood oxygen level-dependent
(BOLD) signal from the cluster of voxels in the medial orbitofrontal cortex shown in (a) and the subjective consonance ratings.
The analyses shown included all the stimuli included in this investigation. The means and standard errors of the mean across
subjects are shown, together with the regression line, for which r=0.52. Adapted from de Araujo, I. E. T., Rolls, E. T.,
Kringelbach, M. L., McGlone, F., and Phillips, N. 2003c. Taste-olfactory convergence, and the representation of the
pleasantness of flavour, in the human brain. Eur. J. Neurosci. 18, 2374-2390.

We have also investigated how the flavor of savory
foods 1s produced. Umami taste is produced by gluta-
mate acting on a fifth taste system. However, glutamate
presented alone as a taste stimulus is not highly plea-
sant, and does not act synergistically with other tastes
(sweet, salt, bitter and sour). McCabe C. and Rolls E. T
(2007) showed that when glutamate is given in combi-
nation with a consonant, savory, odor (vegetable), the
resulting flavor can be much more pleasant. Moreover,
we showed using functional brain imaging with fMRI
that the glutamate and savory odor combination pro-
duced much greater activaton of the medial
orbitofrontal cortex and pregenual cingulate cortex

than the sum of the activations by the taste and olfactory

components presented separately. Supralinear effects
were much less (and significantly less) evident for
sodium chloride and vegetable odor. Further, activa-
tions in these brain regions were correlated with the
pleasantness, consonance of the taste and olfactory com-
ponents, and the fullness of the flavor, of the sumuli. We
thus proposed that glutamate acts by the nonlinear
effects it can produce when combined with a consonant
odor (McCabe, C. and Rolls, E. T, 2007). I therefore
propose the concept that umami can be thought of as a
rich and delicious flavor that is produced by a combina-
tion of glutamate taste and a consonant savory odor.
Glutamate is thus a flavor enhancer because of the way
that it can combine supralinearly with consonant odors.
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Figure 5 Areas of the human orbitofrontal cortex with activations correlating with pleasantness ratings for flavor in a
sensory-specific satiety design. (a) Coronal section through the region of the orbitofrontal cortex from the random effects
group analysis showing the peak in the left orbitofrontal cortex (Talairach co-ordinates X, Y, Z= —22, 34, —8, z-score = 4.06),
in which the blood oxygen level-dependent (BOLD) signal in the voxels shown in yellow was significantly correlated with the
subjects’ subjective pleasantness ratings of the foods throughout an experiment in which the subjects were hungry and found
the food pleasant, and were then fed to satiety with the food, after which the pleasantness of the food decreased to neutral or
slightly unpleasant. The design was a sensory-specific satiety design, and the pleasantness of the food not eaten in the meal,
and the BOLD activation in the orbitofrontal cortex, were not altered by eating the other food to satiety. The two foods were
tomato juice and chocolate milk. (b) Plot of the magnitude of the fitted hemodynamic response from a representative single
subject against the subjective pleasantness ratings (on a scale from —2 to +2) and peristimulus time in seconds. Adapted
from Kringelbach, M. L., O’'Doherty, J., Rolls, E. T., and Andrews, C. 2003. Activation of the human orbitofrontal cortex to a
liquid food stimulus is correlated with its subjective pleasantness. Cereb. Cortex 13, 1064-1071.

4.26.7.4 Cognitive Influences on Olfactory
and Flavor Processing

In line with the neuronal convergence of visual and
taste inputs on to single neurons in the orbitofrontal
cortex (see above), it is found that the sight of food
can influence its perceived flavor, and an fMRI cor-
relate of this has been reported (Osterbauer, R. A.
et al., 2005). An example of this interaction is that if a
white wine is colored red, then adjectives used to
describe the flavor of red wine are used to describe
the flavor of the white wine.

To investigate how cognitive this influence could
be, de Araujo I E. T er al. (2005) delivered a standard
test odor (isovaleric acid with added cheese flavor),
but paired it on some trials with a (visually pre-
sented) word label Cheddar cheese, and on other
trials with the word label body odor. It was found
that the word label produced a large modulation of
the olfactory activation in the secondary olfactory
cortex 1n the orbitofrontal cortex (with also some
modulation in the amygdala). Moreover, the activa-
tions in the orbitofrontal cortex were correlated with
the pleasantness ratings given by the subjects of the test
odor, which were influenced by the word label. In a

control with clean air from the olfactometer, the word
labels had much less influence, so that their effect was in
particular to modulate the activations being produced
in the secondary olfactory cortex by an olfactory st-
mulus. Thus cognitive influences from the linguistic
level, the level of words, can reach down into the
secondary olfactory cortex in the orbitofrontal cortex,
and modulate their representation of olfactory stimuli
(de Araujo, I. E. T. er al, 2005). The mechanism is
probably similar to the way in which top-down atten-
tional processes operate, that is by a biased competition
mechanism (Rolls, E. T. and Deco, G., 2002; Deco, G.
and Rolls, E. T., 2003; 2004; 20052; 2005¢).

It is thus becoming possible to start to understand
not only where flavor is represented in the brain, but
also how the affective value of smell, taste and flavor
are represented, how these representations are influ-
enced by visual stimuli and cognitive states, and how
these representations fit into a wider picture of the
brain processes underlying the affective or hedonic
value of sumuli. This in turn helps to advance under-
standing of the neural basis of appetite, the control of
food intake, and emotion, and their disorders (Rolls,
E. T, 2005a).

The Senses: A Comprehensive Reference, vol. 4, pp. 469-478



The Representation of Flavor in the Brain 477

Acknowledgments

Some of the research from the author’s laboratory
was supported by the Medical Research Council.

References

Baylis, L. L. and Rolls, E. T. 1991. Responses of neurons in the
primate taste cortex to glutamate. Physiol. Behav.
49, 973-979.

Critchley, H. D. and Rolls, E. T. 1996a. Hunger and satiety
modify the responses of olfactory and visual neurons in the
primate orbitofrontal cortex. J. Neurophysiol.

75, 1673-1686.

Critchley, H. D. and Rolls, E. T. 1996b. Responses of primate
taste cortex neurons to the astringent tastant tannic acid.
Chem. Senses 21, 135-145.

Critchley, H. D. and Rolls, E. T. 1996c. Olfactory neuronal
responses in the primate orbitofrontal cortex: analysis in an
olfactory discrimination task. J. Neurophysiol.

75, 1659-1672.

de Araujo, I. E. T., Kringelbach, M. L., and Rolls, E. T. 2003a.
Taste-olfactory convergence, and the representation of the
pleasantness of flavour, in the human brain. Eur. J. Neurosci.
18, 2374-2390.

de Araujo, I. E. T., Kringelbach, M. L., Rolls, E. T., and
Hobden, P. 2003b. The representation of umami taste in the
human brain. J. Neurophysiol. 90, 313-319.

de Araujo, I. E. T., Kringelbach, M. L., Rolls, E. T., and
McGlone, F. 2003c. Human cortical responses to water in
the mouth, and the effects of thirst. J. Neurophysiol.

90, 1865-1876.

de Araujo, I. E. T., Rolls, E. T., Kringelbach, M. L., McGlone, F.,
and Phillips, N. 2003c. Taste-olfactory convergence, and the
representation of the pleasantness of flavour, in the human
brain. Eur. J. Neurosci. 18, 2374-2390.

de Araujo, I. E. T., Rolls, E. T., Velazco, M. I., Margot, C., and
Cayeux, . 2005. Cognitive modulation of olfactory
processing. Neuron 46, 671-679.

Deco, G. and Rolls, E. T. 2003. Attention and working memory:
a dynamical model of neuronal activity in the prefrontal
cortex. Eur. J. Neurosci. 18, 2374-2390.

Deco, G. and Rolls, E. T. 2004. A neurodynamical cortical model
of visual attention and invariant object recognition. Vision
Res. 44, 621-644.

Deco, G. and Rolls, E. T. 2005a. Attention, short-term memory,
and action selection: a unifying theory. Prog. Neurobiol.

76, 236-256.

Deco, G. and Rolls, E. T. 2005b. Synaptic and spiking dynamics
underlying reward reversal in orbitofrontal cortex. Cerebral
Cortex 15, 15-30.

Deco, G. and Rolls, E. T. 2005¢c. Neurodynamics of biased
competition and co-operation for attention: a model with
spiking neurons. J. Neurophysiol. 94, 295-313.

Faurion, A., Kobayakawa, T., and Cerf-Ducastel, B. 2005.
Cerebral imaging in taste. Chem. Senses 30, i230-i231.
Francis, S., Rolls, E. T., Bowtell, R., McGlone, F., O’Doherty, J.,

Browning, A., Clare, S., and Smith, E. 1999. The
representation of pleasant touch in the brain and its
relationship with taste and olfactory areas. Neuroreport
10, 453-459.

Kadohisa, M., Rolls, E. T., and Verhagen, J. V. 2004.
Orbitofrontal cortex neuronal representation of temperature
and capsaicin in the mouth. Neuroscience 127, 207-221.

Kadohisa, M., Rolls, E. T., and Verhagen, J. V. 2005a. Neuronal
representations of stimuli in the mouth: the primate insular
taste cortex, orbitofrontal cortex, and amygdala. Chem.
Senses 30, 401-409.

Kadohisa, M., Rolls, E. T., and Verhagen, J. V. 2005b. The
primate amygdala: neuronal representations of the viscosity,
fat texture, grittiness and taste of foods. Neuroscience
132, 33-48.

Kringelbach, M. L., O’Doherty, J., Rolls, E. T., and Andrews, C.
2003. Activation of the human orbitofrontal cortex to a liquid
food stimulus is correlated with its subjective pleasantness.
Cereb. Cortex 13, 1064-1071.

McCabe, C. and Rolls, E. T. 2007. Umami: a delicious flavor
formed by convergence of taste and olfactory pathways in
the human brain. Eur. J. Neurosci. 25, 1855-1864.

Norgren, R. 1984. Central Neural Mechanisms of Taste.

In: Handbook of Physiology — The Nervous System IlI
Sensory Processes 1 (ed. |. Darien-Smith), pp. 1087-1128.
American Physiological Society.

O’Doherty, J., Rolls, E. T., Francis, S., Bowtell, R., McGlone, F.,
Kobal, G., Renner, B., and Ahne, G. 2000. Sensory-specific
satiety related olfactory activation of the human orbitofrontal
cortex. Neuroreport 11, 893-897.

O’Doherty, J., Rolls, E. T., Francis, S., Bowtell, R., and McGlone, F.
2001. The representation of pleasant and aversive taste in the
human brain. J. Neurophysiol. 85, 1315-1321.

Osterbauer, R. A., Matthews, P. M., Jenkinson, M.,
Beckmann, C. F., Hansen, P. C., and Calvert, G. A. 2005. The
color of scents: chromatic stimuli modulate odor responses
in the human brain. J. Neurophysiol. 93, 3434-3441.

Poellinger, A., Thomas, R., Lio, P., Lee, A., Makris, N.,

Rosen, B. R., and Kwong, K. K. 2001. Activation and
habituation in olfaction — an fMRI study. Neuroimage
13, 547-560.

Pritchard, T. C., Hamilton, R. B., Morse, J. R., and Norgren, R.
1986. Projections of thalamic gustatory and lingual areas in
the monkey, Macaca fascicularis. J. Comp. Neurol.

244, 213-228.

Rolls, E. T. 1997. Taste and olfactory processing in the brain
and its relation to the control of eating. Crit. Rev. Neurobiol.
11, 263-287.

Rolls, E. T. 1999. The Brain and Emotion. Oxford University
Press.

Rolls, E. T. 2000a. The orbitofrontal cortex and reward. Cereb.
Cortex 10, 284-294.

Rolls, E. T. 2000b. Taste, Olfactory, Visual and Somatosensory
Representations of the Sensory Properties of Foods in the
Brain, and their Relation to the Control of Food Intake.

In: Neural and Metabolic Control of Macronutrient Intake
(eds. H. R. Berthoud and R. J. Seeley), pp. 247-262. CRC
Press.

Rolls, E. T. 2001. The rules of formation of the olfactory
representations found in the orbitofrontal cortex olfactory
areas in primates. Chem. Senses 26, 595-604.

Rolls, E. T. 2002a. The Cortical Representation of Taste and
Smell. In: Olfaction, Taste and Cognition (eds. G. Rouby,

B. Schaal, D. Dubois, R. Gervais, and A. Holley),
pp. 367-388. Cambridge University Press.

Rolls, E. T. 2002b. The Functions of the Orbitofrontal Cortex.
In: Principles of Frontal Lobe Function (eds. D. T. Stuss and
R. T. Knight), pp. 354-375. Oxford University Press.

Rolls, E. T. 2005a. Emotion Explained. Oxford University Press.

Rolls, E. T. 2005b. Taste, olfactory, and food texture processing
in the brain, and the control of food intake. Physiol. Behav.
85, 45-56.

Rolls, E. T. 2006. Brain mechanisms underlying flavour and
appetite. Philos. Trans. R. Soc. B 361, 1123-1136.

Rolls, E. T. 2007. The Anterior and Midcingulate Cortices and
Reward. In: Cingulate Neurobiology and Disease, Vol. 1,

The Senses: A Comprehensive Reference, vol. 4, pp. 469-478



478 The Representation of Flavor in the Brain

Infrastructure, Diagnosis and Treatment (ed. B. Vogt),
Chapter 8. Oxford University Press.

Rolls, E. T. and Baylis, L. L. 1994. Gustatory, olfactory, and
visual convergence within the primate orbitofrontal cortex. J.
Neurosci. 14, 5437-5452.

Rolls, E. T. and Deco, G. 2002. Computational Neuroscience of
Vision. Oxford University Press.

Rolls, E. T. and Rolls, J. H. 1997. Olfactory sensory-specific
satiety in humans. Physiol. Behav. 61, 461-473.

Rolls, E. T. and Scott, T. R. 2003. Central Taste Anatomy and
Neurophysiology. In: Handbook of Olfaction and Gustation,
2nd edn. (ed. R. L. Doty), pp. 679-705. Dekker.

Rolls, E. T., Critchley, H. D., and Treves, A. 1996b. The
representation of olfactory information in the primate
orbitofrontal cortex. J. Neurophysiol. 75, 1982-1996.

Rolls, E. T., Critchley, H. D., Browning, A. S., Hernadi, A., and
Lenard, L. 1999. Responses to the sensory properties of fat
of neurons in the primate orbitofrontal cortex. J. Neurosci.
19, 1532-1540.

Rolls, E. T., Critchley, H., Wakeman, E. A., and Mason, R.
1996a. Responses of neurons in the primate taste cortex to
the glutamate ion and to inosine 5’-monophosphate.
Physiol. Behav. 59, 991-1000.

Rolls, E. T., Kringelbach, M. L., and de Araujo, I. E. T. 2003a.
Different representations of pleasant and unpleasant odors
in the human brain. Eur. J. Neurosci. 18, 695-703.

Rolls, E. T., Scott, T. R., Sienkiewicz, Z. J., and Yaxley, S. 1988.
The responsiveness of neurones in the frontal opercular
gustatory cortex of the macaque monkey is independent of
hunger. J. Physiol. 397, 1-12.

Rolls, E. T., Sienkiewicz, Z. J., and Yaxley, S. 1989. Hunger
modulates the responses to gustatory stimuli of single
neurons in the caudolateral orbitofrontal cortex of the
macaque monkey. Eur. J. Neurosci. 1, 53-60.

Rolls, E. T., Verhagen, J. V., and Kadohisa, M. 2003b.
Representations of the texture of food in the primate
orbitofrontal cortex: neurons responding to viscosity,
grittiness and capsaicin. J. Neurophysiol. 90, 3711-3724.

Rolls, E. T., Yaxley, S., and Sienkiewicz, Z. J. 1990. Gustatory
responses of single neurons in the caudolateral orbitofrontal
cortex of the macaque monkey. J. Neurophysiol.

64, 1055-1066.

Scott, T. R., Yan, J., and Rolls, E. T. 1995. Brain mechanisms of
satiety and taste in macaques. Neurobiology 3, 281-292.

Scott, T. R., Yaxley, S., Sienkiewicz, Z. J., and Rolls, E. T.
1986. Gustatory responses in the frontal opercular cortex
of the alert cynomolgus monkey. J. Neurophysiol.

56, 876-890.

Small, D. M., Zald, D. H., Jones-Gotman, M., Zatorre, R. J.,
Pardo, J. V., Frey, S., and Petrides, M. 1999. Human cortical
gustatory areas: a review of functional neuroimaging data.
Neuroreport 10, 7-14.

Sobel, N., Prabkakaran, V., Zhao, Z., Desmond, J. E.,

Glover, G. H., Sullivan, E. V., and Gabrieli, J. D. E. 2000. Time
course of odorant-induced activation in the human primary
olfactory cortex. J. Neurophysiol. 83, 537-551.

Thorpe, S. J., Rolls, E. T., and Maddison, S. 1983. Neuronal
activity in the orbitofrontal cortex of the behaving monkey.
Exp. Brain Res. 49, 93-115.

Verhagen, J. V., Kadohisa, M., and Rolls, E. T. 2004. The
primate insular/opercular taste cortex: neuronal
representations of the viscosity, fat texture, grittiness and
taste of foods in the mouth. J. Neurophysiol.

92, 1685-1699.

Verhagen, J. V., Rolls, E. T., and Kadohisa, M. 2003. Neurons in
the primate orbitofrontal cortex respond to fat texture
independently of viscosity. J. Neurophysiol. 90, 1514-1525.

Wilson, F. A. W. and Rolls, E. T. 2005. The primate amygdala
and reinforcement: a dissociation between rule-based and
associatively-mediated memory revealed in amygdala
neuronal activity. Neuroscience 133, 1061-1072.

Yaxley, S., Rolls, E. T., and Sienkiewicz, Z. J. 1988. The
responsiveness of neurons in the insular gustatory cortex of
the macaque monkey is independent of hunger. Physiol.
Behav. 42, 223-229.

Yaxley, S., Rolls, E. T., Sienkiewicz, Z. J., and Scott, T. R.
1985. Satiety does not affect gustatory activity in the
nucleus of the solitary tract of the alert monkey. Brain
Res. 347, 85-93.

Zald, D. H. and Pardo, J. V. 1997. Emotion, olfaction, and the
human amygdala: amygdala activation during aversive
olfactory stimulation. Proc. Natl. Acad. Sci. U. S. A.

94, 4119-4124.

Zatorre, R. J., Jones-Gotman, M., Evans, A. C., and Meyer, E.
1992. Functional localization of human olfactory cortex.
Nature 360, 339-340.

Further Reading

Aggleton, J. P. (ed). 2000. The Amygdala 2nd. Edn., Oxford
University Press.

Zald, D. H. and Rauch, S. L. (eds.) 2006. The Orbitofrontal
Cortex. Oxford University Press.

The Senses: A Comprehensive Reference, vol. 4, pp. 469-478



	The Representation of Flavor in the Brain
	Glossary
	Taste Processing in the Primate Cortex
	Pathways
	The Primary and Secondary Taste Cortex
	Five Prototypical Tastes, Including Umami

	The Pleasantness of the Taste of Food
	The Representation of Flavor: Convergence of Olfactory and Taste Inputs
	The Rules Underlying the Formation of Flavor Representations in the Primate Cortex
	The Responses of Orbitofrontal Cortex Taste and Olfactory Neurons to the Texture, and Temperature of Food
	The Representation of the Pleasantness of Flavor in the Brain: Olfactory and Visual Sensory-Specific Satiety, and Their Representation in the Primate Orbitofrontal Cortex
	Functional Neuroimaging Studies in Humans
	Taste
	Odor
	Olfactory-Taste Convergence to Represent Flavor
	Cognitive Influences on Olfactory and Flavor Processing

	Acknowledgments
	References
	Further Reading


