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Abstract 

The gustatory and olfactory systems are the only two systems in which stimuli act 

directly on the receptor. There are five taste categories which have been identified as 

gustatory stimuli: sweet, salty, bitter, sour, and umami (MSG). Bitter and sour are known 

as aversive stimuli and help mammals avoid toxic and spoiled foods. Although both are 

similar in that they are aversive, they work through different transduction pathways. 

Research has shown that receptor (type II) cells are responsible for bitter taste 

transduction while presynaptic (type III) cells assist in the transduction of sour stimuli. 

Bitter stimuli act through metabotropic receptors and G-proteins to increase intracellular 

Ca2+. Sour stimuli are mediated by acids and work through ionotropic receptors. There 

are two major ion channels (ASICs and HCNs) that help in the transduction of bitter taste 

stimuli. Behavioral research has supported that rats are able to differentiate between the 

five taste categories. This is critical for animals in the wild in order to differentiate 

between foods that are full of nutrients and foods that will cause sickness or death. In 

addition to differentiating between different taste categories, researchers have shown that 

mammals are able to behaviorally differentiate between bitter and sour stimuli (Ekman 

and Rosenburg, 2005). Developmental research has suggested the idea that early 

experiences to bitter and sour stimuli can cause a decrease in their innately aversive tastes 

(London et. al, 1979). However, a critical period in age of development has still not been 

identified to support this claim. This critical review article examines the current research 

regarding the receptors, transduction mechanisms, discrimination between stimuli, and 

development for both sour and bitter taste categories. 
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Introduction 

 Through evolution organisms have developed five different taste categories to assist 

in survival: sweet, salty, bitter, sour, and umami (MSG). Each of these tastants is 

responsible in serving a specific function. From a young age individuals come to accept 

or avoid specific flavors by associating flavor or post-ingestive effects with positive or 

negative aspects (Myers and Sclafani, 2006). When newborn human infants are given 

bitter stimuli they display gaping, a behavioral avoidance when the tongue is pushed up 

to the back of the mouth in an attempt to prevent swallowing. When newborn babies are 

given sweet stimuli an acceptance behavior is displayed, known as suckling. This 

indicates that an innate ability exists that allows neonates to accept and avoid certain taste 

categories (Ekman and Rosenburg, 2005). 

 Umami and sweet stimuli act as detectors for high caloric foods that contain 

elevated amounts of protein and carbohydrates. Salt is used in many current preservatives 

and is crucial for human and animal survival. At high concentrations salt can be aversive, 

but it can also be appetitive. Many animals seek out salt in order to maintain salt balances 

in the body. The final two taste categories, bitter and sour, act as aversive stimuli. Sour 

taste is typically associated with spoiled food in the environment in order to protect 

organisms from illness. Bitter stimuli are important in detecting toxins in foods because 

many poisoness substances are bitter. Bitter was first evolved from plants that developed 

this stimulus as a defense mechanism from herbivores and pathogens. Herbivores caused 

a decrease in the populations in many plants. This evolutionary change allowed for 

animals to avoid these plants due to the aversive post-injestive affects of the bitter 
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stimulus. Therefore, this evolutionary change allowed for an increase in the population of 

such plants in addition to a new taste stimulus (Myers and Sclafani, 2006).  

 The olfactory and gustatory systems are the only two systems in which the stimuli 

act directly on the receptor. Gustatory stimuli are detected through taste buds that are 

located on the tongue, soft palate, epiglottis, pharynx, and larynx. Four taste receptor 

cells (TRCs) have been identified within taste buds: type I, type II, type III, and type IV 

(also called basal cells). Basal cells are located at the base of the taste bud and help to 

turn over cells daily. The other three TRCs assist in the transduction of gustatory stimuli. 

Different research suggests that type I, type II, and type III TRC’s are activated in 

response to different taste categories (Huang, Maruyama, Lu, Pereira, Plonsky, Baur, Wu, 

and Roper, 2005). 

 The major connection between the central nervous system (CNS) and the peripheral 

nervous system (PNS) are the twelve cranial nerves (CN) located primarily in the brain 

stem. Two of these nerves are essential in the gustatory system: the facial nerve (CN VII) 

and the glossopharyngeal (CN IX) nerve. The chorda tympani, part of the CN VII, is 

responsible for detecting stimuli on the anterior two-thirds of the tongue. This nerve 

transmits signals from the fugiform papillae about stimuli on this portion of the tongue. 

The CN IX is responsible for transmitting signals to the brain from the posterior portion 

of the tongue. Current research has focused on the role of CN IX in regards to bitter 

stimuli (King, Garcea, Stolzenberg, and Spector, 2008). 

 Both bitter and sour tastants have been shown to be innately aversive stimuli. For 

evolutionary purposes, both stimuli act as cues for mammals to avoid specific spoiled or 

toxic foods. Thus, these tastes were both developed as defense mechanisms toward 
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stimuli in nature. Although they are both aversive, findings show that newborns with no 

previous taste experience are able to show behavioral differences between sour and bitter 

stimuli (Ekman and Rosenburg, 2005). This review examines current research regarding 

receptors, transduction mechanisms, behaviors, and development for both sour and bitter 

taste categories. 

 

I. Bitter  

 

Introduction 

 From a young age individuals come to accept or avoid specific flavors. Avoidance 

behaviors and aversive effects are associated with bitter stimuli. The bitter tastant first 

evolved from plants in an attempt to avoid extinction due to pathogens and herbivores 

(Myers and Sclafani, 2006). It is now used as an important stimulus in detecting toxins in 

foods. Researchers used a two bottle preference test to show that rats innately prefer plain 

water over a bitter stimulus solution (Myers and Sclafani, 2003). When a newborn human 

infant is given a bitter stimulus, the infant will display gaping behavior in attempt to 

avoid swallowing the substance (Ekman and Rosenburg, 2005). Evolution has enabled 

infants to have this ability to innately avoid bitter foods.  

 Numerous bitter stimuli are used in current research; however the most common 

chemicals are denatonium benzoate and quinine hydrochloride. Denatonium was first 

discovered in 1958 through research on local anesthetics. It is now one of the bitterest 

stimuli known. Solutions of denatonium are used on nails or infants thumbs to prevent 

chewing and sucking behaviors (Denatonium benzoate, 2008). Quinine is commonly 



Miller 6

known as a component of the drink mixer, tonic water. The quinine is what gives tonic its 

bitter flare. Quinine was first introduced in Europe around 1640. Medically, quinine is 

used to reduce muscle cramps in patients who tend to encounter frequent cramps 

(Quinine, What is Quinine?, 1998). Other bitter tastants used in current research include 

cycloheximide, dextromethorphan (DEX), acetaminophen, chlorpheniramine maleate, L-

tryptophan, potassium chloride (KCl), and pseudoephedrine hydrochloride. 

 Phenylthiocarbamide (PTC) and 6-n-propylthiouracil (PROP) are two bitter 

substances that are used to test genetic differences in bitter perception among individuals. 

To some individuals PTC and PROP are tasteless, while to others they are extremely 

aversive. Individuals are classified as non-tasters, tasters, or supertasters. Evolution has 

caused some people to be more easily affected by bitter stimuli than others. Genetic 

researchers have become extremely interested in this topic.  

 

Receptors and Transduction 

 Many different taste receptors are able to detect different bitter gustatory stimuli 

and allow for differentiation among them. Through these receptors mammals are able to 

recognize many bitter compounds. This is crucial for mammals, especially the survival of 

wild animals in order to detect different toxins in various natural food sources. Current 

research has focused on determining what differences occur in these pathways in order 

for animals to differentiate between tastants and among different stimuli within the same 

taste category. Through 5-HT release, manipulations of the TRP gene (TRPM5), and 

ECAR measurements, researchers found that type II cells are crucial in bitter taste 
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transduction. In addition, different research has shown that some bitter stimuli activate 

similar pathways in transduction while other have individual anatomical pathways. 

 Researchers believe that taste transduction of bitter stimuli occurs in type II cells. 

However, it is unclear how sensory afferent fibers receive signals from these cells. There 

is no indication of the presence of synapses between the type II cells and the afferent 

pathways. However, outputs of bitter taste signals in the gustatory pathway are from type 

III cells. Therefore, it is apparent that cell-to-cell signaling must take place in order for 

the transduction of taste to occur. Gap junctions and chemical synapses have been shown 

to be processes of cell-to-cell signaling in the gustatory system (Huang, Maruyama, Lu, 

Pereira, Plonsky, Baur, Wu, and Roper, 2005). Researchers have come up with different 

possibilities as to what connects these pathways. One is that two to five taste cells are 

brought together in a unit by gap junctions. There are three ways in which cell-to-cell 

interactions occur: interactions through paracrine secretions, conventional synapses, or 

gap junctions. To understand this process it is crucial to look at the neurotransmitters 

involved in transduction. Serotonin (5-HT) is key in afferent signaling but it is unclear as 

to which of the three cell-to-cell interactions it is part of. Researchers were interested in 

determining the role of 5-HT in bitter taste transduction. The epithelium of taste cells that 

contained the papillae from the tongues of adult female C57BL/6J mice were removed. 

The isolated taste buds were then stimulated in a bath of KCl, cyclohexamide, sodium 

saccharin, aspartame, or acedic acid. Serotonergic signals were recorded when taste buds 

were stimulated. 5-HT release occurred for cycloheximide (bitter) and sweet (saccharin) 

stimuli at different concentrations. However, aspartame, which is also a sweet tastant, did 

not elicit 5-HT release. Due to the fact that one sweet stimuli elicited 5-HT release and 
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another did not, this signifies that 5-HT release is stimuli specific. As 5-HT was found to 

be critical in the transduction of cycloheximide, it is unclear if it would remain important 

for the transduction of other bitter stimuli. However, this research gives insight to the 

ways in which bitter stimuli are transduced in the gustatory system through type II 

receptor cells (Huang et. al, 2005).  

Huang et. al (2005) demonstrated that some bitter stimuli are transduced through 

5-HT in type II receptors. Other research has also analyzed type II receptors and what 

additional signaling pathways assist in the transduction of bitter stimuli through these 

receptors. Previous research reported that by isolating a TRP gene, TRPM5, there is 

affects in the expression of taste cells (type I and type II) on the tongue (Perez, Huang, 

Rong, Kozak, Preuss, Zhang, Max, and Margolskee, 2002). Researchers knocked out the 

TRPM5 gene and/or the PLCβ2 enzyme in mice. The PLCβ2 is a phospholipase C that is 

expressed in taste tissue and assists in G-protein transduction. Both manipulations have 

been shown to be part of signaling events downstream from G-protein receptor cells. 

These manipulations eliminated the taste of bitter, sweet, and umami stimuli, but allowed 

sour or salty tastes to remain detectable.  This suggests that bitter, umami, and sweet 

stimuli all use metabatropic receptors to transduce gustatory stimuli. However, when the 

PLCβ2 function was restored in bitter-receptor cells (type II), mice were able to detect 

bitter stimuli but not sweet or umami. This demonstrated that bitter stimuli are transduced 

independently and use separate taste receptor cells than sweet and umami. Bitter stimuli 

use type II cells while umami and sweet use type I cells (Zhang, Hoon, Chandrashekar, 

Mueller, Cook, Wu, Zuker, and Ryba, 2003). 
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Researchers used a cytosensor microphysiometer device which allowed them to 

analyze metabolic changes in response to different stimuli by measuring the extracellular 

acidification rate (ECAR). The ECAR is a measurement of the excretion of H+ ions 

which reflects total cellular metabolism.  The purpose was to measure responses of tissue 

culture cells to different bitter and sweet stimuli.  Mouse neuroblastoma and rat glioma 

hybrid (NG108-15) were found to be responsive to sweeteners and bitter stimuli.  

Changes in ECAR of the NG108-15 indicated that these cells had similar metabolic 

channels as taste receptor cells, which allowed them to be responsive to such stimuli. It is 

unknown if the NG108 cells have G-protein coupled receptors identical to that of type II 

taste cells. However, this research identifies that there are metabatropic receptors that 

help to transduce bitter stimuli in the gustatory system (Khare, Gokulan, and Linthicum, 

2001). 

It has been questioned if one taste bud cell can distinguish between different stimuli, 

indicating that there would potentially be more than one pathway out of each cell. The 

goal was to determine whether or not a single taste receptor cell could distinguish 

between five different bitter stimuli: cyclohexamide, denatonium, quinine, sucrose 

octaacetate (SOA), and phenylthiocarbamide (PTC). The responsiveness of the type II 

taste cells were examined through Ca2+ imaging. Most bitter responsive taste cells were 

only activated out of one of the five bitter stimuli. Only 26% of the TRC’s responded to 

two of the five stimuli. This suggests that taste cells that are sensitive to bitter are able to 

differentiate between stimuli due to the fact that most cells are only activated by a few 

types of bitter stimuli. These results confirm anatomically that rats and other mammals 

are able to discriminate between different bitter stimuli (Caicedo and Roper, 2001). 
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 Researchers were interested in the similarities and differences among the receptors 

and neural mechanisms of three different bitter stimuli: quinine hydrochloride, 

denatonium benzoate, and cycloheximide.  Sensitivity to one bitter stimulus, such as n-

propylthiouracil does not predict the same responsiveness to other bitter stimuli. Results 

showed that there was a strong correlation in licking behavior between behavioral taste 

responsiveness of quinine hydrochloride and denatonium benzoate. Quinine 

hydrochloride responsiveness was a predictor for the responsiveness of denatonium 

benzoate. The variety of results and correlations suggest that there is overlap among the 

neural coding mechanisms for bitter taste transduction, specifically in these two stimuli. 

There was a correlation between quinine and cycloheximide, but the correlation was not 

as strong as that of quinine and denatonium benzoate. No correlation was found between 

cycloheximide and denatonium benzoate. It is possible that there is coding independence 

that is responsible for the perception of cycloheximide. However, this data shows that the 

transduction of bitter stimuli is not a homogeneous event. This is crucial in that it allows 

organisms to have the ability to discriminate between specific bitter stimuli in order to 

determine different toxins in the environment (Brasser, Mozhui, and Smith, 2005). 

Summary 

 Through 5-HT, manipulations of a TRP gene (TRPM5), and ECAR measurements, 

researchers were able to find consistency among the type II cells and their role in bitter 

taste transduction. Results demonstrate that type II cells are where bitter stimuli react to 

cause transduction mechanisms. Researchers were interested in whether or not one taste 

cell could discriminate between different bitter stimuli. Caicedo and Roper (2001) 

demonstrated that only 26% of the TRC’s responded to two of five bitter stimuli. This 
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suggests that the remaining stimuli activated their own individual anatomical pathways. 

Brasser et. al (2005) demonstrated that some bitter stimuli show similar licking responses 

while others show differences in these behavioral responses. This correlates with the 

anatomical study in that some bitter stimuli activate similar pathways and therefore have 

similar behavioral responses. However, other bitter stimuli activate different pathways, 

and therefore are unable to be discriminated from one another.  

 

G-proteins used in the transduction of bitter stimuli 

 Research has shown that transduction of bitter stimuli in taste receptor cells occurs 

through metabatropic receptors. These types of receptors rely on G-proteins to work 

within the cell to send an action potential to the CNS. When G-protein receptors are 

activated they cause phospholipase C (PLC) to increase the release of calcium (Ca2+) 

from intracellular stores. α-gustducin is the major G-protein that has been identified in 

bitter and sweet taste transduction. Ca2+ increase within the taste cell leads to the release 

of neurotransmitters and eventually causes action potentials to be sent to the CNS. 

Current research has been consistent in confirming the role of α-gustducin in bitter taste 

transduction through α-gustducin null mice, long term access tests, brief access tests, and 

in situ procedures. 

 Researchers were interested in the role that α-gustducin played in bitter and sweet 

transduction. Previous research suggested that mice that lack this G-protein still respond 

to some bitter and sweet tastes. Ruiz-Avila, et. al (2001) used α-gustducin mice and α-

gustducin null mice to determine the role of this G-protein. α-gustducin null mice had a 

mutation in the G352P gene which is a critical receptor in the transduction of these 
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tastants and is located on the C-terminal region of α-gustducin. Results showed that there 

was a prevailing loss of responsiveness to both sweet and bitter stimuli caused by the 

single mutation in α-gustducin. This research supports that there is a critical role of α-

gustducin in the transduction of bitter stimuli (Ruiz-Avila, Wong, Damak and, 

Margolskee, 2001). 

 Other research on α-gustducin has found similar results as Ruiz-Avila, et. al (2001). 

Most research on this G-protein had been done in long-term (i.e. 48 hour) preference 

tests, which could confound results through post-ingestive effects of bitter stimuli. 

Therefore, researchers were interested in minimizing these confounds in a brief access 

test which analyzed the immediate lick response in mice for all five taste categories. 

Genetically engineered male α-gustducin-null mice (Gus -/-) were tested in the brief 

access test during the dark phase of their light cycle. Results confirmed that by deleting 

α-gustducin there was a reduction in the aversiveness to many different bitter tastants. 

This suggests that α-gustducin plays a critical role in the taste aversion of mice to bitter 

stimuli (Glendinning, Bloom, Onishi, Zheng, Damak, Margolskee, and Spector, 2005).  

 Although many behavioral observations have been recorded, there is not much in 

situ evidence at a cellular level. Researchers recorded the effects of bitter stimuli through 

the activation of taste cells using Ca2+ imaging and α-gustducin immunoreactivity. 

Results showed that in mice vallate papillae, almost all of the bitter taste cells expressed 

α-gustducin. This correlates to the 70% reduction in taste cells that responded to bitter 

stimuli in α-gustducin null mice. These findings imply that there are other G-protein α 

subunits that are involved in the transduction of bitter stimuli (Caicedo, Pereira, 

Margolskee, and Roper, 2003). Caicedo et. al (2003) found that a Gα subunit were also 
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present in bitter taste cells and could play a crucial role in the transduction of bitter 

stimuli. 

Summary 

 All current research suggests a crucial role of α-gustducin in bitter taste. However, 

to what extent this G-protein plays in the transduction of all bitter stimuli is still 

unknown. Caicedo et. al (2003) demonstrated that 70% of bitter taste cells rely on α-

gustducin to transduce bitter stimuli. Other behavioral research has supported these 

results but has not been able to explain why all bitter stimuli do not use this G-protein. It 

was found that another α subunit, Gα, was located on bitter taste cells and could work 

with α-gustducin to transduce bitter stimuli (Caicedo et. al, 2003). Future research may 

look to determine what other G-protein α subunits are involved in the transduction of 

bitter stimuli. 

 

Central Nervous System and Cranial Nerves 

 The glossopharyngeal and facial nerve are critical cranial nerves in the transduction 

of gustatory stimuli, specifically for bitter stimuli. The chorda tympani nerve is part of 

the facial nerve and it is responsible for innervating signals from the anterior tongue taste 

buds. The glossopharyngeal nerve is critical in the transduction of signals from the 

posterior tongue taste buds. Current research has focused on the role of these nerves in 

gaping behavior, bitter taste transduction, and what portions of the central nervous system 

are activated through CN IX and CN VII. 

 Research has analyzed the effects on the glossopharyngeal nerve on nutrients and 

toxic substances. Male rats were divided into two groups, a CN IX intact group and a CN 
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IX denervated (nerve was cut) group. However, there was no observed increase in 

threshold when the CN IX was eliminated. Researchers then examined whether the 

salivary protein cystatin S was affected in CN IX section. Cystatin S is secreted in the 

submandibular saliva and is known to inhibit papain (a cystenic protease enzyme). These 

rats were given a papain diet prior to testing. The loss of nerve supply through the CN IX 

and the addition of papain caused an inhibition in secretion of cystatin S in the rats 

submandibular glands. This research suggests that the CN IX plays an important role in 

the detection of toxic substances in an environment, which are important for survival. 

Information conveyed by this nerve is crucial in the recognition of nutrient and toxic 

compounds in the environment (Ninomiya, Kajiura, Naito, Mochizuki, Katsukawa, and 

Torii,1994) . 

 It became interesting to researchers to look at which nerve contributed in the 

behavioral responses of bitter stimuli. When the chorda tympani nerve was eliminated 

and the glossopharyngeal nerve was still intact, gaping behavior still occurred when a 

bitter stimulus was presented. However, when the glossopharyngeal nerve was eliminated 

and the chorda tympani nerve was still intact, no gaping behavior occurred (King, 

Garcea, Stolzenberg, and Spector, 2008). The question arose as to what was responsible 

for this gaping behavior, the initiation of the bitter stimuli on the taste buds in the 

posterior portion of the tongue, or the signal transduction to the central nervous system 

(CNS). Researchers eliminated the glossopharyngeal nerve and rewired the chorda 

tympani nerve to the posterior portion of the tongue.  After ample time for the rats to 

heal, bitter stimuli were presented. Bitter tastants caused gaping behavior when presented 

to the posterior portion of the tongue, although the chorda tympani nerve was connected 
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to this section. Regardless of what nerve was connected to the posterior portion of the 

tongue, gaping behavior was still present. This suggests a mechanism at the initiation site 

of the bitter stimuli on the posterior portion of the tongue which initiates this behavior 

(King et. al, 2008). 

  The glossopharyngeal nerve has been identified as a key aspect in the process of 

gaping behavior. However, once the signal reaches the CNS through CN IX, researchers 

were unsure as to what part of the brain was activated. Kinzeler and Travers (2008) used 

microstimulation to activate the rostral nucleus of solitary tract (rNST) in thirty-five male 

rats. When there was no stimulus presented and the NST was stimulated, gaping 

behaviors occurred.  Researchers found that activating lateral sites of the NST more 

strongly elicited gaping behavior than activating areas more medial. Kinzeler and Travers 

believe that this finding is due to the fos-like immunoreactivity (FLI) which bitter stimuli 

elicit in the lateral sides of the NST, and not in the medial. This causes the more medial 

portions of the NST to become less activated during a gaping behavior. This research 

demonstrates that the NST is activated after the cranial nerves transmit input to the CNS 

(Kinzeler and Travers, 2008). 

Summary 

 Current research demonstrates the importance of the glossopharyngeal and chorda 

tympani nerves in bitter taste transduction. These nerves are responsible for innervating 

signals from different parts of the tongue to the CNS. The glossopharyngeal nerve has 

been shown to be critical in the avoidance behavior, gaping. However, there has been 

contradicting results as to whether or not it is the actual nerve or a mechanism at the 

initiation site of the bitter stimuli on the posterior portion of the tongue that initiates this 



Miller 16

behavior. It is possible that different bitter stimuli could react on the tongue and CN IX 

differently, which could account for this contradiction. Once the signal reaches the CNS, 

research has shown that the NST, specifically the lateral portions, becomes activated 

during the behavioral response of gaping.  

 

Calcium (Ca2+) and Phospholipase C (PLC) 

When G-protein receptors become activated they cause PLC to initiate a release 

of Ca2+ from intracellular stores. This increase in Ca2+ within the taste cell leads to the 

release of neurotransmitters which causes an action potential to be sent to the CNS. 

Calcium plays a role in many transduction pathways throughout the body. It has been 

shown to be a crucial aspect in the transduction of gustatory stimuli, specifically for 

bitter. Current research has demonstrated that Ca2+ is released through intracellular 

stores. However, there is contradicting results involving the role of PLC on the initiation 

of Ca2+ release. 

In the transduction process of a bitter, sweet, and umami stimuli, it is thought that a 

second messenger gustducin acts on phospholipase C �2. Previous research by Zhang et. 

Al (2007) demonstrated that and the transient receptor potential M5 (TRPM5) ion 

channel is critical in the transduction of these three taste categories. However, researchers 

wanted to understand more about the role of TRPM5 in taste signaling. Mice were 

assigned to two separate groups: ones with the TRPM5 promoter and ones with a deletion 

in the TRPM5 gene. The goal was to classify TRPM5-dependent currents in the 

transduction process within taste receptor cells through measuring intracellular Ca2+. 

Research showed that only intracellular Ca2+ is able to activate TRPM5-dependent 
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pathways. This pathway is only desensitized with extended exposure to high intracellular 

Ca2+ levels. This research implies that TRPM5 is dependent on the intracellular Ca2+ 

stores in taste cells, such as the endoplasmic reticulum, to complete transduction of bitter 

stimuli (Zhang, Zhao, Margolskee, and Liman, 2007). 

The epithelium of taste cells that contained the papillae from the tongues of adult 

female C57BL/6J mice were removed. The isolated taste buds were stimulated in a bath 

of KCl, cyclohexamide, sodium saccharin, aspartame, and acedic acid. When the taste 

buds were placed into the bath, Magnesium (Mg+) was added into the bath in order to 

block 5-HT release. Previous research by Huang et. al (2005) demonstrated that the 

release of 5-HT from the taste buds was dependent on the Ca2+ present inside the taste 

bud. When the taste buds were stimulated in the bath with bitter stimuli, there was an 

increase in Ca2+ release. KCl showed the most significant increase in Ca2+ within the 

taste cell. There was no significant increase in Ca2+ release for either cyclohexamide or 

saccharin. This suggests that the Ca2+ is released from intracellular stores more 

significantly for some bitter stimuli than for others (Huang et. al, 2005). 

Researchers were interested in determining the change in Ca2+ release during 

administration of two different bitter stimuli: denatonium benzoate and 

phenylthiocarbamide. Two different type II receptors showed an increase in intracellular 

Ca2+ during stimulation of both stimuli. Denatonium benzoate showed an increase in the 

release of cholecystokinin (CCK) from STC-1 cells. CCK is a digestive enzyme which is 

stimulates the digestion of fats and proteins. Results concluded that bitter tastants 

increase Ca2+ and CCK release through Ca2+ influx.  This influx is caused by the 

opening of voltage-gated calcium channels in the taste cells. Researchers demonstrated 
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that intracellular calcium was a critical aspect to the transduction of bitter stimuli. In 

addition, different receptors release Ca2+ through different mechanisms, which could 

correlate strongly to discrimination among different bitter concentrations and stimuli 

(Chen, Wu, Reeve, and Rozengurt, 2006). 

Although many processes in taste transduction rely on intracellular Ca2+, some 

are independent of Ca2+ signaling. Trubey, Culpepper, Maruyama, Kinnamon, and 

Chaudhari (2006) were interested what caused the cAMP (cyclic AMP) signal in taste 

buds. Cyclic adenosine monophosphate (cAMP), a type of G-protein coupled receptors, 

help to regulate the expressions of genes. This study used immunofluorescence 

microscopy to test if Ca2+ was the signal that caused the cAMP signal of taste buds. It 

was found that AC8 (calcium stimulated) is expressed in taste cells which express 

phospholipase C�2. C�2 cells are taste cells that elevate Ca2+ in response to sweet, 

bitter, and umami stimuli. Results showed that there was an increase in cAMP during the 

presentation of sucrose than for other taste categories. This also implies that cAMP 

signals are not due to Ca2+ changes, instead Ca2+ and cAMP are both second messenger 

systems that work independently of one another. Therefore, these results confirm the role 

of Ca2+ in bitter taste transduction and neglect the role of cAMP and other pathways 

(Trubey et. al, 2006) 

Researchers used two bitter stimuli, dextromethorphan (DEX) and denatonium, to 

analyze Ca2+ imaging and giga-seal whole cell recordings. DEX is a bitter stimulus that 

is not as commonly studied as denatonium. Both bitter stimuli depolarize taste cells by 

inhibiting voltage gated sodium (Na+) and potassium (K+) movement therefore 

depolarizing the membrane. Taste cells were placed into bath perfusions of both DEX 
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and denatonium to analyze the amount of intracellular Ca2+ released between the two 

bitter stimuli. DEX increased intracellular Ca2+ levels through thapsigargin. 

Thapsigargin is an inhibitory enzyme found in cells which inhibits the ability of Ca2+ to 

enter intracellular stores. In addition to thapsigargin, increasing the intracellular cAMP 

levels caused an increase in Ca2+ for the taste stimulus DEX. Results than showed that 

denatonium activated phospholipase C, which lead to hyperpolarization of the membrane 

and release of Ca2+. Through analyzing different ways in which Ca2+ was released by 

intracellular stores, differences among transduction mechanisms were found between 

bitter taste stimuli. This study suggests that taste receptor cells use different mechanisms 

in order to transduce different bitter stimuli (Oguara and Kinnamon, 1999).  

Research has demonstrated that many bitter stimuli act on G-protein receptors to 

cause phospholipase C (PLC) release of calcium (Ca2+) from intracellular stores.  

However, the role of the PLC is still unclear. Different studies have found contradicting 

results on whether or not having the PLC is necessary for the perception of bitter stimuli. 

Due to the fact that PLC�2 expressing taste cells do not have voltage-gated calcium 

channels, researchers were interested in analyzing if any bitter taste cells have such 

channels. Ca2+ responses were analyzed when bitter stimuli activated the PLC pathway 

and when 50 mM KCl activated the voltage-gated calcium channels. Differences were 

found between the two stimuli (KCl and bitter) in regards to Ca2+ responses. While some 

taste cells responded specifically to one stimulus, others responded to both. It was found 

that in cells that responded to both stimuli, bitter responses were inhibited by the PLC 

inhibitor (U73122). Immunocytochemical analysis showed that PLC�2 and IP3 were in 

the taste cells, therefore confirming two possible PLC signaling pathways. This research 
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shows the differences between the types of Ca2+ responses that are caused by bitter 

stimuli (Hacker, Laskowski, Feng, Restrepo, and Medler, 2008). 
Summary 

 The majority of calcium research in taste transduction demonstrates that the Ca2+ is 

released from intracellular stores. Research has been able to demonstrate this finding 

through Ca2+ release due to administration of different bitter stimuli or manipulation of 

the TRPM5 ion channel. However, there is contradiction among whether or not PLC is 

needed to initiate Ca2+ release. Some research has suggested the PLC null mice are 

unable to detect any bitter stimuli while others research suggests otherwise. It is possible 

that different bitter stimuli act on different pathways, therefore not all bitter stimuli are 

dependent on PLC. Oguara and Kinnamon (1999) demonstrated that denatonium 

benzoate is dependent on the PLC pathway while DEX is not. This supports the claim 

that rats are able to differentiate between most bitter stimuli.  

 

Behavioral Aspects: Discrimination between bitter stimuli 

 Research has demonstrated that different bitter stimuli can have singular anatomical 

pathways in taste transduction. Behavioral aspects of rat palatability of bitter stimuli have 

correlated with these results.  Current research has shown that rats are able to show 

behavioral differences among the five different taste categories as well as differences 

among numerous bitter stimuli. 

  Two different mouse strains C57BL/6J (B6) and DBA2/J (D2) were analyzed in 

order to test the sweet and bitter taste divisions of ethanol. Ethanol is known to have both 

a bitter and sweet component. Each of these strains of mice express a different preference 
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for ethanol, sweet, and bitter solutions. In the first experiment the detection of threshold 

for all three tastants was measured. This was done by giving a CTA to the rats for all 

stimuli (quinine, sucrose, and water) and then measuring when the mice decreased their 

licking rate significantly, therefore indicating a threshold. D2 mice require higher 

concentrations of both quinine and sucrose in order to develop a CTA. D2 SUC-CTA 

mice did not show generalization to ethanol; however D2 QUI-CTA drank significantly 

less ethanol than the control group. It is possible that D2 could not generalize to ethanol 

with sweet solutions due to the fact that the sweet component of ethanol was not strong 

enough to stimulate the receptors in the mice. However, this study displays the ability for 

animals to behaviorally discriminate between different taste categories. Within ethanol, 

there are two divisions of taste: bitter and sweet. Rats in this study displayed evidence of 

discriminating and forming separate CTA’s for the two tastants within one solution 

(Blizard, 2005). 

  Rats can not only discriminate between different tastants, but within tastants as 

well. Studies exhibit that rats are able to discriminate between different bitter stimuli at 

different concentrations. Researchers analyzed rats discrimination between five different 

bitter stimuli. Fourteen male Fisher rats were trained to drink to 10-s presentations of five 

different bitter solutions at four separate concentrations: acetaminophen (2, 8, 32, 128 

mM), chlorpheniramine maleate (1,3,9,27 mM), L-tryptophan (13.5, 27, 54, 108 mM), 

pseydoephedrine hydrochloride (1, 4, 16, 64 mM) and quinine hydrochloride (0.008, 

0.04, 0.2, 1.0 mM) dissolved in 0.8 M sucrose. This study looked at three bitter stimuli 

that are not analyzed often in research:  acetaminophen, pseydoephedrine hydrochloride, 

and chlorpheniramine maleate. Results showed the licking response to the stimuli was 
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decreased at concentrations that had high levels of the bitter component.  This 

observation was consistent among all five bitter taste stimuli; however each bitter stimuli 

had individual concentration ranges that caused this significant decrease therefore 

indicating differences among stimuli. The main point of this study was to demonstrate 

rats ability to discriminate between different bitter stimuli and concentrations (Contreras, 

Carson, and Pierce, 1995). 

 Although many studies have shown that rats are able to discriminate between 

different stimuli, Spector and Kopka (2002) found that rats were unable to behaviorally 

discriminate between two bitter stimuli: quinine and denatonium. A specially designed 

taste testing apparatus was used that presented small volumes of stimuli and the 

immediate behavioral responses were measured (i.e. licking). This was classified as an 

operant conditioning procedure. Rats were able to discriminate among stimuli such as 

KCl, NaCl, and other bitter stimuli. However, when rats were given both denatonium and 

quinine, there were no differences between the two groups behaviorally. This suggests 

that rats found the taste of denatonium and quinine to be similar and could not distinguish 

between the two. The rats were able to respond to both compounds on a concentration-

dependent manner, therefore indicating that they were responsive to both. Although these 

two stimuli are structurally dissimilar, it is possible that they share anatomical pathways 

that make it difficult for rats to differentiate between them (Spector and Kopka, 2002). 

Summary 

 Not only are rats able to differentiate between different taste categories, but 

different concentrations of bitter stimuli as well. Contreras et. al (1994) demonstrated rats 

ability to differentiate between different concentrations of bitter stimuli and different 
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bitter stimuli. Contradictory results from Spector and Kopka (2002) suggest that rats are 

unable to behaviorally differentiate between two specific bitter stimuli: quinine and 

denatonium. These contradictions imply that these stimuli share similar transduction 

pathways which make it difficult for rats to differentiate between the two. Other bitter 

stimuli, such as KCl and denatonium, share separate pathways that allow the brain to 

differentiate between them, therefore leading to different behavioral responses.  

 

Development 

The majority of development research regarding bitter stimuli is done for ethanol 

as far as early acceptance behaviors. However, other research has also been conducted to 

obtain information on how much rat pups resemble adult like behaviors. Some research 

has demonstrated that rat pups are able to show avoidance behaviors to bitter stimuli, 

while other research has shown opposite findings. It is possible that if pups have specific 

early experiences with bitter stimuli, it could potentially change their innate aversiveness.   

Truxell and Spear (2004) measured the ingestion of ethanol at two ages (P12 and 

P18) with different ethanol concentrations in rat pups. Ethanol was measured by the 

grams of ethanol ingested per body weight (blood/ethanol concentration). It was apparent 

that P12 rats ingested more ethanol than P18 rats indicating a difference between the two 

ages. Researchers believe this could be due to the relative ontogeny of bitter and sweet 

receptors in the younger pups as oppose to the older pups. It is unknown as to why there 

is such an acceptance to ethanol in young pups; however ontology of receptors seems to 

be a strong possibility (Truxell and Spear, 2004).  
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 Hall and Bryan (1981) examined the development of feeding behavior in rat pups. 

Infusions of both sucrose and quinine were given through cannulas which were surgically 

implanted. The intake was measured among these stimuli and different behavioral 

responses were analyzed. Results showed that it was not until nine days of age pups were 

able to show strong differences in behavior and intake between water and quinine.  Some 

behavioral reactions to quinine, such as paw treading and chin scraping did not occur 

until pups were at twelve days old. Researchers reported that pups did not resemble adult-

like avoidance behaviors to quinine until fifteen days of age (Hall and Bryan, 1981).  

Although Hall and Bryan (1981) found that rats did not show adult like behaviors 

until twelve days old, up to date research has found different results. Researchers looked 

at the difference between the intakes of sweet (saccharin), bitter (quinine), and water 

(control), tastants between three-hour old newborn rats and one day old rats. They were 

tested on suckling behavior from a dam’s nipple and an implanted cannula. Both newborn 

and one-day old rats showed avoidance to quinine, acceptance for water, and an 

acceptance intake for saccharin. Rats in both age groups had higher fluid consumption 

from the nipple than the pups drinking from the cannula. However, pups showed less of 

an attachment to the nipple with quinine than the nipple with sucrose. This demonstrates 

that neonates are able to show acceptance and avoidance behaviors to different taste 

stimuli within three hours of birth (Kozlov, Petrov, Varlinskaya, Spear, 2006). 

 Most current research shows that bitter is an innately aversive stimulus, even to rat 

pups. However, researchers found that if rats have an early experience with a bitter 

solution, there is an increase in ingestion rate than rats who do not encounter this early 

experience. Litters of three separate mothers were randomly selected to either be exposed 
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to quinine or citric acid (sour solution) in three different situations: during nursing, during 

the post-weaning period, or during both nursing and early post-weaning. When quinine 

was given after weaning, rats showed the most significant increase in quinine 

consumption. However, when rats were exposed to quinine during nursing, there was no 

increase in ingestion. These behavioral changes that occur suggest that specific 

experiences to quinine can override the innately aversive taste. The specific sensitive 

period is unknown but this study suggests that if a stimulus is presented at a specific time 

period in development, there can be alterations in taste preferences. It is possible that 

differences in taste preferences among humans may be altered by early experiences to 

certain stimuli (London, Snowdon, and Smithana, 1979). 

Summary 

 Hall and Bryan (1981) found that rat pups were unable to show adult-like 

avoidance behaviors until fifteen days of age. Researchers suggest this is due to the fact 

that rat pups may not have completely developed bitter taste cells and are unable to fully 

taste the stimuli. However, other research has demonstrated that rats pups are able to 

show avoidance behaviors to bitter stimuli within three hours of birth (Kozlov, Petrov, 

Varlinskaya, Spear, 2006). Differences among these studies could possibly be due to the 

differences in time in which they were conducted. More current research has suggested 

that when mammals are given bitter stimuli they display gaping behaviors when they are 

still neonates (Ekman and Rosenburg, 2005). However, it could also be due to individual 

differences among rat pups. Some rat pups may be more genetically inclined to 

demonstrate avoidance behaviors sooner than others. London et. al (1979) demonstrated 

that when pups were given quinine after weaning, there was an increase in intake to this 
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aversive stimulus. Although the specific sensitive period is unclear, it is demonstrated 

that through specific experiences of neonates, there is a decrease in the innate 

aversiveness of bitter stimuli.  

 

II. Sour 

 

Introduction 

From a young age individuals come to accept or avoid specific flavors by 

associating flavor or post-ingestive affects with positive or negative aspects. Through 

using a two bottle preference tests researchers demonstrated that rats prefer plain water to 

sour stimuli (Myers and Sclafani, 2003). Through evolution sour stimuli have developed 

into innately aversive tastants. They have become crucial in detecting spoiled food that 

could potentially lead to sickness or death. In addition, these stimuli are innately aversive 

in order to protect against acid/base unbalances that can occur when an individual has an 

intake of too much acid (Huang, Maruyama, Stimac, and Roper, 2008).  

Citric acid is a weak organic acid that is the most commonly studied stimulus for 

sour tastants.  This acid is naturally found in citrus foods and even raspberries and 

blackberries. However, it is most commonly used in the white powder substance that 

covers sour candies (What is Citric Acid?, 2008). The second most common sour 

stimulus is hydrogen chloride (HCl), which can be found in both a gas and a hydrochloric 

acid. During the industrial revolution HCl become well-known (Air Products and 

Chemicals Inc: Hydrogen Chloride, 2001). Other sour tastants used in taste research tend 

to be different acids that vary in pH levels.   
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Receptors and Transduction 

Sour stimuli interact with ion channels in the epithelial cells on the tongue. 

Cations and protons pass directly through the channels or cause other ions to be 

permeable through the membrane. Similar to bitter transduction, there is then an increase 

in Ca2+ which causes neurotransmitter release and an action potential to be sent to the 

brain (Spector and Travers, 2005). Researchers determined that presynaptic (type III) 

cells were responsible for the transduction of these stimuli. In addition, three major ion 

channels are located on these cells and assist in the transduction process of sour stimuli.  

Researchers were interested in determining what taste cells were activated during 

sour stimuli administration. Previous research demonstrated that type II cells responded 

to bitter, sweet, and umami stimuli (Zhang et. al, 2003). However, Huang et. al (2008) 

wanted to determine whether or not type II and type III cells were involved in the 

transduction of sour stimuli. By measuring Ca2+ responses to the administration of both 

acetic acid (pH 5.0) and HCl (pH 3), results showed that only type III cells responded to 

these stimuli. Therefore, it can be determined that type III cells respond to intracellular 

acidification, therefore transducing sour stimuli (Huang et. al, 2008). 

In order for sour tastants to be transduced, acids must be able to cross the plasma 

membrane. Therefore, there must be selective channels which are able to transduce acid 

stimuli into an action potential. Many ion channels have been located on type III cells 

that are activated in response to sour stimuli. These ion channels include: the epithelial 

sodium channel (ENaC), acid sensing ion channels (ASICs), and the hyperpolarization-

activated cyclic nucleotide-gated channels (HCNs). ASICs and HCNs are K+ channels 
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found in the basolateral membrane that are used in many different species to transduce 

sour stimuli. These receptors can change their permeability to cations depending on pH 

levels of acid (such as Na+ into the cell). The ENaC channel, found in the apical 

membrane of the TRCs, has been shown to be crucial in the transduction of salty stimuli 

(Spector and Travers, 2005). 

Due to the fact that sour taste is mediated by acids, researchers’ focus has been on 

the function of ASICs in transduction. ASICs are found not only in taste cells, but also in 

sensory neurons and heterologous cells. ASIC subunits are located on taste cells. 

However, it was unknown as to whether these subunits come together to form ASIC 

channels. In order to determine this, researchers used a whole cell patch-clamp technique 

and Na+ imaging to determine what responses occurred when acid stimuli were placed on 

isolated rat vallate taste cells. The purpose was to compare responses from these taste 

cells to ASICs from neurons and heterologous cells. Results showed that acid stimulation 

caused increases in intracellular Na+ in the taste cells. In addition, responses to stimuli 

were pH dependent, in that the more acidic the stimuli, the greater the response. This 

indicates that the sourness of a stimulus is dependent upon its proton concentration. In 

addition, these results indicated that when acids activate taste cells they cause a large 

depolarizing current to travel across the cell that is later intervened by ASICs. This then 

causes an increase in the intracellular Na+, much like ASICs in other portions of the 

body. Therefore, this indicates that ASIC subunits come together to form channels and 

are crucial in sour taste transduction (Lin, Ogura, and Kinnamon, 2002). 

 Researchers were interested in identifying the role of HCNs in the transduction of 

sour stimuli. The effects of sour stimuli on slices of vallate papilla from a rat were 
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measured through Na+ imaging. Results showed that the current that occurred in the cell 

due to acid stimulation resembled that of Ih currents in neurons. This current is carried in 

the taste cell through the HCNs. After this was determined researchers, through in situ 

hybridization and immunohistochemistry, found two types of HCNs in type III taste cells 

(HCN1 and HCN4). The amount of the G-protein gustducin, which is critical in the 

transduction of bitter, umami, and sweet stimuli, was also analyzed. Results showed that 

no gustducin was found on type III taste cells. These results indicate the significant role 

of HCNs in sour taste transduction and the importance of type III taste cells (Stevens, 

Seifert, Bufe, Müller, Kremmer, Gauss, Meyerhof, Kaupp, and Lindemann, 2001) 

Summary 

 Huang et. al (2008) used acidic acid and HCl to demonstrate that type III cells are 

used in the transduction of sour taste stimuli. From this, researchers found two main ion 

channels (EnaC, ASICs, and HCNs) which help to transfer acids across the plasma 

membrane of taste cells. ASICs and HCNs, are K+ channels that are used in many 

mammals to transduce acid stimuli. Researchers demonstrated through Na+ imaging that 

both ASICs and HCNs were shown to be critical in the transduction of sour stimuli (Lin 

et. al, 2002, Stevens et. al, 2001). When acids activate taste cells they cause a 

depolarizing current to travel across the cell through HCNs which is later intervened by 

ASICs. This process leads to an increase in the intracellular Na+ of the cell.  

 

Calcium (Ca 2+) 

 Sour taste stimuli are acids, specifically protons. This makes the transduction 

processes controversial because acids can have many affects on TRC membranes, such as 
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changes in pH and potentially Ca2+ levels. Calcium plays an important role in many 

processes throughout the body including the transduction of taste stimuli. Intracellular 

Ca2+ is released during the transduction of bitter stimuli in type II cells. However, in 

type III cells, research has shown that extracellular Ca2+ is critical in the transduction of 

sour stimuli.  

 Ritcher, Caicedo, and Roper (2003) analyzed mouse lingual slices of TRCs and 

measured both pH and Ca2+ changes within the taste cell. The goal was to manipulate 

Ca2+ levels extracellular and intracellular to determine where Ca2+ is released in sour 

taste transduction. When extracellular Ca2+ was decreased in sour taste cells, acid-Ca2+ 

responses did not occur. However, when there was a decrease in the intracellular Ca2+ in 

the TRCs there was no effect on transduction of sour stimuli. These results imply that the 

influx of extracellular Ca2+ into the TRC is what caused the transduction of acid stimuli 

(Ritcher et. al, 2003). 

 Researchers were interested in replicating results that showed extracellular Ca2+ 

release in taste receptor cells during sour stimuli. Isolated presynaptic (type III) cells 

were placed in a Ca2+ bath in which they were responsive to acedic acid stimulation 

(measured through Ca2+ imaging). However, when these cells were removed from the 

Ca2+ bath, there was a reduction in acid-induced cell responses. Researchers then used 

thapsigargin, which depletes intracellular Ca2+ stores, to test the release of Ca2+ in the 

type III cells. When the intracellular stores were released, KCl still caused depolarization 

and did not affect Ca2+ influx into the cell (Huang et. al, 2008). 

Summary 
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 Current research has shown consistency among findings of the role Ca2+ plays in 

sour taste transduction. Through Ca2+ imaging, researchers have shown that extracellular 

Ca2+ is critical in taste transduction (Huang et. al, 2008, Ritcher et. al, 2003). When 

extracellular Ca2+ is present, cells are able to display acid-induced cell responses. 

However when the opposite occurs, when extracellular Ca2+ is removed and intracellular 

Ca2+ stores are present, there is a decrease in this acid-induced cell response. When 

thapsigargin was used to deplete intracellular stores of type III cells, there was no change 

in responsiveness to sour stimuli (Huang et. al, 2008). These results support that sour 

taste transduction requires extracellular Ca2+. 

  

Behavioral Aspects: Discrimination between sour stimuli 

Discrimination between tastes is important for survival because animals must be 

able to tell the difference between a sour poison and a sweet caloric food. Animals can 

differentiate between different taste categories initially, due to innate acceptance 

behaviors. However, this can also be learned through post-ingestive effects. Animals can 

learn to differentiate between stimuli if or when a stimulus causes them to feel sick. 

Researchers looked at the differences in the intakes of sucrose, NaCl, citric acid, 

and sucrose octaacetate (bitter/sweet) stimuli in alcohol-preferring and alcohol-

nonprefering rats. There was no difference in intake for citric acid or sucrose octaacetate 

stimuli between the two rat strains. However, there were significant differences in 

sucrose intake in that alcohol preferring rats consumed higher amounts than the control 

group. This shows that alcohol preferring rats, which showed a significantly higher intake 

of sucrose than any other group, were able to discriminate between these tastants. This 
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taste differentiation is beneficial to animals in the wild that are driven to accept or avoid 

specific foods (Stewart, Russel, Lumeng, Li, and Murphy, 1994). 

It is questioned as to whether or not nutrient reinforcement can increase the intake 

of aversive tastants. Through using one and two bottle preference tests Myers and 

Sclafani (2003) found that rats prefer plain water to 0.05% citric acid by 70%.  Rats were 

given intraoral catheters and silastic intragastric catheters. During each test session the 

rat’s facial behaviors were recorded. Oral citric acid was the CS+ and was paired with 

intragastric glucose infusions. The CS- was sucrose octaacetate (SOA) and was paired 

with intragastric water infusions. The glucose caused a 95% increase in the CS+ 

preference in the two-bottle tests. In addition, the behavior of the rats was more of an 

acceptance behavior than an aversive behavior when the CS+ was paired with glucose. 

This suggests that nutrient reinforcement (glucose) can increase the intake of sour 

stimuli. It is possible that neurological mechanisms may take place in the reinforcement 

pathway due to glucose intake that increases the acceptance of sour stimuli. In addition, 

post-ingestive effects of sour stimuli can cause a decrease in palatability. When a rat 

becomes sick off of a stimulus, they learn to avoid that stimulus. However, appetitive 

stimuli such as glucose do not have these effects. Post-ingestive effects are another way 

in which animals can differentiate between stimuli (Myers and Sclafani, 2003). 

Summary 

 It is critical for animals in the wild to be able to differentiate between different 

taste categories in order to survive. Sour stimuli generally are associated with spoiled 

foods in the environment that can cause sickness to an animal. As shown through an 

experiment done by Stewart et. al (2004), animals are able to differentiate between sweet 
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and sour stimuli. This is critical in that sweet stimuli generally represent high caloric 

foods in which animals must seek out. Post-ingestive affects are also crucial when 

dealing with sour stimuli. When a spoiled food makes an animal sick, they learn to avoid 

this food. This could be the reason why there was a 95% increase in intake when glucose 

was added to a quinine solution (Myers and Sclafani, 2003).  

 

Development 

 Previous research on development suggests an innate avoidance of sour stimuli in 

neonates. Not only do they show a decrease in intake, but they also show behavioral 

avoidance expressions when given sour stimuli (Ekman and Rosenburg, 2005). Not only 

are rat pups able to detect sour stimuli within an hour of birth, but they are able to show 

behavioral avoidances to such stimuli as well. However, it is suggested that through early 

experiences and conditioning through a nipple, rat pups are able to decrease the 

aversiveness of sour stimuli.  

 Research has been done on surrogate nipples which provide different fluids to rat 

pups. Researchers gave rats either a nipple with water or one with a specific stimulus 

(saccharin, saline, quinine, or ammonium chloride). Ammonium chloride is a mildly 

acidic stimulus that caused an increase in attachment behavior between the pup and the 

nipple. However, there was no change in the ingestive intake of the rat pups of 

ammonium chloride as oppose to water. However, when these pups were given an empty 

surrogate nipple one hour after the sour stimulus there was a decrease in both attachment 

and ingestive behaviors. Rat pups are therefore able to detect sour taste stimuli within an 

hour of birth. Applying a nipple to the tastant changed the responsiveness of a generally 
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aversive stimulus and caused conditioning for the rat pup. However, when the rats 

showed different behaviors an hour after testing to the nipple, it is questioned as to how 

long this conditioning of the aversive stimulus lasts (Nizhnikov, Petrov,, Varlinskaya, 

and Spear, 2002). 

Although sour is thought to be an innately aversive stimulus London et. al (1979) 

found that if rats have an early experience with a sour solution, there is an increase in 

ingestion rate than from rats who do not encounter this early experience. Litters of three 

separate mothers were randomly selected to either be exposed to quinine or citric acid in 

three different situations: during nursing, during the post-weaning period, or during both 

nursing and early post-weaning. When pups were exposed to citric acid prior to weaning, 

there was an increase in intake of the stimulus. However, if the citric acid was presented 

after weaning, there was no change in the intake of the stimulus later on. According to 

this study, it is possible that aspects of certain innate behaviors, such as aversive stimuli, 

can be altered depending on when the neonate is presented with a specific stimulus. 

Although many behaviors mammals and other animals have are innate, it is possible that 

they can be altered through development and learning, especially at a young age.  

Summary 

 Development research on sour taste is limited but it suggests that different 

experiences may decrease the aversiveness of such stimuli. When rat pups were given a 

sour stimulus out of a nipple, there was a decrease of intake of the stimulus, but the pups 

still were attached to the nipple (Nizhnikov et. al, 2002). Although the stimulus was 

aversive, the pups still developed this attachment to the nipple. London et. al (1979) 

suggested that if the pups were exposed to citric acid prior to weaning, they would show 
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a decrease in aversiveness to this stimulus. These two development studies show ways in 

which early experiences can decrease innately aversive effects of sour stimuli. However, 

it is still unknown as what the critical period is in order for rat pups to form these 

associations. It is also unknown as to how long these effects will last in a pups lifetime. 

Future longitudinal studies of rats could possibly find answers to these questions. 

  

III. Conclusion: Comparison of bitter and sour taste categories 

Receptors and Transduction 

For evolutionary purposes, both stimuli act as cues in nature for mammals to 

avoid specific foods. While bitter stimuli help mammals avoid toxic substances, sour 

stimuli assist in avoiding spoiled foods.  Both were developed for protection as defense 

mechanisms toward stimuli in nature. Both sour and bitter stimuli can also cause post-

ingestive effects. For example, when a mammal eats something bitter or sour and later 

becomes sick, they learn to avoid this food. This can be a vital way in which animals 

learn to avoid specific foods. 

 Research demonstrated that bitter stimuli act through type II receptors (Huang et. 

al, 2005) while sour stimuli act through type III receptors (Huang et. al, 2008). Although 

both are aversive stimuli, they have very different transduction mechanisms. Bitter 

stimuli act through metabotropic receptors and G-proteins such as α-gustducin, to 

increase intracellular Ca2+ and cause taste transduction. Ruiz-Avila, et. al (2001) used α-

gustducin-null mice to show that without this G-protein, rats are unresponsive to bitter 

stimuli. Therefore, this supports the claim that bitter stimuli act through metabotropic 

receptors. Sour taste is mediated by acids and acts through ionatropic receptors on type 
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III taste cells (Huang et. al, 2008). Two major ion channels allow for acids to pass 

through the cell membrane: ASICs, and HCNs. When acids activate taste cells they send 

a depolarizing current across the cell through HCNs and is later innervated by ASICs 

(Lin et. al, 2002).  Stevens et. al (2001) found that the current that travels across the cell 

in response to acid stimulation resembles an Ih current that occurs in neurons. These 

results indicate the importance of ion channels in sour taste transduction. 

 

Behavioral Aspects 

 The majority of behavioral research on differentiation among stimuli supports that 

rats are able to differentiate between the five taste categories. This allows for animals in 

the wild to tell the difference between high caloric food in which they need to survive, 

and food that is aversive and will cause them harm. Blizard (2005) was able to show that 

two different mice strains were able to differentiate between bitter and sweet stimuli 

through CTAs. Myers and Sclafani (2003) were able to show similar results in 

demonstrating that rats were able to differentiate between a sour stimulus (citric acid) and 

a sweet stimulus (glucose). There was a 95% increase in intake when glucose was added 

to a citric acid mixture. This indicates that the rat was able to discriminate between the 

plain citric acid and mixture of glucose and citric acid. This is important for an animals 

survival to be able to discriminate between appetitive foods and food that could lead to 

harm.  

 Not only are animals able to differentiate between appetitive and aversive stimuli, 

but they can differentiate between aversive stimuli as well. Ekman and Rosenburg (2005) 

demonstrated behavioral differences between sour and bitter stimuli in newborns. 
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Although they are both aversive, newborns were able to show gaping behavior when 

given a bitter stimulus. When given a sour stimulus, babies showed avoidance behavioral 

facial expressions different from gaping. This research demonstrates the ability for 

mammals to have the innate ability to differentiate behaviorally between two aversive 

stimuli. 

 

Development 

 London et. al (1979) suggested that early experiences to both bitter and sour 

stimuli can cause a decrease in their innately aversive effects. Citric acid showed its 

greatest increase when administered prior to weaning while quinine showed its greatest 

increase when given after weaning. This research indicates that by administering the time 

of experience in certain taste stimuli, the innately aversive effects may be decreased. 

However, the extent to which these changes last is still unknown.  

 Research also shows that both sour and bitter stimuli, when given to mammal 

neonates, causes avoidance behaviors. When bitter stimuli are given to rat pups or human 

babies, they will produce gaping behavior in an attempt not to swallow the stimulus. 

Research has shown that for both sour and bitter stimuli, mammals are able to show these 

responses from the second they are first born (Ekman and Rosenburg, 2005). 

 

Future Research 

It is fascinating how five different taste categories all have individual anatomical 

ways in which transduction occurs.  Bitter and sour, which are both aversive stimuli, have 

completely different anatomical pathways in which they transduce their stimuli. It would 
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be interesting for future research to focus on both bitter and sour stimuli, and find more 

similarities and differences between the two. More specifically, it would be interesting to 

observe why some humans enjoy the taste of sour substances more than others. It would 

be interesting to see if there was some correlation between sour preferring people and 

non-tasters, tasters, and supertasters.   
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