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In the last decades, predictive coding has emerged as an

important framework for understanding how the brain

processes information. It states that the brain is constantly

inferring and predicting sensory data from statistical

regularities in its environment. While this framework has been

largely applied to sensory processing and motor control, we

argue here that it could also serve as framework for a better

understanding of how animals regulate nutrient homeostasis.

Mechanisms that underlie nutrient homeostasis are commonly

described in terms of negative feedback control, which

compares current states with a reference point, called setpoint,

and counteracts any mismatches. Using concepts from control

theory, we explain shortcomings of negative feedback as a

purely reactive controller, and how feed-forward mechanisms

could be incorporated into feedback control to improve the

performance of the control system. We then provide numerous

examples to show that many insects, as well as mammals,

make use of feed-forward, anticipatory mechanisms that go

beyond the prevailing view of homeostasis being achieved

through reactive negative feedback. The emerging picture is

that the brain incorporates predictive signals as well as

negative feedback to regulate nutrient homeostasis.

Address

Behavior and Metabolism Laboratory, Champalimaud Research,

Champalimaud Centre for the Unknown, Lisbon 1400-038, Portugal

Corresponding author: Ribeiro, Carlos (Carlos.Ribeiro@neuro.

fchampalimaud.org)
a These authors contributed equally to this study.

Current Opinion in Insect Science 2017, 23:96–103

This review comes from a themed issue on Molecular physiology

Edited by Carlos Ribeiro and Matthew Piper

For a complete overview see the Issue and the Editorial

Available online 4th August 2017

http://dx.doi.org/10.1016/j.cois.2017.07.013

2214-5745/ã 2017 Published by Elsevier Inc.

Introduction
Nutrients have profound effects on the fitness of animals.

Insects use a fascinating repertoire of behaviors to ensure

nutrient homeostasis. Assassin bugs inject lethal saliva to

liquefy their nutritious prey; ants organize in complex

societies to acquire, distribute and even produce food;

and female mosquitoes will undergo a dangerous
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maneuver to extract precious proteins from overwhelm-

ingly powerful hosts.

While consuming sufficient nutrients is essential to sur-

vival, excessive intake of nutrients such as carbohydrates

and protein can have severe negative consequences on

life history traits [1–7]. Animals have therefore evolved

sophisticated mechanisms to regulate the intake of spe-

cific nutrients [8,9,10��,11�]. These behavioral mecha-

nisms are just one part of the complex interplay of

processes that ensure relative constancy in the nutritional

milieu intérieur; the processes conceptualized by Walter

Cannon as homeostasis [12]. Despite Cannon’s more

comprehensive view on the regulatory mechanisms

underlying homeostasis [13��], the physiological and neu-

ronal circuit mechanisms that regulate nutrient intake are

nowadays often viewed as negative feedback processes:

the regulatory system is thought to measure the deviation

of levels of a nutrient from a hypothetical setpoint (the

required amount of nutrients). Any deviation from this

setpoint will trigger a compensatory response that alters

intake of the nutrient in order to revert to the setpoint

value. This control system is an important part of the

regulation of feeding behavior, and has been extremely

successful in advancing our understanding of the mecha-

nisms that implement homeostasis [14–16]. However, it

fails to explain many important aspects of nutritional

homeostasis. One of the major drawbacks of such reactive

feedback systems is that the animal must experience the

lack of a nutrient, and all its negative consequences,

before the homeostatic response is triggered.

We would like to argue that, while intuitive and widely

employed, this reactive system is only a part of the

regulatory framework underlying nutritional homeostasis.

From a control-theoretic view, it would be hugely advan-

tageous for biological systems to predict future changes in

internal nutrient levels and external nutrient availability.

Such prediction allows for homeostatic responses to pre-

vent deviations before the system incurs the costs of a

nutritional shortfall. We will discuss anticipatory homeo-

stasis from a control theory perspective, present examples

for such anticipatory homeostatic responses in nutrient

regulation, discuss circuit and molecular mechanisms

underlying anticipatory responses in the context of repro-

duction, and present evidence for the wide use of such

predictive homeostatic responses. It should become clear

that predictive homeostasis is likely to be the norm and

not the exception. As such, the implementation of pre-

dictive regulatory frameworks leads to an overarching
www.sciencedirect.com
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understanding of biological regulation ranging from pre-

dictive sensory coding in the brain to predictive gene

regulation at the cellular level.

Reaction and prediction
Groundbreaking work over the last few decades has shed

light on numerous mechanisms underlying nutrient

homeostasis [14–18]. In general, these mechanisms

implement reactive homeostasis in the form of negative

feedback control, using deviation of a nutritional variable

from a hypothetical setpoint value to trigger counter-

regulatory responses (Figure 1a). Control theory is an

interdisciplinary branch of engineering and mathematics

that studies the mathematical formalization of controlling

dynamical systems to achieve a desired or optimal behav-

ior [19]. Mathematically, achieving this goal requires

stability, controllability and observability of states. One

of the key concepts of control theory is feedback, which

closes the causal link by feeding back outputs of the

control process as inputs into the process. Advantages of

feedback control are stability and robustness, because it

ensures stable convergence toward a given setpoint

against unexpected perturbations. Furthermore, it can

be easily implemented, as it does not require prior

knowledge about the control system or how changes in

output will affect the variable of interest.

However, feedback control has significant limitations.

First, it is reactive, and as such, can only respond to

perturbations that have already occurred, even if these

are detrimental to the controlled system. Thus, in the

context of nutrition, the animal must experience a lack of

nutrients, which can be detrimental to physiological

systems, before mounting a regulatory response. Second,

its responses are critically sensitive to the gain used for

regulation [19]. While a high gain leads to fast responses

by the controller, it also renders the controller highly
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susceptible to sensory noise. Third, the time it takes for

the controller to affect a response in the controlled vari-

able provides an additional delay that could exacerbate

the error [20]. For example, appropriate food may not be

immediately available, and foraging in a time of need uses

up precious time and resources. Taken together, there is a

speed-accuracy tradeoff in how rapidly a feedback con-

troller can compensate for errors in the controlled vari-

able. In order to overcome these limitations of pure

feedback control, control systems are often complemen-

ted by feed-forward mechanisms that are able to model

and predict future states of the controlled variable [13��].

The temporal dynamics of external and internal environ-

ments, although complex and irregular, are deterministic

and predictable. As such, a controller that can adapt

through learning or evolution to recognize such correla-

tive patterns, and use predictive sensory cues to drive

regulation in anticipation of future perturbations, would

have significant advantages compared to a purely reactive

controller. In particular, using signals that are strongly

correlated with time-delayed perturbations of the con-

trolled variable would further increase fitness in the face

of environmental and sensory uncertainty. Predictive

signals could be integrated at different levels of

the control system, for example by directly modulating

the setpoint to which negative feedback operates, or by

providing an additional input to the feedback controller

(Figure 1b) [13��]. Another possibility is the use of so-

called internal models of future states, that is, forward
models, which have largely been discussed in the context

of motor control [21]. Indeed, evidence for internal mod-

els and predictive control has recently been found in

prey pursuit of dragonflies [22�]. Such a feed-forward

mechanism does not operate in isolation, but is integrated

into a feedback control system by summation of predic-

tive feed-forward and error-based feedback terms
(c)
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(Figure 1b,c). Given these advantages, we could expect

that such feed-forward signals would be integrated with

feedback mechanisms to achieve nutrient homeostasis

across species.

Food for the next generation
Animals’ nutritional needs are not constant across their

lifespan, but change across different timescales depending

on changes in physiology. Many of these changes in needs

are predictable, and therefore animals can use physiologi-

cal signals to predict changes in nutritional needs and

mount an anticipatory behavioral response (feeding). For

example, production of eggs requires a significant invest-

ment of nutrients only during periods of reproductive

activity. If an animal were to use a purely reactive homeo-

static system, production of eggs would lead to a reduction

in nutritional reserves, which would trigger a compensa-

tory behavioral response. A pure feedback system would

require that the animal experiences a nutritional deficit in

order to mount a behavioral response. However, since egg

production is tightly coupled to nutrient availability in

many insect species [23–25], this system would be sub-

optimal because it would lead to periodic reductions in the

rate of egg production as nutrient stores are reduced

(Figure 2a). Rather, since reproduction is triggered by

specific physiological signals, females could use these

signals to alter nutrient intake in anticipation of their

needs, and thus maintain sufficient nutrient levels to

support a high rate of egg production (Figure 2b).

In Drosophila melanogaster [26,27], as in many insect

species [28–33], virgin females produce eggs at a low
Figure 2
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rate, and mating leads to a drastic increase in egg produc-

tion. This increase in egg production is driven largely by

male seminal fluid proteins (SFPs), which are transferred

to the female during copulation [26]; in D. melanogaster,
the major stimulator of egg production is Sex Peptide

[34,35]. This high rate of egg production requires an

investment of specific nutritional resources: dietary pro-

tein/amino acids are necessary for egg production

[3,36,37,38��], while increasing dietary sodium correlates

with increasing egg production rates [10��]. In order to

ensure the intake of these nutrients, flies increase their

intake of yeast [11�,39,40]/amino acids [41] and sodium

[10��] after mating.

These nutrient-specific appetites are not driven by a

deficit induced by the use of nutrients for egg production,

since genetic manipulations that prevent egg production

leave these appetites intact [10��,39]. Rather, the same

signal that induces egg production, Sex Peptide, acts as a

predictive signal that induces appetites for the nutrients

required for egg production. At the circuit level this feed-

forward regulation is implemented by Sex Peptide silenc-

ing the activity of a small group of neurons in the

reproductive tract, and consequently their postsynaptic

partners, which send the signal to the brain [10��,39,42–
45]. As a result, this silencing induces appetites for both

yeast and salt, as well as stimulating egg laying (Figure 3).

This anticipatory regulation means that the female does

not have to experience a drop in egg production capacity

in order to initiate the necessary nutritional responses

(Figure 2b). It also ensures that virgin females do not

suffer the costly consequences of excessive protein
time
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Sex Peptide stimulates both egg production and anticipatory appetites necessary to support reproduction through a common SPSN-SAG

neuronal circuit. In virgin females (left), Sex Peptide Sensory Neurons (SPSNs) are tonically active, and excite postsynaptic ascending neurons

(SAGs) that suppress egg laying and salt/yeast appetites. Following mating (right), Sex Peptide binding to its receptor in SPSNs silences their

activity, releasing this inhibition of egg laying and concomitantly driving the anticipatory appetites for salt and yeast that support a constant high

rate of egg production.
intake, maximizing their lifespan and thus their opportu-

nity to find a mate. Importantly, mated females still show

nutrient-controlled feedback regulation of appetite, since

deprivation from yeast increases yeast appetite [11�,39].
This appetite is induced by the lack of any essential

amino acid, and can be suppressed by specific commensal

bacteria, though surprisingly these microbes do not

appear to provide the fly directly with the missing amino

acids [38��]. The combination of these feeding regulatory

systems highlights the integration of feedback and feed-

forward systems to ensure homeostasis.

Another, more extreme version of this anticipatory regu-

lation of feeding behavior by reproduction is seen in

ixodid ticks [46]. Females of these species feed on around

200–300 times their initial body weight in host blood, the

vast majority of this engorgement happening only after

mating has occurred. In these species, vitellogenesis and

egg maturation occur only after the engorgement phase,

indicating that blood feeding is not driven by a nutritional
www.sciencedirect.com 
deficit induced by egg production. Rather, the effect of

mating on blood feeding is driven by a pair of SFPs,

voraxin alpha and beta. This coupling with mating state is

important because females mate when attached to the

host, and a fully engorged virgin female would be unable

to reattach to the host, and thus mate, if it lost attachment.

Prediction beyond reproduction
Anticipatory regulation of feeding behavior is widespread

beyond reproduction. Circadian variation in feeding

behavior may reflect anticipation of nutritional demands

across the day [47]. In mice, for example, activity of

vasopressin neurons in the SCN drives drinking before

the sleep period in anticipation of water loss during sleep

[48�]. As well as predicting internal nutritional needs,

animals, including bees, can use circadian cues to antici-

pate external nutrient availability at specific locations

[49]. Animals can also anticipate seasonal variations in

nutrient availability or requirements. Female Culex pipiens
undergo a switch from blood feeding to sugar gluttony in
Current Opinion in Insect Science 2017, 23:96–103
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anticipation of diapause, when protein requirements for

egg production are reduced and sugars are required to

survive, and this switch drastically increases survival

[50,51]. Likewise, larvae of Sarcophaga crassipalpis accu-

mulate large reserves of lipid and protein in anticipation

of nutritional needs during diapause [52]. What is more,

the nervous system anticipates not only future changes in

physiological requirements, but also the future effects of

consumption on physiology: in vertebrates the activity of

neurons controlling hunger, thirst and diuresis is modu-

lated by sensory cues in anticipation of the physiological

consequences of eating and drinking [53��,54��,55��,56–
58]. Whether such rapid modulation of hunger and thirst

neurons also occurs in invertebrates, however, is

unknown. Such modulation could occur at the level of

recently described neurons in the Drosophila brain that

regulate thirst, feeding and protein appetite [59–62,63�].
Indeed, pre-activation of the latter two neurons has been

shown to drive persistent appetite even after their acti-

vation is terminated [62,63�], much like AgRP-expressing

neurons in the mammalian arcuate nucleus [64], suggest-

ing they may fulfill a similar functional role. An indication

that sensory input can directly alter central processes in

insects could be deduced from the well-documented

direct effect of chemosensory input on aging and physi-

ology [65�,66–68]. Such direct reprogramming of the

physiology of the animal by taste and odors is likely to

be an anticipatory adaptation to the imminently following

food ingestion.

In several insect species, regulation of nutrient intake is

thought to be mediated to a large extent by modulation of

behavioral responses to specific chemosensory stimuli

[14,69–71]. Indeed, deprivation from specific nutrients

has been shown to modify the responsiveness of specific

chemosensory receptor neurons in both flies [72] and

locusts [69,73], suggesting an elegant neuronal imple-

mentation of negative feedback control. Whether predic-

tive mechanisms generally act through modulation of

chemosensory responses is unclear. In the case of salt

intake, its stimulation by mating is due at least in part to a

modulation of salt taste responsiveness [10��]. To under-

stand predictive homeostasis, it will be important to

identify at which circuit nodes the response to food is

modulated by predictive signals.

Prediction beyond nutrition
Anticipation of physiological states is not limited to the

regulation of nutrition. In the vertebrate cardiovascular

system, feed-forward signals drive changes that provide

blood supply in proportion to muscular output, even in

the absence of afferent feedback; and anticipatory mech-

anisms adjust the properties of negative feedback control

depending on circadian signals and behavioral state [74].

In fact, predictive homeostasis is not exclusive to the

nervous system, or even to multicellular organisms: many

microbes optimize their physiology to future conditions
Current Opinion in Insect Science 2017, 23:96–103 
using ‘adaptive prediction’. For example, since transitions

from one part of an animal host to another involve

predictable changes in external conditions (e.g. pH, min-

eral abundance), gut microbes can use current conditions

to predict future conditions, and alter gene expression in

such a way as to optimize future fitness [75]. Microbes

also show circadian variation in gene expression that

anticipates nutritional needs [76]. Thus, predictive

homeostasis is widespread throughout biological control

systems, providing an essential complement to feedback

control that increases fitness by preventing deviations

from optimal conditions before they occur.

Conclusion
The central idea of the brain as a predictive system dates

back to Helmholtz [77], who postulated that the brain

constantly generates sensory data to match incoming

stimuli with internal models of the environment and

our bodies. While it has been shown that the brain can

infer the statistical structure of the external environment

[78–80] and predict sensory consequences from chosen

motor actions [81�,82�], we have outlined here how ani-

mals also predict their internal nutritional states, and use

these predictions to guide feeding decisions. The emerg-

ing picture is that insects and mammals employ feed-

forward, anticipatory mechanisms that go beyond the

current view of homeostasis being achieved through

reactive negative feedback. A mechanistic understanding

of how the brain controls nutrition must therefore take

into account feed-forward regulation. Interestingly, feed-

forward regulation is an integral part of some neurosci-

ence models of human decision-making that are based on

homeostatic frameworks [83–85]. Therefore, understand-

ing the biological implementation of predictive homeo-

stasis might also provide insights into cognition across

phyla.

A deeper understanding of how predictive systems aid

homeostasis requires answering some key questions:

How are these predictive mechanisms implemented

at a cellular and molecular level? How are anticipatory

signals integrated into neural circuits that implement

negative feedback control of feeding? And, more spec-

ulatively, how are these anticipatory signals integrated

into control systems on evolutionary timescales [86]?

Ultimately, elucidating feed-forward mechanisms guid-

ing homeostasis will require quantitative analysis and

description of behavior, circuit dynamics and organismal

physiology, using insights from theoretical frameworks,

such as optimal control [87] and active inference

[85,88]. These questions will provide plentiful fruit

for future understanding of how Bernard’s milieu interior
is maintained by the harmonious interactions of myriad

parts.
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45. Feng K, Palfreyman MT, Häsemeyer M, Talsma A, Dickson BJ:
Ascending SAG neurons control sexual receptivity of
Drosophila females. Neuron 2014, 83:135-148.

46. Kaufman WR: Gluttony and sex in female ixodid ticks: how do
they compare to other blood-sucking arthropods? J Insect
Physiol 2007, 53:264-273.

47. Xu K, Zheng X, Sehgal A: Regulation of feeding and metabolism
by neuronal and peripheral clocks in Drosophila. Cell Metab
2008, 8:289-300.

48.
�

Gizowski C, Zaelzer C, Bourque CW: Clock-driven vasopressin
neurotransmission mediates anticipatory thirst prior to sleep.
Nature 2016, 537:685-688.

The authors show that circadian output from the suprachiasmatic nucleus
drives anticipatory thirst before sleep onset, via vasopressin-mediated
excitation of OVLT thirst neurons, which compensates for water loss
during sleep.

49. Antle MC, Silver R: Neural basis of timing and anticipatory
behaviors. Eur J Neurosci 2009, 30:1643-1649.
Current Opinion in Insect Science 2017, 23:96–103 
50. Mitchell CJ, Briegel H: Inability of diapausing Culex pipiens
(Diptera: Culicidae) to use blood for producing lipid reserves
for overwinter survival. J Med Entomol 1989, 26:318-326.

51. Robich RM, Denlinger DL: Diapause in the mosquito Culex
pipiens evokes a metabolic switch from blood feeding to
sugar gluttony. Proc Natl Acad Sci U S A 2005, 102:15912-15917.

52. Adedokun TA, Denlinger DL: Metabolic reserves associated
with pupal diapause in the flesh fly, Sarcophaga crassipalpis. J
Insect Physiol 1985, 31:229-233.

53.
��

Chen Y, Lin Y-C, Kuo T-W, Knight ZA: Sensory detection of
food rapidly modulates arcuate feeding circuits. Cell 2015,
160:829-841.

See annotation to Ref. [55��].

54.
��

Betley JN, Xu S, Cao ZFH, Gong R, Magnus CJ, Yu Y,
Sternson SM: Neurons for hunger and thirst transmit a
negative-valence teaching signal. Nature 2015, 521:180-185.

See annotation to Ref. [55��].

55.
��

Mandelblat-Cerf Y, Ramesh RN, Burgess CR, Patella P, Yang Z,
Lowell BB, Andermann ML: Arcuate hypothalamic AgRP and
putative POMC neurons show opposite changes in spiking
across multiple timescales. eLife 2015, 4:e07122.

This study along with Refs. [53��,54��] shows that in the mammalian
hypothalamic arcuate nucleus, the majority of AgRP-expressing ‘hunger’
neurons are rapidly inhibited, and POMC-expressing ‘satiety’ neurons
excited, by sensory detection of food or food-predicting cues.

56. Garfield AS, Shah BP, Burgess CR, Li MM, Li C, Steger JS,
Madara JC, Campbell JN, Kroeger D, Scammell TE et al.: Dynamic
GABAergic afferent modulation of AgRP neurons. Nat Neurosci
2016, 19:1628-1635.

57. Zimmerman CA, Lin Y-C, Leib DE, Guo L, Huey EL, Daly GE, Chen Y,
Knight ZA: Thirst neurons anticipate the homeostatic
consequences of eating and drinking. Nature 2016, 537:680-684.

58. Mandelblat-Cerf Y, Kim A, Burgess CR, Subramanian S,
Tannous BA, Lowell BB, Andermann ML: Bidirectional
anticipation of future osmotic challenges by vasopressin
neurons. Neuron 2017, 93:57-65.

59. Jourjine N, Mullaney BC, Mann K, Scott K: Coupled Sensing of
hunger and thirst signals balances sugar and water
consumption. Cell 2016, 166:855-866.

60. Albin SD, Kaun KR, Knapp J-M, Chung P, Heberlein U,
Simpson JH: A subset of serotonergic neurons evokes hunger
in adult Drosophila. Curr Biol 2015, 25:2435-2440.

61. Park J-Y, Dus M, Kim S, Abu F, Kanai MI, Rudy B, Suh GSB:
Drosophila SLC5A11 mediates hunger by regulating K+

channel activity. Curr Biol 2016, 26:1965-1974.

62. Zhan YP, Liu L, Zhu Y: Taotie neurons regulate appetite in
Drosophila. Nat Commun 2016, 7.

63.
�

Liu Q, Tabuchi M, Liu S, Kodama L, Horiuchi W, Daniels J, Chiu L,
Baldoni D, Wu MN: Branch-specific plasticity of a bifunctional
dopamine circuit encodes protein hunger. Science 2017,
356:534-539.

This study shows that a subset of dopaminergic neurons in the D.
melanogaster brain is excited upon deprivation from dietary protein,
and this activity increases feeding on yeast while suppressing feeding
on sucrose, through two distinct output pathways.

64. Chen Y, Lin Y-C, Zimmerman CA, Essner RA, Knight ZA: Hunger
neurons drive feeding through a sustained, positive
reinforcement signal. eLife 2016, 5:e18640.

65.
�

Libert S, Zwiener J, Chu X, VanVoorhies W, Roman G, Pletcher SD:
Regulation of Drosophila life span by olfaction and food-
derived odors. Science 2007, 315:1133-1137.

This study demonstrates that exposure to food odors can modulate
lifespan in Drosophila. When flies are kept on nutrient-poor diets, food
odors reduce lifespan in a way that partially recapitulates the effect of
increased nutrient intake, likely due to the predicted nutrient availability
that usually accompanies food odors.

66. Waterson MJ, Chung BY, Harvanek ZM, Ostojic I, Alcedo J,
Pletcher SD: Water sensor ppk28 modulates Drosophila
lifespan and physiology through AKH signaling. Proc Natl Acad
Sci U S A 2014 http://dx.doi.org/10.1073/pnas.1315461111.
www.sciencedirect.com

http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0165
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0165
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0165
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0170
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0170
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0170
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0175
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0175
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0175
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0175
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0175
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0180
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0180
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0180
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0185
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0185
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0185
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0185
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0185
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0190
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0190
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0190
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0190
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0190
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0195
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0195
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0195
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0200
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0200
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0200
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0205
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0205
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0205
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0210
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0210
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0210
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0215
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0215
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0215
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0220
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0220
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0220
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0220
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0225
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0225
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0225
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0230
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0230
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0230
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0235
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0235
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0235
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0240
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0240
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0240
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0245
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0245
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0250
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0250
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0250
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0255
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0255
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0255
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0260
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0260
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0260
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0265
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0265
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0265
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0270
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0270
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0270
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0275
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0275
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0275
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0275
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0280
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0280
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0280
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0280
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0285
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0285
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0285
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0290
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0290
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0290
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0290
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0295
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0295
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0295
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0300
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0300
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0300
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0305
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0305
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0305
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0310
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0310
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0315
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0315
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0315
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0315
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0320
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0320
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0320
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0325
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0325
http://refhub.elsevier.com/S2214-5745(17)30031-7/sbref0325
http://dx.doi.org/10.1073/pnas.1315461111


The brain as a nutritional prediction system Walker, Goldschmidt and Ribeiro 103
67. Waterson MJ, Chan TP, Pletcher SD: Adaptive physiological
response to perceived scarcity as a mechanism of sensory
modulation of life span. J Gerontol A Biol Sci Med Sci 2015 http://
dx.doi.org/10.1093/gerona/glv039.

68. Lushchak OV, Carlsson MA, Nässel DR: Food odors trigger an
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