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SUMMMARY 

 

 Food intake and body weight regulation has long been studied in the context of 

homeostasis. However, a strictly homeostatic view of feeding behavior cannot account for the 

dramatic rise in the incidence of obesity. Overconsumption is driven, at least in part, by the 

prevalence of calorically dense, highly palatable foods and the preponderance of environmental 

cues that signal their availability. Palatable food and their associated cues engage neural circuits 

underlying reinforcement and motivation, including the mesolimbic system, which is comprised 

of the midbrain dopamine neurons and one of their major targets, the nucleus accumbens. Food 

and food-predictive stimuli augment food-directed behavior by evoking brief (phasic) changes in 

nucleus accumbens dopamine and in the activity of nucleus accumbens neurons. However, the 

ability of food-related stimuli to drive food seeking depends on physiological state (hunger vs. 

satiety). Information about physiological state is relayed to the central nervous system through a 

variety of peptide hormones that are released by the digestive tract. Recent work indicates that 

peripheral feeding hormones act in a number of brain regions to augment food-directed behavior, 

including the mesolimbic system. Thus, peripheral feeding hormones may modulate mesolimbic 

encoding of food and food cues, and this could be a novel mechanism underlying their ability to 

augment food-directed behavior. However, this remains unresolved. 

 My experiments focus on ghrelin, a hormone released by the stomach that is strongly 

associated with hunger, and the only known peripheral peptide that promotes food intake. In the 

first study, I sampled sub-second fluctuations in dopamine concentration in the NAc using fast-

scan cyclic voltammetry while rats retrieved sugar pellets (food reward). During these 

recordings, I manipulated central ghrelin signaling with intracranial injections of ghrelin or a 

ghrelin receptor antagonist to determine whether ghrelin regulated phasic dopamine release 



 xi 

evoked by food. In a second study, I sampled sub-second fluctuations in NAc dopamine using 

fast-scan cyclic voltammetry and recorded the activity of NAc neurons using in vivo 

electrophysiology in separate groups of rats that were trained to associate a cue with the delivery 

of food reward.  

 My results highlight novel mechanisms for ghrelin and physiological state to influence 

how the brain responds to food reward and food-related stimuli, particularly in areas of the brain 

linked to reinforcement and goal-directed behavior. I found that central administration of ghrelin 

increased, while central ghrelin receptor blockade decreased, the magnitude of dopamine release 

evoked by food. I went on to show that intra-LH, but not intra-VTA, administration of ghrelin 

recapitulated the results of central ghrelin infusions, thus pinpointing the LH as a potential site of 

action. Next, I demonstrated that intra-VTA orexin could be a plausible mechanism underlying 

the ability of central and LH ghrelin to regulate food-evoked dopamine release. In the second 

study, I found that central ghrelin administration augmented both phasic dopamine release and 

phasic increases in NAc activity evoked by a food-predictive cue. The data suggest that ghrelin 

may influence food seeking by modulating mesolimbic signals that contribute to reinforcement 

and goal-directed behavior. 
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Chapter I 

Introduction 

A. Preface 

 The neurobiology of food intake and body weight regulation has long been studied in the 

context of homeostasis. However, in today’s obesogenic society, this framework is insufficient to 

explain the dramatic rise in the incidence of obesity. This is likely due to the prevalence of 

calorically dense, highly palatable foods and the preponderance of environmental cues that signal 

their availability. Palatable food and associated cues promote consumption by engaging the 

neural circuits underlying reinforcement and motivated behavior. Peptide hormones that signal 

energy status modulate behavior directed at food. However, these hormones have mainly been 

studied to identify their physiological effects on ‘homeostatic’ circuitry. Recently, it has come to 

light that these same hormones also act in motivational circuits to alter food intake. Thus, 

feeding hormones may modulate how motivational circuits encode food and food cues, which 

could be a novel mechanism underlying the ability of feeding hormones to influence food-

directed behavior. However, this question remains unresolved and its resolution is the primary 

goal of this thesis. 

 Here, I start by highlighting the current state of the obesity epidemic. Next, I introduce 

the neural circuits involved in the homeostatic regulation of food intake and highlight the array 

of peripheral hormones that participate in the control of feeding behavior, with strong emphasis 

on the stomach hormone ghrelin. However, I recognize that a strict homeostatic view of feeding 

behavior fails to explain the prevalence of obesity. Thus, I introduce the mesolimbic system, a 

key contributor to behaviors motivated by food and associated cues. I will then discuss how the 

mesolimbic system encodes food and related cues, and how these signals have been directly 
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linked to food-directed behaviors. Next, I will posit that the mesolimbic system broadly 

integrates an array of signals associated with physiological state to produce a corresponding 

change in food-directed behavior. I conclude by introducing the key questions that this thesis 

aims to address – specifically regarding the modulation of mesolimbic signaling by the stomach 

hormone ghrelin.  

 

B. Obesity has reached epidemic status 

 Obesity and excess body weight have rapidly become one of the greatest threats to public 

health. As of 2012, more than one third of the U.S. adult population fit the criteria for obesity, 

which is defined as a body mass index ≥30 (BMI; Ogden et al., 2014). This translates into 

roughly 78.6 million obese adults. Remarkably, another one-third of adult Americans can be 

classified as overweight (BMI≥25). This problem is not unique to the United States. A recent 

World Health Organization report indicates that worldwide obesity has more than doubled since 

1980 (WHO, 2012). Obesity increases the risk of developing numerous chronic and debilitating 

health conditions, including type-2 diabetes, hypertension, and heart disease (Kopelman, 2007) 

and data suggests that the health consequences of obesity may outweigh the risk associated with 

smoking (Sturm and Wells, 2001). In addition to physical health, obesity is associated with 

mental health issues like anxiety and depression (Strine et al., 2008) and lower quality of life 

ratings (Kolotkin et al., 2001). Given these statistics, it follows that the obese spend up to 36% 

more on health care than normal weight individuals (Sturm, 2002) and this is likely contributing 

to rising health care costs across the entire U.S. medical system (Thorpe, 2005, 2006). The 

economic impact of obesity extends far beyond health care. Multiple studies have reported 

increased work absenteeism and fewer productive work hours in obese relative to normal weight 
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persons (for review see Hammond and Levine, 2010). Taken together, these data paint a dire 

picture, not only for public health, but also for the American economy.  

 According to Swinburn and colleagues, the ‘obesogenicity’ of an environment is defined 

as “the sum of influences that the surroundings, opportunities, or conditions of life have on 

promoting obesity in individuals or populations” (Swinburn et al., 1999). Perhaps it is not 

surprising then that the Centers for Disease Control have declared the U.S. an obesogenic 

society. Living in the U.S. enables an increasingly sedentary lifestyle while simultaneously 

providing easy access to inexpensive, highly palatable, and energy dense foods (Drewnowski and 

Specter, 2004; Owen et al., 2010). The difference between weight stability and weight gain 

comes down to simple mathematics: if energy intake exceeds energy expenditure, an individual 

gains weight. Thus, one way to understand obesity is to examine the factors that contribute to 

overconsumption.  

 In many parts of the country, it is impractical to walk, bicycle, or ride public transit to 

work, so over 90% of Americans drive to their place of employment (Winston, 2013). According 

to U.S. census data, the average commute time for U.S. workers is about 25.5 minutes one-way, 

but as many as 600,000 workers spend an hour and a half or more to get to their place of 

employment. Not surprisingly, there is a strong positive relationship between time spent driving 

and the likelihood of being obese (McCann and Frank, 2005). Moreover, the incidence of obesity 

is roughly half for people who live in walkable environments compared to areas that require cars 

for transportation (Frank et al., 2007). At work, the majority of Americans sit for long hours, 

which is known to increase the risk of obesity (Choi et al., 2010), however deficits in energy 

expenditure extend beyond our work lives. According to the U.S Department of Labor, 

Americans spend 50% of their leisure time watching television, yet another risk factor associated 
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with obesity (Hu et al., 2003). Many of these lifestyle and environmental insults could be offset 

with increased physical activity during leisure hours. However, only 20% of Americans meet the 

guidelines for weekly physical activity (U.S. Department of Health and Human Services, 2012). 

Together, the data suggest that sedentary behavior and the lack of energy expenditure in the 

hours before, during, and after work make considerable contributions to energy imbalance and 

the prevalence of obesity. 

 Deficits in energy expenditure only represent one part of the obesity problem. Between 

1970 and the early 2000s, meal portion sizes more than doubled (Young and Nestle, 2002) and 

larger portions promote increased intake in laboratory settings (Rolls et al., 2006, 2007). Not 

surprisingly then, Americans consume more total calories per day than they did in 1970 

(Prevention, 2004). Notably, this effect was driven by increases in sugar consumption, in spite of 

decreased fat intake. By some estimates, sugar consumption has increased by over 80 

kilocalories per day than consumption patterns from the 1970s (Popkin and Nielsen, 2003), 

which may be due to the popularity of sweetened beverages (e.g.,soda, pop). Accessibility of 

inexpensive and highly palatable foods is another major contributor to the soaring rate of obesity 

(Drewnowski and Specter, 2004). For example, it is estimated that there are over 200,000 fast 

food restaurants currently in the U.S., and the proximity of one’s home to a fast-food restaurant 

is associated with increased risk for obesity (Currie et al., 2010). This is likely because fast-food 

consumers eat more fat, saturated fat, sodium, and consume less vitamins, fruits and vegetables 

than those who do not eat fast food (Paeratakul et al., 2003). Increased caloric intake goes 

beyond formal meal times. Both children and adults snack more often, and the energy density of 

snacks has increased steadily over the last 20 years with most of the calories coming from candy 

and sweetened beverages (Piernas and Popkin, 2010a, 2010b). Thus, the current energy 
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imbalance encompasses both reduced energy expenditure and concurrent increases in the intake 

of energy rich but nutrient poor food. 

 Although the accessibility of calorie-dense food most certainly contributes to energy 

imbalance, explaining overconsumption comes down to more than availability. Highly palatable 

and positively reinforcing foods exert powerful effects on motivated behaviors aimed at food 

consumption and can promote intake, even in the absence of caloric need. In fact, sweetened 

foods can be so powerfully reinforcing, rats will forego the opportunity to obtain intravenous 

cocaine in favor of consuming sweet solutions (Lenoir et al., 2007). In addition to the foods 

themselves, environmental stimuli (sights, smells, advertisements) that signal the availability of 

food also influence feeding behavior. Humans are bombarded with promotions for food (Mink et 

al., 2010). This is especially problematic as cues associated with food powerfully enhance both 

ratings of appetite and food consumption (Ferriday and Brunstrom, 2008; Harris et al., 2009; 

Koordeman et al., 2010). Similar to humans, food-paired cues promote food intake and 

invigorate food-seeking behaviors, even in animals with no caloric need (Lovibond, 1983; 

Weingarten, 1983; Corbit et al., 2007). Thus, palatable foods that are heavily marketed through 

advertisements on TV, radio, and billboards are likely key contributors to overconsumption. 

Indeed, neighborhoods that have more advertisements for sugary beverages have higher 

incidence of obesity (Lesser et al., 2013). In summary, the prevalence of rewarding food and 

cues that signal food availability promote increased intake, even in the absence of caloric need, 

and their influence on food-seeking behavior is likely a key contributor to the obesity epidemic.  

  

C. Hypothalamic control of energy balance 
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 The hypothalamus is arguably one of the most heterogeneous brain structures in terms of 

the diversity of cell types and biological functions. Rather than elaborate on an exhaustive list, 

here I will focus on 3 major hypothalamic nuclei that have been strongly implicated in food 

intake and body weight regulation: the arcuate nucleus, paraventricular nucleus (PVH), and the 

lateral hypothalamus (LH). The arcuate nucleus is positioned at the base of the hypothalamus 

along the walls of the third ventricle. The vasculature near the arcuate is highly permeable, 

which permits greater diffusion of peripheral metabolic signals into the region (Ciofi, 2011). 

Thus, the arcuate exhibits vascular features characteristic of the circumventricular organs that are 

known to sense factors in the blood. This ideally positions neurons in the arcuate to integrate 

numerous signals related to physiological state (e.g., hunger, satiety, body adiposity). Indeed, 

arcuate neurons are sensitive to blood glucose, as well as multiple hormones related to 

physiological state (Hewson and Dickson, 2000; Morton and Schwartz, 2001; Wang et al., 2002; 

van den Top et al., 2004). 

 Three neuropeptides synthesized by arcuate neurons are strongly associated with 

regulation of food intake and body weight. One population of arcuate neurons synthesizes both 

Neuropeptide Y (NPY) and Agouti-related peptide (AgRP). Both NPY and AgRP increase food 

intake, though through different mechanisms. NPY acts directly on NPY receptors to influence 

feeding (Gehlert, 1999), while AgRP acts as an inverse agonist at melanocortin receptors 

(Ollmann et al., 1997). Another separate population of neurons expresses pro-opiomelanocortin 

(POMC) peptide. One of the cleavage products of POMC yields -melanocortin stimulating 

hormone (-MSH). -MSH is a potent agonist of melanocortin receptors, which normally 

suppress feeding (Fan et al., 1997). Thus, by blocking -MSH binding to melanocortin receptors, 

AgRP attenuates a signal that would otherwise inhibit food intake. Ablating NPY/AgRP neurons 
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in adulthood results in rapid weight loss (Gropp et al., 2005; Luquet et al., 2005), thus 

illuminating a critical role for these neurons in food intake and body weight regulation. 

Conversely, ablating POMC neurons results in hyperphagia and obesity (Gropp et al., 2005). In 

one study, ablation of POMC neurons resulted in an obese phenotype, in spite of reduced food 

intake (Greenman et al., 2013). Augmenting NPY/AgRP or POMC neuron activity also induces 

changes in locomotion (Mesaros et al., 2008; Huo et al., 2009). Thus, NPY/AgRP and POMC 

neurons contribute to energy intake as well as expenditure. Interestingly, knockout mice born 

with either NPY, AgRP, or both peptides deleted from their genome exhibit no differences in 

body weight compared to controls (Qian et al., 2002). This finding speaks to the diffuse network 

of structures that regulate essential processes like feeding behavior. 

 All of the above data highlighting roles for NPY/AgRP and POMC neurons in feeding 

behavior were collected in response to long-term and global insults. However, recent work with 

optogenetics, has revealed that selectively activating NPY/AgRP cell bodies causes mice to 

rapidly initiate feeding, while food intake is attenuated by selective activation of POMC 

expressing neurons (Aponte et al., 2011). Moreover, optogenetic stimulation of a variety of 

NPY/AgRP projections to a diverse array of brain regions is sufficient to promote food intake, 

including the PVH and LH (Betley et al., 2013). Conversely, selectively ablating GABAergic 

signals from NPY/AgRP neurons to hindbrain nuclei results in starvation (Wu et al., 2009). 

These data suggest that NPY/AgRP neurons utilize diverse projections to strongly influence 

multiple nodes that control feeding. 

 Given PVH’s strong connections with the arcuate nucleus (Légrádi and Lechan, 1998; 

Broberger et al., 1999) and the sympathetic nervous system (Swanson and Kuypers, 1980), it is 

positioned to regulate both energy intake and expenditure. Lesions of the PVH result in 
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hyperphagia and obesity (Leibowitz et al., 1981; Weingarten et al., 1985) and pharmacological 

manipulations of the PVH interfere with thermogenesis – which impacts energy expenditure and 

thus body weight (Madden and Morrison, 2009). Selectively exciting or inhibiting distinct 

populations of PVH neurons promotes feeding (Atasoy et al., 2012; Krashes et al., 2014), while 

selectively deleting subtypes of PVH neurons promotes hyperphagia and decreases energy 

expenditure (Xi et al., 2012; Pei et al., 2014). PVH neurons are modulated by both NPY and 

melanocortins to regulate food intake and body weight (Cowley et al., 1999). Optogenetic 

stimulation of NPY/AgRP terminals in the PVH is sufficient to rapidly evoke feeding behavior 

(Betley et al., 2013). Thus, the PVH represents one site where arcuate NPY/AgRP neurons act to 

control food intake.  

 The LH has long been known to link energy status and food-motivated behavior 

(Berthoud and Münzberg, 2011). This link was initially established upon the discovery  that 

electrical stimulation of the LH increased food intake (Margules and Olds, 1962) and lesions of 

the LH produced aphagia (Teitelbaum and Epstein, 1962). More recently, it was found that 

selective stimulation of NPY/AgRP input into the LH is sufficient to promote food intake (Betley 

et al., 2013). Thus, in addition to the PVH, the LH is another key site responsible for the control 

of feeding by arcuate neurons. The LH is also home to two unique non-overlapping populations 

of neurons that express: 1) the peptides Orexin-A and Orexin-B (also called hypocretins; de 

Lecea et al., 1998; Sakurai et al., 1998); and 2) melanin-concentrating hormone (MCH; 

Adamantidis and de Lecea, 2010). Central administration of either orexin or MCH peptides 

promotes food intake (Qu et al., 1996; Sakurai et al., 1998). While there are only roughly 5000 

orexin neurons per hemisphere, these cells integrate the numerous signals related to metabolism 

and physiological state (Adamantidis and de Lecea, 2009), and project throughout the brain and 
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regulate aspects of feeding, arousal, and motivation (Peyron et al., 1998). Orexin A and B can 

both activate Orexin-1 and Orexin-2 g-protein coupled receptors, and thereby enhance excitatory 

neurotransmission. For example, orexin-A and B both increase excitatory NMDA currents and 

regulate aspects of long-term potentiation (Borgland et al., 2006, 2008), with orexin-B also 

potentiating presynaptic glutamate release (Borgland et al., 2008). In addition to food intake, the 

LH and the orexin system also control aspects of arousal and motivation. Orexin-A excites locus 

coeruleus neurons, a key brain region involved in arousal (Hagan et al., 1999). Central orexin-A 

administration promotes locomotor activity in rats (Hagan et al., 1999; Nakamura et al., 2000). 

Lastly, in regards to motivation, central orexin increases the amount of effort exerted to obtain 

food under a progressive ratio schedule (Thorpe et al., 2005). Thus, the LH potently influences 

both energy intake as well as energy expenditure. 

 

D. Peripheral hormones act centrally to control energy balance 

 Information about an organism’s physiological state is relayed to the central nervous 

system through a wide variety of pre and post-ingestive signals that are released in the periphery. 

These signals include - but are not limited to - circulating blood glucose levels and the release of 

peptide hormones from the digestive tract. While these peripheral hormones influence many 

processes related to digestion and blood glucose management, they have also received 

considerable attention for their ability to regulate food intake and body weight through actions in 

the central nervous system.   

 Consumption of food elevates blood glucose levels. Glucose is actively transported into 

the brain and can be sensed by a variety of different nuclei involved in feeding behavior (Levin 

et al., 1999; Burdakov et al., 2005; Parton et al., 2007). Importantly, blocking glucose utilization 
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in the brain promotes food intake (Ritter et al., 2011). This demonstrates that resting glucose 

levels can act as a satiety signal to actively suppress feeding. Elevation in blood glucose 

stimulates the release of both insulin and amylin from the -cells of the pancreas (Kahn et al., 

1990; Rorsman and Braun, 2013). While insulin and amylin act in concert to regulate blood 

glucose (Scherbaum, 1998), they also act in the brain to control energy balance and suppress 

feeding (Begg and Woods, 2012; Lutz, 2012). In addition to the postprandial effects on insulin 

and amylin secretion, the arrival of nutrients in the stomach triggers the release of bombesin, 

thereby stimulating the release of gastrin, which causes HCl levels in the stomach to increase to 

aid in digestion. However, bombesin can also act centrally to suppress food intake (Gibbs et al., 

1979; Gibbs and Smith, 1986).  

 The passage of nutrients from the stomach to the duodenum of the small intestine 

promotes the secretion of cholecystokinin (CCK), which acts peripherally through the vagus to 

suppress feeding behavior (Smith et al., 1981; West et al., 1984). The presence of nutrients in the 

small intestine also triggers the release of glucagon-like peptide-1 (GLP-1; Baggio and Drucker, 

2007), which acts through the vagus to suppress gastric emptying (Imeryüz et al., 1997) and food 

intake (Abbott et al., 2005). Although the half-life of GLP-1 in the periphery is estimated to be 

only two minutes, GLP-1 receptors are expressed in the CNS (Shimizu et al., 1987) and GLP-1 

can act centrally to regulate feeding (Turton et al., 1996). In contrast to the signals that are 

upregulated immediately following the consumption of calories, the hormone leptin is released 

by adipocytes in proportion to body adiposity (Maffei et al., 1995; Schwartz et al., 1996). Plasma 

leptin levels fluctuate slightly throughout the day, with central levels remaining relatively 

constant (Wong et al., 2004). Thus, brain leptin concentration signals long-term energy reserves 

and acts through many brain nuclei to regulate feeding and energy expenditure (Myers et al., 
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2008). Notably, leptin resistance is thought to contribute to the development of obesity 

(Münzberg et al., 2005). This occurs in part because elevated triglyceride levels can interfere 

with leptin transport across the blood-brain barrier, thus preventing leptin from acting on central 

targets (Banks et al., 2004). To summarize, positive caloric balance is signaled by a diverse array 

of peripheral hormones that are secreted by the gut as well as adipocytes, and these peptides act 

both peripherally and centrally to suppress food intake and body weight.  

 

E. The stomach hormone ghrelin acts centrally and peripherally to promote food intake 

 All of the hormones discussed above are released in response to positive energy balance 

and act to suppress feeding behavior. However, ghrelin, a 28 amino acid peptide secreted 

primarily by endocrine cells in the fundus of the stomach, is the only hormone known to promote 

food intake (Kojima et al., 1999; Nakazato et al., 2001). Upon its’ discovery, ghrelin was so 

named because it was found to bind to the growth hormone secretagogue receptor 1a (GHS-R) 

and promote the release of growth hormone from the pituitary gland (the root word ghre is taken 

from Proto-Indo-European languages meaning ‘to grow’). However, very soon after the findings 

that linked ghrelin with growth hormone secretion, ghrelin levels were found to be increased by 

food restriction (Tschöp et al., 2000) and central injections of ghrelin were shown to potently 

stimulate appetite in rats (Wren et al., 2000; Nakazato et al., 2001). Only a few months later, 

ghrelin was found to increase ratings of appetite and promote food intake in humans (Wren et al., 

2001). Plasma ghrelin levels rise preceding meals and fall shortly after eating, which led to the 

hypothesis that ghrelin was involved in meal initiation (Cummings et al., 2001). Moreover, 

plasma ghrelin levels correlate strongly with subjective ratings of hunger (Cummings et al., 

2004), suggesting that ghrelin plays a role in the perception of hunger. These results, along with 
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many subsequent studies led to ghrelin becoming known as a ‘hunger hormone.’ In the years that 

followed, ghrelin has been shown to be involved in a wide array of phenomenon, including 

neuroprotection, anxiety, motivation, and memory (for a brief review see Andrews, 2011). 

Nonetheless, ghrelin is primarily studied for the regulation of food intake. Given that this thesis 

investigates ghrelin as it relates to food intake, I will focus on ghrelin’s feeding-related functions 

exclusively. 

 Ghrelin undergoes post-translational modification by the enzyme ghrelin o-

acetyltransferase (GOAT) in the stomach, which adds an octanoyl fatty acid group to the Serine 

3 position (Gutierrez et al., 2008; Yang et al., 2008). The octanoyl modification is critical for 

GHS-R binding. Given that a ghrelin transporter has yet to identified, some believe the fatty acid 

chain assists in the ability of peripheral ghrelin to cross the blood brain barrier and enter the 

brain (Banks et al., 2002). The GHS-R is a seven transmembrane g-protein receptor that is 

coupled to Gq. GHS-R mRNA is expressed throughout the brain, including the hypothalamus, 

hippocampus, amygdala, midbrain, and many hindbrain nuclei (Zigman et al., 2006). The gene 

encoding the GHS-R is highly conserved across species (Howard et al., 1996), and the ligand-

binding domain has remained relatively unchanged across the last 400 million years of evolution 

(Palyha et al., 2000). Interestingly, the GHS-R rapidly desensitizes and the rate of receptor 

recycling is quite slow compared to other GPCRs. It can take up to 6 hours for surface receptor 

expression to return to baseline following ghrelin exposure (Camiña et al., 2004). Notably, the 

long delay between receptor internalization and surface re-expression closely mirror time 

between meals, and could perhaps contribute to ghrelin’s physiological effects on food intake. 

The GHS-R is constitutively active, and can signal with roughly 50% efficacy in the absence of a 

ligand (Holst et al., 2004). However, mutations that alter constitutive activity have been linked to 
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short stature syndrome and do not affect ghrelin binding or ligand dependent signaling (Pantel et 

al., 2006). Thus, the GHS-R may serve multiple functions that differentially depend on the 

constitutive signal versus ligand-dependent activation.  

 Ghrelin binding to the GHS-R activates Phospholipase C (PLC), which generates 

diacylglycerol (DAG) and inositol triphosphate (IP3). In turn, DAG triggers the release of 

calcium from internal stores, while IP3 activates protein kinase C (PKC), which closes potassium 

channels (Cruz and Smith, 2008; Shi et al., 2013), although one report suggests that GHS-R 

activation closes potassium channels through cyclic GMP (Han et al., 2005). Nonetheless, 

activation of the GHS-R can depolarize the cells on which it resides through both calcium and 

potassium dependent mechanisms. Depolarization resulting from DAG and IP3 stimulation also 

likely activates voltage-dependent calcium channels, further increasing intracellular calcium 

independent from the release of internal stores (Delmas et al., 2005; Balla, 2006). Indeed, GHS-

R stimulation has been shown to increase intracellular calcium through both mechanisms 

resulting in a long lasting depolarization (Herrington and Hille, 1994). While some of these 

experiments were conducted before ghrelin was identified, thus requiring the use of exogenous 

GHS-R ligands, ghrelin induced stimulation of the GHS-R exhibits identical effects on 

intracellular calcium concentration (Yamazaki et al., 2004). Remarkably, there is also evidence 

that GHS-R activation can act through protein kinase A (PKA) and cyclic AMP, which also 

results in elevated intracellular calcium (Kohno et al., 2003). Together, these actions likely 

contribute to the ability of ghrelin to potentiate LTP (Diano et al., 2006), independent from 

NMDA receptor activation (Chen et al., 2011). In addition to post-synaptic effects, ghrelin has 

also been shown to modulate presynaptic neurotransmitter release through reduction in paired 

pulse suppression (Chen et al., 2011).  Lastly, aside from effects on ion channels, central ghrelin 
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activates phosphoinositide 3-kinase (PI3K) and its’ downstream effector Akt, which contribute to 

ghrelin’s effects on both feeding and memory related processes (Chen et al., 2011; Kanoski et 

al., 2012). Taken together, GHS-R activation increases neuronal excitability through multiple 

independent pre and postsynaptic mechanisms.  

 Plasma ghrelin levels rise before meals and fall shortly after feeding (Cummings et al., 

2001, 2004). The preprandial rise in ghrelin appears to be due to the activity of the vagus nerve, 

as destruction of the vagus disrupts ghrelin secretion that is normally observed in response to 

fasting (Williams et al., 2003). Thus, in addition to relaying the peripheral effects of ghrelin to 

the central nervous system, the vagus nerve is also involved in ghrelin secretion. Interestingly, 

postprandial suppression of ghrelin is unaffected by vagotomy, suggesting that elevation in 

ghrelin in response to fasting is controlled separately from postprandial suppression (Williams et 

al., 2003). Following food consumption, ghrelin levels are suppressed in proportion to the caloric 

density of the meal (Callahan et al., 2004; Le Roux et al., 2005a). Notably, different 

macronutrients are differently effective at suppressing ghrelin secretion. Carbohydrates and 

protein suppress ghrelin levels longer than fat, however carbohydrate ingestion results in a robust 

rebound in ghrelin secretion approximately three hours after ingestion (Sánchez et al., 2004; 

Foster-Schubert et al., 2008). Thus, ghrelin levels are modulated not only by food intake but also 

by the type of nutrients consumed. In addition to signaling the need to eat, ghrelin may also 

convey information about body adiposity. Steady-state circulating ghrelin levels are reduced in 

obese individuals compared to normal weight controls (Tschöp et al., 2001), and are negatively 

correlated with visceral and subcutaneous fat mass (Katsuki et al., 2004). Ghrelin levels increase 

following gastric bypass surgery or weight loss (Cummings et al., 2002). Lastly, ghrelin levels 

increase in exercising women who lose weight compared to controls that exercised but remained 
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weight stable (Leidy et al., 2004). Thus, surges in plasma ghrelin likely signal the need for 

calories, while resting ghrelin levels may reflect energy reserves. However, more work must be 

done to more fully understand this possibility. 

 There is also evidence that ghrelin may contribute to anticipatory responses associated 

with feeding. Mice trained to eat at a specific time of day exhibit increased locomotor activity 

leading up to the receipt of food, a behavior thought to represent food anticipation. Injection of 

ghrelin increases, while ghrelin receptor blockade decreases the pre-meal increase in locomotion 

(Merkestein et al., 2012), suggesting ghrelin levels contribute to the anticipatory response. In 

support of this, daily rhythms in ghrelin secretion can be entrained to meal times. Normally, rats 

exhibit a peak in ghrelin secretion in the hours leading up to the start of the dark cycle, which is 

typically their largest meal. However, rats that were trained to eat their largest meal in mid-day 

exhibited a peak prior to the meal and no elevation in plasma ghrelin at the onset of the dark 

cycle (Drazen et al., 2006). In humans, viewing images of food increases plasma ghrelin 

compared to viewing non-food images (Schüssler et al., 2012). Thus, ghrelin may play a role in 

preparing physiological processes for the receipt of calories. The normal suppression of ghrelin 

after meals is also sensitive to whether or not the meal was expected to occur (Ott et al., 2012). 

In sum, these data imply that while ghrelin secretion and suppression may be regulated by 

physiological state, cognitive and learned factors such as the anticipation of calories can also 

influence ghrelin secretion and suppression.  

 Once released, ghrelin acts both peripherally and centrally to affect feeding behavior. 

Peripheral ghrelin likely augments feeding through actions on the vagus nerve. Ghrelin alters 

vagal activity, and lesioning vagal afferents attenuates feeding in response to peripheral, but not 

central ghrelin administration (Date et al., 2002). In addition, peripheral ghrelin fails to promote 
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intake in human subjects who have undergone a vagotomy procedure (Le Roux et al., 2005a). In 

concert with peripheral actions, ghrelin crosses the blood brain barrier and accesses a large 

number of regions in the central nervous system (Banks et al., 2002; Cabral et al., 2013). Indeed, 

ghrelin has been shown to promote food intake via action in many of the regions that express the 

GHS-R, including the arcuate nucleus of the hypothalamus (Nakazato et al., 2001), hippocampus 

(Kanoski et al., 2012), ventral tegmental area (VTA; Abizaid et al., 2006), and nucleus 

accumbens (NAc; Naleid et al., 2005). Thus, the widespread nature of GHS-R expression and the 

ability of ghrelin to access this extended network to regulate feeding behavior suggests that 

ghrelin acts in a diverse array of brain circuits, potentially influencing a wide array of 

neurological processes. 

 As mentioned earlier, the arcuate nucleus of the hypothalamus is  known to control food 

intake and body weight. Importantly, the arcuate was one the first identified central targets for 

ghrelin’s effects on feeding behavior (Nakazato et al., 2001). Subsequent studies revealed that 

ghrelin’s influence on feeding was due to actions on NPY/AgRP as well as POMC neurons. 

Peripheral ghrelin injection increases fos expression in arcuate neurons (Hewson and Dickson, 

2000; Wang et al., 2002), once again providing evidence that peripheral ghrelin enters the brain 

and interacts with neural centers involved in feeding behavior. Bath application of ghrelin 

increases spontaneous activity of NPY/AgRP neurons and decreases the activity of POMC 

neurons (Cowley et al., 2003). Not only are NPY/AgRP cells activated by ghrelin, their 

activation is critical for ghrelin to promote food intake. Ghrelin fails to stimulate feeding in rats 

with arcuate lesions (Tamura et al., 2002) and central antagonists of either NPY or AgRP block 

feeding induced by central ghrelin infusion (Nakazato et al., 2001). Additionally, central ghrelin 

administration increases both NPY and AgRP mRNA expression in the arcuate (Hidekitamura et 
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al., 2000; Shintani et al., 2001), suggesting that ghrelin could exert both immediate and long term 

influence on feeding behavior. Interestingly, many NPY/AgRP neurons that respond to ghrelin 

are also sensitive to glucose, and the effect of ghrelin on NPY/AgRP neurons is tempered by co-

administration of leptin (Kohno and Yada, 2012). Thus, not only does ghrelin directly influence 

arcuate NPY/AgRP neurons, their output appears to integrate multiple signals linked to 

physiological state.  

 There is a small body of evidence indicating that ghrelin also acts both directly and 

indirectly in the PVH to influence energy balance. Ghrelin attenuates inhibitory transmission in 

the PVH (Cowley et al., 2003) and infusion of ghrelin into the PVH induces fos expression in 

PVH neurons (Olszewski et al., 2003a). Interestingly, viral knockdown of GHS-R in the PVH 

has no effect on food intake, but does decrease body weight (Shrestha et al., 2009), suggesting 

that PVH GHS-R signaling preferentially contributes to energy expenditure rather than energy 

intake. In contrast, two separate studies reported that ghrelin induces feeding when infused in the 

PVH (Melis et al., 2002; Olszewski et al., 2003a). Consequently, more experiments are required 

to establish whether ghrelin acts in the PVH to control food intake, energy expenditure, or both. 

Importantly, peripheral injection of ghrelin induces fos expression in PVH neurons, implying 

that peripheral ghrelin recruits the PVH (Rüter et al., 2003). In summary, ghrelin clearly acts in 

the PVH to influence energy balance, but more data will be required to fully understand the role 

of ghrelin in this brain region. 

 In addition to the arcuate and PVH, ghrelin also has robust effects on behavior through 

actions in the LH. Ghrelin induces feeding when infused directly into the LH (Olszewski et al., 

2003b; Szentirmai et al., 2007; Cone et al., 2014). Intra-LH ghrelin augments feeding behavior 

for several hours after administration, suggesting LH ghrelin receptor activation can exerts both 
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immediate and delayed effects on feeding (Olszewski et al., 2003b). Within the LH, ghrelin 

likely regulates feeding behavior through orexin neurons. Ghrelin increases the frequency of 

action potentials in LH orexin neurons (Yamanaka et al., 2003) and increases fos expression in 

LH orexin, but not MCH neurons (Olszewski et al., 2003b). Consistent with this result, blocking 

orexin peptide signaling with antibodies disrupts food intake elicited by LH ghrelin, while 

antibodies against MCH have no effect (Toshinai et al., 2003). Together, these data strongly 

support the possibility that LH ghrelin augments feeding primarily through LH orexin neurons. 

Critically, central ghrelin promotes fos in orexin neurons even when NPY/AgRP expression is 

compromised (Toshinai et al., 2003). Thus, central ghrelin has direct effects within the LH that 

are independent of indirect actions on arcuate NPY/AgRP neurons. Given that central orexin 

promotes feeding (Sakurai et al., 1998), activation of LH orexin neurons by ghrelin could be a 

potential mechanism underlying LH ghrelin’s effects on food intake. LH ghrelin may also 

contribute to energy expenditure, as LH ghrelin infusion increases the amount of time mice 

spend awake (Szentirmai et al., 2007).  

 Interestingly, there are ghrelin positive neurons in the central nervous system (for review 

see Ferrini et al., 2009). Ghrelin has been localized in axon terminals in the arcuate nucleus, 

PVH, and LH and these neurons make synapses with arcuate NPY/AgRP and POMC neurons 

(Cowley et al., 2003) and LH orexin neurons (Toshinai et al., 2003). However, virtually nothing 

is known about how ghrelin expressing neurons contribute to feeding behavior, as they have not 

been studied in vivo. Nonetheless, the arcuate, PVH, and LH are positioned to augment energy 

balance in response to both central and peripheral sources of ghrelin.  

 

F. The mesolimbic system is a likely contributor to the obesity epidemic 
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 The hypothalamus has traditionally been associated with the homeostatic balance 

between energy intake and energy expenditure (Morton and Schwartz, 2001; Morton et al., 

2006). However, modern society is highly obesogenic, in that many aspects of the environment 

promote consumption in excess of homeostatic requirements. Two prominent factors include the 

prevalence of highly palatable food and the preponderance of cues associated with their 

availability, which can promote food intake in the absence of caloric need. Therefore, studying 

food intake strictly in terms of homeostasis is insufficient to explain the current obesity 

epidemic. Palatable foods strongly reinforce future behaviors aimed at their consumption 

because of their highly rewarding hedonic properties (taste, caloric density, etc.). Here, the term 

“reward” describes the positive value an animal attributes to an object (Schultz et al., 1997). 

Moreover, stimuli that signal the availability of food reward, and therefore predict the positive 

hedonic experience associated with consumption, exert powerful influence on behavior. Thus, in 

order to understand how food reward and food-related cues contribute to overconsumption, one 

must examine neural circuits that control reward-directed behaviors. 

 The neurobiology underlying the effects of food and associated cues on food-directed 

behavior encompasses a diverse array of brain circuits (Kelley, 2004; Morton et al., 2006; Baldo 

and Kelley, 2007; Volkow et al., 2011; Petrovich, 2013; Richard et al., 2013). However, one 

critical candidate is the mesolimbic system, which is comprised of the dopamine neurons in the 

ventral tegmental area (VTA) and one of their major target nuclei, the nucleus accumbens (NAc). 

Both the VTA and NAc are rapidly gaining appreciation for their role in non-homeostatic or 

hedonic feeding, which is food consumption in excess of caloric need (often of highly palatable 

foods). Dopamine and the NAc critically participate in aspects of motivation, reinforcement, and 

learning associated with food reward and food cues (Dayan and Balleine, 2002; Baldo and 
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Kelley, 2007; Lex and Hauber, 2008; Salamone and Correa, 2012). Thus, the ability of food and 

associated cues to activate mesolimbic circuitry likely contributes to overconsumption. In 

addition, obesity is known to compromise multiple aspects mesolimbic signaling. Insults to 

mesolimbic circuitry could potentially drive further intake as well as reduce energy expenditure. 

Consequently, the mesolimbic system may contribute to imbalance in both energy expenditure as 

well as energy intake. 

 

G. Anatomical organization of mesolimbic system 

 VTA dopamine neurons are located medially in the ventral midbrain and are 

histologically defined by the expression of tyrosine hydroxylase (TH), the enzyme that catalyzes 

the rate-limiting step in dopamine synthesis. In addition to dopamine, the VTA is also home to 

both GABAergic and glutamatergic projection neurons, but their biological functions are beyond 

the scope of this thesis. While much work has been done to trace inputs to VTA neurons (Sesack 

and Pickel, 1992; Futami et al., 1995; Carr and Sesack, 2000; Fadel and Deutch, 2002; Dommett 

et al., 2005; Geisler et al., 2007), recent studies demonstrate that VTA dopamine neurons receive 

a wide variety of input from all over the brain, including striatal, pallidal, midbrain, and 

hypothalamic efferents. Specifically, some of the densest projections to VTA dopamine neurons 

originate from pedunculopontine nucleus (PPTg), laterodorsal tegmental nucleus (LDTg), LH, 

PVH, central amygdala, NAc, orbitofrontal cortex, and lateral habenula (Watabe-Uchida et al., 

2012). This positions VTA dopamine neurons to respond to a range of visual, gustatory, and 

reward-related input. VTA dopamine neurons project to a range of targets, including the NAc, 

amygdala, prefrontal cortex, and the motor cortex (Domesick, 1988; Hosp et al., 2011). In 

particular, VTA dopamine neurons project to the NAc in a topographical fashion. Medial 
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dopamine neurons project to the NAc shell, while more lateral dopamine cells innervate the NAc 

core (Ikemoto, 2007). This suggests a level of functional specialization organized along 

anatomical lines. A single dopamine neuron can extensively arborize in the striatum, suggesting 

that dopamine neuron activity modulates ensembles, rather than individual NAc neurons 

(Matsuda et al., 2009). Indeed, experimental and modeling data indicates that dopamine acts 

primarily by diffusing through large areas following release (i.e., volume transmission; Garris et 

al., 1994; Rice, 2000; Dreyer et al., 2010).  

 Dopamine activates two distinct families of dopamine receptors, D1-like and D2-like, 

which are both coupled to g-proteins. The D1 family consists of D1 and D5 receptors (D1Rs), 

while the D2 family consists of D2, D3, and D4 receptors (D2R). Dopamine receptors are 

primarily located in extrasynaptic areas on striatal neurons (Levey et al., 1993; Hersch et al., 

1995; Yung et al., 1995). D1R binding activates Golf, which generates adenylyl cyclase and 

activates PKA (Neve et al., 2004). PKA activation following D1R binding increases surface 

expression of both AMPA and NMDA receptors (Snyder et al., 2000; Dunah and Standaert, 

2001; Chao et al., 2002; Hallett et al., 2006). In addition to NMDA receptor trafficking, D1R 

receptor activation potentiates NMDA currents (Blank et al., 1997). D1R activation also 

increases the excitability of striatal neurons through activation of L-type calcium channels 

(Hernández-López et al., 1997) and inhibition of potassium channels (Podda et al., 2010). In 

contrast, D2R largely acts to suppress activity in striatal neurons. D2R are coupled to Gi/o 

proteins, which inhibit adenylyl cyclase activity (Neve et al., 2004). D2R activation influences 

multiple potassium channels, including inward rectifying and leak channels (Perez et al., 2006) 

as well as reduces calcium currents through voltage dependent calcium channels (Hernandez-

Lopez et al., 2000). D2R binding also decreases NMDA receptor currents (Higley and Sabatini, 
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2010). Taken together, postsynaptic NAc dopamine receptors serve to regulate the efficacy of 

synaptic inputs and thus shape glutamatergic transmission with the NAc. 

 Approximately 90-95% of the neurons in the NAc are medium spiny neurons (MSNs), 

which are GABAergic projection neurons. In the dorsal striatum, D1Rs and D2Rs are expressed 

on different populations of MSNs, and largely segregate between striatonigral and striatopallidal 

projections (Gerfen et al., 1990). Interestingly, NAc MSNs that innervate the ventral pallidum do 

not segregate by dopamine receptor expression (Lu et al., 1997). Moreover, the D1R and D2R 

dichotomy is less reliable in the NAc where D1R and D2R are more often found on the same 

MSNs (Meredith et al., 2008). Thus, the anatomical characteristics that define the dorsal tier of 

the striatum are absent in ventral areas. Given their opposing functions, it is interesting that 

D1Rs and D2Rs can be found on the same NAc MSNs. However, coexpression of D1R and D2R 

on NAc MSNs likely function in a cooperative manner, as animals will work to self-administer a 

mixture of D1R and D2R agonists into the NAc, but neither drug alone are sufficient to reinforce 

responding (Ikemoto et al., 1997). In addition, coincident activation of both D1R and D2R 

increases spike firing in NAc neurons and this is depends on both PKA and G (Hopf et al., 

2003). In addition to shaping postsynaptic activity, D1Rs can also be found on presynaptic 

terminals that innervate the NAc (Dumartin et al., 2007) where they can act to facilitate 

neurotransmitter release (Mizuno et al., 2007). D2Rs are also expressed presynaptically. D2R 

activation has been shown to suppress the activity of weakly active cortical terminals, perhaps 

acting to filter out weak inputs onto striatal MSNs (Bamford et al., 2004). Taken together, 

dopamine alters synaptic transmission in the NAc through distinct and cooperative effects on 

pre- and postsynaptic targets alike. 



 23 

 Extracellular dopamine concentration in the NAc is regulated by multiple factors, 

including D2Rs, the dopamine transporter (DAT), and cholinergic interneurons. On dopamine 

terminals, D2Rs act as autoreceptors to negatively regulate dopamine release by reducing quantal 

size (Pothos et al., 1998) and suppress dopamine release in response to repeated stimulation 

(Kennedy et al., 1992; Benoit-Marand et al., 2001). D2R activation has also been shown to 

reduce phosphorylation of TH, which may downregulate dopamine synthesis in the terminal 

(Lindgren et al., 2001). DATs are expressed only on the axons of dopamine neurons in the 

striatum (Ciliax et al., 1995; Hersch et al., 1997). By clearing dopamine from the extracellular 

milieu, the DAT is critical for terminating dopamine action on postsynaptic targets. Given that 

dopamine signals primarily through volume transmission (Garris et al., 1994), the DAT is 

thought to have very little influence on dopamine concentration near the release site, as it is not 

present in high enough numbers to prevent dopamine spillover due to diffusion. Instead, the 

DAT regulates the spread of dopamine over time and space (Cragg and Rice, 2004). Indeed, 

injections of DAT blockers increase both the magnitude and duration of electrically evoked 

dopamine signals (Sulzer, 2011) and increases the size of naturally occurring dopamine spikes 

(Owesson-White et al., 2012). Lastly, cholinergic interneurons make up only a small fraction of 

the cells present in the striatum, but they exert robust effects on extracellular dopamine levels. 

For example, recent optogenetic studies have shown that selective activation of cholinergic 

interneurons is sufficient to evoke dopamine release in the striatum (Cachope et al., 2012; 

Threlfell et al., 2012). Thus, cholinergic interneurons strongly influence dopamine release in the 

NAc through actions on dopamine terminals.  

 In addition to dopaminergic input, the NAc receives projections from cortical, limbic, and 

thalamic structures (for review see Meredith et al., 2008) and sends efferents to motor-related 
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structures like the ventral pallidum, VTA, SN pars compacta, SN pars reticulata, and retrorubral 

area (Groenewegen et al., 1999). Thus, the NAc connects cortical and limbic structures with 

motor circuitry. When the anatomical data was considered along with the available behavioral, 

pharmacological, and electrophysiological evidence, Mogenson and colleagues termed the NAc a 

‘limbic-motor’ interface. That is, the NAc is the neural substrate by which motivation is 

converted into action (Mogenson et al., 1980). Mogenson’s interpretation has been largely 

supported but is somewhat of an oversimplification. The sub-divisions of the NAc, the core and 

shell play different, but related roles in processing primary affective stimuli and goal-directed 

behavior. This specialization owes partially to their unique patterns of connectivity. The NAc 

core integrates numerous excitatory inputs from limbic regions, including the amygdala, 

hippocampus, thalamus, and medial prefrontal cortex (Kelley et al., 1982; Berendse and 

Groenewegen, 1990; Brog et al., 1993; Groenewegen et al., 1999; Voorn et al., 2004). The NAc 

shell receives input from infralimbic and piriform cortices, hippocampus, lateral hypothalamus, 

amygdala, and the thalamus (Kelley et al., 1982; Berendse and Groenewegen, 1990; Brog et al., 

1993; Groenewegen et al., 1999; Voorn et al., 2004). Interestingly, NAc shell inputs are 

differentially weighted, as EPSCs from hippocampus to NAc projections are larger in magnitude 

than those from amygdala or prefrontal cortex projections (Britt et al., 2012). Whether a similar 

pattern of synaptic input is observed in the NAc core is unknown. At a surface level, the 

similarities between core and shell inputs could suggest similar functional roles in behavioral 

processes. However, a finer dissection of core and shell inputs reveals strong differences 

between the two subregions (Voorn et al., 2004). For example, many NAc projecting nuclei 

differentially innervate the NAc core and shell, including the amygdala (Ragsdale and Graybiel, 

1988; Wright et al., 1996), cortex (Wright and Groenewegen, 1996), thalamus (Wright and 
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Groenewegen, 1996), and hippocampus (Groenewegen et al., 1991). Moreover, the dopaminergic 

projections to the NAc core and shell have different origins, with medial VTA dopamine neurons 

projecting preferentially to the shell, while more lateral dopamine neurons project to the core 

(Ikemoto, 2007). In addition to differences in the origins of inputs, NAc core and shell neurons 

are very different morphologically. For example, NAc core neurons have a greater number of 

dendritic spines, more dendritic arbors, and longer dendrites (reviewed in Meredith et al., 2008), 

and may have as much as 50% more surface area available for synaptic connections (Meredith et 

al., 1992). Together, these data indicate that NAc core and shell neurons process very different 

sets of information, and morphological differences in MSNs across the two subregions could 

further contribute to how incoming information is integrated to produce behavior. 

  

H. The role of the mesolimbic system in food intake and energy expenditure 

 Consumption of food affects mesolimbic circuitry through many pre and post-ingestive 

mechanisms. Prior to the onset of a meal, the sight of food signals the impending consumption of 

calories. Importantly, passively viewing images of food can activate many areas of the brain, 

including the striatum (Malik et al., 2008; Dimitropoulos et al., 2012). As the meal begins, the 

taste of food predicts the arrival of calories. In humans, consumption of food activates both the 

dorsal and ventral striatum (Small et al., 2003; Stice et al., 2013a). In rodents, researchers have 

utilized sham feeding to isolate how taste regulates mesolimbic activity. These studies found that 

orosensory stimulation for both sugars and fat, in the absence of post-ingestive consequences, 

evokes dopamine release in the striatum (Hajnal et al., 2004; Liang et al., 2006). Experiments 

have also been conducted in genetically modified mice that cannot taste sweet compounds to 

investigate how post-ingestive signals influence the mesolimbic system. Following consumption 
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of a sugar solution, dopamine levels increase in the ventral striatum, even in animals who are 

‘sweet-blind’ (de Araujo et al., 2008). Additionally, ‘sweet-blind’ animals learn to prefer 

solutions that contain calories to non-caloric sweeteners, suggesting that post-ingestive signals 

alone are sufficient to condition a preference for a caloric solution. Intra-gastric infusions of 

either sugar or fat following consumption of a calorie-free solution promotes a strong preference 

for that solution compared to a solution paired with intra-gastric water (Sclafani and 

Glendinning, 2005). In addition, intra-gastric infusions of nutrients alone are sufficient to elicit 

dopamine release, demonstrating that the mere arrival of nutrients in the gut recruits mesolimbic 

circuitry (Ren et al., 2010). Taken together, both pre and post-ingestive signals can regulate 

mesolimbic activity and alter food-directed behaviors. 

 While food consumption broadly increases dopamine release and turnover in the rodent 

NAc (Hernandez and Hoebel 1988; Taber and Fibiger 1997), multiple studies have found that 

augmenting NAc dopamine signaling does not affect food intake (Baldo et al., 2002; Beeler et 

al., 2010; Salamone and Correa, 2012). Thus, we are left with a critical question: If NAc 

dopamine does not regulate food intake per se, how does dopamine contribute to feeding 

behavior? Experimental evidence seems to converge on the idea that dopamine participates in 

motivational and learned aspects of feeding behavior and likely serves to reinforce behaviors that 

result in food consumption.  

 Genetically deleting the ability of dopamine neurons to produce dopamine results in rapid 

starvation (Szczypka et al., 1999). However, these animals can approach and consume food, but 

do not eat enough to survive unless dopamine production is rescued by injections of L-DOPA 

(Szczypka et al., 1999). This suggests that dopamine is more critical for the locomotor behavior 

(i.e., motivation) needed for ingestion. Moreover, rescuing dopamine synthesis selectively in the 
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ventral striatum has no effect on food intake, whereas feeding is restored following rescue of 

dopamine synthesis in the dorsal striatum (Szczypka et al., 2001). Thus, NAc dopamine is not 

required for animals to consume food, but appears to facilitate activity in motor circuits that 

promote food approach and consumption. Further support for dopamine’s contribution to 

motivational aspects of feeding behavior stems from the work of Salamone and colleagues. In 

one study, they systematically increased the number of lever presses required to receive each 

subsequent food reward (progressive-ratio). The session was limited to 30 minutes and the 

animals were food-restricted. Together, these manipulations put a premium on maximizing the 

number of reinforcers obtained during the session. Dopamine depletions in the NAc or blockade 

of D1R or D2Rs reduced the effort animals would exert to obtain food, resulting in fewer food 

rewards (Aberman et al., 1998). This suggested that NAc dopamine was critical for the 

motivation to continue responding when costs were high. In another set of studies, Salamone and 

colleagues used a paradigm allowing rodents to choose between working (lever pressing) for a 

highly palatable food reward or consuming freely available (and less palatable) chow. As above, 

NAc dopamine depletions or blockade of NAc dopamine receptors shifted animals’ preference 

away from effortful responding for palatable food (Salamone et al., 1991). However, these rats 

still consumed freely available chow, indicating that NAc dopamine manipulations did not affect 

total caloric intake. Another group genetically deleted the DAT in mice, which should 

chronically elevate NAc dopamine levels. The mice were then placed in cages where all of their 

food was earned from pressing two levers with different response requirements. They found that 

DAT knockout mice would press more on the high cost lever, yet consume the same amount of 

food as controls (Beeler et al., 2010). Together, these data support the idea that NAc dopamine 

does not alter intake, but instead affects the allocation of effort required to obtain food.  
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I. Food intake and food-related cues evoke dopamine release in the NAc  

 Although dopamine levels increase for up to an hour following a meal (Wilson et al., 

1995), dopamine neurons also encode the receipt of food reward in a temporally precise manner. 

At rest, midbrain dopamine neurons typically fire between 3-8 Hz in slow, irregular patterns 

(Grace and Bunney, 1984). However, upon the receipt of food reward, or following the 

presentation of salient or reward-predictive stimuli, dopamine neurons emit a brief, high 

frequency (20 Hz; phasic) increase in firing rate that lasts only a few hundred ms (Mirenowicz 

and Schultz, 1994, 1996). Phasic dopamine responses to food reward have been characterized in 

a variety of species including mice, rats, and non-human primates (Mirenowicz and Schultz, 

1994, 1996; Hyland et al., 2002; Roesch et al., 2007; Matsumoto and Hikosaka, 2009; Cohen et 

al., 2012). Phasic fluctuations in the activity of VTA dopamine neurons, like those evoked by 

food reward, are thought to generate ‘spikes’ in NAc dopamine concentration. Over the last two 

decades, tools have been developed that allow precise measurement of phasic dopamine 

fluctuations in the NAc. Fast-scan cyclic voltammetry (FSCV), a technique originally used in 

analytical chemistry, allows the identity and concentration of multiple electroactive species to be 

measured, even in complex chemical mixtures. Thus, FSCV is an ideal tool for monitoring 

concentration changes of neurotransmitter levels in brain tissue with high temporal resolution, 

including dopamine (Wickham et al., 2013). Indeed, FSCV recordings demonstrates that 

blocking VTA activity with lidocaine or impairing VTA burst firing with NMDA receptor 

antagonists disrupts phasic fluctuations in NAc dopamine concentration (Sombers et al., 2009b; 

Owesson-White et al., 2012). With respect to food reward, FSCV data is largely consistent with 

the electrophysiological measurements of dopamine cell body activity. Delivery or retrieval of 
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unpredicted food reward evokes phasic spikes in NAc dopamine concentration (Day et al., 2007; 

Stuber et al., 2008; Brown et al., 2011; Beeler et al., 2012). Interestingly, the magnitude of 

phasic dopamine release to food is modulated by the presence or absence or calories (Beeler et 

al., 2012) and reward magnitude (Gan et al., 2010). Thus, the receipt of food reward evokes brief 

spikes in NAc dopamine concentration and the magnitude of release is sensitive to the caloric 

content of the food. 

 Phasic dopamine signals, including those evoked by food, were long hypothesized to play 

a pivotal role in aspects of reinforcement. Importantly, the recent advent of optogenetics, has 

revealed a causal role for phasic dopamine signaling in behavioral reinforcement. Phasic, but not 

tonic, stimulation of VTA dopamine neurons leads to a preference for the chamber paired with 

phasic stimulation (Tsai et al., 2009), while animals allowed to nose-poke for phasic stimulation 

of VTA dopamine neurons will work for thousands of stimulations in a single hour (Witten et al., 

2011). These studies indicate that phasic activation of dopamine neurons is sufficient to reinforce 

goal-directed behavior. Importantly, NAc dopamine action is critical for the ability of phasic 

dopamine signaling to reinforce behavior. Blocking D1R and D2Rs in the NAc attenuates 

responding for phasic activation of dopamine neurons (Steinberg et al., 2014). Moreover, phasic 

activation of ventral striatal MSNs also reinforces operant behaviors (Britt et al., 2012). These 

data suggest that the ability of food to evoke phasic dopamine release could reinforce food-

directed actions. In support of this, pairing consumption of sucralose (a sweetener which lacks 

calories) with phasic stimulation of VTA dopamine neurons induces a preference for sucralose 

over sucrose, thus establishing that phasic dopamine signaling is sufficient to bias food choices 

(Domingos et al., 2011).  
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 In addition to the foods themselves, cues that predict the availability of food reward 

evoke phasic increases in dopamine neuron activity (Schultz et al., 1997; Waelti et al., 2001; 

Roesch et al., 2007; Cohen et al., 2012) and elicit phasic dopamine release in the NAc (Roitman 

et al., 2004; Day et al., 2007; Stuber et al., 2008; Gan et al., 2010; Brown et al., 2011; Wassum et 

al., 2013). The temporal shift in dopamine signaling from the reward to its earliest predictor is 

thought to underlie associative learning (Schultz et al., 1997; Waelti et al., 2001). Indeed, the 

emergence of cue-evoked phasic dopamine signaling is correlated with behavioral features of 

learning, including approach behavior and discrimination of reward predictive from non-

predictive stimuli (Roesch et al. 2007; Stuber et al. 2008). Moreover, blocking NAc dopamine 

receptors impairs cue-reward learning (Smith-Roe and Kelley, 2000; Di Ciano et al., 2001), 

while attenuating phasic dopamine release disrupts the ability to learn about spatial cues that 

signal food availability (Zweifel et al., 2009). Overall, these data suggest that cue-evoked 

dopamine release reinforces the association between rewards their predictors. Indeed, it was 

recently shown that phasic dopamine signaling is sufficient to promote cue-reward learning 

(Steinberg et al., 2013). Conversely, pauses in phasic dopamine signaling occur for expected, but 

omitted, rewards (Tobler et al., 2003; Bromberg-Martin et al., 2010). In contrast to phasic 

increases in dopamine, the brief decrease in extracellular dopamine should create a momentary 

lapse in D2R activation. This would result in increased activity in D2R expressing MSNs, which 

alone is negatively reinforcing (Kravitz et al., 2012). The momentary cessation of D2R signaling 

is hypothesized to facilitate learning from negative outcomes (i.e., when no reward is delivered). 

Indeed, pharmacological blockade of NAc D2Rs disrupts optimization of choice behavior 

following reward omission (Porter-Stransky et al., 2013). Thus, phasic changes dopamine neuron 

activity connects environmental stimuli (sights, smells of food) with the outcomes they predict 
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(receipt of palatable food). In environments with scarce resources, this function would be highly 

adaptive. However, in the current environment where food reward and cues are ample, it may 

facilitate overconsumption. 

 Once cue-reward associations are acquired, food-predictive cues exert powerful effects 

on motivated behavior, and can promote food seeking in the absence of caloric need (Lovibond, 

1983; Weingarten, 1983; Corbit et al., 2007). Importantly, NAc dopamine likely mediates the 

effects of food cues on food-motivated behavior. Interfering with NAc dopamine receptors 

impairs conditioned approach behaviors elicited by food cues (Di Ciano et al., 2001; Lex and 

Hauber, 2008; Saunders and Robinson, 2012; Gore and Zweifel, 2013). Moreover, the magnitude 

of cue-evoked dopamine spikes are correlated with measures of approach behavior (Day et al. 

2007; Stuber et al. 2008; Flagel et al., 2011) and operant responses for food reward (Wassum et 

al., 2013). Animals engaged in a self-timed task that involves pressing a series of levers in 

sequence finish the series more quickly when the magnitude of phasic dopamine release at the 

start of the sequence is larger (Wassum et al., 2012). Given that the animals chose when to 

initiate responding, these data strongly suggest that phasic dopamine release can invigorate food-

seeking behavior. Furthermore, optogenetic stimulation of VTA dopamine neurons in phasic 

bursts can promote food-seeking behaviors (Adamantidis et al., 2011; Ilango et al., 2014). These 

data establish a causal link between phasic dopamine signaling and the initiation of goal-directed 

actions. This suggests that cue-evoked phasic dopamine release may underlie the influence of 

food cues on food-seeking behaviors. 

 Phasic dopamine release may also contribute to aspects of food-related decision-making 

(i.e., foraging behavior). Phasic dopamine release is differentially evoked by cues that signal the 

opportunity to choose between an uncertain large reward and a certain but smaller reward 
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(Sugam et al., 2012). Interestingly, the dopamine response to an uncertain option relative to the 

certain option is correlated with individual risk preference (Sugam et al., 2012). Moreover, the 

magnitude of cue-evoked dopamine signaling scales with anticipated reward, with greater 

dopamine release in response to cues that signaled larger payoffs (Day et al., 2010; Gan et al., 

2010). While phasic dopamine signaling encodes variables associated with reward-based 

decision-making, how these signals factor into the actual decision process is unknown. 

Pharmacological manipulation of the NAc during risky decision-making provides some insight. 

Blockade of NAc D1Rs decreases preference for larger uncertain rewards (Stopper et al., 2013). 

Stimulating D1Rs with a D1R agonist improved behavior by increasing risky responding when 

the probability of payoff for the risky option was high and reduced responding for the risky 

option when the payoff probability was low. Interestingly, altering D2R tone had no effect on 

behavior (Stopper et al., 2013). Given that phasic dopamine release is thought to preferentially 

activate D1Rs (Dreyer et al., 2010), the pharmacological data suggest that phasic dopamine 

signaling may play an active role in decision-making processes through D1R activation. 

Moreover, individual differences in decision-related dopamine signals may help determine to 

food choices. 

 In addition to food seeking, some evidence suggests that subsecond changes in 

mesolimbic activity also contribute to aspects of food consumption. Phasically activating VTA 

GABA neurons, which disrupts dopamine release in the NAc, interferes with licking for food 

reward (e.g., sucrose; Van Zessen et al., 2012). Optogenetic stimulation of dopamine neurons 

with tonic patterns of activity (thereby preventing phasic changes) interferes with ethanol 

consumption in rats trained to drink alcohol (Bass et al., 2013). In summary, globally blocking 

NAc dopamine has no effect on food intake. However, the ability of food and food cues to evoke 
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phasic dopamine signaling has broad implications for food-related reinforcement, food-related 

learning, motivation, and may contribute to food choices. In addition, there is some evidence that 

impairing phasic signaling during food consumption disrupts intake, but more work is needed on 

this topic.  

 

J. Food and food-related cues activate NAc neurons 

 Phasic fluctuations in NAc dopamine influence reward-directed behavior by modulating 

NAc output. NAc neurons typically exhibit a hyperpolarized resting membrane potential but 

given enough convergent excitatory input can transition into an elevated resting potential that 

facilitates spiking in response to synaptic input (Goto and O’Donnell, 2001). D2R activation can 

impede, while D1R activation can facilitate the transition into the activated state (Surmeier et al., 

2007). Phasic dopamine release is thought to preferentially activate D1R (Dreyer et al., 2010). 

Thus, phasic dopamine release and subsequent activation of D1Rs should act to facilitate striatal 

output. In support of this, coincident fMRI and PET measurements in the ventral striatum reveal 

that striatal activation correlates with striatal dopamine release (Schott et al., 2008), suggesting 

that striatal dopamine release influences ongoing striatal activity in vivo. Additionally, coincident 

changes in NAc cell firing and phasic dopamine release have been observed at the same 

recording site (Cheer et al., 2007; Cacciapaglia et al., 2011). Moreover, pharmacological 

manipulations of the VTA that disrupt phasic dopamine release impair cue-evoked activity in the 

NAc and attenuate reward-seeking behavior (Yun et al., 2004; Cacciapaglia et al., 2011). Taken 

together this suggests that phasic dopamine release influences reward seeking behavior by gating 

the response of NAc neurons to reward-related stimuli. 
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 While the NAc core and shell each make unique contributions to food-related behaviors, 

it is first important to highlight functional properties that do not differ between subregions. For 

example, NAc neurons in both core and shell encode aspects of food reward. A subpopulation of 

NAc neurons encodes the palatability of sucrose, with greater increases in firing rate to more 

concentrated sucrose solutions (Taha and Fields, 2005). Much like the foods themselves, cues 

that signal the availability of food elicit approach behaviors aimed at food (Weingarten et al., 

1983; Lovibond et al., 1983). This influence is likely realized within the NAc through the 

coincident NAc dopamine release and activation of NAc neurons. Inactivation of the NAc slows 

cue-elicited responding for food (Yun et al., 2004), suggesting that the NAc is a critical site for 

the influence of food cues on food-seeking behavior. Food-predictive cues evoke phasic changes 

in the firing rate of NAc neurons (Nicola et al., 2004; Roitman et al., 2005; Day et al., 2006) and 

cue-evoked NAc activity has been directly linked to food-directed actions (Taha et al., 2007; 

McGinty et al., 2013; Roitman and Loriaux, 2014). In one study, the magnitude of cue-evoked 

NAc spiking was been directly linked to the intensity of approach behaviors (e.g., speed, latency; 

McGinty et al., 2013). Interestingly, correlations between NAc spiking and behavioral output 

hold when either core or shell neurons are considered separately, suggesting both subregions 

participate in the invigoration of food-motivated behavior. Taken together, the ability of food 

cues to evoke phasic changes in the activity of NAc neurons imbues food-related stimuli with 

influence over food approach and ultimately consumption.  

 Unlike the core, the NAc shell exerts robust effects on food intake and may make unique 

contributions to the perception of rewarding tastes. Pharmacological manipulations of discrete 

regions within the NAc shell can induce voracious feeding, even in fully sated animals (Bakshi 

and Kelley, 1993; Stratford and Kelley, 1997, 1999). Interestingly, the ability of NAc shell 
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manipulations to promote feeding requires NMDA receptor signaling in the LH, suggesting a 

link between the hypothalamus and mesolimbic system in the regulation of feeding behavior. 

Thus, the NAc shell likely exerts a tonic inhibition on food intake that is relieved through 

pharmacological interference. The NAc shell also makes individual contributions to hedonic 

processing. Modulating opioid signaling in the NAc shell increases positive orofacial responses 

to rewarding taste stimuli (Peciña and Berridge, 2000, 2005). Notably, this effect is largely 

absent in the NAc core (Peciña and Berridge, 2000). One hypothesis is that the change in 

orofacial responses reflects a potentiation of the positive affective properties of the food. In 

summary, the NAc shell contributes to food intake by encoding the hedonic properties of food as 

well as facilitating food consumption. 

 In contrast to the NAc shell, pharmacological manipulations of glutamatergic signaling in 

the NAc core has no effect on food intake (Kelley and Swanson, 1997). However, the NAc core 

has been strongly associated with facilitating goal-directed actions and learned aspects of feeding 

behavior. The NAc core is critical for learning cue-reward associations: interfering with NAc 

core NMDA receptors impairs associations between a cue and the impending delivery of food 

reward (Di Ciano et al., 2001). Moreover, the NAc core appears to be critical for the behavioral 

response to incentive cues. Lesions of the NAc core disrupt the ability of learned cues to 

invigorate food-seeking behavior (Corbit et al., 2001; Corbit and Balleine, 2011). 

Pharmacological manipulations of the NAc also support differential roles for the core and shell 

in conditioned responding. Much like the lesion data, interfering with NAc core signaling 

disrupts cue-evoked behavior, whereas NAc shell manipulations increase irrelevant behaviors 

during food-seeking tasks (Floresco et al., 2008; Blaiss and Janak, 2009; Ambroggi et al., 2011). 

Thus, the core appears to facilitate goal-directed behavior, whereas the shell may help to 
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suppress irrelevant behaviors. This hypothesis is consistent with electrophysiological recordings. 

NAc core neurons respond in greater numbers and with larger increases in activity to a reward-

paired cue compared to NAc shell neurons (Ambroggi et al., 2011). Additionally, in contrast 

with the shell, fewer core neurons respond to unrewarded cues (Ambroggi et al., 2011). Taken 

together, the NAc core and shell make distinct, but equally important, contributions to food 

intake and food-related behaviors elicited by rewarding food and cues associated with their 

availability. 

 

K. The mesolimbic system as an interface between motivation and physiological state 

  While ghrelin can act in the mesolimbic system to augment food-directed behavior, 

ghrelin is but one member in a family of peripheral feeding hormones. Importantly, virtually all 

food-related signals have been demonstrated to have actions in the mesolimbic system. Thus, the 

mesolimbic system integrates information from peripheral and central feeding signals to 

link physiological state with food-motivated behavior.  

 Food consumption activates the human ventral striatum (Stice et al., 2013a). 

Interestingly, the striatal response to food receipt is sensitive to physiological state, and the 

duration of caloric restriction positively correlates with the striatal BOLD response to food (Stice 

et al., 2013b). Conversely, feeding to satiety diminishes the striatal response to chocolate (Small 

et al., 2001). Satiation also decreases cerebral blood flow, an indirect measure of neural activity, 

in the caudate and putamen (Gautier et al., 2000). Moreover, satiety attenuates the midbrain 

response to a calorically dense milkshake (Sun et al., 2014). Much like the response to food, the 

striatal response to food cues is also diminished following satiety (Dimitropoulos et al., 2012), 

while administration of leptin (which signals positive energy balance) decreases the striatal 
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response to images of food (Farooqi et al., 2007). Thus, the striatal response to the sight and taste 

of food is sensitive to energy status, which under normal conditions could help regulate intake.  

 As highlighted in an earlier section, the arrival of nutrients is relayed to the brain by an 

array of post-ingestive hormones, including blood glucose, insulin, amylin, and GLP-1. Virtually 

all of these signals can act in the VTA to regulate food-seeking behavior. VTA neurons express 

receptors for glucose (Levin et al., 2006), insulin (Figlewicz et al., 2003), amylin (Mietlicki-

Baase et al., 2014), leptin (Figlewicz et al., 2003), and GLP-1 (Merchenthaler et al., 1999). Intra-

VTA infusions of agonists for these receptors suppress food intake (Hommel et al., 2006; 

Alhadeff et al., 2012; Mebel et al., 2012; Mietlicki-Baase et al., 2013). Notably, viral 

interference with either leptin or amylin receptors specifically within the VTA results in 

hyperphagia and weight gain (Matheny et al., 2014; Mietlicki-Baase et al., 2014). This suggests 

that VTA actions of peripheral feeding hormones contribute to long-term body weight 

regulation. In addition to augmenting food intake, peripheral hormones exert a range of effects 

on VTA and NAc activity. Peripheral injections of leptin decrease the firing rate of VTA neurons 

(Hommel et al., 2006). Leptin also modulates the striatal response to food images (Farooqi et al., 

2007). Bath application of leptin onto VTA slices suppresses presynaptic excitatory input onto 

VTA dopamine neurons (Thompson and Borgland, 2013), whereas insulin induces long-term 

depotentiation in VTA dopamine neurons (Labouèbe et al., 2013). Insulin and leptin both 

regulate aspects of NAc dopamine signaling, including release and reuptake (Perry et al., 2010; 

Speed et al., 2011; Mebel et al., 2012), whereas intra-VTA amylin suppresses phasic dopamine 

release in the NAc (Mietlicki-Baase et al., 2014).  These data demonstrate that in addition to 

ghrelin, the mesolimbic system integrates information from a wide variety of metabolic signals 

and produces the corresponding change in food-seeking behavior. 
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 VTA dopamine neurons also receive input from central nuclei that regulate food intake 

and body weight, including the LH. LH neurons respond to most metabolic factors (Adamantidis 

and de Lecea, 2009; Berthoud and Münzberg, 2011) and LH orexin neurons in particular have 

been strongly implicated in reward-directed behavior (Aston-Jones et al., 2010). The LH is one 

of the densest direct inputs to VTA dopamine neurons (Watabe-Uchida et al., 2012). 

Importantly, some of the VTA projecting neurons are orexinergic (Peyron et al., 1998; Fadel and 

Deutch, 2002). Orexin neurons broadly respond to hormones associated with physiological state 

(Adamantidis and de Lecea, 2009). Thus, innervation of the VTA by LH orexin neurons is one 

pathway by which the central response to physiological state could influence food-seeking 

behavior. Indeed, blocking VTA orexin receptors attenuates sucrose self-administration in rats 

(España et al., 2010) and impairs hedonic feeding induced by pharmacological manipulations of 

the NAc (Zheng et al., 2007). Orexin receptors are expressed in VTA dopamine neurons and 

increase dopamine neuron excitability by augmenting NMDA currents and presynaptic glutamate 

release (Korotkova et al., 2003; Borgland et al., 2006, 2008). In vivo, VTA orexin gates 

excitatory inputs from prefrontal cortex onto VTA dopamine neurons (Moorman and Aston-

Jones, 2010) and augments phasic dopamine release evoked by electrical stimulation of the VTA 

(España et al., 2011). Thus, the LH to VTA projection represents a potential circuit by which 

physiological state could influence dopamine release evoked by food or related stimuli. 

However, this remains unknown. 

  

L. Ghrelin acts in the mesolimbic system to augment food-directed behavior 

 In addition to hypothalamic sites, ghrelin also regulates food seeking via actions in the 

mesolimbic system. Injections of ghrelin directly into the VTA or the NAc increases food intake 
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(Naleid et al., 2005; Abizaid et al., 2006; Skibicka et al., 2011, 2013; Cone et al., 2014). 

Importantly, the VTA is a critical site for ghrelin’s actions on feeding behavior, as blocking VTA 

ghrelin receptors attenuates feeding induced by systemic ghrelin administration (Abizaid et al., 

2006). VTA ghrelin likely contributes to the long-term regulation of energy balance, as chronic 

injections of ghrelin into the VTA promote increased intake and weight gain, whereas blocking 

VTA ghrelin receptors have the opposite effect (King et al., 2011). Ghrelin increases the firing 

rate of VTA dopamine neurons (Abizaid et al., 2006) while peripheral as well as intra-VTA 

administration of ghrelin increase tonic dopamine levels in the NAc (Jerlhag et al., 2007; Jerlhag, 

2008; Quarta et al., 2009). However, as discussed above, altering NAc dopamine may have little 

to do with food intake and therefore is unlikely to be the mechanism underlying the feeding 

effects of VTA ghrelin. Indeed, food intake induced by intra-VTA ghrelin does not require 

dopamine receptor signaling in the NAc (Skibicka et al., 2013).   

 While ghrelin’s ability to increase NAc dopamine release does not contribute to food 

intake, it does regulate food-seeking behavior. Intra-VTA ghrelin increases operant responses for 

food-reward in a progressive ratio task, suggesting that ghrelin acts in the VTA to increase 

motivation for food (Skibicka et al., 2011). Importantly, the ability of intra-VTA ghrelin to 

promote motivation was attenuated by NAc dopamine receptor blockade (Skibicka et al., 2013). 

In a related study, 6-Hydroxy dopamine lesions of the VTA attenuated the ability of intra-VTA 

ghrelin to increase responding in a similar task (Weinberg et al., 2011). Together, these data 

strongly suggest that intra-VTA ghrelin promotes motivation for food by increasing NAc 

dopamine release. In addition to motivation, intra-VTA administration of ghrelin is sufficient to 

stimulate locomotor activity (Jerlhag et al., 2007). The effects of ghrelin on locomotion could 
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contribute to exploratory behaviors designed to locate new food sources, or at the very least help 

regulate energy expenditure.  

 Critically, recent human data demonstrates that ghrelin augments the mesolimbic 

response to food and food cues. In humans, the midbrain response to an intra-oral delivery of a 

calorie rich milkshake is correlated with circulating ghrelin levels in humans (Sun et al., 2014). 

Likewise, the striatal response to food pictures is also correlated with circulating ghrelin levels 

(Kroemer et al., 2013). Moreover, intravenous ghrelin increases the BOLD response to images of 

food in many brains areas linked to appetitive behavior, including the striatum (Malik et al., 

2008). Interestingly, cue-induced feeding is blunted by GHS-R antagonism (Walker et al., 2012). 

This suggests that ghrelin levels act as a gate on the ability of food cues to promote food-seeking 

behavior. Given the role of mesolimbic circuitry in cue-driven behavior, ghrelin may influence 

how dopamine and the NAc encode food-predictive cues. However, this possibility remains 

unexplored. 

 

M. Ghrelin is dysregulated in obesity 

 Accumulating evidence suggests that almost all metabolic hormones, as well as their 

respective signaling pathways, are in some way disrupted in obese individuals. Importantly, 

ghrelin is no exception. Ghrelin levels are reduced in obese individuals (Tschöp et al., 2001) and 

are negatively correlated with visceral and subcutaneous fat mass (Katsuki et al., 2004). 

Interestingly, low resting ghrelin levels are associated with insulin resistance and type-2 diabetes 

(Pöykkö et al., 2003). Not only are ghrelin levels reduced, obese individuals do not exhibit 

phasic spikes in relation to meal-time, and the post meal suppression of ghrelin is absent (English 

et al., 2002; Le Roux et al., 2005b). In rodent models, 12 weeks of high fat diet decreases 

peripheral ghrelin and GOAT mRNA in the stomach and decreases GHS-R expression in the 
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hypothalamus (Briggs et al., 2010). Moreover, high fat diet decreases NPY and AgRP expression 

and attenuates NPY and AgRP expression and secretion from hypothalamic tissue cultures in 

response to ghrelin administration (Briggs et al., 2010). Ghrelin fails to induce feeding in obese 

mice (Perreault et al., 2004), which could mean that an unhealthy diet induces ghrelin resistance. 

Interestingly, mice lacking GHS-R are resistant to diet-induced obesity, develop less adiposity, 

and expend more calories than wild type littermates (Wortley et al., 2005; Zigman et al., 2005). 

There is also evidence that ghrelin’s influence on motivation is also disrupted in obesity. The 

ability of ghrelin to increase responding on a progressive ratio schedule is blunted in high fat diet 

fed mice (Finger et al., 2012). While leptin and insulin insensitivity have received the bulk of the 

attention in connection with obesity, it is clear that ghrelin secretion and signaling pathways also 

become pathological in obese subjects.  

 Importantly, these insults are reversible. Exercise and weight loss increases circulating 

ghrelin (Leidy et al., 2004). Ghrelin levels increase following gastric bypass surgery (Cummings 

et al., 2002) and GHS-Rs are upregulated in response to caloric restriction (Tups et al., 2004). 

Weight loss rescues reductions in arcuate NPY and AgRP expression, and restores the ability of 

ghrelin to promote food intake (Perreault et al., 2004; Briggs et al., 2013). Perhaps the recovery 

of ghrelin signaling, and the subsequent effects on appetite, contributes to the meager (15%) 

long-term dieting success rate in obese individuals (Ayyad and Andersen, 2000). Nonetheless, 

the suppression of ghrelin and its neurobiological effects by obesity, and their rescue by weight 

loss, strongly suggest that the ghrelin system is sensitive to body adiposity and disruption by an 

unhealthy lifestyle. However, how ghrelin dysregulation contributes to the maintenance of the 

obese phenotype is unknown. 
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N. Implications for current studies 

 The obesity epidemic is partially driven by the widespread prevalence of highly palatable 

and energy dense foods that are often aggressively marketed to consumers. This is because 

rewarding food and their associated cues can promote food seeking independent of caloric need, 

thereby contributing to overconsumption. The mesolimbic system is a critical output structure 

linking food reward and their associated cues with motivated behavior. Moreover, multiple 

components of the mesolimbic system are compromised in obesity, and these insults may 

contribute to obesity development (for review see Kenny, 2011; Stice et al., 2013c; Volkow et 

al., 2013). In recent years, a wealth of data has emerged highlighting how food and food cues 

evoke patterns of activity in mesolimbic circuitry and how these signals contribute to food-

directed behavior. Concomitantly, numerous hormones have been discovered that relay 

information about physiological state (e.g., hunger, satiety, body adiposity) and act in a variety 

of brain sites to control feeding behavior, including the mesolimbic system.  

 The central idea of this thesis is that the mesolimbic system integrates diverse 

information about physiological state to regulate food-directed behavior. Phasic increases in 

NAc dopamine and in the firing rate of NAc neurons critically participate in food directed 

actions. To be adaptive, these signals should be sensitive to physiological state. Augmenting 

mesolimbic signaling could be a novel mechanism by which physiological state influences 

food-related behavior. However, this possibility remains unexplored. Given that ghrelin is 

unique amongst other feeding hormones for its ability to promote food intake, it is an attractive 

target for obesity treatment. However, attempts to pharmacologically target the GHS-R or 

neutralize the bioavailability of circulating ghrelin have yielded mixed results as potential 

therapeutic interventions for obesity (Allas and Abribat, 2013). The failure of these attempts 
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could be due to a number of factors. One is likely due to the diffuse nature of GHS-R expression 

throughout the brain. Another is ghrelin’s involvement in other biological processes that have 

little to do with food intake, and therefore present a high potential for side effects. Lastly, the 

ghrelin system is compromised in obese subjects, which could nullify the effects of 

pharmacological treatments. Rather than globally targeting ghrelin receptors, a more pragmatic 

approach would first involve identifying the neural signature of ghrelin’s influence on food-

directed behavior. Once this understanding is developed, interventions could be designed to 

selectively offset or inhibit only the actions of ghrelin that contribute to intake. While we know 

where in the brain ghrelin acts increase feeding, we know virtually nothing about how this 

influence is realized at a systems neuroscience level. What are the neural correlates of 

ghrelin’s influence on food-seeking behavior? Does ghrelin influence food related behaviors 

by modulating phasic mesolimbic signaling evoked by food and their associated cues?  
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Chapter II 
 

Ghrelin acts as an interface between physiological state and phasic dopamine signaling
1
 

 

 

 

A. Introduction 

The prevalence of inexpensive, highly palatable foods is a major contributor to the 

soaring rate of obesity (Drewnowski and Specter, 2004). The positive reinforcing nature of these 

foods has led to a focus on mesolimbic circuitry. Feeding broadly increases dopamine release 

and turnover in the NAc (Hernandez and Hoebel, 1988; Taber and Fibiger, 1997) and the 

magnitude of dopamine release is dependent on physiological state (i.e., hunger vs. satiety; 

(Wilson et al., 1995; Ahn and Phillips, 1999; Bassareo and Di Chiara, 1999). In addition to broad 

increases in dopamine concentration, food reward also evokes phasic spikes in striatal dopamine 

concentration (Day et al., 2007; Brown et al., 2011; Beeler et al., 2012), which are the result of 

burst firing of midbrain dopamine neurons (Sombers et al., 2009; Zweifel et al. 2009; Owesson-

White et al., 2012). These brief dopamine spikes play a critical role in reinforcement learning 

(Day et al., 2007; Stuber et al., 2008; Steinberg et al., 2013) and are thought to drive food-

seeking behaviors (Roitman et al., 2004; Wanat et al., 2010). Food restriction increases burst 

firing of dopamine neurons in anesthetized mice (Branch et al., 2013). However, the mechanisms 

by which physiological state change, induced by food restriction, increases dopamine system 

activity remain unknown.  

Ghrelin, a peptide released by the stomach, is elevated by food restriction (Tschöp et al., 

2000b) and is the only known gut peptide associated with hunger (Cummings et al., 2004). 

Peripheral ghrelin crosses the blood-brain barrier (Banks et al., 2002) and ghrelin receptors are 

expressed throughout the brain (Zigman et al., 2006) including the VTA– the site of striatal-

                                                        
1 Previously published as “Ghrelin acts as an interface between physiological state and phasic dopamine signaling” in the Journal of Neuroscience 34(14): 4905-4913. 
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projecting dopamine neurons. Ghrelin promotes food seeking through multiple brain circuits, 

including the arcuate nucleus of the hypothalamus (Nakazato et al., 2001), the LH (Olszewski et 

al., 2003b), ventral hippocampus (Kanoski et al., 2012) as well as the mesolimbic system 

(Abizaid et al., 2006). In addition to the VTA, many of these sites directly interact with the 

mesolimbic system. Indeed, both peripheral and central administration of ghrelin increases 

dopamine concentration in the NAc, as measured by microdialysis (Jerlhag et al., 2006; Jerlhag, 

2008). Thus, ghrelin receptors pose a likely target for modulation of phasic dopamine signaling 

evoked by food. 

 I measured dopamine signaling in the NAc core using FSCV while rats (fed ad libitum or 

food restricted) retrieved sugar pellets delivered with a variable and randomly selected inter-trial 

interval. Retrieval of each pellet was associated with a spike in dopamine concentration. I 

hypothesized that within-session central ghrelin manipulations would modulate these dopamine 

spikes and sought to determine site specificity for central ghrelin effects on phasic dopamine 

signaling.  

 

B. Experimental Methods 

1. Subjects 

Male Sprague–Dawley rats (n=47; Charles River) weighing 325–425 g at the time of 

testing were used. Rats were individually housed with lights on from 7 AM to 7 PM. All training 

and experimental sessions took place during the light phase in standard operant chambers (Med 

Associates; St. Albans, VT) with a food receptacle and magazine for the delivery of single 45 mg 

sugar pellets (3.58 kcal/g; BioServ, Frenchtown, NJ). Rats were trained to retrieve sugar pellets 

that were delivered with a random inter-trial interval (delivery interval range: 30-90 s; mean: 60 
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+/- 8.2 s). Following 5 days of training, rats were surgically prepared for FSCV. After returning 

to pre-surgery body weight, rats were retrained for 2 days prior to the experimental session. 

Animal care and use was in accordance with the National Institutes for Health Guide for the Care 

and Use of Laboratory Animals, and approved by the Institutional Animal Care and Use 

Committee at the University of Illinois at Chicago.  

 

2. Surgery 

Rats were anesthetized with ketamine hydrochloride (100 mg/kg, i.p.) and xylazine 

hydrochloride (10 mg/kg, i.p.). All implants were targeted relative to bregma using the rat brain 

atlas of Paxinos and Watson (2006). A guide cannula (Bioanalytical Systems; West Lafayette, 

IN) was implanted dorsal to the right NAc core (+1.3 mm AP, +1.5 mm ML, -2.5 mm DV). An 

infusion cannula (Plastics One, Roanoke, VA) was also implanted [lateral ventricle (LV): 22-

gauge, 11 mm cannula (GC313), -0.8 mm AP, -2.1 mm ML, -3.7 mm DV, angled 10° away from 

the midline; (VTA): 26-gauge 11 mm cannula (C315), -5.8 mm AP, +2.9 mm ML, -6.5 mm DV, 

angled 15° away from the midline; (LH): 22-gauge 11 mm cannula, -3.1 mm AP, +1.7 mm ML, -

7.1 mm DV]. LH were coordinates were selected to target orexin neurons (Fadel and Deutch, 

2002), and VTA coordinates were chosen to maximize the likelihood of affecting VTA neurons 

that project to the NAc core (Ikemoto, 2010). A chlorinated silver reference electrode was placed 

in left forebrain. Stainless steel skull screws and dental cement secured implants to the skull. 

 

3. Experimental Protocol 

During an experimental session, rats were placed into operant chambers as above. FSCV 

in awake and behaving rats and analyte identification and quantification have been extensively 
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described previously (Phillips et al. 2003; Cone et al., 2013). Briefly, a micromanipulator 

containing a glass-insulated carbon fiber (~75 µm; Goodfellow USA, Coraopolis, PA) 

(recording) electrode was inserted into the NAc guide cannula. The recording electrode was then 

lowered into NAc and locked into place. A FSCV headstage (University of Washington EME 

Shop) was used to tether the rat, apply voltage changes and measure resultant current changes. 

The electrode voltage was held at -0.4 V and ramped in a triangular fashion (-0.4 to +1.3 to -0.4 

V; 400 V/s) at 10 Hz. In addition, an injector connected to a 10 µL Hamilton syringe was 

inserted into the infusion cannula. To verify that food reward reliably evoked phasic dopamine 

release, a single sugar pellet was delivered. If this failed to evoke dopamine release, the electrode 

was advanced 0.16 mm and the process was repeated. 

Once a stable release site was confirmed, the experimental session began. 

Electrochemical data was synced with video and recorded during the entire session. After 10 

pellets (mid-session), an infusion pump was activated to deliver an intra-cranial infusion. For LV 

experiments, n-octanoylated ghrelin (1 µg in 1 µL 0.9% saline; American Peptide, Sunnyvale 

CA), D-[Lys]-GHRP (1 µg in 1 µL 0.9% saline; Tocris Bioscience, Bristol UK) or vehicle was 

infused at a rate of 2 µL/min through a 28 gauge injector (1 mm projection beyond the infusion 

cannula). Both LH and VTA rats received either n-octanoylated ghrelin (0.4 µg in 0.3 µL aCSF) 

or vehicle at a rate of 0.15 µL/min. LH injectors were 28 gauge (1 mm projection) and VTA 

injectors were 33 gauge (2 mm projection). After the recording session, electrodes were 

removed; rats were disconnected from the headstage and returned to their home cage. Ad libitum 

chow intake was then monitored for the next 30 min. Following experiments, all recording 

electrodes were calibrated in a flow-cell as described previously (Sinkala et al., 2012) to convert 
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detected current to concentration. The average calibration factor for all electrodes used in these 

experiments was 43.47 +/- 1.9 nM/nA.  

 

4. Data Analysis 

All rats retrieved and consumed all pellets before and after pharmacological 

manipulations. Individual trials were background subtracted and dopamine concentration during 

the 10 seconds before to 10 seconds after pellet retrieval was extracted from voltammetric data 

using principal component analysis (Heien et al., 2004; Day et al., 2007). I calculated peak 

dopamine concentration evoked by pellet retrieval by finding the maximum dopamine 

concentration during the 1-second before to 1-second after retrieval of each individual pellet. 

These values were averaged and compared before and after LV, LH or VTA infusions.  

 

5. Verification of Cannula Placements and Recording Sites 

LV cannula placements were verified by injecting Angiotensin II into the LV (50 ng in 2 

L saline; Sigma-Aldrich, St. Louis, MO) and measuring home cage water intake. Angiotensin II 

caused drinking (at least 7 mL in 30 min) in all rats. Following completion of experiments, rats 

were deeply anesthetized with sodium pentobarbital (100 mg/kg) and a small electrolytic lesion 

was made at the voltammetry recording site using a polyimide-insulated stainless steel electrode 

(A-M Systems, Inc.). Rats were then transcardially perfused with cold 0.01 M phosphate-

buffered saline followed by 10% buffered formalin solution (Sigma, Inc). Brains from rats with 

LV cannula were removed and stored in formalin. Brains from LH and VTA cannulated rats 

were removed and stored in formalin for 24 h and transferred to 30% sucrose in 0.1 M phosphate 

buffer (PB). All brains were sectioned at 40 µm on a cryostat. NAc sections were mounted and 
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lesion locations were verified using light microscopy in conjunction with the rat brain atlas of 

Paxinos and Watson (2006). All recordings were confirmed to be from the NAc core (Fig. 2.1 A-

D). Sections containing LH or VTA were stored in 5% sucrose/0.01% NaN3 in 0.1 M PB until 

immunohistochemical staining. Of the rats that received LH infusions, a subset were 

immunohistochemically stained for orexin-A, and in all 6 rats (aCSF: n=3; ghrelin: n=3), cannula 

tips were confirmed to be in close proximity (approx. 100 µm) to orexin-A positive cell bodies. 

Of the rats that received VTA infusions, a subset were immunohistochemically stained for 

tyrosine hydroxylase (TH), and in all 10 rats (aCSF: n=3; ghrelin: n=3; orexin-A: n=4), cannula 

tips were confirmed to be in tyrosine hydroxylase (TH)-positive regions of the VTA. Cannula 

tips from all remaining animals were confirmed to be in their targeted locations (LH or VTA) 

using light microscopy. 

 

6. Immunohistochemistry 

Standard methods were adapted for orexin-A and TH immunohistochemistry (Mahler and 

Aston-Jones, 2012; McCutcheon et al., 2012b). Briefly, sections containing either LH or VTA 

were placed in 0.3% H2O2 for 10 min and then blocking solution containing either 3% normal 

donkey serum (Orexin-A) or 3% normal goat serum (TH) and 0.3% Triton-X for 2 h. Sections 

were incubated overnight at room temperature in blocking solution with primary antibody (goat 

anti-Orexin-A; 1:2000; SC-8070; Santa Cruz Biotechnology, Dallas TX; rabbit anti-TH; 1:1000; 

AB-152; Millipore). Next, sections were incubated in biotinylated secondary antibody (Orexin-

A: 2 h, 1:500, Santa Cruz Biotechnology; TH: 1.5 h, 1:500, Vector Labs). Sections were then 

transferred to an avidin–biotin complex (1:500; Vector Labs) for 1.5 h (Orexin-A) or 45 min 
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(TH) before being reacted with diaminobenzene DAB (0.02%; Vector Labs) for 3-7 min. Finally, 

sections were mounted, dehydrated, and cover slipped.  

 

7. Assessing the role of VTA orexin receptors in food intake induced by LV ghrelin 

 Rats were fed ad libitum during all phases of this experiment. Naïve rats (n=6) were 

anesthetized and prepared for stereotaxic surgery as described above. A single cannula was 

targeted to the left LV and bilateral cannulae were directed at the VTA. We used the same 

cannula, coordinates and procedures as described above. Following recovery, rats had 2 nights of 

pre-exposure to 20 of the same sugar pellets that were used in the voltammetry sessions. Next, 

rats were habituated to the testing procedure. The test chamber was a standard clear plastic 

rodent cage with a wire top, which was identical to the home cage except without bedding to 

help account for spillage. A small receptacle was filled with 10 g of sugar pellets, placed in the 

corner of the cage, and secured to the floor. Rats were allowed to freely consume sugar pellets 

for 1 h before they were removed from the testing chamber.   

 On test days, I infused either the orexin receptor antagonist SB-334867 (SB; 1 µg in 0.3 

µL 50% DMSO in sterile water) or vehicle bilaterally into the VTA, followed by ghrelin (1 µg in 

1 µL 0.9% saline) or vehicle into the left LV. Infuser gauge and infusion speeds were identical to 

those used above. Following infusions, animals were placed in the test chamber and allowed to 

freely consume sugar pellets for 1 h. After the session, rats were returned to their home cage and 

total consumption was recorded. Thus, the four treatments were: LV-vehicle, VTA-vehicle; LV-

vehicle, VTA-SB; LV-ghrelin, VTA-SB; LV-ghrelin, VTA-vehicle. Each rat received all 

treatments, which were counterbalanced across days. Testing sessions occurred once every other 

day. Following completion, LV cannula locations were confirmed with Angiotensin II. Rats were 
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then transcardially perfused, brains removed, sliced on a cryostat, and tissue was prepared for 

light microscopy as described above for verification of VTA cannula locations. 

 

8. Statistical Analysis  

Peak dopamine concentration evoked during pellet retrieval was compared using a two-

way [epoch (pre, post-infusion) X treatment (vehicle, ghrelin)] ANOVA, with Tukey’s HSD 

post-hoc tests where appropriate. In the voltammetry experiments, food intake was compared 

using an unpaired t-test (two groups) or one-way ANOVA (>2 groups). Food intake following 

concurrent LV and VTA manipulations was compared using a two-way repeated measures 

ANOVA [LV treatment (vehicle, ghrelin) X VTA treatment (vehicle, SB)] ANOVA. Statistical 

analyses were performed using GraphPad 5.0 (Prism Inc.), Statistica 10 (Statsoft), or SPSS 

Version 20.0 (IBM). 

 

C. Results 

1. LV ghrelin potentiates food-evoked dopamine spikes in ad libitum fed rats 

To determine whether ghrelin centrally regulates phasic dopamine signaling evoked by 

food, I used ad libitum fed rats with cannula in the lateral ventricle (LV) and infused vehicle 

(1 µL saline; n=6) or ghrelin (1 µg; n=6) into the LV mid-session. LV ghrelin increased the 

magnitude of dopamine spikes evoked during pellet retrieval (epoch X treatment interaction 

(F(1,10)=15.96, p<.01); post hoc: post-ghrelin p<.01 versus all comparisons; Fig. 2.2 A-C). 

Ghrelin significantly augmented post-recording session home cage chow intake relative to 

vehicle (t(10)=4.816, p<.001; Fig. 2.2 D). 
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2. Central ghrelin receptor antagonism suppresses food-evoked dopamine spikes in food 

restricted rats 

I next sought to determine whether endogenous ghrelin modulates dopamine spikes 

evoked by food. Rats were food restricted and either vehicle (1 µL saline; n=5) or the ghrelin 

receptor antagonist D-[Lys]-GHRP (1 µg; n=5) was infused into the LV mid-session. Ghrelin 

receptor antagonism suppressed dopamine spikes evoked during pellet retrieval (epoch X 

treatment interaction (F(1,8)=13.17, p<.01); post-hoc: D-[Lys]-GHRP p<.01 versus pre-infusion; 

Fig. 2.3 A-C). LV D-[Lys]-GHRP also suppressed post-recording session home cage chow 

intake (t(8)=2.346, p<.05; Fig. 2.3 D).  

 

3. Central ghrelin potentiates food-evoked dopamine spikes in a site-specific manner 

To determine ghrelin’s site of action on phasic dopamine signaling, I targeted the LH due 

to its sensitivity to ghrelin (Olszewski et al., 2003b) and strong link with the mesolimbic system 

(Peyron et al., 1998; Fadel and Deutch, 2002; Watabe-Uchida et al., 2012). The LH of ad libitum 

fed rats was infused, mid-session, with either vehicle (0.3 µL aCSF; n=6) or ghrelin (0.4 µg; 

n=5). LH ghrelin potentiated dopamine spikes evoked during pellet retrieval (epoch X treatment 

interaction (F(1,9)=22.30, p<.01); post-hoc: LH ghrelin p<0.001 versus pre-infusion; Fig. 2.4 A-

C) – recapitulating the effects of intraventricular ghrelin. LH ghrelin also increased post-

recording session home cage chow intake compared to vehicle (t(9)=2.519, p<.05; Fig. 2.4 D). 

All cannula tips were confirmed to be in the LH (Fig. 2.4 E) and immunohistochemistry 

indicated infusions were near orexin-A positive cell bodies (Fig. 2.4 F).  

As ghrelin acts in the VTA (Abizaid et al., 2006) to influence feeding and food-directed 

motivation (Skibicka et al., 2013) I sought to determine if intra-VTA ghrelin modulates phasic 
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dopamine signaling. In addition, our data suggested, and considerable evidence supports, a link 

between ghrelin and LH orexin neurons (Olszewski et al., 2003; Toshinai et al., 2003; Perello et 

al., 2010). Given that orexin regulates the excitability of VTA dopamine neurons (Korotkova et 

al., 2003; Borgland et al., 2006), I also investigated whether the effects of LH ghrelin could be 

recapitulated by intra-VTA orexin-A. In ad libitum fed rats, I infused vehicle (0.3 µL aCSF; 

n=4), ghrelin (0.4 µg; n=5) or orexin-A (1 µg; n=5) into the VTA mid-session. Intra-VTA 

orexin-A, but not ghrelin, increased the magnitude of dopamine spikes evoked during pellet 

retrieval (epoch X treatment interaction (F(2,11)=8.69, p<.01); post-hoc: orexin-A p<.01 

compared to before infusion; Fig. 2.5 A-D). Both intra-VTA ghrelin and orexin-A potentiated 

post-recording session home cage chow intake compared to vehicle (F(2,11=5.18, both p<.05); 

post-hoc: ghrelin, orexin-A p<.05 versus vehicle; Fig. 2.5 E). All cannula tips were confirmed to 

be in the VTA by light microscopy (Fig. 2.5 F) and immunohistochemistry for TH (Fig. 2.5 G).  

 

4. LV ghrelin-induced feeding is suppressed by VTA orexin receptor antagonism 

 The results of our voltammetry experiments suggest that orexin action in the VTA is a 

possible mechanism by which LV and LH ghrelin could regulate dopamine signaling. Thus, I 

sought to provide evidence for a functional relationship between central ghrelin and VTA orexin. 

I tested whether VTA orexin signaling was critical for feeding induced by central ghrelin 

infusions in ad libitum fed rats (n=6). I found that bilateral blockade of VTA orexin receptors 

with SB significantly attenuated the ability of LV ghrelin to promote intake of rewarding food 

(LV treatment X VTA treatment interaction (F(1,5)=8.59, p<.05); Fig. 2.6 A). As before, cannula 

tips were confirmed to be in the LV by angiotensin-induced drinking and in the VTA by light 

microscopy (Fig. 2.6 B).  
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5. Physiological state modulates food-evoked dopamine spikes 

Our pharmacological manipulations suggested that endogenous signaling related to 

physiological state influences phasic dopamine signaling. Thus, it was critical to determine if 

caloric restriction results in measurable differences in the phasic dopamine response to food. To 

investigate this possibility, I combined data from all ad libitum fed (n=37) and food restricted 

rats (n=10) used in this study and compared the trials that occurred before any pharmacological 

manipulations were made. Consistent with the notion that physiological state endogenously 

regulates phasic dopamine signaling, food restriction significantly augmented dopamine spikes 

evoked during pellet retrieval (t(45)=2.61, p<.05; Fig. 2.7 A-D).  

 

D. Discussion 

I found that the gut hormone ghrelin acts centrally to regulate phasic dopamine spikes 

evoked by food reward via action in the LH, but not VTA. The effect of LH ghrelin was 

recapitulated by intra-VTA orexin-A, and food intake induced by LV ghrelin was attenuated 

following blockade of VTA orexin receptors, suggesting a potential mechanism of action for LV 

and LH ghrelin. Importantly, food restriction augmented dopamine spikes evoked by food 

independent of any pharmacological manipulations, implying that endogenous signaling related 

to physiological state can influence the phasic dopamine response to food reward. Indeed, food 

restriction increases burst firing of dopamine neurons in anesthetized mice (Branch et al., 2013) 

and potentiates dopamine release evoked during feeding (Wilson et al., 1995). Food-restriction 

could broadly affect multiple signals related to physiological state, including blood glucose 

levels, leptin secretion, and vagal tone. However, given that ghrelin is elevated by food 

restriction (Tschöp et al., 2000; Cummings et al., 2004), these data suggest that one way 
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physiological state dynamically tunes the phasic dopamine response to food reward is through 

central ghrelin signaling.  

The LH has long been known to link energy status and food-motivated behavior 

(Margules and Olds, 1962; Berthoud and Münzberg, 2011). The results of our LH manipulations 

suggest that metabolic hormones can act in the LH to modulate the phasic dopamine response to 

food reward. In addition, ghrelin affects food intake and food-related reinforcement through 

actions on LH orexin neurons (Olszewski et al., 2003b; Toshinai, 2003; Perello et al., 2010). 

Thus, the effect of intra-VTA orexin-A on phasic dopamine release and the ability of intra-VTA 

orexin receptor antagonism to blunt feeding in response to LV ghrelin suggests a potential 

mechanism by which LV and LH ghrelin could enhance food-evoked dopamine spikes. Indeed, 

intra-VTA orexin-A increases, while intra-VTA orexin receptor antagonism decreases, the 

magnitude of phasic dopamine evoked by electrical stimulation of the VTA (España et al., 2010, 

2011). I extend these findings by showing that orexin-A in the VTA increases the magnitude of 

phasic dopamine evoked by behaviorally relevant natural rewards. Additionally, food intake 

induced by LV ghrelin is blunted in orexin knockout mice (Toshinai et al., 2003). The results of 

our concurrent LV and VTA manipulations highlight a critical role for VTA orexin in feeding 

induced by central ghrelin. Taken together, these data suggest that ghrelin acts through the LH as 

an interface between physiological state and motivational circuitry and highlights a mechanism 

by which peripheral feeding hormones influence food-specific signaling and food-directed 

behavior, particularly in areas of the brain linked to reward-seeking. 

It is noteworthy that I did not observe an effect of intra-VTA ghrelin on phasic dopamine 

signaling. Ghrelin receptors are present on VTA dopamine neurons (Abizaid et al., 2006) and 

previous evidence suggests that administration of ghrelin into the VTA increases dopamine in 
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the NAc shell (Jerlhag et al., 2006). However, the present study measured dopamine in the NAc 

core, suggesting that there could be regional differences in ghrelin’s effects on dopamine 

signaling. It is possible that ghrelin receptors are expressed on distinct pools of VTA dopamine 

neurons that selectively project to subterritories other than the core. Indeed, VTA dopamine 

neurons respond differently to pharmacological challenges based on their projection targets 

(Lammel et al., 2008). Another possibility is that intra-VTA ghrelin could generally increase the 

activity of VTA dopamine neurons without altering phasic, event-specific dopamine signals, a 

phenomenon that would not be well captured using FSCV. Future studies that involve tracing the 

projections of ghrelin receptor expressing VTA dopamine neurons in addition to comparing the 

effects of VTA ghrelin on dopamine fluctuations in distinct striatal subregions will speak to these 

discrepancies.  

 I have identified one region where ghrelin regulates (LH) and another region where 

ghrelin does not regulate (VTA) phasic dopamine signaling. However, ghrelin receptors are 

expressed throughout the brain (Zigman et al., 2006) and central ghrelin diffuses to a variety of 

brain nuclei, including the LH and VTA but also the arcuate nucleus of the hypothalamus and 

nucleus of the solitary tract (NTS; Cabral et al., 2013). Given that recent work has identified 

previously unknown projections from the NTS to the VTA (Alhadeff et al., 2012) additional sites 

abundant in ghrelin receptors require further study. Many ghrelin receptor expressing brain 

regions could either directly or indirectly regulate dopamine neurons. When given to humans, 

ghrelin increases the BOLD response to images of food across multiple brain regions linked to 

appetitive behavior (striatum, amygdala, orbitofrontal cortex; Malik et al., 2008). Thus, the LH is 

unlikely to be the only brain site where ghrelin influences phasic dopamine signaling.  
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 While VTA ghrelin did not affect phasic dopamine signaling, it did increase home cage 

food intake suggesting that phasic dopamine signaling may not be a reliable predictor of 

consummatory behavior (for review see Salamone and Correa, 2012). This result is consistent 

with previous research indicating that manipulations of NAc dopamine do not alter free-feeding 

intake (Koob et al., 1978; Taber and Fibiger, 1997; Baldo et al., 2002). Dopamine may play a 

more critical role in motivating behavior towards high-effort, high-value options. Blocking NAc 

dopamine shifts choices away from operant responses in favor of freely available chow, but 

leaves total caloric intake unchanged (Salamone et al., 1991; Koch et al., 2000). The converse is 

true of hyperdopaminergic mice, as these animals will exert more effort to obtain food, but do 

not consume more food overall (Beeler et al., 2010). Furthermore, a recent report indicates that 

feeding elicited by intra-VTA ghrelin does not require NAc dopamine receptor activation 

(Skibicka et al., 2013). Thus, that VTA ghrelin promotes food intake in the absence of changes in 

phasic dopamine signaling is consistent with the notion that NAc dopamine is not required for 

normal food intake and VTA ghrelin can regulate feeding in a dopamine independent manner. 

Moreover, it speaks to VTA cell groups other than NAc core-projecting dopamine neurons as 

playing a critical role in feeding.  

 Even though changes in phasic dopamine release may not directly contribute to food 

consumption, our data have broad implications for food-related behaviors. Recent optogenetic 

experiments have revealed that phasic dopamine signaling is sufficient for aspects of behavioral 

reinforcement (Tsai et al., 2009; Witten et al., 2011) and reinforcement learning (Steinberg et al. 

2013). Cues that signal the availability of food or the opportunity to respond for food evoke 

phasic dopamine release in the NAc core (Roitman et al. 2004; Day et al. 2007; Stuber et al. 

2008), where dopamine is critical for pavlovian and instrumental learning (Smith-Roe and 
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Kelley, 2000; Di Ciano et al., 2001) as well as performance (Gore and Zweifel, 2013). Genetic 

manipulations that attenuate phasic dopamine release impair cue-mediated learning motivated by 

food reward (Zweifel et al., 2009). As mentioned above, NAc dopamine may direct food-seeking 

behavior according to cost-benefit relationships amongst available food sources (Salamone et al., 

1991; Koch et al., 2000; Beeler et al., 2010). Phasic dopamine signaling may also play a role in 

these processes, as it has been shown to encode effort and cost variables related to food seeking 

(Day et al., 2010; Gan et al., 2010; Wanat et al., 2010; Sugam et al., 2012). Physiological state 

may also factor into such decisions, as ghrelin shifts food preferences towards higher calorie 

options (Perello et al., 2010). Taken together, our data suggest that modulation of phasic 

dopamine signaling by ghrelin and physiological state may play a role in a wide range of food-

directed behaviors. 

Energy-related signals, such as leptin and ghrelin, have been shown to alter the activity of 

dopamine neurons in vitro (Abizaid et al., 2006) and in anesthetized animals (Hommel et al., 

2006). Additionally, ghrelin broadly increases dopamine levels in the NAc (Jerlhag et al., 2006; 

Jerlhag, 2008). Thus, in addition to the previously reported changes in general excitatory drive, 

our data indicate that the hunger signal ghrelin influences the dopamine response to events 

temporally linked to food approach and consumption. Regulation of phasic dopamine signaling 

by ghrelin is thus a means by which physiological state could influence a wide range of 

behavioral phenomena, including learning, reinforcement, and incentive motivation. Given that 

obesity is fueled, in part, by a failure to limit approach and consumption in response to food 

reward, our data suggest that LH ghrelin and VTA orexin receptors represent targets for 

therapeutic interventions. 
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Figure 2.1 

 

 
 

 

Figure 2.1: Summary of NAc recording sites. Coronal brain sections modified from Paxinos and 

Watson (2007). Colored circles indicate approximate recording locations. Numbers at left 

indicate approximate distance from bregma A, Recording locations from ad-libitum fed rats that 

received LV saline (n=6) or ghrelin (n=6). B, Recording locations from food-restricted rats that 

received LV saline (n=5) or D-[Lys]-GHRP (n=5). C, Recording locations from ad libitum fed 

rats that received LH aCSF (n=6) or ghrelin (n=5). D, Recording locations from ad libitum fed 

rats that received intra-VTA aCSF (n=4), ghrelin (n=5), or orexin-A (n=5). [black = vehicle 

(saline or aCSF); red = ghrelin; blue = D-[Lys]-GHRP, green = orexin-A].  
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Figure 2.2 

 
Figure 2.2: Ghrelin increases phasic dopamine evoked by food reward in ad libitum fed rats. A, 

(top) Average colorplot (10 trials/rat; n=6) depicting current changes (color) as a function of 

electrode potential (y-axis) in the 10 s before and after (x-axis) pellet retrieval. Dopamine 

[identified by its oxidation (~+0.6 V; green) and reduction (~-0.2 V; light yellow) features] was 

transiently evoked during pellet retrieval, prior to vehicle infusion. (middle) Average colorplot 

after LV vehicle infusion. (bottom) Average dopamine concentration aligned to retrieval before 

and after LV saline extracted from individual colorplots using chemometric analysis (Heien et 

al., 2004). B, Average colorplots prior to (top) and after LV ghrelin (middle; 10 trials/rat; n=6). 

Average dopamine concentration aligned to pellet retrieval before and after LV ghrelin (bottom). 

C, Peak dopamine evoked during pellet retrieval, before and after LV vehicle or ghrelin. D, Post-

session chow intake following LV vehicle or ghrelin. Bar data are mean±SEM; **p<.01, 

***p<.001. 
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Figure 2.3 

 

 
 

Figure 2.3: Ghrelin receptor antagonism attenuates phasic dopamine evoked by food reward in 

food-restricted rats. A,B, (top, middle) Conventions are identical to those in Figure 2 except 

before and after vehicle (10 trials/rat; n=5) or D-[Lys]-GHRP (10 trials/rat; n=5). (bottom) 

Average dopamine concentration aligned to pellet retrieval before and after LV saline or D-

[Lys]-GHRP. C, Peak dopamine evoked during pellet retrieval, before and after LV saline or D-

[Lys]-GHRP. D, Post-session chow intake following LV saline or D-[Lys]-GHRP. Bar data are 

mean±SEM; *p<.05, **p<.01. 
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Figure 2.4 

 

 
 

Figure 2.4: Phasic dopamine evoked during pellet retrieval is potentiated by intra-LH ghrelin. A, 

Average dopamine concentration evoked during pellet retrieval before (gray) and after (black) 

intra-LH aCSF infusion (n=6). B, Average dopamine concentration evoked during pellet retrieval 

before (gray) and after (red) intra-LH ghrelin infusion (n=5). C, Peak dopamine evoked during 

pellet retrieval before and after intra-LH infusion of aCSF or ghrelin. D, Intra-LH ghrelin 

increased post-session chow intake, relative to vehicle. E, Coronal brain sections modified from 

Paxinos and Watson (2007). Colored squares indicate approximate locations of cannula tips from 

all rats used in LH infusion experiments [black = aCSF; red = ghrelin]. Numbers at left indicate 

approximate distance from bregma in mm. F, Representative coronal brain slice with LH 

cannula stained for orexin-A. 3V=third ventricle, f=fornix, mt=mammillothalamic tract.  Bar 

data are mean±SEM; *p<.05, *** p<.001.  
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Figure 2.5 

 

 
 

 

Figure 2.5: Intra-VTA orexin-A, but not ghrelin, potentiates phasic NAc dopamine evoked 

during pellet retrieval. A, Average dopamine concentration evoked during pellet retrieval before 

(gray) and after (black) intra-VTA aCSF infusion (n=4). B, Average dopamine concentration 

evoked during pellet retrieval before (gray) and after (red) intra-VTA ghrelin infusion (n=5). C, 

Average dopamine concentration evoked during pellet retrieval before (gray) and after (green) 

intra-VTA orexin-A infusion (n=5). D, Peak dopamine evoked during pellet retrieval before and 

after intra-VTA infusion of aCSF, ghrelin, or orexin-A. E, Intra-VTA ghrelin and orexin-A 

significantly increased post-session chow intake, relative to vehicle. F, Coronal brain sections 

modified from Paxinos and Watson (2007). Colored squares indicate approximate locations of 

cannula tips from all rats used in VTA infusion experiments [black = aCSF; red = ghrelin; green 

= orexin-A]. Numbers at left indicate approximate distance from bregma in mm. G, 

Representative coronal brain slice with VTA cannula stained for TH. Bar data are mean±SEM; * 

p<.05, ** p<.01.  
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Figure 2.6 

 

 
Figure 2.6: Bilateral intra-VTA orexin antagonism attenuates feeding induced by LV ghrelin. A, 

Sucrose pellet consumption following LV ghrelin is suppressed by bilateral VTA infusions of the 

orexin receptor antagonist SB-334867 but not vehicle (n=6). B, Coronal brain sections modified 

from Paxinos and Watson (2007). Black rectangles indicate approximate VTA infusion 

locations. Numbers at left indicate approximate distance from bregma. Bar data are mean±SEM; 

*LV X VTA interaction p<.05. 
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Figure 2.7 

 

 
 

Figure 2.7: Phasic dopamine evoked during pellet retrieval is augmented by food restriction. A, 

Heatplot depicting average dopamine concentration per trial for all ad libitum fed rats from the 

experiments presented in this manuscript (n=37). Each row represents the average dopamine 

concentration for each of the 10 pellet retrievals before any infusions were made. B, Same 

conventions as in (a) but for all food-restricted rats used in the experiments presented in this 

manuscript (n=10). C, Average dopamine concentration evoked during pellet retrieval in ad 

libitum (gray) versus food-restricted (black) rats. D, Peak dopamine concentration evoked during 

pellet retrieval is augmented by food-restriction. Bar data are mean±SEM; *p<.05. 
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Chapter III 

Ghrelin regulates phasic mesolimbic signaling evoked by food-predictive stimuli 

 

A. Introduction 

 

Beginning with the seminal work of Pavlov, it has been well established that food-

predictive stimuli engage physiological processes that prepare the body for the ingestion of 

calories (Woods, 1991; Woods and Ramsay, 2000). The sights, smells, and environmental 

stimuli associated with food can also trigger approach and ultimately food consumption, even in 

sated animals (Lovibond, 1983; Weingarten, 1983; Roitman et al., 2001). This is especially 

problematic in modern cultures where humans are bombarded with promotions for food (Mink et 

al., 2010), which can ‘prime’ eating behavior (Harris et al., 2009). Thus, food cues and the neural 

circuits they engage are likely key contributors to the recent dramatic rise in overeating and 

incidence of obesity.  

Among other circuits (Petrovich, 2013), food-predictive cues activate the mesolimbic 

system (Tang et al., 2012) including the midbrain dopamine neurons and one of their major 

targets, the nucleus accumbens (NAc). Pharmacological modulation of the NAc, including that 

of NAc dopamine receptors, affects cue-elicited responding for food (Di Ciano et al., 2001; 

Wyvell and Berridge, 2001; Yun et al., 2004; Lex and Hauber, 2008; Blaiss and Janak, 2009; 

Corbit and Balleine, 2011). Food-paired cues evoke brief (phasic) increases in NAc dopamine 

concentration (Day et al., 2007; Stuber et al., 2008; Brown et al., 2011) and in the firing rate of 

NAc neurons (Nicola et al., 2004; Day et al., 2006; Wan and Peoples, 2006). These cue-evoked 

mesolimbic signals have been directly linked to food-directed actions that culminate with food 

consumption (Roitman et al., 2004; Day et al., 2007; Taha et al., 2007; Stuber et al., 2008; 

Cacciapaglia et al., 2011; Flagel et al., 2011; McGinty et al., 2013; Roitman and Loriaux, 2014). 



 67 

Taken together, phasic mesolimbic signaling evoked by food-predictive cues strongly contributes 

to cue-evoked food approach and food intake.  

To be adaptive, the neural signals that participate in food-directed behavior should be 

sensitive to physiological state (i.e., hunger vs. satiety). One candidate that may link 

physiological state with mesolimbic signaling is the stomach hormone ghrelin; the only known 

peripheral peptide associated with hunger (Cummings et al., 2004). Ghrelin crosses the blood-

brain barrier (Banks et al., 2002), and interacts with a distributed network of ghrelin receptor 

expressing nuclei (Zigman et al., 2006; Cabral et al., 2013), including the mesolimbic system 

(Naleid et al., 2005; Abizaid et al., 2006; Skibicka et al., 2013). Ghrelin augments the BOLD 

signal response to food cues in multiple limbic areas linked to appetitive behaviors (Malik et al., 

2008). The ability of food-predictive cues to promote food-directed behavior is similarly blunted 

by both satiety and ghrelin antagonism (Corbit et al., 2007; Walker et al., 2012). These studies 

suggest that physiological state in general and ghrelin specifically could regulate neural 

responsivity to food-predictive cues. Indeed, we recently demonstrated that central ghrelin 

enhances phasic dopamine release evoked by food reward (Cone et al., 2014). However, how 

ghrelin modulates mesolimbic encoding of food-predictive cues remains uninvestigated. To 

address this, we measured dopamine signaling in the NAc using fast-scan cyclic voltammetry 

(FSCV) and recorded spiking activity of individual NAc neurons using in vivo electrophysiology 

in separate groups of rats in response to Pavlovian conditioned cues. We hypothesized that 

central manipulation of ghrelin would modulate phasic mesolimbic signaling evoked by food-

predictive stimuli.  

 

B. Experimental Methods 
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1. Subjects 

Male Sprague-Dawley rats (n=23; 350–400 g) were housed individually and maintained 

on a 12:12-h light-dark cycle (on at 7:00 AM). Laboratory chow (LabDiet 5012; Richmond, IN) 

and water were provided ad libitum. Animals were treated in accordance with the guidelines put 

forth by the National Institutes of Health and under the approval of the Animal Care Committee 

of the University of Illinois at Chicago.  

 

2. Behavioral Session 

A Pavlovian procedure was used in which the delivery a single 45 mg sugar pellet (3.58 

kcal/g; BioServ, Frenchtown, NJ) was preceded by a distinct compound stimulus that occurred 3 

s earlier (CS+). A second compound stimulus was presented but terminated after 3 s and 

predicted no pellet delivery (CS-). The two possible cues were a 60 dB white noise or 50 dB 

tone, which turned off after 1 s, and left or right cue light, which remained lit for 3 s. Cue 

identities (CS+ vs. CS-) were counterbalanced across rats. Trial types were randomly selected, as 

was the inter-trial interval (range: 30–90 s) between cue presentations. Rats were trained for 10 

days prior to surgery. Training sessions consisted of 30 and 60 trials for voltammetry and 

electrophysiology experiments, respectively. All training and experimental sessions took place 

during the light phase in standard operant chambers (Med Associates; St. Albans, VT). The same 

behavioral procedure was used in both voltammetry and electrophysiology experiments. All rats 

were fed ad libitum throughout the duration of training and testing. 

 

3. FSCV Surgical Procedures 
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Rats (n=10) were anesthetized with ketamine hydrochloride (100 mg/kg, i.p.) and 

xylazine hydrochloride (10 mg/kg, i.p.). All implants were targeted relative to bregma using the 

rat brain atlas of Paxinos and Watson (2007). A guide cannula (Bioanalytical Systems; West 

Lafayette, IN) was implanted dorsal to the right NAc core (+1.3 mm AP, +1.5 mm ML, -2.5 mm 

DV). A chlorinated silver reference electrode was placed in left forebrain. Additionally, a 22-

gauge, 11 mm infusion cannula (GC313; Plastics One, Roanoke, VA) was implanted in the 

lateral ventricle (LV; -0.8 mm AP, -2.1 mm ML, -3.7 mm DV, angled 10° away from midline). 

Stainless steel skull screws and dental cement were used to secure the guide and infusion 

cannulae and reference electrode to the skull. Once dry, the obdurator was removed from the 

guide cannula, and a micromanipulator containing a carbon fiber electrode was attached. The 

electrode was then lowered into the NAc. A bipolar-stimulating electrode (0.20 mm diameter; 

Plastics One, Roanoke, VA) was positioned dorsal to the VTA (5.2 mm posterior to bregma, 

+1.0 mm lateral to midline, and 7.0 mm ventral to skull surface) and lowered in 0.2-mm 

increments until electrically (60 pulses, 60 Hz, 120 µA, 4 ms/phase) evoked dopamine release 

was detected via the carbon fiber electrode (see below for details). After optimizing evoked 

dopamine release, the stimulating electrode was cemented in place and the carbon fiber electrode 

was removed and replaced with the obdurator. After 5–7 days recovery, rats were retrained for 

two days. Retraining sessions were identical to earlier sessions with the exception that rats were 

tethered to the recording headstage for habituation. The test session occurred the day after the 

second re-training session. 

 

4. Voltammetry Recordings 

FSCV in awake and behaving rats and analyte identification and quantification have been 

extensively described previously (Phillips et al., 2003; Heien et al., 2004; Cone et al., 2013). 
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Briefly, a micromanipulator containing a glass-insulated carbon fiber (~75 µm; Goodfellow 

USA, Coraopolis, PA) (recording) electrode was inserted into the NAc guide cannula. The 

recording electrode was then lowered into NAc and locked into place. A FSCV headstage 

(University of Washington EME Shop) was used to tether rats, apply voltage changes and 

measure resultant current changes. The electrode voltage was held at -0.4 V, relative to the 

Ag/AgCl reference electrode and ramped in a triangular fashion (-0.4 to +1.3 to -0.4 V; 400 V/s). 

This voltage ramp was repeated at 10 Hz. In addition, an injector connected to a 10 µL Hamilton 

syringe was inserted into the infusion cannula. To verify that the NAc recording site could 

capture phasic dopamine release events, electrical stimulation (120 µA, 60 Hz, 24p) was 

delivered to the VTA/SN. If stimulation failed to evoke phasic dopamine release, the recording 

electrode was advanced 0.16 mm and the process was repeated. 

Once detectable and stable electrically-evoked release was confirmed, electrical 

stimulations ceased and the experimental session, as described above, began. Another computer 

controlled behavioral events of the experiment (Med Associates) and sent digital outputs 

corresponding to each event to the FSCV interface to be time-stamped along with the 

electrochemical data. Electrochemical data was also synced with time-stamped video that was 

recorded during the entire session. After 10 CS+ and CS- presentations (mid-session), an 

infusion pump was activated to deliver an intra-cranial infusion. n-octanoylated ghrelin (1 µg in 

1 µL 0.9% saline; American Peptide, Sunnyvale CA) or vehicle was infused at a rate of 2 

µL/min through a 28 gauge injector (1 mm projection beyond the infusion cannula). We 

previously reported that this dose of ghrelin, when delivered to the LV is sufficient to increase 

the phasic dopamine response to food reward in the NAc and promote intake of both chow and 

sucrose (Cone et al., 2014). We presented an additional 10 CS+ and CS- trials following LV 
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infusion. After the recording session, electrodes were removed; rats were then disconnected from 

the headstage and returned to their home cage. Following experiments, all recording electrodes 

were calibrated in a flow-cell as described previously (Sinkala et al., 2012) to convert detected 

current to concentration. The average calibration factor for all electrodes used in these 

experiments was 40.20 +/- 3.3 nM/nA.  

 

5. Voltammetry Data Analysis 

All rats retrieved and consumed all delivered pellets before and after pharmacological 

manipulations. Individual CS+ and CS- trials were background subtracted and dopamine 

concentration during the 5 seconds before to 10 seconds after the event of interest was extracted 

from voltammetric data using principal component analysis (Heien et al., 2004; Day et al., 2007). 

We averaged the dopamine concentration during the entire CS+ or CS- (3 second window) for 

each trial. These values were compared before and after LV infusions (see below).  

 

6. Electrophysiology Surgical Procedures 

Under ketamine (100 mg/kg i.p.) and xylazine (10 mg/kg i.p.) anesthesia, rats (n=13) 

were implanted with two microwire electrode arrays and an infusion cannula aimed at the LV. 

The electrode arrays were chronically implanted bilaterally at AP +1.5, ML ±1.1-1.3 mm relative 

to bregma, and −6.5 mm relative to brain surface using the rat brain atlas of Paxinos and Watson 

(2007). Each array was organized into two columns of four microwires (50 μm diameter, tip 

separation 0.25 mm; MicroProbes for Life Science, Gaithersburg, MD). Ground wires from each 

array were wrapped around a skull screw and implanted at a remote location ~1 mm into the 

brain. The 22-gauge, 11 mm LV cannula (GC313; Plastics One, Roanoke, VA) was implanted at 

AP -0.8, ML -2.4, and -3.75 mm relative to skull surface angled 15° away from midline. LV 
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coordinates were adjusted from above to accommodate the left electrode array. Electrode arrays 

and the cannula were fixed in place with dental acrylic adhered to skull screws. All rats were 

given a 10-day recovery period before retraining for 2 days prior to recordings. During the two 

retraining sessions, rats were tethered to a headstage for habituation, but no data were collected.  

 

7. Electrophysiological Recordings 

Before the start of each recording session, rats were connected to a flexible recording 

cable (Plexon, Dallas, TX, USA) attached to a commutator (Crist Instrument Company, 

Hagerstown, MD, USA). The headstage of each recording cable contained 16 miniature unity-

gain field effect transistors. The activity of single neurons was recorded differentially between 

each active and an inactive (reference) electrode from the permanently implanted microwire 

arrays. The inactive electrode was examined before the start of the session to verify the absence 

of neuronal spike activity and served as the differential electrode for other electrodes with cell 

activity. Online isolation and discrimination of neuronal activity was accomplished using a 

commercially available neurophysiological system (multichannel acquisition processor; MAP 

System, Plexon). Another computer controlled behavioral events of the experiment (Med 

Associates) and sent digital outputs corresponding to each event to the MAP system to be time-

stamped along with the neural data. Principal component analysis (PCA) of continuously 

recorded waveforms was performed prior to each session and aided in the separation of multiple 

neuronal signals from the same electrode. During the recording session, waveforms that matched 

the templates generated by PCA were collected as the same neuron.  

 All rats underwent two separate recording sessions with one day in between. In the first 

session, rats received an LV infusion of either n-octanoylated ghrelin (1 µg in 1 µL 0.9% saline; 

American Peptide, Sunnyvale CA) or vehicle infused at a rate of 2 µL/min through a 28-gauge 
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injector (1 mm projection beyond the infusion cannula). During the second session, the other 

infusion was made. Treatments were counterbalanced across days. The LV infusion was 

delivered after 20 CS+ and CS- presentations (mid-session), and we presented an additional 20 

CS+ and CS- trials following infusion.  

 After the experimental sessions, cell recognition and sorting was finalized using an 

offline sorter program (Plexon), which assessed neuronal data based on PCA of the waveforms, 

cell firing characteristics and inter-spike intervals. Data were then exported to Neuroexplorer 

(Nex Technologies, Madison, AL) and Matlab (Mathworks, Natick, MA, USA) for analyses.  

 

8. Electrophysiological Data Analysis 

For electrophysiological recordings, we first identified neurons that increased their firing 

rate in response to the CS+ during first half of the recording session (before LV infusion). 

Individual neurons were assessed for their response to the CS+ or CS- using a Wilcoxon signed-

rank test. Briefly, the response window for CS trials (0.1 – 1 s following CS onset) was tested 

against a baseline period from -10 to -5 s before the onset of the CS. For both the CS+ and CS-, 

individual cells were classified as responsive cells if the average firing rate during the entire 1 s 

following CS onset was significantly different than baseline. Importantly, neurons were 

classified for their response to session events (CS+, CS-) based only on trials that occurred 

before LV infusions. This approach allowed us to assess how the CS populations were 

modulated by ghrelin or vehicle without biasing our analysis due to infusion-related changes in 

response properties.  

We furthered analyzed cue-responsive neurons for the effect of LV infusions on neural 

responses. First, we assessed changes in cue-evoked activity resulting from LV infusion across 



 74 

all CS+ trials. To control for changes in baseline activity, we normalized each neuron’s firing 

rate to its’ average activity from -10 to -5 seconds before CS+ onset (the same baseline period 

used to identify responsive cells). Next, we calculated the average normalized firing rate (100 ms 

bins) during the 3 s CS+ for all trials before and after infusion. We then used these values to 

calculate the % change in average normalized firing rate during the CS+ (after vs. before LV 

infusion) for each neuron in 5 trial blocks (4 blocks total from 20 post-infusion trials).  

To assess how discriminable CS+ neural responses were following LV infusion, we 

applied a Receiver Operating Characteristic (ROC) analysis (Green and Swets, 1966). For each 

neuron, we calculated the trial-by-trial firing rate during the 3 s CS+ for each neuron in 500 ms 

bins. To determine how discriminable responses were after the LV infusion compared with 

before, we computed the area under the ROC curve (auROC) for the CS+ firing rate distribution 

of each neuron during the final 10 trials of the session (after infusion) to the CS+ firing rate 

distribution during all 20 pre-infusion trials. A neuron with an auROC value above 0.50 

indicated greater CS+ evoked activity following LV infusion, while an auROC value below 0.50 

indicated reduced CS+ evoked activity after infusion. We also examined the proportions of 

neurons that had significant auROC values in positive (auROC>0.5) versus negative 

(auROC<0.5) directions. As a control, we also performed a second ROC analysis, but instead 

compared only trials that occurred before infusion. For this analysis, we compared the firing rate 

distributions during the 20 trials before infusion in 10 trial blocks (i.e firing rate on trials 11-20 

vs. trials 1-10). In this case, an auROC value above 0.50 indicates greater activity in later pre-

infusion trials, whereas auROC values less than 0.50 indicated greater activity in earlier trials. 

 

9. Verification of Cannula Placements and Recording Sites 
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Cannula placements were verified by measuring home cage water intake immediately 

following the injection of Angiotensin II into the LV (50 ng in 2 L saline; Sigma-Aldrich, St. 

Louis, MO) and. The Angiotensin II test took place after all recording sessions were complete. 

Angiotensin II caused drinking (at least 7 mL in 30 min) in all rats. Following completion of 

experiments, rats were deeply anesthetized with sodium pentobarbital (100 mg/kg). For the 

voltammetry experiments, a small electrolytic lesion was made at the voltammetry recording site 

by passing a 10-μA current through a polyimide-insulated stainless steel electrode (A-M 

Systems, Inc.) 4 times for 4 s each. For electrophysiology experiments, a 100-μA current was 

passed through each electrode of the microelectrode array for 4 s. In both experiments, current 

was administered using a lesion-making device (UGO Basile S.R.I.; Comerio, Varse, Italy). Rats 

were then transcardially perfused with cold 0.01 M phosphate-buffered saline followed by 10% 

buffered formalin solution (Sigma, Inc). Brains were removed and stored in 10% formalin 

(voltammetry experiments) or 10% formalin in 3% potassium ferrocyanide (electrophysiology 

experiments) for 24 h, after which all brains were transferred to 30% sucrose in 0.1 M phosphate 

buffer (PB) for 7 days. The potassium ferrocyanide reacts with deposited iron from the 

electrodes to reveal a blue reaction product corresponding with the location of an electrode tip. 

After post-fixing, 50-μm coronal brain sections were taken using a cryostat and NAc sections 

were mounted on glass slides. Lesion locations were verified using light microscopy in 

conjunction with the rat brain atlas of Paxinos and Watson (2007). All voltammetry recordings 

were confirmed to be from the NAc core. All electrophysiology recordings were confirmed to be 

in the NAc core or shell.  

 

10. Statistical Analysis  
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CS+ selectivity was assessed within animal (voltammetry) or within neuron 

(electrophysiology). For voltammetry, average dopamine concentration evoked by the CS+ was 

compared to that evoked by the CS- using a paired t-test. For electrophysiology experiments, the 

average firing rate during the CS+ and CS- within the population of neurons that were CS+ 

responsive was compared with a paired t-test. The effects of LV infusion were tested using two-

way repeated measures ANOVA with Tukey’s HSD post-hoc tests where appropriate. In 

voltammetry experiments, we compared the average dopamine concentration evoked during the 

3 s cue period (CS+ or CS-) with main effects of epoch (pre, post-infusion) X treatment (saline, 

ghrelin). In electrophysiology experiments, we compared the post-infusion change (%) in the 

average normalized firing rate within neuron during the 3 s CS period in 5 trial blocks. We tested 

for main effects of block (1, 2, 3, 4) X treatment (saline, ghrelin). In both voltammetry and 

electrophysiology experiments, the effects of LV infusion on retrieval latency were analyzed 

using a two-way repeated measures ANOVA [epoch (pre, post-infusion) and treatment (vehicle, 

ghrelin)]. Proportions of neurons that responded to task parameters as well as proportions of 

neurons with significant auROC values were compared between groups using a two-sample Z-

test. Distributions of ROC values were compared using a two-sample Komolgorov-Smirnov test. 

Statistical analyses were performed using GraphPad 5.0 (Prism Inc.), MATLAB (Mathworks), 

Statistica 10 (Statsoft). 

 

C. Results  

1. Food-predictive cues evoke greater dopamine release than neutral cues  

CS+ and CS- cues elicited differential DA release in the NAc during the block of trials 

preceding LV infusion.  Figure 1A shows robust dopamine release in response to a food-
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predictive cue during a single representative trial. (Fig. 3.1 A). While non-food predictive cues 

also evoked dopamine release, the magnitude was smaller in comparison to reward-predictive 

stimuli (Fig. 3.1 B-C). For all pre-LV infusion trials, we compared the average dopamine 

concentration during the 1-second following the CS+ and CS- onset within rats. Consistent with 

previous reports, the CS+ evoked greater dopamine release than the CS- (t(9)=5.67, p<.001; Fig. 

3.1 D). The results were unaffected when groups were analyzed separately based on the identity 

of the LV infusion they would later receive (Saline and Ghrelin CS+ vs. CS- both p<.05; data not 

shown). All FSCV recordings were made in the NAc core (Fig. 3.1 E). 

  

2. Food-predictive cues activate more NAc neurons and more effectively drive NAc activity 

than neutral cues 

We recorded from a total of 199 NAc neurons from 13 rats across the two sessions 

(ghrelin sessions: 95 cells; vehicle sessions: 104 cells). Consistent with previous studies, we 

found a subpopulation of NAc neurons that responded to the onset of the CS+. Figure 3.2 A 

shows an example perievent raster of a neuron that responded to the CS+ with a significant 

increase in firing rate. This same neuron had a much weaker response to the CS- (data not 

shown). Previous studies have shown that NAc core and shell neurons encode outcome-

predictive cues compared to cues not associated with any consequences. Thus, we first 

investigated whether the population of NAc neurons that we sampled differentially encoded the 

CS+ and CS-. We examined whether each neuron (n = 199 cells) responded to the CS+ or CS-, 

relative to baseline, in the trials before pharmacological manipulations. For this analysis, cells 

could respond to the CS+, CS-, or both. Across all recorded cells, there were significantly more 

cells that responded to the CS+ (34%; 67/199) than the CS- (12%: 24/199) (Z=5.13, p<.00001). 

The results were unaffected when the groups were analyzed separately according to subsequent 
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infusion (Ghrelin: Z = 4.49, p<.05; Saline: Z = 2.88, p<.05). Thus, a greater proportion of NAc 

neurons encoded the CS+ compared to the CS-. 

 We next sought to determine whether the neurons that increased in firing rate in response 

to the CS+ selectively encoded the food-predictive cue. We compared the average firing rate 

during the 1 second following the onset of the CS+ and CS- for the 67 neurons that responded to 

the CS+ before LV infusions. Within this subset of neurons, we found that the firing rate during 

the first second following cue onset was significantly greater for the CS+ than the CS- 

(t(64)=7.45, p<.0001; Fig. 3.2 B-C). The results were unchanged if we analyzed the entire 3 s CS 

period (p<.0001; data not shown). Thus, neurons that responded to the CS+ selectively encoded 

the motivationally relevant cue, which is consistent with previous reports. All neurons included 

in our analysis were confirmed to come from either the NAc core or shell (Fig. 3.2 D).  

 

3. Central ghrelin selectively increases the phasic dopamine response to food-predictive 

cues 

To determine whether central ghrelin regulates phasic dopamine signaling evoked by a 

food-predictive cue, we used ad libitum fed rats with cannula in the LV and infused vehicle 

(1 µL saline; n=5) or ghrelin (1 µg; n=5) into the LV mid-session. LV ghrelin increased the 

magnitude of dopamine evoked by the CS+ compared to baseline values (epoch X treatment 

interaction (F(1,8)=11.00, p<.05);  post hoc: post-ghrelin p<.01 versus pre-infusion values; Fig. 

3.3 A: before/after LV saline; Fig. 3.3 B: before after LV ghrelin; Fig. 3.3 C: average dopamine 

evoked by CS+). To determine whether ghrelin selectively augments the phasic dopamine 

response to motivationally significant stimuli or merely increases phasic dopamine release in a 

non-specific manner, we also analyzed the effects of ghrelin on the magnitude of dopamine 

evoked by CS- presentation. As above, we compared the average dopamine concentration during 
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the 3 s following CS- onset before compared to after LV infusion. Consistent with the notion that 

ghrelin selectively modulates phasic dopamine release to motivationally significant stimuli, we 

found that LV ghrelin did not alter the magnitude of dopamine evoked by the CS- compared to 

LV saline as there was no effect of either epoch (before vs. after; F(1,8)=0.38, p=.55) nor 

treatment (saline vs. ghrelin; F(1,8)=1.13, p=.31) and no interaction between the main effects 

(F(1,8)=2.06, p=.18; data not shown).    

 

4. Central ghrelin does not affect the baseline firing rate of CS+ responsive NAc neurons 
 

Prior to examining the effects of ghrelin on neural responses to cues, we examined 

whether LV ghrelin affected baseline activity of NAc neurons that responded to the CS+. Indeed, 

an increased CS+ response could reflect an increased response to the CS+ specifically, or 

alternatively, could have resulted from an overall increase in spiking activity for a given neuron. 

To partially determine this, we calculated the average firing rate for each neuron during the 

baseline epoch we used to identify CS responsive neurons (-10 to -5 s prior to CS+ onset). LV 

infusion significantly altered the baseline firing rate of the CS+ population (Saline before: 

5.55±0.9; Saline after: 4.86±0.8; Ghrelin before: 5.63±0.9; Ghrelin before: 5.81±0.9 spikes/s; 

epoch X treatment interaction (F(1,65)=19.14, p<.001). However, post hoc tests revealed that 

this was due to a significant decrease in the baseline firing rate of CS+ responsive neurons 

following LV saline (before vs. after: p<.05), as there was no effect of LV ghrelin on the baseline 

firing rate of CS+ responsive cells (before vs. after: p =.22). Thus, LV ghrelin infusion did not 

affect the baseline activity of NAc neurons that respond to the CS+.  

 

5. Central ghrelin selectively influences NAc neuron responses to a food-predictive cue  
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 Examining the response of CS+ neurons across all pre and post-infusion trials revealed 

there was a decrease in the magnitude of the neural response to the cue (0-3s following CS+ 

onset) in the saline infusion condition (Fig. 3.4 A), whereas NAc responses to the CS+ increased 

following LV ghrelin infusion (Fig. 3.4 B). Thus, LV infusion appeared to have bi-directional 

effects depending on infusion type. To characterize the effects and time course of LV infusions 

on NAc activity evoked by the CS+ we compared the % change in normalized firing rate during 

the entire 3 s CS+ (after relative to before LV infusion) in 5 trial blocks. The enhancement of 

CS+ evoked activity following ghrelin administration depended on time since infusion (block X 

treatment ANOVA: F(3,65)=4.62, p<.01; Fig. 3.4 C). Post-hoc tests revealed this was driven by 

later blocks (block 3: p=.07; block 4: p<.001). Within groups there was no effect of saline across 

blocks; however ghrelin significantly increased normalized CS+ activity during the post-infusion 

period (block 1 vs. block 4: p<.05).  

Across all CS+ responsive neurons, ghrelin significantly augmented responses during the 

later trials of the recording session. This effect may reflect subtle modulation in CS+ activity 

across the entire population, or robust effects on a smaller group of CS+ responsive cells. Thus, 

we next examined how LV ghrelin influences cue evoked activity in the NAc at the level of 

individual neurons. To accomplish this, we used ROC analysis to compare the firing rate of each 

neuron during the CS+ (0-3 s, 500 ms bins) for the last 10 trials after LV infusion compared to 

all pre-infusion trials. Consistent with the population level normalized firing rate changes, the 

distributions of auROC values were significantly different across groups. AuROC values 

following LV ghrelin were rightward shifted (i.e., greater activity in post-infusion trials) 

compared to LV saline (Komolgorov-Smirnov test; p<.01; Fig. 3.4 D-E). At the level of 

individual neurons, a greater proportion of cells had auROC values significantly above 0.50 
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following LV ghrelin (8/32) compared to LV saline (2/35; Z=2.21, p<.05). Additionally, a 

smaller proportion of cells had auROC values that were significantly below 0.50 following LV 

ghrelin (4/32) versus LV saline (14/35; Z=-2.53, p<.05; Fig 3.4 D-E). The results of the cell-by-

cell ROC analysis indicate, compared to LV saline, LV ghrelin increases the CS+ response in a 

greater proportion of NAc neurons while potentially preventing a decrement in the response of 

other cells.  

Changes in firing rate during the post-infusion period contrast with those observed pre-

infusion.  We compared firing rates during the CS+ for the first block of 10 trials before infusion 

compared to second block of 10 pre-infusion trials. The average auROC value across the CS+ 

population was approximately 0.50 for both groups indicating the neural response to the CS+ did 

not change during the pre-infusion epoch (Saline auROC: 0.48 ± 0.01; Ghrelin auROC: 0.50 ± 

0.01; (t(65)=1.04, p=.30), and there was no difference in the proportion of cells that had 

significant auROC values across groups (Saline: 6/35; Ghrelin: 6/32). This was true for neurons 

with significant auROC values above 0.50 (Saline: 2/35 cells; Ghrelin: 3/32), as well as neurons 

with significant auROC values below 0.50 (Saline: 4/35; Ghrelin: 3/32).  These data suggest that 

the auROC effects reported above are due specifically to LV infusions rather than intra-neuronal 

response variability during the session.    

Only 12% (24/199) of all recorded neurons responded to the CS-. Notwithstanding the 

small sample size, we examined whether ghrelin altered the response of NAc neurons to 

motivationally neutral stimuli. As above, we compared the % change in normalized firing rate 

following LV infusion in 5 trial blocks. LV infusion did not alter the NAc neuron response to the 

CS-, as we found no effect of either epoch (pre vs. post; F(3,18)=2.29, p=.09) nor treatment 
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(saline vs. ghrelin; F(1,18)=0.33, p=.57) and no interaction (F(3=3,18)=0.21, p=.88; data not 

shown).    

 

6. Central ghrelin does not recruit previously unresponsive NAc neurons 

Above, we restricted our analyses to the subset of neurons that significantly responded to 

the CS+ prior to infusions. It is also possible that LV ghrelin recruits previously unresponsive 

neurons to respond to features of the behavioral paradigm. To examine this possibility, we 

examined the subpopulation of neurons that did not significantly respond to the CS+ or CS- 

during the 20 trials before infusion, to determine if any began to respond to the CS+ or CS- after 

LV infusion. If ghrelin infusion recruited previously unresponsive neurons, we would expect the 

proportion of cells that become responsive after infusion to differ between saline- and ghrelin-

infused groups. While there was a small subpopulation of cells that began to respond to the CS+ 

after LV infusion, the proportions of these cells were not significantly different between groups 

(Saline: 6% (6/104); Ghrelin: 8% (8/95), p =.46).  There were also no differences in the 

proportion of neurons that began to respond to the CS- (Saline: 7% (7/104); Ghrelin 7% (7/95); p 

=.85). Thus, compared to saline, LV administration of ghrelin did not augment the proportions of 

cells that encoded paradigm parameters after infusion.  

 

D. Discussion 

 In humans, cues associated with food powerfully enhance both ratings of appetite and 

food consumption (Ferriday and Brunstrom, 2008). As food cues pervade our lives, 

understanding the neurobiological substrates that encode such cues and how these signals are 

modulated is of great clinical importance especially in light of the ongoing worldwide obesity 

problem. Among other circuits (Petrovich, 2013), food cues activate striatal circuitry. Food-cue 
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reactivity is also influenced by physiological state (e.g., hunger, satiety; (Corbit et al., 2007; 

D’Agostino and Small, 2012). The ‘hunger hormone’ ghrelin regulates aspects of both normal 

and cue-potentiated feeding (Nakazato et al., 2001; Walker et al., 2012) and modulates striatal 

food-cue responses as measured with fMRI (Malik et al., 2008; Kroemer et al., 2013). Here, we 

found that ghrelin modulates the response of specific striatal elements to food cues – namely 

cue-evoked phasic dopamine and neural activity in the NAc. Critically, ghrelin had no effect on 

the encoding of a neutral stimulus, nor did it affect the baseline activity of NAc neurons, 

suggesting that ghrelin’s effects were specific to motivationally relevant cues. Given the 

extensive literature on the role of striatal signaling in cue-evoked behavior, ghrelin’s ability to 

regulate phasic mesolimbic signals evoked by food cues likely has broad implications for cue-

driven behavior and may represent a novel mechanism by which ghrelin and physiological state 

augment food seeking.   

 Ghrelin effects on mesolimbic circuitry have been shown previously (for review see 

Skibicka and Dickson, 2011). In animals not engaged in any feeding-related tasks, both systemic 

and central administration of ghrelin directly into the VTA increases dopamine concentration in 

the NAc (Jerlhag et al., 2007; Jerlhag, 2008). These results could explain how dopamine release 

during food consumption is enhanced in food-restricted animals (Wilson et al., 1995; Cone et al., 

2014). Indeed, we recently showed that central administration of ghrelin specifically potentiates 

the phasic dopamine response to primary food reward (Cone et al., 2014). Phasic dopamine 

responses shift from food itself to cues that predict food (see Figures 1 and 3, but also Schultz, 

1998; Day et al., 2007; Stuber et al., 2008). The shift and residual response at time of reward is 

thought to participate in associative learning (Schultz and Dickinson, 2000) and incentive 

motivation (Berridge and Robinson, 1998; Flagel et al., 2011). Indeed, the magnitude of cue-
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evoked phasic dopamine release has been linked to approach behaviors (Day et al., 2007; Stuber 

et al., 2008) and genetic manipulations that attenuate phasic dopamine signaling disrupt learning 

about environmental cues associated with food (Zweifel et al., 2009). Recent work with 

optogenetics has provided a causal link for dopamine’s involvement in these phenomena, as 

phasic activation of dopamine neurons promotes learning about cues paired with food reward 

(Steinberg et al., 2013) and invigorates reward-seeking behaviors (Ilango et al., 2014). Taken 

together, these results suggest that ghrelin’s ability to modulate cue-evoked dopamine signaling 

could promote learning about environmental cues that signal food availability as well as gate the 

ability of food cues to drive food-seeking behavior. 

 In addition to phasic increases in NAc dopamine, food-predictive cues also evoke phasic 

changes in the activity of individual NAc neurons (Nicola et al., 2004; Roitman et al., 2005; Day 

et al., 2006; Wan and Peoples, 2006). Cue-evoked NAc activity has been directly linked to food-

seeking actions in a variety of behavioral paradigms (Taha et al., 2007; McGinty et al., 2013; 

Roitman and Loriaux, 2014). Additionally, interfering with normal phasic NAc signaling 

disrupts food consumption following cue presentation (Krause et al., 2010). Thus, by augmenting 

phasic NAc spike output, ghrelin could gate the ability of food cues to elicit food-seeking 

behaviors and may regulate the intensity of behaviors aimed at food consumption (McGinty et 

al., 2013).  Moreover, phasic activation of multiple sources of NAc input as well as phasic 

activation of NAc neurons is sufficient to reinforce instrumental behavior (Britt et al., 2012). 

These data suggest that modulation of NAc output by ghrelin could potentiate neural ensembles 

involved in food approach and consumption.  

 Given that our pharmacological manipulations were ventricular, the brain region or 

regions where ghrelin acts to regulate phasic mesolimbic signaling warrants consideration. We 
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recently demonstrated that intra-VTA ghrelin had no effect on phasic dopamine release evoked 

by primary food reward  - and instead suggested a role for lateral hypothalamus (Cone et al., 

2014). Thus the VTA is an unlikely site of action at least with respect to phasic dopamine 

signaling. Intra-NAc ghrelin promotes feeding (Naleid et al., 2005), however multiple aspects of 

our data discount the possibility that ghrelin was acting within the NAc. Firstly, we observed no 

effect of ghrelin on CS- evoked activity measured with both voltammetry and electrophysiology. 

Ghrelin also had no effect on the baseline activity of NAc neurons. Thus, the selectivity of 

ghrelin’s effects on CS+ evoked activity reduce the likelihood of direct actions within the NAc 

or VTA, where we might have expected a general change in activity resulting from non-selective 

modulation.  

 A more probable mechanism is that ghrelin is acting outside of the NAc and VTA to 

increase food cue related input to these regions. Ghrelin increases the BOLD response to food 

cues in multiple brain regions linked to appetitive behavior, including the striatum, amygdala, 

hippocampus, and orbitofrontal cortex (Malik et al., 2008). Of these regions, previous data 

highlights a prominent role for the amygdala in regulating NAc activity and cue-evoked 

behavior. Basolateral amygdala (BLA) neurons respond to food-predictive cues (Tye and Janak, 

2007) and BLA projections to the NAc regulate food seeking (Stuber et al., 2011). Inactivating 

the BLA impairs phasic NAc activity and NAc dopamine release evoked by food-paired stimuli 

(Ambroggi et al., 2008; Jones et al., 2010a, 2010b). Lesions of the BLA disrupt cue-potentiated 

feeding (Holland et al., 2002), and render animals insensitive to satiety based devaluation 

procedures (Johnson et al., 2009), suggesting that the BLA integrates information about 

physiological state to regulate food cue-evoked behavior. Critically, ghrelin alters the activity of 

neurons in the BLA complex (Alvarez-Crespo et al., 2012; Song et al., 2013). Thus, the BLA 
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represents a potential site where ghrelin could influence cue-evoked dopamine and NAc activity 

and will be a site of future investigation. 

Dopamine has multifaceted effects on NAc neurons. Thus, the change in cue-evoked 

NAc spiking following LV ghrelin could have been a direct result of increased cue-evoked 

dopamine release. Coincident changes in NAc cell firing and phasic dopamine release have been 

observed at the same recording site (Cheer et al., 2007; Cacciapaglia et al., 2011) and 

pharmacological manipulations of the VTA diminish cue-evoked activity in the NAc (Yun et al., 

2004; Cacciapaglia et al., 2011). Phasic dopamine release is thought to recruit the activation of 

dopamine type 1 receptors (Dreyer et al., 2010), which alter the excitability of striatal neurons 

through calcium channels (Surmeier et al., 1995) as well as AMPA and NMDA receptor 

trafficking (Snyder et al., 2000; Hallett et al., 2006). Our data show that while ghrelin increased 

cue-evoked dopamine immediately (i.e., within the first 10 post-infusion trials), effects on phasic 

NAc cue responses were not observed until later trials. This is consistent with the time course of 

dopamine-dependent GluR1 trafficking in the NAc (Chao et al., 2002; Mangiavacchi and Wolf, 

2004; Sun et al., 2008). These data raise the intriguing possibility that ghrelin’s enhancement of 

cue-evoked dopamine release renders subsets of NAc neurons more sensitive to food-cue related 

input.  

Interestingly, we observed different patterns of neural responses on CS+ evoked NAc 

spiking following LV infusions of saline and ghrelin. Administration of saline was followed by a 

reduction in CS+ activity. However, the decrease in CS+ activity following LV saline was not 

apparent until the 4
th

 post-infusion block, suggesting that it is unlikely to have resulted from the 

infusion. Satiety signals like insulin, amylin, and GLP-1, all of which are released in response to 

food intake, can act at the level of the VTA as well as NAc to decrease food intake and food-
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directed behavior (Baldo and Kelley, 2001; Dossat et al., 2011; Alhadeff et al., 2012; Mebel et 

al., 2012; Mietlicki-Baase et al., 2013), and intra-VTA amylin attenuates food-evoked phasic 

dopamine signaling (Mietlicki-Baase et al., 2014). Given that our animals were fed ad libitum, 

satiety is a probable source of this late-session modulation following LV saline. 

 In summary, we report that ghrelin, a peripheral hormone associated with hunger, 

augments cue-evoked activity in two distinct striatal elements that jointly participate in cue-

related learning and cue-evoked behavior. Our results, therefore, implicate physiological state in 

general, and ghrelin specifically, as strong regulators of mesolimbic activity, and highlight novel 

mechanisms through which physiological state influences neural signals underlying food-

directed behaviors that culminate in food consumption.     
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Figure 3.1 

 

 
 

 

 

Figure 3.1: NAc dopamine release preferentially encodes food-predictive stimuli. A, 

Representative single trial colorplot depicting current changes (color) as a function of electrode 

potential (y-axis) in the 5 s before to 10 s after (x-axis) CS+ onset. Solid Bars at top denote 

duration of light/tone cue. Dopamine [identified by its oxidation (~+0.6 V; green) and reduction 

(~-0.2 V; light yellow) features] was transiently evoked by the CS+. B, Representative single 

trial colorplot from the same animal as in A but for a CS- trial. C, Dopamine concentration 

extracted from the electrochemical data in A and B using chemometric analysis (Heien et al., 

2004). D, Average dopamine concentration evoked during the 1 s following CS onset for all pre-

infusion CS+ and CS- trials (n=10 rats; 10 CS+ and CS- trials per rat). D, Coronal brain sections 

modified from Paxinos and Watson (2007). Numbers at left indicate approximate distance from 

Bregma. Colored circles indicate approximate voltammetry recording locations from ad-libitum 

fed rats that received LV saline (n=5; black) or ghrelin (n=5; red). ***p<.001.  
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Figure 3.2 

 

 
 

 

Figure 3.2: NAc neurons preferentially encode food-predictive stimuli. A, Raster plot (above) 

and perievent histogram (below) aligned to the CS+ for a representative NAc neuron that 

responded to the CS+ with a significant increase in firing rate. B, Average firing rate during the 

5 s before to 10 s after CS onset for all pre-infusion CS+ and CS- trials across the population of 

neurons that responded to the CS+ (67/199 neurons from the two recording sessions; 20 CS+ and 

CS- trials). C, Average firing rate of the 67 neurons plotted in B during the initial 1 s following 

CS+ and CS- onset. D, Coronal brain sections modified from Paxinos and Watson (2007). 

Numbers at left indicate approximate distance from Bregma. Colored circles indicate confirmed 

electrode placements in the NAc (n=13 rats; 8 wires per hemisphere per rat). Note that some 

circles are obscured due to overlap. ***p<.001.  
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Figure 3.3 

 

 

 
 

 

Figure 3.3: LV ghrelin increases the magnitude of dopamine evoked by the CS+. A, Average 

trace of dopamine concentration during the 5 s before to 10 s after CS+ onset before (gray) and 

after (black) LV infusion of saline (n=5 rats; 10 trials per rat per epoch). B, Average trace of 

dopamine concentration during the 5 s before to 10 s after CS+ onset before (gray) and after 

(red) LV infusion of ghrelin (n=5 rats; 10 trials per rat per epoch). C, Average dopamine 

concentration during the 3 s CS+ before and after LV saline or ghrelin. **p<.01.  
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Figure 3.4 

 

 
 

 

Figure 3.4: LV ghrelin increases CS+ evoked activity in NAc neurons. A, Average firing rate of 

CS+ responsive cells during the 5 s before to 10 s after CS+ onset before (gray) and after (black) 

LV infusion of saline (n=35 neurons; 20 trials per neuron per block). B, Average firing rate of 

CS+ responsive cells during the 5 s before to 10 s after CS+ onset before (gray) and after (red) 

LV infusion of ghrelin (n=32 neurons; 20 trials per neuron per block). C, Average % change in 

normalized firing rate during the 3 s CS+ following LV saline (black) or ghrelin (red) in 5 trial 

blocks. Pre-infusion firing rate is indicated by the dashed line at 100%. D, Population density 

histogram of differences in firing rate (plotted as auROC values) during the 3 s CS+ comparing 

the second block of 10 trials after LV saline to pre-infusion firing rate (auROC<0.5, 

after<before; 0.5, no difference; auROC>0.5, after>before). Cells with significant auROC values 

are filled black (p<.05). E, Population density histogram of auROC values during the 3 s CS+ 

comparing the second block of 10 trials after LV ghrelin to pre-infusion firing rate (auROC<0.5, 

after<before; auROC>0.5, after>before). Cells with significant auROC values are filled red 

(p<.05). ***p<.001 for ghrelin compared to saline.    
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Chapter IV 

General Discussion  

  

 Rewarding food and environmental cues that signal food availability strongly influence 

motivated behavior and drive food consumption, in part, by activating the mesolimbic system. 

Food and food cues evoke phasic changes in the activity of mesolimbic circuitry, and these 

phasic fluctuations in mesolimbic signaling directly contribute to behavioral reinforcement, 

reward-related learning, and motivation. To be adaptive, the neural signals that participate in 

these processes should be sensitive to physiological state (i.e., hunger vs. satiety). Indeed, recent 

data suggests that peripheral hormones related to physiological state act within the mesolimbic 

system to regulate food intake and food-directed behavior. However, whether hormones that 

relay information about physiological state influence mesolimbic encoding of food and food-

predictive stimuli was unknown. The goal of the present study was to examine whether ghrelin, 

the only known peripheral hormone associated with hunger, influenced two types of mesolimbic 

signals involved in food-directed behavior; namely phasic dopamine release and phasic increases 

in the activity of NAc neurons evoked by primary food reward and food-predictive cues. My 

results demonstrate that ghrelin acts centrally to regulate both phasic dopamine signaling and 

phasic increases NAc neural activity evoked by food and food cues. I also demonstrate that 

ghrelin acts in the LH, but not VTA to regulate phasic dopamine release evoked by food, and 

likely does so by activating LH orexin neurons. Taken together, these data represent novel 

mechanisms through which physiological state in general, and ghrelin specifically, augments 

neural signals underlying food-directed behavior, particularly in areas of the brain linked to 

reinforcement, reward learning and motivation. 
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A. Central ghrelin regulates phasic dopamine release evoked by food reward 

 I showed that the magnitude of phasic dopamine spikes evoked by food is increased by 

central administration of ghrelin and attenuated by antagonism of central ghrelin receptors. 

While the dose of ghrelin used in these studies was superphysiologic, attenuation of phasic 

dopamine release following GHS-R antagonism (which would block endogenous ghrelin) 

suggests that circulating ghrelin augments the phasic dopamine response to food. This is further 

supported by the fact that I also showed that food-restriction, which elevates endogenous ghrelin, 

(Tschöp et al. 2000; Cummings et al. 2004) augments phasic dopamine release independent of 

any pharmacological manipulations. Thus, the bi-directional modulation of phasic dopamine 

release by ghrelin demonstrated here suggests that natural fluctuations in ghrelin that occur 

throughout the day (Cummings et al., 2001) may tune how dopamine neurons respond to food 

reward. Moreover, many aspects of the ghrelin system are dysregulated in obesity (Tschöp et al. 

2001; English et al. 2002), suggesting that ghrelin’s modulation of phasic dopamine signaling 

would be correspondingly disrupted - a topic worthy of future study. 

 Previous work has demonstrated that exogenous factors related to food reward potently 

influence the magnitude of phasic dopamine release. These factors include caloric content 

(Beeler et al. 2012), temporal delays to reinforcement (Wanat et al. 2010), and the magnitude of 

the anticipated outcome (Gan et al. 2010). Here, I provide the first evidence that an endogenous 

signal related to hunger regulates phasic dopamine release evoked by food reward. Ghrelin’s 

ability to augment food-evoked dopamine spikes has broad implications for food-related 

behavior. Phasic stimulation of dopamine neurons can promote behavioral reinforcement (Tsai et 

al. 2009; Witten et al. 2011; Steinberg et al. 2014) as well as motivation for food (Ilango et al. 

2014). Moreover, the magnitude of dopamine release has been correlated with aspects of 
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approach behavior (Wassum et al. 2013) and motivation (Wassum et al. 2012). Thus, regulation 

of phasic dopamine release by ghrelin could augment food-seeking behavior and differentially 

reinforce food-directed actions in a state dependent manner. In natural foraging environments, 

these effects would be highly adaptive by serving to drive food seeking and strengthen behaviors 

that lead to food in times of caloric need. However, in an obesogenic environment, ghrelin’s 

effects on phasic dopamine signaling could promote overconsumption. 

 Peripheral ghrelin crosses the blood brain barrier, (Banks et al. 2002) and can diffuse to 

virtually all GHS-R expressing nuclei (Zigman et al. 2006; Cabral et al. 2013). While later 

sections will discuss the results of ghrelin infusions directly into the LH and VTA, these two 

sites are unlikely to be the only sites where ghrelin could influence phasic dopamine signaling. In 

humans, ghrelin activates a wide range of nuclei involved in appetitive behavior, including the 

amygdala, hippocampus, and orbitofrontal cortex (Malik et al. 2008). Interestingly, both the 

amygdala and hippocampus are ghrelin sensitive (Alvarez-Crespo et al., 2012; Kanoski et al., 

2012; Song et al., 2013) and influence mesolimbic activity (Lodge and Grace, 2006a; Grace et 

al., 2007; Jones et al., 2010a, 2010b; Stuber et al., 2011; Britt et al., 2012). Other potential sites 

of action also warrant consideration, including the PPTg and LDTg. Both the PPTg and LDTg 

regulate VTA burst firing (Lodge and Grace, 2006b; Chen and Lodge, 2013). Ghrelin excites 

PPTg and LDTg neurons (Kim et al., 2009; Takano et al., 2009), and LDTg ghrelin 

administration increases NAc dopamine in awake rats (Jerlhag et al., 2012). Thus, the PPTg and 

LDTg represent potential, but as yet uninvestigated, sites of action for ghrelin’s influence on 

phasic dopamine signaling.   

 Physiological state influences motivation and reward-related behavior through actions in 

the mesolimbic system (Carr, 1996, 2007; Carr et al., 2001). This is likely due to peripheral 
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feeding peptides, as virtually all of the feeding related hormones have been shown to act in the 

VTA, including leptin (Fulton et al., 2006; Hommel et al., 2006), GLP-1 (Dossat et al., 2011; 

Alhadeff et al., 2012), ghrelin (Abizaid et al., 2006) and amylin (Mietlicki-Baase et al., 2013). 

The diversity of hormones with actions in the mesolimbic system suggests that the VTA 

integrates information related to physiological state to produce a corresponding change in 

behavior. Previous work demonstrated that leptin decreases the activity of VTA dopamine 

neurons in anesthetized animals (Hommel et al., 2006), while ghrelin broadly increases NAc 

dopamine concentration, as measured with microdialysis (Jerlhag et al., 2006). Moreover, food-

restriction increases burst firing of dopamine neurons in anesthetized mice, suggesting that 

physiological state could alter phasic dopamine signaling (Branch et al., 2013). Overall, these 

studies suggest that peripheral hormones could alter reward-related behavior by acting on VTA 

dopamine neurons. My data extend previous findings to show that ghrelin, a hormone strongly 

associated with physiological state, augments phasic dopamine release in awake, behaving 

animals. Given that phasic dopamine signals are strongly tied to reward-directed behavior, these 

data suggest a novel mechanism underlying the influence of physiological state on goal-directed 

behaviors. Moreover, it demonstrates that a hormone related to food intake influences how the 

brain responds to food, specifically in areas of the brain linked to reward seeking. Future studies 

should seek to identify whether other feeding peptides also augment phasic dopamine signaling, 

as this could be a general mechanism for hunger and satiety to promote or suppress food-seeking 

behavior. 

 Lastly, LV ghrelin promotes food intake even in sated animals (Tschöp et al., 2000; 

Lawrence et al., 2002). Conversely, central blockade of ghrelin receptors attenuates feeding 

(Nakazato et al., 2001). Thus, that I observed similar effects on food intake in response to 
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stimulation and antagonism of central ghrelin receptors is consistent with previous reports. 

Moreover, the food intake data indicates the doses used here were sufficient to influence the 

activity of central GHS-Rs. 

 

B. Central ghrelin regulates phasic dopamine release evoked by food reward via action in 

the LH 

 The LH integrates aspects of physiological state to alter motivated behavior (Adamantidis 

and de Lecea, 2009; Berthoud and Münzberg, 2011). Importantly, LH neurons have been shown 

to increase their firing rate in response to the receipt of food reward and this response diminishes 

with satiety (Rolls et al., 1986), suggesting that LH neurons phasically respond to the receipt of 

food reward in a state dependent manner. It is interesting to speculate whether LH neurons that 

respond to food reward excite the VTA, as this could be the population underlying LH ghrelin’s 

effects on phasic dopamine release. However, the LH is home to an array of unique cell types, 

many of which have been shown to interact with VTA dopamine neurons to augment feeding 

and other reward-related behaviors, including neurotensin (Glimcher et al., 1987; Geisler and 

Zahm, 2006; Kempadoo et al., 2013), MCH (Domingos et al., 2013), as well as orexin 

(Muschamp et al., 2014). Thus, it remains to be determined what LH cells types were driving the 

increase in phasic dopamine release following LH ghrelin administration. However, when 

considered along with previous studies, LH orexin neurons likely underlie the effects reported 

here. Ghrelin increases the firing rate of LH orexin neurons (Yamanka et al., 2003), while the 

effects of ghrelin on food intake requires orexin, but not MCH (Toshinai et al., 2003). Moreover, 

LH ghrelin promotes food intake and induces fos expression in LH orexin neurons (Olszewski et 

al., 2003b). Lastly, intra-VTA infusions of neurotensin reduce feeding (Cador et al., 1986). Here, 
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LH ghrelin increased feeding, which is consistent with previous data (Olszewski et al., 2003b) 

and discounts the possibility that LH ghrelin was acting through neurotensin. Lastly, my data 

also demonstrate that intra-VTA orexin recapitulated the results of LH ghrelin infusions. Thus, 

ghrelin was likely activating orexin-expressing neurons in the LH to increase phasic dopamine 

release evoked by food. Importantly, my results suggest that signals related to physiological state 

can act in the LH to influence mesolimbic signals linked to reinforcement and goal-directed 

actions. Thus, these data further establish the LH as a critical link between metabolism and 

motivated behavior. 

 

C. Intra-VTA ghrelin promotes food intake but does not augment phasic dopamine release 

evoked by food reward. 

 Notably, intra-VTA ghrelin did not alter phasic dopamine release in the NAc – an 

unexpected result given previous data demonstrating that ghrelin acts in the VTA to modulate 

dopamine dependent behaviors (Jerlhag et al., 2007; Skibicka et al., 2011; Skibicka et al., 2013) 

and increases NAc dopamine release (Jerlhag et al., 2007). However, in previous studies, 

dopamine measurements were made in the NAc shell, whereas here voltammetry measurements 

were made in the NAc core. Thus, there is a possibility that ghrelin selectively alters the activity 

of select VTA dopamine neurons depending on their projection targets, especially considering 

that VTA dopamine neurons differentially respond to pharmacological challenges depending on 

which brain areas they innervate (Lammel et al., 2008). This question could be resolved by 

labeling ghrelin receptor expressing VTA dopamine neurons coupled with injections of 

retrograde tracers in dopamine terminal regions to determine where ghrelin receptor VTA 

dopamine neurons are projecting. Another possibility is that ghrelin alters tonic activity in NAc 
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core projecting VTA dopamine neurons, but fast-scan cyclic voltammetry samples too frequently 

to optimally detect these changes.  

 The observation that intra-VTA ghrelin increased food intake without altering phasic 

dopamine signaling suggests that intra-VTA ghrelin promotes feeding in a dopamine-

independent manner. Importantly, previous studies demonstrated food intake elicited by intra-

VTA ghrelin was unaffected by NAc dopamine receptor antagonism (Skibicka et al., 2013). 

Whether the ability of intra-VTA ghrelin to increase food intake is mediated by non-

dopaminergic neurons or by dopamine neurons that project to targets other than the NAc 

warrants further investigation. Future experiments should measure food intake following 

infusion of ghrelin into the VTA, while simultaneously blocking receptors for dopamine, 

glutamate or GABA in VTA target regions other than the NAc.  

 Notably, the ability of intra-VTA ghrelin to promote food motivation (as measured by 

increased breakpoint in a progressive ratio task) was blunted by intra-NAc dopamine receptor 

blockade (Skibicka et al., 2013). Thus, VTA ghrelin increases food intake and motivation 

through two distinct mechanisms. Responding on a progressive ratio is dopamine dependent 

(Salamone and Correa 2012). Thus, it is noteworthy that we did not observe an effect of intra-

VTA ghrelin on phasic dopamine signaling. However, attenuating phasic dopamine signaling by 

genetically deleting NMDA receptors from dopamine neurons has no effect on breakpoint 

(Zweifel et al., 2009). Additionally, genetically knocking out the dopamine transporter, which 

tonically elevates NAc dopamine levels and potentially masks phasic dopamine release events, 

increases the amount of effort animals will exert to obtain food (Beeler et al., 2010). Conversely, 

phasic dopamine responses to the receipt of reward are enhanced in later stages of a progressive 

ratio paradigm (Wanat et al., 2010). However, control experiments in which the effort was fixed 
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and the delays between reinforcers were yoked demonstrated that the increase in phasic 

dopamine release observed in later trials could be explained by the delay to reinforcement and 

not effort (Wanat et al., 2010). While phasic dopamine release may invigorate goal-directed 

behavior (Wassum et al., 2012; Ilango et al., 2014), whether phasic dopamine signaling 

contributes to breakpoint measures still remains unclear. In sum, these data are consistent with 

the idea that VTA ghrelin could increase food-directed motivation without effecting phasic 

dopamine signaling.  

 Taken together, VTA ghrelin regulates dopamine dependent (motivation) and dopamine 

independent behaviors (freely available food intake), without altering phasic dopamine release in 

the NAc. Yet, intra-VTA ghrelin administration has been shown to increase dopamine levels in 

the NAc shell over the course of an hour, thus demonstrating that VTA ghrelin can influence 

dopamine release (Jerlhag et al., 2007). These data speak to the heterogeneity of VTA neurons 

and their diverse functions as well as projection targets (Lammel et al., 2008, 2011, 2012). 

Identifying the unique populations of dopaminergic as well as non-dopaminergic GHS-R 

expressing VTA neurons and their respective roles in food-related behavior could lead to 

selective targets for the treatment of obesity.  

 

D. VTA orexin increases phasic dopamine release evoked by food reward 

 The orexin system has been strongly implicated in reward-directed behaviors for both 

food and drug rewards (Borgland et al., 2010; Cason et al., 2010; Choi et al., 2010). Importantly, 

the VTA appears to be a critical site of action for many of orexin’s effects on motivated 

behavior. Intra-VTA orexin receptor blockade reduces ethanol and cocaine self-administration 

(James et al., 2011; Srinivasan et al., 2012). Conversely, intra-VTA infusions of orexin-A 
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promote responding for intravenous cocaine (España et al., 2011). Moreover, VTA orexin-A 

administration is sufficient to reinstate cocaine-seeking behavior (Harris et al., 2005; Wang et al., 

2009), while blocking VTA orexin receptors attenuates reinstatement of cocaine seeking (James 

et al., 2011). With respect to food, blocking VTA orexin receptors blunts the dramatic increase in 

food intake following pharmacological manipulations of the NAc (Zheng et al., 2007). Thus, 

modulation of VTA orexin potently influences reward-directed behaviors. 

 VTA Orexin-A is likely modulating motivated behavior through actions on VTA 

dopamine neurons. Intra-VTA orexin-A infusions are sufficient to condition a place preference, 

but fail to do so when NAc dopamine receptors are blocked (Taslimi et al., 2012). Blocking VTA 

orexin receptors attenuates the dopamine response to cocaine (España et al., 2010) and impairs 

cocaine sensitization (Borgland et al., 2006). In slice, bath application of orexin-A increases the 

firing rate of VTA dopamine neurons (Korotkova et al., 2003) and increases excitatory synaptic 

transmission in VTA dopamine neurons (Borgland et al., 2006). In vivo, VTA orexin increases 

the basal firing rate of VTA dopamine neurons and augment their sensitivity to inputs from 

prefrontal cortex (Moorman and Aston-Jones, 2010). Thus, orexin-A may regulate the intrinsic 

excitability of VTA neurons thereby increasing their sensitivity to excitatory inputs. Indeed, 

intra-VTA orexin-A increases, while intra-VTA orexin receptor antagonism decreases the 

magnitude of phasic dopamine evoked by electrical stimulation of the VTA (España et al., 2010, 

2011). Importantly, my data is the first evidence that orexin augments phasic dopamine release 

evoked by a motivationally salient event (i.e., the receipt of food reward) in awake and behaving 

animals. Moreover, I never observed a non-specific increase in dopamine release, suggesting that 

VTA orexin did not result in a general increase in dopamine neuron activity. Instead my data 

more closely resemble an increase in sensitivity to excitatory input, which is largely consistent 
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with orexin’s effects on excitatory transmission onto VTA dopamine neurons. In sum, these data 

raise the possibility that orexin influences reward-directed behaviors, including reinstatement of 

food and drug seeking by modulating phasic dopamine release to rewards and their predictors. 

Additionally, it suggests that LH ghrelin could act on VTA projecting orexin neurons and 

thereby increasing NAc dopamine release evoked by food.  

 

E. VTA orexin signaling is necessary for feeding induced by central ghrelin administration 

 Prior to my experiments, there was some evidence that food intake induced by central 

ghrelin was dependent on the orexin system. For example, ventricular or intra-LH administration 

of ghrelin induces Fos expression in LH orexin neurons (Olszewski et al., 2003b; Toshinai et al., 

2003), while ghrelin administered directly into the LH promotes food intake (Olszewski et al., 

2003b). Orexin activity appears to be critical for central ghrelin to augment feeding. Injecting 

antibodies against orexin-A and B attenuate food intake induced by central ghrelin and orexin 

knockout mice consume less food than wild type littermates following central ghrelin 

administration (Toshinai et al., 2003). However, globally interfering with the orexin system 

impairs sleep-wake regulation (Adamantidis and de Lecea, 2009). Thus, impairments in ghrelin-

induced feeding could have resulted from differences in the amount time the animals were awake 

during the test session. My data further suggests that ghrelin augments feeding by acting on LH 

orexin neurons. Moreover, my results highlight VTA orexin receptors as key mediators of 

ghrelin’s effects on food intake. Notably, the compound used in this study (SB 334,867) is 50 

fold more selective for the Orexin-1 receptor compared to the Orexin-2 receptor. Thus, it is 

possible that Orexin-1 receptor signaling in the VTA is more critical than the Orexin-2 receptors. 
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Future studies will need to examine feeding related effects of VTA orexin receptor blockade 

more thoroughly as selective orexin receptor antagonists become available. 

 Importantly, these data suggest a potential mechanism underlying the ability of central 

ghrelin manipulations to augment phasic dopamine release. First, I observed increases in phasic 

dopamine release following both LV and LH ghrelin administration. Next, I recapitulated the 

results of LV and LH ghrelin with intra-VTA infusions of orexin-A. Here I show that VTA 

orexin receptors are required for LV ghrelin to promote feeding. Thus, ghrelin may be exciting 

LH orexin neurons, thereby increasing VTA orexin release to alter VTA dopamine neuron 

excitability. However, further experiments are required to determine the precise mechanisms 

underlying the ability of central ghrelin to augment phasic dopamine release.  

 

F. Endogenous signaling related to physiological state augments phasic dopamine release 

evoked by food reward 

  My data indicate that ghrelin can influence phasic dopamine release. Notwithstanding, 

all of the effects I measured were in response to exogenous pharmacological challenges. Thus, it 

was unclear whether endogenous signaling related to physiological state would result in 

measurable differences in phasic dopamine release. I addressed this question by comparing the 

magnitude of phasic dopamine release evoked by food for all animals that were food-restricted 

(GHRP experiments) to all ad libitum fed animals (LV, LH, and VTA ghrelin experiments) for 

all trials that occurred before mid-session pharmacological manipulations. This analysis revealed 

that the magnitude of dopamine release evoked by food was significantly greater in food-

restricted animals, thus establishing that natural fluctuations in physiological state are encoded 

by phasic dopamine release. Given that plasma ghrelin levels increase in response to food-
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restriction (Tschöp et al., 2000; Cummings et al., 2004), these data further support the possibility 

that endogenous fluctuations in ghrelin interact with the mesolimbic system to augment phasic 

dopamine signaling evoked by food.  

 Prior to my experiments, microdialysis studies revealed that food intake increased 

dopamine levels in the NAc over many minutes, and the magnitude of the response was 

modulated by physiological state (Taber and Fibiger, 1997; Wilson et al., 1995; Ahn and 

Phillips, 1999; Bassareo and Di Chiara, 1999). More recently, food-restriction was shown to 

increase burst firing of dopamine neurons in anesthetized mice, suggesting that physiological 

state may alter phasic dopamine signaling (Branch et al., 2013). However, whether or not 

physiological state influenced burst firing of dopamine neurons in awake-behaving animals was 

unknown. These data demonstrate that in addition to altering long term changes in NAc 

dopamine evoked in response to feeding, endogenous signals related to physiological state also 

influence brief, phasic dopamine spikes evoked by food. Phasic dopamine spikes play a critical 

role in aspects of reinforcement, learning, and motivation. Therefore, regulation of food-evoked 

phasic dopamine release by physiological state may be one way in which hunger influences 

aspects of reward-directed behavior. Moreover, given that ad libitum fed rats exhibited smaller 

dopamine spikes than hungry rats, future studies should probe whether satiety signals also 

regulate phasic dopamine release. 

 

G. Central ghrelin increases phasic mesolimbic signaling evoked by food-predictive cues 

  The ability of environmental cues to promote food intake is attenuated by interference 

with NAc dopamine receptors or inactivation of the NAc (Floresco et al., 2008; Lex and Hauber, 

2008; Guy et al., 2011). In addition, cue-elicited food seeking is attenuated by satiety (Corbit et 
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al., 2007) as well as ghrelin receptor antagonism (Walker et al., 2012). Moreover, the BOLD 

response to food cues is diminished following satiety (Dimitropoulos et al., 2012), but the 

precise neural mechanisms involved were unknown. Similar results have been obtained in 

studies of drug self-administration. Food-restriction alters the ability of drug-paired cues to 

promote reinstatement (D’Cunha et al., 2013) and this effect requires NAc D1Rs (Tobin et al., 

2013). Importantly, serum ghrelin levels are correlated with drug-seeking induced by cocaine 

cues (Tessari et al., 2007). Taken together, these data strongly suggest that physiological state 

‘gates’ the ability of reward-paired cues to promote behavior through actions in the mesolimbic 

system. However, the mechanisms underlying the relationship between physiological state and 

cue-driven behavior remained unknown. My results strongly support the idea that by increasing 

ghrelin secretion, hunger potentiates the response of mesolimbic circuitry to motivationally 

salient cues thereby increasing the probability those cues can invigorate reward-seeking 

behaviors. These data have big implications for both food and drug seeking as it highlights a 

potential therapeutic target for preventing maladaptive behavior. 

 While I recorded from neurons in both the NAc core and shell, I did not compare effects 

across sub-regions. However, combining data across core and shell should not affect the 

interpretation of the results. Pharmacological evidence supports a role for NAc core in 

coordinating goal-directed behaviors, while the shell may suppress task-irrelevant behaviors 

(Floresco et al., 2008; Blaiss and Janak, 2009). Functional differences between NAc core and 

shell are supported by electrophysiological data. NAc core neurons respond in greater numbers 

and with larger increases in activity to a reward-paired cue, whereas more shell neurons respond 

to an unrewarded cue (Ambroggi et al., 2011). Inactivating vmPFC increases NAc shell activity 

evoked by an unrewarded cue and behavioral responding to the unrewarded stimulus 
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(Ghazizadeh et al., 2012). While there are differences in how the core and shell respond to 

rewarded versus unrewarded stimuli, the magnitude of NAc spiking evoked by a reward-paired 

cue has been directly linked to the subsequent intensity of approach behaviors (e.g., speed, 

latency). Critically, the link between approach behavior and NAc spiking evoked by the 

rewarded cue held when either the core or shell were considered separately (McGinty et al., 

2013). Taken together, these studies suggest that increasing the NAc response to a CS+ in either 

the core or shell, without altering the NAc response to a neutral cue, should facilitate goal-

directed behavior. 

 

H. Implications for obesity 

 In natural foraging environments, regulation of cue and food evoked mesolimbic signals 

by physiological state would be highly adaptive. This would ensure that in times of caloric need, 

food consumption would be more effective at reinforcing the specific behaviors that led to the 

receipt of food. Modulation of cue-evoked mesolimbic signals could facilitate associations 

between food and stimuli that predict food availability, thus helping an organism more 

effectively find food in the future. In addition, by regulating cue-evoked signaling to previously 

learned cues, environmental cues would more effectively promote food seeking. In environments 

with scarce resources, these processes would help ensure survival by increasing an organism’s 

ability to extract nutrients from the environment. However, in an obesogenic environment, where 

energy dense foods and associated stimuli are already capable of promoting intake in the absence 

of caloric need, the ability of hunger to increase the magnitude of mesolimbic signaling could 

lead to hypersensitivity and therefore promote over consumption.  
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 Phasic dopamine signaling evoked in response to both food and food-predictive cues is 

sensitive to both caloric content, (Beeler et al., 2012; McCutcheon et al., 2012a) and the 

magnitude of reward (Tobler et al., 2005; Gan et al., 2010). Moreover, the magnitude of phasic 

dopamine release is correlated with the intensity of food-seeking actions (Wassum et al. 2012; 

Wassum et al. 2013). Thus, it is possible that densely caloric foods bias food choice behavior by 

evoking greater dopamine release than less caloric options. Importantly, youth at risk for obesity 

show greater striatal activation to receipt of rewarding food (Stice et al., 2011), while greater 

striatal responses to images of food are associated with future weight gain (Stice et al., 2010b). 

Thus, increased striatal responses to food as well as food cues are likely related to 

overconsumption. When considered in conjunction with the effects of ghrelin reported here, it is 

possible that increased responsivity to calorically dense foods could be further exacerbated when 

ghrelin levels are high and therefore promote overconsumption.  

 Overconsumption and the subsequent development of obesity compromise multiple 

aspects of striatal dopamine signaling. Data from both humans and rodents demonstrate that 

obesity results in the down-regulation of striatal D2R expression (Huang et al., 2006; Wang et 

al., 2009b; Johnson and Kenny, 2010). Importantly, the loss of D2Rs may contribute to the 

development of habitual-like feeding behavior (Johnson and Kenny, 2010). Obesity also impairs 

aspects of dopamine release. Rats bred for susceptibility to obesity and rats who have developed 

obesity exhibit widespread deficits in dopamine release in multiple dopamine terminal regions, 

including the NAc (Geiger et al., 2008, 2009). The dietary effects on dopamine release are 

probably due to reductions in dopamine synthesis as high fat diet consumption decreases TH 

expression (Li et al., 2009; Vucetic et al., 2012). Behaviorally, consumption of a high fat diet 

impairs the locomotor potentiating effects of amphetamine, which is dopamine dependent (Davis 
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et al., 2008; Speed et al., 2011). In addition to ‘online’ changes that occur during the onset and 

establishment of obesity, dietary insults during development can also have widespread and long 

lasting effects on aspects of dopamine signaling. Early life exposure to a high fat diet causes 

long-term alterations in biochemical markers of NAc dopamine signaling that last long after 

cessation of high fat diet consumption (Teegarden et al., 2009). Interestingly, offspring born to a 

mother who consumed a high fat diet exhibit alterations in TH and D2R expression that last after 

weaning (Vucetic et al., 2010). Thus, exposure to high fat diet throughout the life span can 

impair aspects of dopamine release, dopamine synthesis, and dopamine receptor expression. 

Given the role of the mesolimbic dopamine in motivation and reward-directed behaviors, these 

insults could contribute to excessive intake and reduced energy expenditure in obese individuals. 

 There is also considerable support for dietary effects on the DAT. Simply consuming a 

high fat diet can decrease DAT protein levels and DAT function in the ventral striatum, 

independent of the development of obesity (Cone et al., 2013). A similar deficit in reuptake and 

DAT trafficking has been observed following the development of an obese phenotype (Speed et 

al., 2011). This study found that obesity resulted in dysregulation of Akt signaling which 

impaired DAT trafficking into the plasma membrane (Speed et al., 2011). The deficits in DAT 

trafficking and Akt signaling reported are most likely due to insulin resistance specifically within 

dopamine neurons. Akt is phosphorylated following insulin receptor activation, and similar 

deficits in dopamine reuptake are observed following the development of peripheral insulin 

resistance after prolonged exposure to a high-fat diet (Morris et al., 2011). Insulin receptors are 

expressed in the VTA (Figlewicz et al., 2003) and bath application of insulin onto VTA slices 

augments DAT trafficking and dopamine reuptake (Mebel et al., 2012). Critically, restoring Akt 

signaling by virally increasing VTA insulin receptor expression rescues DAT impairments and 
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reduces hyperphagia (Speed et al., 2011). Thus, once an obese phenotype is established, 

insensitivity to peripheral hormones and their ability to regulate food intake may engage a feed-

forward process that perpetuates further intake.  

 There is also evidence that obesity effects how the mesolimbic system responds 

specifically to food and food related cues. Satiety normally reduces the response to food cues in 

the human caudate, but this effect is absent in obese individuals (Dimitropoulos et al., 2012). 

Thus, the obese may be incapable of regulating their sensitivity to food cues, which could 

promote further intake. Moreover, weight gain over a 6-month period is associated with an 

attenuated striatal response to the receipt of palatable food compared to weight stable individuals 

(Stice et al., 2010a), suggesting that body weight status modulates food-evoked mesolimbic 

signaling. Taken together, at a broad level (e.g., fMRI), the mesolimbic response to food and 

related cues and their sensitivity to physiological state appear to be compromised in obesity. 

Discovering how these insults occur, and how they contribute to the maintenance of obesity 

should be the topic of future studies. 

 Overall, the data from human and rodent subjects supports the idea that the development 

of obesity correlates with the development of dopamine hypofunction. Suppressing striatal 

dopamine synthesis or blocking NAc dopamine receptors both impair motivation for food 

(Szczypka et al., 2001; Salamone and Correa 2012), while elevating striatal dopamine increases 

motivation (Beeler et al., 2010). These results, along with many others, have led to the 

hypothesis that modulating dopamine levels may differentiate between exploit versus exploratory 

foraging strategies (Beeler, 2012). That is, low levels of dopamine favor reduced effort and 

consumption of low-cost options whereas higher levels of dopamine facilitate high-effort 

exploratory options. In an obesogenic society, minimal effort is required to obtain and consume 
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unhealthy food. Notably, the perceived, but not actual, distance between one’s home and a 

supermarket is closely associated with reduced intake of healthy food (Caspi et al., 2012). That 

is, those who believe that more effort is required to consume healthy food are less likely to eat 

healthy. Moreover, living near grocery stores lowers obesity risk (Morland et al., 2006). I 

hypothesize that this relationship stems from the effort needed to travel to access healthy food. 

Otherwise, the perception of high cost (increased travel and preparation time) can bias food 

choices towards low-cost unhealthy options. Given the role of dopamine in effort related 

responding for food, obesity-related insults to the dopamine system may further bias food 

choices toward low-effort, high calorie options thereby perpetuating the prevalence of the 

disorder. 
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