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Abstract 
 

Throughout evolution, animals have developed a taste system that plays an 

important role in regulating intake in order to help an animal function at optimal levels 

and therefore, to help with survival.  This includes being able to detect different stimuli 

with varying capabilities.  Particular taste, such as bitters and sours, are associated with 

harmful stimuli, and animals need to be able to detect these taste cues in order to prevent 

ingestion of the harmful substances.  Animals with better detection abilities are more 

likely to survive.  Animals also need to be able to recognize sweet and salty stimuli in 

order to provide necessary nutrients for their body.  Foods that are rich in sugars are 

crucial for proper caloric intake, which provides the animal with high amounts of energy.  

Foods that help maintain proper sodium levels contribute to the amount of essential 

minerals consumed maintaining homeostasis and are essential for survival.  Thus, the 

taste system plays a vital role in regulating what is or is not consumed by an animal.   

 Each of the four prototypical taste stimuli, bitter, sour, sweet, and salty, evoke 

different neural coding patterns in the primary gustatory cortex.  Numerous studies in 

primates have evaluated the different coding patterns evoked by the different prototypical 

stimuli and various stimuli similar to each type.  These studies are helpful in 

understanding what chemicals and at which intensities evoke the most activity, where the 

activity is evoked in the gustatory cortex, and the ways in which stimuli interact with one 

another.  The findings from the primate physiological studies correlate with both 

psychophysical studies of human taste perception and neuroimaging studies making the 

monkey cortex a good model for studying gustatory responses in the central nervous 

system.    
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Introduction 

The gustatory system plays an important role in maintaining the proper 

functioning of the body.  It acts as a sensor for what should be ingested and what should 

be rejected.  Special receptors in the mouth are tuned in to the identification of these 

needs and provide valuable signals to the homeostatic systems working to keep proper 

levels of nutrients in the body.  There is a different neural signal sent to the brain for each 

of the four basic tastes: sweet, sour, bitter, and salty. The primary gustatory system is 

located in the frontal operculum and adjoining anterior insula cortex of each cerebral 

hemisphere (Scott et al, 1994).  The primary gustatory cortex of the monkey, the Insular-

Opercular (IO), is known to have a role in the detection of taste quality; however, the 

majority of the neurons in that area are devoted to other functions (Scott and Verhagen, 

2000).  Information is sent to the IO via projections from the thalamic taste relay and 

somatosensory cortex among other connections.  The output from the IO leads to the 

secondary taste cortex (Scott and Verhagen, 2000). Electrophysiological examination of 

neural responsiveness in the primary gustatory cortex of the monkey evoked by an array 

of various stimuli can provide important information about the neural coding for the 

quality and intensity of these stimuli including mixtures of these stimuli.  This neural 

coding information in the primary gustatory cortex can then be used as a basis to 

understand its influences on feeding behaviors in monkeys.  Finally, by comparing these 

primate physiological results to human neuroimaging and psychophysical reports, it 

becomes evident that the primate gustatory cortex can serve as a good model for 

understanding the human gustatory cortex.    

 Neural Coding of Taste in the Primate Gustatory Cortex 
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In the study performed by Smith-Swintosky et al (1991), 16 stimuli were chosen 

to represent a wide variety of tastes.  The results generally correlated with expectations 

from human psychophysical data and revealed groups that contained acids, sodium salts, 

and chemicals that humans perceive as bitter and sweet (Smith-Swintosky et al, 1991).  

Often the relationships between the neural coding of stimuli are represented by 2-D space 

and dendrogram figures.  The 2-D space and the dendrogram were calculated as follows 

beginning with the calculation of the activity profile.  The activity profile of a neuron is 

determined by its response to the four prototypical stimuli.  The Pearson correlation was 

then calculated using the profiles of each pair of stimuli.  A functional matrix of 

similarity among the cells tested was formed from the Pearson correlation, and the data 

was often then subjected to a cluster analysis to expose possible groupings of response 

profiles.  A dendrogram was used to show the results of the cluster analysis, and a 2-D 

representation of the similarities of the stimuli tested relative to one another is also used 

to analyze the data (Scott et al, 1999).   

In the dendrogram of the results of the stimuli, the bitter-oriented cells constitute 

the leftmost area, the acids-oriented cells form a small group next to the bitters, the salt-

oriented cells form the next group, and the cells most responsive to sweet stimuli form 

the group farthest to the right (Smith-Swintosky et al, 1991). The simplest distinction is 

made between the cells of the bitter and acid responsive cell groups and between the salt 

and sweet responsive cell groups and occurs at a correlational level of –0.13.  The next 

division is made to separate these groups even further with divisions between the bitter- 

and acid-oriented groups at a correlational level of –0.10 and between the salt- and sweet-

oriented groups at a level of –0.07.   
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Two-thirds of the neurons tested were predominately responsive to NaCl or 

glucose, giving way to clear distinctions of flavors in these two categories (Smith-

Swintosky et al, 1991). Sweet stimuli evoked patterns of activity very distinct from 

nonsweet stimuli.  In the nonsweet stimuli, HCl and quinine HCl were very similar, but 

varied from NaCl (Scott et al, 1991).  An inclination toward greater specificity of sweet- 

and salty-oriented cells is evident in cells in the study on intensity, which means that they 

are more narrowly tuned than the cells of the other basic subgroups of taste (Smith-

Swintosky et al, 1991).  

In respect to the taste quality, sucrose and fructose generated the most similar 

profiles of +0.92.  They form the base of the group of five sweet stimuli.  The three acids 

formed a tight group.  NaCl and LiCl are located closely together while the other salts 

lead toward quinine or toward the acids just as they evoke some degree of bitterness or 

sourness in human reports.  (Smith-Swintosky et al,1991). 

The intensity and quality of a stimulus is altered when that stimulus interacts with 

other stimuli in a mixture (Salaman et al, 1996).  When stimuli are combined into a 

mixture, the most common change occurs in intensity suppression.  Of the four basic taste 

stimuli, the qualities of HCl are suppressed the least when combined into a mixture, 

followed by those of sucrose, NaCl, and then quinine (Plata-Salaman et al, 1996).   

Characteristics of the Neural Code for Bitters 

Sensitivity to bitterness is very important for survival of a species because bitter 

taste is directly proportional to levels of toxic substances.  It follows that sensitivity to 

bitterness is ubiquitous among animals even though bitterness can appear in different 

forms and tastes.  Animals have been shown to adapt to certain bitter stimuli while not 
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adapting to others.  This implies that there could be more than one receptor mechanism 

for the bitter quality (Scott et al, 1999).  Nonetheless, an animal’s sensitivity to toxicity 

and bitterness is crucial for its survival.  Scott et al (1999) measured the neural response 

to 16 different bitter stimuli and the four basic taste stimuli to determine the relationships 

between stimuli as represented by neural coding in the primary gustatory cortex of alert 

Cynomolgus Macaques.   

The 16 bitter chemicals tested by Scott et al (1999) were compared first to the 

four prototypical taste stimuli.  The 2-D space derived from the correlations of the 

profiles of the bitter chemicals revealed a cluster of the bitter stimuli that was most 

closely related to HCl, moderately to NaCl, and with no relationship at all to glucose.  It 

follows that glucose and quinine would be located at opposite ends of the dominant 

horizontal dimension of the 2-D space and the dendrogram, as they are (Scott et al, 

1999).   

The 16 bitter stimuli were then analyzed in respect to each other.  The stimuli 

tested formed groups depending on various stimulus characteristics including chemical 

Figure 1.  Two-dimensional space showing the distribution of taste qualities represented by 
bitter stimuli.  (Adapted from Scott TR, et al, 1999) 
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structure, molecular weight, and had different taste characteristics.  The bitter stimuli 

could be categorized by perceptual taste characteristics as a purely bitter group, a bitter-

salty group, a bitter-sour group, and another group of three stimuli that did not fit in with 

the other categories and occupied the center of the bitter stimuli space.  Six of the 16 

bitter stimuli tested, quinine HCl, phenlythiocarbaminde, propylthiouracil, caffeine, 

theophylline, and phenylalanine, were termed purely bitter by humans and their neural 

response profiles formed a subgroup that was most remote from all nonbitter chemicals 

(Scott et al, 1999).  Four of the stimuli tested were termed bitter-salty and were located 

on the outside of the bitter group closest to NaCl.  These were MgCl2, CaCl2, NH4Cl, and 

arginine.  These compounds, excluding arginine, generated similar profiles and were 

located on the edge of the bitter group.  They also share the properties of low molecular 

weight and a chloride anion (Scott et al, 1999).  Three were characterized as bitter-sour 

and were on the edge closest to HCl.  These three bitter-sour stimuli are urea, cysteine 

and vitamin B1 (Scott et al, 1999).  Nicotine, histidine, and vitamin B2 were the other 

three of the bitter stimuli that were tested, and they formed a group that is located in the 

middle of the bitter stimuli (Scott et al, 1999). 

Four stimuli that contained sulfur formed two groups.  The first group consisted 

of PROP and PTC, which were highly similar with a correlation of +0.83 and elicited a 

highly intense bitter taste.  They share a N-C=S linkage that evokes a highly intense bitter 

taste in humans even in low concentrations.  CYS and B1 were the other stimuli 

containing sulfur.  They were moderately similar with a correlation of +0.69.  These 

compounds were brought together probably because of the common HCl component that 

lead them to the edge of the bitter group and toward the HCl group (Scott et al, 1999).  
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Profiles of caffeine and theophylline, two xanthines, were highly correlated and similar to 

quinine HCl (Scott et al, 1999).  Four amino acids, CYS, HIS, ARG, and PHE, were 

grouped together based on their chemical structure although they elicit very different 

taste qualities in humans.  CYS was the most dissimilar of the group possibly because it 

was the only sulfurous amino acid tested.  (Scott et al, 1999). 

The profiles of PTC, PROP, phynylalanine, theophylline, and caffeine were 

characterized by correlations that were nonexistent with glucose, low with NaCl, 

moderate with HCl, and high with quinine. They occupied the right side of the space and 

formed a cluster related to quinine in the dendrogram (Scott et al, 1999).  A profile of 

CaCl2, MgCl2, NH4Cl, ARG, histidine, CYS, nicotine, and B2 were correlated low with 

glucose, higher with NaCl, moderate with HCl, and lower with quinine (Scott et al, 

1999).  Combining these stimuli together produces a group that is the same distance from 

NaCl, HCl, and quinine implying a bitter-salty-sour quality.  (Scott et al, 1999).  

 Characteristics of the Neural Code for Acids 

Just as detecting bitter stimuli is crucial for animal’s well being, the ability to 

detect acidic stimuli plays an important role as well.  The sensitivity to acids is vital to 

many physiological processes that go on inside the body.  The proton concentration 

participates in processes such as intermolecular hydrogen bonds, ion membrane transport 

systems, enzymatic oxidation, and oxidative phosphorylation (Plata-Salaman et al, 1995).  

Therefore, it is innate in all mammals to be sensitive to the detection of hydrogen ions 

and an acidic environment, and the taste receptors in the mouth allow this acidic 

detection (Plata-Salaman et al, 1995).  Sensitivity to acids influences in food selection by 

warning the body of dietary dangers (Scott and Verhagen, 2000). The acidic taste is 
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detected when K+ channels are blocked by protons, which reduces the amount of cations 

that can leave the cell hereby causing depolarization.  The primary taste perceived by 

humans when this process occurs is sour, but there may also be a secondary bitter or salty 

taste depending on the influence of the separated anion from the proton  (Plata-Salaman 

et al, 1995).   

 Plata-Salaman et al (1995) compared the response profiles of 21 acidic stimuli to 

the four basic taste stimuli, water, and cranraspberry juice.  From this study, it is 

concluded that macaques do not respond well to acidic stimuli either behaviorally or 

neurally (Plata-Salaman et al, 1995).  The acid stimuli at levels of .01M evoked neural 

responses that were on average slightly less than that of deionized water.  Behaviorally, 

macaques did not show a preference or dislike for the acids even at concentrations of 

.03M.  The correlation that the acid stimuli had with water was +0.69, which is the 

highest correlation among the comparison revealed of the nonacidic stimuli with water.  

The high correlation that acid had with water is a common finding in the different studies 

of taste in the monkey cortex (Plata-Salaman et al, 1995).  Acids are generally ineffective 

in activating the cortex in monkeys (Scott et al, 1994).  Among the four prototypical taste 

Figure 2.  Two-dimensional space showing the distribution of taste qualities represented by 
acid stimuli.  (Adapted from Plata-Salaman CR, et al, 1995) 
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stimuli, quinine had the largest correlation with the acidic stimuli, +0.59.  NaCl was next 

with a correlation of +0.39, glucose had a correlation of +0.33, and the cranraspberry 

juice had a correlation of +0.27 with the acidic stimuli.   

The 21 acids stimuli formed a distinct group away from the other basic stimuli, as 

well as forming subgroups within the major group (Plata-Salaman et al, 1995).  Within 

the main acid grouping, six stimuli evoked activity that most closely matched the overall 

group profile and therefore were located in the middle of the space.  The six stimuli were 

propionic, nitric, ascorbic, butyric, acetic, and formic acids (Plata-Salaman et al, 1995).  

These six stimuli in the center of the group exhibited a weak correlation with glucose, a 

moderate correlation with NaCl, a higher correlation with quinine, and a strong 

correlation with HCl (Plata-Salaman et al, 1995).  There were several other groupings for 

the acids remaining that diverged from this central group in different ways.  Five acids 

lacked the normal relationship with NaCl and deviated lower and toward the right away 

from NaCl.  They formed their own group and consisted of folic, hydrochloric, sulfuric, 

benzoic, and valeric acids.  Four other acids lacked the typical relationship with glucose.  

They are citric, succinic, tartaric, and lactic acids (Plata-Salaman et al, 1995).  Citric and 

succinic acids had a weak relationship with glucose, while tartaric and lactic acids 

demonstrated no relationship.  These four acids were located above glucose in the 2-D 

space graph.  Three acids demonstrated an equal relationship with the four prototypical 

stimuli.  They are glycolic, pyruvic, and aspartic, and they were pushed to the left of the 

dendrogram and formed a tight cluster near were the nonacids were located (Plata-

Salaman et al, 1995).   
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The last three acidic stimuli were very different from the rest of the group.  Malic 

acid was isolated far away to the right from all the nonacids in the space, indicating a 

purely acidic taste (Plata-Salaman et al, 1995).  It had a profile of close to 0 with all of 

the basic stimuli except HCl.  This profile suggests that malic acid is the most pure of the 

acids tested with no weakening of quality by the other basic tastes.  Glutamic acid and 

tannic acid were the opposite from malic acid and were located away from the other 

acids.  This profile correlated better with all the other basic tastes than HCl and 

demonstrated very weak relationships to the other acids.   

Glutamic and tannic acids demonstrated qualities other than acidity because they 

were located away from the acids (Plata-Salaman et al, 1995).  Glutamic acid did not 

result in a taste of sourness because the stimuli chosen was monosodium glutamate with a 

pH of 7.  Humans report MSG as having a salty taste or no taste at all.  Tannic acid, with 

a pH of 3.2, has a strong astringent taste that caused the monkeys to move their mouths in 

various positions.  This movement might have caused the acid to cover a larger area in 

the mouth.  Therefore the acid might have been exposed to a larger area of taste receptors 

permitting a larger range of responses than to the other acids.  The second possible reason 

for tannic’s separation from the other acidic stimuli stems from the idea that taste cells 

may also have other functions than taste such as detecting movement.  Therefore, the 

movement in the mouth caused by the astringent taste may have elicited activity from a 

broader range of neurons than the taste would have alone.  Tannic acid evoked less 

activity from the HCl neurons than any other stimulus (Plata-Salaman et al, 1995).   
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Characteristics of the Neural Code for Salts 

Maintaining the proper levels of sodium in the body is as necessary for survival as 

being able to detect bitter and sour stimuli.  A balance between the dietary intake and 

excretion of salts is necessary to maintain the proper level of sodium in the body and 

keep the animal functioning (Scott et al, 1994).  As mammals cannot synthesize salts, 

every mammal has to be able to detect dietary salts demonstrating the importance as a 

nutrient in every animal’s diet (Scott et al, 1994).  Therefore, it has been evolutionarily 

advantageous for mammals to be able to identify the taste of sodium ions and their 

various salts.  Not having enough salt in the body can be disastrous physiologically for a 

mammal because it can lead to a condition termed hemodynamia.   Hemodynamia results 

in a decrease in alacrity and endurance, therefore making the mammal subject to prey.  

The need for sodium is increased during pregnancy and lactation making it especially 

important in survival and withstanding evolutionary pressure (Scott et al, 1994). One of 

the main functions of sodium that makes it essential to the body is the osmotic force that 

it creates which allows the movement of body fluids through the extracellular space 

(Scott et al, 1994).  Variations within the category of saltiness can be attributed to the 

anion to which sodium is bound.  These anions can produce somewhat varied taste 

perceptions and different neural activity evoked in the gustatory cortex in monkeys (Scott 

et al, 1994).   

 Scott et al (1994) performed a study on monkeys measuring the evoked neural 

activity in the primary gustatory cortex to oral stimulation by 17 different sodium and 

lithium salts, comparing how the salts related to one another and to the four prototypical 

stimuli of HCl, quinine HCl, glucose, and NaCl (Scott et al, 1994).  The 17 salts formed a 
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group that was most closely related to glucose, followed by its relationships to quinine 

HCl and HCl (Scott et al, 1994).  The correlation between the profiles of the salty stimuli 

and glucose was +0.52, between salty stimuli and quinine HCl was +0.32, and between 

salty stimuli and HCl was +0.23 (Scott et al, 1994).    

Within the group of salty stimuli, various clusters were formed.  The four halides, 

NaCl, LiCl, NaBr, and LiBr, were grouped together within the salt group and were 

concentrated on the right side of the stimulus space leading away from the other basic 

stimuli (Scott et al, 1994).  Two closely related clusters were formed by 11 stimuli that 

consisted of acetate, citrate, phosphate, sulfate, and tartrate anions joining with 

monosodium glutamate and sodium bicarbonate (Scott et al, 1994).  Two salts were not 

included in these groupings, and they were sodium succinate and sodium carbonate.  

Sodium succinate was somewhat varied from the others, mainly in the height that it 

elicited in the 3-D space.  Sodium carbonate was the most distinct from the other salty 

stimuli  (Scott et al, 1994).  Anionic size, promotion of sodium transport, or molar 

Figure 3.  Two-dimensional space showing the distribution of taste qualities represented by 
salt stimuli.  (Adapted from Scott TR, et al, 1994) 
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conductivity did not appear to play a role in the way that these salts related to one another 

(Scott et al, 1994). 

The Na+ or Li+ cation is the main factor determining the shape of the response 

profile (Scott et al, 1994).  This results from the transduction mechanism that relies 

heavily on the sodium ion to enter the receptor cells while the anion has only a marginal 

role (Scott et al, 1994).   However, differences elicited within the various salty stimuli 

were due in part to the particular anion present that was paired with the sodium or lithium 

salt.  These anions were capable of modifying the activity evoked by the sodium or 

lithium salts to produce unique response patterns in the cortex (Scott et al, 1994).  When 

all of the stimuli were compared to NaCl, the stereotypical salt stimulus, all of the stimuli 

were more closely related to NaCl than any of the other basic taste stimuli.  Therefore, 

the role that the anions play in the evoked responses did not appear to alter the neural 

coding of sodium-lithium salts to the point that it was more closely related a basic taste 

other than NaCl (Scott et al, 1994).   

Characteristics of the Neural Code for Sweet Stimuli 

Sweet-tasting chemicals are formed by many different chemical structures 

including mono-, di-, and poly- saccharides, amino acids, dipeptides, and individual and 

compound proteins, polyhydric alcohols, glycosides, sulfobenzimides, and salts of heavy 

metals (Plata-Salaman et al, 1993).  However, in all categories but the saccharides, the 

quality of sweetness is not strongly evoked by these stimuli.  The taste of these sweet 

chemicals can be modified by only a slight change in molecular structure that makes the 

compound now taste bitter or bland (Plata-Salaman et al, 1993).  The perception of 

compounds to taste sweet typically varies a great deal across species.  The question arises 
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as to whether the monkey cortex is activated by the same stimuli that humans call sweet  

(Plata-Salaman et al, 1993).  The study performed by Plata-Salaman et al (1993) studied 

the relationship of the response profiles in gustatory cortex to 19 sweet chemicals and to 

the four basic taste stimuli.  Furthermore, Plata-Salaman and colleagues sought to 

establish comparisons between the ways that sweet chemicals are coded in the monkey 

cortex and the ways that human perceive the same sweet chemicals.   

The response profiles of the 19 sweet stimuli formed a coherent group.  Two of 

the nonsweet stimuli groups, quinine HCl and HCl, were about equidistant from the 

grouping of sweet chemicals.  Quinine HCl had a correlation of +0.33 with those of the 

sweet chemicals, and HCl had a correlation of +0.25 with those of the sweet chemicals.  

The profile generated by water fell between quinine HCl and HCl with a correlation of 

+0.27.  The other of the nonsweet stimuli groups, NaCl, was the most isolated of the 

groups with a correlation of its profile to the sweet chemicals of +0.04.  The 19 sweet 

chemicals had profiles that were surprisingly highly correlated for a group of tastants 

with as diverse chemical structures as this group contained.  Their average correlation 

Figure 4.  Two-dimensional space showing the distribution of taste qualities represented by 
sweet stimuli.  (Adapted from Plata-Salaman, et al, 1993) 
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among all possible pairs of the 19 stimuli was +0.77.  In the space diagram, the 19 stimuli 

formed a definite cluster with a carbohydrate at its center and joined by sorbitol (Plata-

Salaman et al, 1993).  Sucrose and maltose had the highest correlation of any of the 

stimuli tested at +0.97.  Sucrose and maltose were very closely related to three other 

stimuli; fructose, glucose, and sorbitol, and had a very high correlation with them as well 

(+0.92).  The chemicals nearest this center core were calcium cyclamate, aspartame, and 

cranraspberry juice (Plata-Salaman et al, 1993).  The profile of the eight previously 

mentioned stimuli (sucrose, maltose, fructose, glucose, sorbitol, calcium cyclamate, 

aspartame, and cranraspberry juice) analyzed together gave a correlation of +0.88 or 

higher.  The next ring consisted of acesulfame potassium, xylose, xylitol, sorbose, 

polycose, and myoinositol.  The chemicals in this ring can be discriminated by humans.  

It is hard to discriminate stimuli with similar response profiles because similar profiles 

indicate a high correlation among those stimuli.  Therefore it is surprising that these 

stimuli could be differentiated by humans even though they revealed correlations that 

were quite high, at least +0.72 (Plata-Salaman et al, 1993).  Five of the 19 sweet stimuli 

were located on the outside of the central group of sweet chemicals: Sodium saccharin, 

stevioside, neohesperidin DHC, L-tryptophan, and monellin (Plata-Salaman et al, 1993).   

 Sodium saccharin evoked a profile that had a high correlation with the sweet 

stimuli, ranging in the +0.70s and +0.80s.  In contrast, its correlation with the nonsweet 

stimuli ranged in the +0.20s and +0.30s.  Stevioside generated a profile similar to sodium 

saccharin in its respect to the sweet stimuli, around +0.70s.  However, unlike sodium 

saccharin, it evoked a high profile with the bitter stimuli, +0.58 (Plata-Salaman et al, 

1993).  This shows that stevioside is not purely sweet, but has a bitter perception to it as 
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well (Plata-Salaman et al, 1993).  Neohesperidin DHC showed only moderately high 

correlations with the other sweet chemicals, around the +0.50s and +0.60s as well as with 

the other nonsweet chemicals.  Tryptophan was the most isolated of the stimuli and lay in 

the direction of water, HCl, and quinine HCl.  It was perceived to be flat to bitter by 

humans rather than sweet and this is reflected in the evoked neural activity (Plata-

Salaman et al, 1993).  Monellin is most unlike the other sweet stimuli and evoked the 

smallest response of the monkey’s taste system of the 22 stimuli (Plata-Salaman et al, 

1993).  Its profile correlated with the other 18 sweet stimuli tested as +0.44, and it was 

almost completely unrelated to the nonsweet stimuli.   

Across all of the primary taste category studies by Plata-Salaman et al (1993), the 

majority of the neurons in the gustatory cortex of the monkey responded the most often to 

glucose and NaCl out of the four basic taste stimuli (Plata-Salaman et al, 1993).  This is 

typical in all of the studies that they performed.  In the study on the quality of sweetness, 

glucose and NaCl responsive neurons made up 77% of the taste cells while HCl and 

quinine HCl composed the other 23% (Plata-Salaman et al, 1993).  This demonstrates 

that the gustatory cortex of the monkey is primarily concerned with the coding of salty 

and sweet stimuli (Plata-Salaman et al, 1993).  In this sample of neurons, about three-

fourths of its neurons of this space were dedicated to those qualities, not leaving much 

room for bitter and sour stimuli.  This information is significant because animals’ 

discriminative capabilities are directly proportional to the amount of neuronal space 

dedicated to that area (Plata-Salaman et al, 1993).  It follows that animals would have 

greater precision in discriminating between sweet and salty stimuli than between bitter 

and sour stimuli, as is also the case with humans (Plata-Salaman et al, 1993).  There is a 
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greater need to be able to distinguish between salty and sweet stimuli to allow the 

identification of specific nutrients for the body.  In contrast, sour and bitter stimuli do not 

need to be discriminated from each other, but only identified as belonging to those tastes 

associated with harmful toxins.  Also evident is that the primary responsibility for 

encoding HCl and quinine HCl is assumed by a single small group of neurons. There is 

no clear separation between response profiles of sourness and bitterness.  Therefore, they 

should be hard to discriminate perceptually as demonstrated in human psychophysical 

studies (Plata-Salaman et al, 1993).   

Gustatory Coding of Stimulus Properties: Mixtures and Intensities 

It is important to study intensity and mixtures of stimuli and not just the 

prototypical taste stimuli by themselves.  The way that the mixtures interact with one 

another and the way different responses are made due to intensity would not be evident 

from solely studying the stimuli in groups based on the prototypical taste.  These aspects 

contributes various kinds of information helping to understand neural coding in the 

monkey gustatory cortex.   

In a study performed by Plata-Salaman et al (1996) the neural response patterns in 

primate gustatory cortex were analyzed during oral stimulation by the four basic stimuli 

present in combinations of two (dyad), three (triad), and four (tetrad) (Plata-Salaman et 

al, 1996).  Six dyads were tested, as well as four triads and the tetrad.  The overall 

activity evoked by the mixtures was lowered by one-half, one-third, and one-fourth from 

what the sum of the activity of two, three, and four stimuli would have been if the activity 

of the various stimuli involved in the mixtures was simply added together (Plata-Salaman 

et al, 1996).  More specifically, the average response of the dyads was 50% lower than 
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the sum of the responses to the two unmixed stimuli added together.  The response to the 

triads was 62% lower than the combined responses of the stimuli when unmixed.  The 

tetrad was 74% lower than the sum of the four individual stimuli would be (Plata-

Salaman et al, 1996).   

The responses of three of the four basic stimuli were suppressed when combined 

into a mixture.  These stimuli are salty, bitter, and sweet.  HCl did not evoke a large 

response and therefore was not suppressed when combined in a mixture (Plata-Salaman 

et al, 1996).  When HCl was not included in the mixtures forming the dyads, there was 

about a +0.40 correlation of the mixture’s profile to each components of the mixture.  

When HCl was included, the correlation was only about +0.20 between the profile of the 

mixture and that of HCl, and it was +0.60 between the profile of the mixture and that of 

the other stimulus.   

When the profiles of the triads were calculated, predictable results were possible 

only if HCl was among the triad.  In this case, the profile was halfway between the 

profiles of the other two stimuli.  The profiles created when HCl was not involved or 

when the four basic stimuli were combined were poorly correlated with any of the four 

basic stimuli (Plata-Salaman et al, 1996). 

When the qualities of the different stimuli are mixed together, they can elicit 

qualities different than their own.  When sucrose and acids blend together, one can still 

recognize their own qualities, but they also form a quality different from either of their 

individual taste.  Sucrose and NaCl act differently when mixed together than do sucrose 

and acids.  Sucrose and NaCl do not blend but rather the tastes clash with one another, 

The basic qualities of sucrose and NaCl are tasted at different times, alternating in 



 20

dominance rather than producing a combined, new taste (Plata-Salaman et al 1996).  

Neurons that responded most actively to sucrose were most often suppressed by adding 

another tastant.  In contrast, neurons that responded best to HCl seemed to have 

heightened activity when included in a mixture.   

Even when all four tastes were mixed together, the evoked activity did not surpass 

the average response of each taste.  There was no area found in the primary cortex that 

responded more to mixtures than other stimuli. Each neuronal subtype identified showed 

about the same amount of suppression due to mixtures as the others subgroups (Plata-

Salaman et al, 1996). 

Just as HCl was not effective in evoking responses from neurons in the gustatory 

cortex when administered by itself, it produced very little effect when included in 

mixtures.  The other three basic tastants did affect the responses evoked by the mixtures, 

which follows because they produced greater activity when administered alone to the 

gustatory neurons.   Glucose typically produces the most activity in the cortex, and is the 

most susceptible to suppression.  Quinine HCl and NaCl fall between glucose and HCl in 

both their degree of effectiveness in evoking activity and in their susceptibility to 

suppression in mixtures (Plata-Salaman et al, 1996).  This shows some accord between a 

substance’s inclination to suppression and their effectiveness in evoking neural activity.   

As most ingested food contains a complex mixture of tastes, it is important to 

evaluate the role of not only the four prototypical taste stimuli by themselves and 

combined in mixtures, but also stimulus intensity.  These studies are necessary to 

understand how the coding processes in the gustatory cortex of the monkey brain are 

related to overall perception of complex tastes (Scott et al, 1991).  Understanding the role 
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of stimulus intensity is relevant because intensity thresholds and intensity-response 

functions of monkeys correspond well with human psychophysical reports (Scott et al, 

1991).  Scott et al (1991) analyzed activity of single neurons in the gustatory cortex of 

monkeys to a range of stimulus intensities.  The chemicals used were deionized water, 

fruit juice, and several concentrations of the four basic taste stimuli (Scott et al, 1991).  

There were a total of 22 stimuli including 5 concentrations of glucose, 6 of NaCl, 5 of 

HCl, 5 of quinine HCl and a cranraspberry juice (Scott et al, 1991).   

Water was used as a reference point to define the threshold of each chemical.  The 

threshold concentration of a stimulus was defined to be reached when it evoked a 

response that was twice the response that water elicits.   The thresholds for the various 

stimuli were 100 mM glucose, 10 mM NaCl, 1 mM HCl, and 0.1 mM quinine HCl.   

Response rates generally increase with stimulus intensity, but not quite as rapidly 

as human psychophysical reports would suggest.  When plots are made comparing the 

neural response and stimulus concentration, linear functions were revealed.  The average 

discharge rate of the neurons was directly correlated to the concentration of glucose, 

NaCl, and quinine HCl (Scott et al,1991).  The slope for glucose was .33, NaCl 0.18, HCl 

0.06, and 0.16 for quinine HCl (Scott et al,1991).  In spite of varying results among 

human psychophysical data, the slopes were consistently higher than all of these in the 

monkey (Scott et al, 1991).   

As we know that certain neurons respond selectively to particular stimuli, the fact 

that this data comes from all gustatory neurons tested could possibly create a discrepancy 

in the results.  Therefore, four individual subgroups of neurons were determined based on 

the stimulus quality that elicited the highest response and new intensity-response function 
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graphs were made.  According to these subgroups, glucose was the most effective 

stimulus tested with a slope of .52, followed by NaCl with a slope of .41, HCl with a 

slope of .10, and quinine HCl with a slope of .34 (Scott et al, 1991).  The subgroups of 

glucose, NaCl, and quinine HCl revealed slopes that fell within the psychophysically 

derived data from the humans.  The slope for HCl did not.  This leads to the conclusion 

that the perception of taste intensity for glucose, NaCl, and quinine HCl most likely is 

determined from the subgroups of neurons rather than by activity of all gustatory neurons 

(Scott et al, 1991).  Although when the subgroups of neurons are considered different 

slopes are revealed, the subgroups do not affect the absolute threshold level for each 

stimulus (Scott et al, 1991).   

 The activity of HCl cells did not respond more than twice as strongly as water at 

any concentration.  Therefore, no threshold can be identified.  In behavioral studies, 

cynomolgus monkeys act as if HCl has no flavor and is therefore ineffective in evoking 

responses.  The response patterns that HCl evoked lacked any sort of consistency (Scott 

et al, 1991).   This corresponds with the results of the study performed by Plata-Salaman 

et al on the quality of acids.  The average response profile of HCl was more closely 

related to the response profile evoked by water than by quinine HCl, NaCl, or glucose 

(1995).   

Taste cells occupy a very small percentage of the neurons in the gustatory cortex.  

They have not composed greater than 5% of the neurons studied in any recorded study.  

Some of the other neurons have demonstrated motor and sensory functions while the 

majority of the neurons in the gustatory cortex remain uncharacterized (Smith-Swintosky 

et al, 1991). The gustatory neurons in the insular operculum that did not respond to taste 



 23

stimuli used in previous studies might be sensitive to stimuli other than the chemicals that 

have been tested (Scott et al, 1991).  While it is possible that the proper taste stimuli have 

not been found to activate these other neurons a more feasible explanation is that neurons 

in the anterior insula and frontal operculum are involved in functions other than gustatory 

perception (Smith-Swintosky et al, 1991). The existence of function other than gustatory 

perception in these cortical areas is supported by an anatomical study of afferent input to 

the region.  There is an area of gustatory cortex that receives both gustatory and 

somatosensory inputs from hand, face, and tongue.  Information from this area then 

travels to the central granular frontal cortex, whose function is to analyze the input from 

several sensory systems in order to recognize objects.  This could be an important 

function in feeding and might contribute to food selection by analyzing various physical 

qualities of the food, such as its taste, smell, and feel (Smith-Swintosky et al, 1991).  This 

shows that information about the gustatory cortex can be applied to other relating issues, 

including feeding behaviors in the monkey.   

Interactions between Primary Gustatory Cortex and feeding behavior 

The question arises as to how the primary gustatory cortex plays a role in the 

feeding behavior in monkeys, especially as the monkey moves from a state of hunger to 

repletion.  The study performed by Rolls et al (1988) concluded that the neuronal 

responses in the frontal operculum, where the gustatory cortex is located, are not changed 

as the monkey moves between these two states.  However, other areas in the gustatory 

system are influenced.  Responses evoked from neurons in the hypothalamus appear to be 

activated by the taste quality of food only when the monkey is hungry, while neurons in 
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the primary gustatory cortex are activated in a motivation-independent manner (Rolls et 

al, 1988). 

The rostral part of the nucleus of the solitary tract is the first central relay in the 

gustatory system.  Recordings made from the NST indicate that it is not affected by 

hunger (Rolls et al, 1988).  From the NST the gustatory signal travels to the parvocellular 

portion of the ventroposteromedial thalamic nucleus and then on to the primary gustatory 

cortex (Rolls et al, 1988).  In addition to the primary gustatory cortex, taste signals are 

projected to the basal forebrain and hypothalamus where responses are known to be 

modulated by hunger (Rolls et al, 1988).  Neuronal responses to the taste of food by 

neurons in the hypothalamus and substantia innominata are modulated by hunger and are 

more closely related to motivational behavior (Rolls et al, 1988). 

The lateral hypothalamic area plays a role in regulation of food and water intake 

as well as various visceral functions.  There are glucose-sensitive and glucose-insensitive 

cells in this area.  The glucose sensitive cells respond to internal chemical information 

including metabolites, hormones, and neurotransmitters.  The glucose sensitive cells are 

more responsive to tastants than the glucose insensitive cells.  The glucose insensitive 

cells respond to environmental stimuli including visual and auditory cues that aid in 

obtaining food and feeding regulation.  The differences between the glucose sensitive and 

insensitive cells might be a result of the different anatomical connections of the two types 

of cells.  The glucose sensitive cells seem to be more connected with associative cortex 

while the glucose insensitive cells are more connected with motor areas.  Studies have 

shown that neuronal activity of the lateral hypothalamic area can be modulated by taste 

and is an interaction of internal signals with external cues (Oomura et al, 1991).  
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Evidence suggests that sensory input in the hypothalamic neurons is modulated by 

motivation.  Therefore, the question arises as to whether this modulation is specific to the 

hypothalamus because it is involved in motivational responses or whether it is common 

to all of the five sensory systems (Rolls et al, 1988).  In the taste system, it could be 

inefficient for motivation to alter the signal in the early stages of the neural processing.  

This would result in some of the information from the sensory input being discarded 

before it is analyzed independent of the level of hunger.  Therefore, the gustatory system 

would not receive all of the possible information from the stimuli that it could (Rolls et 

al, 1988).  It is probably more effective to have two different ways of receiving data; one 

being for food taste regardless of hunger/satiety and the other being a special system 

where motivational state influences responsiveness (Rolls et al, 1988). 

 As an animal eats to satiety, the acceptance of food and the pleasantness evoked 

by it is reduced even though the intensity is perceived to be the same.  It has been shown 

that decreases in acceptance and pleasantness are not due to a decrease in neuronal 

responses in the gustatory cortex (Rolls et al, 1988).  This does not exclude the 

possibility that there could be some neurons in the gustatory cortex that are modulated by 

hunger; however, this study suggests that the responsiveness of most of gustatory neurons 

is independent of motivation (Rolls et al, 1988). 

Similarly, satiety did not eliminate or cause a major reduction in the 

responsiveness of gustatory cortex neurons to food stimulation (Rolls et al, 1988).  The 

responsiveness of the neurons tested to the four basic stimuli and fruit juice was mostly 

unchanged while the monkey was fed to satiety with glucose or fruit juice (Rolls et al, 



 26

1988).  In some cases there was a decline, but in 9 of 10 responses, these changes were 

not significant (Rolls et al, 1988). 

 Another method of testing the effect of satiation on the gustatory cortex was to 

measure the response profiles of neurons in the gustatory cortex to the four basic stimuli 

before and after an animal is fed to repletion as well as measuring the responses to a 

satiating solution before and after satiating the animal (Rolls et al, 1988).   If the 

responsiveness of the neurons to the basic stimuli remained the same after being fed to 

repletion while the responses to the satiating solution decreased, it would have been 

concluded that satiety had affected the responsiveness of the neurons in the gustatory 

cortex.  However, in the majority of the cases, the responsiveness of the neurons was 

unchanged before and after the animal was fed to repletion.  In some of the trails there 

was a slight decline and in other trails there was a slight increase in responsiveness of the 

neurons.  However in nine out of ten trails, the change was not significant.  Therefore, it 

was concluded that satiety had little effect on the responsiveness of the neurons in the 

gustatory cortex (Rolls et al, 1988).   

The Monkey Cortex and its implications about the Human Brain   

Functional neuroimaging techniques have greatly improved the ability to study 

and localize specific brain areas in humans (Small et al, 1999).  By using various 

neuroimaging techniques, it has been shown that gustation in humans is localized in the 

operculum and insula cortex, similar to the monkey (Frey and Petrides, 1999).  In trying 

to identify the taste regions using functional imaging studies, heightened activity seen in 

the pericentral opercular and insular areas most likely constitutes the primary gustatory 

cortical region (Frey and Petrides, 1999).  It is suggested that as higher levels of gustatory 
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processing occurs, the activation becomes more rostral in the insulo-opercular cortex 

(Frey and Petrides, 1999).  Another implication from a PET scan measuring rCBF due to 

a saline solution is that a specific area of the insula cortex serves as an area for different 

sensory modalities to come together.  This follows from administering an olfactory 

stimulus separately from administering a gustatory stimulus that lacks any smell and 

seeing how the signals converge in the insular cortex (Kinomura et al, 1994).   

Electrophysiological investigations in the primary gustatory cortex of macaque, 

psychophysical studies of humans, and neuroimaging studies done on humans have 

revealed consistencies in data.  These three different kinds of studies reveal some 

activation in the same areas of the brain, as well as revealing similarities in neural coding.  

Humans and macaque appear to display similar gustatory coding of stimulus quality 

(Plata-Salaman et al, 1993) and intensity (Scott et al, 1994).  As the stimulus intensity 

increases, the gustatory neural activity increases at levels proportional to that expected 

from psychophysical studies done with humans (Scott et al, 1991).  Activity in the cortex 

elicited from exposure to mixtures correlated well with human psychophysical reports 

(Plata-Salaman et al, 1996).  There is also a similarity between the thresholds and 

dynamic response ranges of the four basic taste stimuli between macaque and human.   

 When humans described the bitter and sweet stimuli tested, their descriptions 

matched well with the taste quality inferred from the position of the stimulus in the 

monkey cortex, with very few exceptions (Scott et al, 1999). (Plata-Salaman et al, 1993).  

The electrophysiological data and the psychophysical data of the salty stimuli correlated 

well also, even to the extent that the few salty stimuli that were abnormal of the salty 

group evoked psychophysical responses that correlated with their deviations (Scott et al, 
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1994).  Acids were the only basic tastes stimuli where there was a large difference in the 

psychophysical responses of humans to the electrophysiological responses of monkeys in 

regards to sensitivity (Plata-Salaman et al, 1995).  HCl in the monkeys evoked low levels 

of activity both neurally and behaviorally which deviated from the psychophysical 

reports of humans (Plata-Salaman et al, 1995).  In regards to the quality of the HCl 

stimuli, there is a dearth of studies reporting psychophysical accounts in humans to acidic 

stimuli in which to draw comparisons (Plata-Salaman et al, 1995).  Except for the 

comparisons with HCl, human and monkeys are very similar across both physiological 

and psychophysical experiments (Scott et al, 1999).   

Discussion 

The taste system is very important in deciding how to nourish and protect an 

animal’s body.  It must be able to identify and accept the substances that are important to 

ingest while rejecting the substances that will be harmful to the body (Scott and 

Verhagen, 2000). The gustatory system serves an important line of defense against toxins 

and regulates what is accepted or rejected by the mouth via chemosensitivity.  

Chemoreception in the mouth is responsible for detecting even small subtleties that are 

significant (Scott and Verhagen, 2000). These chemical sensors have to recognize the 

molecules before the decision to swallow has been made  (Scott and Verhagen, 2000). 

The taste system is a very important step before ingestion that identifies harmful 

substances before they can be ingested and do any damage to the body (Scott and 

Verhagen, 2000).  This is demonstrated in the fact that the degree to which an organism 

rejects toxins is related to its degree of harmfulness (Scott et al, 1999).  This ability to 
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identify toxins and nutrients has served an important function throughout evolution and is 

innate and ubiquitous among animals (Scott et al, 1999).   

Electrophysiological data from the monkey cortex, psychophysical data from 

humans, and neuroimaging techniques reveal many similarities between the neural 

coding of the primary gustatory system of macaques and of humans (Plata-Salaman et al, 

1993).  The basis for the similarities between the human and monkey primary gustatory 

cortex stem from the evolutionary significance of coding for a particular quality.  The 

amount of cortex devoted to the different taste qualities is related to the demand for that 

ability throughout evolution.  The need for discriminative powers of a taste quality is 

represented by the amount of cortex devoted to that area.  Therefore it follows that 

humans and monkeys would have similar means for coding taste because of their similar 

needs throughout evolution.  The tastes that need the most discriminative powers for 

survival have adapted similarly in the human and monkey cortex with the largest region 

devoted to them.   

The similarities between macaque and humans make it possible to study the 

gustatory system of macaques and draw conclusions about the gustatory system of 

humans.  This is important because controlled experiments can be done with macaques 

that are not possible to perform with humans.  Information can be obtained from 

macaques that would be unethical or impossible to obtain from studying humans.  Since 

it is shown that the monkey cortex is a good model for studying the human gustatory 

system, many implications can arise which can lead to new ideas in research and new 

discoveries about neural coding in the human gustatory cortex.   
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