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Abstract

There is considerable disagreement regarding what constitutes a healthy diet. Ever since the
influential work of Cannon and Richter, it was debated whether the ‘wisdom of the body’ will
automatically direct us to the foods we need for healthy lives or whether we must carefully learn
to eat the right foods, particularly in an environment of plenty. Although it is clear that strong
mechanisms have evolved to prevent consumption of foods that have previously made us sick, it is
less clear whether reciprocal mechanisms exist that reinforce the consumption of healthy diets.
Here, we review recent progress in providing behavioural evidence for the regulation of intake and
selection of proteins, carbohydrates and fats. We examine new developments in sensory
physiology enabling recognition of macronutrients both pre- and post-ingestively. Finally, we
propose a general model for central neural processing of nutrient-specific appetites. We suggest
that the same basic neural circuitry responsible for the homoeostatic regulation of total energy
intake is also used to control consumption of specific macro- and micronutrients. Similar to salt
appetite, specific appetites for other micro- and macronutrients may be encoded by unique
molecular changes in the hypothalamus. Gratification of such specific appetites is then
accomplished by engaging the brain motivational system to assign the highest reward prediction to
exteroceptive cues previously associated with consuming the missing ingredient. A better
understanding of these nutrient-specific neural processes could help design drugs and behavioural
strategies that promote healthier eating.
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Obesity and malnutrition negatively affect the lives of millions of people, and despite
intensive research, no easy cures are in sight. Among the many factors contributing to these
diseases, consumption of imbalanced and unhealthy diets is of central importance. Yet, there
is considerable disagreement regarding what constitutes a healthy diet, both to prevent
weight gain in healthy individuals and to promote weight loss in settings of obesity. Some
believe that the ‘wisdom of the body’(1:2) will automatically direct us to the foods we need
for healthy lives, while others are more sceptical and believe that we must carefully learn to
eat the right foods to avoid succumbing to unhealthy diets. It is clear that strong mechanisms
have evolved to prevent consumption of foods that have previously made us severely sick
(conditioned taste aversion). Do reciprocal mechanisms exist to promote the consumption of
healthy diets?
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Nutrients can be classified as essential and non-essential. By definition, essential nutrients
cannot be manufactured in the body and thus must be consumed in the diet to maintain
health. Non-essential nutrients can be synthesised by the body, although often at
considerable cost(3-3). It is thus plausible that mechanisms have evolved to actively seek
essential, and possibly non-essential, nutrients(®9). It is within this context of the selection
and consumption of individual nutrients that the concept of macronutrient selection takes
shape. All diets contain a mixture of the three macronutrients (protein, carbohydrate and
fat), and each of the three macronutrients is either glorified or vilified in one diet fad or
another. Yet, implicit within each of these arguments is the hypothesis that there exists a
macronutrient composition that is ideal for health. These concepts raise the question of
whether we actively regulate our consumption of the individual macronutrients, and if so,
can we tap into this mechanism to specifically change our macronutrient preference.
Imagine if we could take a pill that selectively reduces appetite for fatty foods.

To accept that intake of a macronutrient is regulated, several predictions should be met.
First, intake of that macronutrient should be relatively stable under steady state conditions.
Second, this intake should not depend on the menu, even if the menu consists of many
different foods with different macronutrient compositions and other properties such as
palatability, hydration level, viscosity and smoothness. Third, intake of the specific
macronutrient should depend on the physiological need state. Fourth, intake of the
macronutrient must be sensed to provide a negative feedback signal. This could be the
macronutrient itself, one of its metabolites or a unique consequence of its metabolism, such
as a signature profile of gut hormone release, acting either directly on the brain or via
sensory neural pathways. Specific brain circuits would then use this feedback information to
either enhance or reduce intake of the macronutrient in question by affecting both appetitive
and satiety mechanisms. Collectively, these mechanisms should result in a selective,
macronutrient-specific appetitive drive (motivation), which results in the correct selection
from a menu, as demonstrated for Na intake(8.10.11)_ |n other words, the subject has to
‘know’ exactly what it needs and to identify a source from a menu before ingesting large
amounts of the other macronutrients. In human subjects, explicit knowledge about the
composition and nutritional value of foods could be used to make the correct choice, yet
such a solution is not available to animals, where implicit wanting would be the driving
factor.

About 10 years ago, a multi-authored book was published asking the question whether the
selection and consumption of the three macronutrients is regulated. Among the more than 30
chapters, both negative(213) and positive(14:1%) evidence were presented. It was concluded
that protein is quite strongly defended, while carbohydrate and fat intake are only weakly
defended or not at allX6). The purpose of this review is to provide a brief appraisal of current
concepts on macronutrient-specific appetites with emphasis on progress made over the last
10 years.

Behavioural evidence for the regulation of intake and selection of specific
macronutrients

Proteins: strong evidence for defence of situation-specific target intake

Proteins are crucially important for growth and most of their building blocks, the amino
acids, cannot easily be synthesised by the body. Therefore, intake of protein needs to be
defended similarly to salt and vitamins. A number of studies have focused on the effect of
variations in dietary protein quality and quantity on food intake. The consensus of this
literature is that dietary protein can have a profound impact on food intake, via two similar
but potentially separate mechanisms. The first mechanism is via absolute protein content,
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with high-protein diets tending to suppress food intake and moderately low-protein diets
increasing food intake. For instance, it is well described that protein is the most satiating
macronutrient on a per energy basis, and a large number of studies suggest that high-protein
diets can decrease food intake and promote weight loss while maintaining lean mass(7.18).
The second mechanism operates through protein quality: the amino acid profile. In
particular, it seems clear that many species have the ability to rapidly detect and avoid diets
that are severely imbalanced in their amino acid profile, and therefore unhealthy(19-21), This
phenomenon has been demonstrated following the depletion of multiple amino acids and
appears to represent a learned aversion(223), Gietzen and co-workers have demonstrated
that this learned aversion is mediated by critical molecular events within the anterior
piriform cortex (APC), in particular, the accumulation of uncharged tRNA and the resulting
activation of the kinase GCN2 (general control non-depressible-2)(24.25). Thus, it is clear
that variations in both dietary protein quantity and quality can have significant effects on
food intake. It also seems likely that protein intake is regulated within general upper and
lower limits to ensure a sufficient supply to support life(1),

Stronger evidence that protein selection is regulated comes from work testing whether
protein selection is sensitive to changes in the need or demand for protein. These data
collectively demonstrate that animals will increase their selection and consumption of
protein when there is an increased need for protein, e.g., following a period of protein
restriction, in growing animals, and during chronic injections of growth hormone, and that
this regulation occurs independently from the regulation of energy intake(26),

Perhaps the most convincing data supporting the ability of an animal to navigate through
‘nutrient space’ derives from the Geometric Framework, developed by Steven Simpson and
David Raubenheimer(27-29). Studies of macronutrient selection are impaired by the fact that
an increase of one macronutrient must be offset by a decrease in a different macronutrient in
order to maintain diets that are isoenergetic. The geometric approach addresses this and
other concerns by using a geometric state—space model to quantify the intake of individual
nutrients across a range of diets and choices. Consumption of any individual nutrient can be
plotted relative to other components in the diet (e.g. protein v. carbohydrate or protein v.
energy), with this analysis easily extended to the selection between multiple diets. The data
suggest that species as diverse as insects, fish, rodents and pigs seek to consume a fixed
amount of both protein and carbohydrate, and thus regulate intake around a specific
protein:carbohydrate target(28:30-32)_|n addition, when faced with diets that do not allow an
individual to simultaneously reach its protein and carbohydrate targets, evidence in insects
and rodents indicates that protein intake is prioritised over carbohydrate intake. This effect
has been termed “protein leveraging’, as small changes in protein content can induce
profound changes in energy intake(28:29:32). From this perspective, the hyperphagia detected
on a low-protein diet is due to the leveraging in an effort to consume a target amount of
protein. The concept of protein leveraging has recently been extended to human subjects,
with reductions in dietary protein leading to increases in energy intake, at least over the
short term(33:34). Taken together, these data provide a compelling case for both the
regulation of protein intake and a potential role for protein in the regulation of energy intake
and obesity(29:35),

Carbohydrates: despite a strong basic attraction to sweets and learned avoidance if
utilisation is chronically impaired, there is only weak defence of target intake

Glucose is the preferred nutrient for the brain and typically accounts for most of the energy
requirements in human subjects. Furthermore, sugars are highly palatable and desired. Yet
carbohydrate intake is not essential for survival per se, as energy and glucose can be derived
from both fat and protein. However, a modest level of carbohydrate intake is necessary to
avoid ketosis, and it seems likely that prolonged ketosis is at least undesirable. This may be
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the reason for animals to eat towards a carbohydrate target as determined in the geometric
paradigm(28:31.32.36) However, protein takes priority over carbohydrate in this model.

Changes in food preferences when carbohydrate metabolism is impaired could also be
interpreted as carbohydrate-specific regulation of intake. There is a large literature on food
selection in diabetic rats(37-42), and the general consensus is that rats learn to avoid
carbohydrates and instead prefer fat and protein, because of their inability to efficiently
metabolise carbohydrates. Interestingly, in one report, induction of diabetes initially
increased carbohydrate and protein intake, but after 3 weeks, rats switched to fat
consumption®9). This suggests an initial attempt to overcome blocked glucose utilisation by
increased carbohydrate intake, before they learn to circumvent glucose utilisation as the
better strategy. This interpretation is consistent with the increased carbohydrate intake after
systemic 2-deoxy-glucose-induced acute blockade of glucose utilisation3) (but see(4) for
different outcome).

There is also evidence that carbohydrate is not regulated. Although animals restricted for
both energy and protein actively seek the missing nutrient, there is no evidence for
carbohydrate-seeking in carbohydrate-restricted animals. Hamsters with restricted access to
carbohydrate but provided with sufficient energy showed no preference for carbohydrate(),
in contrast to a strong preference for protein following protein restriction. A similar
observation was made for hypothalamic neuropeptide-Y expression, which increased in
response to both protein and energy restriction, but not following the isoenergetic restriction
of carbohydrate(46). Taken together, the earlier data support the concept that carbohydrate is
avoided if its utilisation is chronically impaired, but provide only limited support for the
hypothesis that animals defend a specific intake of carbohydrate.

Fats: despite strong basic attraction to fatty foods, evidence for defence of target intake is
lacking for fats in general, although it may exist for specific essential fatty acids

Fatty foods are very palatable and strongly preferred over dry foods with less creamy
textures by human subjects and rodents. Most fatty acids are non-essential and thus can be
synthesised by the body with the exception of a-linolenic and linoleic acids whose
production requires desaturase enzymes that are lacking in many animal species including
human subjects. Rats fed an -3 fatty acid-deficient diet showed a robust preference to
consume an 73 fatty acid replete diet when given the choice over the 7-3-deficient diet(?).
Moreover, intake of the replete-diet progressively increased over 4 d of preference testing,
indicating the contribution of post-ingestive learning. In another study, it was shown that
mice with a genetic deletion of the fatty acid transporter CD36 were not able to detect and
prefer another essential fatty acid, linoleic acid(48). These results provide evidence that
rodents may possess a mechanism for regulating the intake of essential fatty acids just as
they defend intake of thiamine.

In addition to essential fatty acids, there is some evidence for the regulation of total dietary
lipids. For example, in free-living human subjects, it was found that fat intake on a given
day was negatively correlated with fat intake 2 d later, suggesting some sort of delayed
negative feedback regulation of fat intake(%). The existence of a fat-specific appetite was
suggested in studies using Pavlovian conditioning by pairing separate conditioned stimuli to
either fatty or sweet food rewards acting as unconditioned stimuli. Specifically, rats treated
with intracerebroventricular agouti-related protein were observed to show, in the absence of
food intake, enhanced appetitive responding towards stimuli that had been previously paired
with fat and reduced responding towards stimuli previously paired with sucrose9,
However, studies using the geometric model have consistently found a lack of support for
regulation of fat intake in a number of species(14). Therefore, with the exception of essential
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fatty acids, there is mixed evidence for physiological monitoring and precise regulation of
fat intake.

When fats cannot be metabolised, the post-oral effects of ingested fat can become negative,
thereby conditioning a reduction in fat intake. For example, a genetic mutation in Acads —/-
mice renders them deficient in short-chain acyl-CoA dehydrogenase and therefore unable to
oxidise SCFA. In a food choice situation, Acads-deficient mice shift consumption away
from fat- and towards carbohydrate-containing diets, thus effectively preventing a reduction
in total energies®9). This genetic model provides a tool for determining how signals from
impaired SCFA oxidation are sensed and translated into feeding behaviour. The results from
Acads —/- mice indicate that a deficiency in fatty acid oxidation can drive macronutrient
selection and is similar to what has been reported in experimental diabetes where
carbohydrate utilisation is impaired (see discussion earlier).

Several lines of evidence indicate that fat oxidation pathways are involved in the control of
food intake, but whether or not these pathways regulate intake in a fat-specific manner is
less clear. For example, the acute blockade of long-chain fatty acid oxidation potently
stimulates food intake, and this response can be activated experimentally by using a variety
of drugs that inhibit fatty acid oxidation including B-mercaptoacetate (MA). In a
macronutrient choice paradigm, MA-treated rats increased their intake of protein and
carbohydrate and decreased intake of fat(43). MA-treated rats did not eat more fat, even if fat
was the only macronutrient source available, thus, MA increased only the intake of nutrients
that could be metabolised.

None of the earlier studies suggest a macronutrient-specific appetite because blocking
oxidation of SCFA (Acads-deficient mice) or long-chain fatty acids (pharmacological
antagonists) does not produce a specific need for fat. Instead, the behavioural feeding
response appears to be directed at: (1) locating the diet or nutrient that can provide sufficient
energy; (2) avoiding the diet/nutrient that cannot provide sufficient energy or (3) exhibiting
hyperphagia in response to the only diet/nutrient available when there is no choice. One
exception appears to be that MA-treated rats fail to increase their intake of fat when it is the
only macronutrient source available(3).

Exteroceptive and interoceptive cues for the detection of macronutrients

To ‘know’ which food source to select from, mechanisms must exist for detecting the
necessary macronutrient before it is ingested. In the modern world, human subjects can rely
on food labels and other explicit knowledge about foods, so that by just thinking about, or
seeing foods®1), we can decide whether it is a good source for a given nutrient. Just as
single-trial learning mechanisms have evolved to avoid toxic foods, learning helps select
necessary and beneficial foods. Visual, olfactory, auditory and gustatory cues in the
environment that are associated with specific foods become predictive for the beneficial
post-ingestive consequences of eating this food through learning(®2:53). The olfactory, and
particularly the gustatory system, recognise certain nutrients through nutrient-specific
receptor mechanisms, without the need for prior experience. Finally, once ingested, sensory
mechanisms all along the alimentary canal and, after absorption, throughout the body, are
used to encode the beneficial effects of their ingestion. Potential sites and mechanisms for
the detection of the three macronutrients are discussed later.

Protein: there are excellent sensors for individual amino acids before and after ingestion,
but quantitatively measuring protein intake is a challenging task

The umami (savory) flavour is often associated with protein-rich foods, and involves
principally the detection of the amino acid glutamic acid or its salt, monosodium glutamate
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by members of the T1R taste receptor family, specifically the TIR1/T1R3
heterodimer(>4:59), with additional involvement of the olfactory system. The complexity of
this system should be noted in that: (1) umami is also represented by a rather diverse set of
compounds®®), (2) the TIR1/T1R3 heterodimer appears to be capable of responding to
amino acids other than glutamate®”) and (3) umami is also detected in the absence of
T1R3(G4). Thus, there is likely more than one receptor mediating umami taste, and individual
amino acids besides monosodium glutamate represent unique tastes(8:59),

Protein selection is complicated by the fact that protein is more than a single substrate and
because it is unclear whether animals are selecting for sensory cues from specific amino
acids or crude protein (nitrogen). Infusing protein directly into the stomach or small
intestine, thereby bypassing the oral cavity, is sufficient to condition learned flavour
preferences similar to fat or carbohydrate(69-62), Because attempts to produce the same
effects with infusion of glucose into the hepatic portal system have been less successful, it is
thought that sensors at pre-absorptive sites, or linked to the absorptive process, can detect
the arrival of all three macronutrients in the gut. The same sweet, umami, fat and bitter taste
receptors found in the mouth are also expressed in select enterocytes throughout the small
and large intestines where they can signal to primary afferent nerves or stimulate the release
of gut hormones. In addition, after being absorbed into the bloodstream, macronutrients and
their metabolites can generate hormonal signals by acting on the pancreas, liver and other
organs, and can act directly on the brain. Collectively, these signalling mechanisms are
thought to represent the post-ingestive consequences of a specific food or macronutrient
which can be learned to be liked.

Learned associations between the post-ingestive effects of protein and flavours specific to
that protein source may strongly influence protein intake and selection(®3). For instance,
DiBattista demonstrated that the strong protein preference demonstrated by protein-deprived
hamsters was driven by the association of the high-protein diet with flavours associated with
that diet(®4). These data suggest that protein intake is not a specific, hard-wired appetite for
protein, but instead a learned association between dietary cues and post-ingestive
consequences.

Carbohydrates: while the human subjects gustatory system is largely blind to complex
non-sweet carbohydrates there is abundant sensing of glucose, the major common
currency of carbohydrates, in periphery and brain

The pre-ingestive detection of sugars is thought to involve both olfaction and taste(65.66),
The T1R2/T1R3 heterodimer is responsible for mammalian sweet taste perception, and its
location in the oral cavity mediates at least short-term preference for sugars(6>.67). However,
intragastric glucose infusions, bypassing the oral cavity, can also condition flavour
preferences in rats(®®). Post-oral sugar conditioning could depend on sweet taste receptors
or, alternatively, the Na-GLUT, expressed in specialised gut epithelial cells that release
specific gut hormones to communicate with the brain. For instance, sweet taste receptors are
expressed on enteroendocrine cells within the gut, providing a potential mechanism for
carbohydrate to induce changes in gut hormone secretion(9.79). Whether any of these
identified or yet unidentified receptor mechanisms for the detection of simple carbohydrates
in the gut contributes to the regulation of carbohydrate intake or balance remains an open
question.

Fats: novel lipid sensors found in mouth and gut have not yet been characterised in the

brain

Historically, the orosensory perception of fat has been attributed mainly to trigeminal 1) or
olfactory(72.73) mechanisms. More recently, two lines of evidence for fat taste transduction
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mechanisms in taste receptor cells have been described: the delayed-rectifying K channel
which is sensitive to PUFA(74), and fatty acid translocase (CD36) which is localised in
lingual taste buds. In addition, the transient receptor potential type M5 was shown to be
essential for fat taste in the mouse(7®), suggesting involvement of G-protein-coupled
receptors, possibly GPR40 and GPR120(7®). CD36 knockout mice do not prefer a fatty acid
emulsion as wild-type mice do, in two bottle 48 h preference tests(’”:78) but do learn to
prefer a flavoured solution paired with intragastric soyabean oil infusions(’®), thus
supporting a role of CD36 as a signalling protein for fat taste but not required for post-oral
fat conditioning.

Based on systemic treatment with the fatty acid B-oxidation blocker mercaptoacetate, it has
been proposed that mice may be able to detect fat via its oxidation products within taste
receptor cells, independent of post-oral conditioning(79). Contrary to this idea is the finding
that mice with genetically impaired SCFA oxidation respond normally to maize oil in 5-s
lick tests, where post-ingestive learning is unlikely, but reduce responding in longer-term
tests(®0). However, such a mechanism needs to be verified by demonstrating a direct action
of fatty acid oxidation inhibitors on taste receptor cell function.

Rats and mice do not discriminate between the oral effects of a nutritive or non-nutritive fat
solution during brief presentations. However, rodents prefer a nutritive fat solution when
post-oral consequences are allowed, e.g., when solutions are presented for a longer period of
time to allow for post-oral consequences to occur®, and during gastric conditioning when
an oral flavour is paired with intragastric infusions of fat solutions (thus avoiding oral
effects)(8182), These data support the view that post-oral processes communicate the
nutritional value of ingested fat solutions to the body. In gastric conditioning paradigms, fats
that are high in PUFA and low in SCFA content are the most reinforcing(®2), supporting the
idea that oral as well as post-oral sensing helps to satisfy the evolutionary pressure to ingest
sufficient amounts of the essential PUFA.

Post-oral effects of fat may involve processes in the stomach and gastrointestinal tract which
could regulate the release of gut hormones (ghrelin, peptide Y'Y and glucagon-like
peptide-1), modulation of vagal afferents, absorption of nutrients into the circulation and
subsequent communication with liver, pancreas or other peripheral tissues, which would
then alter the release of hormones relevant to fat storage and glucose homoeostasis (e.g.
leptin, insulin and glucagon). Individual nutrients affect incretin secretion(®3). Enterocytes
may sense TAG via fatty acid oxidation and influence eating through changes in intestinal
vagal afferent activity(84),

Potential neural mechanisms integrating sensory inputs and leading to the
expression of specific macronutrient appetite

In the earlier two sections, we have reviewed the behavioural evidence for regulation, as
well as the potential external and internal cues for the detection of specific macronutrients
and their components. Here, we discuss the scarce knowledge about potential neural
mechanisms that might be responsible for expression of the specific appetites and
behavioural selection process. Accepting the neural circuitry for the homoeostatic control of
energy balance as the prototype, we can distinguish at least two steps of neural processing.
First, relevant sensory information is integrated by dedicated neural circuits generating a
need state or hunger for energy. The major circuitry for this function is attributed to areas of
the brainstem and hypothalamus (see(®) for a recent review). Neurons sensing the
availability of all three energy providing macronutrients (see(®) for a recent review)
ultimately determine activity of the agouti-related protein/neuropeptide-Y and melanocortin
systems via the ancient fuel gauge AMP-regulated kinase. Activation of basomedial
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hypothalamic agouti-related protein neurons by low fuel availability is essential for the basic
hunger drive to occur(®7:88), In a second step, the motivational system residing in
corticolimbic structures is engaged through the heightened incentive provided by the
nutritional need state(89:90). This reward-based decision-making system takes both
interoceptive and extroceptive sensory information into account and relies on earlier
experience stored as “food memories’(52:53) (Fig. 1). As a result, attention is shifted from any
other behaviour towards finding and eating food, and reward generated from gratification of
the specific need provides the necessary reinforcement.

We suggest that this same basic two-step neural processing model is responsible for the
homoeostatic-like regulation of individual macro- and micronutrients (Fig. 1). The
difference is that instead of satisfying a general energy deficit, the system satisfies nutrient-
specific appetites. For example, it has been shown that similar to food seeking in general(®9),
sodium appetite depends on the mesolimbic dopamine system®L). An intriguing possibility
is that lateral hypothalamic orexin neurons provide the connection between steps one and
two of the model®). Orexin neurons connect the hypothalamus, where the specific need state
is generated, with the mesolimbic dopamine system, which confers selectivity of
behavioural action. In a seminal paper, Liedtke er a/.®) have recently demonstrated the
molecular changes occurring in hypothalamic orexin neurons of Na depleted mice. They
went on to show that pharmacological prevention of these changes greatly and selectively
reduced Na appetite, without affecting thirst and hunger(®, suggesting that distinct
molecular signatures of specific need states may be generated within hypothalamic orexin
neurons. It is well known that orexin neurons are stimulated by hypoglycaemia®2 and
fasting(®3), and activation of orexin neurons is associated with conditioned reward seeking
for foods and drugs(®4). Furthermore, local administration of orexin to the ventral tegmental
area, the home of mesolimbic dopamine neurons, reinstates extinct reward seeking for foods
and drugs©4.99), Thus, this path-way could account for the expression of the ‘wisdom of the
body’, by reinforcing only the behavioural actions that contribute to general well-being.

Protein: individual amino acid sensing in the piriform cortex and metabolism-coupled
protein effects in the hypothalamus — search for the missing link

The most straight-forward mechanism for protein detection would be a direct effect of
amino acids on brain areas regulating food intake(®®), as both dietary and circulating amino
acids clearly have access to the brain(97:98). As described previously, exposure to a diet that
is devoid of an essential amino acid induces a rapid, learned aversion that requires critical
signalling events within the APC(2429) L esions of the APC block the aversive response to
an imbalanced diet, as does replacement of the missing amino acid locally within the
APC(24.99-101) thys indicating the APC as a direct detector of essential amino acids.
Subsequent studies indicate that a build-up of uncharged tRNA and the activation of the
general control non-depressible-2 kinase are the key cellular mechanism involved. Indeed,
general control non-depressible-2-deficient mice fail to exhibit the aversive response to a
diet devoid of essential amino acids(®®). These studies provide a clear neuroanatomical and
cellular model for the avoidance of imbalanced and thus unhealthy diets, but it is unclear
whether this mechanism contributes more generally to the selection of protein.

In addition, there is strong evidence that the branched-chain amino acid (BCAA) leucine
acts locally within the hypothalamus to suppress food intake(102-105) at least in part via
activation of mammalian target of rapamycin/S6 kinase 1, inhibition of AMP-regulated
kinase signalling(103.105.106) ‘and via activation of BCAA metabolism(@92.107)_ Thuys the
hypothalamus is clearly capable of responding to amino acids, suggesting that BCAA may
provide a unique circulating signal of dietary protein content(105.108) However, anorectic
leucine effects are primarily observed when it is added in excess, and whether circulating
amino acids provide a specific signal of protein status remains unclear. Mice with defects in
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BCAA metabolism and resulting increases in circulating BCAA show normal protein intake,
even when allowed to self-select between high- and low-protein diets supplemented with or

without BCAA(107), Thus, despite the clear anorexigenic effects of pharmacological leucine

doses on food intake, its role as a physiological protein signal is unclear.

The intriguing possibility that orexin and other lateral hypothalamic neurons might provide a
link between the specific protein-deficient state and the motivational system has not been
explored. However, both the APC(199) and the medial hypothalamic sites responding to
leucine, project directly to the lateral hypothalamus, including orexin neurons(19), Thus,
protein-deficiency may engage similar neural pathways as Na deficiency(®).

Carbohydrate: hypothalamic glucose sensing may generate need state and drive specific
appetite by engaging with mesolimbic dopamine system

As discussed earlier, the presence of carbohydrates in the diet and in the circulation are is
detected by at least two distinct mechanisms, sweet taste and the metabolic effects of
glucose and other simple sugars. Glucose-sensing neurons, through a mechanism involving
GLUT?2 and glucokinase, are either excited or inhibited by surrounding glucose (see(®®) for a
recent review). If brain glucose-sensing would be critically involved in the regulation or
defence of carbohydrate intake, one would expect that loss-of-function manipulation would
selectively stimulate carbohydrate seeking. Unfortunately, in the majority of studies that
demonstrate increased food intake induced by impairment of brain glucosensing such as
insulin or 2-deoxy-o-glucose(!11) administration and genetic deletion of glucokinase(112),
only total food intake, but not macronutrient selection, was measured. In only one
experiment, systemic administration of 2-deoxy-o-glucose induced a selective hunger for
carbohydrate(#3), but it is not clear whether impaired brain glucosensing was responsible.
However, third ventricular administration of insulin which, in contrast to 2-deoxy-glucose,
enhances glucosensing and decreases total food intake(113), selectively reduced fat, not
carbohydrate, intake in a three-choice paradigm(114). Thus, although brain glucosensing
would be in an ideal position to modulate carbohydrate intake selectively, there is no direct
evidence for such a mechanism.

As glucose on the tongue and carbohydrates in the gut can powerfully stimulate the
mesolimbic dopamine system and condition flavour preferences(115-117) it will be
interesting to look for a role of hypothalamic orexin neurons as potential mediators.

Fat: are fat-specific neuropeptides pharmacological artefacts or do they serve regulation
of fat intake?

The possibility that essential fatty acids are detected directly in the brain, similar to amino
acids(?3), is suggested by the observation that consumption of an 73 fatty acid deficient diet
was accompanied by a decline in forebrain 73 fatty acid content?); however, this
possibility needs to be validated by targeted repletion of the missing fatty acid in specific
brain sites. In analogy to Na depletion, it would be particularly interesting to look for
molecular changes in orexin and other hypothalamic neurons possibly encoding the specific
need state.

Initially, there was excitement about the possibility that specific neurotransmitters and
peptides drive selective intake of macronutrients, e.g. that the neuropeptides galanin and
orexin stimulate lipid intake, and that norepinephrine via the a.2-receptor as well as
neuropeptide-Y stimulate carbohydrate intake(118:119). |t would be interesting to test the
effects of these neuropeptides with the geometric model to determine whether the observed
preferences were mainly due to the specific sensory properties of the macronutrient samples
rather than a defended target intake. It is clear that certain neuropeptides and transmitters
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change their expression levels with diets enriched with certain macronutrients. In particular,
high-fat diets via elevated circulating TAG levels increase expression of galanin, enkephalin
and dynorphin in paraventricular neurons, as well as orexin in lateral hypothalamic neurons.
However, rather than providing negative feedback to curb further fat intake as would be
expected in a regulated system, these mechanisms are apparently working in a positive
feedback fashion to further enhance high-fat intake(120.121),

A more likely mechanism that could be responsible for a homoeostatic-like negative
feedback regulation of fat intake may use the same general system outlined earlier (Fig. 1).
Low-fat oxidation detected in the periphery(®4) and/or directly in the brain22) may activate
hypothalamic energy sensor neurons via AMP-regulated kinase phos-phorylation. This
would in turn lead to activation of the agouti-related protein system and possibly fat-specific
molecular changes in orexin and other lateral hypothalamic neurons as demonstrated for Na
deficiency(®). In support of such molecular changes, our preliminary observations suggest
that mice with genetic deletion of the ability to oxidise SCFA show elevated hypothalamic
AMP-regulated kinase expression on high-fat diet compared with wild-type mice (BK
Richards, unpublished results).

Conclusions and unanswered questions

It is now commonly accepted that the consumption of energy and essential nutrients such as
Na, vitamins and certain amino- and fatty acids is at least controlled and defended, if not
regulated, in a homeostatic-like manner, is now commonly accepted. A much weaker case
for such ‘wisdom of the body’ can be made for the non-essential macronutrients,
carbohydrate, fat and protein, although a review of the recent literature provides some new
insights encouraging continued inquiry of this question. We propose that the same basic
neural circuitry responsible for the homoeostatic-regulation of total energy intake when
energy expenditure is held constant is also used to control consumption of specific macro-
and micronutrients. Thus, in addition to a general appetitive drive, specific appetites are
likely encoded by unique molecular changes in the hypothalamus(® that occur via largely
unknown changes in interoceptive signalling. Gratification of such specific appetites is then
accomplished by engaging the brain motivational system. The cortico-limbic circuitry
assigns the highest reward prediction to exteroceptive cues previously associated with
consuming the missing ingredient. Thus, we would argue that the depletion of a given
nutrient results in an increased rewarding value (incentive salience) of that nutrient. For
example, protein-deprived animals would find protein particularly rewarding, much more
than any other nutrient, and more than a protein-replete animal. The increased incentive
salience would result in a heightened reinforcement of cues associated with that food source,
particularly in the deplete state, such that the depleted animal specifically seeks food sources
that provide the needed nutrient, and particularly those sources that previously met this need.
It will be interesting to test this model under conditions of relative protein-, carbohydrate-,
or fat-deficiencies. In particular, it will be interesting to (1) search for possible nutrient-
specific molecular changes within hypothalamic circuits, (2) characterise the sensitivity and
selectivity of the midbrain dopamine system in response to nutrient-specific cues and (3)
identify the nature and location of the relevant ‘food memories’. The potential ‘reward’ of
such research could be big, as it could lead to the development of drugs that make us want to
eat less fatty foods, or help design behavioural strategies that promote healthier eating.
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Fig. 1.

Schematic flow diagram showing possible neural processing of external and internal food
cues leading to nutrient-specific appetites. Representations of experience with a particular
food (food memories) take into account (a) exteroceptive cues including taste, available
before ingestion of significant amounts, (b) post-ingestive consequences elicited by
ingesting the food (digestion, absorption and metabolism), and (c) the prevailing deprivation
state for the particular nutrient at the time of replenishment. The hypothalamic energy sensor
may be involved in generating a general hunger signal (incentive), and the cortico-limbic,
reward-based decision-making circuitry may confer the behavioural specificity for the
selection process. Amy, amygdala; Hipp, hippocampal complex; NAch, nucleus accumbens;
OFC, orbitofrontal cortex; PFC, prefrontral cortex; VTA, ventral tegmental area.
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