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Abstract

Food ensures our survival and is a potential soofgdeasure and general well-being. In order twvise,

the human brain is required to optimize the resmattocation such that rewards are pursued whewaet.
This means that food intake follows a similar oyalitime course to other rewards with phases mlaie
expectation, consummation and satiety. Here we ldpva multilevel model for the full cycle of eating
behaviour based on the evidence for the brain mé&sv@and mechanisms initiating, sustaining and
terminating the various phases of eating. We camaenon how the underlying reward mechanisms of
wanting, liking and learning lead to how human faothke is governed by both hedonic and homeostatic
principles. We describe five of the main procesgrigciples controlling food intake: hunger anceattonal
signal processing; motivation-independent discratiire processing; reward representations; learning-
dependent multimodal sensory representations addnine experience. Overall, the evidence shows that
while human food intake is complex, we are makinggpess in understanding the underlying mechanisms
and that the brain networks supporting the foodslee cycle are remarkably similar to those undeglthe

processing of other rewards.

Keywords. pleasure cycle, satiety, satiation, hedonic, pleasure, food, multimodal integration, insula,
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I ntroduction

Food is essential to fulfil the evolutionary impiare of survival allowing species and organismseplenish
energy. Consummatory behaviour is rewarding iffiesed, along with basic homeostatic regulatiorrdha
wired in even brainless species. In addition tadfdbe fundamental rewards afforded by biologicale-
tion include sex and conspecifics. Pleasure andngare key mechanisms ensuring that individuats an
species seek the fundamental rewards allowinggireind procreation; and as such have been prossed
evolution’s boldest trick (Kringelbach, 2005).

Food intake is complex, especially in mammals thast maintain a stable body temperature in a wide
variety of often hostile climates (Berthoud, 200B)e relative sophistication of foraging in higlpeimates
compared to other mammals indicates that signifipants of their large brains are dedicated toréygiired
motivational, emotional and cognitive processimghtmans, it has been proposed that some of tloege c
cal networks that evolved for the more advancee@ctspf eating-related behaviour have been recyahed
have come to underlie other higher cognitive fuorddi(Kringelbach, 2004).

Understanding the functional neuroanatomy undeglhfood intake has to take into account the cyklica
time course of eating with distinct phases reldte@xpectation, consummation and satiety. Thessgzha
must in turn be related to the recent progres®ilonia research (from the ancient Greek wbedone, from
the sweet taste of honeyedus) demonstrating that pleasure consists of multypken networks and proc-
esses relating tavanting, liking andlearning (Berridge and Kringelbach, 2008; Finlaysenal., 2007;
Robinson and Berridge, 1993, 2003) (Begure 1).

Here, we discuss the evidence linking brain nek&oo initiating, sustaining and terminating theieas
wanting, liking and learning phases of the foodaplee cycle (seEigure 2). This allows an individual to
obtain stable sensory information, evaluate detlityabnd select the appropriate behaviour. Somtenoti all
of human eating behaviour is guided by basic hotatiogegulation. Other influences in eating bebavi
include cognition, emotion and reward (Berthoud &matrison, 2008) and may lead to eating beyond, or
below homeostasis, e.g. obesity or anorexia resgdct Animal models have elucidated in great ddtaiv
mammals including humans share many sub-corticalii¢s and molecules (Berthoud and Morrison, 2008;
Saperet al., 2002; Woods, 2009).

Human eating is not, however, governed solely bmndwostatic processes, as illustrated by the current
worldwide obesity pandemic, which has become a mizgalth problem (Kohn and Booth, 2003). Instead,
pleasure and reward mechanisms play a centrairrdiie control of human food intake (Kringelbachp2).

In addition, food intake is modulated by other @mstsuch as genetics (O'Rahilly and Farooqi, 2006),
circadian rhythms (Ramsey al., 2007), reproductive status (Eckel, 2004) andaddeictors. Evidence for
the complexity of eating behaviour can be founthiminfluence of all five primary sensory systerasaell

as the visceral sensory system and gut-brain ictieres (Aharonet al., 2001; Batterhanet al., 2007;
Critchleyet al., 2002; Freyet al., 2000; Mayer, 2011; Rollg al., 2003b; Smalkt al., 1999; Zatorreet al.,
1992).



This article reviews the evidence linking activiilyhuman brain networks to the various parts efftiod
pleasure cycle. We develop a multilevel model ef ¢bntrol of human food intake which describes aur
rent understanding of the interactions betweemtany different levels of systems involved. We corice
on describing how the underlying reward mechanisinsanting, liking and learning have given riseao
number of fundamental processing principles coliigghuman food intake. We compare the brain nekaor

involved in food intake with those of other rewards

Food intake cycles

The main challenge for the brain is to successfiodllance resource allocation for survival and pration
(Lou et al., 2011). The control of energy intake in humansasiplex and much remains to be discovered
(Kringelbach, 2004; Zheng al., 2009). In order to achieve this balance, differemwards compete for re-
sources and therefore typically follow a cyclidaté course (seEigure 2), where e.g. behaviours related to
survival and procreation rarely occur simultanepusl

Here, we have expanded the basic cyclical modelammore elaborate multilevel model, which summa-
rizes our current understanding of the episodictan@t changes over time related to food intake Esgure
3). This model involves the cyclical changes in hembgvels related to the initiation and terminatimi
meals, and the way they interact with signals ftbe brain, gut-brain, oral cavity, stomach andstibes,
liver and metabolites and body mass.

Satiation and satiety are key factors in this rhadech help control energy intake (Blundell andrigy,
1987). Satiation is the process that terminatdsg#bDe Graafet al., 1999), while satiety is the feeling of
fullness that persists after eating to suppreghdureating. As such satiation and satiety arerobetl by a
cascade of sensory, cognitive, post-ingestive arst-gbsorptive signals that begin with the consionpaf
a food and continue as the food is digested andriabd. All of this complex temporally dispersedoimha-
tion is processed and integrated in the brain.

Our multilevel model of food intake describes thenges over time in 1) the levels of hunger, Basa
tion/satiety cascade signals, 3) origin of signd)ssignal carriers, 5) brain processes, 6) behagiachanges
including in the digestive system and 7) generadlufetory factors (se€igure 3).

Each of these levels clearly influence food intakéth many other excellent reviews describing the
mechanisms of the changes after the terminatioa wieal. Examples from gut-brain interactions inelud
signals from receptors in the digestive tract whach sensitive to calorie-rich nutrients (evenha absence
of taste receptors) (De Araug al., 2008; De Araujo and Simon, 2009) and signals freoeptors in the
circulatory system that are sensitive to changéddad pressure or carbon dioxide gas in the bboodicon-
tribute to the control of eating (sEggure 4).

Here, however, we concentrate on the processingiples involved primarily in the initiation andrimi-
nation of a meal. The control of food intake invesgvall of the five classic senses (vision, heargmgell,

taste, and touch), but smell and taste are pethagsvo most important senses involved in eating.



In the following we show how these senses intei@dtcilitate and modulate decision making and he-
donic experience. At least five processing priresgpéxist for the interaction between sensory amtbiie
processing controlling the initiation and termioatiof meals in humans: 1) Hunger and attentionatgss-
ing; 2) motivation-independent discriminative presiaag of identity and intensity; 3) reward repreéagans
using state-dependent mechanisms; 4) formatioearhing-dependent multimodal sensory represengation
and 5) representations of hedonic experience, momi/learning or direct behavioural change
(Kringelbach, 2006).

Food reward processing

Food intake is driven by motivation and emotion athare in turn supported by reward and hedonicga®c
ing. Reward consists of multiple sub-componentsuiiing the dual aspect of hedonic impact and iticen
salience. The former refers to the ‘liking’ or deee related to the reward, e.g., the experientestong,
whereas the latter refers to the ‘wanting’ or dedw obtain the reward (Berridge, 1996; Berridge an
Robinson, 1998). A third sub-component ‘learnirggimportant for linking wanting and liking over t&vand
usually, but not exclusively, follows consumption.

One might for example consume a certain food wischighly liked, but subsequently learn that this
food causes an adverse effect such as an allergation. Through learning one will be aware to dwtbis
liked substance in the future in order to avoid tlegative outcome. Memories obtained through this P
lovian learning remain stable over time until derion or until new information becomes availat$enith
etal., 2011; Zhangt al., 2009).

Wanting is known to exhibit dynamic fluctuationn@sponding to e.g. hunger states, but it can sigo
from a reward food stimulus to a conditioned stimsubr cue. This cue itself could become highly went
and thus become a motivational magnet. The immattsactive properties of such a motivational magnet
can be seen when it is hard to ignore the cue apdats will try to consume an inedible cue thatdicts the
arrival of food instead of the food itself (Berrelg2012).

The evidence from pleasure research thus suggestpartite framework for the wanting, liking and
learning (Kringelbach and Berridge, 2009b), whichurn can be mapped onto the food pleasure cyde a
the satiety/satiation cascades involved (Blundedl Burley, 1987) (seEigures 2 and3).

Wanting and liking are difficult to tease apartbehavioural studies and there is an ongoing dalgate
garding how to best dissociate them (Havermans2R®ome of the best evidence comes from Berridge
(2012) who has demonstrated a phenomenon whiclrhmes t'‘persistent ‘miswanting™. In this case, wagti
persists even when a food stimulus is disliked saglseen e.g. in drug addicts after bad drug expess.
Additionally, wanting and liking can be successfulissociated by various pharmacological manipoies]
of e.g. dopamine levels in select brain regionsi{{sst al., 2011).

Furthermore, we have introduced a behavioural wg#iking paradigm where human participants indi-
cate their subjective liking of a stimulus as wadltheir wanting measured by the amount of effay tare
willing to put in to prolong or shorten the duratiof the exposure to the stimulus (Parsetred., 2011). For

example, this paradigm has been used to demonthidteven though men and women differ in theintik
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ratings of baby faces, they show similar viewingds (as a measure of wanting by exerted effomfta-i
ence viewing times).

In humans, neuroimaging offers a route to inveséighe partly separable liking, wanting and leagni
components in the human brain with spatio-temporahitoring of activity patterns in the differentrtioal
regions regulating each of these components. Faample, one way to investigate processing relatélikto
ing’ is to correlate subjective hedonic ratingsetakhroughout a human neuroimaging experiment with
changes in brain activity (De Araug al., 2003a; De Araujet al., 2003b; Kringelbaclet al., 2003). This
allows for a unique window on the hedonic processeduating the pleasantness of salient food stimul

Learning is an important component in decisionimgkegarding eating-related behaviour, where the
brain must compare and evaluate the predicted tewalue of various behaviours. This processing lzan
complex, as the estimations will vary in qualitypdading on the sampling rate of the behaviour &ed t
variance of reward distributions. It is difficuti provide a reliable estimate of the reward valua food that
appears to be highly desirable and is high in tiatral value but is only rarely available and vargegnifi-
cantly in quality.

This raises a classic problem in animal learnofghow to optimize behaviour such that the amount o
exploration is balanced with the amount of expt@ta where exploration is the time spent samplimg
outcome of different behaviours and exploitatiothis time spent using existing behaviours with knaer
ward values.

Ultimately, pleasure can be thought of as an ingmartool to control this balancing act betweenleixg-
tion and exploration. As reviewed below, the eviefrom neuroimaging studies has linked regionthef
human brain — and in particular the orbitofrontaiftex — to various aspects of eating and espedaliye
representation of the subjective pleasantnessoafsfgKringelbach, 2004).

Hunger and other attentional processing

An important principle governing food intake rekate the way attention can signal the brain ta stereal-
locate resources for a change in ongoing behavitwmger is a major attentional signal that alonthwither
homeostatic signalling can influence the brainnitidte the food pleasure cycle, following the sgtiphase
from the previous meal. The information comes prilmdrom gut-brain interactions signalling if thrutri-
ents eaten in the previous meal have yielded thea®d amount of energy but learning and habitglsp a
large part. Signals from receptors in the gut antthé circulatory system are vital in initiatingiaeg through
conveying messages for the need of nutrients amggngtake (Berthoud and Morrison, 2008; Lenard and
Berthoud, 2008).

In normal adults, this system is balanced throcayeful monitoring and learning throughout life.the
presence of sufficient nutrients, healthy adults @vle to maintain a stable body weight throughiéeitoy
careful management of nutrient uptake and energgsand the balance with energy expenditure (&hin
al., 2009). The homeostatic component of controllingrgy balance and eating behaviour has been shown
to relate to activity in hypothalamic circuits inding the arcuate nucleus (Berthoud and Morris@982

Lenard and Berthoud, 2008). Smeets and collea@@85) have shown a prolonged activity decreashen t
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upper anterior hypothalamus using functional magmessonance imaging (fMRI). This effect furthermor
was dependent on the glucose dose administerecevahlarger dose was associated with a larger sigral
crease. The signal decrease in the upper postgmmthalamus was however similar for both dosesvHo
ever, Grill & Norgren (1978a) have shown that debeate rats are able to terminate food intake vibéo
satiety suggesting that the caudal brainstem oresble for some appropriate food intake behaviour

Yet as shown below, this balance is not solelytrotled by homeostasis and it has been suggestgd th
malfunction to this control of energy balance aeedl to eating disorders such as obesity, potgntfaibugh
a mismatch between the expected pleasure compardtiet actual energy uptake from food intake
(Kringelbach, 2004; Zheng al., 2009).

Other important attentional factors influencingdointake include social interactions. The so-chHe-
cial facilitation effect relates to the fact thaople will eat more when surrounded by other pe@alg dur-
ing a dinner party). It has been suggested thatdfiect in part can be caused by diminished atterib-
wards the food (De Graaf and Kok, 2010; Hetheringtoal., 2006). Concurrent with this finding is evi-
dence that when explicit attention is given to ahtiring consumption later appetite and subsegsreatk
intake is significantly lower. Furthermore when aahis eaten with attention to its sensory propsrtthe
memory of the meal is more vivid and negativelyrefated with later snack intake (Higgs and Donohoe,
2011). The combination of attention and limitedss#y exposure from e.g. fast foods may in turn eaus
reduced or insufficient feeling of satiation, lezglto increased food consumption. The increased iittake
can subsequently lead to a surplus of energy amdeadhcalories ultimately resulting in body weight i
crease. This mechanism has been proposed to befphe problems involved in the current obesitppa
demic (De Graaf and Kok, 2010).

M otivation-independent processing of identity and intensity

Once motivated to seek out food, the human brasnth@btain reliable sensory information aboutatail-
able food in order to make sensible ingestion dmtss Eating-related behaviours have to be preciseh-
trolled since erroneous evaluation of the sensooperties of foods can potentially be fatal if eésults in
swallowing toxins, micro organisms or non-food @lge Such decisions are so important that mammals
have brainstem reflexes (stereotypical for eaclich@ste) that are based on rudimentary analysebeof
chemical composition, and which are not alterechdwethe loss of all neural tissue above the |e¥dhe
midbrain (Grill and Norgren, 1978b). In additiors, mentioned above, humans and other animals have-th
fore developed elaborate eating-related behavidardalance conservative risk-minimising and life-
preserving strategies (exploitation) with occasiar@velty seeking (exploration) in the hope of digering
new, valuable sources of nutrients (Rozin, 2001).

All of the senses are involved in establishingitientity and intensity of a food — sometimes chbdla-
vour object (Veldhuizenet al., 2010). The evidence suggests that, at least mmahag, it is a fundamental
processing principle that the processing of flavoject is a multistage process where the braiwigcte-
lated to identity is not modulated by motivatiostdte, while the hedonic valence is assigned (atdrigher

order cortical regions).



This principle is perhaps best demonstrated vhighevidence from primary taste processing. Neurgima
ing and neuropsychological studies in humans wilinblesions indicate that the primary taste arehu-
mans is located in the anterior insula/frontal opm (Kinomuraet al., 1994; O'Dohertyet al., 2001;
Smallet al., 1997; Smalkt al., 1999). This is also consistent with the findimggprimates (Kringelbaclet
al., 2004; Pritchardt al., 2005).

The largest fMRI study of taste processing to dasked forty datasets from thirty-eight right-handet-
jects with 1) identical delivery of the taste stim@) the same control procedure in which a t@stglsolution
was delivered after every taste stimulus, and 8herelated interleaved designs (Kringelbathl., 2004).

A total of eight unimodal and six multimodal tastenuli (oral stimuli that produce typically gustay, ol-
factory and somatosensory stimulation) ranging figeasant to unpleasant were used in the four exper
ments. Stringent analysis of taste activity actbssforty datasets revealed three cortical actifaty in re-
sponse to the main effects of taste in the humaim l§see-igure 5A and5B).

The results showed bilateral activity in the aioreinsular/frontal opercular cortex with a slightl
stronger response on the right side. This slighinasetry in bilateral taste processing fits with early
meta-analysis of gustatory responses gathered fimmimaging studies suggesting that the prepondera
of activity peaks to taste fall in the right henfigpe (Smalkt al., 1999). Taste stimuli also produced activity
in the medial caudal orbitofrontal cortex, whicHikgly to coincide with the secondary taste cortex

Similar to the processing of taste stimuli, neonaging studies of pure olfactory stimuli revealsdis-
able brain regions for motivation-independent repreations of reinforcer identity and for hedomipresen-
tations. Representations of olfactory identity acou primary olfactory cortices (Andersaat al., 2003;
Gottfriedet al., 2002; O'Dohertyt al., 2000; Rollset al., 2003a; Royett al., 2001; Zald and Pardo, 1997),
which are distinct from the later hedonic repreagans found in other brain regions including theio
tofrontal cortex.

In general, the experiments in humans and non-hiprienates clearly demonstrate that the primary sen
sory areas for taste and smell are not modulateddtivational state, and that hedonic processirayiscin

higher-order, multi-modal areas such as the ontmtaél cortex and regions of mid-insular cortex.

Reward representations of sensory stimuli

The valence of food is assigned subsequently totifgeng the motivation-independent representatain
food and is another fundamental processing priacifleuroimaging studies have found that affectiae v
lence is encoded in a network of brain regions. &@mple, in a neuroimaging taste study, a dissonia
was found between the brain regions respondinpeantensity of the taste and its affective valef@mall

et al., 2003). Brain regions responding to intensity rdgss of valence included the cerebellum, pond; mi
dle insular cortex, and amygdala, whereas valepeeHic responses were observed in the orbitoftaua
tex, with the right caudolateral orbitofrontal ettresponding preferentially to pleasant compacedri-
pleasant taste, irrespective of intensity. Anotieuroimaging study found that the subjective ratioftaste
pleasantness (but not intensity) correlated witiviag in the medial orbitofrontal cortex and inettanterior

cingulate cortex (De Araujet al., 2003b). Moreover, in the same study it was fotivad activity in the me-
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dial orbitofrontal cortex and a region of mid-inswdorrelated with subjective pleasantness ratirfigsater
during thirst and subsequent replenishment E$gar e 5E).

Further evidence of neural correlates of subjecéixperience of pure taste was found in an expetime
investigating true taste synergism, which is then@gmenon whereby the intensity of a taste is diaaibt
enhanced by adding minute doses of another takgerdsults of this neuroimaging experiment shovhed t
the strong subjective enhancement of the pleasssitsfeumami taste that occurs when 0.005 M inoSine
monophosphate is added to 0.5 M monosodium glugafeatmpared to both delivered separately) correlate
with increased activity in the mid-anterior parttbé orbitofrontal cortex (sdeigure 5G) (De Araujoet al.,
2003a).

Several neuroimaging studies on olfaction havedodissociable encoding of the intensity and pleasa
ness of olfactory stimuli, with the intensity eneddin the amygdala and nearby regions, and theah¢a
ness correlated with activity in the medial orhitoftal cortex and anterior cingulate cortex (Andart al.,
2003; Gottfriedet al., 2002; Rollset al., 2003a). This finding is consistent with studieatthave found that
hedonic judgments are correlated with activitynia tnedial orbitofrontal cortex (Royetal., 2001) and that
the unpleasantness of aversive odours correlatidsagtivity in the lateral orbitofrontal cortex (daand
Pardo, 1997). Furthermore, it has been found tebtbitofrontal cortex represents the sensoryipete-
crease of smell (O'Dohergy al., 2000), which is clear evidence that the rewaldevaf olfactory stimuli is
represented in the orbitofrontal cortex.

Other strong evidence for the role of the orbdofal cortex in the representation of the rewalde/af
olfactory stimuli comes from an appetitive condiiilng neuroimaging experiment in which brain activit
related to two arbitrary visual stimuli was measub®th before and after olfactory devaluation, where
the reward value of a stimulus is temporarily deedl by e.g. eating it to satiety (Gottfrietdal., 2003). In
the amygdala and the orbitofrontal cortex, resppresmked by a predictive target stimulus decreasiend
devaluation, whereas responses to the non-devatiedlus were maintained.

Similar evidence exists with regard to gustatdinsli, where the medial and lateral regions of diisi-
tofrontal cortex are shown to be involved in gomécted learning and subsequent decision makingitabo
devalued food stimuli (Valentiat al., 2007), i.e. the devaluation of a food stimuluargiies the reward pre-
diction of that stimulus resulting in altered beloav or decision making. This is in accordance vetstudy
by O’Doherty and colleagues (2003) who showed #ignificantly increased activity in the orbitofraiht
cortex is associated with behavioural choice.

It would thus appear that differential activity tile amygdala and the orbitofrontal cortex encdtes
current value of reward representations accessibfgedictive cues. Furthermore the orbitofrontaftex
seems to exhibit functional heterogeneity includimgaddition to representation of stimulus-rewaatiies,
behavioural control as well as signalling change®inforcement outcomes.

This evidence is compatible with studies in nomhan primates with lesions of the orbitofrontal eart
In one study, lesioned monkeys responded normalassociations between food and conditioners lletfa
to modify their behaviour to the cues when the iitive value of the food was reduced (Butteal., 1963),

and, in another study, lesioned monkeys displajtededl food preferences (Baylis and Gaffan, 19Sii-
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larly, monkey with unilateral lesions of the orlfitmtal cortex on one side and of the basolatesdl of the
amygdala on the other side displayed disruptedustisndevaluation in a procedure in which the inisent

value of a food was reduced by satiation on thati§i food (Baxteet al., 2000).

Formation of learning-dependent multimodal sensory representations.

Another fundamental processing principle goverriowd intake relates the formation of learning-degjeari
multimodal sensory representations. Decisions almnd intake also integrate somatosensory inforonati
from the oral and nasal cavities in addition to ititegration of information from taste and smelheTsen-
sory information includes temperature, viscosigxttire, fat contents, pungency and irritation achedi-
ated by a large variety of neural systems (De Aramnd Simon, 2009).

Neuroimaging investigations of such learning-dejgerh multimodal integration have found that one of
the critical brain regions is the human orbitofedrdortex, where activity is elicited by auditoiréyet al.,
2000), gustatory (Smadt al., 1999), olfactory (Zatorret al., 1992), somatosensory (Rodisal., 2003b) and
visual (Aharonet al., 2001) inputs, as well as information from theceisl sensory system (Critchlelyal.,
2002).

This is consistent with neurophysiological recogd finding that the non-human primate orbitofrbnta
cortex receives input from all of the five sens@slls, 1999). These sensory inputs enter the drbiital
cortex mostly through its posterior parts. Therattion between taste and smell revealed by neagimy
is found in slightly more anterior parts of the itwfrontal cortex and nearby agranular insula (Dauo et
al., 2003c; Kringelbacket al., 2003; Smalkt al., 1997).

A good example of multimodal integration is hovbjgative olfactory experience appears different de-
pending on whether a smell reaches the olfactoithedjum in the nasal cavity through the nose (ontsal)
or mouth via the posterior nares of the nasophafyetxonasal) (Pierce and Halpern, 1996; Van Hattev
and Kringelbach, 2011). These are likely to beteeldo differences in somatosensory influences (easti-
cation). Several neuroimaging studies have foundesponding differences in cortical activity patiebe-
tween ortho- and retronasal olfaction in the orfbaiotal cortex and related brain regions (Cerf-Datehand
Murphy, 2001; De Araujet al., 2003a; Smalét al., 2005). According to Rozin (1982) orthonasal agiror
nasal smell have different behavioural consequences

While an odour entering the nose can come fromadpgct in the environment, an odour coming through
the mouth is highly likely to be part of food congution. Furthermore, a study using ultrasound miogis
of swallowing showed that orthonasal and retronasgalur stimulation differentially influence swallovg
(Welge-Lusseret al., 2009). This study showed that swallowing wasiated faster and more frequently
after a retronasally presented vanillin odour &soa odour in combination with gustatory sucrosmsta-
tion. Whether this holds true for non-food odowsuhknown, although it could be hypothesized theg-a
verse effect should be found as a non-food or @splet odour could signal potential danger (toxjdityn-

gested.



Representations of hedonic experience

Finally, a key fundamental processing principle flmwd intake relates to the role of subjective hedex-
perience, constituting a large part of the likingnponent in the food intake cycle. The evidencenfreuro-
imaging studies of pure taste and smell cited alsbvevs that activity in the medial orbitofrontalriex is
consistently correlated with the subjective ple&sass ratings of a biologically relevant stimulliserefore,
it is to be expected that studies using multi-madeahbinations of taste and smell as well as stafeddent
changes in pleasantness should find correlatiohsele® subjective pleasantness and activity in tié o
tofrontal cortex.

Compelling evidence for a region encoding the ectbje pleasantness of food comes from a selective-
satiety neuroimaging study in which a region of thie-anterior orbitofrontal cortex showed not oalge-
lective decrease in the reward value to the fodenei® satiety (and not to the food not eaten) abed a cor-
relation with pleasantness ratings (§égure 5F) (Kringelbachet al., 2003). This result indicates that the
reward value of the taste, olfactory, and somatasgncomponents of a food are represented in thie or
tofrontal cortex and, therefore, that the subjectileasantness of food might be represented imedgisn.

Further evidence for the convergence of the hedprocessing of taste and smell comes from a study
investigating the non-specific satiation effectschbcolate (with both olfactory and gustatory comguts)
which found a correlation between the decreaséeiaspntness and activity in the orbitofrontal coftemall
et al., 2001). Another multimodal study investigating thmk between olfaction and vision found activity i
the anterior orbitofrontal cortex for semanticattyngruent trials (Gottfried and Dolan, 2003). Hyalvhen
investigating the synergistic enhancement of a heatdaste and retronasal smell it was again fobata
region of the orbitofrontal cortex was significantictive (sed~igure 5H) (De Araujoet al., 2003c). This
region was located very near to the region of tttafrontal cortex activated by the synergistiordmna-
tions of umami described above (De Aradjal., 2003a).

It is an open but interesting question whether dhgtofrontal cortex and perhaps even sub-regions
thereof are both necessary and sufficient for ttpegence of pleasure. The evidence from psychesyrg
studies of last century is not illuminating becaos¢he usually crude psychological measurementshen
cause the lack of neuroimaging or careful post-emrinvestigations meant that the surgical lesioasew
not adequately described. One study of patients welatively circumscribed lesions suggests thaitevh
matter lesions that disconnect the orbitofrontateoocan lead to serious emotional changes (Hoehak,
2003). Direct tests of the lack of pleasure, anh&jdinked to lesions to the orbitofrontal cortexve, how-

ever, not been carried out.

Conclusions

Food is essential to sustain life, but must competle other rewards for time and resources. Thagl¢eto
complex resource allocation problems in the hunramnbespecially related to the problem of suceslysf

balancing exploration and exploitation to ensunevisal. Decisions have to be made with regard tactvh
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reward to pursue when, and whether to initiatetasugnd terminate the wanting, liking and learnimgses
involved in the pleasure cycle for a given rewa€dr(gelbach and Berridge, 2009a).

In this review we have described some of the basterlying mechanisms for food intake and proposed
a multilevel model of the episodic and tonic changeer time related to food intake (deigure 3). This
review has mostly concentrated on recent evidemee human neuroimaging related to the brain pracgss
principles involved primarily in the initiation artdrmination of a meal. The model, however, denrates
the cyclical changes in hunger levels related #oitlitiation and termination of meals, as theytela sig-
nals from the brain, gut-brain, oral cavity, stoimand intestines, liver and metabolites and bodgsma

Moreover, appetite and subsequent initiation ofifotake also depends on the vividness of a meiiry
the previous meal and the attention paid while somsg the previous meal. There is convincing evigen
that decerebrate rats terminate food intake aftfficeent calorie intake (Grill and Norgren, 1978&hich
indicates that, at least in rats, brainstem meahasimay be sufficient for food intake guided by bosia-
sis. As pointed out in this review however, humatirgy behaviour is more complex and depends also on
hedonic principles where subsequent meal initiatsonot solely dependent on hunger and satietestat
such as for example when humans are shown to seffead intake in social situation where no oldlitt-
tention is given to the food (De Graaf and Kok, @01

In this review, we have discussed some of the nyidg brain processes which integrate informatian
only from the primary sensory systems, but alssfgut-brain interactions as well as attention arenory.
We have proposed five main processing principl@stHdnger and attentional processing; 2) motivation-
independent processing of identity and intensity;r@wvard representations; 4) formation of learning-
dependent multimodal sensory representations ancge@esentations of hedonic experience. These five
processing principles constitute the wanting, likamd learning phases of the food intake cycle.

We have identified that regions in the orbitofldrdortex are associated with virtually all of {recess-
ing principles mentioned and, together with subcatiand brainstem structures, plays a major molkuman
eating behaviour. The orbitofrontal cortex showsvay related to the different processing prineiplin ana-
tomically closely related areas. The importancéhefprocessing principles regarding the rewarddeds-
ure or hedonic experience of food in relation tonan eating behaviour can be seen through the ajfect
learning (e.g. Pavlovian learning) and are thugreft influence in future food intake behaviour.|Bking
reward and pleasure as well as nutrient informafiiom gut-brain systems to certain food stimuliptans
are able to adapt their eating behaviour in terfimtancing exploitation and exploration.

In line with earlier proposals (Kringelbach, 2004 propose a possible model which implementsethes
processing principles for the interaction betweemssry and hedonic systems in the human brainHigee
ure 6). This model of the functional neuroanatomy unged food intake focuses on the orbitofrontal certe
and the interaction with other brain regions, idahg the brainstem and subcortical structureshéncontrol
of human food intake. There are multiple modulatangin-loops with other important structures sushihee
anterior cingulate, insular cortex, nucleus accumsbeentral pallidum, hippocampus, amygdala andhyp

thalamus, as well as modulation with autonomic irfppm the gut. The evidence presented in thisengvi
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suggests that the orbitofrontal cortex is an imgrarnexus for food pleasure and the food intakéecgs a
whole, including learning, monitoring and subjeetfood evaluation.

Interestingly, the evidence shows that other fumetstal rewards such as sex give rise to similaasoles
cycles and are being processed by similar braiworés (Georgiadis and Kringelbach, Submitted). €her
are important differences, however, in terms of shbjective experience. For example, during thigik
phase of food intake, there can be multiple pedlseasure which, in contrast to the pleasure ghsm
during sex, do not necessarily signal immediataiteation of the liking phase.

Nevertheless, as we have gained more insighttirtdorain networks involved in food intake, it Haes
come clear that the underlying brain networks arearkable similar to those involved in processititep
rewards. Furthermore, more research into the br&chanisms of the reward of food is likely to yiekew
insights into eating disorders, which can be cotwsed as problems in initiating, sustainingemntinat-
ing the different phases of food intake. In timéyedter understanding of the relationship betwéenwant-

ing, liking and learning components of food intakay potentially lead to new treatments.
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Pleasure regions

,_| Crbitofrontal cortex [: PAG

|_| Cingulate cortex - Nucleus accumbens
:ﬁ 7: Insular cortex ! Ventral pallidum
[_] VTA , : Amygdala

l:‘ Hypothalamus

‘Liking” ‘Disliking’ Hedonic Dopamine
Sweetness Bitter Brain circuits system

Figure 1. Pleasure networks in the mammalian brain. The figure shows pleasure regions in the adult rat
(upper) and human (lower) brains. The hedonic tgiies have been revealed using behavioural angsub
tive measures of pleasure to food stimuli (Berridge Kringelbach, 2008). The pleasure networkghen
middle panel) include the orbitofrontal cortex (grehe cingulate cortex (light blue), ventral tegmtal area

in the brainstem (light red), hypothalamus (yellpwériventricular gray/periacqueductal gray (PVGERA
green), nucleus accumbens (light green), ventiétipe (light purple), amygdala (light red) and timsular

cortices (not shown). The right-most panel showe tlopaminergic system in the human brain.
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Figure 2: Food pleasure cycle. Fundamental (i.e. rewards associated with behavieuessary for species
survival) and higher order pleasures are associatdda cyclical time course. Typically, rewardimngo-
ments go through a phase of expectation or wariting reward, which sometimes leads to a phasemf c
summation or liking of the reward which can havgeak level of pleasure (e.g. encountering a loves] a
tasty meal, sexual orgasm, drug rush, winning abdjagn bet). This can be followed by a satiety arténg
phase, where one learns and updates predictionthéoreward but note that learning obviously cdweta
place throughout the cycle. These various phases haen identified at many levels of investigatadn
which the recent research on the computational am@sims underlying prediction, evaluation and prisaiic
error are particularly interesting (Friston and bég 2009; Zhangt al., 2009). Note, however, that a very
few rewards might possibly lack a satiety phasgdssted candidates for brief or missing satietysphaave
included money, some abstract rewards and someah@idprain stimulation rewards that activate dopami

systems rather directly).
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Figure 3: Multilevel model for the satiation/satiety cascade involved in the control of food intake. From

left to right, the columns summarize the episodid &gonic changes over time: changes before, duaity
after meals in 1) the levels of hunger, 2) satiddatiety cascade (sensory, cognitive, post-ingesind
post-absorptive signals), 3) origin of signals {btdin, oral cavity, stomach and intestines, lialed metabo-
lites and body mass), 4) signal carriers, 5) bpaotesses, 6) behavioural changes including digestis-

tem and 7) general modulatory factors.
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Figure 4. Brain-gut interactions. The figure shows the hunger/satiety cycles as agethe satiation/satiety
cycles (Blundell and Burley, 1987) (far left). Thght-most diagram shows interactions between baaith
gut for the various peripheral signals relatingi@rgy stores and the satiation/satiety cyclesgvea from

figures in Badman and Flier, 2005; Kringelbach,£200
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Figure 5. Principles of taste processing and pleasure. Activity in human primary taste cortex in the in-
sula/operculum has not been found to be modulataddiivational stateA) Neuroimaging has located the
primary human taste cortex in bilateral antericuiar/frontal opercular cortices (yellow circlesitiwpeak
MNI coordinates of [x,y,z: 38,20,—4] and [x,y,z:2:32,0] (top two sagittal and axial slices) (Kritigpehet

al., 2004). This is based on 40 dataset from four expants with eight unimodal and six multimodal &st
stimuli ranging from pleasant to unpleasant anaéoun concordance with data from non-human prisate
B) The time course of blood oxygen-level detectio®@(B®) activity in right primary taste cortex is show
for all forty subjects (top), and averaged acrdisfhattom) (for taste minus tasteless solutid®)In contrast
dissociable parts of the insula were active inrnthatistage processing of identity and valance. Asglees
showing the extent of primary taste cortex (in plwhich isnot modulated by thirst. This in contrast to a
region of right mid-insula (in red) which is modidd by thirst (De Araujet al., 2003b).D) Time courses of
activity extracted from the cluster in right primaaste cortex (blue) with respect to the delivefywater
shown separately for the pre-satiety and postigasiatesE) Time courses from the cluster in mid-insula
cortex (red) showing significantly modulatory effeof water between motivational states when satiahd
thirsty. F) The subjective pleasure of food has been fourzbteepresented by the activity in a mid-anterior
site of the orbitofrontal cortex in a study of siee-satiety (Kringelbaclet al., 2003),G) in a study of su-
pra-additive effects combining the umami tastantmosodium glutamate and inosine monophosphate (De
Araujo et al., 2003a), andH) in a study of supra-additive effects combiningaaberry odor with sucrose
taste solution (De Araujet al., 2003b).
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Figure 6. Converging brain pathwaysin the brain processing of food stimuli.

The figure summarises the interactions with envitrent to procure suitable food sources with a spéxia
cus on the role of the orbitofrontal cortex. Pagdnfiood sources are identified on the basis ofd@esory
input, which through the appropriate receptorsratayed to the orbitofrontal cortex, where proaegss
taking place of evaluation, expectation, experiemeavell as decision and selection. Here the irpptoc-
essed in the primary sensory cortices via the mhaga(except for olfaction) and made available fattgrn-
association between primary (e.g. taste) and secgr(é.g. visual) reinforcers. Stimulus sensonynties
are then processed for multimodal perceptual iategr in the posterior orbitofrontal cortex. Hedome-
ward value is represented in more anterior partsrbitofrontal cortex, from where it can then bedigo
influence subsequent behaviour (in lateral parthefanterior orbitofrontal cortex with connectidnsante-
rior cingulate cortex), stored for valence learfimgmory (in medial parts of the anterior orbitoticor-
tex) and made available for subjective hedonic egpee (in mid-anterior orbitofrontal cortex). Theare
multiple modulatory brain-loops with other importatructures such as the nucleus accumbens, veairal
lidum, hippocampus, amygdala and hypothalamus,efisas modulation with autonomic input from the.gut
Abbreviations: V1, V2, V4, primary and secondary visual areas;, SS, somatosensory cortex (3,1,2); Al..A2,
auditory cortex; INSOP, insular cortex/frontal operculum; IT, inferior temporal visual cortex; PIR, piriform

cortex; OB, olfactory bulb; OFC, orbitofrontal cortex. From (Kringelbach and Stein, 2010).
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Highlights

>> Food ensures survival as a source of pleasutavafi-being >> In order to survive, brain mustiopze
resource allocation for reward pursuit. >> Fooalet follows a similar cyclical time course to othewards
with phases related to expectation, consummatiah satiety. >> Multilevel model for the full cyclef o
eating behaviour with mechanisms initiating, sustej and terminating eating. >> Focus on how wantin
liking and learning governs human food intake. >SweFof main processing principles controlling food
intake are presented. >>Progress is being madederstanding brain networks supporting the foodglee

cycle.
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