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Abstract

Gustatory perception is inherently multimodal, since approximately the same time that intra-oral 

stimuli activate taste receptors, somatosensory information is concurrently sent to the CNS. We 

review evidence that gustatory perception is intrinsically linked to concurrent somatosensory 

processing. We will show that processing of multisensory information can occur at the level of the 

taste cells through to the gustatory cortex. We will also focus on the fact that the same chemical 

and physical stimuli that activate the taste system also activate the somatosensory system (SS), but 

they may provide different types of information to guide behavior.
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Introduction

The gustatory and oral somatosensory systems allow animals to differentiate between 

essential nutrients such as fats, proteins and carbohydrates and potentially harmful stimuli. 

Stimuli that must be rapidly rejected can range from a small piece of bone in the food that 

could cause one to choke, to a very hot liquid, and to potentially poisonous bitter tasting 

chemicals such as atropine or strychnine. Therefore, once a stimulus is inside the oral cavity 

the decision to ingest or reject it depends on its multisensory aspects including its taste, 

temperature and texture/viscosity. In this regard, it can be argued that gustatory perception is 

inherently multimodal, since approximately the same time that intra-oral stimuli activate 
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taste receptors, somatosensory and thermal information is concurrently sent to the CNS1. 

Having multimodal inputs to the CNS typically means that the system will elicit faster, more 

robust and more reliable physiological responses than do their modality-specific component 

stimuli (Stanford and Stein, 2007).

In the following, we will review evidence that gustatory perception is intrinsically linked to 

concurrent somatosensory processing. We will show that processing of multisensory 

information can occur at the level of the taste cells through to the gustatory cortex. We will 

also focus on the fact that the same chemical and physical stimuli that activate the taste 

system also activate the somatosensory system (SS), but they may provide different types of 

information to guide behavior.

Figure 1 shows a schematic of stratified epithelium with an embedded taste bud together 

with its associated primary afferent neurons. Surrounding the taste bud is shown a 

somatosensory neuron. Taste information from the anterior tongue and palate is transmitted 

to the brain by special sensory branches of the facial (VII) nerve. Somatosensory 

information from these same areas is transmitted from the trigeminal (V) nerve. Other 

regions of the oral cavity that contain taste buds such as the posterior tongue, the pharynx, 

larynx and epiglottis are innervated either by the glossopharyngeal (IX) or vagal (X) nerves 

(Norgren, 1995). These two cranial nerves have both special and general sensory 

components. In addition to containing mechano- and thermosensors, the general sensory 

branches of cranial nerves V, IX, and X also contain nociceptors. One important point 

regarding the multisensory aspect of gustation is that branches from all three of these 

general sensory nerves project to the nucleus of the solitary tract (NST) where they co-

mingle with projections from primary afferent neurons that innervate taste cells. In this 

regard it is not surprising that activation of these general sensory fibers can modulate taste 

responses (Boucher et al., 2003b; Boucher et al., 2003a). Somatosensory and gustatory 

pathways also converge in the thalamus (Ogawa et al., 1987) and cortex. Indeed, pathways 

of cranial nerves V, IX and X project to the insular cortex which has unimodal and 

multimodal neurons that respond to gustatory, visceral, mechanical and nociceptive stimuli 

(Hanamori et al., 1998; Hanamori et al., 1997; Kadohisa et al., 2004; Cerf-Ducastel et al., 

2001; Scott and Plata-Salaman, 2003; Katz et al., 2001).

Taste-guided behavior is determined by input from both the gustatory and 

somatosensory system

One outstanding example of how a combination of gustatory and somatosensory information 

guides ingestive behavior is found in a study by Kawamura and colleagues (Kawamura et 

al., 1968), where they measured how much NaCl a thirsty rat would ingest as a function of 

concentration (see Figure 2). To identify the taste component of this behavior they measured 

whole nerve responses from the chorda tympani (CT) nerve, and to measure the 

corresponding somatosensory component of this behavior they quantified whole nerve 

responses from the lingual branch of the trigeminal (TG) nerve. The responses of both 

nerves were measured as a function of NaCl concentration. They found that upon increasing 

1We do not consider olfactory stimuli in this report.

Simon et al. Page 2

Chemosens Percept. Author manuscript; available in PMC 2015 August 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the NaCl concentration, the subjects ingested a greater volume, since NaCl at concentrations 

up to 150 mM is hedonically positive. However, upon further increases in concentration the 

amount of fluid ingested reached a maximum and then decreased to a point where the 

animals refused to drink. Physiologically, the CT responses were observed to increase in a 

sigmoidal manner with increasing NaCl concentration, whereas the TG responses were 

initiated just at the concentration where the ingestion started to decrease. The TG responses 

then increased in a linear manner. The important point we wish to emphasize is that the 

behavioral responses followed the sensory input from both systems. In particular, taste 

information from the CT indicates that NaCl is a hedonically positive stimulus that should 

be ingested and this input dominated behavior at low to medium concentrations. At very 

high NaCl concentrations, the input from the TG dominates the behavior (even though the 

CT responses were large) as high NaCl concentrations activate TG nociceptors (Wang et al., 

1993). At intermediate concentrations, where both systems contribute, how much an animal 

will drink will depend on many factors including a balance between hedonically positive and 

negative inputs as well as the subjects’ motivational state. This same type of behavioral 

response is also seen for sour (acidic) tastants, which at low concentrations are usually 

behaviorally acceptable but at high concentrations activate nociceptors (Carstens et al., 

1998) and cause a painful sensation and thus will be avoided. In other words, behavioral 

responses to a particular tastant compound might change whenever somatosensory aspects 

of the stimulus are affected.

Compounds that are highly water-soluble and of medium and large molecular weight are 

unable to diffuse into the epithelium (at least in times relevant to gustatory processing) to 

directly activate thermoreceptors or nociceptors embedded in the epithelium or papillary 

layer. These compounds can of course activate taste receptors. Hydrophobic compounds, 

such the alkaloids that interact with bitter-responsive T2R receptors on taste cells 

(Chrandrashekar et al., 2000), have the potential to diffuse into the epithelium and interact 

with the somatosensory neurons. As a rule, if these hydrophobic stimuli produce aversive 

behavior when they interact with the taste system, then they will produce aversive behavior 

upon activating the somatosensory system. Nevertheless one must be aware that not all 

compounds that activate the somatosensory system will produce aversive behaviors. For 

example, consider menthol. At moderate concentrations, it activates TRPM8 receptors in 

cold fibers and induces a cooling sensation (Zanotto et al., 2007), whereas at higher 

concentrations it is irritating and has anesthetic effects (Dessirier et al., 2001; Green, 1992; 

Green and Schoen, 2007). In summary, behavioral responses to chemical stimuli are 

obtained from multisensory input.

The same stimuli activate gustatory and somatosensory neurons

In the preceding section we presented two examples of chemicals (NaCl, acid) that activate 

both the taste and somatosensory systems. In general, the same stimuli (chemical, thermal, 

and mechanical) that activate the taste system will, with notable exceptions, also activate the 

somatosensory system, although the consequences may be different.

It is established that the peripheral taste and SS systems are responsive to thermal and 

mechanical stimuli (Ogawa et al., 1968; Wang et al., 1993; Ogawa, 1994; Kadohisa et al., 
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2005; Yamamoto et al., 1981). We note that in the peripheral taste system (i.e., before the 

senses become integrated) changing temperature or mechanical stimuli will not necessarily 

be perceived as changes in these stimuli but rather to changes in taste perception (Diamond 

et al., 2005; Bartoshuk et al., 1982; Todrank and Bartoshuk, 1991). One example of how the 

taste and SS systems may interact is seen by stimulating lingual nerve, which on one hand 

will decrease chorda tympani responses to NaCl (Wang et al., 1995), and, on the other hand, 

increase the tongue's temperature (Wang et al., 1995). Increasing the tongue's temperature 

will also increase the intensity of sucrose solutions (Bartoshuk et al., 1982), perhaps via the 

activation of one the thermosensitive TRP channels in found taste cells (Talavera et al., 

2005; Lyall et al., 2005). Despite the obvious importance of mechanical and thermal stimuli, 

in this section we will continue to focus on how selected chemical stimuli interact with both 

systems. In the following section we will elaborate on taste and SS interactions.

With regard to the interaction of chemicals there is one important difference in these two 

systems. Whereas chemical stimuli can directly interact with the apical surface of taste cells, 

they must diffuse into the epithelium for them to interact with SS neurons (Figure 1). This 

anatomical arrangement eliminates the direct interaction of large water-soluble compounds 

as well as most charged compounds with SS neurons since their permeability through 

stratified epithelia will be very slow relative to events associated with the processing of taste 

information. This does not mean that the SS system will not sense such compounds via 

mechanoreceptors or via heats of dilution, thermoreceptors, but it means that polymers such 

as cellulose, proteins such as thaumatin, and large organic salts are unlikely to directly 

activate SS neurons to produce a chemically gated sensation.

As noted above, hydrophobic compounds can activate taste cells and also diffuse into the 

epithelium to activate SS neurons. In this regard many, if not most, of these stimuli activate 

both systems. The rate that hydrophobic molecules will penetrate the epithelium depends on 

many factors that include the location of the nerve terminals, the concentration gradient and 

the membrane – water partition coefficient (Burnette, 1984). We now present two 

representative examples of the multisensory effects of the hydrophobic chemicals: capsaicin 

and nicotine.

Capsaicin is a pungent ingredient in chili pepper that produces a burning taste (Duner – 

Engstrom et al., 1986, Cliff and Green, 1996) sensation by activating TRPV1 receptors in 

nociceptors. Despite the fact that over 30 years ago it was found that capsaicin could 

activate CT neurons (Okuni, 1977), most researchers considered it to be a purely SS 

stimulant that selectively activates TRPV1 channels in nociceptors. Recently, Lyall and 

colleagues (Lyall et al., 2004) have shown that capsaicin also activates taste cells and their 

associated (CT) neurons via the activation of a TRPV1 splice variant. Moreover, they 

associated the activation of this receptor with amiloride–sensitive salt taste (Lyall et al., 

2005). In this regard, capsaicin has both a taste (salty-bitter) and an irritating burning 

component. Perceptually, it is sometimes difficult to distinguish between bitter and mild 

burning taste sensations (Lim and Green, 2007), perhaps because both bitter and burning 

sensations indicate that the stimulus should not be ingested . There is another, albeit indirect, 

mechanism by which proinflammatory molecules like capsaicin can influence taste 

processing. This is by the activation of peptidergic perigemmal nociceptors that exhibit both 
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afferent and efferent responses. The afferent responses are transmitted to the CNS where 

they are interpreted as pain. The efferent responses can cause the release of proinflammatory 

peptides, like Substance P (Yamasaki et al., 1984) or ATP which has receptors on taste cells 

(Chang et al., 1996) or primary afferent neurons (Finger et al., 2005) and thus upon their 

activation could modulate taste responses.

We next consider the alkaloid, nicotine, that at low concentrations produces a bitter taste 

sensation and at higher concentrations a burning sensation (Carstens et al., 2007). Its bitter 

taste sensation may arise from a still unidentified T2R receptor, nicotinic acetylcholine 

choline receptors (Simons et al., 2006), or perhaps its interaction of ENaC channels in taste 

cells (Lyall et al., 2007). In this regard, nicotine has been shown to activate chemosensory 

neurons from first order primary neurons (Dahl et al., 1997; Lyall et al., 2007) , to taste 

fibers in the NTS (Simons et al., 2006; Lemon and Smith, 2005; Scott and Mark, 1987), and 

finally neurons in the gustatory cortex (Katz et al., 2001; Soares et al.,2007). Nicotine's 

burning taste sensation arises from activation of nociceptors containing nicotinic 

acetylcholine receptors (Simons et al., 2003; Liu and Simon, 1996; Wang et al., 1993; Liu et 

al., 1998).

In the rat NTS, Simons and colleagues (Simons et al., 2006) have investigated the role of 

nicotine in modulating taste response. They found that nicotine, via the activation of 

nicotinic acetylcholine receptors, evoked NTS responses and attenuated NTS unit responses 

to the neurons’ preferred tastant. Upon removing trigeminal input they found nicotine still 

excited nearly all NTS units but no longer depressed tastant-evoked responses. The results 

indicate that excitation of trigeminal afferents could modulate taste responsive NTS units. 

This study is consistent with findings that showed that trigeminal deafferentation also 

modulated taste-responsive NTS neurons (Boucher et al., 2003a) and reduced ingestive 

behaviors elicited by preferred tastants (Szolcsanyi, 1993).

Responses in the gustatory cortex obtained from freely licking animals are 

fast and multisensory

Humans chew foods and animals lick for liquids. In regard to this review in these behaviors 

both the activation of SS and taste pathways often occurs simultaneously and in the same 

receptive field. To investigate the cortical gustatory responses of rats that are attending to 

taste stimuli by actively licking we recorded single neurons in rat gustatory cortex while 

they received tastants on an FR5 schedule. In this task we investigated the evoked responses 

where the subjects licked a dry sipper four times, and on the fifth lick received a variety of 

tastants (Stapleton et al., 2007; Stapleton et al., 2006). In this regard, we addressed whether 

we can discriminate, in a single lick (~ 150 ms), SS from gustatory responses. We also 

investigated whether there is sufficient information in the evoked spike trains in a single lick 

to discriminate dry licks from wet licks and to discriminate among the tastants. We note that 

trained rats can discriminate tastants in a single lick (~ 150 ms, (Halpern and Tapper, 

1971)).

Here we present two distinct types of neurons, both of which were active at some time in the 

lick cycle. One type was activated in a temporally precise manner before the lick cycle 
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(Figure 3A) and thus is obviously not chemosensitive. Neurons of this type could simply 

reflect oromotor responses. A second type of neuron was activated both by licking a dry 

sipper and by the delivery of tastants (Figure 3B). Typically, the firing rates are low when 

tastants are delivered to anesthetized or passively stimulated subjects (Yamamoto et al., 

1984; Yaxley, Rolls, and Sienkiewicz, 1990), but when the subjects receive tastants by 

licking the firing rates are much higher. Licking alone elicits a small response (Figure 4), but 

the response for licking plus the concurrent tastant delivery was much larger for such 

chemosensory neurons. This suggests that the somatosensory information elicited by licking 

combines in a supralinear manner with the chemosensory input, as would be expected for 

multimodal processing (Laurienti et al., 2005; Stanford and Stein, 2007). Although the 

PSTHs depicted in Figure 3B are clearly different for licking alone versus licking plus the 

tastant delivery, such examples of supra-additivity are often not as clear (Laurienti et al., 

2005). Consequently, to separate the chemosensory and somatosensory components we have 

analyzed the neural responses with a generalized linear model (GLM). In this approach, the 

spike train from each neuron is modeled as a log-linear Poisson regression (Stapleton et al., 

2007). Briefly, the logarithm of the Poisson rate is modeled as a linear combination of 

explanatory variables, such as indicators of the various tastant/concentration combinations 

and of the time lapse since the lick onset. With the GLM we have successfully distinguished 

between reinforced and unreinforced licks, separated tastants and their concentrations, and 

measured the evolution of the chemosensory response over the course of a single lick. These 

results suggest that tastant-evoked responses in the rat gustatory cortex process multimodal 

information on a rapid timescale and provide the physiological basis by which animals 

might discriminate between tastants during a single lick. In summary, we have shown that at 

all levels of the gustatory axis processing is inherently multisensory.
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Figure 1. Schematic diagram of taste bud, taste receptor cell and associated neurons
A. Illustration of a taste bud that is embedded in epithelium. The different types of taste 

receptor cells are indicated by different colors as they may contain different types of 

receptors and intracellular modulators. The gustatory neurons with their associated colors 

that match the associated TRCs indicate that they may respond best to those stimuli that 

activate the particular TRCs. These primary gustatory neurons project ipsilaterally to the 

rostral NTS. The black colored axon that is embedded in the epithelia that surrounds a taste 

bud is likely to be a nociceptor. These neurons project ipsilaterally to the spinal nucleus of V 

and have collaterals that project to the rostral NTS. Adapted from Simon et al. 2006. B. 

Schematic diagram of a taste bud with neurons (taste) and artery. Note that chemical stimuli 

in the mouth can directly activate receptors on taste cells but they must diffuse into the 

epithelium to activate somatosensory (SS) neurons. The activation of SS nociceptors can 

cause vasodilatation of the tongues arterial system to increase the tongue's temperature that, 

in turn, may affect taste responses (see text for additional details).
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Figure 2. Salt intake reflects input from both gustatory and trigeminal nerves
Plots showing that as the NaCl concentration increases, the salt intake (open circles) initially 

increases until it reaches a maximum at 1% (wt/V) (0.17 M). The intake then monotonically 

decreases until the animals do not accept any NaCl after 7% (wt/V). With increasing NaCl 

concentration the chorda tympani or taste responses (closed circles) show a sigmoidal 

increase in activity. With increasing NaCl the activity obtained from the lingual branch of 

the trigeminal nerve increases linearly. Note that the maximum fluid intake occurs when the 

lingual nerve activity is essentially zero and the intake decreases as the lingual nerve activity 

increases. Thus, the hedonically positive aspects of NaCl are signaled by responses of the 

chorda tympani nerve whereas the hedonically negative aspects of NaCl are signaled by the 

trigeminal nerve. Therefore to explain the animals’ behavior, sensory information from both 

neuronal pathways needs to be taken into account. Figure taken from Simon et al with 

permission that was adopted from Kawamura et al (1968).
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Figure 3. Gustatory processing is multimodal and rapid
Single unit recordings from the primary gustatory cortex of rats licking on a FR5 (fixed 

ratio) schedule in which they licked a dry sipper four times and every fifth lick they received 

a tastant (at time 0 seconds as indicated by a solid red line). The tastants were delivered in 

blocks of eight. The dry licks before and after tastant delivery are indicated by inverted 

triangles. The upper parts of each figure are raster plots and each dot indicates an action 

potential. Below are peri-stimulus time histograms (PSTHs). A. This trace is an example of 

a non-chemosensory response whose activity correlated with licking and preceded the 

licking of the sipper. It is important to note the temporal precision of the spikes and that the 

responses were the same for all tastants. Adapted from Stapleton et al. 2006. B. An example 

of a chemosensitive neuron is presented. It is seen that the neuron is unresponsive to 0.3 M 

MSG but clearly responsive to the other taste stimuli including water. The panel on the right 

hand side, which represents the responses to all tastants, clearly shows that there is activity 

generated in the dry lick preceding the tastant delivery, indicating that this neuron responds 

to somatosensory stimulation.
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Figure 4. Chemosensory and somatosensory information is summed supra-linearly
The panel on the left depicts the mean number of spikes in each 15 ms bin following the 

unreinforced lick and the tastant delivery (blue arrows). The elapsed time is presented on the 

abscissa, and the mean ± S.E.M. spike count per bin is depicted on the ordinate. Zero on the 

abscissa indicates the time of tastant delivery. Note the lick-related activity that occurred at 

about -30 ms. When 0.3 mM quinine HCl was delivered, the magnitude of the multimodal 

response was much larger than the lick response alone. The corresponding activity displayed 

a peak at 135 ms. The panel on the right depicts the best-fit curve as returned by the GLM. It 

is seen that the GLM accurately reconstructs both the magnitude and temporal profile of the 

response to quinine.
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