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Abstract 

Previous studies have shown that benzodiazepines, such as chlordiazepoxide (CDP), increase 

palatability through GABAA agonistic effects within the parabrachial nucleus (PBN). The PBN is 

a primary relay point in the gustatory pathway that receives input from corticofugal projections 

including the central amygdala (CeA). The purpose of this study was to determine the effects of 

selectively inactivating CeA projections to the PBN with the use of the DREADD technique in 

concurrence with the systemic injection of CDP.  Bilateral cannulae were used to microinject 

CNO or aCSF into the PBN of naive male Sprague-Dawley rats. Rats’ licking behavior during 

consumption of 0.2 M sucrose and 0.3 M sodium chloride was analyzed. The results showed that 

there was a significant main effect of CDP on meal licks, burst size, pause duration, interlick 

interval and first minute licks in both the sodium chloride and sucrose conditions. The results 

also showed a significant main effect of inactivating the central amygdala on pause duration in 

the salt condition and the number of bursts in the sucrose condition, but this may be due to high 

variability across conditions. The results suggest that the central amygdala does not play a major 

part in mediating taste palatability possibly because there could be other structures that 

compensated when the central amygdala was inactivated. There also may not have been a long 

enough delay after injecting the CNO to completely silence the projections. Therefore, future 

studies should consider altering the injection protocol as well as assessing the role of other 

corticofugal projections to the PBN. 
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The Role of Central Amygdala Projections to the Parabrachial Nucleus on Ingestive Behavior in 

Rats 

 The gustatory system allows organisms to determine whether ingested material is 

nutritionally beneficial or potentially harmful. Mammals have an innate preference for sweet 

tastes, which signifies that the substance contains energy-rich carbohydrates. Salty tastes are also 

preferred with increasing concentrations until it reaches a sufficient concentration at which the 

substance becomes increasingly aversive (Oka, Butnaru, Von Buchholtz, Ryba, & Zuker, 2013). 

The consumption of different substances depends largely on the ability of the taste buds to detect 

the chemical tastant and their palatability. The gustatory system is thought to reach maturation in 

utero in that the taste buds become fully developed and functional around the fifteenth week of 

gestation, although human cells resembling primitive taste buds are present on the papillae 

around the seventh week (Bradley & Stern, 1967; Witt & Reutter, 1996). While taste preferences 

may have a genetic component, environmental factors also largely contribute to the ingestion of 

different tastants. 

Flavor is an integrated system that receives convergent information primarily from 

gustation and olfaction.  The neuroepithelial receptor cells, located on the taste buds, transduce 

the chemical taste stimulus into an electrochemical signal that sends information to the brain for 

perception (Meyerhof, 2005). Taste is thought to follow a series of both labeled lines and across 

fiber pattern coding with distinct and separate pathways for the detection of sweet, salt, sour, 

bitter, and umami. Taste buds are found on the tongue, soft palate, epiglottis, pharynx, and 

larynx.  Salty tastes depend on sodium channels in an ionotropic pathway, while sweet tastes 

work through a metabotropic pathway with a heterodimeric G-protein coupled receptors 

composed of T1R receptor complexes (Nelson et al., 2001). The VII (facial), IX 
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(glossopharyngeal), and X (vagus) cranial nerves that innervate the taste buds transmit the 

electrochemical signals for taste to the central nervous system (Northcutt, 2004). The sensory 

ganglia receives the signal, which is then sent to the rostral nucleus of the solitary tract (NTS) in 

the brainstem, the parabrachial nucleus (PBN), the ventral posteromedial nucleus of the 

thalamus, and then to the primary gustatory cortex in the insula (Yarmolinsky, Zuker, & Ruba, 

2009). Inputs to the PBN can also be altered by the reward areas of the brain. The amygdala 

projects to the ventral tegmental area (VTA), which influences dopamine innervation to the 

nucleus accumbens (NAc) and thus the motivation to consume palatable food (Yamamoto, 

2008). The signal is sent from the ventral pallidum (VP) to the lateral hypothalamus (LH), which 

then alters gamma-aminobutyric acid (GABA) innervation to the PBN (Yamamoto & Ueji, 

2011). 

 In rats, the PBN receives converging ascending gustatory and gastric sensory information 

(Herbert, Moga, & Saper, 1990; Karimnamazi, Travers, & Travers, 2002). Gustatory information 

terminates primarily in the medial structures or the “waist” of the PBN, while gastric information 

goes primarily to the rostral and lateral structures of the PBN (Herbert et al., 1990; Karimnamazi 

et al., 2002). The PBN also receives descending information from regions of the forebrain, such 

as the central nucleus of the amygdala (CeA), along with other structures like the lateral 

hypothalamus (LH) (Jia, Zhang, & Wan, 2005). The input from the CeA and other forebrain 

structures are believed to modify ascending gustatory information to shape or influence 

appetitive or aversive responses. 

The PBN represents a key integrative nucleus for the gustatory system. Studies have 

shown that lesions to the PBN can disrupt a taste reactivity patterns to a wide variety of stimuli 

(Berridge & Peciña, 1995). Studies have also shown that electrical stimulation of the PBN can 
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alter the hedonic value of some tastants to become more appetitive (Simon, Garcia, Zafra, 

Molina, & Puerto, 2007). Zafra, Simón, Molina, and Puerto (2002), found that the lateral PBN is 

is necessary for the formation of concurrent flavor preferences that are triggered by rewarding 

predigested food that was administered intragastrically.  

 Through further research, it has been determined that the manipulations of the inhibitory 

neurotransmitter GABA is another means by which the taste-guided behaviors of the PBN can be 

altered. The inhibitory functions of GABA, specifically through GABAA receptors, influence 

both gustatory and gastric input to the PBN (Cooper, 2005). Studies have also shown that there 

are GABAergic projections that descend from the CeA to the PBN and the NTS (Jia et al., 2005). 

The inhibitory effects of GABA can be enhanced or diminished through the administration of 

benzodiazepines (BZD), which have an anxiolytic and sedative effect on humans (Berridge & 

Peciña, 1995). In rats it has been shown that BZD agonists, such as chlordiazepoxide (CDP), 

facilitate GABA-induced inhibitory potentials in GABAA receptors in the PBN. This 

hyperpolarization of GABAA receptors causes hyperphagia in response to tastants, specifically 

sweet ligands, which leads to an increase in palatability. 

 Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) have been 

recently developed as an innovative chemogenetic technique for remotely controlling neuronal 

activity using molecular evolution of human muscarinic acetylcholine receptors (Chen et al., 

2015). Chemogenetic refers to using engineered receptors that have the ability to inhibit or 

activate neurons when specific ligands bind to them (Marchant et al., 2015). The use of designer 

receptors in concurrence with designer drugs allows for the manipulation of cell signalling 

within the different cell types. DREADDs have been created from human muscarinic 

acetylcholine M3 receptors (hM3Dq) to be insensitive to the naturally produced ligand 
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acetylcholine (ACh) but to be selectively activated by the pharmacologically inert clozapine N-

oxide (CNO) (Chen et al., 2015). The targeted shutdown or activation of specific neural 

connections within the brain allows a better understanding of the roles of certain brain areas and 

structures.  

 The current study used the DREADD technique to specifically target the CeA allowing 

selective inactivation of the pathway between the CeA and the PBN when CNO was injected into 

the PBN. The CeA was targeted based on previous studies that demonstrated its potential 

influence on learned control of taste-guided behavior that is related to hedonic value (Kang & 

Lunday, 2010). Additionally, the CeA projects to the PBN and NST, although its role in taste is 

still not fully understood. Therefore, the targeted inactivation of this pathway provided the ability 

to directly measure the potential influence of the CeA on the PBN. It was hypothesized that if the 

increased GABA input influenced by the benzodiazepines is a result of projections from the CeA 

as predicted, inactivation by the CNO will attenuate the drug’s effect. As a result, there may be 

no difference in taste palatability between the controls, aCSF and saline injection, and those 

receiving the DREADD treatment paired with CDP injection.  

Method 

Subjects. Forty naive, adult male Sprague-Dawley rats (Charles River Laboratory Raleigh, NC) 

were initially housed individually during training in plastic cages within a 12:12h light:dark 

cycle (lights off 0730). The rats within the water-replete condition had free access to Harlan 

Teklad 2018 rodent chow and deionized water, while the rats within the water restriction 

condition had free access to Harlan Teklad 2018 rodent chow and were given water access for 

one hour each day. The rats that were tested within the water restricted group did not receive an 

hour of water on their test days, but received supplemental water access for 15 minutes after 
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testing. The water replete group had a mean body weight of 438.11 (SD = 35.79) on the first test 

day and 451.5 (SD = 34.05) on the last day. The water restricted group had a mean body weight 

of 423.65 (SD = 56.47) on the first test day and 429.35 (SD = 55.97) on the last day. All 

procedures were approved by the Institutional Animal Care and Use Committee of Wofford 

College. 

Chemical Stimuli. All tastants were prepared daily from reagent grade chemicals dissolved into 

deionized water and kept at room temperature. Chemical stimuli and concentrations consisted of 

sucrose (0.2 M) and sodium chloride (NaCl, 0.3 M), which were obtained from EMD Millipore 

Chemicals, (Gibbstown, NJ). CDP (10mg/ml) was dissolved into saline from UNC GTC Vector 

Core (Chapel Hill, NC). DREADD (rAAV8/hsyn-HM3D-mCherry) was dissolved into aCSF 

from UNC GTC Vector Core (Chapel Hill, NC). Aliquots of CNO and  CDP were frozen until 

the day of testing. The primary antibody that was used for immunofluorescent staining, was 

mouse/IgG1 unconjugated, from Immuno Reagents, Inc. (Raleigh, NC). The secondary antibody 

that was used for immunofluorescent staining, was goat anti-mouse IgM (μ chain), FITC 

Conjugate from Immuno Reagents, Inc. (Raleigh, NC). Normal goat serum was used during the 

blocking process of immunofluorescent staining at a concentration of 60.0 mg/ml (Bio-Rad 

Protein Assay, BSA standard) from Immuno Reagents, Inc. (Raleigh, NC). 

Procedure 

Surgery. Upon reaching the optimal weight (300-330 g) rats were anesthetized with an initial 

ketamine (100 mg/ml) and xylazine (10 mg/ml) mixture (0.35 ml) and atropine (0.25 ml). 

Supplemental ketamine/xylazine mixture (0.15 ml) injections were administered as needed. Once 

the rat was secure in the stereotaxic apparatus (David Kopf Instruments), DREADD was 

microinjected at a rate of 0.2 μL/minute for 2 minutes into the central amygdala using a pump 
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(KD Scientific). The microinjection was performed using a 33-ga long microinjector that 

extended into the central amygdala through a 26-ga double guide. Coordinates were ± 3.8 mm 

lateral, - 2.04 mm posterior from Bregma and, - 7.0 mm dorsal, insertion at 0°. Injectors were 

connected to a 1μL Hamilton syringe by polyethylene tubing (PE20).  After this microinjection, 

25-ga guide cannulae (PlasticsOne; Roanoke, VA) were implanted bilaterally 1 mm dorsal to the 

PBN. Coordinates were ± 2.0 mm lateral, + 0.7 mm anterior from Lambda, - 7.7m dorsal 

insertion at a 20° forward angle relative to Lambda. Rats were given 21 days recovery before the 

start of testing in order to allow the DREADD to be fully expressed along the pathway to the 

PBN. Cannulae were agitated daily. 

Behavioral Tests 

Training. All rats were placed on a 23-h water restriction schedule during the training period 

prior to testing. Rats received one day of training in the AC-108 lickometer (DiLog Instruments, 

Tallahassee, Fl) in which all the rats received 0.3 M sucrose. After the training session both 

groups of rats received unrestricted water.  

Drug Administration. On alternating days either Saline or CDP (10 mg/ml) was administered 

by intraperitoneal (i.p.) injection (1 ml/kg body weight). Rats were placed back in their home 

cages without access to food or water for 13 minutes before being microinjected. Microinjections 

were performed using a 33ga microinjector that extended 1mm below the guide cannulae into the 

PBN. Injectors were connected to a 1μL Hamilton syringe by polyethylene tubing (PE20) and a 

pump (KD Scientific) was used to inject 4μL of aCSF or CNO (counterbalanced with alternating 

saline or CDP i.p. injection)  into the PBN at a rate of 2μL/min for 2 minutes. To allow for 

diffusion the injectors were kept in place for an additional 2 minutes. Rats were then put into the 

AC-108 chambers for testing.   
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Testing. In the AC-108 lickometer, rats were given 60 minutes of unrestricted access to sucrose 

(0.2 M) under water-replete conditions or NaCl (0.3 M) under water-restricted conditions. After 

the completion of a testing session, rats in the water-replete condition were returned to their 

home cages. Rats in the water-restricted condition were returned to their home cages and were 

given 15 minutes of water access at 15 minutes after the session. 

Histology. For histological verification, all rats were anesthetized with a ketamine and xylazine 

mixture (0.45mL). Rats were then microinjected bilaterally with 0.4μL of Chicago Sky Blue 6B 

into the PBN at the same rate of 0.2μL/min for 2 minutes, to measure estimated drug diffusion. 

Rats were then perfused transcardially with saline, followed by 10% formalin. Brains were 

extracted and stored in formalin and then moved into a 10% formalin 10% sucrose solution until 

sectioned.  Brains were sectioned at 50 micrometers in a cryostat (JUNG CM 1800). Every other 

PBN section was directly mounted onto slides that were later stained using crystal violet. The 

remaining PBN slices and CeA sections were preserved in a free-floating cryogenic solution and 

were later stained using immunocytochemistry for fluorescence of DREADD and then wet 

mounted onto slides. Once the tissue was stained, verifications were done in the PBN and the 

CeA to determine whether the DREADD and CNO was microinjected into the correct regions. 

Only rats with CeA and PBN correct bilateral placements were included in the analysis (sucrose 

n = 20, salt n = 18). 

Data Analysis. The rats licking patterns were broken down and analyzed based on meals, bursts, 

meal duration, session licks, session latency. Meals were groups of licks that were defined by 

pauses lasting longer than 10 minutes. The first meal within the one hour session was used for 

analysis because the second meal was often terminated prematurely due to the time constraints of 

the session. Meal duration was based on the length of the entire meal, with a meal criteria of a 
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minimum 600 licks within a 10 minute period. If this criteria was not met, then the lick session 

was not classified as a meal. Subjects were occasional retested on an extra test session day if they 

did not meet the meal lick criteria for a given drug condition. Session licks were classified as the 

total number of licks within the 60 minute session. Session latency was the amount of time it 

took for the rat to initiate the first lick of the meal. Within a meal bursts were groups of fast licks 

that were terminated by a pause that lasted longer than one second. The bursts were further 

classified as the number of bursts within a meal, number of licks in a burst, the duration of burst 

pauses and the interlick intervals (ILI). The ILI is the period between licks, which was further 

analyzed as the produce the average ILI that was under 250 milliseconds (ms). The average 

number of licks in the first minute was also analyzed. A series of repeated measures ANOVAs 

were conducted for these licking behavior variables in response to sodium chloride and sucrose 

ingestion. The statistical significance criteria was set for p < .05.  

Results 

Sodium Chloride 

A series of repeated measures ANOVAs were conducted to assess the effect of CDP and 

the inhibition of the CeA on palatability as measured by licking behaviors in response to a 

sodium chloride solution. There was a significant main effect of CDP on the number of licks 

within a meal for both the aCSF and the CNO conditions such that there was an increased 

number of meal licks, F(1, 18) = 6.244, p = .022 (see Figure 1A). There was no significant main 

effect of CDP on meal duration in either the aCSF or the CNO condition (see Figure 1B).  

There was no significant main effect of CDP on number of bursts in either the aCSF or 

the CNO condition (see Figure 2A). There was a significant main effect of CDP on number of 

licks per burst across both the aCSF and CNO conditions such that the size of the burst increased 
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when given CDP as compared to saline, F(1, 18) = 12.448, p = .002 (see Figure 2B). There was a 

significant main effect of CDP on pause duration across both the aCSF and CNO conditions such 

that pauses decreased under the influence CDP as compared to saline, F(1, 18) = 7.126, p = .016. 

There was also a significant main effect of the CeA in response to CNO such that pauses 

decreased in time when given CNO as compared to aCSF, F(1, 18) = 4.48, p = .048 (see Figure 

2C). 

Sucrose 

A series of repeated measures ANOVAs were conducted to assess the effect of CDP and 

the inhibition of the CeA on palatability as measured by licking behaviors in response to a 

sucrose solution. There was a significant main effect of CDP on the number of licks within a 

meal for both the aCSF and the CNO conditions such that there was an increased number of meal 

licks, F(1, 12) = 8.481, p = .013 (see Figure 3A). There was no significant main effect of CDP on 

meal duration in either the aCSF or the CNO condition (see Figure 3B).  

There was a significant main effect of the CeA in response to CNO such that the number 

of bursts increased when given CNO as compared to aCSF, F(1, 12) = 4.725, p = .05 (see Figure 

4A). There was also a significant main effect of CeA in response to CNO such that the size of the 

burst increased when given CNO as compared to aCSF, F(1, 12) = 4.725, p = .05 (see Figure 

4B). There was a significant main effect of CDP on pause duration across both the aCSF and 

CNO conditions such that pauses decreased under the influence of CDP as compared to saline, 

F(1, 12) = 25.042, p < .001 (see Figure 4C). 

Interlick Interval (ILI) 

 A series of repeated measures ANOVAs were conducted to assess the effect of CDP and 

the inhibition of the CeA on the average number of ILI less than 250 ms in response to 
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consumption of 0.3 M sodium chloride and 0.2 M sucrose solution. In response to the sodium 

chloride solution, there was a significant main effect of CDP on the average number of ILI such 

that ILI increased under the influence of CDP as compared to saline across both the aCSF and 

the CNO conditions, F(1, 18) = 85.425, p < .001 (see Figure 5A). Similarly, when consuming the 

sucrose solution, there was a significant main effect of CDP on the average number of ILI such 

that ILI increased under the influence of CDP as compared to saline across both the aCSF and 

the CNO conditions, F(1, 18) = 85.555, p < .001 (see Figure 5B). Figure 6A and B show the 

effect of aversive versus appetitive tastant quality on oromotor behavior. In general, appetitive 

tastants produce approximately 5% ILIs in the range between 250 and 1000 ms. With aversive 

tastants, ILI percent above 250 ms increases to approximately 10% due to the rat presumably 

performing oromotor behaviors like gapes. Similar to previous research, ILI percent above 250 

ms decreases under the influence of BZD. This decrease is interpreted as the previously aversive 

tastant becoming more palatable due to the BZD and therefore the rat is not performing the same 

amount of gapes. As seen in Figure 6A, the percent of ILIs above 250 ms increases when the 

CeA is inactivated in the presence of BZD, presumably attenuating the effect of BZD. There are 

no significant main effects or interactions of percent ILI above 250 ms due to high variability 

within each condition.  

Lick in the first minute 

 A series of repeated measures ANOVA were conducted to assess the effect of CDP and 

the inhibition of the CeA on the number of licks in the first minute of testing during consumption 

of 0.3 M sodium chloride and 0.2 M sucrose solution. In response to the sodium chloride 

solution, there was a significant main effect of CDP such that licks increased when given CDP as 

compared to saline in the first minute across both the aCSF and the CNO conditions, F(1, 18) = 
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30.565, p < .001 (see Figure 7A). In response to the sucrose solution, there was a significant 

main effect of CDP such that licks increased when given CDP as compared to saline in the first 

minute across both the aCSF and the CNO conditions, F(1, 12) = 25.753, p < .001 (see Figure 

7B).  

Discussion 

The purpose of this study was to examine the role of CeA projections to the PBN on 

licking behavior to appetitive and aversive tastants, with the use of the DREADD technique to 

selectively inactivate the CeA in the presence of CNO, within the PBN. It was hypothesized that 

if the increased GABA input influenced by the BZD agonist is originating from the CeA as 

predicted, activation of the CNO will attenuate the drug’s effect. Contrary to this hypothesis, the 

results showed that there was an effect of BZD even with the CeA selectively inactivated. 

Sodium Chloride 

 The results showed that subjects significantly increased meal licks when given CDP as 

compared to saline but there was no difference between the groups in meal duration. This finding 

suggests that the subjects that received CDP were licking more within a meal but doing so in the 

same amount of time as the subjects that received saline. The results showed that the way in 

which subjects licked more in a meal under the influence of CDP was by increasing the average 

number of licks per burst. Furthermore, the subjects significantly decreased the average pause 

duration, therefore, allowing the subjects to compress even more licks per burst within 

equivalent meal durations. The results also showed that the subjects that received CNO, which 

inhibited activity in the CeA, decreased the average pause duration as compared to subjects that 

received aCSF. When examining the data further, it seems as if the effect was even greater when 

subjects received both CDP and CNO as compared to saline and CNO. These findings suggest 
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that the inhibition of the CeA in conjunction with CDP causes the subjects to be highly 

motivated to lick, even with an aversive tastant such as sodium chloride, thereby suggesting this 

behavior could be taste mediated and influenced by the stimulus value signalled from the CeA.  

Sucrose 

 The results showed similar findings to the sodium chloride condition in that subjects 

significantly increased meal licks when given CDP as compared to saline but there was no 

difference between the groups in meal duration. As expected, the overall number of meal licks 

was greater for the appetitive sucrose condition than for the aversive sodium chloride condition. 

This illustrates that despite the activity of the CeA and the influence of CDP, the subjects still 

prefered the appetitive tastant over the aversive tastant. This finding was interesting because the 

subjects in the sucrose condition experienced a limit to meal licks at about 4500 without CDP, 

but the limit increased 22% to 5500 meal licks under the influence of CDP. 

As found in the sodium chloride condition, the results suggested the subjects receiving 

CDP were licking more within a meal but doing so in the same amount of time as the subjects 

that received saline. The results also showed that subjects significantly decreased the average 

pause duration under the influence of CDP, therefore allowing the subjects to compress even 

more licks per burst within a meal. Contrary to the sodium chloride condition, the results showed 

no change in the average pause duration as a response to CNO. When examining the data further, 

one possible explanation could be that the subjects that received CDP experienced a flooring 

effect, in that they were not able to decrease the pause duration any shorter than approximately 

15 seconds. These findings suggest that, despite turning off the CeA, the subjects still found the 

sucrose tastant to be appetitive, especially when given CDP, indicating that the effect is likely 

taste mediated.  
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In contrast to the sodium chloride data, the subjects that received CNO, to inactivate the 

CeA, significantly increased the average number of bursts within a meal. The results also showed 

that the subjects significantly increased the average number of licks per burst, as evident with the 

burst size data, in response to CNO. Upon further inspection, there seems to be variability 

between the group that received saline and CNO as compared to the group that received CDP 

and CNO such that there was a greater effect in subjects that received CDP and CNO but there 

was no significant interaction. These findings may be elucidated after verifying cannula 

placements and excluding incorrect placements from the analysis. 

Interlick Interval (ILI) 

 In both the sucrose and sodium chloride conditions, the subjects that received CDP 

significantly increased the average ILI by about 30 ms per lick as compared to the subjects that 

received saline. These findings suggest that under the influence of CDP, the subjects experience 

motor and cognitive impairment but still manage to increase total consumption through licks per 

burst and shorter pause durations when compared to subjects that received saline. When 

examining percent ILI above 250 ms, there is a difference between CDP and saline specifically 

found in the sodium chloride condition. This is most likely due to the effect of the BZD agonist 

on the subjects’ oromotor reactions, such as gaping when experiencing an aversive tastant. CDP 

presumably reduces the number of gapes suggesting that CDP also makes the sodium chloride 

less aversive and more appetitive, thereby causing significantly more meal licks, licks per burst 

and less pauses with subjects that received CDP as compared to saline. We do not see the same 

effect of BZD reducing the percent of ILIs greater than 250 ms for sucrose, which could be 

explained by the already appetitive nature of sucrose. Furthermore, percent ILI above 250 ms 

slightly increased when the CeA was inactivated under the influence of BZD suggesting that the 
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effects of BZD were attenuated and sodium chloride became less palatable. This finding suggests 

that projections from the CeA may be partially or fully responsible for the BZD increase in 

palatability but there was high variability within this condition. After verifying cannulae 

placement in both the CeA and the PBN, incorrect placements may be excluded from the data 

reducing the variability and increasing the effect size. 

Licks in first minute 

 The number of licks in the first minute was analyzed because there is not an opportunity 

for the PBN to receive feedback from other organs, such as the stomach, signalling satiety or 

reward in the first 60sec of the test session. This means that the licking is motivated exclusively 

by taste, rather than postingestive signals. The results showed that, for both the sodium chloride 

and the sucrose conditions, CDP significantly increased the number of licks in the first minute of 

testing as compared to saline. These findings show the influence of CDP on the palatability of 

both tastants because the subjects responded similarly when exposed to sodium chloride, an 

aversive tastant, and sucrose, an appetitive tastant. There was no effect of inactivating the CeA 

suggesting that the CeA may not be involved in altering taste palatability. 

Conclusions and Future Studies 

 A majority of these findings coincide with previous studies that show similar effects of 

BZD on palatability (Pittman et al., 2012). There was little data suggesting a significant effect of 

the CeA on the variables tested. One reason for the lack of effect could be that the CeA is not 

that only pathway that affects the PBN. It could be that other pathways compensate when the 

CeA is inactivated, therefore negating the effects of the DREADD injection. One way to 

ameliorate this interaction could be to test multiple sites at once to find which pathways or 

combination of pathways are necessary for the BZD-mediated changes in signalling the PBN. 
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may or may not overlap when signalling the PBN. Another way to manipulate this effect would 

be to use the DREADD to stimulate, rather than inhibit, the CeA. If the data from the current 

study holds true in that the CeA plays a small role in influencing the PBN, then stimulating the 

CeA should not produce any significant effects either. Finally, it has been seen in previous 

studies that waiting 45 minutes to begin testing after injecting whole body CNO produced more 

robust results. Therefore, it may be beneficial in future studies to include a delay in the protocol 

between microinjections and the test session. 

  



CENTRAL AMYGDALA AND INGESTIVE BEHAVIOR  18 
 

References 

Berridge, K. C., & Peciña, S. (1995). Benzodiazepine, appetite, and taste palatability. 

Neuroscience and Biobehavioral Reviews, 19(1), 121-131. 

Bradley, R. M., & Stern, I. B.  (1967).  The development of the human taste bud during the foetal 

period. Journal of Anatomy, 101(4), 743-752. 

Chen, X., Choo, H., Huang, X., Stone, O., Roth, B., & Jin, J. (2015). The first-structure-activity 

relationship studies for receptors exclusively activated by designer drugs. ACS Chemical 

Neuroscience, 6(3), 476. 

Cooper, S. J. (2005). Palatability-dependent appetite and benzodiazepines: New directions from 

the pharmacology of GABAA receptor subtypes. Appetite, 44, 133-150. 

Galvin, K. E., King, C. T., & King, M. S. (2004). Stimulation of specific regions of the 

parabrachial nucleus elicits ingestive oromotor behaviors behaviors in conscious rats. 

Behavioral Neuroscience, 118(1), 163-172. 

Herbert, H., Moga, M. M., & Saper C. B. (1990). Connections of the parabrachial nucleus with 

the nucleus of solitary tract and the medullary reticular formation in the rat. The Journal 

of Comparative Neurology, 293, 540-580. 

Jia, H. G., Zhang, G. Y., & Wan, Q. (2005). A GABAergic projection from the central nucleus of 

the amygdala to the parabrachial nucleus: An ultrastructural study of anterograde tracing 

in combination with post-embedding immunocytochemistry in the rat. Neuroscience 

Letters, 382, 153-157. 

Karimnamazi, H., Travers, S. P., & Travers, J. B. (2002). Oral and gastric input to the 

parabrachial nucleus  of the rat. Brain Research, 957, 193-206. 



CENTRAL AMYGDALA AND INGESTIVE BEHAVIOR  19 
 

Marchant, N. J., Whitaker, L. R., Bossert, J. M., Harvey, B. K., Hope, B. T., Kaganovsky, K., 

Adhikary, S., Prisinzano, T. E., Vardy, E., Roth, B. L., and Shaham, Y. (2015). 

Behavioral and physiological effects of a novel kappa-opioid receptor-based DREADD in 

rats. Neuropsychopharmacology, 1-8.  

Meyerhof, W. (2005).  Elucidation of mammalian bitter taste.  Reviews of Physiology, 

Biochemistry, and Pharmacology, 154, 37-72. 

Nelson, G., Hoon, M. A., Chandrashekar, J., Zhang, Y., Ryba, N. J. P., & Zuker, C. S. 

(2001).  Mammalian sweet taste receptors.  Cell, 106(3), 381-90 

Northcutt, R. G. (2004).  Taste buds: Development and evolution.  Brain, Behavior and 

Evolution, 64(3), 198-206. 

Oka, Y., Butnaru, M., Von Buchholtz, L., Ryba, N. J., & Zuker, C. S.  (2013).  High salt recruits 

aversive taste pathways.  Nature, 494(7438), 472-475. 

Pittman, D. W., McGinnis, M. R., Richardson, L. M., Miller, E. J., Alimohamed, M. L., & Baird, 

J. P. 2012. Multiple processes underlie benzodiazepine-mediated increases in the 

consumption of accepted and avoided stimuli. Chem Senses, 37(5), 431-444. 

Simon, M. J., Garcia, R., Zafra, M. A., Molina, F. & Puerto, A. (2007). Learned preferences 

induced by electrical stimulation of a food-related area of the parabrachial complex: 

Effects of naloxone. Neurobiology of Learning and Memory, 87, 332-342. 

Witt, M., & Reutter, K.  (1996).  Embryonic and early fetal development of human taste buds: A 

transmission electron microscopical study.  The Anatomical Record, 246(4), 507-523. 

Yamamoto, T. (2008).  Central mechanisms of roles of taste in reward and eating.  Acta 

Physiologica Hungarica, 95(2), 165-186. 



CENTRAL AMYGDALA AND INGESTIVE BEHAVIOR  20 
 

Yamamoto, T., & Ueji, K. (2011). Brain mechanisms of flavor learning. Frontiers in Systems 

Neuroscience, 5, 1-7. 

Yarmolinsky, D. A., Zuker, C. S., & Ryba, N. J. P. (2009).  Common sense about taste: From 

mammals to insects.  Cell, 139(2), 234-244. 

Zafra, M. A., Simon, M. J., Molina, F., & Puerto, A. (2002). The role of the external lateral 

parabrachial subnucleus in flavor preferences induced by predigested food administered 

intragastrically. Brain Research, 950, 155-164. 

  



CENTRAL AMYGDALA AND INGESTIVE BEHAVIOR  21 
 

    

 

 

 

 

 

 

Figure 1. Meal licks (A) and meal duration (B) for sodium chloride comparing CDP to saline 

and aCSF (CeA-control) to CNO (CeA-inactivated). Error bars represent standard error.
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Figure 2. Number of bursts (A), average burst size (B) and average pause duration (C) for 

sodium chloride comparing CDP to saline and aCSF (CeA-control) to CNO (CeA-inactivated). 

Error bars represent standard error.  
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  Figure 3. Meal licks (A) and meal duration (B) for sucrose comparing CDP to saline and aCSF 

(CeA-control) to CNO (CeA-inactivated). Error bars represent standard error. 
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Figure 4. Number of bursts (A), average burst size (B) and pause duration (C) for sucrose 

comparing CDP to saline and aCSF (CeA-control) to CNO (CeA-inactivated). Error bars 

represent standard error. 
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Figure 5. Average interlick interval under 250 ms for salt (A) and for sucrose (B) comparing 

CDP to saline and aCSF (CeA-control) to CNO (CeA-inactivated). Error bars represent standard 

error. 
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Figure 6. Percent interlick interval above 250 ms for salt (A) and for sucrose (B) comparing 

CDP to saline and aCSF (CeA-control) to CNO (CeA-inactivated). Error bars represent standard 

error 
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Figure 7. Licks in the first minute for salt (A) and sucrose (B) comparing CDP to saline and 

aCSF (CeA-control) to CNO (CeA-inactivated). Error bars represent standard error. 
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