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Abstract
To understand gustatory physiology and associated dysfunctions it is important to know how stimuli
placed in the mouth are encoded both in the periphery and in taste-related brain centres. The
identification of distinct taste receptors, together with electrophysiological recordings and
behavioural assessments in response to taste stimuli, suggest that information about distinct taste
modalities (e.g., sweet versus bitter) are transmitted from the periphery to the brain via segregated
pathways. In contrast, gustatory neurons throughout the brain are more broadly tuned, indicating that
ensembles of neurons encode taste qualities. Recent evidence reviewed here suggests that the coding
of gustatory stimuli is not immutable, but is dependant on a variety of factors including appetite
regulating molecules and associative learning.

INTRODUCTION
The gustatory system, together with the somatosensory system, is involved in analyzing diverse
features of food, such as its chemosensory (modality, intensity), orosensory (texture,
temperature, pungency) and rewarding properties. Other senses such as vision and olfaction
also contribute [1–2], but their modulating roles in food perception are beyond the scope of
this review.

The first goal of this review is to elaborate gustatory coding schemes in the periphery and
cortical areas. In particular, the review highlights the increasing complexity along the gustatory
neural pathway, as cortical areas also contain information about tastants’ pleasantness or
hedonic value (Glossary). The second goal is to show how the gustatory system, at the central
level, integrates information from internal signals and changes the tastants’ cortical
representation accordingly.

ORGANIZING TASTES: FROM TASTE BUDS TO CORTEX
Gustatory processing is first achieved at the level of taste receptor cells (TRCs) that are
assembled into taste buds (TBs) distributed among different papillae of the tongue, palate,
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larynx, pharynx, and epiglottis. TBs contain about 100 TRCs that protrude through the lingual
epithelium into a taste pore (Figure 1a). Upon tastant binding to receptors on microvilli of
TRCs, transduction machinery is activated and neurotransmitters are released that cause the
excitation of afferent nerve fibres. Two afferent branches of the facial nerve (VIIth) innervate
the anterior tongue (chorda tympani nerve, CT) and the palate (greater superior petrosal, GSP).
The lingual-tonsilar branch of the glossopharyngeal (GP or IXth) nerve innervates the posterior
and lateral tongue areas and the superior laryngeal branch of the vagus nerve (Xth) innervates
TRCs located in the larynx, pharynx and on the epiglottis. The CT has two discrete branches–
one projecting to the rostral part of nucleus of solitary tract (rNST) that is involved in taste
processing and the other to the medullary reticular formation (RF), a caudal brainstem pathway
leading to reflexive oromotor functions [3]. The GP and vagus nerves are known to be involved
in swallowing, gagging, salivary secretions and motor responses involved in eating [4].

These three cranial nerve (CN) branches, together with the lingual branch of the trigeminal
nerve (Vth), converge in the medulla to synapse in the rNST (Figure 1b). The rodent and primate
taste systems differ in that for rodents, fibres from the rNST projects ipsilaterally to the PBN
(Figure 1b,c), whereas the primates rNST fibres project directly to the parvocellular division
of the ventroposterior medial nucleus of the thalamus (VPMpc). From the PBN there are
reciprocal projections to the ventral forebrain, the bed nucleus of stria terminalis, the lateral
hypothalamus (LH) and the basolateral amygdala (BLA) [5]. These structures are involved in
the processing of taste-related tasks such as feeding and/or taste memory formation.

The gustatory fibres from the VPMpc terminate in the primary gustatory cortex (GC). GC
neurons, in turn, project (reciprocally) to the PBN, the primary somatosensory cortex (S1) and
the orbitofrontal cortex (OFC; Figure 1b-c). The orbital network receives sensory inputs from
several modalities related to the intake of food, including olfaction, taste, visceral afferents,
somatic sensation and vision [6].

Specific information about the tastants is also transmitted from the CNS to the solitary
nucleus,where it is distributed among many pathways involved in chemical identification,
reward, memory and motor responses. Thus, gustatory pathways in the brain consist of
interacting and dynamic feed-forward and top-down pathways that are widely distributed
among several brain areas involved in tastant identification, reward and the decision to ingest.

TASTE CODING
Two major hypotheses on how taste information is processed currently exist [7]. The first,
called “labelled line” (Glossary) refers to a coding model in which peripheral (or central)
neurons that respond the most robustly to a given taste modality carry the totality of the
information on segregated pathways. This coding scheme may simply be thought of as a wire
that goes from the periphery to the higher areas that signals a particular modality (e.g., sucrose).
Intensity increases are indicated by an increase in neuronal activity. The second view affirms
that a modality and its quantity (intensity) are encoded by ensembles of broadly tuned neurons
(Glossary). This “ensemble code” (Glossary) is also known as “combinatorial” or “across fibre
pattern”. There are proponents for both major coding schemes, as well as augmented forms of
them involving temporal contributions. Evidence for the use of these different schemes at
various locations in the gustatory pathway will be discussed.

Coding at the periphery
Data from studies using a variety of different techniques, including genetic, morphological,
and electrophysiological recordings, have shown that several types (and subtypes) of TRCs
are present in TBs, cell types I, II and III [8]. Basal cells are progenitors of TRC cells and are
found at the base of TBs [9–10]. Type I cells were initially believed to be supporting (or ‘glial
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like’) cells, as they express enzymes involved in transmitter uptake and degradation. However,
recent studies showed that they express an amiloride-sensitive epithelial sodium channel
(ENaC) [11–12], which has been demonstrated to be the major sensor for salt (NaCl) perception
[13].

There is, however, general agreement regarding the roles of type II TRCs. These cells contain
G Protein Coupled Receptors (GPCRs) that selectively respond (at concentrations that can be
considered close to physiological) to sweet tastants (T1R2-T1R3), bitter tastants (T2Rs) and
amino acids/umami (T1R1-T1R3), since the deletion of the receptors (or of the type II cells
that contain them) selectively prevents both whole nerve cell responses and behavioural
responses – i.e. ingestion for sweet tastants and rejection for bitter tastants (see Figure 2a and
[14]). Critical signalling molecules that have been identified as being downstream from these
GPCRs include a phospholipase (PLC-β2) and a transient receptor potential (TRP) channel
(TRPM5) that is activated by IP3 induced increases in intracellular calcium [14–15].

For responses to acid it was found that type III TRCs contain TRP channels called PKD2L1.
Deletion of these PKD2L1 expressing cells selectively eliminates whole nerve responses to
acid (Figure 2a and [16]). In addition, taste cells containing PKD2L1 also express CAR4
[17], an extracellular glycosylphosphatidylinositol (GPI)-anchored carbonic anhydrase, along
with intracellular forms of carbonic anhydrase [17–18]. Both forms play essential roles in
modulating the conversion of CO2 to bicarbonate (HCO3

−) and hydrogen, which in principle,
could produce a sour taste perception (note: CO2 is also a trigeminal nerve stimulant, giving
rise to painful and tingling sensations [19]). As noted, deletion of TRCs containing the alpha
subunit of ENaCs produced animals exhibiting a complete loss of salt (NaCl) attraction and
taste response [13].

These data provide very strong evidence for the labelled lines model, in which separate
pathways link the activation of taste cells with particular receptors and to predictable
behavioural responses [20]. Further experiments using genetically modified mice with altered
taste sensing cells support this idea. For example, mice in which a receptor that was activated
by a synthetic and normally tasteless ligand was expressed in bitter responsive cells, induced
avoidance behaviour, whereas the same receptor expressed in sweet-responsive cells provoked
acceptance behaviour [21–22]. Finally, expressing a bitter taste receptor in a sweet-sensing
cell generated mice that were attracted by a bitter tasting compound [21].

As groundbreaking as these experiments are, it would be useful to also record from single units,
as the whole-cell nerve recordings would predict that there should largely (or exclusively) be
neurons that exhibit selectivity to particular taste qualities, like the example shown in Figure
1b for sweet tastants. However, neurons that are directly activated in response to TRC activation
are often broadly tuned [23]. Thus, in the context of the labelled line coding model, it is not
clear what information these broadly tuned neurons transmit. In addition, other types of stimuli
should be tested to see if the tastant exclusivity is retained. Such stimuli may include divalent
and trivalent salts [24], water [25–26], fatty acids [27], nicotine [28] and capsaicin and other
compounds that activate TRP vanilloid 1 (TRPV1) channels found in TRCs [29].

Despite the strong evidence outlined above for a labelled line scheme for encoding taste, other
studies have indicated that the coding scheme used in the periphery may be more complex.
One reason for this rationale is that voltage-dependent calcium channels (VGCCs), whose
opening can cause the pre-synaptic vesicular release of transmitters onto primary nerve
terminals, are only expressed in type III cells [30]. That is, only type III cells are believed to
form conventional synapses with primary neurons, allowing for a major output pathway to the
rNST. Moreover, type III cells are broadly tuned to respond widely to a range of stimuli,
implying that the afferent fibres that synapse with them should also be broadly tuned.
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How then is taste information processed in a model in which type III cells are the only cells
releasing transmitters on nerve terminals? One possibility is that other TRC types contact
intragemmal fibres without apparently forming synapses [8] and these fibres are activated by
the release of transmitters (and/or peptides) from TRCs and then may form a parallel pathway
to the rNST [3,31]. In addition, tastants activating type II cells depolarize them, causing a
release of ATP via connexins and/or pannexins [32–33] onto P2X receptors [34] (i.e., ion
channels that open in response to the binding of extracellular ATP) expressed on type III cells.
This, in turn, depolarizes type III cells, activating VGCCs that subsequently cause the release
of serotonin (5-HT) [35] onto nerve terminals. As suggested, ATP (as well as other transmitters)
could also activate the non-synapsed intragemmal neurons [36]. In this coding scheme, NaCl
or acid would directly activate distinct subpopulations of type III cells that would then directly
transmit information to the CNS via primary neurons that are synapsed with them. Since ~80%
of type III cells are broadly tuned [37], it follows that this scheme would predict that ensembles
of primary neurons would encode tastant identity. Although this model has several attractive
features, it has not consolidated the results obtained on taste cells with either recordings from
primary neurons or to behavioural experiments. One useful experiment would be to knock out
all type cells with VGCCs and determine from single neuron recordings if this affects the neural
responses to tastants known to activate type II cells, since deleting PKD2L1 expressing type
III cells does not impair whole nerve responses to taste modalities other than sour (Figure 2a
and [38]).

In addition to the noted ATP-dependent processing in the taste bud, TRCs also contain receptors
for leptin, a peptide that is released from adipose cells in response to eating. Single unit CT
recordings have shown that leptin caused a selective reduction in responses to sweet tastants
[39] whereas endocannabinoids, such as anandamide, bind to CB1 receptors on Type II cells
and selectively increase nerve and behavioural responses to sweet tastants [40]. This means
that neurons classified as “best responders” in the labelled line scheme may change their tastant
selectivity during or after a meal or after ingestion of cannabinoids. “Best” is interpreted to
mean that at comparable intensity or response levels, the average activity (usually taken over
several seconds and few trials) is greater for one tastant than for the others tested. Thus,
depending on the particular context, even at the periphery, the tastant selectivity of a particular
neuron may change.

Moreover, peptidergic modulators of appetite such as neuropeptide Y (NPY), cholecystokinin
(CCK), galanin and glucagon-like peptide-1 (GLP-1) may alter tastant processing through
autocrine or paracrine mechanisms in the taste bud [41–43] and at various levels in the CNS
[44]. Finally, in addition to ATP, TRCs also contain other neurotransmitters including
noradrenaline, serotonin, acetylcholine, and γ-aminobutyric acid (GABA) whose receptors
may be in TRCs and/or nerve terminals [28,35,45]. How all these transmitters and peptides
function to modulate the encoding of tastants at all levels of the gustatory pathway will be, in
the coming years, an important area of research.

Taken together, the present evidence suggests that the peripheral taste system-at least for the
five perceptually distinct taste modalities-uses a labelled line coding scheme. The issue of
whether this scheme is conserved and utilized within the higher nervous system levels of the
pathway is discussed below.

Coding in the Brainstem and Thalamus
Before discussing tastant responses in the brainstem and higher brain regions, when
considering gustatory coding, it is important to mention four factors that may influence the
interpretation of experimental results. First, a large majority of the electrophysiological
recordings are performed in anesthetized animals. The anaesthetic agent used may limit or
modify inputs from other brain areas and hence alter and/or modify the neuron’s selectivity to
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tastants [46]. Second, in nearly all of the studies mentioned, tastants do not activate the entire
oral cavity. This is important since inputs from the three taste nerves have very different
chemical selectivities (see Figure 2c), which may alter or modify the selectivity of the responses
in which only one or two inputs were activated. Third, tastants were generally delivered in a
manner that was not in the animal’s control (i.e. passively) as opposed to goal-directed (i.e.
active and voluntary). It is known that under these conditions responses to sensory stimuli are
markedly different throughout the brain [47–49]. Thus, the manner of delivery of the tastant,
by passive delivery over the tongue and palate in anesthetized subjects, or by hand delivery,
intraoral cannula or by active licking, can dramatically alter the observed response. Finally, in
many (if not most) studies of taste coding the subjects do not usually ingest the stimuli, even
though post-ingestive effects are known to alter neural responses (see below).

With respect to gustatory encoding in the CNS, there have been many studies of taste responses
in NST, PBN and thalamic (VPN) neurons. Because of space limitations, only a limited number
of key aspects will be highlighted from these studies. Figure 2d shows a representative rNST
response obtained from an anesthetized rat in which both the anterior tongue and palate were
exposed to a variety of tastants for 10 seconds [50]. While this neuron was unresponsive to
sucrose or fructose, it was responsive to perceptually different salts, ethanol, acids, and many
bitter tasting compounds. It is evident that this broadly tuned neuron is not part of a labelled
line, but may be a neural element of an ensemble. However, there are other subpopulations of
cells within the NST, PBN and VPN that are tastant selective, insofar as they respond “best”
to a particular stimulus. Thus, the extent of selectivity within these brain regions is variable;
with some neurons being quite selective and others more broadly tuned [50–54]. As a general
statement, higher order neurons appear to be more broadly tuned than those at the periphery.
In addition, as in the periphery, a neuron’s selectivity in the CNS can be modified or changed
depending on a variety of factors such as circulating hormones, glucose and temperature, as
well as input from cortical and visceral areas [55–58].

With respect to a role for spike timing in taste coding, it is clear from experimental evidence
that although responses can be evoked by all stimuli in a broadly-tuned neuron, their temporal
responses may differ, even among the same taste stimulus category (e.g. compare quinine and
denatonium in Figure 2d). From this example, it is evident that for these two stimuli, even if
the average spike rate was the same, temporal information could be used to distinguish between
them. In general, dynamic features of neuronal activity are the result of a balance of excitatory
and inhibitory influences that can arise from intra-area networks as well as input from other
cortical and sub-cortical areas. This activity can affect the neuronal spike timing in a manner
that may improve discrimination among tastants [59–64].

Coding in the primary gustatory cortex (GC)
The GC is a multimodal area that responds to tastants as well as to thermal, mechanical, visceral
and nociceptive stimuli [65–67]. Basically, the responses of individual GC neurons to tastants
exhibit the same pattern of activity as those described for brainstem and thalamic neurons in
that some have been reported to be quite selective to tastants, whereas others are more broadly
tuned (Figure 2e). With few exceptions, the GC responses were measured as the average
activity over several seconds and the tastants were delivered passively to the animal.

The voluntary intake and active processing of sensory stimuli differs from passive processing,
not only for differences cited above, but also because there is a temporal component that
involves licking, swallowing or chewing that is either absent or different under passive
processing. The point of integrating the evoked taste response over several seconds has some
associated issues including the possibility that other information such as hedonic value and
somatosensory input may be included [68–69].
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However, trained animals can discriminate among tastants and determine their hedonic value
in ~200 ms for rat and ~400 ms for humans [62,70]. In this regard, recordings from the GC
obtained from rodents that lick for food revealed rapid responses ( ~150–200 ms) that were
broadly tuned (Figure 2e). They also showed that neuronal ensembles are better predictors of
the tastants and concentrations than are individual neurons, suggesting a combinatorial coding
scheme [71–73]. These studies also found that it is possible to discriminate among the tastants
(and concentrations) on a single trial, and that both rate and temporal information provide better
predictions than rate alone [72].

SPATIAL MAPS OF TASTE MODALITIES IN THE GUSTATORY CORTEX
In the mammalian brain, cells which perform a given function, or share common functional
properties, are often grouped together anatomically. Striking examples come from the primary
visual, auditory and somatosensory neocortices that are organized in spatial maps according
to specific features of the sensory stimulus. Following the same organization principles, in the
GC one may also expect to find a chemotopic organization, i.e. topographical regions in which
neurons respond to a preferred taste modality. Recent studies using optical imaging of intrinsic
signals (see Glossary) identified four distinctive spatial patterns representing the four distinct
taste modalities (sweet, bitter, salty and sour), but no region was clearly specific to a single
modality (Figure 3a,b) [74–75]. In humans, a functional magnetic resonance imaging (fMRI)
study showed, despite a considerable inter-individual variability, that the five taste modalities
evoke specific patterns with some overlap [76]. Although neither imaging technique currently
has the resolution power to resolve single neurons, it is reasonable to assume that these common
regions might contain a higher number of broadly tuned neurons, whereas regions responding
to either one or two modalities might contain more narrowly tuned neurons. To determine if
the regional selectivity would remain narrowly tuned, it would be important to measure
responses if all taste sensitive areas (Figure 2c) were activated and also to test other taste and
somatosensory stimuli.

Gustatory perception also possesses an important affective aspect, described as the hedonic
value, with a positive value indicating pleasantness and a negative value an unpleasant
response. Depending on the concentration, bitter and sour tastants are generally unpleasant,
whereas sweet and salty tastants are pleasant. Electrophysiological studies in rats [68,77],
neuroimaging studies in humans [78–79] and intrinsic imaging experiments in rats (Figure 3c)
all found that the hedonic value of tastants is represented in the GC. In the intrinsic imaging
studies, taste stimuli with similar hedonic values activated more similar regions than stimuli
with different hedonic values [74]. fMRI studies indicated that the hedonic value may also be
represented in the amygdala [79]. An imaging technique with high temporal resolution such
as voltage sensitive dye imaging [80] might be used to individuate different dynamic phases
of the response. In summary, with regard to coding schemes, intrinsic imaging data from the
GC indicate that the responses to tastants may be represented topographically. Higher spatial
resolution calcium imaging studies of single neurons should be performed to see if this
topographical representation is maintained at a finer scale.

TASTE ASSOCIATIVE ENCODING
Having explored GC responses under conditions where the taste stimuli does not have any
intrinsic meaning to the animal, other than their inherent hedonic value, we now review what
happens when the response to a tastant is associated with a salient event. If taste processing
were immutable, it follows that the behavioural response should be invariant. However, in a
conditioned taste aversion (CTA, see Glossary) paradigm, electrophysiological studies in rats
found that some units change their response profile before and after coupling the taste stimulus
(usually saccharin) with visceral malaise (usually LiCl) [81–82]. Over a larger scale, using
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intrinsic imaging in the rat GC, the researchers induced the aversion to a pleasant stimulus
(saccharin) and compared its cortical representation to the response elicited by a reference
aversive bitter tastant, quinine (Figure 3c and [75]). Their results show that the taste maps for
saccharin are plastic and that they rearrange according to the shift of its hedonic value, both in
the CTA acquisition (where saccharin becomes aversive) and extinction (saccharin is attractive
again) learning phase. As the taste modality remains unchanged (i.e. saccharin interacts with
the same peripheral receptors), changes in correlation are directly related to shifts of the
perceived hedonic value of the compound. These results provide strong evidence that the GC
activation patterns carry information not only for the stimulus modality but also on the
palatability of the tastant.

THE FRONTAL CORTEX AND REWARD
The OFC is often called the secondary taste cortex, as it has direct projections from the GC.
The functions of many OFC neurons are involved in decision making, predicting reward, and
also encoding the reward value [83–84]. The OFC receives convergent gustatory,
somatosensory, visual and olfactory inputs, and consequently, many OFC neurons exhibit
multisensory responses that may be important in consolidating the flavour of food. One
physiologically interesting gustatory property of the OFC related to gut-brain interactions is
called sensory-specific satiety (Glossary). This phenomenon occurs when a particular food
eaten to satiety becomes less rewarding, without changing the taste of the food itself [85]. In
other words, the relative reward value of that particular food has been diminished while the
reward value of other foods may remain unchanged. Sensory specific satiety changes have
been observed in both electrophysiological studies from non-human primates [86] and in
human fMRI studies [87]. A good example of a neural response associated with sensory specific
satiety is shown in Figure 4. Initially the responses to glucose and to blackcurrant juice are
comparable. As satiation to glucose proceeds, the response to the sugar dramatically drops,
whereas the response to the juice remains unchanged. Such information reveals that throughout
the gustatory pathway a neuron’s chemoselectivity (or best neuron category) may change
depending on the animal’s internal state. In this regard, recent experiments found that post-
ingestive effects will alter taste responses throughout the brain [88–89].

OFC neurons also project to the prefrontal cortex (PFC). Studies in non human primates have
found that neurons in the dorsolateral prefrontal cortex (DLPFC) encode the reward amount
and the rewards forthcoming response, while neurons in the OFC more often encoded the
reward amount alone [90]. The authors suggested that reward information entering the PFC
via the OFC passes to the DLPFC, where it is involved in controlling behaviour.

CONCLUSION
This review provides evidence that gustatory processing in the periphery uses a labelled line
scheme, whereas within the CNS, gustatory processing is contained in a multisensory,
distributed, feed-forward and backward, plastic network that includes reward, and whose
responses may depend on the animal’s internal state. That is, the processing of information
regarding what is ingested must be continually updated, and taken into account as internal
states associated with malaise or satiety can greatly modulate the responses. Future studies will
necessarily need to delve into more details on the analysis of all the parameters that play a role
in gustatory perception (Box 1). First and foremost, one needs to address the nature of the
stimulus itself. A food stimulus is characterized not only by its taste, but also by its texture in
the mouth, smell and visual appeal. Eating is inherently multisensory and the combined roles
of olfaction, somatosensation, vision and audition should be explored at all levels of the
gustatory pathway. Furthermore, the parameters that influence the subject need to be analyzed
in detail. Satiation, expectation, attention and memory can all strongly influence taste
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perception. A better understanding of all of these modulating mechanisms in subjects would
also pave the way to elucidating the interdependencies of food-related pathologies and altered
tastant representation.

TEXT BOX 1

Outstanding questions on gustatory processing
• What are the detailed electrophysiological responses and circuitry leading from

tastant-specific taste cells to cells in the NST and beyond? Throughout the
gustatory system, reward and motor pathways determine the local connectivity and
inter-area connectivity.

• To what extent do interactions between different taste cells modulate taste
responses? It would be interesting to knock-out all taste cells containing VGCCs
and then perform both electrophysiological and behavioural measurements.
Similarly, this approach would also be of interest to ascertain roles for the
numerous transmitters, peptides and their receptors that are expressed in taste buds.

• What is the possible role of temporal dynamics and synchrony in the encoding and
learning about taste stimuli in and between brain areas?

• How are taste stimuli such as fats, oils, water, and metallic tastants processed in
taste buds, the gut and in the brain?

• How do mixtures and changes in temperatures modify neural responses throughout
the taste-reward pathway? These experiments should be performed and compared
in both anesthesitized and awake animals. Awake animals should also be given
solid foods, not only because it is more natural, but also to determine possible roles
of chewing on gustatory processing.

• How does making a tastant salient or meaningful to the subject affect gustatory
processing? Similarly, how does attention affect gustatory processing?
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Glossary

Broadly tuned describes a neuron or sensory cell that significantly changes its firing
discharge to a wide-range of different stimuli (e.g. different taste
modalities). This is opposed to narrowly-tuned cells.

Conditioned
taste aversion
(CTA)

represents an efficient paradigm of conditioned learning experience
where a subject learns to avoid a taste stimulus (conditioned sensory
stimulus, CS) paired with visceral malaise (strong unconditioned
stimulus, US, such as LiCl) [93].
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Extinction
training

occurs when a behavioral response that had previously been reinforced
is no longer effective.

Ensemble code also named “across fibre pattern”, affirms that the information about a
stimulus (e.g. tastant) is extracted by comparing the activity across a
neuronal population (or ensemble) that responds with different intensity
levels to multiple stimuli [94–95].

Hedonics regards the study of pleasant and unpleasant sensations.

Intrinsic signal
imaging

originates from different mechanisms such as changes in the physical
properties of the tissue and/or changes of fluorescence or absorption of
intrinsic molecules [96]. However, all these signals can be efficiently
used for functional mapping and give rise to similar results [97]. This
technique offers the best solution to reliably monitor activity of brain
activated regions with a very good spatial resolution [98].

Labelled line refers to a coding model in which peripheral (or central) neurons that
respond the most robustly to a given taste modality carry the totality of
the information on segregated pathways to the brain.

Narrowly tuned describes a neuron or sensory cell that significantly changes its firing
discharge to a very precise subset of stimuli. This is opposed to broadly-
tuned cells.

Sensory Specific
Satiety

refers to a decrease in the reward value of an ingested food while leaving
the reward value of other foods unchanged.
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Figure 1. Schematic representation of the rodent taste pathway organization
(a) Taste receptor cells (TRC) are the chemical sensors and are grouped in anatomical structures
called taste buds distributed into different papillae of the tongue and the oral cavity. Each taste
bud contains four different types of cells: 3 types of TRCs (types 1, 2 and 3) and basal cells
involved in the genesis of new TRCs. (b) Three cranial nerves (VII, IX, X) innervate different
parts of the oral cavity and convey taste information to the rNST. Input from the trigeminal
nerve (V) also contributes to gustatory processing. The rNST is interconnected with other CNS
regions. It receives input from the pontine parabrachial nucleus (PBN), the lateral
hypothalamus, the gustatory cortex (GC), the central amygdala and reciprocally from the
caudal (visceral) NST. The PBN projects to the VPMpc that in turn projects to the GC, that in
turn projects to the OFC. OFC neurons project and receive inputs from the dorsolateral
prefrontal cortex (not shown). The medial prefrontal cortex (not shown) appears to function
as a sensory–visceromotor link that provides the major cortical output to visceromotor
structures in the hypothalamus and brainstem. (c) Anatomical overview of the central taste
pathways. Scale bar 1 mm in red boxes. Abbreviations: 4V: fourth ventricle, AI: agranular
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insular cortex, BA: basolateral amygdala, Bar: Barrington’s nucleus, DI: dysgranular insular
cortex, GC: gustatory cortex, GI: granular insular cortex, Hyp: lateral hypothalamus, icp:
inferior cerebellar peduncle, LA: lateral amygdala, LC: locus coeruleus, LPBV: lateral
parabrachial nucleus ventral, M1: primary motor cortex, mcp: middle cerebellar peduncle,
me5: mesencephalic 5 tract, Mo5: motor trigeminal nucleus, NST: nucleus of the solitary tract,
OFC: orbitofrontal cortex, PBN: parabrachial nucleus, Pir: piriform cortex, S1: primary
somatosensory cortex, S1bf: somatosensory cortex barrel field, S2: secondary somatosensory
cortex, sol: solitary tract, sp5: spinal trigeminal tract, ts: tectospinal tract, VPL: ventral
osterolateral nucleus of the thalamus, VPMpc: ventral posteromedial nucleus of the thalamus
parvocellular division, vsc: ventral spinocerebellar tract.
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Figure 2. Neural responses along the rodent taste pathway
(a) Five perceptually distinct taste qualities, umami, sweet, bitter, sour and salty (not shown
but see [13]), are mediated by specific receptors and cells. The traces show whole nerve
recordings of tastant-induced activity in the CT nerve of wild type and various gene-knockout
(KO) mice or cell ablation studies (Pkd2l1-DTA). T1R1 (and T1R3) functions as a receptor
for umami tastants, T1R2 (and T1R3) for sweet tastants, T2R5 for the bitter tastant
cycloheximide and PKD2L1 for sour tastants. Pkd2l1-DTA refers to animals expressing
diphtheria toxin in Pkd2l1 expressing TRCs cells. Red traces highlight specific taste deficits
in each genetically altered mouse line. Adapted, with permission, from Ref [16]. (b) A single
unit recording from the hamster chorda tympani (CT) nerve illustrating a neuron that was
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selectively responsive to super-threshold concentrations of both sweet tastants (sucrose and
saccharin) but unresponsive to salty (NaCl), bitter (quinine) or sour (hydrochloric acid, HCl)
tastants. Adapted, with permission, from Ref. [91]. (c) Proportional responses to sweet (0.3 M
sucrose), salty (0.3 M NaCl), bitter (10 mM quinine) and sour (10 mM HCl) recorded from
four different nerve cell types in the hamster gustatory system: CT nerve, greater superior
petrosal nerve (GSP- from cranial nerve VII), glossopharyngeal nerve (GP, from CN IX) and
from the superior laryngeal nerve (SLN, from CN X) fibres. Each pie represents the response
to each stimulus as a proportion of the sum of the responses of that nerve to all stimuli. Adapted,
with permission, from Ref [92]. (d) Single unit recording from individual neurons of the rat
nucleus of solitary tract (NST) illustrating a broadly tuned neuron that responded to a variety
of perceptually distinct tastants (ethanol, NaNO3, KCl, HCl, MgCl2 and citric acid) but
apparently not to NaCl, sucrose or fructose. Adapted, with permission, from Ref. [50]. (e)
Raster plots and peri-stimulus time histograms [PSTHs, which are the sum of the responses
(action potentials) of individual trials for a given bin size aligned relatively to a stimulus onset]
of a broadly tuned neuron from the rat gustatory cortex obtained while a rat was licking to
receive a tastant at time 0 ms. Umami (MSG), salty (NaCl), sweet (sucrose) and bitter (quinine)
tastants were delivered at two different concentrations for each. Other licks in which no tastants
were delivered are indicated by inverted red triangles. Action potentials are indicated by dots.
Although difficult to see at this scale, there are clear temporal differences in the responses to
tastants. Adapted, with permission, from Ref. [73].
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Figure 3. Topographical representations in the rat gustatory cortex
(a) Approximate size and location of the GC with respect to anatomical landmarks (blood
vessels: middle cerebral artery, mca; rhv, rhinal veins) and other sensory areas of the brain
(olfactory bulb, OB; primary somatosensory cortex barrel field, S1BF). (b) Schematic
representation of the cortical territories activated following stimulation with four stimuli
representing four different taste modalities (sweet, salty, bitter, sour). Same orientation as in
(a). (c) Pleasant (sweet and salty) and unpleasant (bitter and sour) regions appear to be
temporally distinguishable. Responses to pleasant stimuli seem to be represented more rostrally
than responses to unpleasant stimuli. (d) Relationship between behavioural state and cortical
state in the gustatory cortex. In a naïve (i.e. control) rat, cortical representations of the
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hedonically positive (saccharin, orange) and negative (quinine, gray) tastants are quite
different, though commonly activated cortical territories exist. After conditioned taste aversive
(CTA) training, in which the malaise inducing agent lithium chloride (LiCl) is paired with the
ingestion of saccharin, the normally positive stimulus of the latter becomes aversive and the
pattern changes accordingly to become more similar (highly correlative) to the quinine
response. After saccharin aversion extinction (Glossary), the hedonic value of saccharin reverts
to a positive response, and its cortical map is again less similar (low correlation) to the quinine
pattern. Note that the new representation of saccharin after extinction may not be a simple
return to the same one that existed prior to conditioning.
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Figure 4. Sensory response is altered by satiety
(a) The responses of a neuron from the primate orbitofrontal cortex (OFC) that changes from
being unselective between glucose and blackcurrant juice to becoming selective to blackcurrant
juice as the subject ingested 50 mL of 20% glucose at each point. (b) Behavioural data of
acceptance or rejection to the glucose on a rating scale ranging from +2 to −2. Adapted, with
permission, from Ref. [86].
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