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Abstract  

The incidence of obesity has nearly doubled in the last 30 years, and this rise in 

incidence is directly linked to increased consumption of energy-dense foods. In addition, 

the majority of people attempting to lose weight report relapse to high fat foods while 

dieting. Recent studies suggest that the orexigenic hormone ghrelin can bind to 

dopaminergic cells in the ventral tegmental area (VTA), a key structure in the brain’s 

reward system, and increase the incentive value of such foods. Specifically, studies have 

shown that ghrelin increases the motivation to work for food rewards, enhances the 

preference for contexts associated with food rewards, and augments the locomotor and 

physiological responses associated with food rewards. The experiments described in the 

present thesis aimed to establish the role of ghrelin in 2 additional reward-based feeding 

behaviours thought to contribute to the current obesity epidemic. The first behaviour is 

the consumption of palatable desserts after meals that adequately satisfy an individual’s 

energetic demands. The second behaviour is the tendency to relapse to food seeking after 

a period of abstinence. In order to accomplish this, we compared ghrelin receptor knock 

out (KO) rats to rats possessing an identical genetic background, with an intact ghrelin 

receptor gene (wildtype rats – WT) in tasks designed to model these behaviours. In 

addition, we examined outbred rats receiving chronic infusions of either ghrelin or a 

ghrelin receptor antagonist in the VTA. Overall, the data presented in this thesis 

confirmed the role of ghrelin signalling in dessert consumption; KO rats ate less cookie 

dough when sated than WT rats. KO and WT rats performed similarly in operant 

conditioning and conditioned place preference models of relapse, also known as the 

operant and CPP reinstatement tests. In contrast, pharmacological action at the ghrelin 
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receptor in outbred rats could enhance and attenuate the expression of reinstatement of 

food seeking that is induced by food reward cues following administration of ghrelin and 

a ghrelin receptor antagonist, respectively. It is therefore likely that ghrelin is involved in 

the tendency to relapse to unhealthy eating habits in dieting individuals, and that this 

effect is due, in part, to its action in the reward system, particularly within the VTA.  
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Chapter 1: General Introduction 

It is currently estimated that 1.4 billion adults worldwide are overweight or obese 

and that the incidence of this condition has nearly doubled over the last 30 years (World 

Health Organization, 2014). This sharp rise in incidence suggests that behavioural 

modifications (i.e. changes in diet and physical activity), rather than major shifts in 

population genetics, underlie the obesity epidemic (Nair, Adams-Deutsch, Epstein, & 

Shaham, 2009). Several studies indicate a strong correlation between obesity rates and 

the consumption of cheap and easily obtained energy-dense foods (Bray, Nielsen, & 

Popkin, 2004; Drewnowski & Specter, 2004; Elliott, Keim, Stern, Teff, & Havel, 2002; 

Ludwig, Peterson, & Gortmaker, 2001). Paradoxically, over 80% of overweight 

individuals are unsuccessful in losing weight via behavioural modifications (Wing & 

Phelan, 2005). Relapse to preferred foods and unhealthy eating habits is a primary 

concern for people undergoing weight reduction diets, especially in the face of stress or 

upon re-exposure to the banned foods and/or the cues associated with them (Fedoroff, 

Polivy, & Herman, 1997; Gorin, Phelan, Wing, & Hill, 2004; Greeno & Wing, 1994; 

Grilo, Shiffman, & Wing, 1989). In light of the numerous health risks associated with 

obesity (e.g. cardiovascular disease and diabetes, World Health Organization, 2014), the 

social and biological factors underlying the motivation to seek and consume energy-

dense foods and the relapse to these foods are under intense investigation.     
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Homeostatic and non-homeostatic regulation of food intake 

The importance of eating for survival is reflected in the redundancy of brain 

structures that control various aspects of food intake, from the recognition of edible 

substances to the careful preparation of complex and palatable meals. These structures 

are widely distributed throughout the central nervous system, and form networks that are 

hierarchically organized.  

At the most basic level, neurons within brainstem nuclei regulate food intake in a 

homeostatic fashion, as to maintain equilibrium between caloric intake and energy 

expenditure. For instance, the nucleus of the solitary tract receives direct projections from 

the alimentary canal and can counteract energy depletion via activation of motor systems 

involved in the ingestion of food, and parasympathetic activation of the digestive system 

(reviewed in Berthoud, 2004). Similarly, the dorsal vagal complex of the caudal 

brainstem can inhibit food intake upon reception of visceral signals of satiety (Smith, 

Jerome, & Norgren, 1985). Thus, the brainstem harbours mechanisms that can translate 

food-related sensory information into adaptive behavioural motor output. This feedback 

system is extremely well conserved phylogenetically. Nevertheless, this is a simple 

system that could not have adequately responded to evolutionary pressures such as 

famines and other environmental threats. Thus, food intake is also regulated by a number 

of non-homeostatic mechanisms that allow animals to adapt their dietary behaviours to 

changing circumstances. Since most species have evolved in restrictive environments 

where the procurement of food often came at a high physical risk, these systems promote 

the intake of energy-dense foods by increasing their emotional valence (i.e., rewarding 

properties), and modulate consumption in response to stressors (Berthoud, 2004).  
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It is generally accepted that the current obesity epidemic is chiefly attributable to 

the ability of non-homeostatic food intake mechanisms to override the homeostatic ones, 

as opposed to dysregulation of the latter (Berthoud, 2004). For this reason, research in 

this area focuses on the overlap between the neural substrates of food intake, reward and 

the stress response.  

Food intake  

The hypothalamus is a key player in the central regulation of metabolic processes, 

including those involved in food intake. Specifically, neurons in the arcuate nucleus, 

located at the base of the hypothalamus, respond to peripheral hormones that signal either 

a positive or negative energy balance. These neurons are responsible for the transduction 

of hormonal signals into neuronal ones, and can activate both orexigenic (appetite 

stimulating) and anorexigenic (appetite suppressing) hypothalamic pathways.  

Arcuate neurons co-expressing the peptides α-melanocyte-stimulating hormone 

(αMSH) and cocaine- and amphetamine-regulated transcript (CART) are the first order 

neurons in anorexigenic pathways, and those co-expressing neuropeptide Y (NPY) and 

Agouti-related peptide (AgRP) activate the orexigenic pathways. The downstream 

effectors of these pathways include several other hypothalamic nuclei such as the 

paraventricular (PVN), ventromedial (VMH), and dorsomedial (DMH) nuclei of the 

hypothalamus as well as the lateral hypothalamic area (LHA). The PVN is a key area in 

the central regulation of stress and inhibits feeding upon electrical stimulation. In rats, 

central and hypothalamic NPY injections result in increased food intake, presumably 

partly via inhibition of PVN neurons. AgRP stimulates feeding via inhibition of αMSH- 

and CART-containing neurons. The VMH is an important satiety centre that is 
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reciprocally connected with the arcuate nucleus. The VMH increases the activity of 

arcuate αMSH- and CART-containing neurons, and lesions in this area induce 

hyperphagia. Finally, both populations of arcuate neurons project to the LHA, which, as 

opposed to the PVN, promotes food intake upon electrical stimulation (reviewed in: Gao 

& Horvath, 2007; Schwartz, Woods, Porte, Seeley, & Baskin, 2000).  

Cells in the LHA and adjacent perifornical area (PFA) and DMH produce the 

appetite-stimulating peptides orexin-A and orexin-B. Central administration of orexin 

induces feeding, whereas orexin receptor (OXR1 and 2) blockade inhibits feeding 

(reviewed in Tsujino & Sakurai, 2009). In addition to arcuate neurotransmitters, a 

number of peripherally derived energy signalling molecules converge onto orexin-

producing neurons. Ultimately, low energy states increase their firing rates, which can in 

turn induce feeding. This orexigenic effect may be partly mediated by NPY, as reciprocal 

connections exist between the LHA orexin and arcuate NPY-containing neurons and 

intracerebroventricular orexin administration induces Fos activity in NPY neurons (Gao 

& Horvath, 2007; Shioda et al., 2008; Tsujino & Sakurai, 2009; Yamanaka et al., 2000). 

Thus, like a number of brainstem nuclei, the hypothalamus regulates food intake 

homeostatically, a process that starts in the arcuate nucleus. However, the activity of the 

NPY/AgRP, αMSH/CART, and orexin neurons is also modulated by 

hormones/neurotransmitters signalling other behavioural and physiological states (e.g. 

arousal, stress, pregnancy, etc…) (Berthoud, 2004),  thereby adding an extra layer of 

flexibility in feeding behaviours that is not seen at the level of the brainstem. This 

flexibility is further enhanced by interactions between the hypothalamus and other non-
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homeostatic food regulation systems. This includes, but is not restricted to, the network 

of structures that convey emotional salience to stimuli, in other words the reward system. 

The dopaminergic meso-cortico-limbic reward system 

 In the early 1950s, the observation that animals will work to receive electrical 

stimulation in certain areas of the brain while neglecting important physiological needs 

such as food and water was the first indication of a reward system within the brain (Olds 

& Milner, 1954). Brain stimulation studies highlighted a number of key players in the 

reward system. For example, rats were shown to avidly perform operant responses (such 

as pressing a lever) to receive stimulation in the LHA and other areas such as the 

prefrontal cortex (PFC), ventral tegmental area (VTA) of the midbrain, and the nucleus 

accumbens (NAC). Experimental manipulations of the neurotransmitter dopamine (DA) 

altered these responses. Soon, studies using drugs of abuse considered pleasurable in 

humans deepened our understanding of the now classic dopaminergic reward system 

(Figure 1) (reviewed in Fulton, 2010). 

 

  

  



Figure 

 

 

  

Figure 1. Overview of the meso-cortico-limbic reward system. Only connections 

described in the text are illustrated. PFC: prefrontal cortex; NAC: nucleus accumbens; 

BLA: basolateral amygdala; CeA: central amygdala; VTA: ventral tegmental area; 

LHA: lateral hypothalamic area.  
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The DA cell bodies of the reward pathway are located in the VTA. Neuronal 

activity at this level is associated with reward-seeking behaviours (Borgland et al., 2009; 

Borgland, Malenka, & Bonci, 2004). DA cells’ burst firing, along with DA release in 

their target areas, increase in response to both rewarding substances and the cues that 

predict them (Richardson & Gratton, 1998; Roitman, Stuber, Phillips, Wightman, & 

Carelli, 2004; reviewed in: Wise, 2006). In contrast, DA depletion and DA receptor 

antagonists in several of these areas attenuate reward-seeking behaviours (reviewed in 

Berridge & Robinson, 1998). Although the exact role of DA in reward is not fully 

understood, it is generally accepted that it contributes to an animal’s willingness to work 

for rewards rather than affecting their hedonic valuation of the rewards (Berridge & 

Robinson, 1998; Peciña, Cagniard, Berridge, Aldridge, & Zhuang, 2003).  

 The activity of the VTA DA cells is modulated by the VTA’s various inputs, 

which include, amongst many, glutaminergic inputs from the PFC and LHA as well as 

orexin projections from the LHA (Borgland et al., 2009; reviewed in Wise, 2002). These 

DA cells in turn send projections that reach a number of cortical and limbic areas such as 

the amygdala, the PFC, and the nucleus accumbens. These structures underlie all higher 

processes associated with reward. 

 The amygdala is well known for its role in associated learning and emotional 

processing. It consists of several nuclei that form the central amygdala (CeA) and the 

basolateral amygdala (BLA). In the “classic” view of amygdala function, the BLA is 

mostly involved in emotional classical learning; it receives sensory information from the 

cortex and makes associations between unconditioned (US) and conditioned (CS) stimuli 

(but may not be necessary for the maintenance of that link) and uses this information to 
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control the activity of the CeA (Baxter & Murray, 2002; Cardinal, Parkinson, Hall, & 

Everitt, 2002). The CeA, in turn, orchestrates the behavioural, autonomic and endocrine 

responses to the CS via its connections with the hypothalamus and brain stem. In other 

words, the CeA coordinates the “affective” response to US-CS associations processed in 

the BLA (Cardinal et al., 2002). Recent studies however indicate a broader functional 

mandate for both the BLA and the CeA and it appears that amygdala nuclei work in 

parallel as well as serially (Cardinal et al., 2002). For instance, the BLA sends 

glutaminergic projections to the PFC and nucleus accumbens to direct complex 

behaviours based on learned associations. On the other hand, the CeA is also involved in 

the attentional aspects of the stimulus processing and the behavioural and physiological 

responses to stressors (reviwed in: Cardinal, Parkinson, Hall, & Everitt, 2002; Kalivas & 

Volkow, 2005; Weiss, 2005).  

 The BLA is reciprocally connected with the PFC (Hoover & Vertes, 2007; 

Krettek & Price, 1977; McDonald, 1987). The PFC in turn has a large influence over 

signalling in the nucleus accumbens (Fulton, 2010). In fact, DA innervation from the 

VTA to the accumbens can amplify the PFC’s glutaminergic projections to the 

accumbens (Cardinal et al., 2002). As in humans, the rat PFC is responsible for executive 

functions such as attention, working memory, and decision-making (Dalley, Cardinal, & 

Robbins, 2004). In the reward system, the PFC guides behaviour on the basis of the 

anticipated value of an action (Cardinal et al., 2002; Kalivas & Volkow, 2005). In other 

words, as opposed to the amygdala, which plays a role in processing stimuli’s emotional 

valence, the PFC determines the intensity of the behavioural response to stimuli (Kalivas 

& Volkow, 2005).    
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 The nucleus accumbens receives glutaminergic inputs from the PFC, amygdala, 

and other mesocortical areas and projects to the hypothalamus (including the LHA) and 

motor output structures such as the ventral pallidum. Due to this central position in the 

reward system, the accumbens is thought to be important in the integration of the 

emotional, motivational, and behavioural aspects of rewards, and is often said to “turn 

motivation into action” (reviewed in: Fulton, 2010; Smith, Tindell, Aldridge, & Berridge, 

2009). Indeed, abundant evidence indicates that the reinforcing action of drugs is due to 

DA signalling in this node (Fulton, 2010). The accumbens consists of 2 major divisions 

that exhibit very different connectivity and functions: the accumbens’ shell and core. The 

shell is sometimes considered part of the extended amygdala (Kalivas & Volkow, 2005). 

It is highly connected to subcortical and midbrain structures such as the amygdala, LHA 

and VTA (Kalivas & Volkow, 2005). DA release here is sensitive to primary reinforcers 

and is thought to mediate the motivational impact of US (Cardinal et al., 2002). In 

contrast, the core more closely resembles the dorsal striatum, a part of the extrapyramidal 

system that is responsible for the fine-tuning of motor functions (Cardinal et al., 2002; 

Weiss, 2005). DA release in the core is sensitive to CS and supports the ability of CS to 

drive goal directed behaviours (Cardinal et al., 2002; Fuchs, Evans, Parker, & See, 2004; 

Ito, Dalley, Howes, Robbins, & Everitt, 2000; Ito, Robbins, & Everitt, 2004; Kalivas & 

Volkow, 2005). Thus, generally speaking, the shell mediates the reinforcing effects of 

rewards, and the core, working together with the PFC, coordinates behavioural activation 

and the performance of instrumental responses for rewards. Some evidence suggests that 

the shell can amplify the behavioural output of the core via its connections with VTA DA 

neurons (Haber, Fudge, & McFarland, 2000).  
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The reward system and food intake   
 

The dopaminergic meso-cortico-limbic system promotes a variety of appetitive 

behaviours and is a key contributor in the non-homeostatic regulation of food intake. 

Beyond our own subjective experiences, empirical evidence supports the notion that 

eating, particularly foods that are sweet and high in fat, is rewarding (Lowe & Butryn, 

2007). When given the choice, rats chose sugar over cocaine (Lenoir, Serre, Cantin, & 

Ahmed, 2007). In the brain, a link between food intake and reward has been suspected 

since the discovery that electrical stimulation of the LHA induces both food intake and 

brain reward stimulation, and that food restriction augments reward seeking (reviewed in 

Fulton, 2010). Correspondingly, satiety signals from the periphery attenuate the tonic 

firing of VTA DA cells and inhibit LHA brain reward stimulation (Fulton, 2000; Krügel, 

Schraft, Kittner, Kiess, & Illes, 2003). 

 Consistent with the role of the mesolimbic system in food intake, changes in DA 

tone affect an animal’s motivation to obtain food without affecting free feeding (Fulton, 

2010). Direct stimulation of the accumbens induces feeding (Kelley, Bakshi, Fleming, & 

Holahan, 2000). Meanwhile, palatable foods and associated CS trigger DA release in the 

PFC and accumbens core (Bassareo & Di Chiara, 1997; Richardson & Gratton, 1998). 

With time, palatable foods that are consumed in excess can cause neuro-adaptations in 

these structures that resemble those seen after repeated drug use (Avena, Rada, & Hoebel, 

2008).  

Ultimately, the expression of goal directed behaviours for food depends on the 

integrated activity of the reward system and other networks involved in the non-

homeostatic regulation of food intake such as those that mediate the stress response.  



!

! 11!

Effects of stressors on feeding behaviours   

Energy regulation and adequate dissemination of available resources is central to 

the fight or flight responses elicited by perceived threats in the environment. 

Accordingly, food intake must also be modulated by neuroendocrine systems responsible 

for instigating the stress response, including the hypothalamic-pituitary-adrenal (HPA) 

axis.  

The activity of the HPA axis is initiated by corticotropin releasing hormone 

(CRH)-containing neurons in the PVN. Exposure to stressful stimuli results in the release 

of CRH from these neurons onto the pituitary gland, located at the base of the 

hypothalamus. Here, CRH stimulates the release of adrenocorticotrophic hormone 

(ACTH) into the blood stream, eventually leading to the production/secretion of 

glucocorticoids (GCs) from the adrenal glands. Ultimately, GCs enhance glucose 

availability in the periphery and therefore provide the rapid fuel source required to meet 

the energetic demands of the stressor. Furthermore, GCs also act centrally as a regulatory 

feedback mechanism, to limit any further activity of the HPA axis (Adam & Epel, 2007; 

Tsigos & Chrousos, 2002).  

Acute activation of the HPA axis prepares an organism for immediate action by 

increasing the heart rate, blood pressure and blood flow to the muscles and brain, while 

delaying less urgent physiological processes (Sapolsky, 2004). Exposure to stressful 

stimuli can inhibit food intake (Sapolsky, 2004). Activation of the HPA axis via central 

CRH injections has also been shown to reduce feeding and body weight in rodents 

(Arase, York, Shimizu, Shargill, & Bray, 1988; Contarino et al., 2000; Tanaka et al., 

2009). Interestingly, up to 40% of people actually increase their food intake in response 
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to stressors (Oliver & Wardle, 1999). Differences in the nature/duration of stressors and 

individual stress reactivity may explain these seemingly inconsistent observations. For 

instance, Pijlman and colleagues (Pijlman, Wolterink, & Ree, 2003) have found that 

while physical stressors decrease food intake in rats, chronic emotional stress promotes 

eating. Other studies suggest that people who secrete more GCs in response to stressors 

may be more vulnerable to stress-induced feeding (Epel, Lapidus, McEwen, & Brownell, 

2001) and that chronic administration of GCs increases food intake (Tataranni et al., 

1996). Finally, a growing body of literature indicates that stress-induced feeding is highly 

correlated with food palatability (Adam & Epel, 2007; Dallman, 2010), implying an 

intimate link between stress, reward and food intake at the level of the brain.  

Neural integration of stress, reward & food intake 

It is becoming increasingly apparent that continuous activation of the HPA axis, 

as seen in chronic stress paradigms, initiates a shift towards the ingestion of more 

palatable foods (Connor, Jones, Conner, Mcmillan, & Ferguson, 2008; Dallman et al., 

2003; Dallman, Pecoraro, & la Fleur, 2005; Kandiah, Yake, Jones, & Meyer, 2006; 

Pecoraro, Reyes, Gomez, Bhargava, & Dallman, 2004; Zellner et al., 2006). 

Evolutionarily speaking, increasing the reward value of energy dense foods in such 

circumstances would be beneficial to the survival of an organism as it would help ensure 

sufficient energy stores for upcoming challenges.  

Previous studies have shown that chronically elevated GC levels facilitate 

dopamingeric function in the mesolimbic system (reviewed in Marinelli & Piazza, 2002), 

and increase CRH mRNA expression in the central amygdala, a key structure in the 

chronic stress network (Shepard, Barron, & Myers, 2000). The consumption of preferred 
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foods can in turn decrease central CRH expression and the behavioural effects of stress 

(reviewed in Dallman et al., 2003). Thus, chronic stress can sensitize the reward system, 

and ingestion of rewarding foods reduces the activity of the chronic stress network.  

Finally, “stress-induced food reward dependence” refers to the theory that the 

emotional relief associated with comfort eating reinforces appetitive behaviours in times 

of stress (Adam & Epel, 2007). In light of the overabundance of palatable foods and high 

levels of self-reported stress in Westernized countries (Stambor, 2006), this hypothesis 

could help explain the current obesity epidemic. The theory further implies that palatable 

foods can become addictive. While the concept of food addiction is not universally 

accepted (Corwin & Grigson, 2009), relapse during dieting is frequent, and food reward 

seeking behaviours can persist after months of abstinence, a finding that is also reported 

in drug addictions (Kramer, Jeffery, Forster, & Snell, 1989; Self & Nestler, 1998). For 

this reason, a number of behavioural paradigms traditionally used in the study of drug 

addiction have been adapted to the study of feeding behaviours. 

Reward tests 

 The reinforcing properties of a substance can be inferred by how much of it an 

animal will consume given unlimited access and whether it will choose it over another 

option. Alternatively, reward can be inferred using markers of reward system activation 

such as DA overflow in the accumbens and concurrent increases in locomotor activity 

(e.g.; Jerlhag, Egecioglu, Dickson, & Engel, 2010). These tasks are valuable because they 

are ecologically relevant and well characterized. Nevertheless, more complex tasks, often 

involving a learning component, are typically used to tease apart the contribution of 

specific brain areas to reward behaviours or the actions of pharmacological agents. These 
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include non-associative learning tasks such as the locomotor sensitization paradigm. In 

this task, repeated exposures to a drug lead to enhanced locomotor response to each 

presentation of the drug. It is the result of plastic changes throughout the reward system 

and its effects can be seen up to a year after the administration sequence (reviewed in 

Steketee & Kalivas, 2011). So far, sensitization has been observed using cocaine, 

amphetamines, morphine, alcohol, nicotine, and THC (Steketee & Kalivas, 2011), but not 

with foods. In contrasts, food reward has been investigated using associative learning 

tasks such as conditioned place preference (CPP) and operant conditioning. These 2 tasks 

can also be used to model relapse to drugs and palatable foods.  

Operant conditioning and reinstatement  

 The operant conditioning self-administration task is a widely used paradigm in 

which animals learn that pressing a lever (or performing a nose poke) results in the 

delivery of a reward – a form of instrumental learning. In this case, motivation is inferred 

from the willingness to work to obtain a reward (Richardson & Roberts, 1996). In 1981, 

de Wit and Stewart published a seminal paper in which they described a variant of this 

paradigm that models relapse to drugs of abuse (de Wit & Stewart, 1981). In this variant, 

animals are trained to self-administer a drug or food reward by pressing on a lever. Once 

the lever response is established, discontinuation of reward delivery upon lever pressing 

(i.e. forced abstinence) results in the extinction of the behaviour. The animals then 

receive a behavioural or pharmacological treatment and are subjected to a last extinction 

session. The subsequent reinstatement of the lever pressing response, even in the absence 

of contingent reward delivery, is considered analogous to relapse to drug or palatable 

food seeking in humans (Epstein, Preston, Stewart, & Shaham, 2006; Nair, Adams-
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Deutsch, Epstein, et al., 2009). The criterion validity of this model lies in the fact that 

manipulations apt to induce reinstatement under these circumstances coincide with causes 

of relapse in humans: re-exposure to the reward, exposure to cues associated with the 

reward, and exposure to stressful stimuli (Elfhag & Rössner, 2005; Ghitza et al., 2007; 

Ghitza, Gray, Epstein, Rice, & Shaham, 2006; Gorin et al., 2004; Grilo et al., 1989; 

James et al., 2011; Kayman, Bruvold, & Stern, 1990; Lê et al., 1998; Nair, Adams-

Deutsch, Pickens, Smith, & Shaham, 2009; Nair, Golden, & Shaham, 2008; Richards et 

al., 2008).  

Conditioned place preference (CPP) 

The CPP task is a classical conditioning model in which the rewarding properties 

of a substance are inferred based on the amount of time an animal will spend in a context 

previously associated with the substance (reviewed in Tzschentke, 2007). While it does 

not measure “active” drug seeking, it does measure a form of conditioned approach 

(Sanchis-segura & Spanagel, 2006). Once a preference is established, it can be 

extinguished via repeated exposure to that context in the absence of the reward, and 

subsequently reinstated using a priming dose of the reward or a stressor (Tzschentke, 

2007). Whereas a number of studies show that animals form CPP to rewarding foods 

(Egecioglu et al., 2010; Perello et al., 2010), we are currently unaware of studies 

examining reinstatement of food-associated CPP.  

Neural bases of reinstatement  

 Relatively little is known about the neural bases of the relapse phenomenon. 

Available data come from studies in which drugs are injected systemically or in distinct 

brain areas (including studies in which selected brain areas are temporarily inactivated) 
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and the effectiveness of known reinstatement stimuli is assessed. The vast majority of 

these studies use drugs of abuse as reinforcers. Food reward reinstatement studies suggest 

that there is some overlap between the circuits supporting drug and food reinstatement, 

but that they are not completely identical (Nair, Adams-Deutsch, Epstein, et al., 2009). In 

both cases however, different mechanisms appear to govern cue-, reward re-exposure 

(priming)-, and stress-induced reinstatement (Ghitza et al., 2007, 2006; Lê et al., 1998; 

Nair, Adams-Deutsch, Epstein, et al., 2009; Nair et al., 2008; Steketee & Kalivas, 2011).  

 Figure 2 depicts the circuits that support each type of reinstatement. Briefly, the 

BLA plays a large role in cue-induced, but not priming- or stress-induced drug and food 

seeking reinstatement (Kalivas & McFarland, 2003; Nair, Adams-Deutsch, Epstein, et al., 

2009; Shaham, Shalev, Lu, De Wit, & Stewart, 2003; Shalev, Grimm, & Shaham, 2002; 

Steketee & Kalivas, 2011). Based on drug studies, cue-induced reinstatement is supported 

by connections from the VTA to the BLA and from the BLA to the PFC, as well as direct 

projections from the VTA to the PFC (Kalivas & McFarland, 2003). Neuronal activity in 

the VTA is critical for drug-priming reinstatement, but this has not been confirmed for 

food-priming reinstatement (Kalivas & McFarland, 2003; Nair, Adams-Deutsch, Epstein, 

et al., 2009). Based on drug studies, DA projections from the VTA to the accumbens and 

PFC are involved in drug priming reinstatement (Shaham et al., 2003; Steketee & 

Kalivas, 2011). Finally, brain regions involved in stress-induced reinstatement include 

components of the extended amygdala, such as the CeA and the shell of the nucleus 

accumbens, as well as connections between these structures and the PFC (Fuchs et al., 

2004; Kalivas & McFarland, 2003; Steketee & Kalivas, 2011). It should be noted that 

although several stressors reinstate drug induced seeking (acute food deprivation, CS 
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associated with a foot shock, pharmacological stressor), yohimbine, an alpha-2 

adrenoreceptor antagonist frequently used as a pharmacological stressor, is the only one 

that reliably reinstates food seeking (Nair, Adams-Deutsch, Epstein, et al., 2009). Neural 

networks supporting all types of reinstatement converge onto the PFC and the PFC’s 

glutaminergic projections to the core of the nucleus accumbens may represent a common 

final output pathway for the expression of reinstatement (Kalivas & McFarland, 2003). 

 

 

 

Figure  

  



 

 
Figure 2. Overview of the neural bases of reinstatement. Only connections described 

in the text are shown. PFC: prefrontal cortex; NAC: nucleus accumbens; BLA: 

basolateral amygdala; CeA: central amygdala; VTA: ventral tegmental area.   
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As with other reward behaviours, the reinstatement of drug and food seeking is 

affected by an animal’s nutritional state and by chemical neuro-modulators that 

functionally link food intake and the stress response to the meso-cortico-limbic reward 

system (Boutrel et al., 2005; Nair, Adams-Deutsch, Epstein, et al., 2009; Nair, Adams-

Deutsch, Pickens, et al., 2009; Nair et al., 2008). It is believed that manipulations of these 

modulators may help in the treatment of obesity by reducing reward-based overeating and 

preventing relapse during diet restriction (Nair, Adams-Deutsch, Epstein, et al., 2009). 

Currently, orexin is being investigated as a potential target for such pharmaceutical 

treatments (Boutrel et al., 2005; Choi, Davis, Fitzgerald, & Benoit, 2010; Nair et al., 

2008). Recent studies indicate that ghrelin, a peripheral orexigenic peptide discovered in 

the late 1990s, may also be an excellent candidate.  

Ghrelin  

Ghrelin is a 28 amino acid-long peptide that is produced predominantly in the 

oxyntic glands of the stomach. It is converted into its biologically active form by the 

post-translational addition of an octanoic acid at its third serine residue by the enzyme 

ghrelin-O-acyltransferase (GOAT), which is also made in the stomach (reviewed in 

Romero et al., 2010). Peripherally, ghrelin activates the vagus nerve, promotes gastric 

emptying and reduces inflammatory reactions. It is also passively transported across the 

blood brain barrier, and acts centrally on ghrelin receptors within the hypothalamus and 

other areas of the brain (Abizaid et al., 2006; Banks, Tschop, Robinson, & Heiman, 2002; 

Diano et al., 2006; Guan et al., 1997; Zigman et al., 2005; reviewed in: De Smet, 

Mitselos, & Depoortere, 2009; Ghigo et al., 2005; Horvath, Diano, Sotonyi, Heiman, & 

Tschöp, 2001; Hosoda, Kojima, & Kangawa, 2002). 
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Ghrelin has been hypothesized to play an important role in signalling energy 

deficiency. Indeed, circulating ghrelin levels increase preprandially and in anticipation of 

a meal, and decrease postprandially (Cummings et al., 2001; Drazen, Vahl, D’Alessio, 

Seeley, & Woods, 2006; Tschöp et al., 2001; Tschöp, Smiley, & Heiman, 2000). 

Peripheral, intra-cranial and hypothalamic ghrelin administration produces a robust dose-

dependent feeding response that is not seen in animals lacking the ghrelin receptor gene 

(Bagnasco et al., 2003; Lawrence, Snape, Baudoin, & Luckman, 2002; Nakazato et al., 

2001; Olszewski, Grace, Billington, & Levine, 2003; Sun, Wang, Zheng, & Smith, 2004; 

Tschöp et al., 2000; Wang, Saint-Pierre, & Taché, 2002; Wren et al., 2001). In humans, 

ghrelin administration has a hunger-inducing effect (reviewed in Horvath et al., 2001) 

and endogenous ghrelin levels are positively correlated with hunger reports (Cummings, 

Frayo, Marmonier, Aubert, & Chapelot, 2004).  

In the arcuate nucleus, the orexigenic effect of ghrelin is likely mediated via 

activation of NPY/AgRP-containing neurons (Bagnasco et al., 2003; Cowley et al., 2003; 

Holst & Schwartz, 2004; Lawrence et al., 2002; Nakazato et al., 2001; Skibicka, Shirazi, 

Hansson, & Dickson, 2012). The vast majority of these neurons express GHSR and 

exhibit c-fos activation in response to ghrelin administration (Holst & Schwartz, 2004; 

Nakazato et al., 2001; Schellekens, Finger, Dinan, & Cryan, 2012; Scott, McDade, & 

Luckman, 2007). In addition, ghrelin decreases the number of excitatory inputs and 

increases the number of inhibitory inputs onto POMC-containing neurons cells (Pinto et 

al., 2004). In addition, ghrelin binding in the arcuate nucleus leads to GABA release from 

NPY cells, which inhibits local anorectic POMC-containing neurons (Cowley et al., 

2003). Some studies suggest that ghrelin induces c-fos activation in orexin neurons and 
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that this may occur independently of NPY (Toshinai et al., 2003). This might be 

explained by the fact that a subpopulation of arcuate neurons is presumed to produce 

ghrelin and innervate GHSR-expressing LHA orexin neurons (Cowley et al., 2003; Lu et 

al., 2002; Mondal et al., 2005), although this remains controversial (Furness et al., 2011). 

The disruption of orexin signalling (via either receptor antagonism or knock out of the 

receptor gene) reduces ghrelin-induced food intake (Perello et al., 2010; Toshinai et al., 

2003).  

Ghrelin’s role in the conservation of energy is further demonstrated by its ability 

to preferentially increase the intake of fatty foods (Shimbara et al., 2004) and to reduce 

fat utilization while favouring oxidization of carbohydrates as a fuel source (Tschöp et 

al., 2000; Wortley et al., 2004). Additionally, ghrelin promotes food-seeking behaviours 

such as foraging and hoarding (Keen-Rhinehart & Bartness, 2005). Its preprandial peak 

also coincides with the normal increase in anticipatory locomotor activity that precedes a 

meal (Drazen et al., 2006; Verhagen et al., 2011). This type of food anticipatory 

behaviour, thought to facilitate the search for food in the wild (Stephan, 2002), is 

enhanced by ghrelin administration in sated animals (LeSauter, Hoque, Weintraub, Pfaff, 

& Silver, 2009). The effect is attenuated in GHSR-KO mice and ghrelin antagonists-

treated mice and rats (Blum et al., 2009; LeSauter et al., 2009; Verhagen et al., 2011). 

It is important to note that the genetic disruption of ghrelin signalling (via the 

knock out of ghrelin or GHSR) does not significantly alter food intake and body weight 

(Sun, Ahmed, Smith, & Zivkovic, 2003; Wortley et al., 2004). Thus, it is unlikely that 

ghrelin is a critical regulator of energy homeostasis due to the inherent redundancy of this 

system. Alternatively, the presence of extra-hypothalamic ghrelin receptors in the brain 
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indicates that it might be involved in the regulation of higher brain functions that are 

dependent on metabolic status. Based on the research conducted so far, such functions 

may very well include reward-based and stress-induced feeding.  

Ghrelin and reward  

 The presence of ghrelin receptors in key nodes of the mesolimbic system strongly 

supports its role in reward processing. So far, GHSRs have been detected in several areas, 

including the VTA, amygdala, the nucleus accumbens shell, and several hypothalamic 

nuclei (Finger, Dinan, & Cryan, 2012; Guan et al., 1997; Landgren, Engel, et al., 2011; 

Mani et al., 2014; Skibicka, Hansson, Alvarez-Crespo, Friberg, & Dickson, 2011; 

Zigman, Jones, Lee, Saper, & Elmquist, 2006). In the VTA, GHSRs are located on 

approximately 30% of GABAergic cells, 60% of DA cells as well as on DA cells’ inputs 

(Abizaid et al., 2006). Ghrelin binding in this area increases the firing rates of local DA 

cells and DA turnover in the nucleus accumbens (Abizaid et al., 2006). Moreover, ghrelin 

binding in the VTA causes synaptic reorganization of local DA cells, ultimately 

increasing the ratio of excitatory (glutaminergic) to inhibitory (GABAergic) afferents to 

these cells (Abizaid et al., 2006). This results in a reduction in DA cells’ firing 

thresholds, an effect that is not seen in GHSR-KO mice (Abizaid et al., 2006). GHSRs 

also form heterodimers with DA receptors in the VTA and some is target areas, which 

can augment the strength of DA signalling (Jiang, Betancourt, & Smith, 2006).  

 Ghrelin’s effects in the VTA likely account for the fact that peripheral, intra-

cranial and intra-VTA ghrelin administration leads to behavioural outcomes that are 

typically associated with reward, including increased locomotion and development of 

CPP (Egecioglu et al., 2010; Jerlhag, 2008; Jerlhag et al., 2006, 2007; Wellman, Davis, & 
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Nation, 2005 – but see: Davis, Wellman, & Clifford, 2007). Ghrelin’s action in the VTA 

may also explain the fact that it can enhance the physiological and behavioural response 

to food rewards. For instance, ghrelin facilitates the development of CPP to palatable 

foods and operant responding for such foods (Finger et al., 2012; King, Isaacs, O’Farrell, 

& Abizaid, 2011; Overduin, Figlewicz, Bennett-jay, Kittleson, & Cummings, 2012; 

Perello et al., 2010; Skibicka et al., 2011; Skibicka, Hansson, Egecioglu, & Dickson, 

2012; Weinberg, Nicholson, & Currie, 2011), even in sated animals (King et al., 2011; 

Skibicka et al., 2013). Expectedly, pharmacological and/or genetic disruption of ghrelin 

signalling 1) reduces the expression of CPP and operant responding for food rewards 

(Egecioglu et al., 2010; Finger et al., 2012; King et al., 2011; Landgren, Simms, et al., 

2011; Perello et al., 2010; Skibicka et al., 2011; Skibicka, Hansson, et al., 2012), and 2) 

prevents increases in locomotion and accumbal DA typically observed in response to 

food rewards (Egecioglu et al., 2010). These effects correspond with results obtained 

from similar drug studies, implying that the effects of ghrelin are not limited to food 

rewards, but extend to other natural and artificial ones (Clifford et al., 2011; Davis et al., 

2007; Jerlhag et al., 2009; Wellman et al., 2005). This is consistent with the fact that 

ghrelin facilitates locomotor sensitization to cocaine (Abizaid et al., 2011; Wellman, 

Hollas, & Elliott, 2008) and the development of novelty place preference (Hansson et al., 

2012), and that GHSR-KO rats are less sensitive to the effects of brain reward stimulation 

(Wellman et al., 2012).  

Collectively, results from the aforementioned studies suggest that ghrelin 

modulates mesolimbic DA signalling as to increase the ability of rewards of all kinds to 

activate this system and as such, may play a role in a wide range of motivated behaviours. 
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Thus, although ghrelin has an overall orexigenic effect regardless of administration route 

(including in the VTA – Abizaid et al., 2006; King et al., 2011; Naleid, Grace, 

Cummings, & Levine, 2005; Skibicka et al., 2011), its action in the mesolimbic system 

may be specifically related to adding incentive value to food stimuli (Egecioglu et al., 

2010; Skibicka et al., 2013). Indeed, when ghrelin is injected directly into the VTA, doses 

required to promote operant responding for a food reward are lower than those required 

to induce feeding (Skibicka et al., 2011). In a study performed by Egecioglu et al. (2010), 

intra-VTA ghrelin administration increased how much peanut butter rats ate, but did not 

affect chow intake (Egecioglu et al., 2010). When compared to sham-operated rats, VTA-

lesioned rats consumed less peanut butter upon i.c.v. ghrelin administration; both groups 

however consumed the same amount of chow after ghrelin treatment (Egecioglu et al., 

2010). Ghrelin-treated VTA-lesioned rats also spent less time exploring an eppendorf 

tube containing peanut butter than sham-operated rats (Egecioglu et al., 2010). Blockage 

of DA receptors in the nucleus accumbens abolishes intra-VTA ghrelin-induced food 

reward behaviour (operant responding for sucrose), but not intra-VTA ghrelin-induced 

food intake (Skibicka et al., 2013). Together with the observation that ghrelin does not 

increase some reward behaviours when injected directly into the hypothalamus 

(Schneider, Rada, Darby, Leibowitz, & Hoebel, 2007), these findings suggest a 

dissociation between ghrelin’s role in energy homeostasis at the level of the 

hypothalamus and its role in the reward system. Ghrelin’s effects in the VTA are likely 

independent of NPY signalling, suggesting different mechanisms of actions in these 2 

areas (Naleid et al., 2005). Meanwhile, orexin appears to be necessary for some ghrelin-
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induced reward seeking behaviours (Perello et al., 2010), but not others (Jerlhag, 

Egecioglu, Dickson, & Engel, 2011). 

Ghrelin and stress  

In addition to its role in reward, ghrelin is also involved in the activity of the HPA 

axis. Rises in plasma ghrelin levels occur following both acute and chronic stress 

stimulation (Asakawa et al., 2001; Kristenssson et al., 2006; Rouach et al., 2007), and 

ghrelin itself contributes to the physiological response to stress. Ghrelin alters 

metabolism as to favour the utilization of carbohydrates while preserving fat stores 

(Currie et al., 2011; Tschöp et al., 2000), which facilitates rapid defensive behaviours in 

times of stress (Depke et al., 2008). Moreover, ghrelin contributes to stress-induced 

eating and has important implications for psychiatric conditions exacerbated by stress 

such as anxiety and depression.  

Ample evidence suggests that GCs and ghrelin work together in the modulation of 

food intake in response to stress. For instance, inhibition of GCs through adrenalectomy 

abolishes ghrelin-induced feeding (Spinedi et al., 2006). Interestingly, GHSR-KO mice 

are resistant to the anorexic effects of chronic stress exposure even though they 

demonstrate GCs rises equivalent to wild type (WT) stressed animals (Patterson, 

Ducharme, Anisman, & Abizaid, 2010). The relationship between ghrelin and HPA axis 

derivatives likely occurs via ascending monoaminergic pathways (e.g. via ghrelin 

receptor-expressing noradrenalin projections to the hypothalamus) (Patterson et al., 

2010), and directly at the hypothalamic level. The latter possibility is supported by the 

fact that ghrelin-containing arcuate neurons project to CRH cells in the PVN (Cowley et 

al., 2003), and ghrelin administration results in the production of CRH as well as elevated 
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circulating ACTH and GC levels (Arvat et al., 2001; Asakawa et al., 2001; Tassone et al., 

2003).  

The downstream effects of ghrelin-mediated HPA axis activation are currently the 

subject of considerable debate. Several studies report that ghrelin administration induces 

anxiety- and depressive-like behaviours that can be reversed by inhibition of CRH 

signalling (Asakawa et al., 2001; Carlini et al., 2002; Carvajal, Carlini, Schiöth, de 

Barioglio, & Salvatierra, 2009; Currie et al., 2012). Other studies report opposite effects 

(Lutter et al., 2008). In a recent review article, Chuang and Zigman (2010) propose that 

such conflicting results may reflect the fact that stress-induced ghrelin elevations are part 

of a compensatory mechanism that diminishes but does not abolish the development of 

anxiety and depressive symptoms (Chuang & Zigman, 2010). Alternatively, it is possible 

that the effects of ghrelin on the stress response and subsequent behavioural patterns vary 

as a function of an individual’s stress background. Indeed, rat strains that tend to be more 

anxious exhibit lower basal ghrelin levels and lower stress-induced ghrelin elevations 

than less anxious rat strains (Kristensson, Sundqvist, Håkanson, & Lindström, 2007; 

Kristenssson et al., 2006). Similarly, individuals who show high GC reactivity to 

stressors also exhibit enhanced stress-induced food intake and ghrelin responses relative 

to individuals who do not (Epel et al., 2001; Rouach et al., 2007).  

 Interestingly, it has been suggested that the activity of the meso-limbic system is 

involved in mood regulation and depression (Nestler & Carlezon, 2006), raising the 

possibility that the effects of ghrelin in response to stress are linked to its role in reward. 

Consistent with this, whereas WT mice are more likely to develop a CPP to high fat 

foods in response to chronic stressors, GHSR-KO mice do not (Chuang et al., 2011). In 



!

! 27!

this paradigm, mice expressing GHSR only in DA cells were comparable to WT mice 

(Chuang et al., 2011). This suggests that ghrelin plays a role in “comfort eating” via 

modulation of DA signalling.  

Studying ghrelin  
 

 A number of techniques have been developed to study the effects of ghrelin 

signalling. As can be seen in previous sections, these include pharmacological actions at 

the GHSR and genetic manipulations of ghrelin, GHSR, and GOAT. In the past, genetic 

approaches typically used mice, as rat embryonic cells, which are needed for the creation 

of knock out models, are difficult to isolate and culture (Abbott, 2004; Zan et al., 2003). 

Nevertheless, there are many advantages to using rat models – including the fact that rats 

acquire operant behaviours more readily than mice (Abbott, 2004) – and approximately 

10 years ago, a number of research groups advocated for the development of KO rat 

models (Abbott, 2004; Jacob, 1999). Recently a GHSR-KO strain was developed at the 

Medical College of Wisconsin via the introduction of a point mutation in the GHSR gene 

of Fawn Hooded Hypertensive (FHH) rats (PhysGen Program in Genomic Application, 

http://pga.mcw.edu). As expected, GHSR-KO rats do not overeat in response to systemic 

ghrelin injections (Bülbül et al., 2011). Although this model is relatively new, studies 

show that compared to WT rats, GHSR-KO rats are less sensitive to the effects of cocaine 

as well as brain reward stimulation (Clifford et al., 2012; Wellman et al., 2012). These 

rats may therefore also prove useful in the study of reward-based feeding behaviours.  
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Remaining questions and current study  

 An impressive body of literature describes the actions of ghrelin in several inter-

related processes relevant to obesity. Yet, our currently incomplete understanding of its 

mechanisms of action hinders the development of effective pharmaceutical treatments for 

the prevention and treatment of this condition. The overarching goal of the present thesis 

is to extend findings from previous studies showing a role of ghrelin in reward-based 

feeding and to identify potential sites where ghrelin exerts such effects.  

 As mentioned earlier, ghrelin preferentially increases palatable food intake and 

increases the motivation to work for food in sated animals (King et al., 2011; Skibicka et 

al., 2013). Although this is reminiscent of studies in which individuals eat palatable 

desserts after filling meals, there is a paucity of studies directly linking ghrelin to dessert 

consumption. Similarly, very few studies have examined the role of ghrelin in relapse to 

rewarding substances (Maric, Sedki, Ronfard, Chafetz, & Shalev, 2012; Tessari et al., 

2007). None of those studies focused on relapse to energy-dense foods, with or without 

the presence of a stressor. Given that this is a major problem reported by people 

undergoing weight reduction diets, this gap in the literature is surprising. The present 

thesis examined these issues by comparing GHSR-KO rats to rats possessing an identical 

genetic background, with an intact GHSR gene (WT rats), as well as Long Evans rats 

treated with ghrelin or a GHSR antagonist. Specifically, the hypothesis and aims of this 

study are:   

Hypothesis 1: ghrelin contributes to dessert consumption. 
 

o Aim 1: to compare GHSR-KO and WT rats in a behavioural paradigm 

designed to model the dessert phenomenon. 
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o Aim 2: to determine which brain areas are activated by the ingestion and 

anticipation of dessert in GHSR-KO and WT rats. 

  

Hypothesis 2: ghrelin facilitates the reinstatement of palatable food seeking that is 
triggered by food priming and food associated cues.  
 

o Aim 3: to compare GHSR-KO and WT rats in the operant conditioning 

version of the reinstatement test.  

o Aim 4: to compare GHSR-KO and WT rats in the conditioned place 

preference version of the reinstatement test.  

 

Hypothesis 3: ghrelin facilitates the reinstatement to palatable food seeking that is 
triggered by food priming, food associated cues and stress by acting at the level of 
the VTA.  
 

o Aim 5: to assess operant conditioning reinstatement in Long Evans rats 

receiving either ghrelin or a GHSR antagonist delivered chronically into the 

VTA.  
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Chapter 2: General methods  

Subjects and housing conditions 
 

Male Long Evans rats (LE) (216 to 381 grams) and male GHSR-KO and WT 

Fawn Hooded Hypertensive (FHH) (179 to 479 grams) rats were used for the 

experiments.  LE rats were obtained from Charles River and acclimated to the housing 

facility at Carleton University (Ottawa) for a minimum of 7 days before testing. Breeding 

pairs of GHSR-KO rats were obtained from the Medical College of Wisconsin and 

moved to our breeding colony within the Carleton University housing facility in January 

2011.   

All rats used in the following experiments were single-housed. Unless otherwise 

specified, the rats received adlib regular rat chow and tap water  and were maintained on 

a 12 hours light/dark cycle (lights on at 8:00 AM). All procedures were conducted in 

accordance with the Canadian Council of Animal Care (CCAC) guidelines and were 

approved by the Animal Care Committee at Carleton University. 

Testing apparatuses 
 

The following testing apparatuses were used in this study: infrared-operated 

activity monitors (n = 20; Micromax, Accuscan Instruments), operant conditioning 

chambers (n = 12; Coulbourn Instruments), and conditioned place preference (CPP) 

boxes (n = 6).   

Each operant conditioning chambers (width x depth x height = 12x10x13 inches) 

contained a grid floor, house light, pellet delivery magazine, and 2 levers 2.5 cm off the 

floor – one selected as “active” and the other as “inactive”. Three cue lights (red, yellow 
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and green) were located directly above each lever. Active and inactive lever presses were 

recorded by Graphic State software (version 3.0). Under specific circumstances, active 

lever presses resulted in the delivery of a high fat chocolate-flavoured (BioServ, 45mg, 

35% fat, F05879) or sucrose (BioServ, 45mg, F0042) pellet, as well as the presentation of 

a brief tone and illumination of the cue lights above the active lever (tone/light stimulus, 

2 seconds). Inactive lever presses had no programmed consequences.  

CPP boxes consisted of a white (12x12x14 inches) chamber with a plastic floor 

and a black chamber (same dimensions) with a metallic grid floor, connected by a smaller 

(3x4x14 inches) grey compartment. Guillotine doors separated each compartment.  

Experimental endpoints and histological preparation  
 
 Unless otherwise specified, rats were euthanized using sodium pentobarbital 

(90mg/mg, i.p.) and perfused with 0.9% saline solution followed by a 4% 

paraformaldehyde solution. Where relevant, brains were extracted and stored in a 4% 

paraformaldehyde solution for 3 days prior to being transferred to a 30% sucrose 

solution. The brains were then sectioned at 60 micron  intervals using a cryostat, and 

stored in Watson’s cryo-protectant solution at -20 degrees Celsius until processed for 

immunohistochemistry or stained with Cresyl violet. 
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Chapter 3: The role of ghrelin in dessert consumption  

Hypothesis 1: ghrelin is involved in dessert consumption. 
 
Aim 1: to compare GHSR-KO and WT rats in a behavioural paradigm designed to model 

the dessert phenomenon. 

Aim 2: to determine which areas are activated by the ingestion and anticipation of dessert 

in GHSR-KO and WT rats.  

Introduction  
 

Combined with an increasingly sedentary lifestyle, overconsumption of energy-

dense foods (i.e. reward-based consumption that exceeds metabolic need) may be partly 

responsible for the current obesity epidemic. Such overconsumption includes the 

tendency to eat palatable desserts after filling meals that effectively satisfy an 

individual’s energy requirements and hunger sensations. Although the neural basis of the 

dessert phenomenon has not been fully characterized, recent studies suggest the 

involvement of orexin A (Choi et al., 2010). As with orexin, several lines of evidence 

suggest a role for ghrelin in dessert consumption.  

As reviewed in chapter 1, ghrelin induces hunger in humans (reviewed in 

Horvath, Diano, Sotonyi, Heiman, & Tschöp, 2001) and feeding responses in rodents 

(King et al., 2011; Olszewski et al., 2003; Sun et al., 2004; Tschöp et al., 2000; Zigman et 

al., 2005). Ghrelin also acts on GHSRs within the mesolimbic system, and particularly in 

dopaminergic cells of the VTA (Abizaid et al., 2006; Guan et al., 1997; Zigman et al., 

2006). Correspondingly, ghrelin facilitates the expression of several reward-related 

behaviors (reviewed in Perelló & Zigman, 2012). Finally, the effects of ghrelin extend to 
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motivated appetitive behaviors such as foraging and hoarding (Keen-Rhinehart & 

Bartness, 2005) and pre-prandial increases in endogenous ghrelin levels are related to 

food anticipatory activity (Drazen, Vahl, D’Alessio, Seeley, & Woods, 2006; Verhagen et 

al., 2011).  

The current study’s first experiment was performed to test the hypothesis that 

beyond ghrelin’s role as an interoceptive hunger signal (Davidson et al., 2005), its effects 

on reward processing and motivated behaviour can lead calorically sated animals to 

behave like hungry ones. To this end, we compared GHSR-KO and WT rats in a task 

designed to model the dessert phenomenon. We also compared the strains’ food 

anticipatory activity before scheduled meals. In a follow-up experiment, we examined c-

fos activation in a number of brain areas and cell populations relevant to reward 

processing in rats that underwent the dessert task. Since factors other than dessert 

consumption may induce c-fos activation in those regions (ex: dessert anticipation, 

scheduled feeding, experimental endpoint procedures), we compared these rats’ neuronal 

activation to that of GHSR-KO and WT rats that were exposed to a dessert after a meal 

but could not ingest it, as well as GHSR-KO and WT rats that ate a meal but were not 

exposed to a dessert.   

 
Methods: Experiment 1 (A & B) 
 
 
Experiment 1A: Food restriction regimen, food anticipatory activity and dessert test 

 Nineteen rats (9 KO + 10 WT) were used in Experiment 1A. Their cages were 

placed inside activity monitors and their hourly locomotor activity was recorded for the 

duration of the experiment. At the outset of the experiment, rats were given 4 grams of 
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cookie dough (Pillsbury, chocolate chip) in a circular ceramic plate (8 cm diameter) 

overnight to prevent future neophobic effects. Baseline food intake and locomotion were 

recorded for 4 days. This was followed by a 23-day scheduled-meal period during which 

regular chow was only accessible from 10:00 AM to 2:00 PM (locomotion and food 

intake recorded daily). Testing took place on the last day of the food restriction regimen. 

Rats were given 30 grams of cookie dough in a ceramic plate during the last hour of the 

meal (i.e. from 1:00PM to 2:00PM). The amount of cookie dough eaten during this 

period was recorded. All rats were weighed and euthanized at the end of the meal (2:00 

PM).  

Experiment 1B: Immunohistochemistry (ICH) and stereology 

 Twenty additional rats (10 KO + 10 WT) were used in Experiment 1B. As in 

Experiment 1, rats were initially given 4 grams of cookie dough overnight to prevent 

neophobia. During the first 10 minutes of cookie dough exposure, the ceramic plates 

were covered by a stainless steel sieve that allowed the rats to see and smell the cookie 

dough, but prevented them from eating it. Baseline monitoring and scheduled feeding 

proceeded as described for Experiment 1A, with the exception that rats were weighed 

daily (prior to the start of the meal). On the last day of testing, half of the rats (5 KO and 

5 WT) were exposed to 30 grams of cookie dough during the last 10 minutes of the meal, 

but were prevented from eating it by a stainless steel sieve covering the ceramic plate 

containing the treat. The rats were then weighed and euthanized. The remaining rats were 

also euthanized at the end of the last meal but were not previously exposed to cookie 

dough.  
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Selected brain sections (every 4th section containing the area of interest) from rats 

in Experiment 1A and 1B were washed in 0.1M phosphate buffer 5 times prior to single- 

and double-staining ICH. Table 1 describes the primary and secondary antibodies used in 

each area. Briefly, sections were washed in in 1% hydrogen peroxide (30 minutes) and 

blocked in bovine serum albumin with 0.3% Triton-X. Each primary and secondary 

antibody incubated for 2 days at 4 degrees Celsius. Sections were then incubated in 

avidin-biotin-HRP complex (1:200 in PB; Vector Elite Kit; Vectastain) for 60 minutes at 

room temperature. Incubations were followed by 3 5-minute rinses in 0.1M PB. The 

sections were then immersed in 0.1M PB containing 0.05% 3,3’-diaminobenzidine 

(DAB) and 0.01% hydrogen peroxide for 30 minutes at room temperature. In order to 

visualize c-fos in double-stained sections, 3.5% nickel ammonium sulfate was added to 

the DAB solution. The reaction was stopped by three 5-minutes rinses in 0.1 M PB. 

Sections were mounted on gelatin-covered slides, dehydrated in a graded alcohol series, 

rinsed in clearene and coverslipped with permount (Fisher, SP-15-100) for stereology.  
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Table 1 

Area Stain Primary Ab Secondary Ab 

Nucleus 
Accumbens 

Single:  
c-fos 

Anti-c-fos rabbit  
(Millipore PC38, 1:20 000) 

Anti-rabbit  
(Jackson Immunoresearch 
711-065-152, 1:250)  

Arcuate 
nucleus 

Single:  
c-fos 

Anti-c-fos rabbit  
(Millipore AB-5, 1:20 000) 

Anti-rabbit  
(Jackson Immunoresearch 
711-0650152, 1:250) 

Amygdala 
(BLA & CeA) 

Single:  
c-fos 

Anti-c-fos rabbit  
(Millipore PC38, 1:20 000) 

Anti-rabbit  
(Jackson Immunoresearch 
711-0650152, 1:250) 

PFA and 
LHA 

Double: 
orexin-B 
and c-fos 

Anti-Orexin B goat  
(Santa Cruz Biotechnology 
C-19 sc-8071, 1:10 000) 

Anti-goat  
(Jackson Immunoresearch 
705-065-147, 1:250) 

Anti-c-fos rabbit (Millipore 
PC38, 1:20 000) 

Anti-rabbit  
(Jackson Immunoresearch 
711-0650152, 1:250) 

Double: 
orexin-A 
and c-fos 

Anti-Orexin A goat  
(Santa Cruz Biotechnology 
sc-8070, 1: 5 000) 

Anti-goat  
(Santa Cruz Biotechnology 
sc-2020, 1: 250) 

Anti-c-fos rabbit  
(Millipore PC38, 1:20 000) 

Anti-rabbit  
(Jackson Immunoresearch 
711-0650152, 1:250) 

VTA 

Double: 
tyrosine 
hydroxylase 
and c-fos 

Anti-Tyrosine Hydroxylase 
sheep (Millipore AB-1542, 
1: 10 000) 

Anti-sheep  
(Jackson Immunoresearch 
713-065-003, 1: 250) 

Anti-c-fos rabbit  
(Millipore AB-5, 1:20 000) 

Anti-rabbit  
(Jackson Immunoresearch 
711-0650152, 1:250) 

 

  

Table 1. Primary and secondary antibodies used in Experiment 1B  
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Each area of interest was outlined according to (Paxinos & Watson, 1998) at 4x 

magnification (Table 2). The orexin cell field was divided into the PFA and LHA 

according to Harris, Wimmer, & Aston-Jones, 2005. Cell counts were performed at 60x 

magnification with immersion oil. Using the Stereo Investigator’s optical fractionator 

method, systematic random sampling was performed within each area of interest to 

obtain an estimate of the total number of labeled cells.    
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 Anterior-posterior 
axis 

Medial-lateral  
axis 

Dorso-ventral  
axis 

Landmark used Bregma Midline Below the surface 
of the brain 

Accumbens – shell  + 1.0 0.5 – 1.2 6.0 – 8.0 
Accumbens – core + 1.0 1.2 – 2.6 6.0 – 8.0 
PFA -2.8 1.0 – 1.5 8.5 – 9.4 
LHA -2.8 1.5 – 2.5 8.4 – 9.4 
Arcuate  -2.8 0.0 – 0.1 9.4 – 10.4 
BLA -2.8  4.4 – 5.2 8.0 – 9.0 
CeA -2.8 3.8 – 4.5 7.6 – 8.4 
VTA - 6.04 0.2 – 0.8 8.0 – 9.0 
* positive numbers are anterior to bregma and negative numbers are posterior to bregma 
 
 
  

Table 2. Brain atlas coordinates (Paxinos & Watson, 1998) used to outline areas of 

interest in Experiment 1B (in mm from landmark)  
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Results: Experiment 1 (A & B) 
 
Experiment 1A:  

Locomotion: Locomotion data from a total of 4 rats (2 KO + 2 WT) were dropped 

due to technical problems with the activity monitors. A repeated measure ANOVA was 

performed to examine average hourly locomotion in the remaining GHSR-KO and WT 

rats during three days of baseline (data from the first baseline day were dropped from the 

analysis because rats’ activity increased in a non-representative way upon being moved to 

micromax chambers). A significant main effect of strain indicated that KO rats are 

hypoactive relative to WT rats [F(1,13) = 17.976, p = 0.001]. The analysis also revealed a 

significant main effect of hour [F(23,299) = 45.724, p < 0.001] and a significant strain by 

hour interaction effect [F(23,299) = 8.096, p < 0.001]. Visual inspection of the data 

indicated that rats were more active during the dark phase, and this effect was more 

pronounced in WT rats than in KO rats (Figure 3A).  

 A repeated measure ANOVA looking at average hourly locomotion of KO and 

WT rats during 23 days of food restriction revealed similar but less pronounced effects as 

during the baseline period. Under these conditions, KO rats were still hypoactive relative 

to WT rats [F(1,13) = 10.241, p = 0.007] and all rats were still more active during the 

dark phase of the day [F(23,299) = 51.892, p < 0.001], but there was no strain by hour 

interaction [F(23,299) = 1.430, p = 0.094] (Figure 3C).  

 Food anticipatory activity: Locomotion during the hour preceding the start of the 

meal was examined as a measure of food anticipatory activity. As expected, a repeated 

measure ANOVA revealed that rats increased their activity during this period over the 

course of the food restriction regimen [F(22,286) = 5.791, p < 0.001]. Interestingly, WT 
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rats moved more during this period than KO rats [F(1,13) = 9.772, p = 0.008] despite 

having similar scores at that time during the baseline period [t(13) = 0.981, p = 0.345]. 

Finally, there was no strain by day interaction in locomotor activity prior to meals 

[F(22,286) = 0.874, p = 0.629] (Figure 3B,C and D).  

  



 
Figure 1 

 

 

  

Figure 3. Locomotion in GHSR-KO (n = 7) and WT rats (n = 8) in Experiment 1A. A. 

Hourly locomotion during the baseline period (average of 3 days). B. Locomotion 

between 9 and 10 am during baseline (average of 3 days) C. Hourly locomotion during 

the food restriction period (average of 23 days). D. Locomotion between 9 and 10 am 

during 23 days of food restriction. 
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Chow and cookie dough intake: GHSR-KO and WT rats consumed similar 

amounts of chow during baseline and food restriction (baseline (average of 3 days): [t(17) 

= -0.738, p = 0.4703]; food restriction: [F(1,17) = 0.050, p = 0.825]). All rats increased 

their food intake throughout the course of the food restriction regimen [F(22,374) = 

10.111, p < 0.001]. They were also indistinguishable in terms of chow intake (absolute 

food intake: [t(17) = -0.563, p = 0.581; food intake per grams of body weight: [t(17) = -

1.054, p = 0.307]) and weight [t(17) = 0.721, p = 0.480] on the day of testing. On 

average, GHSR-KO and WT rats respectively ate 66.00% and 72.19% of their baseline 

daily food ration during this meal (this did not differ between the strains: [t(17) = -0.863, 

p = 0.400]). Rats only ate an average of 3 grams of chow during the last hour of the meal. 

Importantly, GHSR-KO rats ate less cookie dough than WT rats on the day of testing, 

despite having consumed a similar meal (absolute cookie dough: [t(17) = -2.048, p = 

0.056]; cookie dough per grams of body weight: [t(17) = -2.660, p = 0.016]) (Figure 4).  

  



 
Figure 2 

 

 

 

 

 

  

Figure 4. Grams of chow (A) and cookie dough (B) eaten by GHSR-KO and WT rats 

per grams of body weight during the last meal Experiment 1A.  
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Experiment 1B:  

 Weight and food intake: GHSR-KO rats were significantly heavier than WT rats 

at all points during the experiment (Table 3; baseline (average of 3 days): [t(18) = 2.249, 

p = 0.037]; food restriction: [F(1,18) = 5.889, p = 0.026]), despite eating comparable 

amounts of food (baseline (average of 3 days): [t(18) = 0.400, p = 0.694]; food 

restriction: [F(1,18) = 0.134, p = 0.719]). Both strains were similar in terms of food 

intake relative to body weight (baseline: [t(18) = -1.586, p = 0.130]; food restriction: 

[F(1,18) = 1.7656, p < 0.001]). All rats lost weight [F(22,396) = 22.728, p < 0.001] and 

increased their food intake (absolute food intake: [F(22,396) = 24.010, p < 0.001]; food 

intake / body weight: [F(22, 396) = 25.230, p < 0.001]) over 23 days of food restriction. 

There was no strain by day interaction effect in weight [F(22, 396) = 0.530, p = 0.962] or 

food intake (absolute food intake: [F(22,396) = 0.863, p = 0.644]; food intake / body 

weight: [F(22,396) = 0.927, p = 0.559]) during this period.  

  



!

! 45!

 
Table 2 

  Food intake (g) Body weight (g) FI/BW 

Baseline (average) 

WT 24.42  
(+/- 0.73) 

330.45  
(+/- 7.50)* 

0.075  
(+/- 0.009) 

KO 24.80  
(+/- 0.59) 

357.02  
(+/- 9.12)* 

0.070  
(+/- 0.008) 

Food restriction:  
day 1 

WT 4.20  
(+/- 0.72) 

318.60  
(+/- 9.14)* 

0.013  
(+/- 0.009) 

KO 4.10  
(+/- 0.72) 

347.10  
(+/- 9.14)* 

0.012  
(+/- 0.004) 

Food restriction:  
day 23 

WT 16.60  
(+/- 1.23)# 

305.60  
(+/- 8.37)*# 

0.054  
(+/- 0.011)# 

KO 15.20  
(+/- 1.23)# 

330.60  
(+/- 8.37)*# 

0.045  
(+/- 0.010)# 

Testing day 

WT 16.80  
(+/- 0.76) 

306.90  
(+/- 7.64) 

0.055  
(+/- 0.003) 

KO 16.42  
(+/- 0.96) 

327.00  
(+/- 7.07) 

0.050  
(+/- 0.003) 

* = significantly different from other strain on the same day (p < 0.05) 
# = significantly different from day 1 of food restriction (p < 0.05) 
 

 

  

Table 3. Food intake (FI) and body weight (BW) from GHSR-KO and WT rats in 

Experiment 1B 
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ICH: A series of 2-way factorial ANOVAs with genotype and cookie dough 

exposure condition as between subject factors revealed several main effects of exposure 

condition on c-fos activation in the areas and cell populations processed for ICH (Figures 

5 and 6). Relative to rats in other groups, rats that ate cookie dough had a greater 

percentage of c-fos activated orexin B cells in the PFA [F(2,32) = 66.642, p < 0.001] and 

LHA [F(2,32) = 21.465, p < 0.001], as well as greater c-fos activation in other cell 

populations within these areas that did not express orexin B (PFA: [F(2,32) = 7.340, p = 

0.002]; LHA: [F(2,32) = 12.286, p < 0.001]) or orexin A (PFA: [F(2,32) = 0.1.156, p = 

0.327, NS]; LHA: [F(2,32) = 3.768, p = 0.034]). In addition, rats that ate cookie dough 

had a greater percentage of c-fos activated TH-positive cells of the VTA [F(2,32) = 

26.213, p < 0.001], but reduced c-fos activation in VTA cells that did not express TH 

[F(2,32) = 3.884, p = 0.034] than rats who did not (whether they had indirect exposure to 

it or not). Rats in this group also had greater c-fos activation in the arcuate nucleus 

[F(2,32) = 8.477, p = 0.001] and the core [F(2,32) = 40.555, p < 0.001] and shell [F(2,32) 

= 15.175, p < 0.001] of the nucleus accumbens than rats in the other 2 groups.  

Rats that were exposed to cookie dough cues but had no direct access to it had a 

greater percentage of c-fos activated orexin A cells in the PFA than rats who either ate 

cookie dough before sacrifice or had no exposure to it [F(2,32) = 3.276, p = 0.051]. 

Finally, compared to rats that had no exposure to cookie dough before sacrifice, rats in 

the other 2 groups had greater c-fos activation in the central [(2,32) = 6.452, p = 0.004] 

and basolateral [F(2,32) = 3.386, p = 0.046] amygdala. 
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Figure 3 

 

 

Figure 5. Number of c-fos positive cells in the arcuate (A), amygdala (B, C), VTA 

(E), LHA (G, K), PFA (I, M) and percentage of c-fos activated TH-positive cells 

(VTA: D), orexin A cells (LHA: F; PFA: H), and orexin B cells (LHA: J; PFA: L) in 

GHSR-KO and WT rats that ate cookie dough, saw/smelled cookie dough, or had no 

exposure to cookie dough in Experiments 1A and 1B. * = main effect of cookie dough 

exposure, with ingestion grp ≠ other groups (p < 0.05); � = main effect of cookie 

dough exposure, with sight/smell group ≠ other groups (p < 0.05); # = main effect of 

cookie dough exposure, with the nothing grp ≠ other groups (p < 0.05).  



Figure 4 

 

 

 

Figure 6. Representative stains in the arcuate nucleus (c-fos), amygdala (c-fos), VTA 

(TH + c-fos), LHA and PFA (orexin A + c-fos; orexin B + c-fos) in GHSR-KO and 

WT rats that ate cookie dough, saw/smelled cookie dough, or had no exposure to 

cookie dough in Experiments 1A and 1B. Red arrows represent double-stained cells.  
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All of the aforementioned c-fos effects were independent of genotype. In contrast, 

a significant interaction effect indicated that exposure to cookie dough cues was 

associated with greater c-fos activation in the NAC core of WT, but not GHSR-KO rats 

(2-way ANOVA: [F(2,32) = 5.376, p = 0.010]; independent t-test comparing WT and KO 

rats in that group: [t(7) = -6.270, p < 0.001]) (Figure 7).   

  



Figure 5 

 

 

  

Figure 7. Number of c-fos activated cells in the nucleus accumbens shell and core in 

GHSR-KO and WT rats that ate cookie dough, saw/smelled cookie dough, or had no 

exposure to cookie dough in Experiments 1A and 1B (top) and representative stains 

(bottom). * = main effect of cookie dough exposure, with ingestion grp ≠ other groups 

(p < 0.05); §= strain by exposure condition interaction (p < 0.05).  
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Finally, a series of Pearson correlations was performed to examine the 

relationship between c-fos activation in all areas and cell populations processed with ICH 

and the amount of cookie dough eaten at the end of a meal relative to body weight (rats in 

group 1). The analyses revealed that c-fos activation in the BLA was positively correlated 

with grams of cookie dough ingested by grams of body weight in WT, but not GHSR-KO 

rats (WT rats: [r = 0.706, p = 0.022]; KO rats: [r = -0.106, p = 0.787]).  

Discussion  
 

Experiment 1A used a paradigm designed to model dessert consumption in 

humans and found that GHSR-KO rats eat less of a tasty treat following a meal than their 

WT counterparts. Although the GHSR-KO rat strain is a relatively new model, the 

current data are consistent with previous reports of attenuated reward processing in these 

rats (Cahill, Hatchard, Abizaid, & Holahan, 2014; Clifford et al., 2012; Wellman et al., 

2012). Importantly, the fact that GHSR-KO rats still consumed a substantial amount of 

cookie dough after a regular chow meal indicates that although reward-related behaviours 

are attenuated in these rats, they are not absent. This is also consistent with previous 

studies using these rats (Clifford et al., 2012; Wellman et al., 2012). Beyond the GHSR-

KO rat model, our findings are consistent with a number of studies showing that mice 

genetically engineered to lack ghrelin or GHSR signalling are less responsive to both 

natural and artificial rewards (Abizaid et al., 2006; Bahi et al., 2013; Egecioglu et al., 

2010; Jerlhag, Landgren, Egecioglu, Dickson, & Engel, 2011; Jerlhag et al., 2009). This 

includes a study using a mouse KO for the enzyme GOAT (which octanoylates and 

activates ghrelin): upon exposure to a high fat diet in the last hour of a meal, GOAT-KO 

mice consumed less than WT mice (Davis et al., 2012). Our data also corroborate a 
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growing body of literature showing that exogenous ghrelin enhances (and GHSR 

antagonists attenuate) the behavioural and physiological effects of rewards and that 

ghrelin can, on its own, act as a reinforcer (Perelló & Zigman, 2012). Finally, the current 

findings support claims that in the presence of palatable foods, ghrelin signalling can 

make sated animals behave like hungry ones (King et al., 2011; Perello et al., 2010; 

Skibicka et al., 2013). 

Meal anticipation helps animals prepare for the ingestion, absorption and 

metabolism of nutrients (Woods, 1991). In many species, meal anticipation is comprised 

of concurrent increases in locomotor activity and circulating ghrelin (Cummings et al., 

2001; Drazen et al., 2006; Mistlberger, 1994; Sugino et al., 2002). In nocturnal rodents, 

shifting mealtime to a few hours during the light period causes shifts in food anticipatory 

activity (FAA) and ghrelin secretion (LeSauter et al., 2009; Stephan, 2002; Verbaeys et 

al., 2011). In the current study, such food restriction caused a drastic reduction in WT 

rats’ dark phase activity. Conversely, their locomotor activity 1 hour before meal 

presentation increased such that it was significantly higher than that of KO rats, whereas 

no such strain differences were observed at that time during baseline. These findings are 

consistent with previous reports that ghrelin enhances (and GHSR antagonists reduce) 

FAA (LeSauter et al., 2009; Merkestein et al., 2012; Verhagen et al., 2011) and that FAA 

is attenuated in mice lacking the gene for either ghrelin or the GHSR [(Blum et al., 2009; 

Davis, Choi, Clegg, & Benoit, 2011; LeSauter et al., 2009; Verhagen et al., 2011) - but 

see (Patton & Mistlberger, 2013)]. As previously reported, FAA was not completely 

abolished in GHSR-KO rats (Blum et al., 2009; LeSauter et al., 2009; Verhagen et al., 

2011). GHSR-KO rats’ attenuated FAA did not translate into a compromised ability to 
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adjust food intake when food restricted. Although some ghrelin/GHSR KO animals 

exhibit poorer rebound feeding in response to an acute fast (Abizaid et al., 2006), some 

have been shown to adapt to more prolonged food restriction regimens as efficiently as 

their WT counterparts (Blum et al., 2009; Davis et al., 2011).  

In Experiment 1B, GHSR-KO rats were heavier than WT rats at baseline and 

during a food restriction regimen, despite eating comparable amounts of chow in both 

conditions. Strain differences in body weight might result from different locomotion 

patterns since in Experiment 1A, GHSR-KO rats moved less than WT rats, especially at 

night. These results were unexpected since other ghrelin and GHSR KO models are 

leaner than WT animals (Davis et al., 2011; Patterson et al., 2010; Zigman et al., 2005). It 

should be noted however that several ghrelin and GHSR KO models do not display clear 

feeding and body weight phenotypes (Sun et al., 2003; Wortley et al., 2004; Zhao et al., 

2010). Similarly, studies examining the effects of ghrelin signalling on locomotion have 

yielded inconsistent results (Jászberényi, Bujdosó, Bagosi, & Telegdy, 2006; Jerlhag et 

al., 2007; Nisembaum, de Pedro, Delgado, & Isorna, 2014; Pfluger et al., 2011; Tang-

Christensen et al., 2004) and ghrelin and GHSR KO models were reported to be more 

(Pfluger et al., 2008; Waddington Lamont, Bruton, Blum, & Abizaid, 2014; Wortley et 

al., 2005), less (Zigman et al., 2005), and as active (Blum et al., 2009; Esposito, Pellinen, 

Kapás, & Szentirmai, 2012; Verhagen et al., 2011) relative to WTs. Inconsistencies 

across genetic models may partly be explained by differences in dietary history, food 

availability and the genetic background of the animals (Sun, Butte, Garcia, & Smith, 

2008; Wortley et al., 2005). Nevertheless, the current data should be replicated as an 

increase in body weight was not reported in previous studies using GHSR-KO rats 
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(Bülbül et al., 2011; Cahill et al., 2014; Clifford et al., 2011) and was also not observed in 

Experiment 1A (testing day).  

 Immunohistochemical analyses compared c-fos activation in brain areas relevant 

to food reward in GHSR-KO and WT rats that received direct exposure (with possibility 

of consumption), indirect exposure (no possibility of consumption), or no exposure to 

cookie dough at the end of their last meal. We found that ingesting cookie dough 

increased neuronal activation in the arcuate nucleus of the hypothalamus in both GHSR-

KO and WT rats. As mentioned in chapter 1, arcuate neurons respond to a number of 

peripheral hormones and metabolites that signal changes in energy balance and are 

responsible for their transduction into neural signals. These neurons activate orexigenic 

and anorexigenic pathways via their projections to other hypothalamic nuclei, including 

the lateral hypothalamus area (LHA). The latter can in turn modulate the activation of the 

mesolimbic reward system (reviewed in Schneeberger, Gomis, & Claret, 2014).  

 Not surprisingly, cookie dough ingestion also led to increased neuronal activation 

in a number of the highly interconnected structures that form the mesolimbic reward 

system in both strains. These structures included the VTA (tyrosine hydroxylase (TH)-

positive neurons), nucleus accumbens (NAc), amygdala and the LHA (and adjacent 

perifornical area-PFA); natural and artificial rewards (including a high fat diet) have been 

shown to induce c-fos in all of these areas (Park & Carr, 1998; Rorabaugh, Stratford, & 

Zahniser, 2014; Valdivia, Patrone, Reynaldo, & Perello, 2014).   

TH-positive neurons in the VTA secrete the dopamine (DA) central to the 

functioning of the reward system. A large body of literature links the activity of these 

cells to reward processing (Wise, 2004). Primary reinforcers engage them, particularly 
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when they are unexpected (as in the current study) (van Zessen et al 2012). Cookie dough 

ingestion also decreased the activity of non-TH VTA cells and increased activity in the 

NAc, a primary target of VTA DA cells. Given that 65% of VTA cells are dopaminergic, 

30% GABAergic and only 5% glutaminergic (van Zessen et al 2012), it is likely that the 

former effect reflects a reduced activation of GABAergic cells. These neurons exert a 

tonic inhibition on VTA DA cells, preventing DA release in the NAc (Jhou, Fields, 

Baxter, Saper, & Holland, 2009; B. Johnson & North, 1992; Westerink & Kwint, 1996). 

Therefore, our findings are consistent with a scenario in which a palatable food reward 

both excites VTA DA cells and relieves them from tonic inhibition of local GABAergic 

cells, ultimately promoting the release of DA in the NAc and subsequent NAc activation.  

 Cookie dough ingestion increased c-fos activation in both the shell and the core of 

the NAc. The NAc is often described as the interface between the affective component of 

reward processing and the behavioural sequences required for reward seeking (i.e. 

turning motivation into action) (reviewed in Kelley, 2004). Eating cookie dough also 

increased c-fos activation in the basolateral (BLA) and central (CeA) parts of the 

amygdala, a structure well known for its role in associative learning (Gallagher & 

Holland, 1994). As mentioned in chapter 1, the BLA receives sensory information about 

reinforcers and is important for the association with the neutral events that predict them. 

This information is sent to the CeA, which has a more direct role in guiding behaviour 

(reviewed in Everitt, Cardinal, Parkinson, & Robbins, 2003).   

 Cookie dough ingestion increased c-fos activation in orexin B cells in the PFA 

and LHA. These areas have reciprocal connections with all of the structures mentioned 

above. Together with these structures, cells in the LHA and PFA regulate the response to 
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rewards and drive food seeking (reviewed in Kenny, 2011). Whereas orexin A has 

affinity for both orexin receptors (OX1R and OX2R), orexin B only binds to the orexin 

receptor 2 (Sakurai et al., 1998). Some evidence suggests that orexin B (and OX2R 

signaling) plays an important role in arousal and the maintenance of wakeful states, and 

that orexin A (and OX1R signaling) is involved in reward processing and the response to 

environmental stimuli (Akanmu & Honda, 2005; Baimel et al., 2014; Plaza-Zabala, 

Maldonado, & Berrendero, 2012; Sakurai & Mieda, 2011; Smith, See, & Aston-Jones, 

2009; Wang, You, & Wise, 2009). Nevertheless, VTA DA cells express both orexin 

receptors (Narita et al., 2006) and both orexin isoforms can increase their firing rate 

(Korotkova, Sergeeva, Eriksson, Haas, & Brown, 2003). Further, OX2R antagonists can 

decrease the behavioural response to some reinforcers (Brown, Khoo, & Lawrence, 2013; 

Di Sebastiano, Wilson-Pérez, Lehman, & Coolen, 2011). Under the current experimental 

conditions, eating cookie dough may have activated both a reward processing network 

and one that promotes alertness.  

Eating cookie dough did not induce c-fos in orexin A cells. Although some 

studies show orexin A cell activation in response to rewards (Valdivia et al., 2014), 

Harris and colleagues (Harris, Wimmer, Randall-Thompson, & Aston-Jones, 2007) report 

that similar effects only occur when the reward is presented in a novel environment. 

Finally, cookie dough ingestion increased c-fos in LHA and PFA cells that did not 

express any orexin. This might reflect an increase in the activation of other cell types, 

such as melanin-concentrating hormone containing neurons, or GABAergic leptin-

responsive neurons (reviewed in Fulton, 2010).  
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 Rats that were allowed to see and smell, but not eat, cookie dough showed an 

increase in c-fos activation in the amygdala that was similar to that seen after cookie 

dough ingestion. The amygdala is highly sensitive to emotionally relevant stimuli (Baxter 

& Murray, 2002). In humans, it contains neurons that respond to the sight of food (Arana 

et al., 2003; Killgore et al., 2003). In rats, the BLA and CeA mediate aspects of cue-

potentiated feeding and the conditioned response to reward cues (Holland & Gallagher, 

2003; Petrovich & Gallagher, 2003; Petrovich, Holland, & Gallagher, 2005). Indirect 

cookie dough exposure also induced c-fos activation in orexin A cells in the PFA. This is 

consistent with previous reports linking reward cues/expectation with the activity of these 

cells (Choi et al., 2010; Harris et al., 2005). Although it was previously suggested that 

orexin A cells in the LHA and PFA mediate the preference for reward-related cues and 

arousal respectively (Harris & Aston-Jones, 2006), the current results do not support this 

view. Similarly, Choi and colleagues (2010) found that orexin A cells in the PFA, but not 

the LHA, are activated in anticipation of a chocolate treat. PFA-orexin is also important 

for sex and cocaine reinforcement (Di Sebastiano et al., 2011; Hamlin, Clemens, & 

McNally, 2008).  

 All of the c-fos effects mentioned so far were consistent across GHSR-KO and 

WT rats. Interestingly, indirect exposure to cookie dough increased c-fos activation in the 

NAc core of WT but not GHSR-KO rats. As mentioned in chapter 1, the NAc core and 

shell differ in their connections and functions. The shell is intimately connected with a 

number of limbic structures (ex: VTA, LHA, hippocampus, and amygdala) and is 

important for the rewarding properties of drugs and foods, as well as the motivation to 

obtain them (Kelley, 2004; McFarland & Kalivas, 2001). The core is more closely related 
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to motor structures (ex: substantia nigra, subthalamic nucleus, dorsolateral ventral 

pallidum) and has overlapping functions with the rest of the striatum (reviewed in Kelley, 

2004). It is involved with the execution of instrumental action, and importantly, the 

behavioural response to cues that signal rewards (Floresco, McLaughlin, & Haluk, 2008; 

Fuchs et al., 2004; Kelley, 2004). The fact that there was a strain difference in the core, 

but not the shell of the NAc, may indicate that GHSR-KO and WT rats have similar 

emotional response to palatable food cues, but that a stronger neuronal response in the 

NAc core in WT rats is what pushes them to overeat a treat when it is readily available. 

Further augmentation of the core’s involvement post-ingestion may have masked such 

strain differences in rats that were allowed to eat the cookie dough. Although this 

hypothesis remains to be tested directly, the idea that ghrelin is primarily involved in 

behavioural activation in response to reward cues is in line with a number of 

observations. For instance, ghrelin administration enhances (and GHRS antagonism 

decreases) cue-potentiated feeding (Kanoski, Fortin, Ricks, & Grill, 2013; Walker, Ibia, 

& Zigman, 2012). Endogenous ghrelin levels are correlated with reinstatement of cocaine 

seeking that is induced by cocaine cues (Tessari et al., 2007). In humans, pictures of 

palatable foods increase endogenous ghrelin levels (Schüssler et al., 2012), and ghrelin 

administration increases the fMRI response to such pictures (Malik, McGlone, 

Bedrossian, & Dagher, 2008). 

Given that ghrelin’s effects on feeding and some reward behaviour require an 

intact orexin system (Cone, McCutcheon, & Roitman, 2014; Miura et al., 2007; Perello et 

al., 2010; Toshinai et al., 2003), we initially predicted that strain differences in cookie 

dough ingestion would be paralleled by corresponding strain differences in orexin cell 
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activation; this was not the case. It is possible that GHSR KO rats’ reduced propensity 

towards dessert consumption is independent of the orexin system. An alternative, and 

perhaps more plausible explanation is that differential responses to orexin in areas 

downstream from the PFA and LHA (due to, for example, different orexin receptor 

numbers) underlie strain differences in cookie dough consumption. Consistent with this 

hypothesis is the fact that GOAT-KO mice have the same number of orexin cells and 

receptors in the hypothalamus as their WT counterparts, but fewer orexin receptors in the 

nucleus accumbens (Davis et al., 2012).  

Conclusion   
!

In conclusion, the current study used a novel rat GHSR-KO model to examine the 

effects of GHSR signalling on food anticipation and reward-based overeating, as well as 

the neuronal response to eating versus smelling/seeing a treat. The results support claims 

that ghrelin facilitates, but is not absolutely necessary for food anticipatory activity. 

Importantly, the data support claims that ghrelin facilitates food reward behaviours, and 

extends these findings by demonstrating that it is also involved in dessert consumption in 

sated rats. Again, absence of ghrelin signalling did not completely abolish cookie dough 

intake, suggesting that ghrelin is not the sole mediator of this behaviour. Finally, a 

preliminary attempt to shed light on the neural bases of ghrelin-facilitated dessert 

behaviour suggested that neurons in the NAc core might be involved; GHSR-KO rats had 

altered neuronal response to food cues (sight and smell) in this area, but not in the NAc 

shell, VTA, LHA/PFA, arcuate, or amygdala. Further, the lack of ghrelin signalling did 

not alter the neuronal response to cookie dough ingestion/anticipation in any of these 

areas. Future studies should further explore the neural bases of dessert consumption; 
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particular focus should be given to elucidating ghrelin’s effects on orexin receptor 

binding in the VTA and NAc.  
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Chapter 4: The role of ghrelin in reinstatement of 

food seeking – operant conditioning 

Hypothesis 2: ghrelin facilitates the reinstatement of palatable food seeking that is 

triggered by food priming and food associated cues.  

 
Aim 3: to compare GHSR-KO and WT rats in the operant conditioning version of the 

reinstatement test.  

Introduction  
 

Relapse to preferred foods and unhealthy eating habits is a primary concern for 

people undergoing weight reduction diets (Elfhag & Rössner, 2005; Kramer et al., 1989). 

As reviewed in chapter 1, such relapse is most frequently studied using an operant 

conditioning model that is also used in drug addiction research. Over the last decade, the 

use of this model has facilitated the identification of a number of peptides and 

neurotransmitters that act centrally to modulate the reinstatement of food seeking, many 

of which also impact reinstatement of drug seeking (Nair, Adams-Deutsch, Epstein, et al., 

2009). These include, but are not limited to, orexigenic peptides such as orexin and 

melanin-concentrating hormone (Boutrel et al., 2005; Cippitelli et al., 2010; James et al., 

2011; Nair, Adams-Deutsch, Epstein, et al., 2009; Nair et al., 2008; Richards et al., 2008; 

Wang et al., 2009). In this context, the role of ghrelin, the only circulating orexigenic 

hormone currently known, is relatively under-studied.  

A role for ghrelin in the reinstatement of food seeking is suggested by the fact that 

ghrelin activates the HPA stress response system, and that stress is intimately linked with 
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food seeking relapse in dieting individuals and rats tested in the reinstatement model 

(Asakawa et al., 2001; Ghitza et al., 2006; Greeno & Wing, 1994; Grilo et al., 1989; 

Tassone et al., 2003). In addition, caloric restriction, which increases plasma ghrelin 

levels, facilitates reinstatement of both food and drug seeking (Nair, Adams-Deutsch, 

Epstein, et al., 2009). Elevated ghrelin levels are also associated with alcohol cravings in 

people who try to abstain from drinking, and such cravings often precede relapse 

episodes (Koob & Volkow, 2010; Koopmann et al., 2012). Finally, endogenous ghrelin 

levels are positively correlated to the reinstatement of cocaine seeking in rats (Tessari et 

al., 2007).  

In the current study, we sought to determine if ghrelin signalling was involved in 

the relapse to food reward seeking following priming (i.e. re-exposure to the food 

reward) and exposure to a cue previously associated with the reward by comparing 

GHSR-KO and WT rats in the reinstatement model. We chose sucrose and high fat 

chocolate flavoured pellets as the rewards because preferred foods are often sweet and 

rich in fat and ghrelin preferentially increases intake of sweet and high-fat foods (Disse et 

al., 2010; Shimbara et al., 2004).  

Methods: Experiment 2 (A & B) 
 
Subjects:  

 Twenty-four rats (12 GHSR-KO and 12 WT) were used in experiment 2A and 20 

(10 GHSR-KO and 10 WT) were used in experiment 2B. Baseline food intake was 

measured for 3 days before the start of the experiments. The rats were subsequently food 

restricted as to maintain 85% of their baseline body weight. Testing began 5 days after 
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the start of food restriction. All testing took place in the dark phase (reverse 12 hours 

dark/light cycle, lights off at 8:00AM).  

Experiment 2A: Operant conditioning using a sweet, high fat reward  

Operant conditioning: All animals were subjected to a single 6-hour autoshaping 

session during which high-fat chocolate-flavoured pellets were delivered every 5 

minutes. Each pellet delivery was accompanied by a 2 second light/tone stimulus. 

Starting on the next day, rats were trained for 6 hours (2 x 3 hours: from 9:00AM to 

12:00PM and from 1:00PM to 4:00PM) every second day, for 22 days (11 training 

sessions). At the start of the first 5 sessions, 3 pellets were placed on the active lever in 

order to facilitate acquisition. During training, pressing on the active lever resulted in the 

delivery of a pellet and exposure to the food cue (light/tone stimulus). Each pellet 

delivery was followed by a 20 second timeout period, during which pressing on the lever 

had no consequence. Similarly, pressing on the inactive lever at any point had no 

programmed consequence. On training days, rats were fed their maintenance food ration 

1 hour after the conditioning session. On “off” days, rats were fed 1 hour after the start of 

the dark phase.  

One day after the completion of the training phase, rats were exposed to a series 

of 3-hour extinction sessions (starting at 9:00AM or 1:00PM, on alternating days), during 

which lever pressing (active or inactive) either had no programmed consequence. Rats 

received daily extinction sessions until they reached the extinction criterion, defined as 

pressing on the active lever less than 10 times over 3 hours on 3 consecutive days, with a 

minimum of 6 extinction sessions. 
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 Food seeking (i.e. active lever pressing) was reinstated by either pre-exposure to 

the food pellets (food priming) or contingent presentations of the light-tone food cue 

upon lever pressing. Reinstatement testing began 24 hours after rats reached the 

extinction criterion. Each rat was tested for both kinds of reinstatement (food priming- 

and cue-induced) in four 3-hour sessions over the course of 5 days. Specifically, each rat 

was subjected to 2 sets of 2 sessions separated by 1 regular extinction session, with half 

of the rats receiving food priming-induced reinstatement session first and the other half 

receiving cue-induced reinstatement first. In the food priming reinstatement condition, 5 

pellets were delivered in a non-contingent way at the start of the session. In the cue 

reinstatement session, rats were presented with the light/tone stimulus previously 

associated with pellet delivery 3 times at the start of the session, and upon each active 

lever press during the session. With the exception of tone/light stimulus presentations in 

the cue-induced reinstatement conditions, the reinstatement sessions themselves were 

identical to extinction ones.     

Experiment 2B: Operant conditioning using a sucrose reward  

 Operant conditioning: Rats were trained to lever press to obtain sucrose pellets. 

Due to previous reports that 3, 6, and 9 hours of daily conditioning produce similar 

results in a paradigm similar to that used in the current study (Nair, Adams-Deutsch, 

Pickens, et al., 2009), training sessions were reduced to 3 hours per day on 12 

consecutive days (autoshaping session was also 3 hours). Training sessions were 

conducted in the morning (9:00AM-12:00PM) or the afternoon (1:00PM-4:00PM), and 

this alternated each day. Apart from these modifications, training, extinction, and 

reinstatement proceeded as described for Experiment 2A.  
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Brain monoamine analyses: Rats trained with sucrose pellets were left 

undisturbed and under ad lib feeding conditions for 2 to 3 weeks following reinstatement 

testing. On the last experimental day, half of the rats (5 KO and 5 WT) were placed in the 

operant conditioning box for 5 minutes with only the house light on (i.e. lever pressing 

did not have any programmed consequences) and euthanized by rapid decapitation. The 

other rats were also euthanized by rapid decapitation but were not previously exposed to 

the operant conditioning box.  

 Tissue punches from the basolateral amygdala, prefrontal cortex, arcuate nucleus 

and accumbens nucleus were flash frozen and stored in homogenizing solution (14.17g 

monochloroacetic acid, 0.0168g EDTA, 5.0 ml methanol, 500 ml HPLC-grade water). 

Levels of serotonin (5HT), dopamine (DA), noradrenalin (NA), and their metabolites 

(5HT metabolite = 5-hydroxyindolacetic acid (5-HIAA); DA metabolites = 3,4-

dihydroxy-phenylacetic acid (DOPAC), 3-methoxytyramine (3MT), and homovanillic 

acid (HVA); NA metabolite = 3-methoxy-4-hydroxyphenylglycol (MHPG)) were 

assessed in each brain region using high-performance liquid chromatography (HPLC) as 

described in Anisman and Zacharko (Anisman & Zacharko, 1990).  

Results: Experiment 2 (A & B) 
 
Experiment 2A:  

 Operant conditioning: The number of pellets earned and the number of active 

lever time out responses increased significantly over the training phase (main effect of 

day: pellets earned: [F(10,220) = 32.563, p < 0.001]; time out responses: [F(10,220) = 

16.887, < 0.001]), but remained similar across genotypes (p > 0.05 for both main effects 

of strain and strain x day interactions) (figure 8A). The number of reinforced and non-
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reinforced (i.e. timeout) active lever presses also remained similar throughout the training 

phase (day 1: [t(23) = 0.399, p = 0.694]; day 11: t(23) = -1.223, p = 0.234]). The number 

of inactive lever presses did not increase over time and did not differ between GHSR-KO 

and WT rats (data not shown). During the extinction phase, there was a significant 

decrease in active lever presses [F(5,110) = 53.743, p < 0.001], and no strain differences 

or strain by day interaction (p > 0.05 in both cases) (figure 8B). GHSR-KO and WT rats 

took an average of 5.92 and 5.42 days respectively to reach the extinction criterion (p > 

0.05) (figure 8C).  

 A repeated measure ANOVA for active lever pressing with the reinstatement 

stimulus as the within factor and strain as the between factor was used to assess 

reinstatement of food seeking. The three levels of the reinstatement stimulus factor were: 

cue-induced reinstatement (average of 2 sessions), food priming-induced reinstatement 

(average of 2 sessions) and extinction. The analysis revealed a significant main effect of 

reinstatement stimulus [F(2,44) = 9.904, p < 0.001], but no main effect of strain [F(1,22) 

= 0.036, p = 0.851] and no interaction of the 2 factors [F(2,44) = 0.647, p = 0.528]. A 

series of paired t-tests revealed that rats pressed on the active lever significantly more 

times during cue-induced reinstatement than during food priming-induced reinstatement 

[t(23) = 5.820, p = 0.010] and an extinction session [t(23) = 3.977, p = 0.001]. There 

were no differences between food priming-induced reinstatement and an extinction 

session [t(23) = 1.314, p = 0.202] (figure 8D).  



Figure 6 

 

 

 

Figure 8. Operant conditioning in GHSR-KO and WT rats using high fat chocolate-

flavoured pellets as a reinforcer (Exp. 2A). A. Training: Reinforced (pellets earned) 

and non-reinforced (timeout responses) active lever presses. B. Extinction: Active 

lever presses. C. Number of days required to reach extinction criterion. D. Active lever 

pressing during cue- food priming-induced reinstatement and an extinction session 

(during the reinstatement phase). * = main effect of reinstatement condition (p < 0.05).  
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Experiment 2B:  

 Operant conditioning: A total of 4 rats (3 KO + 1 WT) did not acquire the lever 

pressing response and were excluded from the analyses. Training for sucrose responding 

in Experiment 2B yielded similar results as training in Experiment 2A. The number of 

pellets earned and the number of active lever timeout responses increased significantly 

over time (main effect of day: pellets earned: [F(11,154) = 36.665, p < 0.001]; time out 

responses: [F(11,154) = 14.493, p < 0.001]), but remained similar across genotypes (p > 

0.05 for both main effects of strain and strain x day interactions) (figure 9A). The number 

of reinforced and non-reinforced active lever presses remained similar during the training 

phase (day 1: [t(15) = 1.270, p= 0.223]; day 12: [t(15) = -1.824, p = 0.088]). The number 

of inactive lever presses did not increase over time and did not differ between the strains 

(data not shown). During the extinction phase, there was a significant decrease in active 

lever presses over time [F(5,70) = 9.829, p < 0.001], and no strain differences or strain by 

day interaction (p > 0.05 in both cases) (figure 9B). GHSR-KO rats took significantly 

longer to reach the extinction criterion than WT rats [t(14) = 3.995, p = 0.001]. The 

average numbers of days required by GHSR-KO and WT rats to reach the criterion were 

15.86 and 10.56, respectively (figure 9C).  

 As in Experiment 2A, a repeated measure ANOVA for active lever pressing with 

reinstatement stimulus as the within factor and strain as the between factor was used to 

assess reinstatement. The three levels of the reinstatement stimulus factor were also the 

same as in Experiment 2A. Again, the analysis revealed a significant main effect of 

reinstatement stimulus [F(2,28) = 5.362, p = 0.011], but no main effect of strain [F(1,14) 

= 1.693, p = 0.214] and no interaction of the 2 factors [F(2,28) = 0.158, p = 0.855]. A 
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series of paired t-tests revealed that in this case, rats pressed on the active lever 

significantly more during the cue-induced reinstatement and the food priming-induced 

reinstatement sessions than during the extinction session (cue vs extinction: [t(15) = 

2.409, p = 0.029]; food priming vs extinction: [t(15) = 4.809, p < 0.001]). There was no 

difference between cue-induced reinstatement and food priming-induced reinstatement 

[t(15) = -0.390, p = 0.702] (figure 9D).   

 

 

 

  



Figur 

 

 

Figure 9. Operant conditioning in GHSR-KO and WT rats using sucrose pellets as a 

reinforcer (Experiment 2B). A. Reinforced (pellets earned) and non-reinforced (time 

out responses) active lever presses during training. B. Active lever presses during 

extinction. C. Number of days required to reach an extinction criterion. D. Active 

lever pressing during cue-induced reinstatement, food priming-induced reinstatement 

and an extinction session (during the reinstatement phase). # = strain difference (p < 

0.05). * = main effect of reinstatement condition (p < 0.05).  
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 Brain monoamine analyses: Brain monoamine levels (as well as the ratios of 

monoamine neurotransmitters to their metabolites) were examined using a series of 2-

way ANOVAs with strain and operant box exposure (whether the rats were exposed to 

operant box before decapitation) as between subjects factors (Figures 10-13). 

Independent t-tests comparing exposure levels in GHSR-KO and WT rats separately were 

used as follow up analyses for significant main effects. The analyses revealed a number 

of significant strain differences. Relative to WT rats, GHSR-KO rats had reduced levels 

of prefrontal cortex HVA (F1,16) = 12.066, p = 0.003], 5HT [F(1,16) = 7.192, p = 0.016] 

and NE [F(1,16) = 10.570, p = 0.005]. They also had lower 3MT/DA ratios in the arcuate 

nucleus [F(1,14) = 4.674, p = 0.048] and HVA/DA ratios in the nucleus accumbens 

[F(1,16) = 1.177, p = 0.294]. The analyses also revealed 2 significant main effects of 

operant box exposure: operant box exposure decreased 5HIAA levels [F(1,14) = 11.330, 

p = 0.005] and increased MHPG levels [F(1,14) = 5.360, p = 0.036] in the amygdala of 

GHSR-KO and WT rats. Finally, operant box exposure decreased amygdala HVA and 

5HT levels in GHSR-KO rats, but not WT rats (HVA interaction: [F(1,14) = 10.273, p = 

0.006], KO rats: [t(6) = -3.355, p = 0.015], WT rats: [t(8) = 0.601, p = 0.565]; 5HT 

interaction: [F(1,14) = 6.922, p = 0.020], KO rats: [t(6) = -2.719, p = 0.035], WT rats: 

[t(8) = 0.810, p = 0.441]).  

 



Figure 7 

 

 

Figure 10. Mean levels (+/- SEM) of DA, NE, 5HT and their metabolites (A-C) and 

ratio of each monoamine to its metabolites (D-F) in the prefrontal cortex of GHSR-KO 

and WT rats in Experiment 2B. * denotes main effects of strain (p < 0.05).  
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Figure 9 

Figure 11. Mean levels (+/- SEM) of DA, NE, 5HT and their metabolites (A-C) and 

ratio of each monoamine to its metabolites (D-F) in the amygdala in GHSR-KO and 

WT rats in Experiment 2B. * denotes a significant strain effect (p < 0.05). # denotes a 

significant effect of operant box exposure (p < 0.05). ♭denotes a significant operant 

box exposure by strain effect (p < 0.05).  



 

 
 
 
 
 
 
 
 
 

Figure 12. Mean levels (+/- SEM) of DA, NE, 5HT and their metabolites (A-C) and 

ratio of each monoamine to its metabolites (D-F) in the arcuate nucleus of GHSR-KO 

and WT rats in Experiment 2B. * denotes a significant strain difference (p < 0.05).  



Figure 10 

 

 
 
  

Figure 13. Mean levels (+/- SEM) of DA, NE, 5HT and their metabolites (A-C) and 

ratio of each monoamine to its metabolites (D-F) in the nucleus accumbens in GHSR-

KO and WT rats. * denotes a significant strain difference (p < 0.05). 
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Discussion  
 
Operant testing  

Experiments 2A and 2B compared WT and GHSR-KO rats’ responding in an 

operant conditioning paradigm using high fat chocolate and sucrose pellets respectively. 

In both experiments, all rats quickly learned to press the active lever to receive a reward, 

as evidenced by the rapid escalation in active but not inactive lever presses in the first 

few days of training. There was no difference between the rats’ reinforced and non-

reinforced active lever presses (i.e. between the number of pellets earned and the number 

of responses performed during the time out period) at any point during training. This is 

different from previous studies using Long Evans rats. Indeed, using a similar 

reinforcement schedule (fixed ratio of 1, with a 20 or 40 second time out period), Ghitza 

and colleagues (Ghitza et al., 2007, 2006), as well as Nair and colleagues (Nair, Adams-

Deutsch, Pickens, et al., 2009; Nair et al., 2008) found that LE rats show a greater 

progressive escalation in timeout responses versus reinforced responses, resulting in 

significant differences between the 2 measures early during training. This pattern of 

responding is considered to be analogous to the development of compulsive food seeking 

(Ghitza et al., 2006), and is absent in the FHH WT and GHSR-KO rats. WT and GHSR-

KO rats did not differ in terms of active lever presses (both reinforced and non-

reinforced) for either high fat chocolate pellets or sucrose pellets.  

 In the next phase of the experiments, rats were considered to have reached an 

“extinction criterion” when they pressed the active lever fewer than 11 times over a three 

hour session during 3 consecutive sessions. GHSR-KO and WT rats trained with high fat 

chocolate pellets reached this criterion in a comparable amount of time. In contrast, 
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GHSR-KO rats trained with sucrose pellets took longer to reach the extinction criterion 

than WT rats trained in the same conditions. A possible explanation for this perseveration 

could be that GHSR-KO rats show less behavioural flexibility and inhibitory control than 

WT rats. Alternatively, strain differences in this measure could reflect strain differences 

in stress reactivity. Recent evidence suggests that ghrelin acts as a protective factor in 

times of prolonged stress (reviewed in Chuang & Zigman, 2010) and that GHSR-KO 

mice show enhanced depressive and anxiety behaviours in response to stress (Lutter et 

al., 2008). Stress has also been shown to increase the resistance to extinction in operant 

paradigms (Highfield et al., 2000; Kupferschmidt, Tribe, & Erb, 2009). Thus, if rats 

tested in the current study were under stress during the extinction phase of the paradigm 

(which could, for instance, originate from the greater level of food restriction as pellets 

are discontinued – Piazza & Moal, 1998), and GHSR-KO rats showed a heightened 

response to this stress, this could manifest as a delay in reaching the extinction criterion.  

 Food cues and food priming were both effective in reinstating sucrose pellet 

seeking. In contrast, only food cues were effective in reinstating high fat chocolate pellet 

seeking. Previous studies suggest that food type can influence reinstatement (Nair, 

Adams-Deutsch, Epstein, et al., 2009). There is also evidence that cues are most effective 

at reinstating food seeking than pellet priming, independently of food type (Martín-

García et al., 2011). Finally, as was seen during training, there were no strain differences 

during reinstatement for either sucrose or high fat chocolate pellet seeking.  

 The fact that there were no strain differences in food seeking during training and 

reinstatement for sucrose and high fat chocolate pellets was an unexpected result. This 

finding may indicate that ghrelin is not involved in operant responding for palatable 
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foods or the reinstatement of food seeking. This, however, is unlikely, as previous studies 

have shown that peripheral (i.p.) and central (i.c.v., intra-hippocampal, and intra-VTA) 

ghrelin administration increases breakpoints (i.e. the maximum number of responses an 

animal will perform to receive a single reward when the requirements for each reward are 

progressively increased) and overall lever pressing for heroin, as well as sucrose, 

chocolate, banana and high fat pellets (Kanoski et al., 2013; King et al., 2011; Maric et 

al., 2012; Overduin et al., 2012; Perello et al., 2010; Skibicka et al., 2011; Skibicka, 

Hansson, et al., 2012; Skibicka, Shirazi, et al., 2012; Weinberg et al., 2011). Similarly, 

peripheral (i.p.) and central (i.c.v. and intra-VTA) administration of GHSR antagonists 

reduce operant breakpoints and overall lever pressing for heroin, ethanol, sucrose 

solution as well as chocolate and sucrose pellets (King et al., 2011; Landgren et al., 2012; 

Landgren, Simms, et al., 2011; Maric et al., 2012; Skibicka et al., 2011; Skibicka, 

Hansson, et al., 2012). Notably however, continuous schedules of reinforcement such as 

the one used in this experiment are less sensitive to motivational factors than progressive 

ratio schedules (Sanchis-Segura & Spanagel, 2006). In addition, although there is 

currently no direct evidence linking ghrelin and the reinstatement of food seeking, 

Tessari and colleagues (2007) found that endogenous ghrelin levels are positively 

correlated with the reinstatement of cocaine seeking elicited by cocaine-associated cues. 

An alternate explanation for the current findings is that, over their lifetime, GSHR-KO 

rats developed compensatory mechanisms that limit the effects of absent ghrelin 

signalling. Such mechanisms are suggested by the fact that several studies report 

discrepancies between pharmacological and genetic models of ghrelin signalling 

disruptions (i.e. differences between adult mice treated with a GHSR antagonist and age-
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matched mice lacking the gene for ghrelin or GHSR) (Abizaid et al., 2006; Egecioglu et 

al., 2010; Jerlhag, Egecioglu, et al., 2011; Perello et al., 2010; Walker et al., 2012). 

Finally, it is important to note that response rates observed during training in the current 

study are substantially lower than those observed in studies using Long Evans rats 

(Ghitza et al., 2007, 2006; Nair, Adams-Deutsch, Pickens, et al., 2009; Nair et al., 2008). 

It is possible that lower responding in the FHH strain contributed to masking the effects 

of ghrelin signalling in this paradigm (floor effect).  

Brain monoamines 

 The monoamines play an important modulatory role in structures of the reward 

system innervated by the VTA. Compared to WT rats, GHSR-KO rats had reduced 

monoamine levels (HVA, 5HT and NE) in the prefrontal cortex (PFC) and lower 

dopamine utilization in the arcuate and accumbens nuclei. The PFC supports many higher 

order functions including inhibitory response control. Rats with PFC lesions show 

perseverations in operant conditioning tasks when the responses are no longer reinforced, 

i.e. they take longer to show extinction (reviewed in Kolb, 1984). The monoamines affect 

the expression of PFC-mediated behaviours. For instances, drugs that increase NE and 

DA in the PFC improve performance on inhibitory response control tasks and decrease 

the incidence of impulsive behaviours (Bari et al., 2011; Robbins & Arnsten, 2010). 5HT 

receptor antagonists and 5HT depletion in the PFC increase perseverations in reversal 

tasks, i.e. learning tasks that require behavioural changes in response to changes in 

stimulus-reward contingencies (Boulougouris, Glennon, & Robbins, 2008; Clarke, 

Dalley, Crofts, Robbins, & Roberts, 2004; reviewed in Eagle & Baunez, 2010). 

Therefore, it is possible that lower PFC monoamine levels in the GHSR-KO rats relative 
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to the WT rats contributed to their delay in reaching the extinction criterion in the sucrose 

operant responding paradigm. Reduced DA utilization in the GHSR-KO rats relative to 

WT rats is consistent with the fact that systemic ghrelin administration increases the ratio 

of DOPAC to DA in outbred rats (Abizaid et al., 2006).  

 Exposure to the operant conditioning box increased NE metabolism and decreased 

5HT metabolism in the amygdala of WT and GHSR-KO rats. The amygdala is sensitive 

to emotionally relevant stimuli and plays a role in associative learning (reviewed in 

Gallagher & Holland, 1994). Specifically, the BLA receives sensory information about 

reinforcers and is important for their association with neutral events that predict them 

such as, in the current study, the contextual cues of the operant conditioning box 

(reviewed in Everitt et al., 2003). The current findings are consistent with an increase in 

BLA activity following the presentation of reward cues as 5HT was previously shown to 

have an inhibitory action in the amygdala (Stutzmann, McEwen, & LeDoux, 1998), and 

unexpected positive events increase NE release in the BLA (Young & Williams, 2010). 

 Exposure to the operant conditioning box reduced amygdala 5HT and HVA levels 

in GHSR-KO but not WT rats. Although the functional significance of these findings is 

unclear, it is interesting that the BLA is necessary for the association between objects and 

their current reinforcing value. For instance, rats with BLA lesions are able to form 

associations between palatable foods and their conditioned stimuli (CS), but cannot adapt 

to changes in the predictive value of the CS (i.e. if the CS is subsequently “re-paired” 

with a new outcome) (Baxter & Murray, 2002). In Experiment 2B, GHSR-KO rats were 

slow to adapt to a change in reinforcement schedule during extinction. It is possible that 

altered amygdala functioning contributed to this effect. 
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Conclusion 
!

In this experiment, food cues, but not food priming, elicited the reinstatement of 

high fat chocolate pellet seeking whereas both stimuli elicited the reinstatement of 

sucrose pellet seeking. This suggests that food cues are more effective reinstatement 

stimuli than food priming. GHSR-KO and WT rats performed similarly during training 

and reinstatement using both types of reinforcers. In contrast, GHSR-KO took longer to 

reach an extinction criterion when sucrose pellets were discontinued. This finding may 

partly be explained by strain differences in prefrontal monoamine levels.  
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Chapter 5: The role of ghrelin in reinstatement – 

conditioned place preference 

Hypothesis 2: ghrelin facilitates the reinstatement of palatable food seeking that is 

triggered by food priming and food associated cues.  

 
Aim 4: to compare GHSR-KO and WT rats in the conditioned place preference version of 

the reinstatement test.  

Introduction  
 

The experiments performed in chapter 4 revealed that WT and GHSR-KO rats 

display comparable levels of food seeking reinstatement after an extinction period in an 

operant conditioning model. This was observed independently of food type (sucrose vs. 

high fat chocolate pellets) and reinstatement stimulus (cue-induced vs. food priming-

induced). Although it is possible that ghrelin signalling is not involved in food 

reinstatement, a number of observations suggest that this is not necessarily the case. For 

instance, the experiments found no strain differences during training – this is inconsistent 

with several studies that implicate ghrelin in operant responding for palatable foods 

(Davis et al., 2012; Kanoski et al., 2013; King et al., 2011; Overduin et al., 2012; Perello 

et al., 2010; Skibicka et al., 2011; Weinberg et al., 2011). In addition, WT and GHSR-KO 

rats had response rates that were considerably lower than those reported in other rat 

strains, using similar pellets and reinforcement schedules (Ghitza et al., 2007, 2006; Nair, 

Adams-Deutsch, Pickens, et al., 2009; Nair et al., 2008). These observations may indicate 

that compared to other rat strains, the FHH rats used for the generation of the WT and 
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GHSR-KO strains are less responsive to the rewarding effects of food and/or less willing 

to work for it. Under such circumstances, any strain differences due to ghrelin signalling 

may be undetectable. For these reasons, the next experiment compared GHSR-KO and 

WT rats’ reinstatement in a different experimental paradigm, the conditioned place 

preference (CPP) reinstatement test.  

 As mentioned in chapter 1, the CPP test is used to infer the rewarding properties 

of substances based on the amount of time an animal spends in a context previously 

associated with the substance (Tzschentke, 2007). As in the operant conditioning model, 

an established response (i.e. place preference) can be extinguished via repeated 

presentations of the context in the absence of the substance and subsequently reinstated. 

Effective reinstatement stimuli in the CPP model are the same as in the operant 

conditioning model: re-exposure to the substance, exposure to conditioned stimuli 

associated with the substance, and stress (Tzschentke, 2007). 

 The CPP reinstatement model offers 2 major advantages over the operant 

conditioning reinstatement model that make it particularly attractive for the study of FHH 

GHSR-KO and WT rats. First, the CPP task does not have a strong motor component. If 

FHH rats are generally less motivated to perform motor responses to obtain rewards than 

other rat strains, reducing the motoric demands of the task may help uncover differences 

in other types of reward behaviours between GHSR-KO and WT rats. In addition, the 

CPP model allows the use of a wide variety of rewards as opposed to only those who fit 

the size and shape specifications of the operant conditioning apparatus. 

 In the current study, we assessed the role of ghrelin in a CPP paradigm using 

chocolate chip cookie dough as a reward. Specifically, we planned to compare 1) GHSR-
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KO and WT rats’ propensity to develop a place preference to this reward, 2) the rate at 

which their place preferences extinguished upon reward discontinuation, and 3) whether 

or not food priming could reinstate their place preference following extinction. 

Unexpectedly, repeated presentations of the testing apparatus in the absence of cookie 

dough did not result in the extinction of a conditioned place preference in the rats, which 

made it impossible to look at reinstatement. We therefore adapted our experimental 

protocol as to examine the strength of GHSR-KO and WT rats’ place preference 

following manipulations of the testing environment expected to oppose the expression of 

the place preference. 

Methods: Experiment 3 
 

Baseline measures: Nineteen rats (9 KO + 10 WT) were used in experiment 3. 

Baseline food intake was measured daily for 4 days before the start of the study. All 

sessions began approximately 2 hours after the start of the light phase. Prior to place 

preference conditioning, rats underwent a 20-minutes pre-conditioning session during 

which they had access to both sides. The number of seconds spent in each compartment 

was recorded. Rats were also given cookie dough overnight on 2 occasions on non-

consecutive nights (25 grams the first night and 50 grams the second night).  

 Place preference conditioning and CPP testing: Throughout the course of the 

experiment, rats underwent 3 conditioning rounds and 5 CPP tests. During conditioning, 

the CPP chambers were separated and rats were placed in the white and dark chambers 

for 30-minutes sessions on alternating days. One minute after being placed there, a small 

ceramic plate containing 5 grams of either cookie dough (chocolate chips, Pillsbury) or 

regular chow was put in the chamber. We used a biased CPP protocol – i.e. the rewarding 
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food (cookie dough) and regular chow were consistently paired with the least and most 

preferred chamber (as determined by the preconditioning session), respectively.  

 During the first conditioning round (18 sessions), rats were maintained on an 

adlib feeding schedule and conditioned in bright light. During the second round (20 

sessions), rats were maintained on a restricted feeding schedule (access to food limited to 

4 hours per day, starting after the conditioning session) and conditioned in bright light. 

During the third round (8 sessions), rats were maintained on a restricted feeding schedule 

and conditioned in dim light. CPP tests took place at the following time points: in the 

middle and at the end of the 1st conditioning round, in the middle and at the end of the 2nd 

conditioning round, and at the end of the 3rd conditioning round (see figure 14). The first 

4 tests were done in bright light conditions, and the 5th test was done in dim light 

conditions. During the tests, rats were placed in the CPP boxes without any food and had 

access to both chambers for 20 minutes. The number of seconds spent in each chamber 

was recorded.  

Extinction and post-extinction CPP tests: Rats were returned to an adlib-feeding 

regimen immediately after the last CPP tests. Extinction began 3 days following this. 

During this phase, rats were placed in the CPP boxes with no food and with access to 

both chambers for 20 minutes every day until they reached an extinction criterion 

(defined as less than 15% of the time spent in the cookie dough-paired chamber on 3 

consecutive days) or for a maximum of 20 days (whichever came first).   

One week after the end of extinction, each rat received an additional 2 CPP tests, 

separated by 48 hours. In one version of the test, rats were tested in dim light, 20 minutes 

after receiving 2 grams of cookie dough (“priming” condition). In the other version, rats 
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were tested in bright light conditions (“lights” condition). Half of the rats received the 

priming condition first, and the other half received the lights condition first. In both 

cases, the number of seconds spent in each compartment was recorded.  
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Figure 14. Timeline of CPP tests in Experiment 3.  
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Results: Experiment 3 
 

Baseline measures: GHSR-KO and WT rats ate comparable amounts of chow at 

baseline (average of 4 days: [t(17) = 1.686, p = 0.110]) and of cookie dough when it was 

given over night (Figure 15). When 25 grams of cookie dough were given, the majority 

of rats ate it all; when 50 grams were given, GHSR-KO and WT rats ate an average of 

28.67 and 28.20 grams respectively [t(17) =2.0259, p = 0.799].  



Figure 11 

 

 

 

 

 

  

  

Figure 15. Baseline daily chow intake (average of 4 days) and overnight cookie dough 

intake (2nd night) in GHSR-KO and WT rats in Experiment 3 (NS).  
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Conditioning and CPP testing: A repeated measure ANOVA revealed that prior 

to conditioning, rats spent significantly more time in the dark compartment than the white 

one [F(1,17) = 390.452, p < 0.001] (Figure 16A). Since this pattern was clearly apparent 

for each rat, cookie dough exposure during conditioning was paired to the white 

compartment exclusively. We used a series of repeated measure ANOVAs to compare 

time spent in the white compartment during CPP tests versus the pre-conditioning 

sessions in GHSR-KO and WT rats. The analyses revealed no effects of strain or session 

and no interaction of the 2 factors for the 1st, 2nd and 4th CPP tests (all p values > 0.05). In 

contrast, rats spent more time in the white compartment during the 3rd CPP test than 

during the preconditioning session [F(1,17) = 11.480, p = 0.003]. This pattern was even 

more pronounced in the 5th CPP test [F(1,17) = 68.626, p < 0.001], indicating that rats 

had developed a place preference for the cookie dough-paired compartment (Figure 16B); 

this preference was similar in GHSR-KO and WT rats (all p values > 0.05).  



Figure 12 

 

 

 

 

  

  

Figure 16. A. Time spent in the white and dark compartments during pre-conditioning 

in GHSR-KO and WT rats in Experiment 3. * denotes a significant difference between 

the time spent in each compartment (p < 0.05) B. Time spent in white compartment 

during pre-conditioning and 5 CPP tests in GHSR-KO and WT rats. # denotes a 

significant difference between the time spent in the white compartment during CPP 

testing relative to pre-conditioning levels (p < 0.05).    
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Extinction sessions: A repeated measure ANOVA compared the time spent in the 

white compartment during an “extinction” phase, consisting of repeated exposures to the 

entire CPP apparatus with no reward on either side. We predicted that over time, rats’ 

preference for the white compartment would extinguish and that they would spend less 

time in it. The analysis revealed a significant main effect of test session [F(1,17) 1.851, p 

= 0.017]. A follow up paired t test comparing the first and last sessions revealed that, 

surprisingly, rats spent more time in the white compartment as time went by [t(18) = -

3.050, p = 0.007]. There was also a significant strain by session interaction [F(1,17) = 

1.699, p = 0.035]. Paired t tests comparing the first and last sessions for each strain 

separately revealed that only WT rats significantly increased the time they spent in the 

white chamber between these 2 time points (WT rats: [t(9) = -5.241, p = 0.001]; KO rats: 

[t(8) = -0.758, p = 0.470]) (Figure 17A).  

 Post-extinction tests: An additional 2 CPP tests were performed at the end of the 

experiment: one was performed under bright light conditions (as during the pre-

conditioning session and the first 2 conditioning rounds), and the other after cookie 

dough priming. A series of paired t tests revealed that cookie dough priming did not 

affect the amount of time rats spent in the white compartment, relative to the last CPP test 

and last “extinction” session (p > 0.05 in both cases). In contrast, performing the test in 

bright light reduced the time rats spent in the white compartment to pre-conditioning 

levels (p < 0.05 relative to last CPP test and last extinction session; p > 0.05 relative to 

pre-conditioning session). Whereas GHSR-KO and WT rats were indistinguishable in the 

cookie dough priming condition [t(17) = -1.256, p = 0.266], WT rats spent significantly 
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more time in the white compartment than GHSR-KO rats when bright lights were on 

[t(17) = -2.249, p = 0.038] (Figure 17B).  

Repeated measure ANOVAs comparing place preference during the last 

extinction day and each additional testing day were performed to determine if strain 

differences during the final tests were indeed due to the bright lights and/or cookie dough 

or if these effects carried over from the extinction phase. The analysis performed for the 

cookie dough priming condition revealed a significant strain effect [F(1,17) = 6.435, p = 

0.021], but no effect of session or session by strain interaction (p > 0.05). In light of the 

fact that there was a strain difference in place preference on the last day of extinction but 

not after cookie dough priming, it is likely that this effect was driven by the last 

extinction session. Finally, the analysis performed for the bright lights condition revealed 

a significant strain effect [F(1,17) = 6.621, p = 0.020], a significant session effect 

[F(1,17) = 144.704, p < 0.001], but no strain by session interaction (p > 0.05). Taken 

together, these results indicate that WT rats displayed a stronger food-induced place 

preference than GHSR-KO rats, bright lights diminished the amount of time rats spent in 

the white compartment, but bright lights did not differentially affect GHSR-KO and WT 

rats.  
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Figure 17. Experiment 3: A. Time spent in the white compartment over 20 non-

reinforced CPP tests. WT rats increased the time they spent in the white compartment 

during this period (p = 0.001) whereas GHSR-KO rats did not (p = 0.470). B. Time 

spent in the white compartment during 2 CPP tests at the end of Experiment 3. * 

denotes p < 0.05. 
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Discussion  
 

The main finding of the current study is that GHSR-KO and WT rats 

differentially responded to the discontinuation of cookie dough in the CPP test. Repeated 

CPP testing (in the absence of cookie dough) did not result in the extinction of the 

established place preference in either strain. WT rats’ CPP scores, but not KO’s CPP 

scores, increased over the course of this “extinction” phase. Some operant and CPP 

studies examining extinction also report an increase in drug seeking (lever pressing or 

CPP expression) over time. This phenomenon, termed incubation of drug craving, is 

thought to be the natural outcome of withdrawal (Grimm, Hope, Wise, & Shaham, 2001; 

Li et al., 2008). If incubation took place in the current experiment, then it may be inferred 

from the present data that the absence of ghrelin signaling is protective against this 

phenomenon.  Consistent with this hypothesis are the findings that 1) the prefrontal 

cortex is involved in the incubation of cocaine craving (Koya et al., 2009) and is 

functionally different in GHSR-KO and WT rats (Experiment 2B), and 2) ghrelin levels 

are positively correlated with alcohol craving in alcoholics (Koopmann et al., 2012; 

Leggio et al., 2014). 

Nevertheless, the lack of extinction in this study is inconsistent with the extinction 

results in the operant conditioning paradigm (Experiments 2A and 2B). It is important, 

however, that operant conditioning and CPP examine different types of reward behaviors; 

whereas operant conditioning assesses the primary reinforcing properties of a substance, 

CPP assesses the incentive value of conditioned stimuli associated with that substance 

(reviewed in Aguilar, Rodríguez-Arias, & Miñarro, 2009). It is therefore possible that the 

processes sustaining extinction in these 2 paradigms also differ. In addition, it is possible 
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that the active component inherent to operant responding makes this behavior easier to 

extinguish.  

 Further, different extinction paradigms in the CPP test have different outcomes. In 

general, CPP extinction can be conducted in 2 ways. In explicit extinction training, the 

newly preferred compartment is repeatedly paired with a neutral stimulus. After a few 

exposures (and pairings) to that chamber, a last CPP test is performed. In the second 

version of extinction, animals receive unrewarded CPP tests (i.e. with full access to both 

compartments, in the absence of the reinforcer) daily until the place preference is no 

longer apparent. In the current study, the latter approach was selected to permit the 

detection of strain differences in the number of days required to reach an extinction 

criterion. Although both techniques have previously been shown to result in the 

extinction of place preference, explicit extinction training accomplishes this in a shorter 

time period (Mueller & Stewart, 2000). Indeed, some studies suggest that in the absence 

of explicit extinction training, conditioned stimuli maintain their ability to direct behavior 

in the CPP paradigm (Mueller, Perdikaris, & Stewart, 2002), and higher numbers of 

pairings during the conditioning phase result in more persistent preferences (Sanchis-

Segura & Spanagel, 2006).  

As observed in study 1, GHSR-KO and WT rats ate similar amounts of chow at 

baseline. GHSR-KO and WT rats also ate similar amounts of cookie dough when it was 

given over night. While this finding may appear inconsistent with the results of 

Experiment 1A, there is an important difference between the 2 experiments. Here, the rats 

ate cookie dough during the dark phase (i.e. at their usual meal time) and presumably, 

although this was not measured, instead of their regular chow. This differs from 
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Experiment 1A, where rats ate cookie dough after a meal during which they consumed 

the majority of their baseline daily intake. In fact, similar meal sizes in GHSR-KO and 

WT rats are consistent with previous observations from experiments conducted to date 

(Experiments 1A and 1B; Bülbül et al., 2011).  

 All rats displayed an initial preference for the dark compartment of the CPP 

apparatus. This is likely due to the fact that brightly lit environments are unpleasant for 

rodents and reduce exploratory behaviors (Costall, Jones, Kelly, Naylor, & Tomkins, 

1989). The first 2 conditioning rounds, performed in a brightly lit room under adlib 

(round 1) and food restriction (round 2) conditions did not result in a conditioned place 

preference for the cookie dough-paired white chamber in 3 out of 4 CPP tests. In contrast, 

the third conditioning round, performed in a dimly lit environment resulted in a marked 

preference for the white chamber. While it cannot be ruled out that the development of 

CPP after the 3rd conditioning round is simply due to more conditioning, a facilitatory 

effect of dim light conditions has previously been observed in similar studies (Roma & 

Riley, 2005) and is likely at play in the current experiment as well.  

 GHSR-KO and WT rats performed similarly in all 5 CPP tests. This is 

inconsistent with a number of studies demonstrating reduced CPP to ethanol and a high 

fat diet in GHSR-KO and ghrelin-KO mice relative to their WT counterparts (Bahi et al., 

2013; Jerlhag et al., 2009; Perello et al., 2010). The results also contrast with studies that 

show enhanced CPP to cocaine and a high fat diet in mice and rats following systemic 

ghrelin administration (Davis et al., 2007; Perello et al., 2010) and reduced CPP to 

chocolate, ethanol, cocaine, amphetamines and nicotine after systemic and central GHSR 

antagonist treatments (Bahi et al., 2013; Jerlhag et al., 2009, 2010; Jerlhag & Engel, 
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2011; Skibicka, Hansson, et al., 2012). As in the operant conditioning paradigm, a 

possible explanation for the discrepancies between our results and others’ may lie in the 

background strain used to generate the current model. If CPP scores were generally low 

in GHSR-KO and WT rats, any strain differences due to ghrelin signaling may have been 

difficult to detect. Alternatively, compensatory mechanisms in the GHSR-KO strain may 

have diminished differences between the 2 strains in the CPP task.  

 The lack of extinction upon cookie dough discontinuation prevented the 

examination of reinstatement in GHSR-KO and WT rats. We therefore adapted our 

protocol to include 2 additional and final manipulations. The first manipulation sought to 

determine if the use of a classic reinstatement stimulus would further increase CPP 

expression. The results indicated that cookie dough priming prior to an extinction 

session/CPP test did not affect CPP scores. In the second manipulation, we examined the 

effect of bright light conditions on place preference. The choice of this manipulation was 

based on two observations: 1) bright lights act as a stressor in rodents (Strekalova, 

Spanagel, Dolgov, & Bartsch, 2005) and may interfere with the development of a 

conditioned place preference (current study), and 2) ghrelin signaling affects the 

behavioral response to stress and may act as a protective factor in stressful situations 

(Chuang & Zigman, 2010). Thus, the bright light condition tested the hypothesis that the 

final expression of CPP is affected by both stress and motivational factors and that 

ghrelin impacts this relationship. The results did not support the hypothesis. Although 

bright lights reduced the time spent in the white chamber in GHSR-KO rats more than in 

WT rats, a more detailed analysis revealed that the strain differences preempted this 

condition and that the lights did not differentially affect the 2 strains.  
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Conclusion 
 

In this experiment, GHSR-KO and WT rats performed similarly in a CPP task 

using cookie dough as a reinforcer. As observed in chapter 4, strain differences were only 

noticed when the reinforcer was discontinued. Notably, whereas reinforcer 

discontinuation led to extinction of the lever pressing response in operant conditioning, it 

did not extinguish a place preference in the current experiment. In fact, WT rats’ 

preference for the cookie dough-paired compartment increased during the course of an 

“extinction” period. GHSR-KO rats appeared protected from this sensitization.  
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Chapter 6: The role of intra-VTA ghrelin in 

reinstatement  

Hypothesis 3: ghrelin facilitates the reinstatement to palatable food seeking that is 

triggered by food priming, food associated cues and stress by acting at the level of the 

VTA.  

 
Aim 5: to assess operant conditioning reinstatement in Long Evans rats receiving either 

ghrelin or a GHSR antagonist chronically into the VTA.  

Introduction  
 
 Data obtained so far suggest that the GHSR-KO rats are a useful model to study 

some reward-related behaviours but not others. Consequently, the experiments described 

in Chapter 6 were performed using ghrelin- and GHSR antagonist-treated Long Evans 

(LE) rats in order to characterize ghrelin’s role in the reinstatement of palatable food 

seeking. As in Chapter 4, we used an operant conditioning model consisting of 3 phases: 

training, extinction, and reinstatement. Rats were implanted sub-cutaneous mini-pumps 

delivering ghrelin, a GHSR antagonist or vehicle solution continuously into the VTA 

between the extinction and the reinstatement phases. The choice of the pharmacological 

treatment administration route was based on the presence of GHSRs within this node of 

the reward system and evidence suggesting the VTA plays a role in the reinstatement of 

both cocaine and heroin seeking (Abizaid et al., 2006; Bossert, Liu, Lu, & Shaham, 2004; 

Guan et al., 1997; Stewart, 1984; Wang, You, Rice, & Wise, 2007; Wang et al., 2009; 

Zigman et al., 2006). 
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 Using this model, the following experiments examined the effects of VTA GHSR 

manipulations on reinstatement of food seeking (sucrose and high fat chocolate pellets) 

elicited by food priming, food associated cues, a mild stressor (an overnight fast), and the 

pharmacological stressor yohimbine. Yohimbine is frequently used in reinstatement 

studies because it induces stress- and anxiety-like behaviours in humans and rodents alike 

and reliably triggers reinstatement in both drug and food seeking studies (reviewed in See 

& Waters, 2011). 

 The use of LE rats as opposed to GHSR-KO and WT rats required one additional 

modification to the experimental protocol described in Chapter 4. In order to limit the 

effects of endogenous ghrelin levels, which naturally rise in times of negative energy 

balance, at GHSRs located outside of the mesolimbic system, reinstatement was tested in 

animals that recently had unlimited access to regular food. 

Methods: Experiment 4 (A & B) 
 
Experiment 4A:  

Autoshaping, training & Extinction: Thirty-six male Long Evans rats (216-375 

grams, average = 283 grams) were used in Experiment 4A. Testing began 5 days after the 

start of food restriction. All animals were subjected to a single 3-hour long autoshaping 

session during which high-fat chocolate pellets were delivered every 5 minutes. Each 

pellet delivery was accompanied by a 2 second light/tone stimulus. Starting on the next 

day, rats were trained for 3 hours every second day, for 24 days (12 training sessions). 

During training, pressing on the active lever resulted in the delivery of a pellet and 

exposure to the food cue (light/tone stimulus). Each pellet delivery was followed by a 20 

second timeout period, during which pressing on the lever had no consequence. 
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Similarly, pressing on the inactive lever at any point had no programmed consequence. 

Training sessions were conducted during the morning (9:00AM-12:00PM) or afternoon 

(1:00PM-4:00PM), which alternated for each rat. At the start of the first 5 sessions, 3 

pellets were placed on the active lever in order to facilitate acquisition. On training days, 

rats were fed their maintenance food ration 1 hour after the conditioning session. On 

“off” days, rats were fed 1 hour after the start of the dark phase.  

One day after the completion of the training phase, rats were exposed to a series 

of 3-hour extinction sessions, during which lever pressing (active or inactive) had no 

programmed consequence. Rats received daily extinction sessions until they reached the 

extinction criterion, defined as pressing on the active lever less than 30 times over 3 

hours on 3 consecutive days. Rats were returned to an adlib-feeding schedule until the 

day of surgery. 

Surgery and recovery: Stereotaxic surgery was performed 1 to 6 days after the 

end of the extinction period. Isoflurane and oxygen were used to anesthetise rats for 

surgery. A cannula (Plastics One, 3300P-SPC), connected to a mini-pump (Alzet, model 

2002) by a 4 cm long vinyl tube (Plastics One, C312-VT) was then implanted into the 

VTA. Coordinates for implantation were 5.3mm posterior to bregma, 2mm lateral to the 

midline, and 7.6mm below the skull surface (Paxinos & Watson, 1998). The cannula was 

anchored into position by dental acrylic placed around 3 stainless steel screws embedded 

within the skull. The mini-pumps, implanted subcutaneously between the shoulder 

blades, delivered saline, ghrelin (10nmol; Pi Protemics, PI-G-01), or a ghrelin receptor 

antagonist, [D-Lys-3]-GHRP-6 (200nmol; Peptides International, OGH-3656-PI) into the 

VTA at a rate of 0.5µL/hr for 14 days. The wound was closed with sutures. Following 
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surgery, rats received a subcutaneous injection of meloxicam (Metacam ®, 0.1 mL) to 

minimize pain and discomfort and were placed in a recovery cage until normal 

behavioural activity was observed. 

Recovering rats were fed mashed food (chow and water mixture) for 1 day 

following the surgery, and then returned to an ad lib feeding schedule for a period of 4 

days, during which food intake was recorded daily. Rats were then returned to a restricted 

feeding regimen for 2 days, and tested for reinstatement of food seeking.  

Reinstatement: Food seeking (i.e. active lever pressing) was reinstated by 1) pre-

exposure to the food pellets (food priming), 2) contingent presentations of the light-tone 

food cue upon lever pressing, or 3) an overnight fast. Rats also received an additional 

extinction session, during which no reinstatement stimulus was used. All rats were 

exposed to the 4 conditions in a counterbalanced order. In the food priming condition, 5 

pellets were delivered in a non-contingent fashion at the start of the session. In the food 

cue condition, rats were presented with the tone/light cue 3 times at the start of the 

session, and upon all active lever presses during the session. In the overnight fast 

condition, food was removed from the home cage approximately 18 hours before the 

session. Forty-eight hours separated each reinstatement session. With the exception of the 

tone/light stimulus presentations in the food cue condition, the reinstatement sessions 

themselves were identical to extinction sessions. Locomotion during these sessions was 

recorded using an infrared activity monitor mounted on the ceiling of the cage 

(Coulbourn Instruments ®).  
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Rats were euthanized 24 hours following the last reinstatement session. Brain 

sections containing the cannula tract were then mounted on gelatin-coated slides and 

stained with cresyl violet to ensure accurate placement of the cannula tip within the VTA.  

Experiment 4B:  

 Sixteen Long Evans rats (334-381 grams, average = 357 grams) were used in 

experiment 4B. Acclimation, autoshaping, training, extinction and surgery proceeded as 

described in experiment 4A, with the exception that sucrose pellets were used instead of 

high fat chocolate pellets. During surgery, 8 rats were implanted [D-Lys-3]-GHRP-6-

filled cannulae and 8 rats were implanted saline-filled cannulae. The cannulae delivered 

[D-Lys-3]-GHRP-6 or saline into the VTA at a rate of 0.5uL/hr for 14 days. Recovery 

occurred as in experiment 4A.  

 Reinstatement of food seeking was assessed following a single yohimbine (2 

mg/kg in 0.5 mg/kg distilled water; yohimbine hydrochloride, Sigma, Y-3125) or vehicle 

(0.5 mg/kg distilled water) intra-peritoneal injection. All rats were exposed to the 2 

conditions in a counterbalanced order and 48 hours separated each reinstatement session. 

Injections took place 30 minutes prior to the start of the sessions, which were identical to 

extinction sessions. Locomotor activity was recorded throughout each session. 

Results: Experiment 4 (A & B) 
 
Experiment 4A:  

Pre and post surgery weights: Rats’ weights over the course of the experiment 

fluctuated as a function of chow and pellet availability. A series of paired t tests revealed 

that, at the outset of the study, rats’ weights decreased after 5 days of food restriction 

[t(35) = 7.436, p < 0.001, d = 0.167]. Weights then increased over the course of training 
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[t(35) = -7.014, p < 0.001, = 0.390] and decreased over the course of extinction [t(35) = 

5.769, p < 0.001, d = 0.167], presumably as a result of pellet availability during operant 

conditioning. This was also the case when only looking at the 18 rats subsequently tested 

for reinstatement (see below; p < 0.05 in all cases) (Figure 18). In these rats, body 

weights were significantly higher at the start and end of the reinstatement phase than at 

baseline and after extinction (p < 0.05 in both cases), presumably as a result of unlimited 

access to regular chow between extinction and reinstatement.   
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Figure 18. Mean (+/- SEM) body weight in grams of LE rats throughout Experiment 

4A (n = 18 rats).  
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Training and Extinction: The number of pellets earned and the number of active 

lever time out responses increased significantly over the training phase (p < 0.001 in both 

cases) (Figure 19A). As previously reported (Ghitza et al., 2007, 2006; Nair, Adams-

Deutsch, Pickens, et al., 2009; Nair et al., 2008), the progressive escalation of time out 

responses was greater than that of pellets earned (i.e., active lever responding that did not 

occur during time out periods), such that there were over 4 times as many time out 

responses than rewarded ones on the last day of training (p < 0.001). The number of 

inactive lever presses did not increase over time (p = 0.627). During the extinction phase, 

the analyses revealed significant decreases in both active lever pressing and inactive lever 

pressing over time (p < 0.001) (Figure 19B).    
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Figure 14 

 
 

  

Figure 19. Experiment 4A: Mean (+/- SEM) number of pellets earned, time out 

responses, and inactive lever presses during training (A) and mean (+/- SEM) number 

of active and inactive lever presses during extinction (B).  
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Post-surgery analyses: A total of 7 rats were excluded from the remaining 

analyses due to post-surgical complications. Histological examination revealed inaccurate 

cannula placements in 10 of the remaining rats. One rat was excluded for failing to reach 

the extinction criterion. The final numbers of rats in the saline, ghrelin, and [D-Lys-3]-

GHRP-6 groups were 5, 6 and 7, respectively. Cannula placements are shown in Figure 

20. A cresyl violet stain revealed normal cell morphology around the cannula tract, 

indicating minimal histological damage (Figure 21).  

  



 

 

Figu 15

Figure 20. Accurate ( ) and inaccurate (✖) cannula placements for each level on the 

rostro-caudal axis (Paxinos and Watson, 1998) in Experiment 4A.  



 

 

  

Figure 21. Experiment 4A: Top and bottom left: representative photograph of cannula 

placements in the ventral tegmental area (VTA) at 2.5 magnification. Cells around the 

cannula tract at 10 magnification (top right) and 60 magnification (bottom right) 
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Post-surgery food intake: Chow intake following surgery did not differ between 

drug treatment groups [F(2,14) = 0.964, p = 0.405; partial eta squared = 0.121] (Figure 

22A). [D-Lys-3]-GHRP-6-treated rats gained less weight during this time than saline- and 

ghrelin-treated rats ([F(2,17) = 6.702, p = 0.008, partial eta squared = 0.472]; LSD post 

hoc values: p < 0.01 in both cases) (Figure 22B). Importantly, absolute body weights 

went up after the surgery [t(17) = -2.397, p = 0.028, d = -1.102], indicating a healthy 

recovery in all animals. Table 4 displays each group’s relative weights (as a percent of 

baseline weight) at the beginning and end of the reinstatement phase.  
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Figure 16 

 

 

  

Figure 22. Experiment 4A: Mean (+/- SEM) chow intake (A) and weight gain (B) 

following surgery. (*) denotes p < 0.01.  
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Table 3 

 Saline (n = 5) Ghrelin (n = 6) D-Lys (n = 7) 

Time point Mean 
± SEM p Mean 

± SEM p Mean 
± SEM p 

Baseline  100 
± 0 

n/a 100 
± 0 

n/a 100 
± 0 

n/a 

First reinstatement day  119.59 
± 2.99 

0.003 * 116.03 
± 5.78 

0.039 * 108.38 
± 4.55 

0.115 

Last reinstatement day  115.07 
± 3.02 

0.008 * 109.73 
± 4.93 

0.105 102.29 
± 4.30 

0.614 

 

  

Table 4. Relative body weights (in percentage of baseline) at the start and end of 

reinstatement period (Experiment 4A) 
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Reinstatement: A repeated measure ANOVA for active lever pressing with 

reinstatement stimulus as the within subject factor and drug treatment condition as the 

between subject factor revealed a significant interaction effect [F(6,45) = 3.026, p = 

0.014, partial eta squared = 0.474]. A series of ANOVAs revealed that drug treatment did 

not affect active lever pressing in the food priming- and fasting-induced reinstatement 

conditions, and during the extinction session (no reinstatement stimulus), as indexed by 

comparable responding across treatment groups (food priming: [F(2,17) = 0.908, p = 

0.424]; fasting: [F(2,17) = 1.069, p = 0.368]; extinction: [F(2,17) = 0.120, p = 0.887]). A 

significant effect of drug treatment on active lever pressing was found in the cue-induced 

reinstatement condition [F(2,17) = 5.625, p = 0.015, partial eta squared = 0.429]. A 

follow up LSD test revealed that under this condition, ghrelin-treated rats had greater 

responding than [D-Lys-3]-GHRP-6-treated rats (p = 0.005) and saline-treated rats, 

although this was only a marginal effect (p = 0.067) (Figure 23). Inactive lever pressing 

and locomotor activity did not differ between the treatment groups in any of the 

reinstatement conditions and during extinction (p > 0.05) (data not shown).  
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Figure 23. Experiment 4A: Mean (+/- SEM) number of active lever presses during 

food-priming-, fast-, and cue-induced reinstatement and during an extinction session 

(no reinstatement stimulus). (*) denotes higher responding in ghrelin-treated rats 

versus d-lys-treated rats (significant, p = 0.005) and saline-treated rats (approaching 

significance, p = 0.067) in the cue-induced reinstatement condition.  
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 Finally, a series of paired t tests were conducted to assess the efficacy of the 

reinstatement stimuli in saline-treated rats (i.e. difference between each reinstatement 

condition and the extinction session in GHSR-manipulation free rats). The analyses 

revealed that in saline-treated (control) rats, food associated cues were effective in 

reinstating the active lever pressing response (as indicated by higher responding in this 

condition than during extinction), but this effect did not reach significance for the food 

priming condition (cue: p < 0.012, d = -2.436; food priming: p = 0.101). As expected, 

similar analyses revealed that ghrelin-treated rats had higher active lever responding in 

the cue-induced reinstatement session relative to extinction, but this effect did not reach 

statistical significance in food priming-induced reinstatement (cue: p = 0.029, d = -3.429; 

food priming: p = 0.073). An overnight fast did not induce reinstatement in either group 

(saline: p = 0.290, ghrelin: 0 = 0.249). Finally, [D-Lys-3]-GHRP-6-treated rats had 

comparable active lever responding in all reinstatement sessions relative to the extinction 

session (cue: p = 0.199; food priming: p = 0.662; fasting: p = 0.851). 

Experiment 4B:  

Pre and post surgery weights: Rats’ weights over the course of the experiment 

fluctuated as a function of feeding regimen (food restricted vs. adlib). A series of paired t 

tests revealed that rats weights decreased over the course of initial food restriction [t(15) 

= 2.465, p = 0.026], training [t(15) = 2.110, p = 0.052], and extinction [t(15) = 3.818, p = 

0.003]. Weight loss throughout training and extinction was also observed when only 

examining the 13 rats tested for reinstatement (see below; p < 0.05). When returned on an 

adlib feeding schedule, rats tested for reinstatement gained weight between the end of the 

extinction phase and the day of the surgery [t(12) = -5.748, p =0.000] and during the days 
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following surgery [t(12) = -2.273, p = 0.042]. When food restricted for a second time, 

they lost weight prior to [t(12) = 7.185, p = 0.000] and during the reinstatement phase 

[t(12) = 2.517, p = 0.027] (Figure 24). In these rats, body weights were similar at the start 

and end of the reinstatement phase as they had been at baseline (p > 0.05 in both cases).  



Figure 17 
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Figure 24. Mean (+/- SEM) body weight in grams of LE rats throughout experiment 

4B (n = 13 rats). 
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Training and Extinction: Rats’ operant responding during training and extinction 

was similar as in Experiment 4A. The number of pellets earned and the number of active 

lever time out responses increased significantly over the course of training (p < 0.001 in 

both cases). The progressive escalation of time out responses was greater than that of 

pellets earned, such that there were over 5 times as many time out responses as rewarded 

ones on the last day of training (p < 0.001) (Figure 25A). The number of inactive lever 

presses did not change over time (p = 0.559). During the extinction phase, the analyses 

revealed significant decreases in both active and inactive lever presses over time (active 

lever: p < 0.001; inactive lever: p = 0.045) (Figure 25B).  
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Figure 18

 
 

  

Figure 25. Experiment 4B: Mean (+/- SEM) number of pellets earned, time out 

responses, and inactive lever presses during training (A) and mean (+/- SEM) number 

of active and inactive lever presses during extinction (B).  



!

!122!

Post-surgery analyses: Two rats were excluded from the remaining analyses due 

to post-surgical complications. Histological examination revealed an inaccurate cannula 

placement in 1 additional rat. The final numbers of rats in the saline and [D-Lys-3]-

GHRP-6 groups were 7 and 6, respectively. Cannula placements are shown in Figure 26. 

 

 

 

 



Figure 19 
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Figure 26. Accurate ( ) and inaccurate (✖) cannula placements for each level on the 

rostro-caudal axis (Paxinos and Watson, 1998) in Experiment 4B.  
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Post-surgery food intake: A repeated measure ANOVA revealed that [D-Lys-3]-

GHRP-6 rats ate significantly less than saline-treated rats in the days following surgery 

([F(1,11) = 11.456, p = 0.006]; there was no main effect of day or day by treatment group 

interactions, p > 0.05) (Figure 27A). A second repeated measure ANOVA with post-

surgery day as a within subjects factor and drug treatment group as a between subjects 

factor revealed a significant main effect of day ([F(4,44) = 4.010, p = 0.007]; rats gained 

weight over time), a significant day by drug treatment group interaction [F(4,44) = 6.024, 

p = 0.001], but no main effect of drug treatment group [F(1,11) = 1.660, p = 0.224]. A 

series of paired t tests comparing each day to the next within each individual drug 

treatment group was used to follow up on the interaction effect. The tests revealed that 

while saline-treated rats gained weight over time (significant differences between days 0 

(i.e. surgery day) and 1, 1 and 2, and 3 and 4, p < 0.05), [D-Lys-3]-GHRP-6-treated rats 

did not (all p values > 0.05) (Figure 27B).  
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Figure 20 

 

 

 

  

Figure 27. Experiment 4B. Mean (+/- SEM) chow intake (A) and weight gain (B) 

following surgery. 
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Reinstatement: A repeated measure ANOVA for active lever pressing with 

reinstatement condition (yohimbine vs. vehicle) as the within subject and drug treatment 

condition as the between subjects factor revealed a significant main effect of 

reinstatement condition [F(1,11) = 6.068, p = 0.031], but no drug treatment effect and no 

reinstatement condition by drug treatment interaction (both p values > 0.05). All rats 

displayed higher active lever responding after a yohimbine injection than after a vehicle 

injection (Figure 28). It is noteworthy that the observed power of the drug treatment 

condition by reinstatement condition interaction was only 0.246. Inactive lever pressing 

and locomotor activity did not differ between the drug treatment conditions in either of 

the reinstatement conditions (p > 0.05) (data not shown).  



Figure 21 
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Figure 28. Experiment 4B. Mean (+/- SEM) number of active lever presses during 

yohimbine-induced reinstatement and a control session with vehicle only. * denotes a 

main effect of reinstatement condition (p < 0.05).  
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Discussion  
 
Experiment 4A: Cue-induced reinstatement of high fat food seeking 

The main finding of experiment 4A is that intra-VTA ghrelin administration 

enhances cue-induced reinstatement of high fat food seeking in food-restricted rats. In 

addition, cues failed to elicit reinstatement relative to an extinction session in [D-Lys-3]-

GHRP-6 treated rats, but not in ghrelin-treated rats or saline-treated controls. This 

suggests that ghrelin signalling in the VTA is necessary for the expression of cue-induced 

reinstatement of high fat food seeking.  

It is unlikely that these findings resulted from group differences in hunger or 

unspecific arousal, since similar effects were not seen following other types of 

reinstatement stimuli or during an extinction session. In addition, drug treatment 

condition did not affect inactive lever responding or locomotion scores in any of the 

sessions. Thus, it appears that ghrelin specifically potentiated the response to cues 

associated with the high-fat food reward during training. 

These results are consistent with those of Tessari et al. (2007), who showed a 

significant positive correlation between endogenous ghrelin levels and reinstatement of 

cocaine seeking following exposure to a cocaine-associated cue. Importantly, the 

implication that ghrelin signalling can potentiate the behavioural response to cues is in 

line with recent findings that ghrelin infusions increase the number of meals eaten by 

sated rats in response to conditioned stimuli (Kanoski et al., 2013). In addition, systemic 

blockade of the GHSR attenuates cue-potentiated feeding (Walker et al., 2012). It should 

be noted, however, that in a Pavlovian-to-Instrumental (PIT) model, systemic [D-Lys-3]-

GHRP-6 administration was found to enhance food consumption in response to 
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conditioned stimuli (Johnson, Canter, Gallagher, & Holland, 2009). This could be due to 

region-specific effects of [D-Lys-3]-GHRP-6, as dissociations in PIT performance and 

sucrose ingestion have previously been reported in lesions studies (Holland & Gallagher, 

2003).  

Theoretically, ghrelin’s effects on cue-potentiated feeding/food seeking in this 

study and others could be due to an enhanced association between the food and 

conditioned stimuli and/or memory retention. Several studies show that ghrelin facilitates 

memory acquisition and recall (Albarran-Zeckler, Brantley, & Smith, 2012; Carlini et al., 

2004; Davis et al., 2011; Diano et al., 2006) and promotes dendritic spine formation and 

long-term potentiation in the hippocampus (Diano et al., 2006). However, group 

differences in learning/memory are unlikely to account for the results of the current study 

as ghrelin and [D-Lys-3]-GHRP-6 treatments did not start until after training and 

extinction. Instead, it appears that intra-VTA ghrelin administration enhanced the 

incentive value of food cues and the motivation to act upon them, which in turn triggered 

reinstatement. It is likely that ghrelin’s effects occurred via the activation of local DA 

cells that project to the nucleus accumbens (NAc). As previously mentioned, ghrelin 

binding in the VTA lowers the firing threshold of these neurons and increases DA 

turnover in the NAc (Abizaid et al., 2006). VTA DA cells respond to cues associated with 

food rewards (Mirenowicz & Schultz, 1996; Schultz, Apicella, & Ljungberg, 1993), and 

VTA-NAc connections have previously been implicated in sucrose seeking in response to 

conditioned stimuli (Yun, Wakabayashi, Fields, & Nicola, 2004). The activation of VTA 

DA cells may be a direct result of ghrelin’s action on these cells, or may be mediated by 

local GABAergic cells. Approximately 30% of VTA GABAergic cells express the GHSR 
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(Abizaid et al., 2006), and activation of these cells has been observed during states of 

reward expectancy and reward seeking behaviours (Steffensen, Lee, Stobbs, & 

Henriksen, 2001). 

Previous studies suggest different mechanisms underlie stress-, priming-, and cue-

induced reinstatement of food seeking (reviewed in Nair, Adams-Deutsch, Epstein, et al., 

2009). Such differences could account for the fact that ghrelin’s effects on cue-induced 

reinstatement did not generalize to food priming or an overnight fast. Further, available 

data suggest that food priming-induced food seeking reinstatement is particularly 

sensitive to feeding regimen, and that the effects of this manipulation are weaker in adlib 

rats than food restricted rats (Nair, Adams-Deutsch, Epstein, et al., 2009). In contrast 

with previous studies (in which rats undergoing this test were food restricted for the 

entire duration of the experiment, Ghitza et al., 2007, 2006; Nair, Adams-Deutsch, 

Pickens, et al., 2009), rats in experiment 4A had unlimited access to chow for at least 5 

days prior to reinstatement. As a result, rats were heavier at the beginning and end of the 

reinstatement phase than at baseline, and likely under a lesser metabolic challenge at the 

time of testing than rats in previous studies. The fact that food priming did not 

significantly increase lever pressing relative to extinction in control rats in the current 

study provides additional support that metabolic status is a key determinant in the 

expression of this type of reinstatement. In this respect, it is interesting that ghrelin-

treated rats showed greater food seeking responses following food priming than during an 

extinction session. Although this effect did not reach statistical significance, it raises the 

possibility that manipulations that increase an animal’s motivation to seek palatable 

rewards (King et al., 2011) may also decrease the impact of metabolic status in the 
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expression of food priming-induced reinstatement; this however, remains to be tested 

directly. 

Finally, an overnight fast failed to elicit reinstatement in any of our groups, 

including the control group. It should be noted, however, that in a previous study, [D-

Lys-3]-GHRP-6 did not alter fasting-induced reinstatement of heroin seeking (Maric et 

al., 2012). Importantly, the effects of this manipulation have, to our knowledge, primarily 

been investigated in drug seeking reinstatement studies (e.g. Maric et al., 2012; Shalev, 

Marinelli, Baumann, Piazza, & Shaham, 2003; Shalev, Yap, & Shaham, 2001). It is 

therefore possible that food deprivation is simply not an effective reinstatement stimulus 

for food seeking. A prolonged food restriction paradigm may be more likely to produce a 

motivational state that allows for an overnight fast to produce reinstatement responses 

(Carr, 2007). Furthermore, a number of mild stressors known to induce reinstatement of 

drug seeking in the operant conditioning model do not reliably induce reinstatement of 

food seeking (Nair, Adams-Deutsch, Epstein, et al., 2009). 

Experiment 4B: Yohimbine-induced reinstatement of sucrose pellets 

Yohimbine is considered a more reliable reinstatement stimulus than a variety of 

other stressors (reviewed in Nair, Adams-Deutsch, Epstein, et al., 2009; See & Waters, 

2011). It has previously been suggested that this is because stronger stressors induce a 

flight or fight response that is incompatible with food seeking, and that at doses similar to 

that used in the current study, yohimbine’s effects on appetitive behaviours are stronger 

than its effects on anorectic stress systems (Nair, Adams-Deutsch, Epstein, et al., 2009). 

Accordingly, yohimbine was effective in reinstating sucrose pellet seeking in LE rats in 

experiment 4B. The data do not support a role of ghrelin in this phenomenon. 
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Nevertheless, it is important to note that the power to detect such an effect in the analyses 

was very low, possibly because of the small sample sizes. We recommend that future 

experiments examining the effects of ghrelin signalling in yohimbine-induced 

reinstatement of food seeking have larger samples. 

Intra-VTA GHSR signalling and food intake  

Several studies report changes in food intake following VTA GHSR activation or 

antagonism (Abizaid et al., 2006; King et al., 2011; Naleid et al., 2005; Skibicka et al., 

2011). In the current study, intra-VTA ghrelin did not affect chow intake in the week 

following surgery, and intra-VTA [D-Lys-3]-GHRP-6 administration only significantly 

reduced chow intake in experiment 4B. Discrepancies between our findings and others’ 

may be explained by differences in the administration protocol. Most studies examined 

the effects of acute ghrelin or GHSR antagonist infusions in awake animals, and observed 

effects lasting from 1 to 3 hours (Abizaid et al., 2006; Naleid et al., 2005; Skibicka et al., 

2011). Only one study examined the effects of chronic intra-VTA ghrelin/[D-Lys-3]-

GHRP-6 treatment (King et al., 2011). The changes in food intake observed in that study 

took place over the entire infusion period, which lasted 14 days. Thus, it is conceivable 

that the window during which food intake was measured in the current study (4 days 

within the first week following surgery) did not allow for the detection of acute 

(immediately after surgery) or chronic effects of VTA GHSR manipulations on feeding. 

It is also possible that the rats’ long history of food restriction (during the training and 

extinction phases, i.e. over 1 month) caused them to overeat during the week following 

surgery, thus making ghrelin and/or [D-Lys-3]-GHRP-6 effects difficult to detect (ceiling 

effect).  Finally, it should be noted that in a free choice experiment, King et al. (2011) 
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found that chronic intra-VTA [D-Lys-3]-GHRP-6 administration decreased consumption 

of a high fat diet, but had no effect on less preferred protein-rich and carbohydrates-rich 

diets. In addition, upon ghrelin administration, VTA-lesioned rats ate less peanut butter 

but similar amounts of regular chow compared to sham-lesioned rats (Egecioglu et al., 

2010). Thus it is possible that ghrelin’s orexigenic effects in the VTA are particularly 

relevant to palatable rewarding foods.  

The fact that ghrelin affected cue-induced reinstatement of food seeking but not 

post-surgery food intake is in line with reports that intra-VTA ghrelin administration at 

doses that are insufficient to promote food intake increases operant responding for 

sucrose (Skibicka et al., 2011). This provides additional support that reward behaviors are 

more sensitive to intra-VTA ghrelin than feeding responses. 

Operant conditioning measures  

Response rates during training and extinction were consistent with a number of 

previous studies using similar rewards and reinforcement schedules (Ghitza et al., 2007, 

2006; Nair, Adams-Deutsch, Pickens, et al., 2009; Nair et al., 2008). Notably, whereas 

the number of high fat chocolate pellets earned reached a plateau early on during training 

(around days 5-6), the number of non-reinforced active lever presses progressively 

increased until the end of the training phase. By the end of this phase, rats acquired an 

average of 282 pellets and performed an average of 1240 non-reinforced responses over 

the course of three hours. Ghitza and colleagues (2006) reported a similar pattern and 

suggested that this reflects the development of compulsive food seeking. Rats took an 

average of 7 days to reach the extinction criterion, defined as less than 30 active lever 

presses per 3-hour session on 3 consecutive days, and only one rat (experiment 4A) 
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reached the maximum number of extinction sessions. Inactive lever pressing responses 

remained consistently low throughout training and extinction of both experiments. 

Limitations and conclusions 

One potential caveat of the current study is that [D-Lys-3]-GHRP-6 has 

previously been shown to activate 5HT-2B receptors (Depoortere, Thijs, & Peeters, 

2006), raising the possibility that its action in the current study was not mediated by the 

GHSR. However, we believe that this is unlikely, given that ghrelin-treated rats exhibited 

greater cue-induced reinstatement relative to controls as well as [D-Lys-3]-GHRP-6 

treated rats. Further, food reward studies using this GHSR antagonist and more selective 

ones typically yield similar results (King et al., 2011; Landgren, Simms, et al., 2011; 

Skibicka et al., 2011; Skibicka, Hansson, et al., 2012). 

Another potential caveat of the current study is the possibility that the relatively 

large volume of the solutions infused may have caused leakage into surrounding tissues. 

However, previous studies have shown that ghrelin’s acute orexigenic effects in the VTA 

are not present in rats when the cannula is placed in areas adjacent to the VTA (Abizaid 

et al., 2006). Similarly, ghrelin does not increase locomotion or accumbal DA levels 

when injected in close proximity to, but not directly in the VTA (Jerlhag et al., 2007). 

This indicates limited effects of ghrelin in areas surrounding the VTA and any effect of 

ghrelin or [D-Lys-3]-GHRP-6 following minipump infusion is therefore most likely 

attributable to their effects directly in the VTA.  

 

!
!
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Conclusion 
!

In conclusion, the findings in experiment 4 indicate that ghrelin facilitates the 

reinstatement of food seeking in response to cues, and that this effect can happen at the 

level of the VTA. To the extent that the reinstatement paradigm is considered a valid 

model of relapse in humans (Epstein et al., 2006; Nair, Adams-Deutsch, Epstein, et al., 

2009), this suggests that ghrelin may, under some circumstances, trigger relapse to 

preferred foods in dieting individuals. Although the precise mechanisms underlying this 

effect are currently unknown, the findings of the present investigation fit in well with 

current theories that diet-induced ghrelin elevations may contribute to weight regain after 

the diet (Cummings et al., 2002).  
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Chapter 7: General discussion  

The overarching goal of the present thesis was to extend our current knowledge 

regarding the role of ghrelin in reward-based feeding. Specifically, the experiments 

described in chapters 3 to 6 were designed to test the hypotheses that ghrelin signalling 

contributes to dessert consumption in sated animals as well as relapse to food seeking 

following a period of (forced) abstinence. In addition, the experiments described in 

chapters 3 to 5 aimed to further characterize a relatively new genetic model of GHSR 

function, the GHSR-KO rat.  

In Chapter 3, cookie dough consumption after a meal was studied in GHSR-KO 

and WT rats trained to consume the majority of their daily food intake within a set period 

during the day. This paradigm was designed to model dessert consumption in humans – a 

form of reward-based overeating that may result in obesity. Relative to WT rats, GHSR-

KO rats consumed significantly less of the cookie dough treat when sated. Although this 

finding was not paralleled by obvious differences in the activation of the reward system, 

a follow up experiment demonstrated that ghrelin signalling does affect the neuronal 

response to food cues that predict imminent access to a treat in the core of the nucleus 

accumbens. This region is sensitive to conditioned stimuli (CS) associated with rewards 

and is thought to support CS’ ability to drive goal directed behaviours.  

Using the same genetic model, experiments in chapters 4 and 5 did not support a 

role for ghrelin signalling in operant responding for sucrose and high fat chocolate-

flavoured pellets, reinstatement of food seeking after a period of extinction, or the 

development of a place preference for cookie dough. This may of course indicate that 

ghrelin is not involved in these behaviours. This however seems unlikely given that 
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previous studies demonstrate that ghrelin administration increases (and GHSR 

antagonists decrease) operant responding for rewarding substances including palatable 

foods (heroin, alcohol, sucrose solution, as well as banana-flavored, sugar and high fat 

pellets) (Kanoski et al., 2013; King et al., 2011; Landgren et al., 2012; Landgren, Simms, 

et al., 2011; Maric et al., 2012; Overduin et al., 2012; Perello et al., 2010; Skibicka, 

Hansson, et al., 2012; Skibicka, Shirazi, et al., 2012; Skibicka et al., 2013, 2011; 

Weinberg et al., 2011) and facilitates CPP to cocaine, nicotine, chocolate, and a high fat 

diet (Davis et al., 2007; Egecioglu et al., 2010; Jerlhag & Engel, 2011; Perello et al., 

2010), and that other genetic models of ghrelin signalling disruptions are resistant to 

these effects (Bahi et al., 2013; Davis et al., 2012; Jerlhag et al., 2009, 2010). 

Alternatively, it may be the case that the present GHSR-KO rat model is better suited for 

some tasks than others. So far, available data concerning these animals indicate that they 

can be used to look at ghrelin’s role in intra-cranial self-stimulation (ICSS) and 

locomotor sensitization paradigms (Clifford et al., 2012; Wellman et al., 2012) as well as 

dessert consumption and food anticipatory activity (FAA) (current thesis). However, 

given that both GHSR-KO and WT rats were much less responsive to a continuous 

schedule of reinforcement in an operant task than what is typically seen when using LE 

rats under the same conditions, it is possible that FHH rats are generally less willing to 

perform work for (or perform an approach response to) food rewards than other rat 

strains. If this is the case, then it may be harder to detect any effect of ghrelin signalling 

in the operant conditioning and CPP tests using this model (floor effects). The precise 

nature of the FHH rats’ deficits in the operant conditioning task is currently unclear. As 

mentioned, it is possible that relative to LE rats, FHH rats are less motivated to obtain 
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food rewards. Alternatively, FHH rats may exhibit impaired food reward learning. In 

either scenario, it is significant that the present thesis established an effect of the GHSR 

KO genotype in dessert consumption and FAA in spite of the limitations inherent to the 

model. This further strengthens the association between ghrelin signalling and these 

behaviours.  

Notably, in every experiment where effects of ghrelin signalling on reward 

behaviours were observed by comparing GHSR-KO and WT rats, the phenotype of 

interest was not abolished in GHSR-KO rats, but simply attenuated. Sub-threshold doses 

of cocaine eventually increase locomotion in GHSR-KO rats (locomotor sensitization), 

but this effect is not as pronounced as in WT rats (Clifford et al., 2012). Similarly, 

GHSR-KO rats exhibit the same type of responding to ICSS as WT rats, but require 

higher stimulation intensities (Wellman et al., 2012). In the present thesis, GHSR-KO rats 

did consume dessert and show FAA, but this effect was attenuated compared to WT rats. 

These findings may indicate that ghrelin is not the sole mediator of reward behaviours. 

They may also suggest that rats developing in the absence of the GHSR gene acquire 

compensatory mechanisms that limit the effects of the genetic modification. Indeed, such 

compensatory mechanisms are thought to exist in several genetic model of ghrelin 

signalling disruptions, although they are less obvious in animals lacking the genes for 

both ghrelin and the GHSR (Davis et al., 2012; Egecioglu et al., 2010; Jerlhag, 

Egecioglu, et al., 2011; Pfluger et al., 2008). 

Given the limitations of the GHSR-KO model in the operant conditioning 

paradigm, the experiments described in Chapter 6 used a pharmacological manipulation 

in outbred rats to examine ghrelin’s role in the reinstatement of palatable food seeking 
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triggered by food cues, a food prime, an overnight fast and the pharmacological stressor 

yohimbine. These experiments also tested the hypothesis that ghrelin contributed to this 

reinstatement by acting at the level of the VTA. Only cues and yohimbine were effective 

in triggering reinstatement in control rats. As mentioned in chapter 6, this may be related 

to the metabolic state of the animals at the time of testing. Importantly, the study 

confirmed that pharmacological action at the GHSR could enhance and attenuate the 

expression of cue-induced palatable food seeking reinstatement following administration 

of ghrelin and a GHSR antagonist to the VTA, respectively. The VTA is an area that was 

previously shown to be important in cue-induced reinstatement of drug seeking (Figure 

2).  

Together, the results described in Chapters 3 and 6 support the role of ghrelin in 

the 2 reward-based feeding phenomena investigated in this thesis: dessert consumption 

and relapse to food seeking. One hypothesis that may be generated from these results is 

that ghrelin promotes reward-based feeding partly via the direction of instrumental 

responses in response to conditioned stimuli. Such a scenario would be in line with a 

number of observations made in both rodents and humans. As mentioned in Chapter 3, 

pictures of palatable foods increase endogenous ghrelin levels in humans (Schüssler et 

al., 2012), and ghrelin administration increases the fMRI response to such pictures (Malik 

et al., 2008). In rats, ghrelin increases (and GHSR antagonism decreases) cue-potentiated 

feeding (Kanoski et al., 2013; Walker et al., 2012), and endogenous ghrelin levels are 

correlated with cue-induced cocaine seeking (Tessari et al., 2007). As suggested by 

Tessari and colleagues (2007), it may be that ghrelin induces a sensitization to reward 

associated cues, thereby increasing subjects’ sensitivity to them. Intriguingly, in a 
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Pavlovian-to-Instrumental study, Johnson et al (2009) showed that ghrelin antagonism 

increases operant responding for sucrose in the presence of food associated conditioned 

stimuli (Johnson et al., 2009). In the future, studies should focus on resolving ghrelin’s 

exact role in the response to reward cues and characterize the brain areas that support 

ghrelin’s action in this response.  

Another area that requires further study involves the compensatory mechanisms 

that are thought to exist in genetic models of ghrelin signalling disruption. Studies 

conducted with NPY and AgRP KO models suggest that in the absence of 1 orexigenic 

system, other orexigenic systems can provide this sort of compensation to manage food 

intake and body weight. It is unclear however if this results from a greater number of 

cells that produce other orexigenic signals, or a greater connectivity between the 

orexigenic centres as well as when during development those changes occur (Grove & 

Cowley, 2005).  Finally, future studies should continue to characterise the FHH GHSR-

KO model.  
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Conclusion 
!

Easy access to fat and sugar causes overeating in both rodents and humans, which 

can lead to obesity (Cornell, Rodin, & Weingarten, 1989; Valdivia et al., 2014). Food 

cues, which now dominate our visual landscape more than ever before, can also override 

internal satiety signals and trigger overeating. Behavioural modifications such as dieting 

are usually ineffective for sustained weight loss and this is partly due to the enormous 

rate of relapse to preferred foods in people who are dieting (Wing & Phelan, 2005). 

Currently, the most effective weight reduction technique is the gastric bypass surgery, 

which reduces both circulating ghrelin levels and the desire to eat snacks and desserts 

(Cummings et al., 2002; le Roux et al., 2011). However, this is an invasive technique 

associated with some risk and does not represent a practical solution for the majority of 

the population. In the future, pharmacotherapies that target the ghrelin system to supress 

reward-based overeating and relapse to high-energy foods during diets may represent an 

attractive alternative for weight management. While previous attempts to treat obesity via 

systemic GHSR antagonism have largely been unsuccessful, our results suggest that the 

VTA may represent a potential pharmaceutical target for these treatments.  
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