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Abstract 

Afferent gustatory information forms synaptic connections at the nucleus of the solitary 

tract and parabrachial nucleus as it is transmitted through the central nervous system to 

the primary gustatory cortex. Anatomical and functional studies of GABAergic taste 

processing in the central afferent taste pathway indicate that there are GABA receptors, 

primarily GABAA receptors, located in the gustatory regions of the NST and PBN as well 

as in the primary taste cortex. Current research supports that these receptors play a role in 

processing gustatory information in these areas as well as in integrating information from 

other connected brain areas. This GABA inhibition may help to integrate important 

feedback information about gustatory stimuli and to sharpen the responses of gustatory 

neurons thereby increasing perceptual discrimination between stimuli. 
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I. Introduction 

 Recent research suggests that as gustatory information follows the afferent 

sensory pathway to the primary taste cortex it undergoes processing, possibly through 

inhibition mediated by GABAergic synapses, which may help to sharpen taste 

perceptions and increase the ability to discriminate between different tastes.  

 There are four traditional taste categories—salty, sour, bitter, and sweet. In taste 

research, common solutions representing these taste categories are NaCl (salty), citric 

acid (sour), QHCl (bitter), KCl (salty, slightly sour/bitter), HCl (sour), sucrose (sweet), 

and saccharin (sweet). The transduction of these tastants begins at the taste receptor cells 

(TRCs) on the tongue, where chemicals, released as ingested substances in the oral cavity 

are dissolved in saliva, depolarize the TRCs by either ionotropic or metabotropic receptor 

interaction. This depolarization causes these TRCs to release neurotransmitters onto 

afferent taste neurons producing afferent signals to the brain. Depending on the TRC’s 

location, information is sent through one of three cranial nerves: the chorda tympani 

nerve (CN VII) for the anterior 2/3 of the tongue; the glossopharyngeal nerve (CN IX) for 

the posterior 1/3 of the tongue; or the vagus nerve (CNX) for the epiglottis, larynx, and 

esophagus.  

 The gustatory axons of the three cranial nerves terminate at the rostral section of 

the nucleus of the solitary tract (NST) in the medulla. From the NST, second-order taste 

neurons project to the parabrachial nucleus (PBN) in the brainstem, and from the PBN 

afferent signals are sent to the ventropostmedial nucleus of the thalamus (VPM). The 

VPM projects to the primary taste cortex located in the frontal operculum and insula 
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cortices. It is in this central taste pathway that GABA-regulated taste processing is 

thought to shape the afferent neural code.  

 Gamma-aminobutyric acid (GABA) is the principal inhibitory neurotransmitter in 

the brain. It often plays a regulatory role, used in synapses with nearby neurons to 

provide control through inhibition. There are several well-studied types of GABA 

receptors: GABAA, GABAB, and GABAC receptors. GABAA and GABAC receptors are 

ionotropic receptors allowing Cl- influx, while GABAB receptors are metabatropic 

receptors. The application of GABA directly or GABA agonists and antagonists within 

brain structures containing these GABA receptors is a common technique for examining 

the effects of GABA on neural signals in those areas. Because of conformational 

differences between receptors types, agonists and antagonists can be specific to certain 

types of receptors. Commonly used GABA agonists include benzodiazepines (GABAA), 

muscimol (GABAA), and baclofen (GABAB); common GABA atagonists include 

picrotoxin (GABAA and GABAC), bicuculline (BICM) (GABAA), and CGP-55845 

(GABAB).  

 As afferent taste information is transmitted through the CNS gustatory pathway, 

research suggests that it is modified, partially by GABA receptors. GABA receptors may 

provide a mechanism to help integrate efferent feedback from other brain areas to 

sharpen taste perception and increase discrimination capability. This review will examine 

studies providing anatomical and functional evidence for GABAergic taste processing in 

the NST, PBN, and gustatory cortex. 
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II. The Nucleus of the Solitary Tract 

 In the rostral nucleus of the solitary tract, the first synapse in the CNS pathway for 

afferent gustatory information, initial processing of taste stimuli has been shown to take 

place, and this processing may be mediated by GABAergic synapses. This CNS location 

has been the focus of most of the research on GABAergic processing of gustatory 

information in the afferent gustatory pathway.  

 Gustatory sensory neurons synapse on the rostral part of the nucleus of the 

solitary tract (rNST) located in the medulla. Within the NST, individual neurons have 

been found that respond best to a certain type of taste stimulus (sweet, salty, bitter, or 

sour), but most neurons are still broadly tuned, meaning they respond to other taste 

stimuli in addition to their best taste stimulus. This pattern of response to taste stimuli 

may allow for transmission of specific taste information about different types of tastants, 

increasing perceptual discrimination capabilities. Even at this level of CNS processing, 

there are thought to be basic discrimination abilities and acceptance/rejection reflexes.     

 Anatomical studies have attempted to determine whether responses to tastants in 

the NST could be modified by GABAergic receptors by establishing that GABA 

receptors are in fact present in the gustatory NST. Several studies using various labeling 

techniques have identified GABA receptors in this area and provide information about 

their organization. Using immunohistochemical tracing in rats, King (2003) found 

GABAA receptors throughout the NST and further found that they were much denser in 

the gustatory region of the NST than in surrounding NST areas. Within the gustatory 

NST, GABAA receptors were found to be particularly dense in the ventral subnucleus, the 

primary site for projections from the NST to oromotor areas of the brainstem. The 
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presence of GABA receptors was also reported using transgenic mice which expressed 

enhanced green fluorescent protein (EGFP) in a subset of GABA containing neurons 

(Travers et al, 2007). Again, in this study, this subset of GABA receptors was found to be 

most dense in the ventral rNST. GABAB receptors have also been identified throughout 

the rNST by immunohistochemistry in both the cell bodies and processes of neurons (Fu 

et al, 2004). They were found to be more evenly distributed throughout the rNST than 

GABAA receptors. In this study, GABAB receptor staining was similar in both small cells 

(probably interneurons) and in medium and large cells (probably projection neurons) and 

was found pre- and post-synaptically. Another study, using immunoreactivity to GAT-1, 

a GABA reuptake mechanism, to identify GABAergic synapses, found that GABAergic 

terminals and areas of primary afferent termination of gustatory axons were located 

together in the goldfish vagal lobe, an area homologous but more clearly organized than 

the NST in mammals because of its laminar organization (Sharp and Finger, 2006). The 

results of this study support the idea that GABA receptors are localized with the endings 

of primary gustatory afferents. Together, these studies support the idea that there is a 

broad distribution of GABA receptors in the gustatory NST with a specific concentration 

in the ventral area.  

 The presence of GABA receptors in the rNST has also been established by 

measuring changes in responsiveness evoked by the application of GABA and GABA 

agonists or antagonists. This technique also provides more detailed information on the 

breakdown of specific GABA receptors types. In a study by Du and Bradley (1998), 97% 

of a sample of 92 neurons isolated from the NSTs of rats showed membrane 

hyperpolarization and decreased input resistance in response to GABA application in a 



 7

concentration-dependent manner; 96% of tested neurons responded to muscimol 

(GABAA agonist) in a similar manner. Baclofen (GABAB agonist) was tested on 11 

neurons with no effects. GABAA antagonists picrotoxin and BICM blocked these GABA 

responses in a concentration-dependent manner. These results support the data from the 

labeling studies that GABA receptors are present in the rNST but in contrast to the 

findings by Fu and colleagues that GABAB receptors are located throughout the rNST, 

suggest that GABAA but not GABAB receptors mediate GABA responses in these 

neurons. However, in this study only 12% of isolated neurons were tested with the 

GABAB agonist; it is possible that there are fewer GABAB receptors and this small 

sample happened not to contain them. Additionally, the neurons tested had been isolated, 

a process through which individual neurons were dissociated from slices of the NST; this 

may have cut off the ends of long dendrites, an area where GABAB receptors have 

previously been shown to be concentrated. Differences in GABAA and GABAB specific 

responses were also examined in a study by Sharp and Finger (2006) in in vitro slices of 

the goldfish vagal lobe. In this study, application of muscimol, a GABAA agonist, caused 

a large reduction in or elimination of EPSPs; application of BICM, a GABAA antagonist, 

caused significant partial recovery, but didn’t increase EPSPs when applied alone. 

Application of baclofen, a GABAB agonist, also reduced EPSPs, but application of CGP-

55845, a GABAB antagonist, caused only non-significant partial recovery. In contrast to 

the findings by Du and Bradley, these results suggest that both GABAA and GABAB 

receptors modulate primary gustatory afferent transmission. However, in this study, the 

impact of GABAA antagonist application was significant while the application of GABAB 

which only a non-significant effect. This result may also indicate that there are fewer 
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GABAB receptors than GABAA receptors. However, because this study was conducted in 

the goldfish, its application to receptor type in the mammal NST could be somewhat 

limited. The larger effects seen from GABAA receptor agonists/antagonists in these 

studies is supported by the finding in a developmental study of the rat NST that, while 

younger neurons were sensitive to picrotoxin (a GABAA and GABAC antagonist) and 

BICM (a GABAA antagonist), older neurons became increasingly sensitive to BICM, 

indicating an increase in GABAA receptors with age in the rNST (Grabauskas and 

Bradley, 2001).  

 Taken together, these studies indicate that there are GABA receptors in the rNST 

that they are most dense in the ventral portion of the rNST, that they are present in both 

interneurons and projection neurons, that they are present both pre- and post-synaptically, 

and that they are localized with the endings of primary gustatory afferents. Additionally, 

the most common GABA receptor type in the rNST seems to be the GABAA receptor. 

Many of these histological features of the receptors make them good candidates for 

having a role in processing incoming taste information. The increased density of GABA 

receptors in the ventral portion of the rNST, an area that sends output to the oromotor 

centers in the brainstem, could mediate behavioral response to tastants. The presence of 

GABA receptors in interneurons and projection neurons could allow both local inhibition 

to create more defined gustatory patterns and connections with other brain areas to 

modify incoming sensations. The presence of GABA receptors pre- and post-synaptically 

would allow for modification of the amount of neurotransmitter released in response to 

efferent feedback and for modification of the afferent gustatory signal. The localization 
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of GABAergic synapses with the endings of primary gustatory afferent nerves would 

allow them to modify incoming gustatory information from these nerves.   

 With the presence and some general histological characteristics of GABA 

receptors in the NST established, the question becomes what the functional implication of 

these receptors is: do the GABAergic receptors modify the processing of gustatory 

information? To answer this question, researchers have looked at changes in rNST 

response to taste stimuli and taste receptor stimulation after application of GABA and 

GABA antagonists. Smith and colleagues (1994) found that GABA application onto KCl-

best, NaCl-best, and sucrose-best neurons in the NST of rats decreased spontaneous 

activity and responsiveness to all three taste stimuli tested, with the biggest decrease in 

responsiveness to sucrose. GABA also reduced responsiveness of cells to their best 

tastants, significantly in 8 of 18 cells recorded including all the sucrose-best cells tested. 

Smith and Li (1998) conducted a similar study in the hamster NST but used electric 

stimulation of the tongue instead of taste stimuli.  Consistent with the findings in the 

previous study, GABA application caused reduced activity in 63% of 46 tested neurons 

by more than 50% and decreased the response to stimulation on the tongue for an 

additional 13 neurons with a low spontaneous firing rate. Additionally, they found that 

GABA-sensitive cells had a significantly higher level of mean spontaneous activity than 

non-GABA-sensitive cells. Smith and Li also tested GABAA antagonist BICM, which 

increased responsiveness to neurons’ best stimulus for 60% of neurons by more than 50% 

and increased the breadth of tuning for neurons tested with two or more types of stimuli. 

These results support the idea that GABA modulates taste responsiveness in the gustatory 

NST, which may be a mechanism used to sharpen the breadth of tuning and increase 
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discrimination capabalities; the research by Smith and Li further suggests that many cells 

may normally be under GABAergic inhibition because after GABA inhibition was 

removed, cells responded more equally to the top two best stimuli, but when GABA was 

present their response was sharpened to be higher for one best stimulus-type. 

 Cortical input has been shown to provide top down influence on the processing of 

gustatory information in the NST. When cortical influence is eliminated by infusion of 

the local anesthetic procaine onto the insular lobe, responses to taste stimuli in NST 

gustatory neurons are modified (DiLorenzo, 1995). However, this modification isn’t a 

general increase or decrease in responsiveness but a combination of increase in some 

neurons, decrease in others, and in some cases increase and decrease within a single 

neuron to different stimuli, suggesting inhibition is one part of a more complex cortical 

influence. Response patterns to gustatory stimuli are also changed, especially for sweet 

stimuli. This may be at least in part modulated by GABA. In a study by Smith and Li 

(2000), after cortical stimulation in the insular cortex, injection of the GABAA antagonist 

BICM into the NST decreased inhibition. GABAergic processing in the NST may be 

partially a result of efferent input from the gustatory cortex.  

 However, there is some research that does not support the idea of GABAergic 

processing in the NST. Travers and colleagues (2007) conducted a study labeling a subset 

of GABA receptors with transgenic enhanced green fluorescent protein (EGFP) and 

measuring activity through Fos-like immunoreactivity (FLI) after exposure to taste 

stimuli evoking a positive (sucrose), neutral (water), or aversive (QHCl) behavioral 

response. Double labeling of neurons by Fos, a marker of recent activity, and EGFP, 

indicating the presence of GABA, was used as a measure of recent GABA receptor 
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activity. Areas which had been activated by QHCl as demonstrated by the presence Fos 

did not show double-labeling, although QHCl did evoke a strong aversive behavioral 

reaction. Additionally, there was not a significant difference in the amount of double-

labeling between the different taste stimuli although they evoked clearly different 

hedonic behavioral reactions. The role of the GABAergic neurons labeled in this study 

was not clear. However this study only looked at a subset of GABA receptors that was 

not able to be specifically identified, and therefore it doesn’t rule out the possibility that 

other types of GABAergic neurons may respond differently to different types of taste 

stimuli.  

 A study conducted by Söderpalm and Berridge (2000) attempted to see whether 

the increased appetite effect of benzodiazepines was caused by the enhancement of 

perceived food taste by injecting benzodiazepines to the PBN, NST, pendunculopontine 

tegmental nucleus of the brainstem (PPT), and into the fourth ventricle of rats and 

measuring subsequent food intake and hedonic behavioral reactions elicited by an oral 

infusion of a sucrose-quinine solution to the tongue. Benzodiazepines injected into the 

NST had no effect, although benzodiazepines injected into the PBN caused an increase in 

food intake and positive behavioral reactions. Although in this study injection of 

benzodiazepines into the NST did not increase these behavioral markers of food taste 

enhancement, that does not necessarily mean that no changes in gustatory processing 

were taking place; it simply indicates that these changes didn’t result in the particular 

behavioral changes measured.  

 Overall, the current body of research indicates that there are GABA receptors, 

primarily GABAA receptors, located in the gustatory region of the NST and that these 
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receptors do modify the taste signal. Evidence suggests that a descending cortical 

pathway from the primary gustatory cortex has the potential to activate this GABA 

inhibition, a means by which it may help to sharpen the response tuning of gustatory 

neurons and thereby increase discrimination between stimuli.  

 

III. GABA and the PBN 

 From the NST, afferent gustatory neurons project to the medial parabrachial 

nucleus (PBN). Studies indicate that this area is involved in processing taste information 

and modifying taste responses. Connections between this area and afferent neurons 

carrying visceral information, the amygdala, and the cortex suggest that the taste 

modification in this nucleus might be a result of the integration of information from these 

connected areas into the incoming taste signal. 

 Current research at the behavioral level suggests that the PBN plays a role in 

modifying taste response. When examining the behavioral measures of taste preferences, 

taste aversions, and sodium appetite, PBN lesions caused rats to show a decreased 

aversion to quinine, an exaggerated preference for saccharin, and an exaggerated aversion 

to NaCl; rats that had undergone PBN lesions also showed a decreased sodium appetite 

after sodium depletion (Hill and Almi, 1983). Rats that had undergone a lesion to the 

pons but not the PBN behaved like sham-surgery controls. While rats without a PBN 

lesion were still able to detect and respond to sweet and salty tastants, the finding that 

PBN lesion seemed to exaggerate responses to NaCl and saccharin and decrease 

responses to quinine supports the idea that the PBN modifies the taste signal and 

associated behaviors. The modification of the taste signal in the PBN has also been 
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supported through observation of taste signal modification by suppression within the 

PBN. In a study conducted by Smith, Liu, and Vogt (1994), the responses recorded from 

gustatory PBN neurons were reduced compared to quinine alone when a sucrose-quinine 

solution was given to hamsters, and the responses compared to sucrose alone were 

significantly reduced. In these recordings, the interaction of the tastants seemed to be 

mutually suppressive in the gustatory PBN cells, demonstrating a modification of taste 

response in the PBN through inhibition.  

 Modification of taste information in the PBN may be mediated by GABA 

receptors. The presence of GABA receptors in the PBN has been supported by studies 

examining whether GABA and GABA antagonists affected responsiveness in this area. In 

a study by Kobashi and Bradley (1998) using whole cell recordings from PBN neurons in 

rat brain slices, a majority of neurons in the gustatory PBN and areas of the PBN 

involved with visceral function responded to GABA with a decrease in membrane 

resistance. This GABA response in the PBN was blocked mostly, but not entirely, by the 

GABAA antagonist BICM. These results suggest that there are GABA receptors in the 

gustatory PBN, and that GABA response in these areas is mostly mediated by GABAA 

receptors; however, because BICM did not entirely block the response, GABAB receptors 

may also be involved.  

 Further evidence for the presence of GABA receptors is provided by studies 

which have found inhibition mediated by these receptors creating modified taste signals 

in the afferent taste pathway. In a study by Söderpalm and Berridge (2000), the injection 

of benzodiazepines into the PBN significantly increased food intake and the number of 

hedonic (but not aversive) behavioral reactions elicited by an oral infusion of a sucrose-
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quinine solution to the tongue. These results suggest that increased feeding during 

benzodiazepine use may represent an increase in the hedonic value of taste stimuli 

resulting from greater sharpening of taste perception caused by enhanced GABAergic 

inhibition within the PBN.  

 Such GABAergic modification could be at least in part produced by PBN 

connections. Studies using decerebration procedures suggest that the connection between 

the PBN and the gustatory cortex contributes to taste information modification.  

In a study using true decerebration at the supracollicular level, preserving the NST and 

PBN but eliminating descending input, taste responses in the PBN were altered 

(DiLorenzo, 1988). While spontaneous firing rates and breadth of tuning for PBN 

neurons were not significantly different, decerebrate rats showed smaller and shorter 

responses to NaCl and HCl compared to control rats and larger and longer responses to 

saccharin sodium. Decerebrate rats also had a larger proportion of saccharin-sodium best 

and quinine-best neurons than controls. These differences in relative numbers of neurons 

in each best-stimulus category and in response duration and magnitude suggest that 

descending input may modify responsiveness of neurons, typically increasing responses 

to some stimulus types (sweet, bitter) and decreasing responses to others (salty, sour). 

Additionally, several OFF-responses (periods of increased activity after stimulus 

removal) were observed in 14 of the gustatory PBN neurons of decerebrate rats but in no 

gustatory PBN neurons of intact control rats. This suggests that perhaps descending 

inhibitory input might suppress these responses in intact animals. Taken together, these 

findings imply that there is cortical regulation of taste response in the PBN, and that this 

is perhaps controlled at least in part by inhibitory input. These results were supported by 
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a study of the effects of temporary decerebration by the infusion of the local short-acting 

anesthetic procaine to the gustatory neocortex on taste responses in 42 gustatory PBN 

neurons (DiLorenzo, 1990). The response magnitude evoked by the four basic taste 

stimuli was changed by the procaine infusion. The pattern of change was similar to that 

seen in the NST after temporary decerebration. The numbers of neurons showing 

increased responsiveness (31%) and decreased responsiveness (43%) were similar, again 

with a small percentage of neurons showing a combination of increased responsiveness to 

some stimuli and a decreased responsiveness to others (17%). This again suggests that the 

cortex has multi-faceted efferent inputs that allow both inhibition and excitation within 

the gustatory region of the PBN. Additionally, some units began to respond to entirely 

new stimuli, including 1 unit that responded to none of the tastants before gustatory 

cortex input was eliminated. Again in the PBN as in the NST, while spontaneous firing 

rate was not different overall, it was reduced in 17% of the recorded neurons, and 

response magnitude in the neurons was also changed.  Also, 33% of the recorded units 

showed an OFF response after, but not before, procaine application, as in the NST. These 

results suggest that the gustatory cortex normally suppresses these responses. In addition 

to these response characteristics, this study also compared response patterns. 

Comparisons of across fiber patterns of response for different stimuli imply that these 

patterns are more different from each other without input from the gustatory cortex, 

particularly patterns available to differentiate between NaCl and HCl and between Na-

saccharin and sucrose. Response to the sweet stimuli (Na-saccharin and sucrose) showed 

the largest change in pattern after procaine infusion. These results suggest that not only 

does cortical input modify the magnitude of taste response, but also the pattern, possibly 
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helping to create more distinct patterns or incorporating feedback information into the 

afferent taste signal.  However, while these studies provide compelling evidence for 

cortical modification of PBN signals, no research has been done to demonstrate a specific 

GABAergic mechanism regulating this modification. 

 In contrast, the amygdala, particularly the central nucleus of the amygdala (CeA), 

has been shown to influence PBN responses through specific GABAergic mechanisms. 

The amygdala is involved in regulating emotions and the coordination of the autonomic 

and endocrine systems. The CeA has been shown to have connections to areas of the 

brainstem including the NST and PBN. In a study using anterograde tracing, Jia, Zhang, 

and Wan (2005) found that the majority of axon terminals in the PBN originating from 

the central nucleus of the amygdala showed GABA immonureactivity. Additionally, 

some of these connections were reciprocated from the PBN to the amygdala, and these 

again were GABAergic. These results suggest that there are GABAergic connections 

between the PBN and CeA which could provide a mechanism for inhibitory modification 

of taste information. A study by Kang and colleagues (2004) examined this possibility by 

injecting BICM into the CeA and measuring responsiveness of PBN neurons. The 

injection of BICM into the CeA increased spontaneous firing rates and response 

magnitudes in the PBN when the tongue was stimulated with different tastants (NaCl, 

HCl, QHCl, and sucrose). NaCl-best neurons became more responsive to not only NaCl 

but also HCl, QHCl, and sucrose; HCl-best neurons became more responsive to HCl, 

NacCl, QHCl, and sucrose; QHCl-best neurons became more responsive to QHCl and 

HCl; sucrose-best neurons did not substantially increase responsiveness. These results 

provide evidence that the connections between the PBN and amygdala are involved in 
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modulating PBN taste responses. This input from the amygdala may help with 

discrimination between tastes, especially salty and sour tastes given the larger effects on 

these tastants in the study by Kang and colleagues.  The input from the amygdala could 

also act to integrate emotional, autonomic, and/or endocrine feedback into the afferent 

taste signal. 

 The presence of GABA receptors in the PBN is well supported, and these 

receptors likely contribute to the processing of gustatory information that goes on in this 

area. While it is clear from the evidence of GABAergic influence by the CeA that 

motivational and emotional states modify taste processing in the PBN, GABA 

modulation in this area may also represent a mechanism through which information from 

the primary taste cortex could be integrated into the taste signal in this area, providing 

feedback about the incoming information and enhancing the differences between stimuli 

to increase discrimination capabilities.  

 

IV. Insular lobe/gustatory cortex 

 From the NST and PBN in the brainstem, the primary afferent gustatory pathway 

goes to the ventroposteromedial (VPM) thalamus. No research to date has been published 

about the effect of GABAergic receptors in modifying taste reponses in this area. 

However from the VPM, gustatory information continues to the insular-opercular 

(primary) taste cortex, and research supports the modification of taste response in this 

area through GABAergic receptors. Research also suggests that this area has efferent 

connections with the NST and PBN and with the central nucleus of the amgydala which 

may indirectly influence the PBN.  
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 Several studies using GABA and GABA antagonists have demonstrated that 

GABA receptors are present in the primary taste cortex. Research by Lopez-Garcia and 

colleagues suggests that GABA is a neurotransmitter used in the cortical taste area. In 

their 1990 study, labeled GABA was applied to brain slices from the primary gustatory 

cortex. When brain slices were immersed in a depolarizing KCl solution, levels of labeled 

GABA on cortical slices was increased, suggesting that gustatory cortex neurons release 

GABA when stimulated. This release was only partially Ca2+ dependent, increasing by 

65% when Ca2+ was available. The demonstrated GABA release involving Ca2+ probably 

represents release through Ca2+ dependent exocitosis mechanisms. However, because it is 

released even when Ca2+ is not present, GABA may be released not only in response to 

action potentials but also as a modulatory neurotransmitter. This in vitro finding is 

supported by in vivo studies using GABA and BICM application. Studies have found that 

GABA application in the primary gustatory cortex decreases spontaneous firing, while 

application of the GABAA antagonist BICM increases spontaneous firing (Ogawa et al., 

1991, Ogawa and Hasegawa, 1991). Results from a study by Ogawa and colleagues 

(1998) support these findings, with GABA application in the insular cortex causing 

inhibition of spontaneous firing and BICM blocking this effect. These studies indicate 

that in the primary taste cortex GABA is an inhibitory neurotransmitter and further 

suggest that GABA response is modified primarily by GABAA receptors in this area. 

 There is substantial evidence that these neurons not only respond to GABA, but 

that this GABA response is a mechanism by which incoming gustatory information is 

modified. A study by Ogawa and colleagues (1994) found that BICM application altered 

responsiveness in neurons in the insular cortex to the application of different tastants onto 
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the anterior tongue of rats. This change was often an increase in responsiveness to one, 

two, or all tastants. However in a small percentage of neurons, BICM caused a decrease 

in responsiveness or some combination of increase and decrease within a neuron. It is 

likely that the increase represents a primary effect, the result of limiting GABAergic 

inhibition, while the decreases seen represent secondary circuits influenced by GABA. 

Cortical neuron response was in some neurons so greatly altered that the best stimulus for 

the neuron was changed. BICM application also changed the size of the receptive field on 

the tongue to which cortical neurons responded, generally increasing the receptive field 

size; additionally, after BICM application, several new receptive fields were found and 

some inhibitory receptive fields disappeared. These results suggest that GABAergic 

inhibitory mechanisms may help modify and even select taste information during insular 

lobe processing. These results led Ogawa and colleagues to propose an interesting 

processing model in which they describe two GABAergic inhibitory systems, a tonic 

system and a dynamic system. In this model, the tonic system decreases overall 

responsiveness and limits receptive field size, and the dynamic system modifies response 

to different types of tastants and enhances contrast.  

 Further research about GABAergic taste modification in the gustatory cortex has 

supported the dynamic GABAergic system. In a study recording from neurons in the 

insular cortex, BICM application changed the response profile of these cortical taste 

neurons to the four basic tastants, supporting a role for GABA in processing gustatory 

information (Ogawa et al., 1991). Another study found BICM application to increase the 

taste response to tastants in 35 of 86 tested cortical neurons and, further, to change the 

best-response stimulus for 27 of the tested neurons (Ogawa and Hasegawa, 1991). These 
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results again suggest that GABAergic processing is used to modify taste information in 

the primary taste cortex.  

 It seems that within the insular cortex, GABAergic processing modifies taste 

information and responsiveness. The modification of this information by GABAergic 

mechanisms may in turn lead to the modification of taste information in other taste areas, 

such as the NST and PBN, through direct and indirect connections, possibly using 

GABA-mediated inhibition in these connections as well. A study by Smith and Li (2000) 

supports a GABAergic connection between the cortex and NST which modifies taste 

response. In this study, cortical stimulation in the insular cortex of hamsters caused 

inhibition and excitation in the NST, implying an efferent connection between the cortex 

and NST. After insular lobe stimulation, injection of BICM into the NST decreased 

inhibition, suggesting that the inhibition in the NST caused by cortical stimulation is at 

least in part controlled by GABA receptors. Cortical modification of NST response has 

also been studied by eliminating input from the primary taste cortex to the gustatory 

portions of the NST, specifically areas that are connected directly to the PBN in rats 

(DiLorenzo, 1995). This was done by infusing procaine, a local short-acting anesthetic, 

into the primary taste cortex and then measuring from NST units with afferent 

connections to the PBN located by electrical stimulation. Procaine infusions changed the 

responses to taste stimuli. In most neurons the modified response was a decrease in the 

number of tastes which elicited a response and a decrease in the response. However, this 

wasn’t true for all neurons; in some neurons procaine infusion increased response and 

sometimes both increased and decreased responses to different stimuli within the same 

neuron. Cortical input appears to modify taste responses through a combination of both 
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excitation and inhibition. This modification of gustatory responses seems to cause the 

loss of discrimination, particularly of appetitive stimuli. In more than 20% of neurons 

tested, the best stimulus was changed, and the largest effect occurred for the sweet 

tastants tested (sucrose and saccharin). Changes in the neural patterns of response to the 

different tastants also occurred, especially for the sweet stimuli. After procaine infusion, 

saccharin and sucrose responses became less like the response patterns to other tastants 

and more similar to each other in response pattern. Response patterns between NaCl and 

HCl and NaCl and quinine also became more similar. These results suggest that there is 

modification of response patterns of incoming gustatory signals by the primary taste 

cortex which could cause a decrease in discrimination capabilities, especially for 

appetitve stimuli (sweet and salty). This may occur because of physiological or 

behavioral significance of stimuli to the animal. This is supported by the finding that 

sweet taste response patterns and magnitudes were altered most substantially by the 

cortex because sweet taste is associated with high nutritional/caloric value, and therefore 

the enhancement of this type of stimulus would have survival importance.  

Cortical modification may also contribute to modification in the PBN. A study by 

DiLorenzo (1990) examined the effect of cortical input to the PBN by recording from the 

PBN directly, although this change could result from indirect connections as well. The 

response of 42 gustatory PBN neurons to the four basic tastants was measured before and 

after applying procaine, a local short-acting anesthetic, to the primary gustatory cortex. 

Spontaneous firing rate was not different overall but was reduced in 17% of recorded 

neurons after procaine application. The response magnitude evoked by different taste 

stimuli was also affected. In some units this change was an increased response (31%), in 



 22

some a decreased response (43%), and in some a combination of increased response to 

some stimuli and decreased response to others (17%). Additionally, some units began to 

respond to entirely new stimuli, including 1 unit that responded to no tastants before 

primary taste cortex input was eliminated.  These results suggest that the primary taste 

cortex modifies response magnitude in the PBN through a combination of inhibition and 

excitation. Comparisons of across fiber patterns of response for different stimuli imply 

that these patterns are more distinct from each other without input from the primary taste 

cortex, particularly patterns available to differentiate between NaCl and HCl and between 

Na-saccharin and sucrose. Response to the sweet stimuli (Na-saccharin and sucrose) 

showed the largest change in pattern after procaine infusion. The primary taste cortex 

may read the across fiber pattern and respond via a feedback loop to modify the pattern 

according to characteristics of the stimuli such as nutritional value and palatability, 

consistent with the finding that the sweet stimuli patterns were the most changed. These 

findings were very similar to the changes seen in NST response to tastants, suggesting 

that these PBN changes could result from an indirect influence of the cortical 

modification of gustatory information in the NST rather than, or in addition to, a direct 

connection between the PBN and cortex.  

 Modification of gustatory information in the PBN might result from direct cortical 

connections or indirect influence through cortical connections to the NST. Additionally, 

modification of gustatory information in the PBN may result from direct cortical 

connections to the CeA, which has been shown to directly modify PBN gustatory 

response. Using GABA-immunocytochemistry in rats, Sun and colleagues (1994) found 

both afferent and efferent connections between the insular cortex and the CeA, 
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specifically in areas projecting to the brain stem, where the PBN is located. These 

efferent synapses from the primary taste cortex to the CeA could provide another 

mechanism for indirect cortical modification of PBN taste response through CeA-PBN 

connections.  

 Overall, research supports the presence of GABA receptors in the primary taste 

cortex and that these receptors may modify gustatory information in this area. 

Additionally, feedback from the primary taste cortex may modify incoming taste 

information in the NST and PBN directly and indirectly through GABAergic 

connections.  

 

V. Conclusions 

Taste information is modified through changes in neural coding as it is 

transported through the afferent gustatory pathway in the CNS. In the NST, PBN, and 

primary taste cortex, the presence of GABA receptors has been supported by labeling and 

chemical application studies, and these receptors have been implicated in taste processing 

in these areas through experimental application of GABA and GABA 

agonists/antagonists. GABA mediated inhibition within this pathway may contribute to 

enhanced differences between taste stimuli, sharpening taste discrimination ability. In 

addition to this function, GABAergic modification of incoming taste information may be 

in part regulated by connected areas including the CeA and gustatory cortical areas, as 

demonstrated through modification of taste responsiveness after manipulation of these 

connected areas. This may allow for integration of feedback information from these 

areas. In addition to enhancing differences in taste stimuli within the primary gustatory 
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cortex, GABA may be used by efferent cortical neurons projecting to other brain areas to 

provide feedback to modify the incoming gustatory signal.  

 Although these studies provide compelling evidence for the modification of 

gustatory information through GABAergic inhibition in the NST, PBN, and gustatory 

cortex, further research is needed to replicate these findings and to more fully 

characterize modification by GABA in each of these areas to help create a clearer picture 

of how or whether GABA modification impacts different types of taste stimuli 

differently. Based on available research, GABA inhibition seems to limit the breadth of 

tuning of neurons and modify response patterns which would suggest that it may increase 

discrimination capabilities. The implications of these neural pattern changes on taste 

perception, however, have not been thoroughly explored. It is not clear whether the 

perceptual impact of the changes in responsiveness is an increase in discrimination 

ability. Behavioral taste research measuring behavioral responses to taste stimuli, such as 

licking patterns, after administration of GABA, GABA agonists, or GABA antagonists 

could help elucidate whether this is the impact of GABAergic modification in the taste 

pathway on taste perception. Some related prior research has stemmed from the finding 

that a side effect of benzodiazepines, anti-anxiety drugs that act as GABAA agonists, is 

weight gain and an increase in ingestive behavior. In studies investigating why these 

drugs could cause this unintentional behavioral change, results have suggested that one 

reason may be a change in the way food taste is perceived. Given the present research 

which suggests that modification of afferent gustatory information is modified through 

GABAergic mechanisms, particularly GABAA receptors, it could well be that 
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benzodiazepines affect gustatory processing mechanisms causing differences in taste 

perception which lead to changes in ingestive behavior.  

 Modification within the taste pathway in the brain may be the result of 

connections to other brain areas. Connections between the CeA and efferent projections 

from the gustatory cortex have been shown to influence responsiveness in taste neurons 

in the NST and PBN. While there is evidence of GABAergic connections between the 

CeA and PBN from studies using GABA labeling, similar methodology should be used to 

determine whether such connections occur between the cortex and the brainstem taste 

areas and could provide a mechanism for the top-down modification observed in 

decerebration studies.  

 Although more research needs to be done to replicate these findings, to better 

understand their implications for perception, and to examine whether modification from 

other brain areas uses GABAergic inhibition, the current body of research suggests that 

GABA is an important neurotransmitter in the modification of incoming taste information 

in the NST, PBN, and primary gustatory cortex and results in enhanced discrimination 

between taste stimuli.  
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