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Abstract 
 
The appropriate evaluation of reward and punishment is critical to mammalian 

survival, and its disruption contributes to numerous psychiatric illnesses. Few animal 

models capture this tension and rely on learned fear rather than assessment of affective 

valence. In contrast, conditioned taste aversion (CTA) is a behavioral paradigm in which 

a palatable substance is paired with an aversive visceral experience, generally an 

injection of a nausea-inducing agent such as lithium chloride (LiCl), to produce aversion 

to the substance at subsequent exposure. CTA utilizes a critical decision-making 

mechanism for assessing the relative danger or safety of a stimulus. This process has 

broad implications in human psychology and mental health disorders, including anorexia 

nervosa, anxiety, and post-traumatic stress disorder. Although these disorders all show 

female predominance, understanding the neural circuits activated in CTA is 

fundamentally understudied in females. 

The purpose of the present study was to test the hypothesis that males and females 

differentially process rewarding and aversive stimuli. We used ultrasonic vocalizations 

(USVs) as a means of assessing affective valence and found striking sex differences. 

Males produced 55 kHz USVs, associated with a positive emotional valence, when 

anticipating a reward, and inhibited these calls when the reward was devalued with LiCl. 

Females produced 55 kHz based on their estrous cycle, but were more likely to make 22 

kHz vocalizations, associated with a negative emotional valence, when anticipating the 

devalued stimulus.  

We measured c-fos response to each of the acute and conditioned stimuli during 

CTA. C-fos responses were similar in males and females after boost or LiCl. Females 
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engaged the gustatory cortex and ventral tegmental area more than males during the 

reinforcing task and males engaged the amygdala more than females in both the 

reinforcing and devalued tasks. 

We used a new technology, RNAScope, to identify a population of dopamine 

receptor-expressing neuronal subtypes that are activated in the process of balancing 

reward and aversion during CTA. We found that the central nucleus of the amygdala 

(CeA) responds to hedonic and aversive stimuli in a cell-specific manner. The basolateral 

amygdala (BLA), in contrast, did not show receptor-type cell specificity.  The BLA 

showed a strong response in the females regardless of treatment group. In contrast, males 

engaged the BLA when treated with LiCl and during expression of the CTA tasks. The 

BLA processes affective valence and current studies suggest it is necessary for supporting 

motivated behavior. The present study suggests that males and females differentially 

process the affective valence of a stimulus to produce the same goal-directed behavior. 

Further studies on the mechanisms underlying these differences will broaden our 

understanding of how the amygdala differentially processes reward and aversion in males 

and females, which could result in new therapeutic targets for the treatment of a variety 

of neurobiological and psychiatric disorders. 

We also used a separate but complementary behavioral conditioning paradigm, 

conditioned nausea, as a model of chemotherapy-induced anticipatory nausea. Twenty-

five to fifty % of chemotherapy patients will develop anticipatory nausea and vomiting 

(ANV), in which symptoms occur in anticipation of treatment. ANV is triggered by 

environmental cues and shows little response to traditional antiemetic therapy, suggesting 

unique neural pathways mediate this response. 
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We used a rat model of ANV that pairs a novel context (test cage) with a high 

dose of the emetic drug lithium chloride (LiCl) to produced conditioned nausea behaviors 

in the LiCl-paired environment even in the absence of the toxin. Male and female rats 

were treated on days 0, 2, 4, and 6. On day 8, they were placed in the context and we 

measured gaping, an analogue of human vomiting. To identify brain regions associated 

with acute LiCl and ANV, we measured c-fos activation by immunohistochemical 

staining on days 0 and 8. We found both male and female rats exhibited gaping at equal 

rates but showed remarkable sex differences in their c-fos response. Acute LiCl activated 

brain regions responsive to aversive visceral stimuli, including the central nucleus of the 

amygdala (CeA), nucleus of the solitary tract (NTS), and area postrema (AP) that were 

not active during ANV. ANV activated c-fos expression in the frontal cortex and insula 

of males but not females. These data suggest that therapies such as ondansetron which 

target the AP are not effective in ANV because it is not a site activated during the ANV 

response. Further studies aimed at characterizing the cell types activated in the 

conditioned nausea response will help identify novel therapeutic targets for the treatment 

of this condition, improving both quality of life and outcomes for patients undergoing 

chemotherapy. 
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1. Introduction 
 
This dissertation addresses two related but distinct forms of conditioned learning 

based on visceral stimuli: conditioned taste aversion (CTA), which balances hedonic and 

aversive stimuli, and conditioned nausea (CNz), which pairs an aversive stimulus with a 

novel context. In this introduction, I will address each of these behavioral paradigms 

separately in two sections. The results of each study will be presented, and a comparison 

of the two outcomes will be provided at the conclusion of the discussion.   

1.1 Conditioned Taste Aversion 
 
CTA is a classical conditioning paradigm that pairs a palatable substance with an 

aversive visceral experience, such as the emetic agent lithium chloride (LiCl), producing 

an aversion to the substance at subsequent exposure. Unlike many other classical 

conditioning paradigms, in which an aversive stimulus is paired with a neutral cue, the 

use of a palatable substance in CTA requires the animal to process the affective valence 

of the reward versus the aversion.  

CTA is a critical evolutionary behavior to prevent the further consumption of 

foods that may be toxic. Foods that cause nausea may be toxic, and therefore must be 

avoided. Many species, including humans, experience conditioned taste aversion [1, 2]. 

CTA is unusual in its ability to form robust conditioning with only a single pairing [3, 4], 

and the hedonic and aversive stimuli need not overlap temporally for learning to occur [5-

8]. The aversive stimulus can be administered up to several hours after the initial tastant 

and still produce CTA. This is in stark contrast to other forms of behavioral conditioning, 

in which conditioned stimulus (CS – usually a tone or light) and unconditioned stimulus 

(US – such as footshock) pairing must occur within seconds [9]. This stands to reason, as 
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the nature of digestion is such that the effects of a toxin may not be felt for minutes to 

hours after consumption. 

CTA as a field was borne from an attempt to control the rodent population in the 

foxholes during World War II. Scientists found that animals tended to avoid novel foods, 

a concept known as neophobia. Thus, they were eating sublethal doses of the toxic food, 

felt ill effects from the toxin, and would then avoid the food. To overcome this hurdle, 

they allowed the rats to habituate to the novel food without the poison first before 

offering the toxin-laced food, a strategy that proved more effective. Their work was later 

built upon by a psychology student named John Garcia who noticed a similar 

phenomenon in the rats he was treating with radiation. Garcia’s work laid the 

groundwork for the field of CTA. 

1.1.1 The CTA paradigms 

The aversive experience must be visceral to produce CTA: Footshock and other 

non-visceral aversive experiences reduce consumption of the CS (traditionally saccharin) 

but not palatability, as measured by orofacial response to the CS, while visceral aversive 

experiences will cause a reduction in both consumption and palatability [10, 11]. 

There are three models of CTA: water- and/or food-deprived, administration via 

intraoral cannula, and non-deprived. Each model has unique qualities and behavioral 

outputs. The first, in which animals are deprived, requires that the animal choose between 

consuming a substance that made it sick, or consuming nothing at all. This type of CTA 

engages the brain in very different ways than non-deprived (see 1.2 below). 

The second method uses intraoral cannulas (IO) to force the animal to taste a 

substance that was previously paired with an emetic agent. This method is typically used 
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for measuring palatability, disgust, or other behavioral measures of the changed hedonic 

value of the stimulus. Orofacial motions and reactions are used as a means of assessing 

the aversiveness or palatability of the CS [12, 13]. These animals are also sometimes 

water- or food-deprived during training.  

The non-deprived model of CTA allows animals to drink and eat ad libitum 

between training sessions. This method of CTA produces a more robust aversion than in 

the deprived condition, as the animal is able to simply not drink the substance, rather than 

forcing the animal to decide between drinking something that made it sick, or remaining 

deprived [14]. It is interesting to note that in palatability studies, animals that are water-

deprived have less of a reduction in palatability than animals that are not deprived [14]. 

This suggests that the circuit that would normally cause a shift from hedonic to aversive 

is impaired by deprivation. 

1.1.2 Is CTA a model for anxiety disorders? 

The ability to properly evaluate the relative safety of a stimulus is critical to 

survival across species. Disruption to this mechanism contributes to a range of mental 

health disorders, including anxiety disorders such as generalized anxiety, obsessive 

compulsive disorders, and post-traumatic stress disorders [15-19]. Anxiety disorders are 

one of the most common neuropsychiatric disorders, with a lifetime prevalence of 28.8% 

[20]. Perturbations in the ability to assess the relative danger or safety of a situation is a 

key component that drives anxiety disorders.  

In a review article, Stephen Maren describes fear conditioning as “learning that 

certain environmental stimuli predict aversive events…Evolution has crafted this form of 

learning to promote survival in the face of present and future threats, and it is an essential 
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component of many mammalian defensive behavior systems” [21].  Whether CTA 

corresponds to a form of fear learning or an animal model of anxiety is a matter of 

debate. As far back as the 1940s, food aversion was correlated with anxiety in people 

[22]. However, the possibility that gastric distress, a common symptom of anxiety, may 

cause misappropriated food aversions was not considered [22, 23]. Some studies show 

correlations in the c-fos activation in CTA extinction and extinction of fear learning 

paradigms [24, 25], suggesting these processes may be similar. Anxiogenic drugs 

themselves can induce CTA, although the animals in these studies were not assessed for 

nausea behavior [26]. Others take the evidence that CTA is very difficult to attenuate 

pharmacologically, even with a reduction in nausea behavior, as evidence that CTA is a 

form of conditioned fear [27]. But what would be causing the fear, if not the nausea? 

Additionally, the pairing of the palatable substance with the emetic agent creates a 

complexity not found in traditional fear-learning. 

Animal models of anxiety disorders are often categorized into state anxiety and 

trait anxiety paradigms [28-30]. State anxiety is measured by putting an animal in an 

acutely stressful situation, such as exposure to a predator [31-33], often followed by a test 

in the elevated plus maze to assess changes to anxiety-like behavior [34]. Trait anxiety 

paradigms assess an animal’s unmanipulated baseline level of anxiety, such as the light-

dark box or the elevated plus maze without a prior stressor. Decreases in the animal’s 

exploratory behavior is correlated with higher levels of trait anxiety [35]. Objective 

measures of stress, both behavioral and by analysis of plasma blood stress hormones such 

as glucocorticoids, would be helpful in assessing if the CTA task is acutely stressful, and 

therefore a model of state anxiety. However, these measures would likely differ between 
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modalities (see 1.1.1 above). Ervin and Cooper [36] found that anxiolytic drugs increased 

drinking behavior of devalued saccharin in water-deprived rats, but only in a one-bottle 

test. If rats were also offered water, they did not increase saccharin consumption. In other 

words, the anxiolytics did not affect memory recall, but reduced inhibition of drinking 

behavior when other options of satiating their thirst were unavailable. This study suggests 

that the water-deprivation model of CTA is likely to be more acutely stressful when the 

animals cannot satiate their thirst with a known safe substance. In addition, studies show 

that food deprivation is associated with increased glucocorticoid levels in the blood [37, 

38], suggesting deprivation is an acutely stressful experience. This emphasizes the value 

of a CTA method that does not require food or water deprivation. 

Animals, like people, are differentially responsive to both the rewarding and 

aversive stimuli. Some find the hedonic stimulus more rewarding than others, and some 

are more sensitive to the aversive stimulus [39-41]. The decision to drink therefore takes 

into consideration three essential components: the reinforcing nature of the CS, the 

aversiveness of the US, and the animal’s internal state when offered the devalued CS (the 

CTA task). Correlating CTA behavior with a trait anxiety test like the light-dark box may 

be useful to assess if CTA has some qualities of a trait anxiety paradigm. In other words, 

an animal with high trait anxiety may show increased aversion to the CS.      

Traditional fear conditioning paradigms, in which a neutral cue is paired with an 

aversive stimulus to produce a conditioned response [42-44], offer important insight into 

the formation and retrieval of fear memory [45-48]. Where these paradigms differ from 

CTA is in performance of the task. CTA requires assessing relative danger or safety of a 

stimulus, which may better recapitulate real-world decision making. Unlike fear 
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conditioning, in which the punishment is exclusively aversive, CTA requires the animal 

to assess the balance of reward and aversion. This balance requires not only a memory of 

the aversive experience, but an assessment of the animal’s own internal state. This is why 

the deprivation modalities of CTA produce less robust aversion than satiated animals. An 

animal that can simply choose not to drink the devalued substance will weight the reward 

and aversion differently than a deprived animal.  

CTA is, ultimately, a more complex behavior than traditional fear learning 

paradigms, although it does share some characteristics with traditional fear conditioning. 

CTA is also unique in that it is a form of long-delay learning. It is the nature of gastric 

illness that a toxin may take minutes or hours to cause illness. CTA is therefore a highly 

useful model for better understanding learning and memory formation/retrieval, as well 

as complex decision-making regarding the valence of a stimulus. 

1.2 The Neural Circuit of Conditioned Taste Aversion 
 
The expression of c-fos, an immediate early gene and transcription factor, is 

widely used as a marker of neural activity. C-fos is important for learning CTA: One 

study showed that acute silencing of c-fos prevented CTA acquisition and extinction [49]. 

Another demonstrated that c-fos is necessary acutely, but chronic deficiency in c-fos -/- 

mice did not disrupt CTA acquisition, likely due to upregulation or compensation by 

other transcription factors [50].     

The process of elucidating the neural circuitry of CTA must consider several 

different conditions, stages of the task, and types of stimuli. Most c-fos studies of CTA 

consider neural activation in response to the task. Other studies focus on the c-fos 

response to acute LiCl, or to a sweet tastant. These are described below. But to gain a 
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deeper understanding of the neural circuitry, an examination of each of these conditions 

should be considered in conjunction with one another. This has not been done in the 

literature. 

The modality of CTA expression or administration of the CS or US can have 

profound effects on the c-fos response. Montag-Sallaz et. al. [51] found increases in the 

parietal and cingulate cortex, as well as the amygdala, after animals were given a novel, 

but not a familiar, tastant. The loss of a c-fos response to the familiar taste may reflect 

latent inhibition, a habituation to a taste that results in an attenuated CTA [52, 53]. 

Whether the animal is food- or water-deprived can also have profound effects on c-fos 

expression following exposure to a novel sweet taste. In particular, the basolateral 

amygdala [54] and nucleus accumbens [55] are highly responsive in the deprived, but not 

satiated, conditions. Conversely, excitotoxic lesions of the amygdala were found to 

eliminate CTA using the IO method, but not the bottle-trained method [56, 57]. 

LiCl, the US, acts directly on the area postrema (AP) to induce the emetic 

response. Activation of the AP and vagal afferents to the NTS trigger the emetic 

response. The NTS controls many of the autonomic and neuromuscular signals. Signals 

converge in the parabrachial nucleus (PBN), sends outputs to the thalamus and amygdala. 

The amygdala has reciprocal connections to the insular cortex (IC) and frontal cortex 

(PFC), with which it communicates the interoceptive signals that reflect the animal’s 

internal state [58-61].  

The importance of the AP to the vomiting response was assessed in a lesion study 

by Spencer et. al. [62] that quantitated its c-fos response in animals treated with LiCl 

after AP-disrupting or sham lesions. Animals with AP lesions had a reduced CTA to LiCl 
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and decreases in c-fos expression in the central nucleus of the amygdala (CeA) and 

paraventricular nucleus (PVN). The CeA showed a moderate reduction in c-fos, whereas 

the PVN showed a substantial (return to baseline) reduction in c-fos. The supraoptic 

nucleus (SON), which produces oxytocin, showed no change in c-fos expression, 

suggesting inputs to the SON may come from a circuit that does not involve the AP.  

Interestingly, there is significant overlap between brain regions that are 

responsive to acute LiCl and those that are responsive to a novel sweet taste. The NTS, 

PBN, CeA, BLA, and IC are all responsive to both acute LiCl and novel sweet taste [63-

67]. As CTA is a form of long-delay learning, the CS-US pairing need not overlap 

temporally in order to produce a robust aversion. Increased time between CS-US pairing 

decreases learning, but delays of up to several hours may still produce a CTA [68]. How 

these circuits converge in order to produce a CTA is an area of active investigation. 

The amygdala is a particular area of interest in studies that are interested in CTA 

expression. See 1.4.1 for a more detailed description of the amygdala and its role in CTA. 

There are two areas of CTA in which the neural circuits are critically 

understudied. The first is how the neural circuit functions in females, of which virtually 

no studies exist in the context of CTA. See 1.3 below for a more detailed discussion of 

the importance of studying female rats. This is especially important given that so much 

attention is paid to the amygdala in CTA. Blume et. al. [69] showed that the BLA in 

females demonstrated remarkable changes in neuronal activity and inhibition-excitation 

balance throughout the estrous cycle. Increased inhibition during proestrus coincided 

with increased rate of fear extinction.  
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The second area of critical importance that is understudied in CTA is the 

comparison of the neural circuit of the aversive stimulus to the hedonic stimulus. This 

comparison is important for understanding not only the decision-making process during 

CTA expression, but also to better clarify how these two competing signals might 

converge in CTA acquisition to produce long-delay learning. One goal of this thesis was 

to begin to answer this question. 

1.3 The Importance of Sex Differences 
 
Despite the well-established behavioral differences in classical conditioning 

paradigms, animal models of neuropsychiatric disorders rarely use female subjects. 

Indeed, only 2% of CTA studies utilize female rodents [70]. This is in spite of the fact 

that females are disproportionately affected by anxiety-related disorders, including post-

traumatic stress disorder, obsessive-compulsive disorder, generalized anxiety, and 

phobias [19, 71-75]. Still, female rodents are critically understudied in animal models of 

neuropsychiatric disorders. 

The history of this neglect, aside from the obvious sexism in science, is due to the 

concern that the female reproductive cycle will cause results to be too erratic, and that 

females and males are similar enough that studying only males is sufficient [76]. Both of 

these beliefs are not erroneous, but dangerous, and slow the progress of understanding the 

biological basis of sex differences in behavior and psychiatric disease. The inclusion of 

female subjects in studies is increasing, but slowly, and this remains an area of critical 

need. 
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1.3.1 Neurobiological sex differences 

The rodent brain is highly sexually dimorphic [77-85]. Much of this is due to the 

critical window of brain development in adolescence, which overlaps with puberty, a 

time of dramatic increase in the release of reproductive hormones.  This developmental 

overlap also occurs in humans [86-89]. During this time, sexual dimorphisms emerge as 

the result of three processes: Increased and more sustained cell number leading to 

increased volume of gray matter, enhanced cell death, and remodeling of cortical and 

subcortical synaptic organization [88]. As a result, certain brain regions have different 

volumes and connectivity to other parts of the brain. 

In rats, the peri-pubertal age is generally considered to be from approximately 

post-natal (PN) days 30-40 in females, and PN35-55 in males [90]. During this time, 

there is significant remodeling of cortical and limbic brain areas that coincide with a 

variety of behavioral changes as well, such as a peak in novelty-seeking behavior, 

changes in food intake behavior, and an increased appetite for ethanol [91, 92].  

Steroid hormones influence brain development by modulating neuronal survival, 

neurogenesis, neurite outgrowth, synaptogenesis, receptor expression, neurotransmitter 

synthesis, and neuronal excitability [87, 93]. These changes are driven by both plasma 

hormone levels of gonadotropin hormones (LH and FSH), prolactin, and the gonadal 

steroids [86, 88].  There are dramatic sex differences during pubertal development in the 

plasma blood levels of these hormones. Androgens stay relatively low throughout the 

perinatal and pubertal period in females. In males, androgens are higher from PN1-19, 

depress slightly in the prepubertal age, then increase steadily to adult levels during 

puberty. Progesterone, in contrast, is low until puberty, before showing large increases as 
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estrous cycle commences in females. Interestingly, levels of estradiol are fairly similar 

between the sexes throughout the perinatal age and through puberty [86].  

Reproductive hormone receptor expression in the brain is one critical component 

driving the organizational changes that occur during puberty. mRNA analysis of the rat 

brain demonstrated that androgen and estrogen receptors (AR/ER respectively) show 

heavy labeling in parts of the brain associated with hormonal control of reproductive 

behavior. However, the pattern of AR and ER show high levels of dimorphism 

throughout the brain. In the amygdala, for example, the lateral subnucleus of the central 

nucleus (CeL) has more ER than AR, while the medial subnucleus (CeM) has more AR 

than ER [94]. The amygdala is a critical brain region for the development and expression 

of CTA, and sex differences in the neurobiological development of the amygdala may be 

relevant to behavioral differences seen in the CTA paradigm.  

Adolescent male rats show decreased CTA to ethanol, cocaine, and LiCl relative 

to adult males [95-97]. One possibility to explain this finding is that adolescent males are 

less sensitive to CTA due to an overall hyperphagia during a period of rapid growth. 

Adolescent female rats are more sensitive than adolescent male rats to ethanol-

induced CTA [98]. Unpublished data (Figure 1) from our lab showed a similar pattern, in 

which female adolescent rats showed a similar level of CTA as adult females, whereas 

adolescent males were relatively insensitive to CTA. These data support the hypothesis 

that the neural network emerges earlier in females, and it is therefore possible that there 

are fundamental differences in the connectivities of this circuit between males and 

females. 
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Figure 1 - CTA in Adult and Adolescent Males and Females to LiCl 
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D2/D1 ratio in adult and adolescent male and female rats to 38 mg/kg LiCl. N =9-
13/group. Data shown as mean ± SEM. 

 

1.3.2 Behavioral sex differences 

It is known that female rodents tend to perform better in classical eyeblink, fear-

potentiated startle, and in most operant conditioning tasks. Males are quicker to learn 

classical fear-conditioning paradigms, as well as CTA, and are more resistant to 

extinction [99]. Females are less sensitive to CTA at lower doses of the aversive 

stimulus; this difference diminishes when dose increases [100]. The most obvious sex 

differences occur during extinction, in which the devalued stimulus is offered in the 

absence of the toxin until normal drinking behavior resumes [99, 101-105]. Exogenous 

testosterone lengthens the time to extinction in both sexes, while estradiol decreases time 
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to extinction when given at specific points during the extinction process [106-109]. 

Castration of males accelerates extinction [107], whereas ovariectomy has no effect 

[108].  

The role of estradiol in extinction is an interesting one. One study found that 

when estradiol was administered in ovariectomized females before extinction studies, it 

accelerated the extinction of the aversive association. One caveat of this study is that 

estradiol was administered exogenously to ovariectomized rats. The authors concluded 

that the estradiol’s mildly aversive properties drove extinction by generalizing the 

feelings of malaise; in other words, the animals were mildly nauseous throughout their 

experiment, making them less likely to connect the aversive stimulus to the CS [110].  

While much is made of the sex differences in CTA expression and extinction, 

there is to date little known about their underlying mechanisms. The relative insensitivity 

to lower doses of LiCl in females may be related to an increased reward of the hedonic 

stimulus, or a decreased sensitivity to the aversive one. Comprehensive behavioral 

studies that include nausea-related behaviors can help to clarify the relative sensitivity of 

females to the aversive stimulus, and c-fos studies of the neural circuit in key brain 

regions related to reward processing can be useful in determining their relative preference 

for rewarding substances. One goal of this dissertation is to answer these questions. 

1.4 The Amygdala in CTA and a Potential Role for Dopamine 
 

1.4.1 The role of the amygdala in fear and reward 

The amygdala is a complex structure that is involved in emotional processing 

[111, 112]. Historically known for its role in fear, the amygdala is increasingly receiving 

attention for its function in reward-processing as well [113, 114]. The amygdala plays a 
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role in the consolidation of emotionally salient memory, including the initial CS-US 

pairing, as well as extinction memories [115-123]. In humans and animal model systems, 

it is widely studied as a center at which affective valence of environmental stimuli is 

assessed [112, 113, 121, 124-129]. 

The amygdala is subdivided into several nuclei, which are in turn further divided 

into subnuclei. The basolateral amygdala (BLA) is comprised of the lateral and basal 

subdivisions of the amygdala. The central nucleus (CeA) is further divided into the 

central medial (CeM), central lateral (CeL), and central capsular (CeC). 

The BLA and CeA are heavily interconnected, but also send and receive signals 

from many other parts of the brain. Figure 2 shows the network of interconnections 

between the amygdala and other brain regions. The current most compelling hypothesis 

regarding the interactions between the CeA and BLA are the “parallel processing” model, 

in which both the BLA and CeA process different components of the acquisition, 

memory formation, and retrieval of a CS-US pairing [130-132].  

The amygdala is critical for the acquisition of CTA. Lamprecht and Dudai [118] 

injected oligodeoxynucleotides antisense to c-fos several hours before CTA training, 

which inhibited CTA memory. Similarly, Molero-Chamizo and Rivera-Urbina [133] 

compared lesions in different nuclei in the amygdala. They found that only disruption to 

the BLA reduced acquisition of CTA. Lesion studies are difficult to interpret, as it is 

unclear whether the disruption to the amygdala reduces neophobia, and thus the animal 

treats a novel food as something familiar, and the attenuation may therefore be 

considered an effect of latent inhibition [134]. Latent inhibition, in which a familiar food 

is paired with an emetic substance, produces an attenuated CTA [135]. More careful 
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studies using novel technologies such as optogenetics or DREADDs will be useful in the 

future.  

The BLA plays a role in assigning valence to a stimulus [111] and in memory 

retrieval during CTA [136-139]. It contains reciprocal projections with cortical brain 

regions such as the prefrontal cortex (PFC) and infralimbic cortex (IL). As seen in Figure 

2, the IL projects to the intercalated cells (ITC) between the BLA and CeA and may 

modulate communication between the two nuclei [140-142].  

The BLA contains two genetically and functionally distinct neuronal subtypes that 

communicate with the CeA: cortical-like excitatory pryramidal neurons that express 

protein phosphatase 1 regulatory subunit 1B+ (Ppp1r1b+; also known as DARPP-32), and 

parvocellular neurons that express R-spondin 2+ (Rspo2+) [143]. Ppp1r1b+ cells project 

onto dopamine receptor D1 (Drd1) cells in the CeA and promote appetitive behaviors, 

while Rspo2+ neurons project onto dopamine receptor D2 cells to suppress appetitive 

behaviors. 

Rspo2+ and Ppp1r1b+ occupy distinct anatomical locations across the amygdala. 

Rspo2+ cells are found in the more caudal locations of the amygdala, while Ppp1r1b+ are 

in the more rostral part of the amygdala [113, 128]. Many studies, including ours, take 

samples of the BLA from a central location where these two cell types converge. As a 

result, they may miss regions of high levels of activation. These cell types have not been 

studied in the context of CTA expression during retrieval of the memory; this would be 

an important future direction. 

The CeA, in addition to inputs from the BLA via the ITC, receives inputs from 

brainstem regions [144]. The CeA plays a role in mediating motor, autonomic, reflexive, 
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and neuroendocrine responses [111]. Much attention is paid to the complex system of 

peptides that define the neuronal subtypes of the CeA, which account for the ability of 

this brain region to respond to different types of stimuli and promote different responses 

and behaviors [114].  

The cellular subtypes expressed in the CeA vary topographically from rostral to 

caudal, and between the three different subnuclei [114, 145]. Optogenetic studies of these 

neuronal subtypes show how they can promote or inhibit defensive and appetitive 

behaviors [114]. For example, photostimulation of protein kinase C-δ (Prkcd+) neurons 

in the CeC in Prkdc-Cre mice produced a freezing response, while activation of 

somatostatin (Sst), neurotensin (Nts), tachykinin 2 (Tac2) in Cre mice produced self-

stimulation (nose pokes in a light-stimulated port) [114]. These data support the 

hypothesis that cell-specific activation produces specific appetitive (reinforcing) or 

defensive behaviors. These studies also showed that inhibition of Drd1+ neurons in the 

CeM reduced feeding behavior in food- and water-deprived mice but had no effect on 

freezing behavior. Although they quantified the locations and coexpression patterns of 

Drd2+ neurons, they did not assess Drd2+ neurons in appetitive or defensive paradigms. 

These studies raised the question as to the role of Drd1+ and Drd2+ cells in the 

basoloateral and central amygdala. This thesis provides a highly relevant answer to this 

question. 
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Figure 2 - Interconnections of the amygdala 

 

Fernando AB, Murray JE, Milton AL. The amygdala: securing pleasure and avoiding pain. Front 
Behav Neurosci. 2013;7:190. Published 2013 Dec 6. doi:10.3389/fnbeh.2013.00190 
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1.4.2 Dopamine signaling in the brain 

Dopamine (DA) is a neurotransmitter which plays a critical role many important 

functions, including memory, movement, and cognition [121, 146-151]. Disruptions in 

normal DA function is part of the pathology for conditions such as Parkinson’s, 

schizophrenia, and addiction.  

DA exerts its role as a neurotransmitter by binding to G-protein coupled receptors 

(GPCRs). There are 5 DA receptors (Drd1-Drd5), falling into two main categories: 

stimulatory Gαs and inhibitory Gαi. The signaling pathways of each is described in Figure 

3. The 5 dopamine receptors are typically divided into two groups: D1-like (Drd1 and 

Drd5), and D2-like (Drd2-4). D1-like receptors are Gαs receptors, while D2-like are Gαi. 

When activated, D1-like receptors stimulate adenylate cyclase, which in turn increases 

production of cyclic adenosine monophosphate (cAMP), while D2-like receptors inhibit 

cAMP production. cAMP activates protein kinase A (PKA), which in turn promotes 

activation of DARPP-32, also known as Ppp1r1b. As noted in the previous section, 

Ppp1r1b project onto Drd1+ cells in the CeA and promote appetitive behaviors. PKA and 

DARPP-32 activate downstream signaling cascades that promote long-term plasticity. 

Whether differential expression of DARPP-32 may contribute to the neuronal responses 

to DA in the BLA is unknown, but a worthy area of future study. 

Meanwhile, D2-like receptors can activate the phospholipase C pathway (PLC), 

implicated in the formation of fearful memories [152, 153]. The downstream effects of 

PLC activation lead to activation of protein phosphatase 2B (PP2B) and 

Ca2+/calmodulin-dependent protein kinase II (CaMKII), also regulators of long-term 

plasticity [154, 155].   
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Figure 3 - Dopamine signaling in the brain 

 
Abraham AD, Neve KA, Lattal KM. Dopamine and extinction: a convergence of theory with fear 

and reward circuitry. Neurobiol Learn Mem. 2014;108:65-77. doi:10.1016/j.nlm.2013.11.007  
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The differential roles of these two types of receptors vary with their location in 

the brain and the means of activation. D1-like receptors are the most common in the rat 

brain, found in the striatum, nucleus accumbens and olfactory tubercle, as well as 

throughout the limbic system, hypothalamus, and thalamus [156]. D2 receptors are found 

primarily in the striatum, olfactory tubercle, and nucleus accumbens [156].  

Within the amygdala, the D1 receptors are found primarily in the BLA and CeM, 

while D2 receptors are mostly located in the CeL and CeC. A small number of Drd2+ 

cells are present in the BLA. The amygdala receives its dopaminergic inputs from the 

lateral ventral tegmental area, and the medial and dorsal substantia nigra pars compacta 

[157-159]. 

DA in the brain is well known for its role in reinforcing behavior [160-163]. It is a 

critical component of addiction and reward-seeking behavior, and responsive to aversive 

or stressful stimuli [149, 164-168]. While most research is focused on brain regions 

implicated in addiction, such as the accumbens and striatum, there is some data that 

support a role for the amygdala in reward-seeking behaviors as well. Caine et. al. [161] 

found that injection of the D1 receptor antagonist SCH23390 into the amygdala produced 

a rapid increase in cocaine consumption, as blockade of the Drd1+ cells caused a 

decrease in the rewarding effects and therefore required higher levels of self-

administration to achieve the same level of reward. 

1.5 Ultrasonic Vocalizations and the Interpretation of Emotional 
Valence 

 
Many rodents, including rats, can vocalize in both sonic and ultrasonic ranges. 

Two distinct classes of ultrasonic vocalizations (USVs) are reported in adult rats: 22 and 

55 kHz calls, which are shown to correlate with distinct emotional states [169-171]. 



21 
 

Juvenile rats emit 55 kHz, as well as calls in the 40-kHz range. These calls were 

originally thought to be distress calls due to separation from mother and litter; however, 

later studies suggested these calls were in fact related to body temperature [172], as pups 

kept in temperature conditions similar to that of the next make these calls considerably 

less [173]. Functionally, USVs are likely meant to be short-range directional 

communication, as they are easily attenuated by environmental objects and atmospheric 

pressure [170].  

55 kHz calls are of short duration (20-100 ms) and range from 35-70 kHz. There 

is a great deal of variability between individuals in how much animals vocalize; however, 

vocalizations within-subject are consistent between different experimental conditions. 

These calls are emitted in juveniles during rough-and-tumble play [174], in adults in 

anticipation of or during mating [175-177], feeding [178], or expectation of addictive 

drugs, especially psychostimulants [179-181]. 55 kHz calls have a complex and variable 

shape, often with trills or quick movements between relatively lower or higher 

frequencies. Examples of 55 kHz calls can be found in Figure 5a.  

22 kHz calls range from approximately 18-32 kHz and last much longer than 55 

kHz, anywhere from 300-3000 ms. They have a simple, flat, linear shape and often occur 

in bouts of several calls at once. These calls are usually emitted during aversive contexts, 

such as in the presence of a predator [182, 183], during intermale social defeat [184], 

during fear learning paradigms [172, 185, 186], cocaine or morphine withdrawal [187], or 

during the post-ejaculatory period in males [188]. Examples of 22 kHz calls can be found 

in Figure 5b. 
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The connection between 22 kHz USVs and anxiety is complicated: Although rats 

clearly emit these calls during high-anxiety contexts, 22 kHz calls are not observed in the 

elevated plus-maze, considered a landmark anxiety test in rats [170]. A reasonable 

alternative is that vocalizations function as a form of communication between 

conspecifics. This hypothesis is supported by experiments in which playbacks of 

vocalizations were able to induce freezing or defensive postures (when 22 kHz calls were 

played) or promote exploratory behavior (when 55 kHz calls were played) [189, 190]. 

Whether 22 kHz calls can be used as a measure of anxiety is limited by high variability 

between subjects and the fact that not all animals will engage in these vocalizations. The 

reasons for this variability are not well understood. Schwarting and Wohr [170] suggest 

that, since 22 kHz calls can be heard by predators, silence may also be an adaptive 

response (in much the same way freezing may be more adaptive than running away). 

Despite the high level of variability in this behavior, there is much to be gained by 

considering USVs in behavioral paradigms if appropriate caution is taken in 

interpretation of the results. As of now, there is very little research into the expression of 

USVs with the CTA paradigm.  

1.6 Oxytocin as a novel therapeutic target for nausea 
 
Nausea is a highly unpleasant symptom which can be difficult treat [191-195]. 

While there are numerous pharmacotherapies available (see 1.7.1), new therapeutic 

targets may offer novel options for antiemetic therapy. One possible target is the oxytocin 

receptor (OXTR). Oxytocin (OT) is a plasma hormone that plays several roles in human 

and animal behavior, from social bonding and sexual behavior [196-200] to regulation of 

feeding and satiety [201-204]. Supraphysiologic levels of OXT can cause nausea and 
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vomiting [205, 206]. OXT is produced by the neurons with cell bodies in the supraoptic 

nucleus (SON), and OXT in the blood is increased in response to some, but not all, 

emetic triggers [58, 203, 207]. The SON is known to increase c-fos production in 

response to LiCl [62], suggesting that OXT may play a role in the emetic response to 

LiCl.  

One study found that blockade of OXT receptors using the oxytocin receptor 

antagonist (OXTRA) L-368,899 caused attenuation of CTA in mice when given prior to 

LiCl, but not when given prior to the CTA task [208]. These data supported the 

hypothesis that blockade of OXT may have antiemetic effects. 

Another study used a conditioned nausea paradigm (see 1.7 below) to condition 

rats to exhibit nausea behaviors when paired when a conspecific was paired with an 

animal that was given serial doses of LiCl [209]. This group found that administration of 

OXTRA reduced the nausea behavior of the conspecific. They concluded that OXT may 

modulate expression of a socially-mediated conditioned disgust – however, it could also 

be reducing the nausea itself. The role of OXT in the nausea response remains poorly 

understood.  

1.7 Conditioned Nausea  
 
Conditioned nausea (CNz) is a behavioral paradigm in which repeated pairings of 

LiCl to a novel context (test cage) produce a nausea response to the context even in the 

absence of the toxin. Robust conditioning occurs after multiple LiCl-context pairings, 

such that the animal will exhibit nausea behaviors even in the absence of the toxin when 

placed in the context.  
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Our interest in conditioned nausea was piqued by a study by Cloutier, et. al. [210] 

that demonstrated that female rats, particularly in high-estradiol states, gaped more than 

male rats. As a behavioral model, conditioned nausea most resembles anticipatory nausea 

and vomiting (ANV) in humans (see 1.7.1). But CNz can be considered more broadly 

applicable to many types of conditioned behaviors, both normal and maladaptive.  

1.7.1 Anticipatory nausea and vomiting in chemotherapy patients 

Chemotherapy-induced nausea and vomiting (CINV) is one of the most common 

and debilitating side effects of cancer treatment [211-215]. Approximately 25-50% of 

patients will go on to develop anticipatory nausea and vomiting (ANV), in which patients 

experience symptoms prior to administration of the toxic drug [212, 216-222]. ANV is a 

conditioned response in which contextual stimuli, rather than chemotherapy agents, 

trigger the onset of nausea and/or vomiting. The likelihood of ANV increases with the 

emetogenicity of the chemotherapy agent, the incidence of delayed nausea and vomiting, 

increasing numbers of chemotherapy, and sex (women more affected) [212, 219-221, 

223]. ANV can be refractory to treatment, causing decreased quality of life and, more 

importantly, can result in cessation of treatment. However, little is known about the 

neurobiological mechanisms underlying this disorder. As such, this condition represents a 

critical unmet need that affects the most vulnerable patients, and women particularly.  

The current standard of therapy for CINV consists of a cocktail of a 5HT3 

antagonist, the atypical antipsychotic olanzepine (D2, 5HT2, and 5HT3 antagonist), the 

NK1 antagonist aprepitant, and the steroid dexamethasone [215, 224-228]. Blockade of 

dopamine (D2) and serotonin (5HT3) receptors in the area postrema (AP) and NK1 

receptors in the nucleus of the solitary tract (NTS) block the ascending sensory stimuli 
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that trigger vomiting [192, 211, 229-231]. These sites are especially effective at blocking 

incoming afferent signals from the gut (via the AP) and the vagus nerve (via the NTS) 

triggered by toxic substances. That these drugs are less effective at treating ANV 

suggests that the mechanisms of contextual nausea/vomiting are fundamentally different 

than that induced by a toxin. However, the neural circuit that controls ANV is virtually 

unknown. It is possible that ANV is controlled by a distinct neural circuit from that of 

acute vomiting, that is inadequately targeted by current pharmacotherapy. Specifically, 

brain regions associated with the acute nausea response, such as the area postrema (AP), 

nucleus tractus solitarius (NTS), central nucleus of the amygdala (CeA), and supraoptic 

nucleus (SON) may not be associated with conditioned nausea. 

1.7.2 Gaping as a measure of nausea in rats 

The acute vomiting circuit activated by most chemotherapeutic drugs involves 5-HT 

release from the GI tract. This neurotransmitter is detected by receptors in the 

chemoreceptor trigger zone (located within the area postrema), which also contains 

receptors for H1, D2, acetylcholine, substance P, and opioids [232]. Located outside of 

the blood-brain barrier, the area postrema (AP) is able to detect neurotransmitters and 

toxins that otherwise do not enter the CNS [233]. 

Communication from the AP triggers a complex pattern of neuromuscular and 

autonomic responses that coordinate the vomiting reflex. This complex sequence of 

events includes changes to respiration and heart rate. The process of emesis itself results 

from increased intra-abdominal pressure produced by the respiratory muscles, rather than 

by any gastric function [234]. Despite being a non-emetic species, rats engage this circuit 

in much the same way as emetic species, and c-fos analysis shows activation of the area 
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postrema, nucleus of the solitary tract, parabrachial nucleus, and other regions that are 

associated with acute nausea and vomiting [235]. Additionally, rats engage in a gaping 

behavior that mimics that of human vomiting, employing the same musculature and 

involving the same autonomic responses [236-238]. Thus, despite their inability to vomit, 

rats make a useful model for studying emesis. 

Although not a chemotherapy agent, LiCl is usually used in studying this 

phenomenon for its quick onset and relatively short half-life, high emetogenicity, and 

established use in conditioned nausea paradigms. Rats and other rodents, like humans, 

express both acute and conditioned behavioral responses to emetic agents like LiCl. 
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2. Materials & Methods 
 
2.1 Animals 
 
Male and female Sprague Dawley rats [post-natal day (PN) 60, Charles River 

Laboratories, Raleigh, NC] were received 1 week before behavior tests. Rats were housed 

by sex in ventilated plastic cages with ad libitum PM5001 Rodent Chow and water on a 7 

am-7pm light/dark cycle. Females were not selected based on estrous cycle stage, but 

cycle was determined by lavage on the final day of behavioral testing. A single lavage 

was performed as repeated lavages can establish place preference for the location of 

lavage and suppress behavioral responses to other reinforcers [239]. All experiments 

were approved by the Duke University IACUC. 

2.2 Apparatus and recording materials 
 
The test cages used were standard hollow plexiglass boxes (41 x 41 x 39 cm), 

with corn cob bedding and paper nesting material. The same test cage was used 

throughout the experiment for each rat, and a separate cage was used for each rat. 

USVs were recorded with an Echo Meter Touch 2, from Wildlife Acoustics, which 

works as an accessory to a lightning port on the Apple iPhone. The Echo Meter Touch 

Bat Detector iOS app (v 2.7.20) was used to record the vocalizations. Recordings were 

uploaded from the smartphone to a secure online server. 

Manual scoring of the USVs during the 10-minute recording period was done 

using the visualization software from Wildlife Acoustics, Kaleidoscope Pro Analysis. 

Counts were recorded in Excel and saved to the same secure server. 
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2.3 Conditioned Taste Aversion protocol 
 
Animals were conditioned to i.p. injections with NaCl for 3-4 consecutive days 

prior to experimental procedures. The conditioned taste aversion protocol (Figure 4) is 

conducted over 3 days. On day 0, animals are water deprived overnight and then 

conditioned to test cage. Water bottles are weighed and placed on cages with spouts 

pointing away. They are allowed to habituate to their new environment for 30 minutes, 

after which they are given access to water for 60 minutes in the test cage, to condition 

them to drinking from new bottles. Water bottles are weighed again, and consumption is 

measured.   

On day 1, non-water deprived animals were placed in the same test cage and 

allowed to habituate for 30 minutes. They were then offered Boost® and allowed to drink 

for 60 minutes. Boost® consumption was measured. If animals drank a minimum of 1 

mL of Boost® (~95% of animals), they were then injected with LiCl (38 mg/kg, 0.15M 

concentration, i.p.) or the equivalent volume of NaCl. They were observed in the test 

cage for 60 minutes for LiCl behaviors (see 2.4).  

On day 1, animals were returned to the test cage and allowed to habituate for 30 

minutes. They were then offered Boost® and allowed to drink for 60 minutes. Boost® 

consumption was measured. Animals were then given a dose of LiCl (38 mg/kg) or the 

equivalent of NaCl. This dose was selected to achieve robust c-fos response for 

interrogation of the neural network. They were observed for 60 minutes for LiCl-related 

behaviors. They were then returned to their home cages and allowed to drink and eat ad 

libitum.  
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On day 2, non-water deprived animals were returned to the same test cage and 

allowed to habituate for 30 minutes. They were then given a 2-bottle test, offering either 

Boost® or water for 60 minutes. Boost® and water consumption were measured and ratio 

of day 2/day 1 (D2/D1) consumption and preference ratio were calculated. After 60 

minutes of re-exposure to the Boost®, animals were perfused with formalin and brains 

collected for c-fos analysis. Brains were post-fixed in formalin overnight at 4C, then 

cryoprotected in 30% sucrose solution (30% sucrose, 70% PBS) for 3-4 days. Brains 

were flash-frozen in brain molds in ethanol/dry ice bath, in 2:1 30% sucrose/tissue 

freezing media solution. They were stored at -80°C until ready to cut for 

immunohistochemistry or RNAScope.  

 

Figure 4 - CTA Protocol 

 

Animals being analyzed for the acute stimulus were taken through day 0 as 

described. On day 1, they were allowed to habituate for 30 minutes in the test cage before 

receiving a dose of LiCl or the equivalent of NaCl, or were allowed to drink Boost® for 

one hour, after which they were perfused and brains collected for c-fos analysis (see 

Table 1). 
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Table 1 – CTA conditions 

Acute Stimulus Conditioned Stimulus 

Boost®  Boost® paired with NaCl 

LiCl (38 mg/kg) Boost® paired with LiCl 

NaCl (control) Context only control 

 

2.1 Scoring of LiCl behaviors 
 
Three behaviors were time-sampled as a behavioral estimation of nausea [pica, 

ptosis, lying on belly (LOB)]. As rats do not vomit, they will often attempt to dilute an 

ingested toxin through pica, the consumption of non-food substances. LiCl behaviors 

were assessed using a modified version of published measures: Pica and LOB are well 

known LiCl behaviors [240-242], and ptosis was included following the observation that 

it occurred more frequently in LiCl-treated animals. Animals are observed for two 

consecutive 15-second blocks (30 seconds total) every 5 minutes for 1 hour. Animals 

were given a score of 0-3 as described in table 2. 

Table 2 - Behavior Scoring 

Behavior Score = 0 Score = 1 Score = 2 Score = 3 

Pica No pica Some pica 
while still 
moving 
around 

Pica in a 
crouched 
position, but 
still moved or 
looked around 

Remained 
crouched, 
engaged in 
pica for most 
of 15-second 
interval 

LOB No LOB Some LOB, 
still in 
crouched 
position 

Some LOB, 
more flattened 
posture 

Entirely 
flattened 
posture 

Ptosis No ptosis Ptosis for 
some of 
interval (<5 
seconds) 

Ptosis for 
most of 
interval (>5 
seconds, <10 
seconds) 

Ptosis for 
entire interval 
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2.2 Scoring of USVs 
 
Rats were split by sex, treatment (NaCl + H2O [Control], NaCl + Boost®, and 

LiCl + Boost®) on Day 2 of CTA experiment (test day) in a within-groups design. 

Scoring was performed by eye by a blinded observer in batches of 1-minute intervals. 

Examples of 55 and 22 kHz calls can be found in Figure 5. 

Figure 5 - Examples of USVs 

A

B

(A) Example of 55 kHz calls. (B) Example of 22 kHz calls.

 

2.3 OXTRA drug trial – CTA 
 
Animals were taken through the CTA protocol as described in 2.3 through 

Boost® on day 1. 40 minutes prior to LiCl injection, animals received a dose of the 

oxytocin receptor antagonist (OXTRA) L-368,899 before receiving their usual dose of 

LiCl or the equivalent of NaCl. Behaviors were observed as described in 2.3 for 1 hour 

after LiCl injection. The rest of the protocol proceeded as previously described.  
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2.4 Conditioned Nausea 
 
The conditioned nausea (CNz) protocol can be found in Figure 6. On day 0, 

animals were given 96 mg/kg LiCl (0.15M, i.p.) or the equivalent of NaCl and placed in a 

novel cage. Animals were analyzed for gaping behavior (first 10 minutes in test cage) and 

USVs were recorded. Animals being collected for acute condition were then perfused and 

brains collected for c-fos analysis.  

Animals taken through the conditioning protocol were given repeat injections of 

96 mg/kg LiCl or the equivalent of NaCl and placed in the same context on alternate days 

for 4 conditioning sessions. On test day, animals were NOT given injections. Animals 

were analyzed for gaping behaviors for first 10 minutes in test cage and USVs were 

recorded. After 60 minutes in test cage, they were perfused and brains collected for c-fos 

analysis. 

Figure 6 - CNz protocol 

 

Protocol for conditioned nausea 
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2.5 OXTRA drug trial – Conditioned Nausea 
 
Animals were taken through the conditioned nausea protocol as described in 

section 2.2e. On day 8 (drug-free test day), animals were given an injection of 1.5 mg/kg 

of OXTRA 40 minutes prior to test. Gaping behaviors were analyzed for first 10 minutes 

in test cage. 

2.6 Transcardial perfusion and freezing of brains 
 
Animals were deeply anesthetized with urethane (3 mg/kg starting dose). We used 

toe-pinch to test for responsiveness, administering additional urethane if necessary. 

Animals were pinned to a Styrofoam board during the remainder of the perfusion. 

A midline abdominal cut was made to both costal margins, then up both sides of 

the thorax. The diaphragm was snipped away, being careful to not cut heart, liver, or 

lungs. A hemostat was used to clamp the xyphoid process and bent upwards to fully 

expose the heart. 

A blunt needle was used to puncture the left ventricle, clamped with a second 

hemostat. After cutting the right atrium with fine scissors, cold 1X PBS was pumped 

through until liver was blanched and blood run nearly clear. Pump was then switched to 

fix with 250-400 mL 4% PFA or until sufficient fixation was achieved. 

The head was removed with scissors, and brain carefully removed and placed in a 

vial containing 4% PFA. Brains were stored at 4℃ overnight, then cryoprotected for 3-7 

days in 30% sucrose in 1X PBS solution at 4℃ (until brains fully sunk). Brains were 

rapidly frozen in 1:2 ratio of Tissue-Tek® OCT Freezing Media and 30% sucrose in 

EtOH/dry ice slurry and stored at -80℃ until ready to be cut for c-fos analysis. 
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2.7 Immunohistochemistry 
 
Brains were cut on a Leica CM3050S cryostat at 30 uM and stored in 1:1 

TBS/glycerol solution at -20℃ until ready to stain. 

To stain, slices were first washed in 0.2% Triton-X in TBS solution 3 times. 

Slices were then blocked for 1 hour in solution of 0.3% Triton-X and 5% normal goat 

serum (NGS) in PBS. Slices were stained overnight in 0.3% Triton-X, 5% NGS, and 

1:20,000 anti-c-fos antibody (Abcam - ab190289) with gentle shaking at 4℃. Slices were 

then washed 3 times in solution of 0.3% Triton-X and 5% NGS in PBS (10 minutes first 

wash, 30 minutes second wash, 40 minutes third wash). Slices were then stained with 

secondary antibody (AlexaFluor 488, Invitrogen – A-11034) in 0.3% Triton-X, 5% NGS, 

and 1:200 secondary antibody for 2 hours. Slices were then washed in 1X PBS (10 

minutes first wash, 30 minutes second wash, and 40 minutes third wash), with DAPI 

(R&D Systems 5748) added at a dilution of 1:10,000 for last 10 minutes of second wash. 

Slices were mounted on VWR Superfrost® Plus microscope slides with a drop of Vecta-

Shield anti-fade medium (Vector Laboratories 101098-042). 

2.8 RNAScope 
 
Brains were cut at 14 uM on a Leica CM3050S cryostat and placed on a 

Superfrost® Plus Micro Slide. 3 consecutive slices were placed on each slide. Slides 

were collected ~90 uM apart. Slides were desiccated at -20C for 20 minutes, then placed 

into -80C with desiccants for long term storage. Slides were stained within 1 month of 

collection for optimal signal. 
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When ready to stain, slides were placed in 1X PBS for 5 minutes to remove OTC 

then placed in the HybEZ™ oven for 30 minutes at 60°C. They were then transferred to 

cold PFA for 15 minutes at 4C, after which they were taken through the RNAScope 

procedure as outlined by ACDBio, using Protease IV. Probes were for c-fos (Rn-Fos - 

403591), Drd1 (Rn-Drd1a-C2, 317031-C2), and Drd2 (Rn-Drd2-C3 - 315641-C3). The 

Fos probe contained 20 oligo pairs and targeted region 84-1218 (Acc. No. 

NM_001256509.1) of the Fos transcript. The Drd1 probe contained 20 oligo pairs and 

targeted region 104-1053 (Acc. No. NM_012546.2) of the DRD1 transcript. The Drd2 

probe contained 20 oligo pairs and targeted region 445-1531 (Acc. No. NM_012547.1). 

Secondary antibodies were obtained from Akoya (OPAL 690, OPAL 520, and OPAL 

570) and diluted to a concentration of 1:750. All experiments were run with positive and 

negative controls. The positive control targeted Polr2a (C1), PPIB (C2), and UBC (C3). 

The negative control targeted DapB (of Bacillus subtilis strain).   

Probe Secondary antibody used Concentration of 
secondary 

c-fos Opal 520 (Akoya Biosciences 
SKU FP1487001KT) 

1:750 

Drd1 Opal 570 (Akoya Biosciences 
SKU FP1488991KT) 

1:750 

Drd2 Opal 690 (Akoya Biosciences 
SKU FP1497001KT) 

1:750 

 

2.1 Imaging and analysis 
 
Images of immunohistochemical staining for c-fos and RNAScope for c-fos, 

Drd1, and Drd2 were acquired using an Axio Imager upright microscope at the light 

microscopy core facility at Duke University. A 20x objective was used (16 z-stacks 2 uM 

apart for IHC, 8 z-stacks 1 μM apart for RNAScope). The eGFP channel was used to 
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image c-fos IHC and channel 1 (c-fos) of RNAScope. Brightness was set to 5% for DAPI 

channel for IHC and 50% for RNAScope. eGFP was set to 100% for IHC and 80% for 

RNAScope. Rhodamine channel was set to 50% for Drd1. Cy5 was set to 100% for Drd2. 

We used the same image acquisition settings for all images in each study and ensured that 

these settings did not detect signal in the negative control. The z-stack images were 

processed for maximum intensity using FIJI (ImageJ) software and c-fos+ neurons were 

manually counted. DAPI was used to ensure positive signal was indeed a cell. Any cell 

containing >10 punctae was counted as positive. Any cell containing >10 punctae of 

more than one probe was counted as double-positive (c-fos + Drd1 or Drd2). 2-6 slices 

per region were imaged and counted per animal, and numbers averaged for n=1 per 

animal. 

2.2 Drugs 
 
LiCl was purchased from Sigma Aldrich (203637). SCH23390 was purchased 

from Tocris Biosceince (09-251-0) and eticlopride was purchased from Sigma-Aldrich 

(E101). LiCl was dissolved in distilled water to a concentration of 0.15M. SCH23390 

was dissolved in distilled water to a concentration of 0.1 mg/mL. Eticlopride was 

dissolved to a concentration of 0.05 mg/mL in distilled water. Isotonic saline (NaCl, 

0.9%; 0.15M) was used as a control injection.  

2.3 Vaginal lavage and estrus cycle analysis 
 
A vaginal lavage smear was performed on all female test subjects prior to 

transcardial perfusion. Vaginal cytology review was performed to determine the phase of 

estrus cycle. The method of estrus cycle analysis is described by Cooper et. al. [243]. 
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Animals were grouped into high estradiol states (proestrus/estrus) and low estradiol states 

(metestrus/diestrus). 

2.4 Video scoring of gaping behavior 
 
Videos collected from days 0 and 8 were analyzed for gaping behavior (see 

Figure 7). The scorer was blinded to experimental condition. Total number of gapes were 

counted for each animal. 

Figure 7 - Examples of gaping 

  

Left: Neutral position. Right: gaping position 
 

2.5 Site-specific injections 
 
Adult male and female rats underwent surgery to implant guide cannulas at least 3 

days after arriving in our animal facility. Animals were pretreated with carprofen 

(5mg/kg) prior to beginning surgery. They were then anesthetized with ketamine (70-100 

mg/kg i.p.) and xylazine (10 mg/kg i.p.) and placed in a stereotaxic frame (Kopf 

Instruments, Tujunga, CA). Body temperature was maintained with a Deltaphase 

isothermal heating pad (Braintree Scientific). Guide cannulas were purchases from 
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Plastics One, Inc. (Roanoke, VA). The guide cannulas were 26 gauge. Cannulas were 

implanted bilaterally into the basolateral amygdala at the coordinates -2.7mm AP, 

±4.5mm ML, and -6.5 DV. Cannulas were placed 1 mm over the target region, and each 

was paired with an injection cannula extending 1 mm beyond the tip of the guide. The 

cannulas were secured with a dental cement cap using three anchor screws. Dummy 

cannulas that extended 1 mm beyond the tip of the guide were inserted after surgery to 

ensure patency of the guide cannulas. Animals were allowed to recover for a minimum of 

7 days before behavior testing. All animals were solo housed following surgery to 

prevent damage to the cannulas. Carprofen (5mg/kg/day) was administered via s.c. 

injection for three days after surgery in accordance with Duke University IACUC 

standards. 

2.6 Behavioral testing after site-specific injection 
All animals were conditioned to i.p injection for three days prior to beginning 

behavioral testing. Animals were taken through the CTA protocol as described in 2.3 

through Boost® exposure on day 1. Prior to LiCl injection, the guide cannulas were 

removed and a volume of 0.2 μL of SCH23390 or NaCl was infused over 2 minutes using 

a syringe pump (Harvard Apparatus, Holliston, MA) and 10 μL syringes (Hamilton, 

Reno, NV). Infusion cannulas were left in place for 1 minute following infusion. The 

infusion cannulas were removed and animals received an injection of LiCl before being 

returned to the test cage for 1 hour. The rest of the protocol proceeded as previously 

described.  

2.7 Confirmation of cannula placement 
 
After conclusion of behavior experiments, animals were anesthetized with 2 g/kg 

urethane. Toluidine Blue solution was infused using the same procedure as the 
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SCH23390 to aid in determination of the cannula placement and diffusion distance 

through brain tissue. After assuring animals were insensitive to pain, they were 

decapitated and heads placed in ice cold water for three minutes. Brains were then 

removed and post-fixed overnight in 10% formalin, cryoprotected for 3-4 days in 30% 

sucrose solution, and flash-frozen in freezing media (1 part Tissue-Tek® OCT Freezing 

Medium (Sakura – 4583) 2 parts 30% sucrose solution) and stored at -80°C until ready 

for processing. Brains were cut into 30 μm sections and stained with cresyl violet to 

conform cannula placement. 

2.8 Cresyl Violet Staining 
 
30 μm sections were cut using a Leica 3050S cryostat and thaw mounted to a 

glass slide. Sections were allowed to dry overnight in a slide box at room temperature. 

Cresyl violet staining was performed in the fume hood. Slides were incubated for 30 

minutes at room temperature in 1:1 chloroform/absolute ethanol solution. Slides were 

then moved through a rehydration process, incubated for three minutes in each 95% 

ethanol, 70% ethanol, 50% ethanol, and DI water. Slices were stained for 1 minute in 

0.1% Cresyl Violet Stain Solution (Abcam – ab246816). Slices were rinsed in DI water, 

then incubated for three minutes in each 50% ethanol, 70% ethanol, and 95% ethanol. 

Slices were then incubated in 95% ethanol with 6-10 drops of acetic acid for 10-20 

seconds, butanol (Sigma Aldrich – 1019901000) for four minutes, and xylene (VWR – 

470303-058) for three minutes. Slides were mounted with a drop of Krystalon (VWR – 

34172-034). They were dried overnight at room temperature and imaged using brightfield 

on an Axio Imager upright microscope.  
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2.9 Statistics 
 
All results were analyzed by ANOVA with posthoc Fisher’s exact test corrected 

for multiple comparison using the statistical package NCSS.  Behavioral results were 

analyzed by 2-way ANOVA (sex x treatment). C-fos responses were analyzed by 3-way 

repeated measures ANOVA (sex and condition as between measures and brain area as 

repeated measure). Individual ANOVAs were also run for each brain area independently. 

N for all behavior and c-fos experiments was estimated by power analysis and estimated 

variance based on previous experience with CTA behavior and c-fos analysis of multiple 

brain regions [61, 63, 244, 245].   
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3. The central nucleus of the amygdala and gustatory cortex 
assess affective valence during CTA learning and 
expression in male and female rats 

 
3.1 Results 
 
Here we use conditioned taste aversion (CTA) to model the complexity of this 

decision-making process. CTA is a classical conditioning paradigm which pairs a 

palatable substance with an aversive visceral experience, such as the emetic agent lithium 

chloride (LiCl), producing an aversion to the substance at subsequent exposure. Unlike 

many other classical conditioning paradigms, in which an aversive stimulus is paired with 

a neutral cue, the use of a palatable substance in CTA requires the animal to process the 

affective valence of the reward versus the aversion. This provides an opportunity to 

understand neural processes by which this decision-making occurs. 

We used several modifications of typical approaches to better capture the ability 

of this task to assess affective valence. We used a nutritive substance (chocolate-flavored 

Boost®) in non-food deprived animals, which more closely represents CTA outside the 

confines of a laboratory [246]. While current studies of CTA focus primarily on 

performance of the task, this study aimed to better capture both the emotional valence 

and the neural mechanisms that respond to each step of the CTA process. We 

accomplished this goal by evaluating both behavior and c-fos responses to the appetitive 

stimulus, (Boost®), the aversive stimulus (LiCl), the performance of the CTA task in the 

control condition in which animals expect only the appetitive stimulus, and the 

performance of the task when Boost® was paired with LiCl. By including the acute 

conditions, as well as the appetitive task, we were better able to capture previously 

underappreciated neural activation in brain regions relevant to the CTA paradigm.  
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We also included females in the present study. Females are disproportionately 

affected by anxiety-related disorders, including post-traumatic stress disorder, obsessive-

compulsive disorder, generalized anxiety, and phobias [19, 71-75]. Despite these known 

sex differences, female rodents are critically understudied in animal models of 

neuropsychiatric disorders. Indeed, only 2% of CTA studies utilize female rodents [70].  

We aimed to determine if any sex differences in the CTA response reflected sex 

differences in responses to the aversive stimulus, palatable stimulus, or recall and 

performance of the task.  

In this study, we characterized behavioral and neural responses to CTA in males 

and females. Behavioral observations of the aversive stimulus included pica, ptosis, and 

lying on belly (LOB) as an indication of nausea in LiCl-treated rats. We also quantitated 

ultrasonic vocalizations (USVs) as a measure of emotional valence on task day. Rats 

engage in two distinct call patterns: short 55-kHz (which range from 30-70 kHz and are 

associated with positive emotional valence), and longer 22-kHz calls (associated with 

negative emotional valence). They emit 55 kHz calls during behaviors such as play, 

mating, social approach, and in anticipation of a reward [169, 247-249]. We therefore 

hypothesized that animals would engage in these calls on task day when anticipating 

Boost® that was not devalued with LiCl injection. Conversely, 22-kHz calls are exhibited 

in contexts of social withdrawal (e.g. after mating [188]) and to warn the colony of 

potential predators [250-252]. Female rats are more likely to exhibit 22-kHz calls when in 

the presence of cat urine [253]. We hypothesized that rats would engage in these calls on 

task day when anticipating Boost® that was previously paired with LiCl.  
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We used the immediate early gene c-fos as a marker of neuronal activity at each 

stage of CTA: in response to the acute rewarding and aversive stimuli, and during CTA 

expression. We analyzed 11 brain regions known to be associated with the response to 

reward and/or LiCl. We selected more rostral regions that are associated with the 

decision-making process in CTA, rather than the more caudal regions which serve to 

transmit signals that are interpreted by higher-order areas of the brain. Our c-fos data 

prompted us to examine more closely specific cell types in the amygdala using 

RNAScope, a novel mRNA in situ hybridization technique.  

The following studies showed that males and females differentially assign valence 

to the expectation of a rewarding and aversive stimulus, identified cell types that 

contribute to the neural processing of these stimuli, and characterized novel behaviors 

that correlate with predicted CTA expression and experimental condition.  

3.1.1 Dose-response curve to LiCl-induced CTA 

The CTA experimental design is described in Figure 4. To first characterize CTA 

expression, a dose-response curve was established in both sexes. Animals received either 

NaCl (0.15M) or LiCl (19 mg/kg, 38 mg/kg, or 80 mg/kg) (Figure 8). LiCl-induced 

behavior was measured as described in Table 1. Statistics show a main effect of sex 

[F(29.31,3), p=0.0174] and a main effect of treatment [F(6.05,1) p<0.001] but no 

interaction of treatment x sex. We found that males inhibited Boost intake more than 

females after pairing with the low dose of 19 mg/kg LiCl. 
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Figure 8 - Dose-response curve to LiCl 
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Dose-response curve (n=7-23). Data shown as mean ± SEM. *=p<0.05. #=different from 19 
mg/kg and 38 mg/kg. 

3.1.1 Female rats drank more Boost® than males at first exposure 

Since rats cannot vomit to rid their bodies of toxic or poisonous substances, they 

tend to show caution when assessing a new food. When a food is deemed safe, they will 

generally consume more of it on subsequent exposures. The hesitancy to consume as 

much of a novel substance on first exposure is called neophobia.  

Both male and female rats will generally increase how much of a novel substance 

they will consume on re-exposure. Although female rats tend to consume more of the 

palatable substance when adjusted for body weight, the ratio of increased consumption is 

similar, as seen above in Figure 8. Previous work from our lab showed that females will 

drink more saccharin than males (data not shown). Consistent with these data, we found 

that females drank more Boost® when adjusted for bodyweight on first exposure 

[F(1,146)=21.91, p<0.001, (Figure 9)]. 
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There are two possible explanations for the difference in Boost® consumption on 

first exposure: The first is that males may be exhibiting a greater amount of neophobia. 

The second explanation is that female rats simply find the Boost® more palatable.  

Figure 9 - Females drink more than males of novel sweet tastants 
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Boost® consumption on first exposure was measured by sex and accounted for by 
body weight. N=30-81. Data shown as mean ± SEM. 

 
3.1.2 Estrous cycle does not influence drinking behavior 

To determine whether estrous cycle might contribute to CTA behavior, cycle was 

determined by vaginal lavage on task day. Cycle stage did not have a significant effect on 

drinking behavior to the novel sweet tastant (Figure 10a), nor did it influence CTA 

expression on task day (Figure 10b). 
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Figure 10 - Estrous cycle does not influence drinking behavior or CTA expression 
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(A) Estrous cycle and Boost® consumption on initial exposure (n=8-9). (B) Estrous 
cycle and CTA expression (n=10-14). All data expressed as mean ± SEM. 

 
3.1.3 LiCl-induced behaviors 

Pica was measured after a range of doses of LiCl: 0 mg/kg (NaCl), 19, 38, and 80 

mg/kg. Both male and female rats engaged in pica equally across doses of LiCl. 2-way 

ANOVA showed an effect of treatment [F(3,158)=20.79, p<0.001] and no effect of sex or 

interaction of treatment x sex. Pica events at 80 mg/kg were higher than 38 and 19 mg/kg 

(Figure 11a). Ptosis showed a significant effect of treatment by one-way ANOVA 

[F(1,49)=11.92, p=<0.001, Figure 11d]. Neither of these behaviors correlated with CTA 
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behavior as measured by the ratio of Boost® consumption on day 2 as compared to day 

1. Lying on belly (LOB) was the only nausea behavior measured in this study that 

correlated with CTA expression (Figure 11b,c). Pearson correlation = -0.3701 and p = 

0.044. 

Figure 11 - LiCl-induced behaviors 
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(A) Pica events time-sampled over 1 hour (n=26-44) after 38 mg/kg LiCl or NaCl. Data 
shown as mean ± SEM. (B) Pica events after increasing doses of LiCl (0, 19, 38, and 
80 mg/kg) in male and female rats (n=6-45) Data shown as mean ± SEM. *=different 
from NaCl (0 mg/kg). #=different from 19 mg/kg and 38 mg/kg.  (C) LOB was 
measured for 1 hour after 38 mg/kg LiCl or NaCl (n=18-33). Data shown as mean ± 
SEM. (D) LOB correlation with D2/D1 ratio (E) Ptosis events measured over 1 hour 
after 38 mg/kg LiCl or NaCl (n=18-33). Data shown as mean ± SEM. 
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3.1.4 Ultrasonic vocalizations during CTA expression 

Rats were taken through the CTA protocol as described. As vocalizations 

typically occur in anticipation of a reward, we recorded USVs during the first 10 minutes 

of the habituation process on Day 2, before offering the 2-bottle test. We conducted 2-

way ANOVA on USV data for the tasks.  

Results indicate a main effect of task [F(1,59)=4.52, p<0.04], no main effect of 

sex, and an interaction of sex x task that missed statistical significance [F(1,59)=3.31, 

p<0.07]. Due to our observation that females were responding based on estrous cycle 

stage and not task, we analyzed sexes separately. We found that male rats reliably 

vocalized at 55 kHz (Figure 12a) in anticipation of Boost® if it was paired with NaCl 

[F(1,24)=8.53, p=0.007 effect of treatment], while females were not significant.  

There was a significant correlation of 22 kHz calls (Figure 12b) in the LiCl-paired 

environment by 2-way ANOVA, with a main effect treatment [F(1,59)=9.48, p< 0.0032]. 

Splitting out by sex due to pre-planned contrast showed that females significantly 

increased 22 kHz calls in the LiCl-paired environment [F(1,34)=9.17, p< 0.005], while 

males were not significant (Figure 12b). 

Female rat vocalizations were substantially influenced by estrous cycle, with 

high-estradiol states associated with an increased likelihood of engaging in 55 kHz calls, 

and low-estradiol states decreasing the frequency of 55 kHz calls, regardless of 

experimental condition [F(1,27)=6.35, p <  0.018, Figure 13a]. By task, females showed 

an effect of estrous cycle with no effect of treatment [F(1,24)=7.38, p< 0.012, Figure 

13b]. One-way ANOVA for each low- and high-estradiol states individually showed 

females in high-estradiol states increased 55 kHz vocalizations in the Boost® task 



49 
 

compared to LiCl task [F(1,12)=5.20, p< 0.042, Figure 13b]. There was no effect of 

treatment in the low-estradiol group. 

Figure 12 - 55 and 22 kHz calls during CTA expression 
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USVs were recorded for first 10 minutes during CTA task. (A) 55 kHz calls in male 
and female rats during CTA expression (n=11-19). (B) 22 kHz warning calls during 
CTA expression in male and female rats (n=12-19). Data shown as mean ± SEM. 
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Figure 13 - Females vocalize primarily based on low- and high-estradiol 
states 
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(A) 55 kHz vocalizations in females by cycle and condition (n=6-8) (B) 55 kHz calls in 
females by cycle only. Data shown as mean ± SEM. 

 

3.1.5 C-fos immunoreactivity to CTA 

We evaluated c-fos expression to better understand the neural circuit involved in 

the development and expression of CTA. c-fos analysis was performed across several 

brain regions associated with the response to rewarding and aversive stimuli (Table 3). 

We performed 3-way repeated measures ANOVA (sex x treatment, area as a 

repeated measure) on all experimental conditions, which revealed a main effect of sex 



51 
 

[F(1,62) =5.37, p=<0.001], a main effect of treatment [F (5,62) =9.57, p=<0.01], a main 

effect of area [F(10,462) =229.69, p <0.001], and an interaction of treatment x area 

[F(50,462) =8.46, p< 0.001].  

We then performed 3-way repeated measures ANOVA for the acute and 

conditioned stimuli separately. For the acute condition, 3-way repeated measures 

ANOVA (treatment x sex, area as a repeated measure) revealed a main effect of 

treatment [F(2,31)=21.27, p < 0.001] and area [F(9,31)=84.95, p < 0.001], and an 

interaction of treatment x area [F(9,31)= 8.46, p < 0.005], with no effect of sex for the 

acute stimuli. Acute Boost® and acute LiCl groups both differ from NaCl control, and 

from each other (LiCl greater than Boost®).  

3-way repeated measures ANOVA (sex x treatment x area) of the CTA task 

conditions revealed a main effect of sex [F(1,31)=7.33, p< 0.011] and area 

[F(10,231)=145.72, p< 0.001] and an interaction of treatment x area [F(20,231)=6.87, 

p=<0.001]. Females were more responsive than males overall. We then ran second order 

ANOVAs of treatment x sex in individual areas, and treatment x area in each sex.  We 

conducted lower level 2-way ANOVA (sex x Rx) for areas that are implicated 

functionally in CTA and/or showed statistically relevant findings. The central nucleus of 

the amygdala (CeA) is known to respond to aversive visceral stimuli such as LiCl and, 

more recently, rewarding stimuli. We found the CeA increased both to Boost® and LiCl 

[F(2,30)= 31.39, p< 0.001 effect of treatment] similarly in male and female rats (Figure 

14a). The basolateral amygdala (BLA), known for its role in assessing the valence of a 

stimulus, showed an effect of treatment [F(2,17)= 9.06, p< 0.0021], with no effect of sex  
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Table 3 - c-fos response to development and expression of CTA 

 

 

 

 

 Acute NaCl Acute Boost® Acute LiCl Control Task Boost® Task LiCl Task 
 F M F M F M F M F M F M 
vmPFC 244±37 229±72 244±20 239±33 266±41 272±51 246±37 241±32 268±52 212±31 249±44 221±43 
aIC 183±32 187±40 198±20 215±22 212±50 206±27 232±32 193±14 223±31 176±26 227±21 174±24 
gIC 100±38 87±44 197±29 178±77 206±44 206±70 81±45 86±26 162±53 145±23 144±55 99±72 
gIC_L4 134±66 85±28 262±23 253±82 255±23 267±89 148±82 98±64 225±69 184±27 121±45 79±43 
NAc_C 91±30 98±35 133±7 98±20 100±62 109±29 110±1 76±18 123±26 99±34 101±21 64±29 
NAc_S 117±39 123±36 125±19 107±33 171±78 141±68 120±26 90±17 153±38 113±41 124±52 118±52 
SON 7±5 14±8 11±9 10±12 112±34 112±3 10±10 2±1 21±6 27±27 5±2 45±70 
BLA 34±8 32±8 56±16 53±8 67±25 58±15 52±19 24±5 61±10 42±3 52±6 41±15 
CeA 44±22 42±26 133±40 108±33 191±73 199±58 30±7 42±60 142±19 115±60 62±48 48±28 
PVN 113±51 103±26 122±51 143±29 230±102 226±96 95±36 107±28 91±20 74±45 141±39 134±70 
VTA 63±17 50±13 84±30 92±16 93±29 52±15 63±22 69±15 118±22 66±30 83±13 51±9 
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(Figure 14b). Post-hoc analysis showed both Boost® and LiCl groups were increased 

compared to NaCl control. 

c-fos in the CeA increased in response to the Boost® task. It showed an effect of 

treatment [F (2,29) =24.95, p< 0.001] and barely missed an effect of sex [F (1,29) =3.96, 

p< 0.056]. The Boost® task differed from the control task, both globally and in each sex 

individually. c-Fos in the BLA showed an effect of sex [F (1,18) =17.34, p < 0.001]. This 

was driven largely by high baseline c-fos immunoreactivity in the control task for 

females. Lower-level ANOVA by sex showed a significant effect of condition in males 

only, with both Boost® task and LiCl task differing from control. Atlas location and 

representative images can be found in Figure 15a-b. 

Figure 14 - c-fos response to development and expression of CTA in the 
amygdala 
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(A) c-fos response in the CeA, n=4-7. (B) c-fos response in the BLA, n=3-4. Data 
shown as mean ± SEM. 
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Figure 15 - Representative c-fos imges in the amygdala 

 

(A) Atlas image of the basolateral and central nucleus of the amygdala. (B) 
Representative c-fos images 

 

The granular insula (gIC) receives both taste and visceral inputs [254-261], and is 

divided into several layers. We considered layer IV (gIC_4) and layers V/VI (gIC_5/6). 

c-Fos in gIC_5/6 increased with both Boost® and LiCl (Figure 16a), showing a 

significant effect of treatment [gIC_5/6; F(2,29)=14.52, p< 0.001]. c-Fos in gIC_4 

likewise increased in both Boost® and LiCl groups compared to NaCl control (Figure 

16b). The gIC_4 showed an effect of treatment [F(2,17)=15.62, p> 0.001]. Atlas and 

representative images are found in Figure 17a-b. 
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Figure 16 - c-fos expression in the gIC_4 and gIC_5/6 
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(A) c-fos expression in the granular insular layers 5/6. N=4-9 (B) c-fos expression in 
granular insula layer 4. N=3-4 Data shown as mean ± SEM. 
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Figure 17 - Representative images of gIC_4 and gIC_5/6 

 

(A) Atlas image of granular insula layer 4 (lateral) and layers 5/6 (medial). (B) 
Representative c-fos images. 

 

The supraoptic nucleus (SON) responds to acute LiCl [62, 262]. It is the primary 

site of oxytocin production, which is known to have emetic and anorectic properties [202, 

204, 263, 264]. The c-fos in SON response increased markedly in response to LiCl 

[F(2,16)=54.36, p< 0.001 effect of treatment], with no response to Boost® (Figure 18a). 

c-Fos in the paraventricular nucleus (PVN), which contains receptors for oxytocin and is 

the primary location for release of stress-related peptides such as corticotropin-releasing 

hormone and vasopressin [265-268], likewise increased specifically in response to the 

aversive stimulus [F(2,27)=8.44, p< 0.001, Figure 18b]. Representative images can be 

found in Figure 19. 

  



 

57 
 

Figure 18 - The c-fos response in the SON and PVN 
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(A) c-fos expression in the PVN in all conditions. N=3-8 (B) c-fos expression in the 
SON in all conditions. N=3-4  Data shown as mean ± SEM. 
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Figure 19 - Representative images of the c-fos response in the SON and PVN 

 

(A) Atlas image of PVN (medial) and SON (lateral). (B) Representative images. 

The ventral tegmental area (VTA) is responsive to rewarding stimuli and 

implicated in addiction [115, 164, 269]. C-fos in the VTA showed an effect of treatment 

[F (2,22) =4.19, p=0.03], with acute Boost® increased compared to acute LiCl and NaCl 

conditions. In the task conditions, there is an effect of treatment [F(2,16)=3.86, p=0.043], 

an effect of sex [F(1,16)=9.18, p=0.01], and an interaction of sex x treatment 

[F(2,16)=3.90, p=0.04]. By Fisher’s posthoc, females were increased compared to males 

overall, and Boost® task in females was increased compared to their control, as well as 

compared to males in the Boost® task (Figure 20). 
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Figure 20 - c-fos response in the VTA 
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(A) c-fos response in the VTA. n=3-4 (B) Atlas image (C) Representative images of 
the VTA 

 

3.1.6 Responses of dopamine D1- and D2-receptor expressing cells in the 

amygdala to rewarding and aversive stimuli 

The role of the amygdala in the response to acute aversive stimuli such as LiCl is 

well-established [62, 262, 270-274]. The amygdala is divided into several nuclei, of 

which the BLA and CeA are most studied in response to aversive stimuli. Our c-fos data 

suggested that the CeA and the BLA may play a critical role in the processing of the 

stimuli associated with CTA. The role of the CeA in response to aversive stimuli is well-
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described, but the response to rewarding stimuli is only beginning to gain attention [114, 

126, 275, 276]. The CeA contains multiple distinct neuronal cell types [114, 145] that are 

shown to respond differentially to rewarding and aversive stimuli. The robust c-fos 

response in both rewarding and aversive stimuli in the CeA was of particular interest. The 

CeA contains a complex assortment of neurons expressing one of several peptides, alone 

or in conjunction with specific other peptides. A thorough study by Tonegawa, et. al., 

examine the expression patterns and responses to both fear and reward of multiple 

neuronal cell types in the CeA [114], laying an important groundwork for further 

interrogation into the function of specific neuronal cell types.   

Current studies suggest the BLA is important for processing of contextual stimuli 

and the formation of fear-related memory [47, 147, 277-279]. While it is known that 

dopamine D1 and D2 receptors are present throughout the amygdala [122, 280-282], 

there are few studies to date that examine the role of these receptors to rewarding or 

aversive stimuli. Given the minimal co-expression of these cell types in the amygdala 

[145] and known functions in the behaviors inherent to development and expression of 

the CTA task, these cell types are likely to have distinct functions within the amygdala. 

We therefore sought to better characterize the response of these cell types through a novel 

mRNA in situ hybridization protocol RNAScope. We accomplished this goal by 

quantifying co-expression of c-fos with D1- or D2-receptor positive neurons during the 

development and expression of CTA.  

We used RNAscope to visualize D1 and D2 dopamine receptors (Drd1 and Drd2) 

throughout the amygdala.  We found that Drd1+ and Drd2+ cells occupy largely distinct 

anatomical locations within the amygdala. The CeA is further divided into three 
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subnuclei: the central medial (CeM), central lateral (CeL), and the capsular (CeC). 

Consistent with previous studies, we found that the CeC and CeL were composed 

primarily of D2 receptors (Drd2), while the CeM contained primarily D1 receptors (Drd1, 

Figure 21). The BLA, in contrast to the CeA, represents a nearly homogenous population 

of D1-receptor expressing cells, with few D2-receptor expressing cells.  

Using the novel mRNA in situ hybridization method RNAScope, the co-

expression of c-fos and D1 or D2 receptors was characterized in each of the acute 

conditions, as well as during CTA expression, in the BLA and CeA. 

Figure 21 - RNAScope image of Drd1+ and Drd2+ cells in the amygdala 

 

RNAScope image of the BLA and CeA. BLA = basolateral amygdala. CeC = central 
capsular. CeL = central lateral. CeM = central medial. ASTA = amygdalostriatal 
transition area. 

 

Responses of D1-receptor expressing cells in the BLA to acute and 
conditioned rewarding and aversive stimuli 
 
Representative images for the BLA are shown in Figure 22. and results in Figure 

24a. The BLA expressed c-fos in response to both rewarding and aversive stimuli, and 
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during CTA expression in male rats only. The Drd2 cells, which represented a small 

fraction of total cells, did not respond in any stimulus-specific pattern.  

We performed 2-way ANOVA (sex x treatment) for total c-fos mRNA. In the 

acute conditions, total c-fos mRNA expression in the BLA showed a main effect of 

treatment [F(2,17)=32.00, p< 0.001] and an effect of treatment by sex [F(2,17)=5.73, p< 

0.013] for the acute stimuli. Posthoc analysis showed Boost® and LiCl conditions 

differed from NaCl control, globally and for both sexes individually. We next considered 

the co-expression of c-fos+/Drd1+ cells. 2-way ANOVA (sex x treatment) revealed an 

effect of treatment [F(2,22)=4.03, p< 0.005] and an interaction of treatment x sex 

[F(2,22)=4.03, p< 0.037]F Posthoc analyses revealed a difference between the acute 

Boost® and LiCl conditions compared to NaCl control, both globally and by each sex 

individually.  

For the task condition, 2-way ANOVA revealed a main effect of treatment 

[F(2,23)=5.66, p< 0.001] and an interaction of sex x treatment [F(2,23)=9.46, p< 0.0016]. 

There was no main effect of sex. Posthoc analysis revealed both the Boost® and LiCl 

tasks differed from the control task. By sex, males in the Boost® and LiCl tasks differed 

from their respective controls. Females did not differ from controls, which had high 

levels of baseline c-fos. 

The same pattern emerged when considering c-fos+/Drd1+ co-expressing cells. 

There was an effect of treatment [F(2,23)=8.59, p< 0.0024] and an interaction of sex x 

treatment [F(2,23)=9.64, p 0.0014]. There was no main effect of sex. As with total c-fos, 

the Boost® and LiCl task conditions showed greater c-fos mRNA expression than the 
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control. As with total c-fos only males differed in the Boost® and LiCl task conditions 

from their respective controls.  

Figure 22 - Representative RNAScope images in the BLA 

 

Representative images of the BLA during CTA 
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The CeA is responsive to rewarding and aversive stimuli in a cell-specific 
manner 
 
Representative images for the CeA are shown in Figure 23 and results in Figure 

24b. Unlike the BLA, the CeA responded to rewarding and aversive stimuli in a cell-

specific manner. In the acute condition, ANOVA revealed an effect of treatment 

[F(2,17)=30.32 p < 0.001] for total c-fos+ cells. There was no main effect of sex or 

treatment x sex interaction. Posthoc analysis revealed the NaCl differed from both the 

Boost® and LiCl conditions.  

When considering c-fos+/Drd1+ co-expressing cells, there was an effect of 

treatment [F(2,17)=100.22, p< 0.001]. There was no main effect of sex or interaction of 

sex x treatment. The acute Boost® condition differed from the acute NaCl condition, with 

robust expression of double positive cells (c- fos and Drd1). There was no difference 

between the acute LiCl and acute NaCl condition.  

The opposite association of c-fos and condition was found for Drd2 expressing 

cells. By ANOVA there was an effect of treatment [F(2,17)=38.63, p < 0.001]. There was 

no effect of sex or interaction of treatment x sex. The acute LiCl condition showed 

significant expression of c-fos in Drd2+ cells, but not the acute Boost® condition.  

In the task condition, there was an effect of treatment [F(2,18)=40.24, p<0.001], 

with no effect of sex or treatment x sex interaction. There was significant mRNA 

expression of c-fos in the Boost® task, but not the LiCl task condition. When considering 

c-fos+/Drd1+ cells, there was an effect of treatment [F(2,18)=53.15, p < 0.001]. As with 

the acute condition, there was significant overlap between c-fos+ and Drd1+ cells.  

Altogether, these data showed that Drd1+ cells are differentially responsive to the 

rewarding stimulus in the CeA, while Drd2+ cells are differentially responsive to the 
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aversive stimulus in the CeA. Following treatment with acute LiCl, c-fos response 

showed both anatomical and neuronal cell type specificity, with activation occurring 

primarily in the CeL and CeC, and co-expressing with Drd2-expressing cells. Conversely, 

Boost® produced a c-fos response in the CeM and CeL and co-expressed with Drd1-

expressing cells in the CeL. Increases in c-fos and c-fos/drd1 co-expression were 

observed in both acute and conditioned Boost®.   
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Figure 23 - Representative RNAScope images of the CeA 

 

Representative images of the CeA during CTA. 
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Figure 24 - RNAScope analysis of the CeA and BLA in all CTA conditions in 
male and female rats 
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(A) RNAScope analysis of co-expression of c-fos and Drd1+/Drd2+ cells in the 
basolateral amygdala across conditions. (B) RNAScope analysis of co-expression of c-
fos and Drd1+/Drd2+ cells in the central nucleus of the amygdala across conditions. 
N=3-4. Data shown as mean ± SEM. 

 

3.1.7 The oxytocin receptor antagonist L-368,899 does not reduce either nausea 

behavior or CTA 

Oxytocin (OXT) is a plasma hormone that is released in times of acute nausea 

and has emetic properties when administered at supraphysiologic levels [195, 202, 

204, 209, 263, 283]. OXT is increased with some, but not all, emetic substances or 

triggers [207, 283-286].  In this study, we used the OXT receptor antagonist 

(OXTRA) L-368,899 to determine if blockade of OXT receptors reduced nausea or 

attenuated CTA. 
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Figure 25 - The oxytocin receptor L-368,899 does not reduce nausea behavior 
or attenuate CTA 
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(A) Pica events time-sampled over 1 hour after treatment with either NaCl or OXTRA 
followed by NaCl or 38 mg/kg LiCl. (B) LOB events time-sampled over 1 hour after 
treatment with either NaCl or OXTRA followed by NaCl or 38 mg/kg LiCl. (C) D2/D1 
ratio of animals treated with either NaCl or OXTRA followed by NaCl or 38 mg/kg 
LiCl. N=4-7. Data shown as mean ± SEM. 
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We found no difference in nausea behavior (Figure 25a-b) by one-way 

ANOVA. One-way ANOVA of treatment found there was an effect of treatment 

[F(3,18)=9.82, p<0.001]. By Fisher’s posthoc there was no difference between the 

OXTRA+LiCl group compared to the NaCl+LiCl group for D2/D1 ratio (Figure 25c).  

 
3.1.8 Pharmacologic treatment with SCH23390 or eticlopride do not attenuate 

CTA 

 
Although non-specific, systemic pharmacologic treatment can be useful in 

determining if a drug of interest affects behavior and would therefore be useful in 

assessing in a site-specific manner. We treated rats with either the D2-receptor antagonist 

eticlopride (0.05 mg/kg) or the D1-receptor antagonist SCH23390 (0.1 mg/kg) before 

administering 38 mg/kg LiCl. Global ANOVA found an effect of treatment 

[F(5,56)=14.70, p<0.001]. Fisher’s posthoc found no difference between the drug groups 

and the LiCl task (Figure 26). 

Figure 26 - The effects of eticlopride or SCH23390 on CTA 

NaCl Eticlopride (0.05 mg/kg) SCH23390 (0.1 mg/kg)
0

1

2

3

4

5

D
2/

D1

Nacl
LiCl

✱

✱ ✱

 



 

70 
 

D2/D1 response of animals receiving either eticlopride or SCH23390. N=4-16. Data 
shown as mean ± SEM. 

 

3.1.9 Site-specific injections of SCH23390 into the BLA during CTA conditioning 

Despite the lack of an effect systemically, other studies showing that SCH23390 

can affect behavior suggested the drug may have opposing effects in different parts of the 

brain, and there may be value in isolating the role of Drd1+ receptors in the amygdala 

[161, 287]. We injected SCH23390 into the BLA as described in 2.16. We found no 

significant difference between NaCl- and drug-injected groups (Figure 27). 

Figure 27 - D2/D1 ratio after microinjections with either NaCl or SCH23390 
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D2/D1 ratio of animals receiving either NaCl or SCH23390 microinjection prior to 
LiCl. N=7-8. Data shown as mean ± SEM. 
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4. The Neural Circuitry of Conditioned Nausea 
 
4.1 Results 
 
In order to better understand how the conditioned nausea response differs from 

the acute response, we adapted a rodent model of ANV and used activation of the 

immediate early gene c-fos to define brain areas activated by the contextual stimulus. In 

this paradigm, a novel context (test cage) was repeatedly paired with the emetogenic 

agent LiCl. 

Based on prior work from Cloutier et. al. [210, 237, 238, 288], we elected to use a 

high dose of LiCl that is shown to produce significant gaping. In their studies, this dose 

also showed males gaped more than females [210]. We studied both male and female 

rats, given the female predominance of ANV. Some studies demonstrate that female rats 

are more susceptible to CG than males [210]; however, this sex difference was not 

replicated in our experiments. This may be due to strain differences, or possibly to cycle 

stage. Cloutier et. al. [210] showed that females gaped more on test day if acquisition and 

test day occurred during proestrous. Our study was not powered to determine if cycle 

stage on test day was relevant to gaping behavior.  

 We measured gaping behavior on day 0 (96 mg/kg LiCl or the equivalent of 

NaCl) and day 8 (drug-free test day). C-fos activation was also measured on days 0 and 8 

for both NaCl and LiCl conditions, in both male and female rats. In our studies, animals 

taken through the conditioned nausea protocol showed robust CG on drug-free test day.  

We also measured levels of oxytocin (OXT) and vasopressin (VP) as a 

quantitative measure of nausea-related peptides in the bloodstream. VP and OXT [58, 

192, 207, 211, 289-291] are shown to be increased during nausea induced by 
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chemotherapeutics or other toxins, and are known to be emetic agents themselves when 

administered at supraphysiologic levels [206, 292]. Measurements of these plasma 

hormone levels known to be mediators of the nausea and vomiting response were useful 

in better understanding the neurobiological mechanisms of CG. Data are still being 

analyzed. 

We found that LiCl-conditioned rats did not activate brain regions known to be 

associated with the acute vomiting response, despite engaging in gaping behavior. Male 

rats showed high levels of c-fos activation in the ventromedial prefrontal cortex 

(vmPFC), agranular insula (aIC) and paraventricular nucleus (PVN) on day 8, while 

females showed high levels of c-fos activation in the vmPFC and aIC regardless of 

experimental condition. These data support the hypothesis that acute and conditioned 

responses may engage entirely different neural circuits, driven by higher-order brain 

regions that are responding to contextual stimuli, and offer new avenues towards 

developing targeted pharmacotherapy. 

4.1.1 Repeated pairings of LiCl in a novel context (test cage) produces robust 

conditioned gaping in both sexes.   

Experimental protocol is described in Figure 6 above. We performed 3-way 

ANOVA of sex x treatment x day. We found a main effect of treatment [F(1,49)=35.15, 

p<0.001], a main effect of day [F(1,49)=4.11, p=0.048], and an interaction of treatment x 

day [F(1,49)=6.26, p=0.016]. We then performed lower-level ANOVAs of treatment x 

sex for each day.  

On day 0, we found a main effect of sex [F(1,33)=5.80, p=0.022], a main effect of 

treatment [F(1,33)=29.32], and an interaction of treatment x sex [F(1,33)=8.68, 
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p=0.0059]. Males treated with LiCl gaped more than females, and more than their 

respective NaCl control. Females treated with LiCl did not gape more than their controls 

on day 0 (Figure 28).  

On day 8, we found a main effect of treatment [F(1,16)=10.73, p=0.0048], and no 

effect of sex or interaction of sex x treatment. Males and females did not differ 

significantly in their gaping behavior. LiCl group gaped significantly more than NaCl 

control. 

Figure 28 - Gaping behavior during acute and conditioned nausea in male 
and female rats 
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Gaping behavior by sex on days 0 and 8. N=4-12. Data shown as mean ± SEM. 
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4.1.2 LiCl-conditioning does not induce stress-related USVs 

We analyzed USVs on test day as described in 2.5 above. We found no effect of 

condition on USVs (Figure 29). 

Figure 29 - USVs in conditioned nausea 
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22 kHz USVs time-sampled over first 10 minutes in test cage on days 0 and 8. N=6-12. 
Data shown as mean ± SEM. 

4.1.3 The oxytocin receptor antagonist L-368,899 does not reduce conditioned 

gaping 

We tested the hypothesis that the oxytocin receptor antagonist L-368,899 

(OXTRA) would reduce conditioned gaping. We found no effect of OXTRA on gaping 

behavior (Figure 30). There may be a trend among the female rats to gape less with 

OXTRA, but n is too low to achieve statistical significance. 
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Figure 30 - Gaping behavior after treatment with OXTRA in LiCl-
conditioned rats 
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Gaping events in male and female rats on day 8 after LiCl-conditioning and treatment 
with either 1.5 mg/kg OXTRA or the equivalent of NaCl prior to the test. N=4-13. Data 
shown as mean ± SEM. 

 

4.1.4 The neural circuit of conditioned nausea does not engage brain regions 
critical to acute nausea 

 
We performed immunohistochemistry (IHC) for c-fos in brain regions associated 

with acute nausea after acute NaCl or LiCl, and after conditioning with NaCl or LiCl 

(Table 4). We performed a repeated measures ANOVA (sex x treatment, area as repeated 

measure) on all conditions. We found a main effect of treatment [F(3,38)=18.86, 

p<0.001], a main effect of area [F(10, 38)=303.77, p<0.001], an interaction of sex x area 

[F(10,238)=17.16, p<0.001], an interaction of treatment x area [F(30,238)=10.46, 

p<0.001], and a three-way interaction of treatment x sex x area [F(30,238)=1.80, 

p=0.0086]. We then performed lower-level ANOVAs by brain areas individually. 
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Table 4 - c-fos response to CNz 

  Males Females Males Females 

  
Acute 
NaCl 

Acute LiCl 
(96mg/kg) 

Acute 
NaCl 

Acute 
LiCl 

Conditioned 
NaCl 

Conditioned 
LiCl 

Conditioned 
NaCl  

Conditioned 
LiCl 

vmPFC 320±35 249±20 340±20 311±20 173±71 241±22 255±58 231±36 
aIC 211±31 187±70 288±70 289±70 167±59 210±23 207±23 221±22 
gIC 114±32 132±37 100±62 134±37 92±59 75±44 87±10 60±33 
NAc_core 96±39 101±41 200±66 185±41 93±21 100±45 121±21 126±39 
SON  11±7 215±18 17±6 174±18 8±5 14±12 12±4 15±10 
PVN 266±159 358±60 217±120 323±60 110±27 160±28 121±53 93±28 
BLA 40±27 49±22 40±21 62±22 26±20 32±8 30±7 38±13 
CeA 45±16 244±101 66±50 198±101 48±24 42±21 17±2 27±14 
RPN 40±6 66±26 60±36 65±26 45±11 90±35 53±2 75±27 
NTS 39±6 89±15 25±17 107±15 13±5 16±9 20±16 5±3 
AP 26±3 75±24 15±12 68±24 13±4 10±1 19±15 3±2 
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The area postrema (AP) showed an effect of treatment [F(3,21)=12.08, p<0.001], 

with the acute LiCl condition showing increased expression compared to all other 

conditions. There was no increased expression in the conditioned LiCl rats (Figure 31a; 

representative images Figure 31b). 

We found a similar pattern in other parts of the brain associated with acute 

nausea. The nucleus tractus solitarius (NTS) showed an effect of treatment 

[F(3,26)=57.94, p<0.001], with only acute LiCl differing from all other conditions, and 

no increased expression the conditioned LiCl group (Figure 31c; reference images Figure 

31d). 

The central nucleus of the amygdala (CeA) showed an effect of treatment 

[F(3,22)=20.76, p<0.001], with acute LiCl increased compared to all other groups, and no 

increased expression in the conditioned LiCl group (Figure 31e; representative images 

Figure 31f).  

The supraoptic nucleus (SON) showed an effect of treatment [F(3,18)=429.07, 

p<0.001], as well as an interaction of sex x treatment [F(3,18)=6.47, p=0.0037]. Males 

showed greater expression in the acute LiCl condition than females. There was no 

increase in c-fos in the conditioned LiCl group (Figure 31g; representative images Figure 

31h). 
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Figure 31 - c-fos response in acute and conditioned nausea 

B NaCl LiCl NaCl LiCl NaCl LiCl NaCl LiCl 
0

50

100

150

Area Postrema

c-
fo

s+
 c

el
ls

✱
✱

Females

Males

Acute Conditioned

A

 

 

 

 

 



 

79 
 

NaCl LiCl NaCl LiCl NaCl LiCl NaCl LiCl 
0

50

100

150

Nucleus of the solitary tract

c-
fo

s+
 c

el
ls

✱✱✱ ✱

C

 

 

D

 

  

 

 

 

 



 

80 
 

F
NaCl LiCl NaCl LiCl NaCl LiCl NaCl LiCl 

0

100

200

300

Central Nucleus of the Amygdala

c-
fo

s+
 c

el
ls

✱✱✱✱
✱✱✱✱

E

 

  

 



 

81 
 

NaCl LiCl NaCl LiCl NaCl LiCl NaCl LiCl 
0

50

100

150

200

250

Supraoptic Nucleus

c-
fo

s+
 c

el
ls

Females

Males

✱✱✱✱

✱✱✱✱

G

 

 

H 

 

 

 (A) c-fos activation of the AP in male and female rats in acute and conditioned 
context. (B) Representative images of the AP (C) c-fos activation of the NTS in male 
and female rats in acute and conditioned conext. (D) Representative images of the 
NTS. (E) c-fos activation of the CeA in male and female rats (F) Representative 
images of the CeA (G) c-fos activation of the SON in male and female rats in acute 
and conditioned context. (H) Representative images of the SON. Data shown as 
mean ± SEM. 

 

 

The ventromedial prefrontal cortex (vmPFC) showed a main effect of sex 

[F(1,30)=15.28, p=0.00049], a main effect of treatment [F(3,30)=23.20, p<0.001], and an 
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interaction of treatment x sex [F(3,30)=5.12, p=0.0056]. Females overall were higher. In 

males, acute NaCl showed greater expression compared to acute LiCl, while conditioned 

LiCl showed greater expression than conditioned NaCl. Conditioned NaCl differed from 

acute NaCl, while there was no difference between acute and conditioned LiCl. Females 

did not differ in acute LiCl compared to NaCl or conditioned LiCl compared to 

conditioned NaCl. Conditioned NaCl was decreased compared to acute NaCl, and 

conditioned LiCl was decreased compared to acute LiCl (Figure 31a; representative 

images Figure 31b).  

The agranular insula (aIC) showed a main effect of sex [F(1,32)=20.90, p<0.001], 

and a main effect of treatment [F(3,32)=5.53, p=0.0035]. Females were increased 

compared to males. There was no difference between acute NaCl and acute LiCl. 

Conditioned LiCl was increased compared to conditioned NaCl. Conditioned NaCl 

differed from acute NaCl, whereas conditioned LiCl did not differ from acute LiCl 

(Figure 31c; representative images Figure 31d). 

The paraventricular nucleus (PVN) showed a main effect of treatment 

[F(3,23)=12.29, p<0.001]. We then considered the acute and conditioned groups 

separately. The acute groups showed no differences between treatments. The conditioned 

groups showed an interaction of sex x treatment [F(1,15)=6.21, p=0.025]. Males showed 

an increase in the conditioned LiCl group compared to the conditioned NaCl group. 

Females in each group were not different (Figure 31e, representative images Figure 31f).  

 

Figure 32  - c-fos activation in the vmPFC and aIC in the acute and 
conditioned context 
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(A) c-fos expression in the vmPFC in male and female rats in acute and conditioned 
context. (B) Representative images of the vmPFC. (C) c-fos expression in the aIC in 
male and female rats in acute and conditioned context. (D) Representative images of 
the aIC. (E) c-fos expression in the PVN in male and female rats in acute and 
conditioned context. (F) Representative images. Data shown as mean ± SEM. 
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5. Discussion 
 
5.1 Conditioned taste aversion 

Conditioned taste aversion is most often characterized as a task which reflects 

avoidance/aversion. By assessing behavioral and neural responses to both the reinforcing 

and aversive stimulus, the present findings reveal how animals balance the competing 

signals of safety or danger to learn and perform this task. Interrogation of the neural 

network revealed that stimuli activate circuits in a stimulus- and cell type-specific 

manner, suggesting that opposing stimuli activate parallel, but distinct, neural pathways 

that become integrated in part through BLA-CeA interactions.  

5.1.1  Behavioral responses to rewarding and aversive stimuli 

CTA is an essential evolutionary behavior to prevent further consumption of 

foods that may be toxic and should be avoided. Critical to the CTA paradigm is the 

devaluation of the hedonic stimulus when it is paired with an aversive visceral stimulus. 

For example, delivering only an aversive stimulus like footshock can reduce CS 

consumption without changing palatability, while aversive visceral experience reduces 

both consumption and palatability, as measured by orofacial responses to the CS [279, 

293]. Here, we use USVs to show that the behavior is more complex than simply 

showing aversion. Animals are both attaching a hedonic value to the rewarding stimulus 

and signaling the danger of the devalued stimulus.  

This is the first study to comprehensively evaluate nausea behaviors in both male 

and female rats in CTA. We found that male and female rats showed similar nausea 

behaviors after LiCl administration. Of the three acute nausea behaviors we observed, 

only lying on belly correlated with CTA expression, suggesting this behavior may be an 
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expression of more severe nausea than pica. However, a study by Tuerke, et. al. [27] 

showed LOB and conditioned gaping responses are attenuated by the use of the 5-HT3 

receptor antagonist ondansetron, without affecting CTA. Ondansetron effects its action 

directly on the area postrema (AP), the vomiting center of the brain to blunt the effects of 

LiCl. In contrast, lesion studies of the AP do attenuate CTA, suggesting that LOB may 

correlate with CTA but be activated by a different neural circuit and not be a mediator of 

the response. One limitation of measuring LOB is the difficulty in discerning it from 

other forms of inactivity. It would be useful to assess whether there is a correlative 

response in c-fos activation in brain regions associated with LiCl-induced malaise, 

particularly the AP. Further studies in CTA and other nausea-relevant paradigms may 

prove useful in characterizing how this behavior correlates to nausea. 

USVs proved to be a useful tool to assess both positive (55 kHz) and negative (22 

kHz) response to stimuli during CTA expression. Animals expressed 55 kHz calls in 

anticipation of Boost® and inhibited 55 kHz, while increasing 22 kHz calls, when the 

Boost® was devalued with LiCl. The expression of USVs offers insight into the valuation 

animals are assigning to the Boost® and to the LiCl. Increases in 55 kHz in the context 

previously paired with Boost® suggests animals are assigning a positive valuation to the 

hedonic stimulus. The converse inhibition of 55 kHz USVs reinforces the notion that 

USVs can be correlated with an expected outcome. Interpretation of female 55 kHz calls 

was complicated by a marked effect of estrous cycle, as vocalization patterns reflected 

high-estradiol (more vocal) and low-estradiol (less vocal) states. Conversely, females 

were more likely to engage in 22 kHz calls than males. It is unclear whether this result 

suggests that females are more likely to attach a negative valuation to LiCl-paired 
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Boost® or that they are more likely, in general, to elicit warning calls to alert the colony 

of nearby dangers. The latter hypothesis is supported by studies showing females are 

more likely than males to increase 22 kHz calls in the presence of a predator [183], 

especially considering their comparable sensitivity to CTA. USVs provide additional 

insight not only into the animal’s valuation of the stimulus, but to how they communicate 

this valuation to others in the colony. 

5.1.2 The c-fos response to rewarding and aversive stimuli 

CTA is a unique form of learning in that the stimuli do not need the same 

temporal proximity as other operant learning and behavioral conditioning paradigms [6, 

8]. The nature of digestion is such that visceral malaise may occur minutes to hours after 

the ingestion of a toxic substance. Hedonic and aversive inputs follow parallel pathways: 

caudal regions, such as the nucleus of the solitary tract and parabrachial nucleus, increase 

c-fos in response to both LiCl and sucrose [63, 235]. These circuits then converge in 

brain regions like the amygdala to assess valence. In other words, we hypothesize that 

proximity may be found within the circuit itself, with aversive and reinforcing stimuli 

converging on specific cells, reducing the necessity for events to overlap in time for 

learning to occur. One way to test this hypothesis would be to use a methodology such as 

catFISH. Barot et. al. [116] used this technology, which compares the presence of nuclear 

Arc (an early gene similar to c-fos, in the nucleus due to a very recent acute stimulus) to 

cytoplasmic Arc (from a more temporally removed stimulus, ~30 minutes past). They 

found that cells in the BLA expressed both nuclear and cytoplasmic Arc after CS-US 

pairing, but not if the order of presentation was reversed or when the taste was familiar 
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(latent inhibition). This study supports the hypothesis that parallel pathways converge in 

the BLA during CTA learning.  

This schema was borne out in our data. The neural circuit underlying the response 

to the acute stimuli overlapped in key brain regions, including the BLA, the CeA, the 

gIC_5/6, and the gIC_4. In contrast to brain areas that respond to both acute stimuli, the 

PVN and SON uniquely responded to the aversive stimuli. Sampling of more caudal 

areas may prove useful in delineating the cell type-specific circuit in future studies. 

Regions such as the NTS [64, 66, 294-299] and PBN [65, 235, 272, 273, 295, 299] which 

were omitted in the present study to focus on rostral brain areas are known to respond to 

both aversive (emetic) and rewarding stimuli, and future use of cell-type specific probes 

will allow more complete dissection of this circuit .  

Our data show that the gustatory cortex (GC, which processes taste) overlaps 

significantly with the visceral insular cortex (VIC, which processes visceral stimuli) have 

significant overlap in c-fos expression [260, 300]. The GC reacts to novel taste and 

lesions are known to cause a decrease in neophobia [256, 301-303]. Additionally, lesions 

to the GC can attenuate CTA on first trial, a deficit that disappears with repeated CS-US 

pairings [257]. These studies raise the question whether the loss of neophobia acts as a 

latent inhibition, reducing CTA by making the CS appear familiar [134]. An alternative 

explanation from our studies is the possibility that lesions of the GC likewise destroy 

cells that are part of the VIC, and thereby reduce the nausea effects of LiCl. Behavioral 

studies of nausea behavior would help to clarify this question. Additionally, our findings 

of cell-specific c-fos responses in the CeA suggested that future studies which interrogate 

cell-specific responses in areas like the highly heterogenous insular cortex to rewarding 
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and aversive stimuli in a cell-specific manner will provide new insight into integration of 

affective valence with motivated behavior.   

CTA is often characterized as analogous to fear learning. However, CTA involves 

the convergence of two stimuli of opposing valence, resulting in complex decision-

making rather than a fear-induced defensive response. The RNAScope data showing that 

the response to rewarding and aversive stimuli show cell- and anatomical specificity in 

the CeA suggests that other regions may show similar stimulus-specificity when specific 

cell populations are evaluated. How these two neural networks converge to produce the 

memory of the experience, and the subsequent decision-making process that guides the 

animal’s behavior, is an important area of future study.  

We were surprised to see there was no activation of the nucleus accumbens shell 

after acute Boost®, or the core during expression of the task. One explanation is that 

most studies showing such activation increased the reward of the hedonic substance by 

water and/or food deprivation during CTA acquisition, while we did our studies in 

animals that were not deprived. Studies show deprived animals express higher levels of c-

fos in these key brain areas compared to satiated animals [54, 55].  

We found no sex differences in the neural activation in response to the acute 

stimuli in any of 10 brain regions we assessed. This was a surprising result, as females 

drink more Boost® at first exposure and are relatively less sensitive to developing CTA. 

It is possible that our limited analysis did not sample a critical area that accounts for these 

differences. A more comprehensive study of the neural circuit that includes other brain 

regions associated with CTA, such as the bed nucleus of the stria terminalis, ventral 

tegmental area, or parabrachial nucleus may be of value.  
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5.1.3 The c-fos response during CTA expression 

We used a novel experimental paradigm for studying the neural circuits engaged 

during the acute rewarding and aversive stimuli, as well as during the reinforcing task 

(expectation of Boost®) and CTA task (expectation of Boost® after pairing with LiCl). 

Neural activation during the Boost® task was similar to that of the acute Boost®, while 

activation during the LiCl task differed considerably from its acute stimulus. The neural 

circuit of animals that received Boost® that was not devalued with LiCl is reinforced 

with repeated offerings of the hedonic stimulus. We therefore saw a similar neural 

activation during expression of the task. When this same stimulus was devalued with 

LiCl, drinking behavior was reduced, and the circuit was inhibited. 

During CTA expression, females broadly expressed higher levels of c-fos than 

males. By area, they were significantly more responsive in the gIC_5/6 and GIC_4 during 

the Boost® task. We also found that the VTA increased with the reinforcer (Boost® task) 

in only female rats. The VTA is known for its role in reinforcement and addiction, and 

sends outputs to the nucleus accumbens, amygdala, and frontal cortex [164, 304-306]. 

Our data support the hypothesis that female rats find the sweet taste more reinforcing and 

are therefore less sensitive to CTA at lower doses of LiCl. Cell-type analysis would 

benefit our understanding of how females differentially process sweet taste, a critical area 

of study in the field of eating disorders [307-315]. This result is particularly interesting in 

light of their relative lack of USV expression in response to the rewarding stimulus. 

While males are more unequivocal about the “goodness” of Boost®, as evidenced by 

their consistent expression of 55 kHz USVs, females in low-estradiol states do not 

express 55 kHz USVs, despite drinking comparably.  
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5.1.4 Dopamine receptors in the amygdala respond to rewarding and aversive 

stimuli 

Our studies showed that Drd1+ neurons were responsive to the rewarding stimulus, 

while Drd2+ cells were responsive to the aversive stimulus. This is the first time these 

cell types have been studied in the context of CTA. Tonegawa et. al. [114] showed that 

silencing Drd1+ neurons in the CeA inhibited feeding behavior in mice. However, other 

studies demonstrate that direct blockade of Drd1 in the CeA did not affect feeding 

behavior, suggesting these neurons are being activated by something other than 

dopamine. Drd1+ neurons highly co-express with 3 other neuropeptides: tachykinin 2, 

neurotensin, and somatostatin. Although these neuronal cell types do not affect behavior 

when manipulated on their own, Tonegawa shows that these cell types may work 

collectively to coordinate feeding behavior.  

Only about 30% of c-fos+ neurons in the CeA co-expressed with Drd1+ cells in 

response to the appetitive stimuli, suggesting additional cell types may also be important 

for the processing of the reward. A similar percentage of Drd2+ receptors were 

responsive to LiCl. A more thorough examination of the CeA in response to a food 

reward and aversive stimulus would be useful in delineating the cell types that process 

this stimulus. Studies show that cells in the CeL send inhibitory projections to the CeM, 

suggesting a potential circuit for how Drd2+ cells may inhibit reward-responsive cells in 

the CeL [316].  

Contrary to our findings in the CeA, Drd1+ neurons in the BLA responded to both 

rewarding and aversive stimuli, with limited input from Drd2+ neurons. These findings 

suggest that Drd1+ neurons may receive innervation from more caudal areas that respond 
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specifically to these stimuli [317]. Additionally, the BLA is known to respond to 

rewarding or aversive stimuli in a location-specific manner, with the rostral BLA 

responding to aversive stimuli and the caudal BLA responding to rewarding stimuli. The 

dual responses observed in the present study may reflect the location at which we 

sampled the BLA, which was in the central zone where these two stimuli converge [318]. 

The failure of our experiment to produce inhibition of CTA with site-specific 

injections to the BLA may be due to several causes. Foremost among them is the 

difficulty inherent in attenuating CTA. Systemic administration of the D1- receptor 

antagonist SCH23390 showed minimal, if any, attenuation of CTA, while the D2-

receptor antagonist eticlopride showed no effect on at all. This was surprising, as D2-

receptor antagonists such as the atypical antipsychotics are often used as effective anti-

emetic therapy [215, 224, 227, 228]. A dose-response curve with lower doses of LiCl 

may be useful in determining what effect, if any these drugs may have on CTA. These 

experiments should include observations of nausea behaviors.  

5.1.5 A potential role for oxytocin in CTA 

Our data showing that OXTRA did not reduce CTA was at odds with a study by 

Olszewski, et. al. [208], which showed that oxytocin receptor blockade reduced 

acquisition of CTA. The reasons for this difference are unclear. The two most likely 

possibilities are the use of different species (mice vs. rats), and a difference in timing of 

administration. We used a 40-minute time interval between administration of OXTRA 

and LiCl, based on a pharmacokinetic study that showed the drug peaked in the brain 40-

60 minutes after i.p. injection in monkeys [319]. There are currently no pharmacokinetic 
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studies in rats or mice. Olszewski administered the drug immediately before LiCl, and it 

is possible the drug is more effective immediately prior to LiCl administration.  

In summary these findings support our hypothesis that CTA is best characterized 

as a task in which animals must balance rewarding and aversive stimuli, and therefore is 

not simply a model of fear learning [320-324]. As such, it has significant relevance as a 

task which reveals how affective valence is integrated into decisions about behavior. The 

USV analysis showing inhibition of 55 kHz calls and increased 22 kHz calls in the LiCl-

paired context suggests that additional neural centers may be involved in assigning 

valence during the CTA task that are not captured by LiCl behaviors or our c-fos 

analysis. Our c-fos analysis of rostral brain regions suggest a significant role for the CeA, 

gustatory cortex, and granular insula in processing of the reinforcing and aversive stimuli, 

and increased global c-fos expression in females overall during the task. Further 

characterization of both the acute and conditioned circuits in males and females will help 

clarify how these stimuli are differentially processed between the sexes. Our data found a 

novel role for specific cell types in the CeA and BLA that have not previously been 

studied. These results suggest that similar cell-specific analysis in cortical areas will 

continue to reveal details of the neural circuit(s) engaged while animals learn this type of 

task.  

5.2 Conditioned nausea 
 

5.2.1 Gaping behavior and USVs in male and female rats 

This study demonstrated that this conditioned behavior activates a neural circuit 

that is different in critical brain regions from the acute stimulus. The contextual stimulus 

produced robust gaping behavior, yet the brain regions normally responsible for initiating 
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the vomiting reflex were entirely silent. The implications of these findings are crucial to 

not only understanding conditioned nausea, but to the field of rodent behavioral models 

broadly. Most c-fos studies in fear-learning or operant conditioning paradigms do not 

compare the acute and conditioned stimuli, and thereby miss potentially critical 

information about the neural circuit. Additionally, more thorough cell-specific analysis 

has the potential to reveal novel therapeutic targets that are missed by current 

pharmacotherapy. Promising research into this question from Parker et. al. [325] suggest 

that the endocannabinoid system, particularly in the visceral insula, may be important for 

mediating both the acute and anticipatory nausea response through actions in the cortex.   

LiCl activates the vomiting circuit by direct action on the AP [235]. Inputs to the 

NTS trigger a range of autonomic and behavioral responses, including gaping (in rats) or 

vomiting (in emetic species). We saw a robust c-fos response in these LiCl-specific brain 

areas. As our protocol involved placing animals into a novel context after a large dose of 

NaCl, much of the c-fos activation during the acute stimulus may reflect the stress and/or 

exploratory behavior of the new environment. Females are more exploratory than males 

when placed in a novel context [326-328], and this may be reflected in their 

comparatively higher levels of c-fos in the conditioned NaCl cohort. 

We found that the frontal cortex and insula in male, but not female rats, 

dramatically decreased c-fos expression when conditioned with NaCl, while expression 

did not change when conditioned with LiCl, offering some insight into the neural circuit 

of the conditioned behavior. It was surprising to find that females did not reduce c-fos 

expression in the context, regardless of condition, and further studies are necessary to 
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assess whether this may be due to variances in c-fos expression due to estrous cycle, or if 

females are generally more attentive to or activated by their environments than males. 

Our gaping data conflict with that of Cloutier, et. al. [210], which showed that 

females gaped less than males. They also found a difference in gaping by estrous cycle 

state, which may account for some of these differences. We did find there was a trend in 

gaping behavior, with females in low-estradiol states gaping less than females in high-

estradiol states (Figure 33), but n was too low for the study to achieve sufficient power. 

Further studies that consider estrous cycle stage on test day may be of value. 

Figure 33 - Females in estrus trend toward increased gaping during 
conditioned nausea task 
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Gaping behavior in females by estrous cycle state. N=3-4. Data shown as mean ± 
SEM. 

 
An important area of further study is whether other long-term transcription factors 

may be present, such as ΔFosB, a member of the fos family of transcription factors that 

accumulates over time and promotes neuroplasticity [329]. ΔFosB accumulates in 

response to repeated activation of a neural circuit (most studied in dopamine systems 

such as the mesolimbic dopamine system [330]). It is possible that longer term changes in 
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neural activity and neural plasticity may be reflected in accumulation of transcription 

factors such as ΔFosB. 

5.2.2 C-fos activation during conditioned gaping 

Our studies showed that the neural activation in response to a conditioned 

stimulus differs dramatically from that of the acute stimulus. These findings have broad 

implications in human health. Conditioning to contextual stimuli may contribute to the 

pathogenesis of multiple disorders, such as anorexia nervosa, migraine, motion sickness, 

and cyclic vomiting syndrome [331-343]. Like ANV, each of these conditions can be 

triggered by contextual stimuli, and pharmacotherapy to rescue symptoms once they 

begin can be minimally effective. Additionally, mental health disorders that are triggered 

by contextual stimuli in which previously stressful or traumatic experiences occurred, 

such as anxiety or PTSD, may likewise engage a very different circuit in the conditioned 

context than the initial experience. Our studies demonstrate the importance of considering 

not only the acute insult, but the contextual stimuli that trigger a conditioned response. 

Further interrogation of these circuits can potentially produce novel therapeutic targets 

for these conditions. 

5.3 CTA and CNz – some notable comparisons 
 

5.3.1 Differential expression of USVs in CTA and CNz 

CTA is a behavioral conditioning paradigm that pairs a rewarding stimulus with 

an aversive one, while CNz pairs a neutral context to a highly aversive stimulus. As 

discussed in 1.1.1, CTA can produce robust conditioning with a single trial, owing to the 

long-delay learning inherent to CTA, and likely aided by the parallel pathways of hedonic 

and aversive visceral stimuli. CNz requires repeated pairings as, like other conditioning 
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paradigms, the response to the contextual stimulus does not occur after a single pairing. 

There is likely an evolutionary advantage to this. As Mark Twain eloquently put it, “We 

should be careful to get out of an experience only the wisdom that is in it and stop there 

lest we be like the cat that sits down on a hot stove lid. She will never sit down on a hot 

stove lid again and that is well but also she will never sit down on a cold one anymore.” 

If animals developed a robust aversion after a single CS-US pairing, they would soon 

become avoidant of everything. In reference to CTA, however, a single pairing of a toxic 

food does confer an evolutionary advantage after a single pairing, lest an animal feel 

compelled to continue eating something poisonous. 

Interpretation of these paradigms from the perspective of how each benefits 

survival is a useful way to consider differences in their behavioral and neural outputs. 

From a behavioral perspective, one notable difference between these two paradigms is 

the relative lack of USVs in the CNz experiment. USVs are not simply a reflection of the 

animal’s internal emotional state, but also a means of communication. Fear-conditioning 

paradigms will cause animals to emit 22 kHz calls. In addition, playbacks of 22 kHz calls 

will elicit defense postures, and males often use these calls in a show of submission [172, 

251, 344, 345]. Additionally, we found in our own data that 22 kHz calls were emitted in 

the LiCl-paired context. The lack of 22 kHz calls in the LiCl-paired context suggests 

either the animal does not see the context as an acute threat (the way a foot-shock might 

be), nor as a threat to others (the way a poisonous food might be). Further studies that 

verify that animals do not engage in USVs in the LiCl-paired context would be 

beneficial, as the n in this study was low; but the overall outcome broadens the field’s 
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understanding of when and how USVs are expressed in aversive and mixed valence 

contexts.  

5.3.2 C-fos response to CTA and CNz 

There are several considerations that must be taken into account when comparing 

the c-fos response between these two paradigms. First, the acute stimulus for CNz is 

probably more aversive than that of CTA; as well, the context is entirely novel, whereas 

animals in the acute stimuli group for CTA have been in the test cage before. However, 

rather than reducing the relevance of these two paradigms to each other, these differences 

provide important insight into how the experimental conditions impact the neural circuit 

that responds.  

 There are four brain regions that are particularly interesting in comparing the 

acute stimuli in these two paradigms. In CTA, we found that the SON and PVN 

responded to the acutely aversive stimuli, whereas the BLA and CeA were responsive to 

both the rewarding and aversive stimuli. The CeA and SON similarly increased c-fos 

after the LiCl stimulus, but the CeA was equally responsive to both doses, while the SON 

showed a dose-response. A comparison of SON responses in these two different 

behavioral paradigms is shown in Figure 34. Two-way ANOVA showed an effect of dose 

[F(2,36)=34.64, p<0.00]. The SON showed a dose-response curve; by 2-way ANOVA, 

there was an effect of dose [F(2,21)=369.76, p<0.001 (Figure 34)]. By Fisher’s posthoc, 

the NaCl control in the CeA differs from 38 mg/kg and 96 mg/kg, but these two doses do 

not differ from each other. In the SON, by Fisher’s posthoc, all doses are different from 

each other. As mentioned in 1.2, c-fos expression in the SON is not attenuated by lesions 

to the AP, suggesting a different circuit by which the SON is activated by LiCl. Our data 
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showing that the SON is dose-responsive to LiCl suggests that it be important for 

modulating outputs relevant to the LiCl stimulus, and further studies into the role of OXT 

will be useful in understanding how activation of the SON mediates the nausea response.  

Figure 34 - SON and CeA c-fos in CTA and CNz 
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Dose-response curve in the CeA and SON to LiCl (0, 38, and 96 mg/kg). n=5-17. Data 
shown as mean ± SEM. 

The PVN in CTA responded only to the acute LiCl, whereas it increased c-fos 

expression in response to both the acute LiCl and NaCl control in the CNz paradigm 

(Figure 35). By 2-way ANOVA, the PVN showed an effect of dose [F(1,34)=11.30, 

p<0.001]. By Fishe’s posthoc, the NaCl control for CNz differed from that of CTA. Both 

doses of LiCl differed from CTA’s NaCl control, but not from the CNz NaCl control. The 

PVN is likely responding to the acute stress: The comparably large injection (and 

therefore more stressful handling), as well as the experience of the novel context, is a 

highly stressful experience. It will be useful, therefore, to consider the PVN as potentially 

being a non-specific marker of stress, unlike the CeA or SON, which are uniquely 
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responsive to visceral stress (or, in the case of the CeA, visceral sensation regardless of 

valence).  

Figure 35 - PVN in CTA and CNz 
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The c-fos response in the PVN to different acute stressors in the CTA and CNz 
paradigms. N=6-14. Data shown as mean ± SEM. 

 

Finally, the BLA was increased in the CTA paradigm, but not the CNz paradigm, 

in response to acute nausea. This was surprising, and further studies must be done to rule 

out a sampling issue (i.e. rostral-caudal location on the BLA). However, if verified it is 

consistent with the previously suggested role for BLA in assessing affective valence. 
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6. Future Perspectives 
 
CTA remains an important behavioral paradigm for understanding both long-

delay learning and complex decision-making in a mixed-valence context. Our study 

was one of the most comprehensive c-fos analyses to date, and our data supports the 

hypothesis that the long-delay learning found in CTA may be explained, at least in 

part, by the parallel pathways that hedonic and aversive stimuli follow through the 

brain to converge in the amygdala. Our RNAScope data is the first step towards a 

more comprehensive understanding of how neuronal specificity may contribute to 

long-delay learning. Future work in this field would benefit from considering cell-

type activation in response to the acute stimuli. New technologies that allow for 

specific activation/inhibition of neuronal cell types would be useful in delineating 

how brain regions or connectivities mediate behavior. 

We were also the first study to directly compare behavioral outputs of male and 

female rats in the context of CTA. The behavioral differences found in CTA may be 

relevant to the development of the neural circuit in adolescence. As described in 6.1.2 

below, a deeper understanding of how these behaviors develop differentially between 

males and females would benefit from a comprehensive, cell-specific, and behavioral 

analysis of CTA in adolescent and adult rats. We speculate that this will lead to an 

understanding of the emergence of se differences in psychiatric disorders including 

anxiety, eating disorders, and depression during adolescence. 
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6.1 Behavioral responses of CTA 
 

6.1.1 Oxytocin receptor blockade in CTA 

While our experiment using OXTRA did not show attenuation of CTA, it remains 

possible that oxytocin blockade may be important in nausea. OXT is a known emetic and 

plays a role in feeding behavior and satiety [195, 202, 204, 207, 264]. OXT is also 

released during certain emetic triggers. Our data, consistent with other studies, found that 

the SON, which produces OT, is highly activated in response to LiCl only. As discussed 

previously, one study found that the SON c-fos response is not attenuated by AP lesions, 

suggesting that the SON is part of a distinct nausea pathway, separate from the well-

described serotonergic pathway which mediates AP-induced nausea.  

Future studies into the role of OXT in the nausea response for both CTA and 

OXTRA could include a dose-response curve, as CTA is difficult to attenuate unless 

doses of the emetic are low, and a higher dose of OXTRA may prove to be more 

effective. Observations of nausea behaviors would be critical to these studies, as 

reductions in nausea behavior without attenuation of CTA is seen with the administration 

of ondansetron [27]. Some c-fos studies have been done (see 5.1.5), but further 

interrogation of the c-fos response following administration of OXTRA would be useful.  

6.1.2 Adolescent behaviors in CTA 

Early studies in our lab show that adolescent males showed less CTA, consistent 

with other studies [97].  

We observed pica behavior across several doses of LiCl to correlate nausea 

behaviors with CTA expression. By 3-way ANOVA for sex x dose x age, there was a 

main effect of dose [F(3,108)=51.63, p<0.001], and an interaction of dose by age 
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[F(3,108)=5.44, p=0.002]. Adolescents showed less pica at lower doses of LiCl (Figure 

36). Interestingly, these differences reverse at 80 mg/kg, where adolescents show higher 

levels of pica. However, adults may be engaging in more LOB at high doses of LiCl, and 

therefore less pica. A more thorough observational study of these behavioral outputs 

would be useful in quantitating nausea scores at all doses of LiCl.   

Figure 36 - Pica dose response curve in adolescents and adults 
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Pica was time-sampled over 1 hour in adult and adolescent rats. N=5-11/group. Data 
shown as mean ± SEM. 

 
 Given our preliminary data that adolescent females show a more “adult” pattern 

of CTA than adolescent males, it would also be useful to examine the c-fos activation in 

adolescents. In particular, it would be useful to assess whether increased drinking 

behavior in adolescent males is due to increased responsiveness to the reward, decreased 

sensitivity to the LiCl, or a combination of both.  
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6.2 Interrogation of the neural circuit of CTA 
 

6.2.1 RNAScope of brain regions associated with hedonic and aversive stimuli 

One of the most interesting and broadly relevant pieces of our data was that 

rewarding and aversive stimuli follow parallel pathways, likely in order to form long-

delay learning. Our RNAScope data in the amygdala laid an important groundwork for 

assessing other brain regions critical to the learning and performance of the task.  

Particularly, specific neuronal cell types in the BLA are likely to be responsive to 

rewarding and aversive stimuli in the context of CTA. Zhang et. al. [121] showed that 

Ppp1r1b+ cells (also known as DARPP-32+) were activated in the context of both 

reinforcing and fear extinction tasks. As discussed in 1.4.2, DARPP-32 is a downstream 

target of DA, which may be how Drd1+ cells in the BLA may differentially respond to 

stimuli. This experiment may benefit from being conducted in both satiated and water-

deprived animals, as the valence of the devalued stimulus may be parsed out differently 

in these two contexts.  

Other brain regions we found that were responsive to both the rewarding and 

aversive stimuli, such as the granular insula, would also benefit from cell-specific 

analysis using RNAScope to delineate the cell types that are differentially responsive to 

rewarding and aversive stimuli.  

6.2.2 Interrogation of specific neuronal cell types in the BLA in the context of 

learning 

Our data showing that Drd1+ cells in the BLA are responsive to both hedonic and 

aversive stimuli, as well to the performance of the task in males, suggests that other 

neuronal cell types may be relevant to assessing the valence of these stimuli. To better 
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parse out the role of the BLA in response to these stimuli, RNAScope can be used to 

identify relevant cell types (particular Ppp1r1b and Rspo1) in response to Boost® and 

LiCl. Optogenetic or chemogenetic manipulations with DREADDs would be useful in 

determining the role of these cell types in context.  

Alternatively, new mouse models that express a permanent eGFP marker in c-fos-

expressing cells under precise temporal control. Fan Wang’s group developed a novel 

technology (capturing activated neuronal ensembles [CANE]) for marking cells that 

express c-fos to determine if the same cells are being activated by a later stimulus [346]. 

This technology would translate well to a CTA paradigm, and would clarify whether the 

same neurons are being activated in both acute and conditioned stimuli. 

6.3 Conditioned nausea 
 
CNz is a robust behavioral learning paradigm that allows for the study of the 

formation of neural circuits of a conditioned behavior. Nausea remains a difficult 

symptom to treat in people, and a clearer understanding of the complexity of this process, 

both from the perspective of an acute toxin and from that of a contextual stimulus, are 

critical for effective treatment. Our data showing that the neural circuit of conditioned 

nausea is remarkably different from that of the acute stimulus lays a critical groundwork 

for understanding the learning and expression of conditioned behavior. Our study 

supports the concept that understanding the neural circuit of a conditioned behavior 

requires a comparison of c-fos expression in the acute and conditioned stimulus.  

CNz is a useful complement to the study of CTA, as it represents a different sort 

of learning that does not require balancing positive and negative valence, but rather is 

responding to a purely negative stimulus. Conditioning to the context requires several 
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more repetitions than CTA, and temporal proximity between the CS and US is more 

important to this process. A better understanding of how these types of learning differ 

from one another would offer insight into how maladaptive conditioned behaviors 

(including ANV and anxiety) may occur in humans. In addition, the identification of 

neuronal cell types that are responsive to a contextual stimulus, and not just to an acute 

toxin, will allow for the identification of novel therapeutic targets. 

6.3.1 Behavioral outputs of conditioned nausea  

When Cloutier et. al. [210] looked at estrous cycle in development of CG, they 

performed the conditioning at specific points in the estrous cycle (every 4 days). Our data 

showing a trend towards increased gaping during high-estradiol states suggests that 

estrous cycle on test day may be more important than whether conditioning days occur at 

a particular point in the estrous cycle. However, our n was not powered in this 

experiment to determine what role, if any, estrous cycle plays in gaping behavior on test 

day.  

We did not quantitate LOB in the CNz context; however, there were times when 

animals engaged in this behavior with acute LiCl, even in the absence of gaping (data not 

shown). It was unusual for an animal to engage in LOB on test day; however, as this 

behavior was not recorded, the extent to which this behavior occurred is not yet known. It 

would be useful to correlate LOB on day 0 with gaping behavior on day 8 or acute c-fos 

expression in LiCl-responsive brain regions, or to assess the correlations of LOB with 

gaping or c-fos expression on day 8. 
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6.3.2 Immunocytochemistry for ΔFosB 

As discussed in 5.2, ΔFosB accumulates over time with repeated stimuli, 

particularly in the mesolimbic dopamine system, and promotes behavior [329]. It is 

known for playing a crucial role in addiction [347] and can promote sexual behavior in 

some species [330]. More studies are beginning to clarify the role of dopamine systems in 

aversive stimuli as well [348], and the role of dopaminergic aversion systems in 

accumulation of ΔFosB is understudied. It is possible that repeated pairings of LiCl may 

reduce levels of c-fos but increase levels of ΔFosB. Immunocytochemistry of ΔFosB 

would help to clarify whether parts of the brain responsive to the acute stimulus 

experience long-term transcriptional changes that may influence the conditioned 

behavior.  

6.3.3 RNAScope analysis of the insula and frontal cortex 

Our data showed that male rats increase c-fos expression in the agranular insula 

and ventromedial prefrontal cortex during performance of the conditioned nausea task. 

Determining the relevant cell types would be useful in better clarifying how these regions 

are responding to the contextual stimulus to produce the aversion. These initial studies 

would lead to more detailed studies using optogenetics and/or chemogenetics to precisely 

modulate the responsiveness of particular cell types that may be relevant to the 

conditioned gaping behavior. This would allow for the identification of potential new 

therapeutic targets. 
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7. Conclusions 
 
In these studies, we show that there are critical sex differences both in behavior 

and neural processing of conditioned taste aversion and conditioned nausea. We show 

that female rats are more likely to attach a negative valence to a rewarding stimulus 

previously paired with a noxious visceral stimulus. Male rats are more likely to attach a 

positive hedonic value to a rewarding stimulus when it is not previously paired with an 

aversive stimulus, while female rats respond to a reinforcing stimulus in a cycle-specific 

way. Females are more likely to drink more of a rewarding stimulus on both first and 

second exposure, although the ratio by which male and female rats increase consumption 

is the same. Consistent with their drinking preferences, female rats are more likely to 

activate the ventral tegmental area and gustatory cortex in response to the reinforcing 

stimulus, while male rats are more likely to activate the basolateral amygdala in the LiCl-

paired context. We also found that aversive and rewarding stimuli show cell-specific 

activation of dopamine D1 and D2 receptors respectively. 

In conditioned nausea, we found that males are more sensitive to acute high doses 

of LiCl, while both sexes show similar behavioral conditioning. However, males show 

distinctive activation of the frontal cortex and insula in the conditioned context, while 

females show uniformly high levels of activation across conditions. Further studies are 

needed to clarify whether these represent activations of different cell types and to identify 

other potential sources of neural activation that may be responsible for these behaviors.  

These data support that male and female rats differentially process these 

rewarding and aversive stimuli, reinforcing the need to consider sex differences in 
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exploration of behavioral paradigms. These studies have broad implications in human 

neuropsychiatric disease. 
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