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While food intake and body weight are under homeostatic regulation, eating is a highly motivated and 
reinforced behavior that induces feelings of gratification and pleasure. The chemical senses (taste and 
odor) and their evaluation are essential to these functions. Brainstem and limbic glucose-monitoring 
(gm) neurons receiving neurochemical information from the periphery and from the local brain milieu 
are important controlling hunger motivation, and brain gut peptides have a modulatory role on this func-
tion. The hypothalamic and limbic forebrain areas are responsible for evaluation of reward quality and 
related emotions. They are innervated by the mesolimbic dopaminergic system (MLDS) and majority of 
GM neurons are also influenced by dopamine. Via dopamine release, the MLDS plays an essential role in 
rewarding-reinforcing processes of feeding and addiction. The GM network and the MLDS in the limbic 
system represent essential elements in the neural substrate of motivation. 
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intRoduction

the most important argument of the drive-reduction hypothesis of learning and rein-
forcement is the feeding per se [14]. The hunger drive is the consequence of a “need-
state”: the lack of nutrients and/or excess of certain metabolites generate an excita-
tory stage. Driven by hunger the organism exploring the environment finally discov-
ers the food (reward) and during eating (consumption) the hunger-drive is reduced. 
Because of its plausibility and attractiveness the drive-reduction theory has influ-
enced neuroscience for decades even if it could explain only the positive reinforce-
ment. The discovery of dual “hunger” and “satiety centers” in the hypothalamus (the 
lateral hypothalamic area and the ventromedial hypothalamic nucleus, respective-
ly) [2] than in the amygdaloid body (the centromedial and basolateral parts of the 
amygdala, respectively) [7] also supported the drive-reduction hypothesis. Namely, it 
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has been suggested that feeding is induced by the activation of the lateral hypotha-
lamic “hunger center”. During feeding, due to stomach distension and elevation of 
blood glucose level, the ventromedial hypothalamic “satiety center” increases its 
activity which in turn inhibits the lateral hypothalamus. 

the glucostatic [26], aminostatic [27] and lipostatic [19] theories of feeding are 
based on the concept of the hypothalamic dual centers and their regulatory processes 
correspond to a simple negative feed-back. These theories did not concern soma-
tosensory and other perceptual events, only a viscerosensory – humoral feed-back 
regulation was taken into account. It should be emphasized, however, that eating is a 
highly motivated and reinforced behavior that not only provides nutrients needed for 
survival, but also induces feelings of gratification and pleasure. The sight, smell and 
taste of foods, the presence of secondary (learned) cues can evoke feeding, or – under 
certain circumstances – can stop feeding even in hungry animals. Therefore, it is 
obvious that feeding behavior is under multifactorial control of different cns mech-
anisms. 

peRipheRal feeding Related mechanisms

the cns, however, should continuously monitor the peripheral mechanisms, the 
events of the internal environment, especially within the gastrointestinal system. It 
has been shown that glucose infusion into the portal vein inhibits feeding even in 
hungry animal and it modifies the firing activity of the afferent vagal fibers and 
hypothalamic neurons [30]. Glucose-sensitive unit activity can be recorded from the 
portal and pancreatic vagal afferents [30] and vagal fibers originating from the small 
intestine carry glucose related information. The glucose and free fatty acid sensing 
system of the liver, pancreas and small intestine and mechanoreceptors of the stom-
ach send their information up to the nucleus of the solitary tract and the dorsal vagal 
complex (NTS). It is remarkable that taste related information from the tongue and 
mouth also arrives to the NTS. Stomach distension stimulating stretch receptors leads 
to the release of gastrin releasing peptide (gRp) which triggers the peripheral release 
of other brain gut peptides such as cholecystokinin and glucagon involved in satie-
ty [20]. Via the blood stream GRP acts on the CNS at the chemosensitive zone of the 
4th ventricle (the area postrema) and via the afferent vagal nerve fibers it influences 
the activity of the NTS. It is important to emphasize that GRP containing neurons are 
located in the nts per se, and they send their axons to the hypothalamus, amygdaloid 
body and other limbic structures involved in the regulation of feeding. It has been 
shown that GRP microinjections into the 4th ventricle or into the hypothalamus 
inhibit feeding [21]. Microstructural analysis of feeding showed that GRP and its 
fragment neuromedin C injected directly into the amygdaloid body evoke character-
istic behavioral satiety sequence of progression and this effect can be prevented by 
prior application of GRP receptor antagonists [5]. On the basis of these data it is clear 
that the cns receives humoral input via the area postrema and neural input via the 
vagal nerve and NTS in order to monitor the actual status of the internal environment. 
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it is also remarkable that brain gut peptides represent peripheral feeding related sig-
nals and that the same neuropeptides within the cns – especially within the limbic 
system – form distinct neuronal circuits regulating hunger and satiety. 

the glucose-monitoRing netWoRk

based on our previous results and related data of literature we propose a new model 
explaining hunger motivated behavior and food rewarded learning. The central core 
of this model is the glucose-monitoring (GM) network. In 1969 Oomura and his 
co workers [31] discovered glucose-sensitive neurons in the lateral hypothalamic 
“feeding center” and glucose-receptor neurons in the ventromedial hypothalamic 
“satiety center” of anaesthetized rats. Activity of glucose-sensitive neurons is sup-
pressed by local electrophoretic application of d-glucose while glucose receptor 
neurons are facilitated by d-glucose. These two types of the so-called GM neurons 
were described later in the monkey hypothalamus and it has been shown that they 
exhibit characteristic activity changes during alimentary conditioning and are influ-
enced by peripheral manipulation of blood glucose concentration [3]. 

gm neurons have been discovered in the area postrema [8], the nts, the 
amygdaloid body, ventral globus pallidus, nucleus accumbens (nac), mediodorsal 
prefrontal cortex (mdpfc) and the orbitofrontal cortex (obf) [16–18, 25, 28], the 
brain areas involved in the regulation of feeding and feeding related learning. The 
GM neurons are specific chemosensory cells monitoring neurochemicals of the local 
brain milieu and they receive humoral and viscerosensory information from the 
periphery via the area postrema, the vagal nerve and NTS, respectively. Activities of 
GM neurons are influenced by electrophoretically applied insulin, glucagon, free fatty 
acids, opioids, various other hormones, orexigenic and anorexigenic peptides. On the 
basis of these results one can suppose that peripheral mechanisms and different areas 
of the CNS form a “glucose-monitoring”, chemosensitive neuronal network and that 
the most important part of this network is located within the limbic system.

elements of this hierarchically organized network (area postrema, nts, hypo-
thalamus, amygdaloid body, ventral globus pallidus, nac, mdpfc and obf) inte-
grate neurochemical signals from the periphery, the local brain milieu and from other 
brain loci. Via feed-back and feed-forward regulation (anticipatory responses) they 
have efferent influences to the metabolism and endocrine events at the periphery. The 
first two key elements of the GM system are the chemosensitive zone of the area 
postrema and the NTS. Receiving humoral and neural inputs these brain sites direct-
ly control the metabolic constituents and neurochemicals of the blood and cerebrospi-
nal fluid. At the same time the NTS is the first relay station of the central taste system. 
it is remarkable that the gm network and a central representation of the taste system 
(i.e. the NTS, hypothalamus, amygdala and OBF) highly overlap and it is obvious 
that they share common functions controlling metabolic processes, hunger motivation 
and food rewarded learning. The GM network includes those hypothalamic and lim-



Hunger motivation 83

Acta Biologica Hungarica 63, 2012

bic-forebrain areas which are well known structures involved in learning and rein-
forcement and which are innervated by the mesolimbic dopaminergic (da) system 
(MLDS). 

taste and odoR Related infoRmation pRocessing

the hypothalamic and limbic forebrain areas are responsible for evaluation of reward 
quality and related emotions. The amygdaloid body has for long been associated with 
the control of emotions, motivation and hedonic tone [15]. It has been characterized 
as a region where representations of the internal and external world overlap, permit-
ting the organism to assess and fulfill its physiological needs in relation to the external 
resources available [36]. The amygdaloid body plays a critical role in the initiation 
and guidance of feeding, which relies on an integration of autonomic and exterocep-
tive information. Amygdaloid lesions interrupt both taste aversion and food rewarded 
learning. Different kinds of neurochemical lesions of the amygdaloid body, the lat-
eral hypothalamus, nucleus accumbens and ventral globus pallidus lead to feeding 
disturbances and to serious learning deficits [22, 23]. In the hypothalamus and amyg-
daloid body taste and odor sensitive neurons have been described in the rhesus mon-
key [16, 18]. Similar neurons have been found in the ventromedial globus pallidus 
and OBF [17, 18, 25]. These taste and odor sensitive neurons exhibited characteristic 
activity patterns to changes of quality of food reward, during alimentary conditioning, 
during extinction of alimentary conditioned responses and during satiation. There is 
no doubt that these neurons are involved in the neural mechanisms of emotional and 
hedonic evaluation of food reward. 

It has also been shown that majority of GM neurons localized in the above brain 
regions exhibit remarkable activity changes to taste and odor stimulations and are 
involved in the detection of familiar foods and in the evaluation of reward quality 
[16–18, 25]. The OBF has been identified as the “secondary taste cortex” and it is 
interconnected with the insular cortex (the primary taste cortex), the amygdaloid 
body, the globus pallidus and the hypothalamus. In the OBF the primary reinforcing 
value of taste and odor is represented, the texture of food is detected and bimodal 
olfactory and taste quality is evaluated creating the perception of flavor of foods [34]. 
these evaluations converge with visual information and earlier experiences related to 
food and are associated with the endogenous chemosensory information represented 
by the GM neuronal network.

dopamine, feeding and addiction

the mlds originating from the ventral tegmental area (the dopaminergic cell groups 
a10 and a8) innervates the hypothalamus, ventral pallidum, other limbic system 
structures and different cortical areas. Specific neurochemical (DA) lesions at differ-
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ent levels of the mlds result in serious disturbances in hunger motivated behavior, 
food rewarded learning and conditioned taste aversion [23]. The nigrostriatal 
dopaminergic and the ascending noradrenergic (na) pathways were also supposed to 
play an important role in the regulation of feeding [1, 22, 37]. It has been shown that 
in different parts of the limbic system the specific catecholaminergic microlesions 
reducing the na content produce hyperphagia and body weight increase, while da 
depletions cause hypophagia and weight decrease [23]. The direction of body weight 
changes well correlated with the actual da/na ratio measured in the lesioned limbic 
areas. It has been hypothesized, therefore, that the MLDS and the NA systems repre-
sent a balance mechanism influencing feeding behavior and maintaining physiologic 
body weight [23]. 

numerous experimental data suggest that the activation of the mlds is associated 
with arousal, stress, reflex facilitation, self-stimulation, reward, positive reinforce-
ment and drug abuse [39]. It has been shown that electrical self-stimulation directly 
increases the activity of MLDS neurons [6]. Inhibition of DA synthesis or application 
of da receptor antagonists decreases the reinforcing value of electrical self-stimula-
tion [38]. In the nucleus accumbens chemical self-addiction can be elaborated by 
amphetamine or by DA [13]. In place preference test and in other behavioral para-
digms psychostimulants (such as cocaine or phenylcyclidine), morphine or nicotine 
significantly increase DA level [11]. Specific DA lesion in the nucleus accumbens 
inhibits cocaine self-addiction and in morphine dependent animals the morphine 
antagonist naloxon decreases the extracellular DA level [33]. At the onset of normal 
feeding or after neurochemically induced feeding by NA microinjections into the 
paraventricular nucleus of the hypothalamus, da level increases in the nucleus 
accumbens [10]. During food deprivation DA level dramatically drops while during 
eating the extracellular concentration of da increases in the amygdaloid body and the 
prefrontal cortex, too [9, 12]. Glucose infusion elevated and insulin injection 
decreased DA level in the amygdaloid body [9]. Rewarding effects of sweet solutions 
are related to da because during their consumption the extracellular level of da 
increases [12].

in our single unit recording experiments in rhesus monkeys it was shown that dur-
ing elaboration of bar press feeding responses lateral hypothalamic da and morphine 
sensitive neurons were activated at the conditioned light stimulus and during the 
reward phase [24, 32]. These activity changes disappeared during satiation or after 
application of DA antagonists. During electrical stimulation of the ventral tegmental 
area monosynaptic responses (with 1–2 ms latency) were recorded from these cells 
showing that there is a direct influence of the MLDS on hypothalamic DA sensitive, 
reward related neurons [24]. Similar conclusion has been made by Schultz and 
coworkers [35] showing that due to the effect of the reinforcement predicting stimu-
lus in the mlds neurons a characteristic bursting activity was recorded for several 
milliseconds. Based on these results it is obvious that the activity of the MLDS and 
that the da per se play essential roles in rewarding – reinforcing processes including 
feeding behavior and drug addiction [11–13, 24, 29]. It can be supposed that under 
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certain circumstances – via da release – eating acts as a psychostimulant and that 
release of rewarding DA during eating can explain bulimic symptoms. It is also sug-
gested that binge-eating is a kind of addiction where food represents a natural reward-
ing “drug” [11]. One may suppose, therefore, that in bulimic patients and in binge 
eaters eating is driven not for calories but for the rewarding DA. 

It is remarkable that majority of GM neurons in the hypothalamus, ventral globus 
pallidus, amygdaloid body, NAC, mdPFC and OBF are influenced by local electro-
phoretic application of DA [16, 17, 25]. It has been shown that hypothalamic and 
amygdaloid gm neurons also exhibit characteristic activity changes to morphine and 
these responses are attenuated by naloxone [28, 32]. These data clearly indicate that 
activity of the GM network is influenced by the MLDS and opiates suggesting the 
integrative role of GM neurons in feeding and reward related processes.

geneRation of adaptive behavioRal Responses

the emotional-motivational behavior depends on the mutual relationship of the 
actual physiological state of the organism and the environmental incentive stimuli [4]. 
the animal will eat if it is hungry but food deprivation per se can lead to feeding only 
if the food or the appropriate incentives signaling the presence and availability of 
food are present. The actual physiological state of the organism is controlled by a 
peripheral viscerosensory mechanism which sends updated information to the central 
GM network. The GM network consists of chemosensitive neurons which highly 
integrate information of the peripheral metabolism with local brain neurochemical 
signals and taste and odor related information. Somatosensory (oropharyngeal), taste- 
and odor-related signals, as well as visual and acoustic cues are detected in the pri-
mary cortices (localization and intensity discrimination) however, via serial and par-
allel information processing they are sent to the limbic system and OBF, too. The 
hypothalamic and limbic forebrain structures are interconnected and tuned up by the 
rewarding DA which is released from the MLDS. These areas are responsible for 
evaluation of reward quality and related emotions and they form a special network 
which is the substrate of motivation, learning and reinforcement (Fig. 1). The output 
of the system generating the adaptive behavioral responses is activated by the nucle-
us accumbens, amygdaloid body and hypothalamus, thus, via the globus pallidus, 
brainstem extrapyramidal motor regions, the endocrine system and vegetative/vis-
ceral efferents behavioral responses are executed. Detailed cellular mechanisms of 
the network and identification of local interconnections of GM neurons remain to be 
elucidated, however.
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