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Summary 

 

Neuronal Circuits and Reinforcement  

Mechanisms Underlying Feeding Behaviour 

 

By Zhen Fang Huang Cao 

 

Animal survival depends on the brain’s ability to detect the energetic state of 

the body and to alter behaviour in order to maintain homeostasis. Current research 

in the control of food consumption stresses the importance of identifying and 

establishing the specific roles of homeostatic neurons, which sense the body’s 

energetic state and elicit complex and flexible food seeking behaviours. Recent 

developments in optogenetics, molecular genetics, and anatomical techniques have 

made these investigations possible at the resolution of specific cell types and 

circuits. These neurons are of particular interest because they serve as key entry 

points to the identification of downstream circuits and reinforcement mechanisms 

that control feeding behaviour. This dissertation probes the role of two kinds of 

homeostatic neurons— agouti-related peptide (AGRP) in the arcuate nucleus (ARC) 

and leptin receptor (LepRb) neurons in the lateral hypothalamic area (LHA)—in the 

control of food intake. 

First, I examined the role of LepRb neurons in the LHA in feeding. Results 

from electrophysiological studies indicate that these neurons consist of a 

subpopulation of homeostatic sensing LHA γ-aminobutyric acid (GABA) expressing 

neurons. In addition to their response to leptin, these neurons are capable of 

modulating their activity in response to changes in glucose levels, further 

substantiating their role as homeostatic sensing neurons. Behavioural studies using 

optogenetic activation of these neurons show that their elevated activity is capable of 

reducing body weight, although their role in modulating feeding remains unclear.   

Second, I investigated the reinforcement mechanisms employed by AGRP 

neurons to elicit voracious food consumption and increased willingness to work for 

food. Conditioned place avoidance studies under optogenetic activation of AGRP 
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neurons reveal that their increased activity has negative valence and is avoided. In 

addition, imposition of elevated AGRP neuron activity in an operant task reduced 

instrumental food seeking with particular sensitivity under high effort requirements. 

Taken together, these results suggest that AGRP neurons employ a negative 

reinforcement teaching signal to direct action selection during food seeking and 

consumption. 

Third, I systematically analyzed the contribution of specific AGRP neuron 

projection subpopulations in AGRP neuron mediated evoked-feeding behaviour. 

Optogenetic activation studies of AGRP neuron axons in downstream projection 

regions indicate that several, but not all, subpopulations are capable of 

independently evoke food consumption. This work reveals a parallel and redundant 

functional circuit organization for AGRP neurons in the control of food intake. 

Interestingly, all AGRP neuron subpopulations examined displayed similar 

modulation by states of energy deficit and signals of starvation, despite their 

apparent divergence in function.  

As a whole, this dissertation extends our understanding of the role of 

homeostatic neurons in food consumption and uncovers previously unappreciated 

functional organization and reinforcement mechanisms employed by neuronal 

circuits that control feeding behaviour. 
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1.1 Introduction  

A long standing goal of neuroscience is to understand how the brain directs 

the output of behaviours essential for survival, in particular, the relationship between 

brain function and need states such as hunger. Extensive research on the regulation 

of food intake has revealed that feeding behaviour is regulated by many brain 

regions, neuropeptides, and neurotransmitters (Bray 2000, Coll et al. 2007, Gao & 

Horvath 2007, 2008, Morton et al. 2014, Ramos et al. 2005, Sohn et al. 2013, 

Valassi et al. 2008). Recent studies in this area indicate that appetite can be 

controlled by multiple molecularly defined neuron populations. These neurons are 

known as homeostatic interoceptive neurons, as they are capable of integrating 

peripheral signals of energy status and visceral state in order to coordinate or 

suppress behavioural responses to seek and consume food (Gao & Horvath 2007, 

Sternson 2013). The identification of underlying neuronal cell-types that drive food 

intake remains an area of intense investigation, and it is unclear what downstream 

circuits of these neurons are important in regulating feeding, and how different 

circuits and peptides might interact with each other in hunger to direct flexible food-

seeking and consumption behaviours. Furthermore, the flexibility of behaviours 

employed by animals to seek and consume food are believed to be under the 

influence of motivational mechanisms (Berridge 2004, Bindra 1976, Dickinson 2002, 

Hull 1943, Schultz 2006), but the exact processes homeostatic neurons employ to 

direct action selection in hunger remain poorly understood (Berridge 2004, Sternson 

et al. 2013). In this chapter, I begin with a short historical review on feeding 

behaviour research and proceed to discuss the technological advancements leading 

to the current understanding and research focus in the field. Following this, I 

delineate three major questions arising from recent studies that this dissertation 

seeks to address, and finish with a brief summary of the aims of this dissertation.  

 

1.2 Homeostasis and feeding behaviour  

The concept of an internal regulatory mechanism of the body for survival was 

first described by Claude Bernard in 1859. Bernard described an internal 

environment of the body, consisting largely of body fluids. In mammals, the 

properties of this internal environment usually vary within fixed ranges, and any 
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deviations outside of these limits jeopardize survival (Bernard 1859). Later on, 

through a long series of experiments, Walter Cannon would confirm and expand on 

Bernard’s original hypothesis (Cannon 1932). Cannon termed the regulation of this 

internal environment homeostasis. He states: 

 “The constant conditions which are maintained in the body might be termed 
equilibria. That word, however, has come to have a fairly exact meaning as 
applied to relatively simple physic-chemical states, in closed systems, 
where known forces are balanced. The coordinated physiological 
processes which maintain most of the steady state in the organism are so 
complex and so peculiar to living beings—involving, as they may, the brain 
and nerves, the heart, lungs, kidney, and spleen, all working 
cooperatively—that I have suggested a special designation for these 
states, homeostasis. The word does not imply something set and immobile, 
a stagnation. It means a condition—a condition which may vary, but which 
is relatively constant.”  

 
Bernard and Cannon’s work focused almost entirely on the physiological and 

chemical regulators of the internal environment. For example, when animals are 

placed in a cold external environment, body temperature is maintained by reducing 

the loss of heat through the decreased activity of sweat glands and constriction of 

peripheral blood vessels, and increased body heat is produced by burning of stored 

fat and shivering (Cannon 1932).  In contrast, Curt Richter’s body of work described 

the concept of behaviour regulators, and their ability to maintain a constant internal 

environment (Richter 1943). He indicates: 

 “The existence of such behaviour regulators was first established by the 
results of experiments in which it was found that after elimination of the 
physiological regulators, the animals themselves made an effort to maintain 
a constant internal environment or homeostasis.” 

 
Animals, for instance, will build nests that vary in size with changing external 

temperatures, in order to maintain adequate body temperatures (Richter 1943). 

Moreover, animals in which the pituitary gland has been removed display an inability 

to produce adequate amounts of body heat and die after 35 days. However, if 

provided with nest building paper, these animals will build much larger nests than 

normal animals, in an effort to regulate their body temperature (Richter 1943). 

Hence, in the absence of physiological regulators, homeostasis can be maintained 

through behavioural responses. Together, the concepts of homeostasis and 
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behaviour regulators have guided the study of the control of feeding behaviour and 

metabolism. Food seeking and consumption behaviours are understood to be the 

result of an animal’s effort to maintain homeostasis under states of reduced energy 

stores in the body.    

 

1.3 The emerging role of the brain in the control of feeding behaviour  

In the early part of the 1900s, the concept that eating started and stopped in 

response to body signals were mostly driven by notions of peripheral hunger 

signalling, such as gastric contractions (Cannon 1915, Cannon & Washburn 1912). 

However, human lesions from tumours (Frohlich 1901) and early lesion studies of 

the hypothalamus in rats (Anand & Brobeck 1951b, Brobeck et al. 1943, 

Hetherington & Ranson 1940, 1942)  implicated the brain in the regulation of body 

weight and food intake. Electrolytic lesions of the ventromedial nucleus of the 

hypothalamus (VMH) in rats increased their body weight and resulted in a significant 

increase in food consumption (Brobeck et al. 1943), while studies confining the 

lesions to the lateral hypothalamic area (LHA) resulted in animals that were deemed 

healthy, but did not eat (Anand & Brobeck 1951b). Studies on the activation of these 

brain areas with electrical stimulation corroborated these results. Delgado and 

Anand showed that electrical stimulation of the LHA in rats increased food intake 

(Delgado & Anand 1953). Conversely, Krasne’s electrical and chemical stimulation of 

the VMH resulted in cessation of eating, even in food deprived animals (Krasne 

1962). These results led to the proposal that the control of food intake was focused 

in the hypothalamus, and brought about the concepts of brain feeding and satiety 

centres, with the VMH as a feeding centre and the LHA as a satiety centre (Anand & 

Brobeck 1951a). Further hypothalamic brain lesion studies uncovered additional 

brain regions involved in the control of food intake, including the dorsomedial 

nucleus of the hypothalamus (DMH), the arcuate nucleus (ARC) and the 

paraventricular nucleus of the hypothalamus (PVH), and provided further evidence 

for this theory (Bellinger et al. 1986, Brecher & Waxler 1949, Epstein 1960, Leibowitz 

et al. 1981, Marshall et al. 1955, Olney 1969, Olney et al. 1971).  
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1.4 Peripheral and central nervous system regulators of food intake 

Refinement of the understanding of the brain’s control of feeding was brought 

about through pharmacological studies attempting to determine the signals 

regulating feeding and satiety centres. In order for brain regions to control energy 

homeostasis and food intake, it must know the state of body energy stores. 

Therefore, the first theories attempting to describe the regulation of feeding centres 

pointed towards circulating peripheral signals. Kennedy’s lipostatic theory proposed 

that VMH lesions decreased the effect of negative feedback of signals from adipose 

tissue, which in turn led to increased feeding (Kennedy 1950). Mayer’s glucostatic 

theory, on the other hand, proposed that glucose utilization by critical cells in the 

hypothalamus generates a signal to brain areas controlling appetite and food intake. 

When glucose utilization decreases, hunger is elicited and eating is initiated. 

Increased glucose utilization, on the other hand, terminated eating (Mayer 1953). 

Parabiotic studies, where two live animals are joined by suturing such that blood can 

pass from one animal to the other, also supported the concept of peripheral 

circulating signals of hunger and satiety (Coleman & Hummel 1969, Davis et al. 

1967, Hervey 1959). Early pharmacological studies using systemic and 

intracerebroventricular (i.c.v.) peripheral circulating factors such as glucose, insulin, 

and cholecystokinin (CCK), led to observations that the administration of these 

agents either increased or decreased food consumption (Brief & Davis 1984, Gibbs 

et al. 1973, Plata-Salaman & Oomura 1986, Smith & Epstein 1969, Strubbe & Mein 

1977, Woods et al. 1979), validating prior theories and linking the peripheral system 

with the brain in the control of food intake.  

In addition to peripheral signals, many pharmacological studies also 

attempted to determine the role of central signals in feeding. Early studies using 

intra-hypothalamic administration of neurotransmitters and synthetic agonists and 

antagonists led to observations that the administration of these agents were also 

capable of modulating food consumption behaviours (Grossman 1960, Leibowitz 

1970a, 1970b, Margules 1970). Interestingly, some studies demonstrated that 

different pharmacological agents applied to the same area could elicit different 

behaviours (Grossman 1960), or the same agent could elicit opposing feeding 

behaviours when applied to different regions in the hypothalamus (Leibowitz 1970b). 

Grossman (1960), for example, showed that infusions of adrenergic agents, 
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epinephrine or norepinephrine (NE), in the LHA resulted in increased food intake. 

Infusions of cholinergic agents, acetylcholine (ACh) or carbachol, in the same region, 

however, resulted in increased water intake (Grossman 1960). In addition, Leibowitz 

(1970b) showed that infusions of epinephrine in the LHA resulted in a slight 

reduction of feeding, while infusions in the VMH increased food intake. This was 

determined to be due to the differential stimulation of α and β adrenergic receptors in 

these regions, highlighting the importance of receptor type in the modulation of food 

intake.  Food consumption is increased through stimulation of α1 receptors in the 

VMH, while inhibition of food intake is mediated through β1 and β2 receptors 

expressed in the LHA (Leibowitz 1970b).  

Results such as those observed by Grossman and Leibowitz suggested that 

distinct neuronal populations within an area might have distinct functions. 

Concurrently, further studies on the roles of discrete hypothalamic nuclei in the 

control of food intake started to put into question the theory of feeding and satiety 

centres. Lesion studies using knife cuts, which severed projections to known feeding 

and satiety centres, led to similar results as direct lesions to these areas (Sclafani & 

Berner 1977, Sclafani et al. 1975, Sclafani & Nissenbaum 1988). For instance, 

overeating and obesity similar to those observed under bilateral parasagittal knife 

cuts in the medial hypothalamus could be induced by a unilateral parasagittal medial 

hypothalamus knife cut combined with a contralateral coronal knife cut in the 

midbrain (Sclafani & Berner 1977). Similarly, pharmacologically ablating 

dopaminergic axon tracts passing through the LHA (Ungerstedt 1971) and 

noradrenergic axons  passing through the VMH (Ahlskog & Hoebel 1973) was 

capable of recapitulating the effects observed with lesions of these areas as a whole. 

Furthermore, electrical stimulation of the LHA did not always result in feeding, but 

also other behaviours such as drinking or tail-preening (Hoebel 1971, Wise 1974). 

This led to a movement away from the concept of feeding and satiety centres to a 

more refined notion of anorexigenic (decrease food intake) vs. orexigenic (increase 

food intake) signals.  

The rise of cloning and molecular genetics techniques in the later parts of the 

20th century led to a boom of gene discoveries which identified new neuropeptides, 

along with their receptors and transcription factors. The ability to create mutant 

mouse lines with global knock-in or knock-out (KO) of specific peptides and 
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receptors brought forth the understanding of the role of these newly discovered 

neuropeptides and receptors in the control of food intake. During the turn of the 

century, feeding behaviour was believed to be under the control and modulation by 

numerous peripheral circulating signals, neurotransmitters, and neuropeptides (Bray 

2000, Coll et al. 2007, Gao & Horvath 2007, 2008) (Figure 1.1).  

Within the central nervous system, pharmacological and genetic studies have 

identified numerous peptides and neurotransmitters important in the regulation of 

food intake (Coll et al. 2007, Gao & Horvath 2007, Sohn et al. 2013, Valassi et al. 

2008). Monoaminergic neurotransmitters produced outside of the hypothalamus, 

including NE, dopamine (DA), and serotonin (5HT), have been shown to interact with 

neuropeptides and hormones in the hypothalamus to control eating behaviour 

(Halford et al. 2005, Heisler et al. 2006, Lechin et al. 2006, Leibowitz 1970b, 

Leibowitz et al. 1988, Ramos et al. 2005, Sohn et al. 2013) (Figure 1.1).  

Within the hypothalamus, studies have demonstrated that peptides expressed 

in the LHA, VMH, PVH, DMH, and ARC, are responsible in the modulation of food 

consumption and metabolism (Figure 1.1). Major roles have been attributed to three 

peptides: proopiomelanocortin (POMC), agouti-related peptide (AGRP), and 

neuropeptide-Y (NPY).  AGRP and NPY are known to be orexigenic peptides. Direct 

administration of NPY intro cerebral ventricles or the PVH resulted in robust 

increases of food intake (Clark et al. 1984, Stanley & Leibowitz 1984). Ectopic 

expression of AGRP are known to cause an obese phenotype (Klebig et al. 1995), 

and i.c.v. administration of AGRP increases body weight and food intake in ad 

libitum fed animals (Small et al. 2001). In contrast, POMC is an anorexigenic 

peptide, as mice and humans lacking POMC develop hyperphagia and obesity 

(Challis et al. 2004, Krude et al. 1998, Yaswen et al. 1999). Anatomical studies have 

shown that these peptides are expressed in neurons located in the ARC, where 

POMC and AGRP are expressed in distinct neuronal populations (POMC neurons 

and AGRP neurons, respectively) (Gee et al. 1983, Hahn et al. 1998). AGRP 

neurons also co-express NPY and γ-aminobutyric acid (GABA) (Hahn et al. 1998, 

Horvath et al. 1997). AGRP and POMC peptides have been identified as two primary 

components of the melanocortin control of food intake. The melanocortin system 

consists of melanocortin peptides and G-protein coupled melanocortin receptors 

(Gantz & Fong 2003). POMC in POMC neurons is cleaved into the melanocortin 



Chapter 1: General Introduction 

 

8 

peptide α-melanocyte-stimulating hormone (αMSH) (Gantz & Fong 2003), which in 

turn activates melanocortin 4 receptors (MC4R) to suppresses feeding (Adan et al. 

1994, Cowley et al. 2001, Fan et al. 1997). AGRP, on the other hand, is an 

endogenous antagonist of MC4R, and increases food intake through the inhibition of 

these receptors (Fan et al. 1997, Gantz & Fong 2003, Hahn et al. 1998, Lu et al. 

1994, Ollmann et al. 1997, Yang et al. 1999). Although MC4R is expressed in many 

brain regions within and outside the hypothalamus (Kishi et al. 2003), activity of 

MC4R in the PVH has been attributed to be the main pathway for the melanocortin 

system’s regulation of food consumption (Balthasar et al. 2005). NPY does not act 

directly on the melanocortin system, but exerts its orexigenic effects on NPY 

receptors (Pronchuk et al. 2002, Yulyaningsih et al. 2011). GABA, in turn, can inhibit 

αMSH release through projections from AGRP to POMC neurons (Cowley et al. 

2001, Horvath et al. 1992) (Figure 1.2). 

In the periphery, a long list of circulating peptides, secreted by peripheral 

organs, has been implicated in the modulation of appetite through their actions on 

distinct receptors in the brain, in particular the hypothalamus. This includes peptides 

secreted by the gastrointestinal tract, the pancreas, adipose tissue, the pituitary, 

thyroid and adrenal glands, as well as other circulating factors such as glucose and 

free fatty acids (Bray 2000, Coll et al. 2007) (Figure 1.1). Particular attention has 

been focused on the roles of leptin and ghrelin in the regulation of food intake. Leptin 

is released from adipose tissue in the body, representing a signal of energy stores, 

and is an anorexigenic peptide (Ahima et al. 1996, Caro et al. 1996, Considine et al. 

1996, Fruhbeck et al. 1998, Havel 1999, Seeley & Woods 2003). Nonsense 

mutations of the gene encoding leptin in ob/ob mutant mice, for example, leads to 

hyperphagia and extreme obesity (Ingalls et al. 1950, Zhang et al. 1994). Ghrelin, on 

the other hand, is an orexigenic peptide secreted from the stomach (Date et al. 2000, 

Dornonville de la Cour et al. 2001, Kojima et al. 1999), and peripheral administration 

increases food consumption (Asakawa et al. 2001, Nakazato et al. 2001, Tschop et 

al. 2000, Williams & Cummings 2005, Wren et al. 2001). However, KO of ghrelin 

does not have a substantial influence on appetite and body weight, indicating that 

this is one of many orexigenic signals that regulate food consumption (Sun et al. 

2003). Leptin and ghrelin’s modulation of the melanocortin system, through actions 

on AGRP and POMC neurons in the ARC, has been attributed to be their major 
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source of influence on feeding behaviour (Coll et al. 2007, Gao & Horvath 2007, 

2008, Oswal & Yeo 2010, van Swieten et al. 2014). Leptin activates POMC neurons 

and inhibits AGRP neuron activity, which in turn increases and decreases release of 

αMSH and AGRP respectively, to increase MC4R activation and suppress feeding 

(Adan et al. 1994, Cowley et al. 2001, Fan et al. 1997, Spanswick et al. 1997, van 

den Top et al. 2004). Ghrelin, on the other hand, increases food intake by activating 

AGRP neurons (Cowley et al. 2003, van den Top et al. 2004, Yang et al. 2011) and 

indirectly inhibiting POMC neuron activity through GABAergic projections from AGRP 

neurons (Cowley et al. 2001, Horvath et al. 1992) (Figure 1.2). Thus, the brain’s 

control of food intake involves a complex system capable of integrating numerous 

signals from the periphery with neuropeptides and neurotransmitters in multiple brain 

regions.  
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Figure 1.1 Central and peripheral signals that regulate food consumption. Food 
consumption is regulated by numerous peptides expressed in various hypothalamic 
nuclei, neurotransmitters expressed outside the hypothalamus, and peripheral 
circulating signals released from the gastrointestinal tract, pancreas, adipose tissue, 
thyroid, adrenal and pituitary glands, as well as other circulating factors. Increase in 
food intake is depicted by green upward pointing arrows, while decrease in food 
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intake is depicted by red downward pointing arrows. PVH: paraventricular nucleus of 
the hypothalamus; LHA: lateral hypothalamic area; DMH; dorsomedial nucleus of 
hypothalamus; VMH: ventromedial nucleus of hypothalamus; ARC: arcuate nucleus; 
VTA: ventral tegmental area; SNc: substantia nigra compacta; DVC: dorsal vagal 
complex; LC: locus coeruleus; DR: dorsal raphe; CRH: corticotropin-releasing 
hormone; OXT: oxytocin; TRH: thyrotrophin-releasing hormone; MCH: melanin-
concentrating hormone; OX: orexin; BDNF: brain-derived neurotrophic factor; CART: 
cocaine-and amphetamine-regulated transcript; AGRP: agouti-related peptide; NPY: 
neuropeptide-Y; GABA: γ-aminobutyric acid; POMC: proopiomelanocortin; DA: 
dopamine; NE: norepinephrine; 5HT: serotonin; PYY: peptide YY; CCK: 
cholecystokinin; GRP: gastrin-releasing peptide; GLP-1: glucagon-like peptide 1; PP: 
pancreatic polypeptide; CNTF: ciliary neurotrophic factor. 
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Figure 1.2 The melanocortin system in the control of food intake. In the ARC, 
anorexigenic POMC neurons and orexigenic AGRP neurons are intermingled. These 
neurons project to the PVH. POMC neurons release αMSH, which activates 
anorexigenic MC4R expressing neurons in the PVH to reduce food intake. In 
contrast, AGRP neurons release AGRP, which antagonizes MC4R to increase 
feeding. In addition, AGRP neurons can inhibit POMC neurons through GABAergic 
transmission. In the presence of leptin, POMC neurons are activated and AGRP 
neurons are inhibited to reduce food intake. Ghrelin, on the other hand, activates 
AGRP neurons and indirectly inhibits POMC neurons to increase food intake. Red 
lines and red box in sagittal and coronal section diagrams of the brain, respectively, 
represent position of regions depicted in the graphic. PVH: paraventricular nucleus of 
the hypothalamus; ARC: arcuate nucleus; 3V: third-ventricle; POMC: 
proopiomelanocortin; AGRP: agouti-related peptide; GABA: γ-aminobutyric acid; 
MC4R: melanocortin 4 receptor; αMSH: α-melanocyte-stimulating hormone. Design 
of this graphic was based on Figure 4 from (Barsh & Schwartz 2002), but adapted. 
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1.5 Homeostatic cell-type specific regulation of feeding  

The development of molecular genetics techniques brought forth a major push 

in the identification of signals regulating food intake. However, studies using genetic 

mouse lines with global KO of peptides or receptors made it difficult to understand 

their role within specific brain regions, as some peptides might have different 

functions in different areas of the brain. For example, ob/ob and Ay animals, also 

display other changes not directly related to food intake and metabolism, such as 

infertility (Granholm et al. 1986, Mounzih et al. 1997). This is most likely due to the 

disruption of leptin and melanocortin signalling in multiple regions of the brain in 

these animals, as leptin receptors (LepRb) and MC4Rs are expressed ubiquitously 

(Kishi et al. 2003, Leshan et al. 2006, Scott et al. 2009). More problematic, however, 

was the fact that in many studies, genetic KO of peptides known to modulate feeding 

based on pharmacological experiments did not always elicit the expected 

behavioural changes, bringing into question whether these peptides are, in fact, 

regulating food intake. The accumulation of these types of results, therefore, 

emphasized the need to understand the control of food intake through the 

investigation of the role of specific cell-types (marked by the expression of a 

particular peptide or receptor of interest) within defined brain regions.  

AGRP neurons are a prime example of a cell-type important in the regulation 

of food intake. As mentioned before, pharmacological studies had shown that i.c.v. 

administration of NPY or AGRP, which are expressed in AGRP neurons, resulted in 

increased food intake (Clark et al. 1984, Small et al. 2001). Surprisingly, mice with 

KO of the NPY or AGRP gene did not exhibit the expected hypophagia (Erickson et 

al. 1996, Qian et al. 2002). However, studies using diptheria toxin (DT) dependent 

cell-type selective and inducible ablation of AGRP neurons led to a rapid and 

significant decrease in body weight and severe hypophagia in adult mice, 

demonstrating the necessity of AGRP neurons as a whole in the maintenance of 

feeding and survival (Gropp et al. 2005, Luquet et al. 2005). This suppression of 

feeding was, surprisingly, determined to not be due to the removal of AGRP-neuron 

mediated inhibition of the melanocortin system (Wu et al. 2008). Instead, it was 

concluded  that loss of GABAergic signalling from AGRP neurons was the primary 

cause, as inactivation of GABA synthesis in AGRP neurons was capable of 

recapitulating AGRP neuron ablation induced anorexia (Wu et al. 2009).  



Chapter 1: General Introduction 

 

14 

In addition to the necessity of AGRP neurons in the maintenance of feeding 

behaviour for survival, studies have also demonstrated that these neurons are 

homeostatic neurons capable of translating signals of energetic state from the body. 

Slice recordings, for example, indicate that AGRP neurons have a significantly 

higher firing rate under states of food deprivation over sated conditions (Takahashi & 

Cone 2005, Yang et al. 2011). In addition, AGRP neurons show significant 

expression of the immediate early gene product Fos, a marker of neuronal activity 

(Bullitt 1990), under food deprivation, in contrast to sated conditions, where Fos 

expression is very low (Betley et al. 2013). Furthermore, AGRP neuron activity is 

increased both directly and synaptically by circulating signals of energy deficit, such 

as ghrelin (Cowley et al. 2003, van den Top et al. 2004, Yang et al. 2011), and are 

inhibited by signals of energy surplus, including glucose, insulin, and leptin 

(Fioramonti et al. 2007, Konner et al. 2007, van den Top et al. 2004). AGRP 

neurons, therefore, are believed to be interoceptive neurons sensitive to starvation, 

as they are capable of modulating their electrical activity in response to changes in 

the levels of hormones, metabolites, and neural signals of energy levels in the body 

(Sternson 2013). These studies demonstrate the importance of investigating feeding 

behaviour not from the perspective of the role of specific peptides and receptors 

alone, but from the role of specific homeostatic cell-type populations within brain 

regions, coupled with differential roles of distinct neurotransmitters expressed in 

these neurons. Despite the understanding that diverse neuropeptides and receptors 

are important in feeding, there is still a lack of understanding of the role of neurons 

that express these peptides as a whole in the control of food consumption 

behaviours. 

.  
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1.6 Optogenetic and chemogenetic approaches in the study of feeding 

behaviour  

The use of genetic tools to conditionally ablate cell-type specific neurons, as 

presented above, provide obvious utility in the study of feeding behaviour. However, 

perturbations of homeostatic interoceptive neurons without temporal control make it 

difficult to evaluate the exact role of these neurons in feeding behaviour. AGRP 

neuron ablation in neonatal mice with DT, for example, showed very modest effects 

on body weight loss and no hypophagia, in contrast to lesions in adult mice (Luquet 

et al. 2005). In addition, pharmacological manipulations that reversed loss of feeding 

after AGRP neuron ablation could be discontinued after ~2 weeks, at which point 

animals would continue to consume food without the treatment (Wu et al. 2009). 

Hence, compensatory mechanisms often make genetic cell-ablation methods 

unsuitable neuron manipulation techniques when phenotype evaluation must be 

performed chronically.  

The recent development of chemogenetic and optogenetic tools for fast 

neuronal activation or inhibition in intact vertebrates allows for acute cell 

manipulations while avoiding any developmental compensation effects. This has 

significantly enabled the study of homeostatic neurons and their role in feeding. 

Chemogenetic tools, the most common being the designer receptors exclusively 

activated by designer drugs (DREADD) system, allow for the quick and reversible 

manipulation of neuronal activity through the activation of synthetic receptor-ligand 

pairs. The DREADD system involves the use of engineered G-protein coupled 

receptors (GPCRs), hM3D for excitation and hM4D for inhibition, activated by the 

application of the cognate ligand clozapine-n-oxide (CNO) (Armbruster et al. 2007, 

Conklin et al. 2008, Nichols & Roth 2009, Pei et al. 2008).  Optogenetic tools allow 

ultra-fast manipulations of neuronal activity through ion channels engineered to be 

activated by different wavelengths of light. Excitation of neurons can be achieved 

through the use of the cation channel channelrhodopsin-2 (ChR2) and its variants, 

which are activated by blue light (470 nm) (Boyden et al. 2005) (Figure 1.3A). 

Optogenetic inhibition of cells is achieved using halorhodopsin (NpHR), a chloride 

channel, or Archaerhodopsin (Arch), a proton pump (Chow et al. 2010, Gradinaru et 

al. 2010, Zhang et al. 2007). Due to the use of light as the activating source for these 
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channels, optogenetic approaches further refine temporal precision of neuronal 

activity manipulations, down to milliseconds, and allows for manipulations of firing 

frequency patterns, from a single action potential up to 40 Hz (Boyden et al. 2005). 

This creates an advantage over chemogenetic tools, which requires the diffusion of 

cognate ligands and have minutes-long latency (Alexander et al. 2009).   

Many techniques are available for the expression of these channels and 

receptors. The most commonly used method consists of delivering the genes 

through the use of viral vectors and stereotaxic surgery procedures (Zhang et al. 

2010). It is common practice to fuse a fluorescent reporter protein, such as mCherry 

or tdTomato, with the channel in order to visually confirm the successful expression 

of the channels in the neurons of interest (Aponte et al. 2011, Atasoy et al. 2008). To 

render cell-type specificity, genes can be expressed under the control of a particular 

promoter of interest, in combination with the Cre-dependent flip-excision (FLEx) 

switch mechanism (Atasoy et al. 2008, Gradinaru et al. 2009, Schnutgen et al. 2003, 

Wang et al. 2007, Zhao et al. 2008). In addition, transgenic mouse lines where ChR2 

is under conditional Cre-dependent expression have been created (Madisen et al. 

2012), allowing for selective breeding with mouse lines expressing Cre under 

specific promoters of interest to achieve cell-type selective expression of ChR2 (Fig 

1.3B-C). This particular method provides greater control over the uniformity of 

expression of these channels across animals compared to viral injections, in which 

expression levels are much more variable. 

Optogenetic and chemogenetic tools, therefore, allow for neuronal activity 

manipulations in vivo to help elucidate the relationship between changes in neuronal 

activity patterns and behaviour. For DREADDs, CNO can be delivered through 

intraperitoneal (i.p.) injections or intracranially through implanted cannulas 

(Alexander et al. 2009, Atasoy et al. 2012, Krashes et al. 2011, Stachniak et al. 

2014). Light delivery for optogenetic activation or inhibition in vivo is achieved 

through the implantation of optic fibres in brain regions of interest (Zhang et al. 

2010). In addition, ChR2 assisted circuit mapping (CRACM) techniques facilitate the 

systematic interrogation of functional synaptic connectivity of cell-type specific 

neurons (Petreanu et al. 2007). Prior methods for determining synaptic connectivity 

included the reconstruction of axonal and dendritic arbours (Binzegger et al. 2004, 

Gilbert 1983) as well as the use of paired recordings (Holmgren et al. 2003, 
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Thomson et al. 2002). However, reconstruction studies are not capable of 

determining cell-type specificity nor the strength of functional connections. Paired 

recordings methods, although capable of estimating connection probabilities, cannot 

be used to determine long-range synaptic connections, as cells bodies are severed 

from axons during the preparation of brain slices. Since ChR2 is expressed in both 

cell bodies as well as projections, it is possible to excite severed axons of a defined 

cell type and record responses in postsynaptic cells in structures far apart from the 

original location of the cell bodies (Atasoy et al. 2008, Atasoy et al. 2012, Petreanu 

et al. 2007) (Figure 1.3D-E). Additionally, synaptic transmission studies using paired 

recordings can activate nearby cells and axon fibres, creating artefacts. Since 

photoactivation of presynaptic axons can induce neurotransmitter release, the use of 

specific channel or receptor blockers in combination with photoactivation can help 

determine the neurotransmitters responsible for the observed postsynaptic effect 

(Atasoy et al. 2012, Bass et al. 2010, Schoenenberger et al. 2011, Schone et al. 

2012, Stuber et al. 2010, Tecuapetla et al. 2010). Therefore the combination of use 

of the Cre-Lox system, retrograde and anterograde viral vectors, and spatial 

targeting of viral delivery or channel/receptor activating agents (CNO or light), allows 

for highly specific neuronal manipulations to further the understanding of the 

relationship between the activity of cell-type specific neurons, its functional synaptic 

circuitry, and feeding behaviour.  
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Figure 1.3 Optogenetic approaches for the study of neuronal circuits 
controlling feeding behaviour. (A) ChR2 is a photosensitive transmembrane cation 
channel. (i) In the absence of light, the channel remains closed. (ii) In the presence 
of blue light of 470 nm wavelength, the channel opens and allows influx of cations, 
with particular preference for Na+. (iii) Under a pulsed-light (blue bars) protocol, 
ChR2-expressing neurons are depolarized and action potentials are triggered with 
millisecond precision, releasing neurotransmitters. (B) Viral vector constructs using a 
Cre-dependent FLEx switch recombination mechanism includes a promoter, such as 
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the synthetic promoter CAG, and an inverted ChR2 and fluorescent marker gene, 
such as tdTomato (red box), double-floxed by two orthogonal lox recognition 
sequences, such as loxP and lox2272. In the presence of Cre, the ChR2-tdTomato 
sequence is inverted and lox sites are excised to allow for stable expression of the 
gene. (C) Cell-type specific expression of ChR2 can be achieved using two common 
methods. (i) Viral vector delivery method involves the targeted injection of a viral 
vector containing the ChR2 expressing construct into the desired brain region of a 
transgenic mouse expressing Cre in desired neurons. For ChR2 expression in AGRP 
neurons, viral vector is delivered into the ARC of AGRPCre mice, which express Cre 
under the AGRP promoter. (ii) Expression can also be achieved through genetic 
crossings between transgenic Cre-expressing mouse lines, such as AGRPCre, and 
constitutive ChR2-expressing mouse lines, such as Ai32, which expresses ChR2 
fused to an enhanced yellow fluorescent protein (EYFP, yellow box) in the presence 
of Cre. (D) Schematics for CRACM approach for circuit mapping. (i) In vitro 
stimulation for CRACM studies can be achieved by delivering light through a 
microscope objective to the desired region. (ii) For short-range synaptic connectivity 
studies between molecularly defined neurons, pulsed-light delivery activates ChR2 
expressing neurons to release neurotransmitters, eliciting post-synaptic potentials in 
patch-clamped post-synaptic neurons. (iii) Light delivery is also capable of activating 
ChR2-expressing axons severed from cell bodies for long-range synaptic 
connectivity studies. (E) Schematics for in vivo optogenetic studies. (i) For in vivo 
light stimulation, an optic fibre is implanted in the brain for light delivery from a laser. 
(ii) The optic fibre can be targeted to the brain region containing ChR2-expressing 
neurons for somatic stimulation, or (iii) to brain regions containing ChR2-expressing 
neuron axons, for projection specific stimulation. ChR2: channelrhodopsin-2; ARC: 
arcuate nucleus; PVH: paraventricular nucleus of the hypothalamus; aBNST: anterior 
subdivisions of the bed nucleus of stria terminalis; AGRP: agouti-related peptide; 
EYFP: enhanced yellow fluorescent protein; CRACM: channelrhodopsin-assisted 
circuit mapping. 
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1.7 The control of food intake through extended feeding circuits  

Recently, chemogenetic and optogenetic tools have enabled the examination 

of the sufficiency of AGRP neurons to elicit feeding behaviour, and unravelled an 

AGRP neuron mediated circuit for the control of feeding. AGRP neuron activation 

using hM3D led to an increase in food consumption as well as motivation to work for 

food in well-fed mice, while inhibition with hM4D resulted in significant reduction in 

food intake during the dark period (Krashes et al. 2011).  Activation of AGRP 

neurons using ChR2 elicited voracious food consumption in well-fed mice within 

minutes of photostimulation onset, eating as much as 24 hr food deprived mice in 

daylight hours, when food consumption is usually very low (Aponte et al. 2011). The 

magnitude and duration of the feeding responses were dependent on AGRP neuron 

activity levels, as food consumption levels increased while latencies to initiate 

feeding decreased with increased number of photoexcitable neurons and stimulation 

frequency, and ongoing photostimulation was required for sustained food 

consumption (Aponte et al. 2011). These results conclusively established a causal 

role for these neurons in the control of food intake. In addition to increasing food 

consumption, photoactivation of AGRP neurons also increased an animal’s 

motivation to work for food in operant tasks (Atasoy et al. 2012, Krashes et al. 2011). 

Therefore, homeostatic neurons can play a role in engaging motivational 

mechanisms to direct food seeking and consumption, which is not a role generally 

attributed to the hypothalamus.  

Melanocortin systems has been held as one of the main models for the 

control of food intake, where AGRP neurons are believed to exert its orexigenic 

effects through the suppression of melanocortin signalling by anorexigenic POMC 

neurons, as well as through direct inhibition of PVH neurons through MC4R (Coll et 

al. 2007, Gao & Horvath 2007, 2008). Prior studies using CRACM had demonstrated 

that both AGRP neurons and POMC neurons were functionally connected to PVH 

neurons (Atasoy et al. 2008). However, as with AGRP neuron ablation studies, 

AGRP neuron evoked-feeding was found not to be mediated by the inhibition of 

melanocortin receptors, since photoactivation of AGRP neurons in Ay animals, which 

have elevated levels of AGRP and constitutively blocks MC4R receptors (Miller et al. 

1993), still displayed evoked feeding behaviours  (Aponte et al. 2011).  In vitro 

interrogations of the functional connectivity of AGRP neurons in the ARC using 
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CRACM, where whole-cell patch clamp recordings of fluorescently labelled POMC 

neurons were coupled with optogenetic activation of ChR2 expressing AGRP 

neurons, demonstrated that AGRP neurons inhibit POMC neurons through 

GABAergic transmission (Atasoy et al. 2012). However, in vivo evaluation of this 

synaptically functional circuit and its role in AGRP neuron evoked food consumption 

indicated that this circuit is involved in long-term (hours to days) but not short term 

(minutes to hours) regulation of appetite. Simultaneous optogenetic activation of 

AGRP and POMC neurons was performed in vivo such that AGRP neuron inhibition 

of POMC would be overridden by ChR2 activation of POMC neurons. This, however, 

did not eliminate nor diminish evoked food intake (Atasoy et al. 2012). Direct 

activation of POMC neurons, however, did reduce food intake overnight, but not 

acutely (Aponte et al. 2011). Therefore, these results suggested that the 

melanocortin pathway regulates long-term food intake, while acute evoked feeding 

was mediated through other AGRP neuron circuits. 

Outside of the ARC, AGRP neurons project to many hypothalamic and extra-

hypothalamic brain regions (Betley et al. 2013, Haskell-Luevano et al. 1999). In vitro 

interrogation of long-range AGRP circuits to two areas known to be important for 

feeding, the PVH and the parabrachial nucleus (PBN), demonstrated the presence of 

GABA-mediated inhibitory functional connections between AGRP neurons and 

postsynaptic neurons in these regions  (Atasoy et al. 2012). In vivo interrogation of 

the function of these diverging circuits in evoked-feeding behaviour using region 

specific AGRP neuron axonal photoactivation showed that activation of 

ARCAGRP
PVH elicited feeding. A combination of optogenetic and pharmacological 

techniques indicated that the ARCAGRP
PVH circuit evoked feeding by inhibition 

through both GABA and NPY signalling. In addition, chemogenetic inhibition of PVH 

neurons expressing the single-minded homolog 1 protein (SIM1) was capable of 

recapitulating both the increase in food intake as well as the increase in lever 

pressing behaviour observed under AGRP neuron photostimulation, indicating SIM1 

neurons in the PVH were the downstream targets of AGRP neurons mediating 

ARCAGRP
PVH circuit evoked food consumption (Atasoy et al. 2012). Further 

studies interrogating the downstream circuits from the PVH important in the 

regulation of acute food consumption identified the ventrolateral periaqueductal grey 

(PAGvl) and the dorsal raphe (DR) as the third-order node. Chemogenetic silencing 



Chapter 1: General Introduction 

 

22 

of PVHSIM1 neuron projections to the PAGvl/DR region was demonstrated to be 

sufficient to elicit evoked food consumption in a similar fashion as activation of 

AGRP neurons and inhibition of PVHSIM1 neurons (Stachniak et al. 2014) (Figure 

1.4).   

Interestingly, photoactivation of ARCAGRP
PBN axons did not elicit an evoked 

feeding response. Studies attempting to establish the circuits regulating the 

observed anorexic phenotype after AGRP neuron ablation, however, determined that 

the removal of inhibition in the PBN was the underlying cause of the hypophagia, as 

administration of GABA receptor agonists directly into the PBN rescued the anorexia 

phenotype (Wu et al. 2009). In a series of elegant studies, Palmitter’s group found 

that serotonergic inputs from the raphe magnus (RMg) and raphe obscurus (ROb) to 

the nucleus of the solitary tract (NTS) increase glutamatergic output of this region. In 

turn, this increases glutamatergic output from the PBN, which results in mimicking of 

gastrointestinal malaise to suppress feeding (Wu et al. 2012). AGRP neuron's 

inhibitory inputs to the PBN, therefore, are thought to promote normal food 

consumption by suppressing gastrointestinal malaise (Wu et al. 2012). This circuit 

was deemed the primary cause for the anorexia phenotype observed in AGRP 

neuron ablated mice. Recent studies using chemogenetic and optogenetic 

techniques for acute cell-type selective activation and inhibition further demonstrated 

that excitatory output of the PBN is mediated by calcitonin-gene related peptide 

(CGRP) expressing neurons, which in turn excite protein kinase C-δ (PKC-δ) 

expressing neurons in the central nucleus of the amygdala (CEA) to inhibit food 

intake (Cai et al. 2014, Carter et al. 2013). PKC-δ neurons were found to exert their 

anorexigenic influence on feeding through intra-CEA inhibition (Cai et al. 2014) 

(Figure 1.4). This set of studies, therefore, exemplifies how the use of chemogenetic 

and optogenetic tools can be applied to unravel circuits for feeding. Of particular 

note, they underscore the utility of employing homeostatic neurons as entry points 

and their projections as blueprints to uncover downstream nodes for the systematic 

mapping of brain feeding circuits. Additionaly, these results reveal the divergence in 

roles of downstream circuits of homeostatic neurons in the control of feeding 

behaviour, highlighting the importance of studying feeding through the systematic 

interrogation of distinct downstream projections of homeostatic neurons and 

extended brain circuits.  
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Fig 1.4 AGRP neuron modulated neural circuits for feeding and anorexia. 
POMC neurons in the ARC activate MC4R neurons in the PVH to reduce long-term 
food consumption. AGRP neurons inhibit MC4R and POMC neurons to increase 
long-term food intake. In addition, AGRP neurons inhibit PVHSIM1 neurons projecting 
to the PAG/DR regions to elicit acute feeding. Food intake is suppressed by a 
visceral malaise circuit where 5HT released from 5HT neurons in the RMg/ROb 
region activate 5HT3R receptor neurons in the NTS. These in turn activate 
glutamatergic neurons in the PBN to increase excitatory output from the PBN and 
inhibit food intake. The activity of this circuit is constrained by inhibitory inputs to the 
PBN from AGRP neurons in the ARC to allow for normal feeding. Excitatory output of 

the PBN is mediated by CGRP neurons, which activates PKC-δ expressing neurons 

in the CEA. PKC-δ neurons reduce food intake by inhibition of other neurons within 

the CEA. Red box in sagittal brain section diagram represents area depicted in this 
graphic. ARC: arcuate nucleus; CEA: central nucleus of the amygdala; PBN: 
parabrachial nucleus; NTS: nucleus of the solitary tract; RMg: raphe magnus 
nucleus; ROb: raphe obscurus nucleus; PVH: paraventricular nucleus of the 
hypothalamus; PAG: periaqueductal grey; DR: dorsal raphe; AGRP: agouti-related 
peptide; Glu: glutamate; 5HT: serotonin; 5HT3R: serotonin 3 receptor; CGRP: 

calcitonin gene related peptide; PKC-δ : protein kinase C-δ, POMC: 

proopiomelanocortin; MC4R: melanocortin 4 receptor; SIM1: single-minded homolog 
1 protein. 
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1.8 Outstanding questions in the study of feeding behaviour 

The understanding of feeding through the view of cell-type specific control of 

feeding as well as the rising importance of the control of feeding through organized 

circuitry in the brain brings forth three outstanding questions in the field: 1) the 

identification and understanding of the role of other putative homeostatic neurons 

and their circuits in the control of feeding behaviour; 2) the motivational properties 

engaged by homeostatic neurons to drive food seeking and food consumption, and 

3) the role of divergent projections and downstream circuits of homeostatic neurons 

in the control of feeding behaviour.  

 

1.8.1 Identification of homeostatic neurons and their circuits for the control of 

food intake 

Studies on the role of AGRP neurons in feeding by different groups highlight 

the importance of identifying homeostatic interoceptive neurons for the study of the 

control of food consumption. Despite the understanding that diverse neuropeptides 

and receptors are important in feeding, there has been a lack of understanding of the 

role of neurons that express these peptides as a whole in the control of food 

consumption behaviours. Of particular interest are LepRb expressing neurons. 

Although there is significant evidence of the importance of leptin signalling in the 

brain for the modulation of feeding behaviour (Coll et al. 2007, Figlewicz & Benoit 

2009, Gao & Horvath 2007, 2008, Oswal & Yeo 2010, van Swieten et al. 2014), 

leptin has also been implicated in the control of other processes, such as 

reproduction, stress, learning and memory, and bone density regulation, to name a 

few (Elias 2014, Irving & Harvey 2014, Quiros-Gonzalez & Yadav 2014, Xu 2014). 

The issue arises from the fact that LepRbs are expressed ubiquitously in the brain 

(Leshan et al. 2006, Scott et al. 2009). Therefore, different LepRb expressing neuron 

populations in distinct brain regions might have differing roles. Given the role of the 

hypothalamus in the control of feeding, LepRb expressing neurons in hypothalamic 

areas can be viewed as homeostatic interoceptive neurons, like AGRP and POMC 

neurons in the ARC. Of particular interest are LepRb neurons in the LHA, as direct 
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leptin administration into this area reduces food intake (Leinninger et al. 2009). 

Direct manipulations of the activity of these neurons to elucidate their role in feeding 

behaviour, however, have not been performed. The role of LHALepRb neurons and 

their circuits in feeding behaviour is addressed in chapter 3. 

 

1.8.2 Motivational mechanisms engaged by homeostatic neurons to direct food 

seeking and consumption 

Studies on the role of AGRP neurons in feeding do not only demonstrate that 

activation of AGRP neurons induce food consumption, but also increase an animal’s 

motivation to work for food through flexible behaviours (Atasoy et al. 2012, Krashes 

et al. 2011). Thus, AGRP neuron evoked feeding is not solely a reflection of the 

initiation of motor patterns controlling feeding, but also posses motivational 

properties to direct food consumption. This is not particularly surprising as it has 

been shown that animals in a state of energy deficit will work much harder for food in 

an operant task than animals fed ad libitum (Hodos 1961). In addition, hormones that 

regulate AGRP neuron activity, such as ghrelin and leptin, can also influence the 

willingness of an animal to work for food (Figlewicz et al. 2006, Overduin et al. 2012). 

The motivational processes engaged by AGRP neurons, however, have not been 

reported.  

Under states of energy deficit, flexible goal-directed behaviours employed to 

acquire food are learned through reinforcement processes that evaluate the results 

of actions to determine the future probability of emission of these actions (Berridge 

2004, Bindra 1976, Freud 2001, Hull 1943, Olds 1969, 1976). Negative 

reinforcement was classically viewed as a mechanism for hunger to influence 

motivation, where actions that result in elimination of an unpleasant state generated 

by hunger were reinforced (Berridge 2004, Freud 2001, Hull 1943). Positive 

reinforcement mechanisms reflect the pursuit of rewards from the environment 

(Bindra 1976), and hunger has been understood to enhance the rewarding value of 

food through the increase in their perceived palatability (Rolls et al. 1983, Rolls & 

Rolls 1997, Stoeckel et al. 2007, Yeomans & Mobini 2006) as well as nutritive 

properties (Ackroff et al. 2009, de Araujo et al. 2008, Sclafani & Nissenbaum 1988, 

Yiin et al. 2005). Modulation of sensory sensitivity by hunger has also been proposed 
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to modulate behavioural responding in invertebrates (Chalasani et al. 2010, Inagaki 

et al. 2012, Root et al. 2011, Sengupta 2013), but it is unclear whether this 

mechanisms extends to mammals, as studies in rodents, primates, and humans 

show inconsistent results (Albrecht et al. 2009, Brosvic & Hoey 1990, Kawai et al. 

2000, Pasquet et al. 2006, Rolls et al. 1983, Rolls & Rolls 1997, Savigner et al. 2009, 

Shin et al. 2008, Stafford & Welbeck 2011, Yaxley et al. 1988, Yaxley et al. 1985, 

Yeomans & Mobini 2006, Zverev 2004). The reinforcement mechanisms engaged by 

AGRP neurons in the modulation of feeding behaviour is addressed in chapter 4.   

 

1.8.3 Divergence of roles of homeostatic neurons’ downstream circuits in the 

control of feeding 

The study of the role of diverging long-range axonal projections of AGRP 

neurons in feeding demonstrate the use of this approach to uncover downstream 

regions important in the coordination of feeding behaviour, as axonal projections of 

these feeding related homeostatic neurons can serve as a blueprint to unravel the 

feeding circuits in the brain. However, most studies employing this type of approach 

have focused on linear relationships between homeostatic neurons and one or two 

downstream projections, despite the fact that these neurons display broad axonal 

arborisation throughout the brain (Atasoy et al. 2012, Carter et al. 2013, Jennings et 

al. 2013, Krashes et al. 2014). AGRP neurons, for example, send significant 

projections to many regions in the brain, both within and outside of the hypothalamus 

(Betley et al. 2013, Haskell-Luevano et al. 1999). In addition, the dissociation of 

function of ARCAGRP
PVH and ARCAGRP

PBN circuits (Atasoy et al. 2012) 

indicates that different projections might have different functions. Therefore, to fully 

understand the role of AGRP neurons in feeding, the role of individual axonal 

projections in evoked feeding must be systematically examined. This issue is 

addressed in chapter 5. 
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1.9 Aims of thesis 

This thesis aims to further the understanding of the role of homeostatic 

interoceptive neurons in the control of feeding behaviour. As a whole, I hypothesize 

that homeostatic neurons in the brain, in particular the hypothalamus, are in a 

position to translate peripheral signals of energetic state through changes in their 

activity. These neurons are not necessarily just consummatory neurons, but may 

also have the capability of engage motivational processes to direct flexible appetitive 

food seeking actions, where the changes in their activity can serve as teaching 

signals for action selection. Their ability to direct behavioural flexibility is likely 

conferred by the anatomical and functional organization of their downstream 

projections, whereby different projections might modulate distinct aspects of feeding 

behaviour. Each chapter attempts to address one of the three issues discussed in 

the previous section and test the above hypothesis, and are outlined as follows: 

Chapter 3: Here I investigate the role of LHALepRb neurons in feeding using a 

combination of optogenetic and behavioural manipulations to establish the causal 

relationship between the elevated activity of these neurons and the modulation of 

feeding responses. Given that direct leptin infusion in the LHA reduces food intake 

and leptin is known to depolarize LHALepRb neurons (Leinninger et al. 2009), I 

hypothesize that the elevated activity of these neurons will lead to a reduction in food 

intake. In addition, electrophysiological studies were performed to further understand 

the electrophysiological properties of these neurons, including their responses to 

signals of energetic state. I postulate that LHALepRb neuron activity is modulated by 

signals of energy deficit and surfeit, given that the LHA is viewed as an energy 

sensing brain region (Burdakov et al. 2005a, Burdakov et al. 2013, Karnani et al. 

2011, Yamanaka et al. 2003).  Furthermore, CRACM methods were employed to 

determine the functional synaptic connectivity of these neurons with two known 

downstream projection regions, the ventral tegmental area (VTA) and the LHA. Due 

to the GABAergic nature of LHALepRb neurons (Leinninger et al. 2009), I expect to 

observe inhibitory postsynaptic responses during optogenetic activation of LHALepRb 

neurons in the LHA and VTA. 

Chapter 4: Here I examine the reinforcement mechanism employed by AGRP 

neurons to coordinate feeding behaviour as well as direct action selection in food 
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seeking. These studies employed optogenetic techniques in combination with 

complex behavioural paradigms. Recent data studies show that silencing of AGRP 

neurons under hunger is reinforcing (Betley et al. 2014). Therefore, conditioned 

place aversion tests were employed to determine whether elevated AGRP neuron 

activity possess a negative valence. A number of operant conditioning studies, 

including progressive ratio and fixed ratio lever pressing tasks, were used to 

determine the effect of maintaining elevated AGRP neuron activity on action 

selection in food seeking behaviour. I posit that AGRP neuron activity carries a 

negative valence and serves as a negative reinforcement teaching signal for action 

selection, where actions that do not reduce AGRP neuron activity are diminished, 

while actions that do are reinforced. 

Chapter 5: Here I systematically evaluate the role of six major AGRP neuron 

projections subpopulations in AGRP neuron mediated evoked-feeding behaviour. 

This was accomplished through the use of optogenetic activation of region-specific 

AGRP neuron axons during feeding assays to measure the effect of activation of 

distinct AGRP neuron subpopulations in feeding. In addition, anatomical and 

pharmacological techniques were employed to understand the regulation of these 

projection specific subpopulations by states of energy deficit and starvation signals. 

Given prior evidence that activation of AGRP neuron projections to the PBN does not 

elicit feeding, I propose that some, but not all, AGRP neuron subpopulations are 

capable of recapitulating feeding observed under AGRP somatic stimulation, which 

might be due to their differential regulation by signals of energy deficit. 
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2.1 Animals 

All animal procedures conducted at the University of Cambridge were carried 

out in accordance with the Animal’s Act, 1986 (Scientific procedures). Animals 

(LepRbCre, LepRbTom, and LepRbChR2Tom mouse lines, see Table 2.1) were bred and 

kept in the Combined Animal Facility, University of Cambridge. All animal procedures 

conducted at Janelia Farm Research Campus were carried out in accordance with 

U.S. National Institutes of Health guidelines for animal research and were approved 

by the Institutional Animal Care and Use Committee at Janelia Farm Research 

Campus. At Janelia Farm, animals (LepRbCre, LepRbChR2Tom, Ai32, Ai9, AGRPCre, 

AGRPChR2EYFP, and AGRPChR2Tom mouse lines, see Table 2.1) were housed in the 

Janelia Farm Vivarium. Mice were housed in standard conditions on a 07:00 to 19:00 

light cycle (University of Cambridge) or 06:00 to 18:00 light cycle (Janelia Farm 

Research Campus) with ad libitum food and water. 

At the University of Cambridge, LepRbCre and LepRbTom experimental animals 

were generated in house through homozygote/homozygote breeding pairs. At 

Janelia Farm Research Campus, LepRbCre animals were generated through 

homozygote/homozygote breeding pairs. AGRPCre experimental mice were 

generated through breeding of homozygote AGRPCre with C57BL/6J animals 

acquired from The Jackson Laboratory.  Resulting pups were genotyped for Cre to 

determine the presence of transgene. AGRPChR2EYFP experimental mice were 

generated by breeding homozygote AGRPCre with homozygote Ai32 animals. 

Resulting pups were genotyped for Cre, wild-type (WT) ROSA, and YFP-1 to 

determine the presence of transgene. All genotyping was conducted by Transnetyx, 

Inc. A summary of transgenic mouse lines used in all studies, including their 

expression description, generation, and use is provided in Table 2.1. 
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Line Name Expression and Generation Use 

Ai9 
 
 
 
 
 
 
 

B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hzw/J is a Cre-
dependent reporter mouse line for the expression 
of red fluorescent protein tdTomato, generated 
through a targeted mutation of the Gt(ROSA)26Sor 
locus with a loxP-flanked STOP cassette 
preventing transcription of CAG promoter driven 
tdTomato (Madisen et al. 2010). Original breeding 
pair was obtained from The Jackson Laboratory. 

For the generation 
of LepRbTom mouse 
line. 
 
 
 
 
 

Ai32 
 
 
 
 
 
 
 
 
 
 

B6;129S-Gt(ROSA)26Sortm32(CAG-COP4*H134R/EYFP)Hze/J 
is a Cre-dependent reporter mouse line for the 
expression of membrane localized enhanced 
channelrhodopsin (ChR2), ChR2 (H134R), fused to 
an enhanced yellow fluorescent protein (EYFP). 
The line was generated through a targeted 
mutation of the Gt(ROSA)26Sor locus with a loxP-
flanked STOP cassette preventing transcription of 
CAG promoter driven ChR2 (H134R)-EYFP 
(Madisen et al. 2012). Original breeding pair was 
obtained from The Jackson Laboratory. 

For  the generation 
of AGRPChR2EYFP 
mouse line 
 
 
 
 
 
 
 
 

LepRbCre 

 

 

 

 

 

 

 

B6.129-Leprtm2(cre)Rck/J mouse line expresses Cre 
under the Lepr promoter. A targeting vector 
containing an internal ribosome entry site (IRES), 
nuclear localization signal (NLS) and Cre was 
inserted immediately 3’ of the stop codon in the last 
exon of the Lepr gene (DeFalco et al. 2001). 
Original breeding pair was obtained from The 
Jackson Laboratory.  

For the generation 
of LepRbTom mouse 
line and 
LepRbChR2Tom 

experimental 
animals. 
 
 

LepRbTom 

 

 

 

Express tdTomato in leptin receptor (LepRb) 
neurons. They were generated by crossing 
LepRbCre mice with Ai9 mice. Original breeding pair 
was obtained from Dr. Lora Heisler (currently at: 
University of Aberdeen). 

Used in Chapter 3, 
sections 3.3.1 and 
3.3.2 
 
 

LepRbChR2Tom 

 
 
 
 
 

Express membrane localized ChR2 (H134R), fused 
to tdTomato in LepRb neurons in the lateral 
hypothalamic area (LHA). These animals were 
generated through targeted LHA injections of 
AAV1.CAGGS.Flex.ChR2-tdTomato.WPRE.SV40 
viral vector in LepRbCre mice. 

Used in Chapter 3, 
sections 3.3.3 and 
3.3.4. 
 
 
 

AGRPCre 

 

 

 

 

 

 

AGRPtm1(cre)Lowl/J animals express Cre under the 
AGRP promoter. A targeting vector containing 
IRES and Cre was inserted immediately 
downstream of the stop codon in exon 3 of the 
AGRP gene (Tong et al. 2008). Original breeding 
pair was obtained from The Jackson Laboratory.  
 

For the generation 
of AGRPChR2EYFP 
mouse line and 
AGRPChR2Tom and 

AGRPEGFP 

experimental 
animals. 

 
Table 2.1 Transgenic mouse lines used for all studies. Line name corresponds 
to name used in this dissertation, which might be different from their common 
name. Table continued on next page. 
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Line Name Expression and Generation Use 

AGRPChR2EYFP 

 

 

 

 

Express membrane localized ChR2 (H134R) fused 
to EYFP in agouti-related peptide (AGRP) neurons. 
They were generated by crossing AGRPCre mice 
with Ai32 mice. Mouse line was generated in-
house at Janelia Farm Research Campus. 

Used in all sections 
of Chapter 4, and in 
Chapter 5, section 
5.3.3. 
 

AGRPChR2Tom 

 
 
 
 

Express membrane localized ChR2 (H134R) fused 
to tdTomato fluorescent reporter protein in AGRP 
neurons. These animals were generated through 
targeted arcuate nucleus (ARC) injections of 
rAAV2/10-CAG-FLEX-rev--ChR2-tdTomato viral 
vector in AGRPCre mice. 

Used in Chapter 5, 
section 5.3.1 and 
5.3.2. 
 
 
 

AGRPEGFP 

 
 
 
 

Express a green fluorescent reporter protein 
(EGFP) in AGRP neurons in the ARC. These 
animals were generated through targeted ARC 
injections of rAAV2/9-CAG-FLEX-EGFP viral 
vector in AGRPCre mice. 

Used in Chapter 4, 
section 4.3.2. 
 
 
 

 

 

2.2 Viral constructs 

Three Cre-recombinase dependent adeno-associated viruses (AAV) were 

used to achieve conditional expression of channelrhodopsin (ChR2) and enhanced 

green fluorescent protein (EGFP) in targeted cell populations. All AAV vectors use a 

Cre-dependent flip-excision (FLEx) switch mechanism were two pairs of anti-parallel 

and heterotypic loxP-type recombination sites flank the coding sequence (Atasoy et 

al. 2008). Under the presence of Cre, a synthetic promoter CAG, which includes a 

cytomegalovirus enhancer element, a promoter with the first exon and first intron of 

the chicken β-actin gene, and a splice acceptor of rabbit β-globin gene, directs 

expression of transgene encoded in the viral vector (Miyazaki et al. 1989, Niwa et al. 

1991). All viral vectors were obtained from the University of Pennsylvania Vector 

Core. A summary of all viral vector constructs used, including their titre and 

expression, can be found in Table 2.2. 

 

 

 

 
Table 2.1 continued 



Chapter 2: General Methods 

 

33 

Viral construct Titre  Express 

AAV1.CAGGS.Flex.ChR2tdTomato.WPRE.SV40 
(Addgene18917) 

 

1.42 x 1013  
 
 

Membrane-bound 
ChR2(H134R) fused to 

tdTomato  

rAAV2/10-CAG-FLEX-rev-ChR2 tdTomato 
(Addgene18917) 

 

3 x 1013  
 
 

Membrane-bound 
ChR2(H134R) fused to 

tdTomato  

rAAV2/9-CAG-FLEX-EGFP  7 x 1012 EGFP 

 
Table 2.2 Adeno-associated viral vectors used for transgene delivery.  Titre is 
reported as genomic copies per ml. 
 

 

2.3 Electrophysiology 

 

2.3.1 Preparation of acute brain slices 

Mice were euthanized by cervical dislocation during the light phase and 

rapidly decapitated. After decapitation, the brain was quickly removed and incubated 

shortly (~2 min) in cold (<4º C) oxygenated (95% O2 and 5% CO2) sucrose slicing 

solution. A block of brain tissue was glued to the stage of a vibratome (Campdem 

Vibroslice, Campdem Instruments Ltd. or Leica VT1200s, Leica Biosystems) and 

thick sections were sliced while immersed in ice-cold oxygenated sucrose slicing 

solution. Sections were then transferred into oxygenated artificial cerebrospinal fluid 

(aCSF), were they were allowed to recover at 35º C for one hour and then 

maintained at room temperature (21-24º C). Sections were used for recording within 

8 hours of slicing. aCSF was oxygenated continuously throughout experiments. For 

recordings in the lateral hypothalamic area (LHA), 250 μm coronal sections were 

used. For recordings in the ventral tegmental area (VTA), 250 μm coronal sections or 

300 μm horizontal sections were used. Contents of sucrose slicing solution and 

aCSF are listed in Table 2.3.  All chemicals used were purchased from Sigma-

Aldrich. 
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Sucrose slicing solution aCSF 

Sucrose 110 NaCl 125 

NaCl 52.5 KCl 2.5 

KCl 2.5 NaH2PO4 1.2 

NaH2PO4 1.25 NaHCO3 21 

NaHCO3 26 MgCl2 2 

MgCl2 5 CaCl2 2 

CaCl2 1 D-(+)-Glucose 1 

D-(+)-Glucose 25 Ascorbic acid 0.4 

Ascorbic acid 0.4 Sodium pyruvate 0.15 

Kynurenic acid 0.1   

 
Table 2. 3 Extracellular perfusion solutions for in vitro experiments. 
Concentrations are reported in mM. 
 

 

2.3.2 Whole-cell patch clamp recordings 

An EPC-10 amplifier and Patchmaster software (HEKA Elektronik) were used 

to perform whole-cell patch clamp recordings from acute brain slices. Patch pipettes 

with tip resistance of 3-5 MΩ (with KCl intracellular solution) or 5-8 MΩ (with K-

Gluconate intracellular solution) were pulled from thin-walled borosilicate glass 

capillaries with an internal filament (outer diameter 1.5 mm, inner diameter 1.12 mm, 

Drummond Scientific Company) using a DMZ-Universal puller (Zeitz Instruments). 

Slices were placed in a submerged-type chamber and anchored with a nylon string 

grid stretched over platinum wire. Brain slices were perfused continuously with 

oxygenated aCSF at a rate of ~2 ml per min and all recordings were made at 37º C. 

Visualization of living cells in brain slices was performed using an Olympus BX50WI 

microscope with an Olympus LUMPlanFI-IR 40x/0.8 numerical aperture objective 

(Olympus), a mercury lamp, and an mCherry filter set (Chroma Technology Corp.) 

for visualisation of tdTomato marked cells. Recording pipettes were advanced under 

positive pressure towards identified cells in the slice, and pressure was released and 

slight suction applied to form a GΩ seal. The membrane was then ruptured by 

suction to gain access to the cell. Only cells with series resistance <25 MΩ were 

used for experiments and analysis. KCl intracellular solution was used for all ChR2-
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assisted circuit mapping (CRACM) experiments. For all other experiments, K-

Gluconate intracellular solution was used. Contents of KCl and K-Gluconate 

solutions are listed in Table 2.4. All chemicals used were purchased from Sigma-

Aldrich. 

 

KCl K-Gluconate 

KCl 130 K-Gluconate 120 

HEPES 10 KCl 10 

EGTA 0.1 HEPES 10 

NaCl 2 EGTA 0.1 

MgCl2 2 MgCl2 2 

K2ATP 5 K2-ATP 4 

  Na2ATP 1 

 
Table 2.4 Intracellular pipette solutions for in vitro experiments. Concentrations 
are reported in mM. Solutions were neutralized to pH 7.3 with KOH. 
 

 

2.4 Stereotaxic surgeries 

Mice at least 6 weeks of age were anaesthetized with isoflurane (~0.5% in 

O2), and placed into a stereotaxic apparatus (David Kopf Instruments). The skull was 

exposed via a small incision in the scalp and small holes were drilled on the skull for 

virus or dye injections and fibre ferrule implantation. A pulled glass pipette 

(Drummond Scientific Company) with 20-40 μm tip diameter was inserted into the 

brain and virus or dye was delivered using an infusion pump (Harvard Apparatus Ltd) 

at a speed of 120 nl per min or a manual pump (Narishige International USA) at ~50 

nl per min. If no fibre ferrule was implanted, scalp incision was closed with Vetbond 

(3M). Fibre ferrules, made by capping an optic fibre (200 μm diameter core, 

multimode, NA 0.48, ThorLabs) with a 1.25 mm OD zirconia ferrule (Precision Fiber 

Products), were implanted ~0.3-0.4 mm above target region. Grip cement (Denstply) 

was used to anchor the ferrule capped fibres to the skull. Pre-operative analgesia 

(buprenorphine, 0.1 mg/kg, subcutaneous (s.c.) injection) and postoperative 

analgesia (ketoprofen, 5 mg/kg, s.c., immediately after surgery completion and for 

the following 2 days) was provided. Animals were single-housed post-surgery and 
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allowed to recover for at least 5 days before the start of any experiment. Coordinates 

used for all target areas are listed in Table 2.5. 

 

Target region Anterior/Posterior Medial/Lateral Dorsal/Ventral 

LHA - 1.4 mm ± 1.1 mm 5.0 mm (SS) 

ARC - 1.3 mm ± 0.3 mm 5.8 mm (DS) 

aBNST 0.62 mm ± 0.65 mm 4.4 mm (SS) 

PVH 0.7 mm ± 0.15 mm 4.6 mm (SS) 

LHAs - 1.3 mm ± 1.0 mm 4.7 mm (SS) 

PVT 1.1 mm 0.0 mm 3.0 mm (SS) 

CEA -1.2 mm ± 2.5 mm 4.35 mm (SS) 

PAG -4.5 mm ± 0.5 mm 2.8 mm (SS) 

PBN -5.8 mm ± 0.9 mm 3.5 mm (SS) 

 
Table 2.5 Coordinates for target regions. Anterior/Posterior and Medial/Lateral 
coordinates were measured from Bregma and the midline, respectively. 
Dorsal/Ventral coordinates were measured from the dorsal surface of the brain (DS) 
or skull surface at Bregma (SS). LHA: lateral hypothalamic area; ARC: arcuate 
nucleus; aBNST: anterior subdivisions of the bed nucleus of stria terminalis; PVH: 
paraventricular nucleus of the hypothalamus; LHAs: suprafornical subdivision of the 
lateral hypothalamic area; PVT: paraventricular thalamic nucleus; CEA: central 
nucleus of the amygdala; PAG: periaqueductal grey; PBN: parabrachial nucleus 
 

 

2.5 Optogenetic stimulation 

 

2.5.1 In vitro slice photostimulation 

To stimulate ChR2, a LAMBDA DG-4 fast switcher (Sutter Instruments) with a 

xenon lamp and ET470/40 nm bandpass filter was used. Blue light (10 mW/mm2) 

was delivered via a 40x/0.8 NA objective for whole-field pulsed-light stimulation. Ten-

second pulsed light stimulations at varying frequencies (1 Hz, 5 Hz, and 20 Hz) and 

varying pulse durations (1 ms and 5 ms) were used. 
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2.5.2 In vivo photostimulation 

For optical delivery of light pulses with millisecond precision to multiple mice, 

the output beam of a diode laser (473 nm, Altechna Co. Ltd. or OptoEngine LLC) 

was controlled using an acousto-optic modulator (AOM) (Quanta Tech, OPTO-

ELECTRONIC) to generate light pulses that were launched into a single fibre port 

(PAF-X-5, Thorlabs) and a 6-way laser beam splitter (Fibersense). Optical fibres 

(200 μm diameter core, multimode, NA 0.37 or 0.48, Doric Lenses Inc.) were 

coupled to beam splitters using a fibre coupler (ADAFC4, Thorlabs). These were 

then coupled to final optical fibres with 1.25 OD zirconium ferrules (Doric Lenses 

Inc.) inside sound attenuating chambers (described below in section 2.6.1) through 

single fibre or double fibre commutators (Doric Lenses Inc.) for unilateral or bilateral 

stimulation, respectively, installed inside chambers. Light was delivered to the brain 

by coupling optical fibres to ferrule capped fibres implanted into animals with a 

zirconium sleeve (Precision Fiber Products). Using these components, multiple 

animals could be simultaneously photostimulated. For all in vivo photostimulation 

experiments, the same pulse protocol was used: 10 ms pulses, 20 pulses for 1 s, 

repeated every 4 seconds for the duration of the stimulation.  Software controlling 

AOMs was custom written in LabView (National Instruments). 

 

2.5.3 Irradiance calculation 

Irradiance at target regions (Iz) were estimated using previously described 

relationship of light scattering and absorption in the brain as a function of distance 

(Aravanis et al. 2007) with the following formula:  

    
      

     
                    

  

            
   , 

where Plaser is the power of laser used, the radius of the optic fibre (rfib) = 100 μm, the 

laser coupling fraction (flaser_coupling) =  0.9, the scattering coefficient (S) = 11.2 mm-1, 

z is the distance of target from fibre tip (mm) and 

        
    

     
 
 

    , 
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where the tissue refractive index (ntis) = 1.36 as calculated for gray matter and fibre 

NA (NAfib) is 0.48. Using this relationship, unless otherwise noted, the light power 

exiting the fibre tip (10-15 mW) was estimated to correspond to irradiances >2.0 

mW/mm2 at target regions, which was sufficient to drive a behavioural response, as 

ChR2 activation threshold is ~1 mW/mm2 (Aravanis et al. 2007, Lin et al. 2009).  

 

2.6 Behaviour set-up  

All behavioural studies were conducted using adult animals >8 weeks old. 

Due to the large variety and complexity of behavioural paradigms, only behavioural 

set ups are described below. Exact protocols for each behavioural paradigm are 

described within each results chapter. 

 

2.6.1 Food consumption and lever press studies 

Behavioural testing of food intake measurements and lever press studies was 

performed using automated feeding cages (Coulbourn Instruments) housed inside 

custom made sound attenuating chambers as described by The Neurogenetics and 

Behavior Center at Johns Hopkins University (see 

http://nbc.jhu.edu/facilities/manuals.html). Feeding cages were equipped with a food 

hopper and an automatic pellet dispenser which delivered 20 mg food pellets 

(described below in section 2.6.2). During free feeding tests, food pellets were 

available ad libitum but provided one by one by the automatic pellet dispenser. Pellet 

removal from the food hopper was sensed by the offset of a beam break and an 

additional pellet was delivered after a 5 s delay. For all lever pressing experiments, 

two retractable levers, one active and one inactive, were available at either side of 

the food hopper. Levers were extended upon the start of the testing session. After 

reaching lever press criteria, levers retracted and a 20 mg pellet was delivered into 

the food hopper. Five seconds after pellet removal from the hopper, levers were 

extended and available for pressing again. This protocol was adopted in order to 

ensure lever pressing behaviour was goal-directed (towards obtaining food) and not 

a measure of general behavioural activation. Lever pressing on the inactive lever 

was also monitored for this purpose. Food consumption and lever pressing 
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behaviour was recorded continuously during test sessions using Graphic State 

software (Coulbourn Instruments). 

 

2.6.2 Food pellets 

All food pellets used in behavioural experiments were irradiated 20 mg pellets 

(Test Diet). Unless otherwise noted, grain pellets were used for all food consumption 

tests as well as lever press training sessions. Grape and citrus pellets were used for 

lever pressing experiments (as described in Chapter 4). Grain pellets were of 

identical composition to the food in the home cages (product code: UTUM). Grape 

pellets were of the same composition as grain pellets with added 1% saccharine and 

grape flavouring. Citrus pellets were of the same composition as grain pellets with 

added 1% saccharine and citrus flavouring. 

 

2.6.3 Conditioned place avoidance studies 

Conditioned place avoidance studies were conducted in a custom-made two-

chambered apparatus with visual (black and white sides) and textural cues (the 

flooring on the black side was paired with a plastic grid (3 mm holes) and the white 

side was paired with the soft textured side of  a Kimtech Science bench top protector 

#7546, Kimberly Clark). The floor was back-lit at a luminance of ~100 Lux units using 

a tuneable LED that provided uniform distribution of the light over the entire length of 

the floor. A video camera (Basler Inc) was mounted overhead to record the mouse’s 

position. Video recordings were performed at 3.75 Hz frame rate with gVision 

software (Lott 2010). Mouse position was tracked offline using Ctrax (Branson et al. 

2009). The entire apparatus was place in a sound isolation chamber similar to that 

described by The Neurogenetics and Behavior Center at Johns Hopkins University. 

These conditions were chosen such that 1) no population side bias was observed, 2) 

mice explored both chambers readily, and 3) the initial preference of individual mice 

was stable over 5 days of exposure in the absence of conditioning, suggesting that 

mice can differentiate context and do not exhibit spontaneous changes in their 

original preference.  
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2.7 Immunohistochemistry  

Mice were perfused with 4% paraformaldehyde in 0.1 M phosphate buffer 

fixative (pH 7.4). Tissue was post-fixed in this solution for 3-4 hrs and washed 

overnight in phosphate buffered saline (PBS) (pH 7.4). Brain slices (20-100 μm thick) 

were incubated overnight at 4º C with primary antibodies diluted in PBS with 1% 

bovine serum albumin (BSA) and 0.1% triton X-100. Slices were then washed 3 

times and incubated with species appropriate and minimally cross reactive 

fluorophore-conjugated secondary antibodies for 2 hours at room temperature (~21º 

C). Slices were rinsed in PBS 2 times and mounted onto Superfrost mounting slides 

(Thermo Scientific) for imaging using hardset Vectashield (H1400, Vector 

Laboratories). Antibodies used and their concentrations are listed in Table 2.6. All 

chemicals used were purchased from Sigma-Aldrich. 

 

 

Antibody Dilution Company 

Mouse anti-TH 1:1,000 Millipore 

Rabbit anti-RFP 1:1,000 Rockland Immuno 

Goat anti-AGRP 1:3,000 Neuromics 

Guinea-pig anti-RFP 1:20,000 Covance 

Rabbit anti-Fos (Lot C1010) 1:5,000 Santa Cruz Biotechnology 

Rabbit anti-POMC 1:2,000 Phoenix Pharmaceuticals 

Sheep anti-GFP 1:1,000 AbD Serotec 

Guinea-pig anti-FG 1:500 Protos Biotech 

Species specific fluorophore-conjugated 
secondary antibodies (FITC, Cy3, Cy5) 

1:500 
 

Jackson ImmunoResearch 

 
Table 2.6 Primary and secondary antibodies used for immunohistochemical 
studies. TH: tyrosine hydroxylase; RFP: red fluorescent protein; AGRP: agouti-
related peptide; POMC: proopiomelanocortin; GFP: green fluorescent protein; FG: 
Fluoro-Gold. 
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2.8 Imaging 

Epifluorescent images were taken using a Zeiss Axioskop2 (Zeiss) with a 10x 

or 20x objective (Chapter 3). Differential interference contrast (DIC) and fluorescent 

images of patched neurons were taken using an Olympus BX50WI microscope with 

a 40x/0.8 numerical aperture objective (Chapter 3). Whole brain slice epifluorescent 

images were taken using an Olympus MVX10 with a DP71 camera and MV Plano 

2xC objective to record fibre position (Chapters 3, 4, and 5). Whole brain slice 

epifluorescent images for dye injection localization and agouti-related peptide 

(AGRP) peptide or transgene expression mapping (Chapters 4 and 5) were taken 

using a 20x objective on an automated panoramic slide scanner (Perkin Elmer). 

Confocal images were taken for measurements of transgene penetrance and 

transgene expression patterns (Chapters 4 and 5) using a Zeiss LSM 510 

microscope with a 65x objective (Zeiss), and images for Fos immunoreactivity 

measurements were taken using a 20x objective (Chapter 3, 4, 5).  

 

2.9 ChR2 expression calculations 

 

2.9.1 ChR2 penetrance in AGRPChR2EYFP animals 

To verify the expression of ChR2 in AGRP neurons, hypothalamic brain slices 

of AGRPChR2EYFP animals were co-immunostained for green fluorescent protein 

(GFP) and AGRP. In addition, separate brain sections were co-immunostained for 

GFP and proopiomelanocortin (POMC) to verify specificity of ChR2 expression.  

Whole brain slice epifluorescent images were taken to visualize AGRP peptide, 

POMC peptide, and transgene expression (marked by GFP) using a 20x objective on 

an automated panoramic slide scanner in known AGRP neuron projection fields. 

Confocal images of axonal varicosities in target regions were imaged using a 65x 

objective with a z-stack of 5 optical sections of 0.5 μm depth. A total of 6 images per 

projection field was taken and analyzed from brain sections of three animals (2 

images per section, 1 section per animal). Colocalization of GFP and AGRP or 

POMC was determined by manually inspecting at random 100 AGRP or POMC 
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boutons per image analyzed, and colocalization of GFP was determined for each 

bouton. 

 

2.9.2 ChR2 penetrance in virally transduced neurons 

To quantify ChR2 penetrance in virally transduced AGRP neuron projection 

fields in AGRPChR2Tom animals, the colocalization of the ChR2-fused fluorescent 

protein reporter tdTomato and AGRP immunoreactivity was calculated. Brain slices 

were co-immunostained for AGRP and the tdTomato fluorescent protein. Confocal 

images of axonal varicosities in target regions were imaged at 65x with a z-stack of 5 

optical sections of 0.5 μm depth in the projection field area directly under the 

implanted optical fibre in one 50 μm brain slice. The percentage of AGRP-containing 

boutons transduced with ChR2-tdTomato was calculated using automated varicosity 

detection in Vaa3D (Peng et al. 2010) and confirmed by manual inspection, as 

described previously (Atasoy et al. 2012). 

 

2.10 Fos intensity distribution calculations 

Confocal images (z-stack with 1 μm optical sections through the thickness of 

the section, ~50 μm) of brain tissue stained for Fos were obtained with a 20x 

objective, maintaining individual pixel intensities in the linear range for Fos-

immunofluorescence from tissue taken from a food deprived mouse, and those 

settings were applied to all other conditions. Average fluorescent pixel intensity per 

nuclei was calculated using the histogram function of Adobe Photoshop (Adobe 

Systems Inc.).  

 

2.11 Statistics 

Electrophysiological data extraction, plotting and analysis were carried out 

using MiniAnalysis 6.0.7 (Synaptosoft Inc), Matlab 2013b (Mathworks) and Igor Pro 

6.3 (Wavemetrics). Data extraction and plotting for all behavioural studies were 

carried out using Matlab 2013b. P-values for pair-wise comparisons were calculated 
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by unpaired or paired two-tail student’s t-test. P-values for comparisons across more 

than two groups were calculated using one-way or two-way analysis of variance 

(ANOVA) or repeated measures (RM) ANOVA. Individual post-hoc statistical 

comparisons were corrected for multiple comparisons using the Holm-Sidak 

correction method. Analyses of distributions were performed using the Mann-

Whitney Rank sum test, or the Kruskal-Wallis one-way ANOVA on ranks test for 

comparisons of more than 2 distributions. All statistical analyses were performed 

using SigmaPlot (Systat). Data are shown as means ± standard error of the mean 

(S.E.M.). Statistical significance was defined as having a p-value <0.05.  
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3.1 Introduction 

The concepts of homeostasis (Cannon 1932) and behavioural regulation of 

energy balance (Richter 1943) have guided the study of the control of feeding 

behaviour by the brain. Research today indicates that signals conveying the 

energetic state of the body are capable of modulating homeostatic sensing neurons 

to modulate food consumption and food seeking actions (Sternson et al. 2013). 

Therefore, the identification of homeostatic neurons in the brain and their circuits is 

an important step to fully understand how the brain directs food consumption 

behaviour. One such group of neurons requiring further investigation are leptin 

receptor (LepRb) neurons in the lateral hypothalamic area (LHA).  

 

3.1.1 Leptin and LepRb control of food intake 

Leptin is a 16kDa non-glycosylated polypeptide, product of the ob gene, 

produced and secreted by white adipose cells into the bloodstream (Caro et al. 1996, 

Considine et al. 1996, Havel 1999). Leptin is considered a signal that represents the 

availability of internal energy stores (Ahima et al. 1996, Seeley & Woods 2003), as 

circulating leptin concentrations correlate with both body mass index (BMI) and total 

body fat (Caro et al. 1996, Considine et al. 1996). Leptin enters the brain through 

active transport across the blood brain barrier or diffusion through regions such as 

the median eminence adjacent to the arcuate nucleus (ARC) of the hypothalamus 

(Bjorbaek et al. 1998, Caro et al. 1996). In the brain, leptin acts through LepRb (also 

known as Ob-Rb) (Lee et al. 1996, Lollmann et al. 1997, Tartaglia et al. 1995). 

LepRb is expressed widely throughout the brain, with the highest levels of 

expression found in the hypothalamus, including the ARC, the dorsomedial nucleus 

of the hypothalamus (DMH), the ventromedial nucleus of the hypothalamus (VMH), 

the LHA, and the ventral premammillary nucleus (PMV) (Leshan et al. 2006, Scott et 

al. 2009). Leptin binding to LepRb creates a conformational change in the structure 

of the receptor (Hegyi et al. 2004), which activates the Janus-activated kinase/ signal 

transducers and activators of transcription (JAK/STAT) pathway, phosphorilating 

signal transducer and activator of transcription 3 (STAT-3) to promote expression of 

suppressor of cytokine signalling 3 (SOCS3) gene and anorexigenic genes such as 
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proopiomelanocortin (POMC), while inhibiting expression of orexigenic genes such 

as agouti-related peptide (AGRP) (Bjorbak et al. 2000). 

Leptin is known to be an anorectic peptide, as leptin inhibits food consumption 

and promotes energy expenditure when food is plentiful (Gao & Horvath 2007, 

2008). Most of what is known about leptin and its role in feeding was brought to light 

through the study of the ob/ob and db/db mouse lines. Both mutant mouse lines 

arose at random within mice colonies at The Jackson Laboratory. These animals are 

hyperphagic and severely overweight in comparison to their wild-type (WT) 

counterparts (Hummel et al. 1966, Ingalls et al. 1950). It was later discovered that 

the ob gene encodes leptin (Zhang et al. 1994) leading to the understanding that 

ob/ob animals lacked leptin (Zhang et al. 1994), while db/db mice lacked functional 

LepRb (Chen et al. 1996). Lack of functional LepRb is also responsible for the 

observed obese phenotype of Zucker fa/fa rats (Chua et al. 1996). Humans with 

inherited mutations of genes encoding leptin or LepRb also display severe obesity 

(Farooqi et al. 2003, Montague et al. 1997, Pelleymounter et al. 1995). Further 

manipulations of leptin levels in mutant and WT mice established the role of leptin in 

feeding. Intracerebroventricular (i.c.v.) administration of leptin i.c.v. lowered food 

intake in both WT and ob/ob animals (Mistry et al. 1997). Administration of leptin 

i.c.v. in rats also lowered self-administration of sucrose (Figlewicz et al. 2006). 

Moreover, transplantation of leptin responsive hypothalamic cells into the 

hypothalamus of db/db mice reduced the obesogenic phenotype of these animals 

(Czupryn et al. 2011). 

 

3.1.2 LepRb neurons in the brain 

Since leptin is an important signal that conveys the energetic state of an 

animal, and has been shown to modulate feeding, LepRb expressing neurons in the 

brain can be viewed as putative homeostatic interoceptive neurons. Because LepRb 

is expressed widely throughout the brain (Leshan et al. 2006, Scott et al. 2009), 

however, the exact LepRb neurons and circuits that play a role in the modulation of 

feeding behaviour is still poorly understood. In the ARC, LepRb is known to be 

expressed in AGRP and POMC neurons (Coll et al. 2007, Elmquist et al. 2005, 

Oswal & Yeo 2010). In the presence of leptin, AGRP neuron activity is suppressed 



Chapter 3: Lateral Hypothalamic Leptin Receptor Neurons are Anorexigenic 

 

47 

and expression of AGRP and NPY is reduced, while POMC neurons are activated 

and synthesis of POMC and secretion of α-melanocyte stimulating hormone (αMSH) 

is increased, leading to a decrease in food intake (Cowley et al. 2001, Schwartz et 

al. 2000, van den Top et al. 2004). However, data also suggests that the action of 

leptin on these neurons accounts for only a fraction of leptin’s action in the control of 

feeding behaviour (Dhillon et al. 2006, Dimicco & Zaretsky 2007, Leinninger et al. 

2009, Myers et al. 2009). For example, leptin depolarizes and increases firing rate of 

LepRb neurons in the VMH that co-express steroidogenic factor-1 (SF-1), and 

knock-out (KO) of LepRb VMHSF-1 neurons increases body weight (Dhillon et al. 

2006).  In addition, LepRb is also expressed in the ventral tegmental area (VTA), and 

direct leptin infusion to the VTA is sufficient to decrease food intake and 

hyperpolarize VTA dopamine (DA) neurons in anesthetized animals (Hommel et al. 

2006). This indicates that other LepRb neuron populations and their circuits are also 

important in the regulation of feeding behaviour. Pharmacological and genetic 

studies (Davis et al. 2011, Leinninger et al. 2009), in addition to the role of the LHA 

as an energy sensing brain region (Burdakov et al. 2005a, Burdakov et al. 2013, 

Karnani et al. 2011, Yamanaka et al. 2003), indicates that LHALepRb neurons are 

putative homeostatic neurons.  

 

3.1.3 LHALepRb neurons 

LepRb expressing neurons in the LHA are intermingled with orexin (OX) and 

melanin-concentrating hormone (MCH) neurons and are modulated by leptin (~ 33% 

depolarized, ~22% hyperpolarized) (Leinninger et al. 2009). LHALepRb neurons are 

known to be inhibitory as they express γ-aminobutyric acid (GABA), and a 

subpopulation of these neurons (~60%) express neurotensin (Nts) and galanin 

(Laque et al. 2013, Leinninger et al. 2009, Leinninger et al. 2011). Intra-LHA infusion 

of leptin was sufficient to suppress food intake and weight gain in normal rats 

(Leinninger et al. 2009), and KO of LepRb specifically in Nts expressing LHA 

neurons led to an increase in body weight and reduced oxygen consumption, 

indicating that LHALepRb neurons play a role in the regulation of energy balance 

through the modulation of food consumption and activity/energy expenditure 

(Leinninger et al. 2011). In addition, knock-down (KD) of LepRb in the LHA of rats 
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using a small hairpin RNA (shRNA) approach led to an increase in consumption of a 

high-fat diet and body weight when maintained on this diet (Davis et al. 2011). 

Therefore, LHALepRb neurons are potential homeostatic interoceptive neurons that 

may play a role in feeding.  

Tracing studies using traditional neuronal tracers, Cre-inducible expression of 

trans-synaptic wheat-germ agglutinin (WGA) tracer, and Cre-inducible expression of 

fluorescent dyes, indicate that LHALepRb neurons, including LHALepRb-Nts neurons, 

project prominently within the LHA onto OX neurons to modulate expression of OX 

(Leinninger et al. 2009, Leinninger et al. 2011, Louis et al. 2010). In addition, labelled 

axons can also be observed in the VTA, and LepRb KO in LHANts neurons reduced 

evoked DA release in the nucleus accumbens (NAc) (Leinninger et al. 2009, 

Leinninger et al. 2011, Louis et al. 2010). Very little is still known about LHALepRb 

neurons, however. Despite being responsive to leptin, it is unclear whether these 

neurons are capable of sensing changes in other signals of energetic state, such as 

glucose. Moreover, direct manipulations of the activity of these neurons have not 

been performed to determine their role in feeding, and functional synaptic 

connectivity with the VTA and LHA is yet to be established.  

 

3.1.4 Experimental aims 

The experiments detailed in this chapter aim to further understand the 

functional role of LHALepRb neurons in the control of feeding behaviour. Specific aims 

may be summarized as follows: 1) to electrophysiologically characterize and classify 

LHALepRb neurons; 2) to determine whether LHALepRb neurons are responsive to other 

signals of energetic state, such as OX and glucose; 3) to determine the effect of 

activation of LHALepRb neurons in the modulation of food consumption; and 4) to 

evaluate the functional synaptic connectivity between LHALepRb neurons and VTA 

neurons, as well as other intra-LHA neurons. 
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3.2 Methods specific to the chapter  

 

3.2.1 Electrophysiological properties 

Whole-cell patch clamp recordings were conducted in brain slices of 

LepRbTom animals (P14-P25). All cells that yielded stable recordings and had action 

potentials that overshoot 0 mV were considered healthy and analyzed.  

Spontaneous firing frequency (Hz): spontaneous firing was recorded using a 30 sec 

current clamp protocol at 0 pA current injection. 

Resting membrane potential (mV) and input resistance (MΩ): resting membrane 

potential and membrane resistance were determined from a 1 sec depolarizing 

voltage step protocol (-80 mV to 0 mV with 10 mV steps) from a holding potential of  

-90 mV with a 1 sec pre- and post-stimulation recording. 

Action potential (AP) parameters and maximum initial firing frequency: cells were 

depolarized from a -60 mV holding potential using a 1 sec current injection step 

protocol (10-150 pA) with a 1 sec pre- and post-stimulus interval in current clamp 

mode. AP parameters were analyzed using the first AP elicited at the smallest 

injected current to produce spiking (Young & Sun 2009). The exact definitions of all 

electrophysiological parameters analyzed are described in Table 3.1. 
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Electrophysiological parameter Definition 

AP threshold (mV) 
 

the first peak of the third derivative of the AP 
voltage trace 

AP half width (ms) 
 

the width of the AP half-way between the threshold 
value and the peak of the AP 

After-hyperpolarisation  
potential (AHP, mV) 

the difference between the threshold value and the 
most negative potential following the spike 

AP peak amplitude (mV) 
 

the difference between the threshold value and the 
peak of the AP 

AP (10-90) (mV) 
 
 

amplitude of AP between 10-90% of the AP rising 
phase (portion of the AP between the threshold 

value and the peak) 

AP max rise slope (10-90) 
 

slope of spike rising phase between 10-90% of the 
AP rising phase 

AP rise time (10-90) (ms) 
 

Time difference between 10-90% of the AP rising 
phase 

AP decay slope (90-10): 
 
 

slope of spike decay phase between 90-10% of the 
AP decay phase (portion of the AP between the 

peak and the AHP) 

AP decay time (10-90) (ms) 
 

difference between the 10-90% of the AP decay 
phase 

Maximum initial firing frequency 
 
 

the reciprocal of the first inter-spike-interval (ISI) as 
measured following the highest injected current 

before spike inactivation was observed 

Spontaneous firing frequency (Hz) 
 

was determined using the last 20 s of the 30 s 
current clamp recording at 0 pA current injection 

Input resistance (MΩ) 
 

the slope of the best fit line between -80 mV and    
-60 mV in the current/voltage curve 

Resting membrane potential (mV) 
 

the extrapolated voltage at which the 
current/voltage curve crosses 0 pA 

Membrane capacitance (pF): 
 
 
 
 
 

determined in voltage clamp using a 10 mV, 10 ms 
positive square test pulse and neutralizing the 
outward current transient due to charging of 

membrane capacitance by the C-slow capacitance 
compensation circuit of HEKA EPC10, providing 

estimates for capacitance 

 
Table 3.1 Definitions of electrophysiological parameters measured. 
  



Chapter 3: Lateral Hypothalamic Leptin Receptor Neurons are Anorexigenic 

 

51 

3.2.2 Classification of LHALepRb neurons 

Fast-spiking (FS) cells were classified according to their maximum initial firing 

frequency and AP half-width. To determine whether cells were late-spiking (LS), low-

threshold spiking (LTS), or regular-spiking (RS), spike frequency was calculated 

during a 500 ms window before a 1 sec hyperpolarizing step to -90 mV (X) and a 250 

ms window after (Y). Spike ratio was defined as 
  

 
. Classification criteria are based 

on previous criteria used to classify GABA neurons in the LHA (Karnani et al. 2013) 

and are described in Table 3.2. 

 

Cell type Classification criteria 

Fast Spiking (FS) 
 

If maximum initial firing frequency was greater than 
200 Hz and spike half-width less than 0.6 ms 

Regular Spiking (RS) Spike ratio between 0.5 and 1.5 

Low-Threshold Spiking (LTS) Spike ratio greater than 1.5 

Late Spiking (LS) Spike ratio less than 0.5 

 
Table 3.2 Classification criteria for  FS, RS, LTS, and LS neurons 

 

 

3.2.3 Leptin, Glucose and OX responses  

All experiments were conducted in acute brain slices of adult LepRbTom 

animals (>8 weeks). Long-duration current-clamp recordings were carried out with 

long-term application of leptin (500 nM, Bachem), glucose (4 mM, Bachem) or 

orexin-A (OX-A) (500 nM, Bachem) in artificial cerebrospinal fluid (aCSF). A 3-5 min 

baseline recoding was taken before application of pharmacological agents. Leptin, 

glucose or OX-A was applied for up to 10 min, followed by 10-20 minutes of 

washout. For glucose recordings using synaptic blockers, 50 μM AP5 ((2R)-amino-5-

phosphonovaleric acid), 10 μM CNQX (6-cyano-7-nitroquinoxaline-2,3-dione), 50 μM 

TTX (tetrodotoxin), and 3 μM gabazine (S-R95531) was added to aCSF. In these 

experiments, glucose concentrations were increased from 1 mM to 2.5 mM first. 
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After a washout period of 10-20 min, glucose concentrations were increased from 1 

mM to 5 mM. Breaks in current clamp traces correspond to moments when recording 

was paused to take voltage clamp measurements. Voltage clamp ramps from -120 

mV to 20 mV at a rate of 0.1 mV/ ms were taken before and during application of 

glucose or OX-A. Changes in membrane potential after application of glucose or OX-

A were determined using these voltage clamp ramps, where membrane potential 

was determined as the voltage were current injection equals 0 pA. Change in 

membrane potential was defined as the difference between the pre-application 

membrane potential and application membrane potential. Cells with a change in 

membrane potential > 2 mV where considered to show a response (depolarizing if 

positive change, hyperpolarizing if negative change), as noise in recordings were 

measured to be below that threshold. Cells with a change in membrane potential < 2 

mV were classified as non-responsive.  

 

3.2.4 Effect of LHA LepRb neuron activation on food intake 

LepRbChR2Tom animals, where LepRbCre animals were bilaterally injected with 

of AAV1.CAGGS.flex.ChR2.tdTomato.SV40 directly into the LHA at 4 sites, 45 nl at 

each site (Bregma, anterior/posterior: -1.4 mm, medial/lateral: ±1.1 mm, 

dorsal/ventral: -5.0 and -5.2 from skull surface at Bregma) for channelrhodopsin 

(ChR2) expression, were used for LHALepRb neuron photostimulation. For behavioural 

studies, a fibre ferrule was implanted over the LHA (see Table 2.5 for coordinates 

used). For all in vivo photostimulation experiments in this chapter, the same pulse 

protocol was used: 10 ms pulses, 20 Hz for 1 s, repeated every 4 seconds. 

 

3.2.4.1 Overnight feeding suppression 

LepRbChR2Tom animals were habituated to behaviour chambers overnight. The 

next day, food consumption was measured for 22 hrs starting at the onset of the dark 

period (6 pm) without photostimulation as a baseline. The following day, food 

consumption was measured for 22 hrs starting at the onset of the dark period. On 

this test day, animals received photostimulation for the duration of the test (22 hrs). 
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Body weight was measured prior to the test, and after the test. During all feeding 

tests, animals had ad libitum access to 20 mg grain pellets and water. 

 

3.2.4.2 Feeding suppression under food restriction 

LepRbChR2Tom animals were food restricted for 24 hrs and then placed in 

behaviour chambers during the light period where animals received unlimited access 

to food (20 mg grain pellets). Amount of food consumed over a 1 hr period was 

measured as a baseline. After this test, animals were removed from chambers and 

returned to homecage and provided a small amount of food (~1 g), maintaining food 

restriction. The following day, animals were returned to the behaviour chambers 

during the light period and allowed to consume food for 1 hr. During this period of 

time, animals were photostimulated and food consumption was measured. Animals 

had ad libitum access to water. 

 

3.2.5 CRACM studies 

Whole- cell patch-clamp recordings in brain slices of LepRbChR2Tom animals 

were carried out for channelrhodopsin assisted circuit mapping (CRACM) 

experiments. For LHALepRb
VTA studies, non-infected cells in the VTA were 

patched in the vicinity of LHALepRb neuron axons expressing ChR2-tdTomato. For 

LHALepRb
LHA studies, non-infected cells in the LHA were patched in the vicinity of 

LHALepRb neuron axons expressing ChR2-tdTomato. Ten-second pulsed-light 

stimulations at varying frequencies (1 Hz, 5 Hz, or 20 Hz) and varying pulse 

durations (1 ms or 5 ms) were carried out in voltage clamp. Recordings in voltage 

clamp were carried out at a holding potential of -70 mV. 
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3.3 Results 

 

3.3.1 Electrophysiological properties of LHALepRb neurons indicate that they are 

predominantly LHA GABA LTS neurons 

The electrophysiological properties of LHALepRb neurons were investigated in 

order to determine whether these neurons are distinct from OX and MCH neurons, 

as well as to determine whether they represent a distinct subpopulation of LHAGABA 

neurons. All experiments were conducted in acute brain slices of LepRbTom animals. 

 

3.3.1.1 Verification of LepRbTom animals 

To verify the appropriate labelling of LepRb neurons in LepRbTom animals, 

immunohistological analysis of expression of tdTomato was performed by staining 

hypothalamic brain slices of LepRbTom animals with anti-red fluorescent protein 

(RFP) antibody.  Immunohistological analysis of the tdTomato expression in the 

hypothalamus of LepRbTom animals (n=3 animals) reveals an appropriate pattern of 

expression for LepRb neurons. High levels of tdTomato immunoreactivity was 

observed in the ARC, LHA, DMH, VMH, and PMV (Figure 3.1A-D), consistent with 

previous reports of LepRb expression in the hypothalamus (Leshan et al. 2006, Scott 

et al. 2009). In addition, whole-cell patch clamp recordings of tdTomato labelled 

neurons in the presence of synaptic blockers indicate that these neurons were 

responsive to leptin (500 nM, 4 of 6 cells recorded were depolarized and/or 

increased firing rate, Fig 3.1E-I), consistent with previous reports indicating LHALepRb 

neurons show depolarization responses to leptin (Leinninger et al. 2009). Therefore, 

LHALepRb neurons are appropriately labelled by tdTomato in LepRbTom animals, 

making them suitable for use in the study of electrophysiological properties of 

LHALepRb neurons.  
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Figure 3.1 tdTomato appropriately marks LepRb neurons in the hypothalamus 
of LepRbTom animals. (A-C) Diagrams and epifluorescence images of tdTomato 
(red) expression in (A) anterior, (B) medial, and (C) posterior hypothalamus of 
LepRbTom animals. Red boxes in coronal brain section diagrams represent regions 
shown. Scale bar: 500 μm. (D) Inset from (A) showing high magnification 
epifluorescent image of tdTomato expressing LepRb neurons (red) in the LHA. Scale 
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bar: 50 μm. (E-G) (E) Epifluorescence, (F) DIC, and (G) merged image of a LepRb 
neuron labelled by tdTomato (red) patched in the LHA. Dotted white line marks 
location of patch pipette. Scale bar: 20 μm.  (H) Sample trace of whole-cell current 
clamp recording of spontaneous firing in LHALepRb neurons. (I) Sample trace of 
whole-cell current clamp recording of LHALepRb neuron displaying an increase in firing 
in response to 500 nM leptin application (4/6 neurons recorded showed modulatory 
responses to leptin). LHA: lateral hypothalamic area; DMH: dorsomedial nucleus of 
the hypothalamus, ARC: arcuate nucleus; 3V: third ventricle; VMH: ventromedial 
nucleus of the hypothalamus, PMV: ventral premammillary nucleus of the 
hypothalamus. 
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3.3.1.2 Firing properties of LHALepRb neurons 

Whole-cell patch clamp recordings were conducted in brain slices of 

LepRbTom animals to determine electrophysiological properties of LHALepRb neurons. 

tdTomato labelled neurons around the fornix (fx) were patched randomly and 

recorded. All LHALepRb neurons recorded (n=14) were found to be spontaneously 

firing (Figure 3.1E-H) making them distinct from MCH neurons, which do not fire 

spontaneously (van den Pol et al. 2004). Spontaneous firing frequencies recorded 

were between 4.65 Hz and 25.3 Hz, with a mean firing frequency of 10.25 ± 1.79 Hz. 

The average resting membrane potential of these cells was determine to be -44.89 ± 

1.92 mV, which is consistent with the general resting membrane potential of 

spontaneously firing cells. In addition, LHALepRb neurons have an average membrane 

capacitance of 15.68 ± 2.09 pF, consistent with other LHAGABA neurons (Karnani et 

al. 2013) and in contrast to OX neurons, which are considerably larger (Williams et 

al. 2011). Input resistance was variable, ranging from 372.04 MΩ to 1287.08 MΩ, 

with an average input resistance of 801.50 ± 79.14 MΩ. Action potential parameters 

were also determined in LHALepRb neurons (Table 3.3). For all AP parameters 

recorded other than AP threshold, LHALepRb neurons display similar AP 

characteristics to other LHAGABA neurons (Karnani et al. 2013). 
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General electrophysiological properties Action potential properties 

Spontaneous firing 
frequency (Hz) 

10.25 ± 1.79 AP threshold (mV) -28.05 ± 1.35 

Input resistance (MΩ) 801.50 ± 79.14 AP half width (ms) 0.7 ± 0.05 

Resting membrane 
potential (mV) 

-44.8929 ± 1.92 AHP (mV) -25.03 ± 1.44 

Membrane 
capacitance (pF): 

15.68 ± 2.09 
AP peak  

amplitude (mV) 
74.65 ± 2.63 

Maximum initial firing 
frequency 

148.2 ± 53.85 AP (10-90) (mV) 69.34 ± 2.45 

  
AP max rise slope 

(10-90) 
365.64 ± 40.60 

  
AP rise time  
(10-90) (ms) 

0.21 ± 0.02 

  
AP decay slope  

(90-10): 
-133.52 ± 18.11 

  
AP decay time  
(10-90) (ms) 

0.6 ± 0.05 

 
Table 3.3 Electrophysiological characteristics of LHALepRb neurons. Values are 
mean ± S.E.M. 
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3.3.1.3 Classification of LHALepRb neurons 

The LHA contains four subtypes of GABAergic neurons: FS, RS, LS and LTS 

(see Table 3.2) (Karnani et al. 2013). Because LHALepRb neurons are known to be 

GABAergic (Leinninger et al. 2009), recorded LHALepRb neurons were classified 

according to their electrophysiological properties to determine whether they 

represent a specific subtype of LHAGABA neurons. FS GABAergic neurons both in the 

cortex and in the LHA display narrow APs (Karnani et al. 2013, Young & Sun 2009). 

Based on this previously described category, no LHALepRb cells recorded (n=14) were 

found to be FS neurons (Figure 3.2A-B). To determine whether LHALepRb neurons 

are LS, LTS or RS neurons, responses to hyperpolarizing current steps were 

recorded and  changes in firing frequency after release from inhibition was 

determined. LTS neurons show increases in firing when comparing firing rates 

before and after the hyperpolarizing step. LS neurons show a slow ramp 

depolarization back to baseline, resulting in a decrease in firing rate compared to 

initial firing rate. RS neurons do not display any changes in firing rate after the 

hyperpolarisation step (Karnani et al. 2013, Young & Sun 2009). Approximately 86% 

of neurons recorded (12 out of 14 cells recorded) displayed an increase in firing rate 

after hyperpolarisation, indicating that the most LHALepRb neurons are LHAGABA LTS 

neurons (Fig 3.2C-E). This suggests that LHALepRb neurons can be modulated with 

smaller inputs and provide more temporarily precise inhibition (Karnani et al. 2013). 
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Figure 3.2 LHALepRb neurons are LHAGABA LTS neurons. (A) Representative trace 
of maximum firing of a typical non-FS LHALepRb neuron during a depolarizing step. 
(B) Scatter plot of AP spike half-width over maximum initial firing frequency of all 
LHALepRb neurons recorded (n=14), none of which fall under the FS category. (C) 
Representative traces of RS (top), LS (middle), and LTS (bottom) LHALepRb neurons 
during a hyperpolarizing current step. (D) Spike ratio, calculated from X (500 ms) 
and Y (250 ms) time windows shown in top panel of (C) for LS (n=1), RS (n=1) and 
LTS (n=12) LHALepRb neurons recorded. Grey circles represent individual cells, black 
circle and error bars represents mean ± S.E.M. (E) Fractions for each cell type (n=14 
total). FS: fast-spiking; RS: regular-spiking; LS: late-spiking; LTS: low-threshold-
spiking. 
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3.3.2 Glucose and OX modulates LHALepRb neurons’ membrane potential 

Because LHALepRb neurons are putative homeostatic interoceptive neurons 

based on their responsiveness to leptin, I investigated whether other signals of 

energetic state might also modulate their activity. Previous studies have shown that 

LHA neurons, including GABAergic neurons, are sensitive to glucose (Burdakov et 

al. 2005b, Karnani et al. 2013, Williams & Mitchell 2008, Yamanaka et al. 2003). 

Here, I investigated whether LHALepRb neurons, which are GABAergic (Leinninger et 

al. 2009), are also responsive to changes in glucose concentration. Changes in 

membrane potential in response to a 1 mM to 4 mM (low to high) change in 

extracellular glucose were recorded in current-clamp mode with a holding potential of 

-60 mV (imposed by sustained current injection), with no synaptic blockers present. 

This change in glucose concentration led to variable responses in LHALepRb neurons 

recorded. Fifty percent of neurons recorded showed a hyperpolarisation response to 

increased glucose levels (5 out of 10 cells recorded), with a maximum 

hyperpolarisation response of 21.3 mV (Figure 3.3A-B). In addition, 30 percent of 

cells showed a depolarizing response to glucose (3 out of 10 cells recorded), with a 

maximum depolarization of 8.6 mV (Figure 3.3C-D). In order to determine whether 

depolarisation and hyperpolarisation responses were a result of direct glucose action 

on LHALepRb neurons, changes in membrane potential from 1 mM to 2.5 mM and 1 

mM to 5 mM extracellular glucose were recorded in the presence of synaptic 

blockers. Two of four cells recorded showed a hyperpolarizing response to glucose 

concentrations (Figure 3.3E-G), indicating that glucose can directly inhibit some 

LHALepRb neurons. No depolarization responses were observed, however, potentially 

due to the low number of recordings performed. Therefore, it is still unclear whether 

depolarization responses observed in the absence of synaptic blockers are a result 

of direct or indirect action of glucose on these neurons.  

Since LHALepRb neurons are intermingled with OX neurons  (Leinninger et al. 

2009), and both orexin-1 (OX1) and orexin-2 (OX2) receptors are expressed in the 

LHA (Jacob 2005), I investigated whether LHALepRb neurons can be modulated by 

OX, as OX is known to be an orexigenic peptide (Hara et al. 2001, Rodgers et al. 

2000, Rodgers et al. 2001). Similar to glucose studies, changes in membrane 

potential were measured during a 500 nM OX-A application in current clamp mode 

with 0 pA current injections and no synaptic blockers. LHALepRb neurons displayed 
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variable responses to OX-A application. Fifty percent of neurons showed a 

hyperpolarizing response (5 out of 10 cells recorded), with a maximum 

depolarization of 21.52 mV (Figure 3.4A-B). In addition, 20% of neurons showed a 

depolarizing response (2 out of 10 cells recorded, Figure 3.4C-D). Therefore, 

LHALepRb neurons are capable of being modulated by several signals of energy 

status, including leptin, glucose, and OX. However, it is unclear whether modulatory 

responses to OX are direct or indirect, as recordings in the presence of synaptic 

blockers were not conducted.  
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Figure 3.3 Glucose directly inhibits LHALepRb neurons. (A) Sample trace of a 
whole-cell current clamp recording of an LHALepRb neuron showing a hyperpolarizing 
response to 4 mM glucose application without synaptic blockers (5/10 cells recorded 
showed similar responses) (B) Plot of input current and membrane potential (I-V) 
relationship under baseline (black) and glucose application (red) conditions for (A). 
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(C) Sample trace of a whole-cell current clamp recording of an LHALepRb neuron 
showing a depolarizing response to 4 mM glucose application without synaptic 
blockers (3/10 neurons recorded showed similar responses).  (D) I-V plot of baseline 
(black) and glucose application (red) conditions for (C). (E) Sample trace of a whole-
cell current clamp recording of LHALepRb neuron showing hyperpolarizing responses 
to 2.5 mM and 5 mM glucose application with synaptic blockers (grey box, 2/4 
neurons recorded showed similar responses). (F, G) I-V plots of baseline conditions 
(black) and 2.5 mM (F) and 5 mM (G) glucose application conditions (red) for (E). 
Breaks in recorded traces represent time points for ramps under baseline conditions 
(black triangles) and under glucose application (red triangles). Vertical dashed lines 
in I-V plots show where traces are at 0 pA current, indicating membrane potential of 
cell during baseline and glucose application conditions. Total of neurons recorded: 
10 without synaptic blockers, 4 with synaptic blockers. 
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Figure 3.4 LHALepRb neurons are modulated by OX. (A) Sample trace of a whole-
cell current clamp recording of an LHALepRb neuron showing a depolarizing response 
to 500 nM orexin-A  application without synaptic blockers (5/10 cells recorded 
showed similar responses).  (B) Plot of input current (I) and membrane potential (V) 
relationship under baseline (black) and glucose application (red) conditions for (A). 
(C) Sample trace of a whole-cell current clamp recording of an LHALepRb neuron 
showing a hyperpolarizing response to 500 nM orexin-A application without synaptic 
blockers (2/10 cells recorded showed similar responses).  (D) I-V plot of baseline 
(black) and glucose application (red) conditions for (C). Breaks in recorded traces 
represent time points for ramps under baseline conditions (black triangles) and under 
orexin-A application (red triangles). Vertical dashed lines in I-V plots show where 
traces are at 0 pA current, indicating membrane potential of cell during baseline and 
orexin-A application conditions. Total neurons recorded: 10. 
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3.3.3 Activation of LHALepRb neurons suppresses feeding and reduces body 

weight 

To directly test LHALepRb neuron’s role in feeding, I used optogenetic activation 

of LHALepRb neurons. All behavioural experiments on the role of LHALepRb neurons in 

feeding were conducted in LepRbChR2Tom animals, were LHALepRb neurons were 

rendered photoexcitable through delivery of a viral construct expressing membrane-

bound ChR2 fused to a tdTomato reporter in the LHA of LepRbCre animals (Figure 

3.5A). 

 

3.3.3.1 ChR2 expression and functionality validation 

To validate the appropriate expression of ChR2, immunohistochemical 

analysis of tdTomato expression was conducted by staining hypothalamic brain 

sections of LepRbChR2Tom animals (n=3 animals) with RFP antibody. Visualization of 

ChR2-tdTomato infected LHALepRb cells demonstrate that injection site chosen for 

viral delivery was appropriate as no tdTomato labelled cells were found outside the 

LHA. Infected cells were found across 500 μm rostro-caudally in the LHA, between   

-1.2 mm and -1.5 mm from Bregma. Cell bodies were most abundant between -1.3 

mm and -1.4 mm from Bregma, near the fx, where injections were made (Figure 

3.5B-C). 

Light activation of ChR2-tdTomato expressing LHALepRb neurons was tested in 

order to determine functionality of ChR2 (Figure 3.5D-H). First, cells were tested with 

a single light stimulus of increasing duration (from 1 ms to 39 ms, in 2 ms 

increments) in both current clamp and voltage clamp to determine minimum stimulus 

duration required to elicit an action potential and inward current at -60 mV holding 

potential. Analysis shows that all stimulus durations tested were capable of eliciting 

current in ChR2-tdTomato expressing cells (Figure 3.5I). In addition, the difference 

between light stimulus onset and current detection was measured for 1 ms or 5 ms 

pulse durations of a 10 s stimulus of 1 Hz frequency in currently clamp mode. Delay 

times recorded were consistent with previous reports  (Boyden et al. 2005), where 

average delay for 1 ms and 5 ms pulse stimulus was 3.88 ± 0.14 ms and 4.28 ± 0.25 



Chapter 3: Lateral Hypothalamic Leptin Receptor Neurons are Anorexigenic 

 

67 

ms respectively, with no statistically significant difference in response delays 

between 1 ms and 5 ms pulses (paired t-test, n=5, p= 0.16; Figure 3.5J).  

Second, light stimulation of different frequencies were tested in current clamp 

and voltage clamp mode in order to determine whether they could reliably elicit 

action potentials and inward currents for behavioural studies. Cells (n=5) were 

stimulated with a 10 s pulsed-light stimulus (light pulse duration of 1 ms or 5 ms) 

protocol of 1 Hz, 5 Hz, or 20 Hz frequency. Recordings were made in both voltage 

clamp (-60 mV holding potential) and current clamp (0 pA current injection). 

Recordings indicate that ChR2-tdTomato cells reliably fired at all frequencies tested, 

with 0% spike failure (Figure 3.5K-L). Current amplitudes, however, were reduced 

under the 5 Hz and 20 Hz frequency protocols, but not the 1 Hz protocol (Figure 

3.5L). For 20 Hz frequency stimulation, current amplitudes were reduced by nearly 

70% from initial current amplitude (first elicited AP, Figure 3.5M). This phenomenon 

is due to ChR2 inactivation, and is consistent with previous reports of ChR2 

functionality (Boyden et al. 2005, Ishizuka et al. 2006). 
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Figure 3.5 ChR2 in LHALepRb neurons of LepRbChR2Tom animals are functional. 
(A) Schematic of viral vector delivery for expression of ChR2 in LHALepRb neurons. 
Viral vector (top) uses a FLEx-switch to express ChR2-tdTomato under the synthetic 
CAG promoter. Viral vector was bilaterally injected into the LHA of LepRbCre mice 
(bottom). (B) Epifluorescence image of ChR2-tdTomato (membrane-bound, red) 
expression in LHA of LepRbChR2Tom animals. Red box in (A) represents region shown. 
Scale bar: 500 μm. (C) Inset from (B) showing high magnification epifluorescence 
image of ChR2-tdTomato (membrane-bound) expressing LHALepRb neurons (red). 
Scale bar: 50 μm. (D) Schematic of functional validation of ChR2 experiments. 
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Whole-cell patch clamp recordings of ChR2-tdTomato expressing LHALepRb neurons 
were conducted under photostimulation. (E-F) (E) Epifluorescence, (F) DIC, and (G) 
merged image of a ChR2-tdTomato (membrane-bound expressing) LepRb neuron 
(red) patched in the LHA. Scale bar: 20 μm. (H) Sample trace of a 1 ms light stimulus 
elicited action potential in current clamp (top) and inward current in voltage clamp 
(bottom). (I) Sample traces of variable light stimulus durations (1 ms to 30 ms 
durations, with 2 ms increase) elicited action potentials in current clamp (top) and 
inward currents in voltage clamp (bottom). (J) Average delay time between light 
stimulus onset and current detection with 1 ms or 5 ms light pulse durations (paired 
t-test). (K) Sample traces of a 10 s pulsed light stimulus of 1 Hz (left), 5 Hz (middle), 
and 20 Hz (right) frequency with 5 ms pulse duration in current clamp (top) and 
voltage clamp (bottom). (L) Percent amplitude of APs elicited under a 10 s pulsed (5 
ms duration) light stimulus of 1 Hz (black), 5 Hz (blue) and 20 Hz (red) frequency. 
(M) Percent amplitude of the last AP elicited under a 10 s pulsed (5 ms duration) 
light stimulus of 1 Hz (black), 5 Hz (blue), and 20 Hz (red) frequency. Total neurons 
recorded: 5. Values are mean ± S.E.M. n.s p>0.05. LHA: lateral hypothalamic area; 
3V: third ventricle. 
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3.3.3.2 Effect of LHALepRb neuron activation on feeding  

 In order to determine whether activation of LHALepRb neurons can reduce 

feeding, ChR2 expressing LHALepRb neurons in LepRbChR2Tom mice were 

photostimulated. Feeding was measured in a 22 hr assay, starting at the onset of the 

dark period (6 pm to 4 pm on the following day, Figure 3.6A-D). Baseline 

measurements of feeding over 22 hrs indicate that mice consumed an average of 

5.86± 1.72 g of food. Under photostimulation, however, average food consumption in 

22 hrs was reduced to 2.27± 0.52 g, though this change was not statistically 

significant (paired t-test, n=4, p=0.08; Figure 3.6E-F). A closer look at food 

consumption during different periods of the 22 hrs measured show a trend in 

reduction in food consumption during the second portion of the dark period (12 am to 

6 am). However, no statistically significant interaction was observed between 

condition (stimulation vs no stimulation) and time block (two-way RM ANOVA, n=4, 

interaction: condition x time block F(3,9)=0.6, p=0.629) and comparisons between 

groups in this time period was only marginally significant (post hoc multiple 

comparisons with Holm-Sidak correction, n=4, p=0.048; Figure 3.6G, Table 3.4), 

potentially due to variability and low sample number. Body weight, however, was 

significantly reduced after 22 hrs of LHALepRb neuron activation, from 22.6 ± 1.6 g to 

19.9 ± 0.9 g (paired t-test, n=4, p=0.036; Figure 3.6H), representing a ~10% body 

weight reduction. These data indicate that increased activity of LHALepRb neurons 

plays a role in the regulation of body weight, and suggest these neurons might be 

regulating food consumption to a lesser degree. 

I also tested whether activation of LHALepRb neurons might be sufficient to 

reduce elevated feeding effects induced by food restriction. For this, LepRbChR2Tom 

animals (from the same cohort as in previous 22 hr food consumption experiment) 

were food deprived for 24 hours and then tested for re-feeding in a 1 hr feeding 

assay under photostimulation (Figure 3.7A-C). On average, baseline measurements 

indicate that animals will consume about 0.93 ± 0.15 g of food in 1 hr under food 

deprivation. However, photostimulation did not reduce food intake in food deprivation 

conditions (paired t-test, n=4, p=0.437; Figure 3.7D-E). To confirm that 

photostimulation activated LHALepRb neurons in these animals, Fos expression was 

assessed in ChR2-tdTomato expressing LHALepRb neurons following photostimulation 

for 1 hr. Immunohistochemical analysis of Fos expression indicates that LHALepRb 
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neurons were in fact activated by photostimulation during behavioural experiments, 

as Fos staining was observed in these neurons, validating the experimental 

manipulation (Figure 3.7F-K). This indicates that leptin signalling alone is not 

sufficient to diminish food consumption under global states of energy deficit, and 

other signals of energy deficit and neuronal circuits might have a stronger influence 

over food intake under more severe states of energy deficit.  
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Figure 3.6 Chronic activation of LHALepRb neurons reduces food intake and 
body weight. (A) Diagram of fibre placement position in LepRbChR2Tom animals for 
LHALepRb neuron photoactivation. (B) Schematic of photostimulation protocol used. 
(C) Epifluorescence image of membrane-bound ChR2-tdTomato (red) expression in 
LHA of LepRbChR2Tom animals and fibre placement (dashed line). Red box in coronal 
brain section diagram in (A) represents region shown. Scale bar: 500 μm. (D) 



Chapter 3: Lateral Hypothalamic Leptin Receptor Neurons are Anorexigenic 

 

73 

Experimental design schedule. Animals were habituated for one day and then tested 
for food intake under a no photostimulation baseline condition and a photostimulation 
condition on consecutive days. Food intake was measured over 22 hours. 
Experiment was conducted in ad libitum fed animals. (E) Representative trace of 
cumulative number of pellets (20 mg) consumed over time (22 hrs) without 
photostimulation (left) and with photostimulation of LHALepRb neurons (right). (F) Total 
food intake during no photostimulation baseline (white) and photostimulation test 
(cyan) over 22 hrs (n=4, paired t-test). (G) Food intake during no photostimulation 
baseline and photostimulation conditions over 22 hrs, separated into four time blocks 
(n=4). Statistical comparisons are across conditions for each time block (see Table 
3.4). (H) Body weight before and after 22 hr photostimulation (n=4, paired t-test). 
Values are mean ± S.E.M. n.s. p>0.05; * p<0.05. LHA: lateral hypothalamic area; 3V: 
third ventricle. 
 

 

 

Figure 
panel 

Sample 
size 

Statistical test Values 

F 4 Paired t-test p= 0.082 

G 4 

Two-Way RM ANOVA  

Factor 1: Condition (No photostimulation 
vs. Photostimulation) 

F(3,9)=0.6, p=0.082 
 

Factor 2: Time block F(3,9)=10.5, p=0.003 

Interaction: Condition x Time block F(3,9)=0.6, p=0.629 

Post hoc multiple comparisons 
with Holm-Sidak corrections 

 

Time block 6pm-12am p=0.074 

Time block 12am-6am p=0.048 

Time block 6am-12pm p=0.467 

Time block 12pm-4pm p=0.391 

H 4 Paired t-test p=0.036 

 
Table 3.4 Statistical values for Figure 3.6. 
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Figure 3.7 Elevated LHALepRb neuron activity does not suppress food 
deprivation induced feeding. (A) Diagram of fibre placement position in 
LepRbChR2Tom animals for LHALepRb neuron photoactivation (same animals as in 
Figure 3.6). (B) Schematic of photostimulation protocol used. (C) Experimental 
design schedule. Animals were tested for food intake under a no photostimulation 
baseline condition and photostimulation condition on consecutive days. Food intake 
was measured over 1 hour. Experiment was conducted in food restricted animals. 
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(D) Representative trace of cumulative number of pellets (20 mg) consumed over 
time (1 hr) without photostimulation (left) and with photostimulation (right) of LHALepRb 

neurons under food restriction conditions. (E) Total food intake during no 
photostimulation baseline and photostimulation condition over 1 hr (n=4, paired t-
test). (F-H) Diagrams and single plane confocal images of ChR2-tdTomato 
(membrane-bound) expressing LepRb neurons (red) in (F) anterior, (G) medial,  and 
(H) posterior LHA. Red boxes in coronal brain section diagrams represent regions 
shown. Scale bar: 100 μm. (I-K) Single plane confocal images of insets of (F-H), 
respectively, showing Fos expression (green) in membrane-bound ChR2-tdTomato 
expressing LepRb neurons (red) in the LHA. Scale bar 20 μm. Values are mean ± 
S.E.M. n.s. p>0.05. LHA: lateral hypothalamic area. 
 
 

  



Chapter 3: Lateral Hypothalamic Leptin Receptor Neurons are Anorexigenic 

 

76 

3.3.4 Functional connectivity between LHALepRb neurons and downstream 

projection regions (LHA and VTA) are not observed 

Given that activation of LHALepRb neurons are capable of modulating food 

consumption and body weight, downstream projections of LHALepRb neurons would 

also be important nodes in this circuit in the control of feeding. Anatomical studies 

have shown that LHALepRb neurons project to the VTA and within the LHA (Leinninger 

et al. 2009, Leinninger et al. 2011, Louis et al. 2010). To better understand the role 

of LHALepRb neuron circuitry, I used CRACM techniques to determine the functional 

synaptic connectivity of these neurons to the VTA and LHA.  

For functional connectivity studies between LHALepRb neurons and other LHA 

neurons, acute brain sections of LepRbChR2Tom animals were used.  Non-tdTomato 

labelled neurons (n=10) were patched at random in the LHA (Figure 3.8A). 

Immediately after breaking into the cell, cells were hyperpolarized from resting 

membrane potential (0 pA current injection, usually around -40 mV) to -90 mV using 

a 1 sec current injection step protocol (10 pA steps) in order to determine the 

presence of hyperpolarisation-activated current (Ih). Presence of Ih was used to 

identify putative OX neurons (Burdakov et al. 2005a) (Figure 3.8B), which are 

believed to be the downstream targets of LHALepRb neurons in the LHA (Leinninger et 

al. 2009, Leinninger et al. 2011, Louis et al. 2010). Following this, ChR2 expressing 

projections of LHALepRb cells were optically stimulated using a 10 s pulsed-light 

protocol at 1 Hz, 5 Hz, and 20 Hz (1 ms or 5 ms pulse duration), and inward currents 

of LHA neurons were recorded in voltage clamp mode at -70 mV holding potential. A 

total of 10 cells were recorded, but no recorded cell displayed light-activated currents 

under photostimulation (Figure 3.8C). Therefore, no functional connectivity was 

observed.  

As with the LHA, functional connectivity studies between LHALepRb neurons 

and VTA neurons were performed in acute brain sections of LepRbChR2Tom animals.  

Immunohistological analysis of the tdTomato reporter protein (enhanced through 

staining with anti-RFP antibody) indicates that ChR2 expressing LHALepRb neuron 

axons are present in the VTA, in the vicinity of DA neurons, which were identified 

with tyrosine hydroxylase (TH) immunoreactivity (Figure 3.9A-B), consistent with 

previous reports (Leinninger et al. 2009, Leinninger et al. 2011). Whole-cell patch-



Chapter 3: Lateral Hypothalamic Leptin Receptor Neurons are Anorexigenic 

 

77 

clamp recording were performed on VTA cells that were observed to be in the vicinity 

of ChR2-tdTomato expressing LHALepRb axons (Figure 3.9C). Immediately after 

breaking into the cell, presence of Ih was determined in the same manner as in the 

LHA. Ih(-) cells in the VTA are known to be GABAergic, while Ih(+) cells can be either 

GABAergic or DAergic (Margolis et al. 2006). ChR2 expressing axons of LHALepRb 

neurons were optically stimulated using a 10 second pulsed light protocol at 1 Hz, 5 

Hz, and 20 Hz (1 ms or 5 ms pulse duration), and inward currents of VTA neurons 

were recorded in voltage-clamp mode at -70 mV holding potential. A total of 38 cells 

were recorded in both coronal and horizontal sections. Although both Ih(+) and Ih(-) 

cells were recorded (n=19 of each), suggesting both GABA and DA neurons were 

sampled, no recorded cells showed light-activated synaptic currents (Fig 3.9D-G), so 

functional connectivity was not established in this study. 
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Figure 3.8 Functional synaptic connectivity between LHALepRb neurons and 
unlabelled LHA neurons is not observed. (A) Schematic of experimental design. 
Non-ChR2-tdTomato expressing neurons in hypothalamic brain slices of 
LepRbChR2Tom animals where patched under light stimulation. Red box in coronal 
brain section diagram depicts area where neurons were patched.  (B) Sample trace 
of a whole-cell patch clamp recording of a non-ChR2-tdTomato expressing Ih(+) 
neuron in the LHA in response to a hyperpolarizing current under current clamp. 
Presence of Ih suggests this is a putative orexin neuron (Burdakov et al. 2005a) (C) 
Sample traces of responses to a 10 s pulsed-light stimulus of 1 Hz (top), 5 Hz 
(middle), and 20 Hz (bottom), with a 5 ms pulse duration, in voltage clamp, from cell 
shown in (C). Total neurons recorded: 10.  LHA: lateral hypothalamic area. 
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Figure 3.9 LHALepRb neurons do not appear to be functionally connected to VTA 
neurons. (A) Diagram and epifluorescence image showing ChR2-tdTomato 
LHALepRb neuron axons (red) present in the VTA of LepRbChR2Tom animals, in 
proximity to DA neurons, which are marked by TH (green) immunoreactivity. Red 
box in coronal brain section diagram depicts area shown. Scale bar: 500 μm. (B) 
Epifluorescence image of inset of (A). Scale bar: 50 μm. (C) Schematic of 
experimental design. VTA neurons in proximity to ChR2-tdTomato expressing 
LHALepRb neuron axons in midbrain brain slices of LepRbChR2Tom animals where 
patched under light stimulation. Red box in coronal brain section diagram depicts 
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area where neurons were patched. (D, F) Sample traces of a whole-cell patch clamp 
recording of an (D) Ih(-) and an (F) Ih(+) VTA neuron in response to a hyperpolarizing 
current under current clamp. Ih(-) neurons are GABAergic neurons, while Ih(+) 
neurons are either GABAergic or DAergic (Margolis et al. 2006) (E, G) Sample 
traces of responses to a 10 s pulsed light stimulus of 1 Hz (top), 5 Hz (middle), and 
20 Hz (bottom), with a 5 ms pulse duration, in voltage clamp, from cells shown in (D) 
and (F), respectively. Total neurons recorded: 38 LHA: lateral hypothalamic area; IP: 
interpeduncular nucleus; VTA: ventral tegmental area; TH: tyrosine hydroxylase. 

 

  



Chapter 3: Lateral Hypothalamic Leptin Receptor Neurons are Anorexigenic 

 

81 

3.4 Discussion 

In the LHA, LepRb neurons are putative homeostatic interoceptive neurons 

capable of modulating feeding behaviour. However, direct tests of the role of these 

neurons in feeding and functional connectivity to downstream projection regions had 

not been previously evaluated. Using a combination of electrophysiological, 

optogenetic, and behavioural techniques, I set up to broaden the understanding of 

the role of these neurons and their circuits in the regulation of feeding processes. 

 

3.4.1 LHALepRb neurons are LHAGABA LTS neurons capable of sensing signals of 

energetic state 

LepRb neurons in the LHA are known to be modulated by leptin and express 

GABA (Leinninger et al. 2009). In addition, histological analysis indicates that they 

are distinct from two other major populations in the lateral hypothalamus: OX and 

MCH neurons (Leinninger et al. 2009). My studies on the electrophysiological 

properties of LHALepRb neurons corroborate histological studies, as LHALepRb neurons 

possess distinct electrical properties from OX and MCH neurons. LHALepRb neurons 

were shown to be spontaneously firing, making them distinct from MCH neurons, 

which are generally silent (van den Pol et al. 2004). In addition, LHALepRb neurons 

are significantly smaller than OX neurons, measured by their membrane capacitance 

(Williams et al. 2011). Further analysis of electrical properties of LHALepRb neurons 

indicate that these neurons constitute a subtype of GABA neurons in the LHA: LTS 

neurons (Karnani et al. 2013). Although the number of neurons recorded for analysis 

was small (n=14), LHALepRb neurons recorded were sampled randomly and should, 

therefore, be a representative population. However, studies with greater sample 

sizes should be conducted to verify that LHALepRb neurons are, in fact, LTS neurons. 

Due to these electrophysiological properties, these neurons have the potential of 

being modulated by smaller inputs and provide inhibition with greater temporal 

precision (Karnani et al. 2013).  
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In addition, a subset of LHALepRb neurons is sensitive to changes in glucose 

concentration. Hyperpolarisation responses to increased glucose concentrations are 

due to direct action of glucose on LHALepRb neurons, as this response was observed 

under the presence of synaptic blockers. Some neurons were also depolarized, 

although it is unclear whether this is a direct or indirect effect.  The exact 

mechanisms of glucose induced hyperpolarisation in LHALepRb neurons is also 

unclear at this point, and should be further investigated.  OX-A was also shown to 

modulate the activity of LHALepRb neurons, by either depolarizing or hyperpolarizing 

these neurons. Given that these studies were conducted without the use of synaptic 

blockers, it is unclear at this point whether OX mediated changes in activity are due 

to the direct action of OX on LHALepRb neurons. This modulation by OX, however, 

indicate the potential presence of circuit loops between LepRb  and OX neurons in 

the LHA, as LHALepRb neurons have been shown, through anatomical studies, to 

project within the LHA to OX neurons (Leinninger et al. 2009, Leinninger et al. 2011, 

Louis et al. 2010). This loop can, therefore, serve as either a feed-forward or 

feedback mechanisms for the output of LHA synaptic transmission to downstream 

circuits outside of the LHA.  Due to the low number of neurons recorded for glucose 

and OX experiments, however, these studies should be repeated in order to confirm 

the results presented here. Nonetheless,  these preliminary findings support the 

notion that LHALepRb neurons constitute another set of homeostatic neurons which 

are modulated by signals of an animal’s physiologic state, including leptin, glucose, 

and OX.   

 

3.4.2 Regulation of feeding and body weight by LHALepRb neurons 

Although pharmacological studies of leptin’s action in the modulation of food 

consumption in the LHA suggests a role in feeding for LHALepRb neurons (Leinninger 

et al. 2009), studies using direct manipulations of the activity of LHALepRb neurons 

had not been performed to date. In the studies presented in this chapter, I directly 

tested the relationship between increased LHALepRb neuron activity and feeding using 

optogenetic approaches. Though the experimental cohort used was small, activation 

of LHALepRb neurons led to a significant decrease in body weight, and a trend 

towards a reduction in food intake. Due to variability in food intake between animals 
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and low number of animals in my study, however, these studies should be replicated 

in order to confirm these results. Elevated LHALepRb activity did not reduce elevated 

feeding under food restriction, however, indicating that this particular circuit is not 

sufficient to suppress this feeding response, and other circuits might have a greater 

role in driving this behaviour. Recently, a study indicated that activation of 

glutamatergic neurons in the LHA, marked by the vesicular glutamate transporter 2 

(Vglut2), acutely inhibited food consumption in food restricted animals (Jennings et 

al. 2013). These results, along with the ones presented in this chapter, highlights the 

complexity and specificity of neuronal control over the modulation of food intake, 

where different neuronal cell-types within a brain region can regulate feeding in 

different contexts.  

 

3.4.3 Functional LHALepRb neuron circuit connectivity  

Homeostatic neurons that are important in the regulation of food consumption 

and body weight can serve as entry points to aid in unravelling the neural circuits 

that control feeding behaviour (Sternson 2013). Since LHALepRb neurons are capable 

of modulating feeding, its downstream projection targets provide a map of potential 

feeding nodes involved in the regulation of food intake. Although anatomical studies 

had demonstrated the presence of LHALepRb axons in the LHA and VTA (Leinninger 

et al. 2009, Leinninger et al. 2011, Louis et al. 2010), functional connectivity had not 

been tested. Traditionally, these studies are conducted using paired 

electrophysiological recordings in slice (Holmgren et al. 2003, Thomson et al. 2002). 

However, this technique produces low yields of recorded pairs and cannot be used 

for long range projections as cell bodies are severed from axons during slice 

preparation.   

Here, I used CRACM techniques to determine connectivity between LHALepRb 

neurons and other LHA and VTA neurons.  Although immunohistochemical analysis 

indicated that LHALepRb neuron axons are present in the VTA in proximity to DA 

neurons, photoactivation tests failed to establish connectivity between these neurons 

and VTA neurons. Recordings within the LHA also failed to yield functional 

connections. Although the number of recordings performed here in each area was 

not exhaustive, these results suggests that functional connectivity between LHALepRb 
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neurons with both VTA and LHA is low, despite the observance of axonal projections 

in these two areas (Leinninger et al. 2009, Leinninger et al. 2011, Louis et al. 2010). 

This phenomenon is not unheard of. For example, although CRACM studies testing 

the functional connectivity of ARCAGRP
paraventricular nucleus of the hypothalamus 

(PVH) and ARCPOMC
PVH circuits show synaptic connectivity between the PVH and 

ARC through both AGRP and POMC neurons (Atasoy et al. 2008), it was reported 

that connectivity between POMC neurons and postsynaptic PVH neurons displayed  

very low connectivity probabilities (~5%) compared to AGRP neurons (~50%) 

(Atasoy et al. 2014). Ultrastructure electron microscopy (EM) reconstructions, 

however, indicated that POMC neuron release sites were generally located more 

distantly from post-synaptic neuron soma, compared to AGRP neuron release sites 

(Atasoy et al. 2014). This was suggested to account for the lower functional 

connectivity observed under CRACM studies, as subcellular location of a synaptic 

input can strongly influence its ability to perturb post-synaptic cell activity (Williams & 

Mitchell 2008, Williams & Stuart 2003). Distal targeting might be insufficient to 

influence neuron excitability on its own, but can act with coincident activity from other 

inputs to gate neuron excitability (Stuart & Hausser 2001). EM studies like the one 

employed by Atasoy et al. (2014), therefore, can provide more conclusive evidence 

demonstrating synaptic connectivity between LHALepRb neurons and the VTA and 

LHA, and determine whether structural aspects of the connectivity such as those 

observed in ARCPOMC
PVH circuitry might contribute to the lack of observed 

functional connectivity.  

Furthermore, procedural variables in my recordings itself might not be 

appropriate to capture functional connectivity of LHALepRb neurons. Circuit mapping 

studies using ChR2 have been shown to be effective in releasing and observing 

post-synaptic effects of fast neurotransmitters such as glutamate (Glu) or GABA 

(Atasoy et al. 2008, Atasoy et al. 2012, Holloway et al. 2013, Schone et al. 2012, Xia 

et al. 2011) as well as smaller neurotransmitters such as DA (Stuber et al. 2010), but 

have in some cases failed to detect effects of larger peptide mediated modulatory 

effects. For example, circuit connectivity studies between OX neurons and histamine 

(HA) neurons in the tuberomammillary nucleus of the hypothalamus (TMN) using 

CRACM protocols, similar to those employed in studies presented here, observed  

fast post-synaptic excitation in HA neurons attributed to the release and transmission 
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of Glu from OX neurons, but failed to show any post-synaptic effects due to OX 

(Schone et al. 2012). Upon further inspection, however, it was noted that a late 

excitation attributed to OX transmission was observed, and was more prominent 

when using longer photostimulation protocols (20-30 s) (Schone et al. 2014). In 

addition, studies interrogating the functional connectivity of AGRP neurons and 

downstream projection targets showed GABAergic modulation of postsynaptic 

neurons in the PVH, but not neuropeptide-Y (NPY) (Atasoy et al. 2012). Behavioural 

studies, however, indicated that both NPY and GABA were important in AGRP 

neuron’s ability to evoke feeding (Atasoy et al. 2012). Circuit mapping studies 

presented here were conducted with the expectation of observing GABAergic inputs 

to LHALepRb targets, due to initial reports indicating these neurons were GABAergic 

(Leinninger et al. 2009). Further studies have shown that at least a cohort of 

LHALepRb neurons also express Nts and galanin (Laque et al. 2013, Leinninger et al. 

2011). Although it is believed that neurotransmitters and peptides are generally co-

expressed and co-released in axonal boutons (Eccles 1976, Eccles et al. 1954), 

there has been evidence of segregation of peptide and neurotransmitters in boutons 

(Samano et al. 2012). Lack of observed functional connectivity of LepRb neurons, 

then, could also be due to the inability of current protocols to capture slower and 

more subtle post-synaptic modulatory effects elicited by peptides such as Nts, so 

further studies should be conducted. Given that behavioural effects under 

photoactivation of LHALepRb neurons are not observed acutely, but over a 22 hr 

period, it is likely slow peptidergic signalling by LHALepRb neurons are functionally 

relevant.  

 

3.4.4 Modulation of motivationally directed appetitive behaviours and 

reinforcement mechanisms 

A pressing question not addressed in these studies is the role of LHALepRb 

neurons in the modulation of motivated appetitive behaviours and reinforcement 

mechanisms that direct action selection in feeding behaviour. Although, i.c.v. 

injections of leptin has been shown to modulate DA dependent motivated appetitive 

behaviours through lever press studies, the exact circuitry involved in regulating this 

behaviour is still unknown (Figlewicz et al. 2006). Because LHALepRb neurons are 
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believed to modulate the DAergic system through alterations of TH mRNA 

expression in the VTA as well as DA content in the NAc, these neurons are in a good 

position to regulate DA dependent appetitive behaviours (Leinninger et al. 2009, 

Leinninger et al. 2011). Interestingly, a recently study indicated that mice would 

nose-poke for photoactivation of LHA neurons that project to the VTA, and this was 

believed to be mediated by LHANts neuron inputs to the VTA (Kempadoo et al. 2013). 

However, direct testing of LHANts
VTA circuit in self-stimulation studies were not 

carried out. In addition, this is not believed to be mediated by Nts expressing 

LHALepRb neurons, as post-synaptic potentials observed in the VTA were 

glutamatergic, and LHALepRb-Nts neurons are believed to be GABAergic. This is not 

surprising as only ~30 % of Nts expressing neurons in the LHA were found to also 

express LepRb (Leinninger et al. 2011). The role of LHALepRb-Nts neurons was not 

tested by the group, as all recordings were conducted in the presence of a GABA-A 

receptor blocker (Kempadoo et al. 2013). Despite the current lack of evidence for 

functional connectivity between LHALepRb neurons and the VTA, future studies can 

take advantage of new optogenetic tools to manipulate neuronal activity in specific 

projection areas (Atasoy et al. 2012, Jennings et al. 2013) to unravel their role in the 

modulation of motivationally dependent behaviours. In particular, it would be 

interesting to determine how GABAergic LHALepRb-Nts and glutamatergic LHANts inputs 

to the VTA might differentially modulate post-synaptic neurons in this region to affect 

appetitive behaviours. 
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3.5 Conclusion 

LepRb neurons in the brain are believed to be important regulators of food 

intake. Through direct cell-type specific manipulation of neuronal activity, data 

presented in this chapter show that LHALepRb neurons are capable of modulating 

body weight, but their role in the food intake remain unclear. In addition, these 

neurons comprise primarily of LHAGABA LTS neurons, and are homeostatic neurons 

capable of detecting and signalling information about body energy status, as their 

activity is modulated by glucose, leptin, and OX. Limited studies probing the 

functional downstream circuitry of these neurons have failed to detect functional 

connectivity between these neurons and postsynaptic neurons in the VTA and LHA, 

two projection areas known to receive LHALepRb neuron projections based on 

anatomical studies. Nonetheless, these studies serve as a basis for further 

interrogation of these neurons’ circuit connectivity and their role in the modulation of 

feeding behaviour.  
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4.1 Introduction 

Animals use a broad range of behaviours and expend considerable effort in 

order to regulate energetic requirements for survival. The use of a diverse and 

flexible set of goal-directed behaviours under states of homeostatic need such as 

hunger underscores the important relationship between homeostatic regulation and 

the control of motivated appetitive behaviours. A major challenge for the 

investigation of the motivational underpinnings of physiological needs like hunger is 

the existence of diverse pathways that are concurrently engaged during the slow 

process of energy deprivation (Gao & Horvath 2007). Because homeostatic neurons 

are capable of sensing circulating signals of energetic state and modulate food 

consumption and food seeking behaviours (Sternson 2013), modulations of the 

activity of specific homeostatic neuron populations and their circuits can aid unravel 

the relationship between distinct motivational processes and specific neuronal 

circuits that participate in the regulation of feeding behaviour.  

 

4.1.1 Positive and negative reinforcement properties engaged in feeding 

behaviour  

Under states of physiological need, including hunger, flexible goal-directed 

behaviours employed to acquire food are learned through processes that evaluate 

the result of actions to influence their probability of being repeated. Thorndike’s “Law 

of Effect” indicates that responses that lead to favourable consequences increase in 

frequency, while those that present unfavourable or neutral consequences become 

less frequent (Thorndike 1898). Skinner further developed this concept into his 

theory of reinforcement (Skinner 1938). Both positive and negative reinforcement 

mechanisms have each been proposed to underlie and drive behaviours associated 

with state of energy deficit (Bindra 1976, Hull 1943) (Figure 4.1).  

Early behavioural theories assumed that need-based hunger directed 

behaviours through a negative reinforcement mechanism, where deviation from 

homeostasis leads to an unpleasant internal state, and cues or actions associated 

with eliminating that need are reinforced (Berridge 2004, Freud 2001, Hull 1943) 

(Figure 4.1A). This aversive motivating condition has been called “drive” (Hull 1943). 
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However, a direct test of negative reinforcement with electrical stimulation-evoked 

feeding failed to show aversive properties and the presence of an aversive internal 

state (Margules & Olds 1962, Olds 1976). In addition, negative reinforcement 

mechanisms do not explain reinforcement in the absence of a homeostatic need 

(Berridge 2004, Dickinson 2002). Therefore, the absence of direct experimental 

evidence in animals has led to scepticism about whether negative reinforcement 

contributes a major role in hunger overall, hedonic or homeostatic (Berridge 2004, 

Dickinson 2002). 

Positive reinforcement theory indicates that outcomes that increase positive 

affect are reinforced. Although positive reinforcement can operate in the absence of 

hunger (Yiin et al. 2005), under states of energy deficit, internal or external cues and 

actions associated with food consumption are strengthened due to an increase in 

positive valence of outcomes (Berridge 2004) (Figure 4.1B). Hunger can modulate 

the incentive value of food, in part, by changing the perceived qualities of food. For 

example, under states of hunger, human subjects report higher palatability for food-

related odours (Yeomans & Mobini 2006) and taste cues (Rolls et al. 1983, Rolls & 

Rolls 1997, Stoeckel et al. 2007). The orexigenic hormone ghrelin also increases the 

reported palatability of food (Druce et al. 2006). In addition, hunger can also 

modulate the post-ingestive properties of food. For example, rodents develop a 

preference for non-nutritive flavours paired with intragastric infusions of caloric 

sugars, fats and amino acids under hunger (Yiin et al. 2005). Mice genetically 

engineered to be unable to perceive sweet taste can also develop a preference for 

sucrose (de Araujo et al. 2008). Since animals in a state of energy deficit will work 

much harder for food in an operant task than animals fed ad libitum (Hodos 1961), 

and hormones such as leptin and ghrelin, can also influence the willingness of an 

animal to work for food (Figlewicz et al. 2006, Overduin et al. 2012), it is believed 

that increased willingness to work for food under hunger is due to the increase of 

perceived palatability or nutritive value of food rewards. 

However, directly distinguishing the role of positive and negative 

reinforcement in food consumption and action selection during food seeking under 

states of need-based hunger has been difficult, as food consumption can be viewed 

as increasing reward or as reducing a negative state. One approach to address this 

issue is by analyzing the reinforcement properties associated with changes in 
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electrical activity of cell-type specific homeostatic neurons (Sternson et al. 2013). For 

homeostatic neurons that increase food consumption, positive and negative 

reinforcement can be distinguished in the absence of food, by whether increased 

activity of these neurons is reinforcing (positive) or whether reduction of their activity 

is required for reinforcement (negative).  

 

 

Figure 4.1 Positive and negative reinforcement processes in homeostatic 
hunger. (A) Negative reinforcement model of food-seeking increases behavioural 
responding by reducing an energy deficit internal state that has negative valence. 
The relationship between internal or external cues and food-seeking actions is 
strengthened by nutrient ingestion outcomes that reduce energy deficit and the 
associated negative valence (red bar arrows are inhibitory). Conversely, the 
relationship between internal or external cues and food-seeking actions is weakened 
if outcomes do not reduce energy deficit and the associated negative valence. (B) 
Positive reinforcement model of food-seeking. The relationship between internal or 
external cues and food-seeking actions is strengthened by outcomes that result in 
nutrient ingestion, which has intrinsic positive valence (Yiin et al. 2005). Grey block 
arrow represents reinforcement process increasing the probability of performing 
food-seeking actions. Energy deficit is not necessary for positive reinforcement but 
enhances the value of outcomes associated with nutritive food.  
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4.1.2 AGRP neurons and the control of food consumption 

Studies investigating the functional importance of agouti-related peptide 

(AGRP) neurons in the arcuate nucleus (ARC) have shown that they are vital in 

feeding behaviour. AGRP neuron activity is increased both directly and synaptically 

by circulating signals of energy deficit, such as ghrelin (Cowley et al. 2003, van den 

Top et al. 2004, Yang et al. 2011), and are inhibited by signals of energy surplus, 

including glucose, insulin, and leptin (Fioramonti et al. 2007, Konner et al. 2007, van 

den Top et al. 2004). AGRP  neurons also display elevated activity under food 

deprivation, as Fos expression is significantly elevated compared to sated states 

(Betley et al. 2013), and firing rate is significantly higher under food deprivation 

compared to well-fed conditions (Yang et al. 2011). In addition, ablation of AGRP 

neurons in adult animals using diphtheria toxin (DT) leads to aphagia (Luquet et al. 

2005). Inhibition of their electrical activity leads to a suppression of feeding (Krashes 

et al. 2011), while channelrhodopsin (ChR2) activation of AGRP neurons evokes 

acute food intake in sated animals during the light period, with amounts consumed 

similar to those of animals that have been food deprived for 24 hrs (Aponte et al. 

2011). Activation of these neurons specifically directs behaviours towards food 

consumption, as water consumption was only initiated after feeding bouts (Aponte et 

al. 2011). Thus, AGRP neurons can transduce circulating signals of metabolic state 

intro electrical activity to modulate feeding behaviour. 

As with food deprivation, AGRP neuron activation not only influences food 

consumption, but also food seeking and effort. During AGRP neuron stimulation, 

mice show elevated breakpoints in a progressive ratio task to obtain food by either 

nose poking (Krashes et al. 2011) or lever pressing (Atasoy et al. 2012). Thus, 

AGRP neuron activity evoked feeding is not solely a reflection of the initiation of 

motor patterns controlling feeding, but also posses motivational properties to direct 

flexible food-seeking actions. Consequently, AGRP neurons can serve as a sensory 

neuron entry point for the investigation of motivational processes and downstream 

circuit nodes that regulate feeding behaviour (Sternson et al. 2013).  
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4.1.3 Reinforcement mechanisms engaged by AGRP neurons 

Despite lack of direct experimental evidence for negative reinforcement in 

hunger, human subjects report that energy deficit is unpleasant and eating can be 

directed towards alleviating this feeling (Keys et al. 1950, Stunkard & Rush 1974, 

Wadden et al. 1986). Thus, negative reinforcement processes might still play a role 

in hunger regulated behaviours, although the neural processes that elicit food 

seeking and negative emotions associated with homeostatic hunger states have not 

been identified to date.  

Recently, a study by Betley et al. (2014) attempted to determine the 

reinforcement capability of AGRP neuron inhibition under hunger states. Because 

energy deficit leads to food-seeking through elevated AGRP neuron activity (Cowley 

et al. 2003, Takahashi & Cone 2005, van den Top et al. 2004) and ingestion of 

nutrients reverses this (Fioramonti et al. 2007, van den Top et al. 2004, Yang et al. 

2011), the group tested whether silencing AGRP neurons in the absence of food 

would be reinforcing. Using a conditioned place preference paradigm, the study 

showed that chemogenetic cell-type specific silencing of AGRP neurons under food 

restriction was reinforcing, as animals displayed a preference for the chamber 

associated with AGRP neuron silencing (Betley et al. 2014). In addition, a 

conditioned taste preference paradigm also demonstrated that animals preferred the 

flavour of a non-nutritive food associated with AGRP neuron silencing under hunger 

(Betley et al. 2014). These results are consistent with a negative reinforcement 

teaching signal that can direct an animal’s actions and food consumption choices. 

Nevertheless, it is unclear whether activation of AGRP neurons can induce a 

negative internal affect, and how disruption of this negative reinforcement 

mechanism might affect behavioural modulation of food seeking and consumption 

behaviours. 
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4.1.4 Experimental Aims 

The experiments detailed in this chapter aim to further understand the 

reinforcement properties engaged by AGRP neurons to promote and direct food 

seeking and food consumption behaviours. Specific aims may be summarized as 

follows: 1) to determine whether activation of AGRP neurons has a negative valence, 

consistent with a negative reinforcement mechanism for directing behaviour; and 2) 

to determine the behavioural consequences of the disruption of negative 

reinforcement mechanisms engaged by AGRP neurons in relation to food seeking 

and food consumption.  
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4.2 Methods specific to the chapter 

 

4.2.1 In vivo photostimulation 

For all behavioural studies, adult AGRPChR2EYFP animals (>8 weeks) were 

used. Adult AGRPEGFP animals were also used as controls for one study. For 

behavioural studies, a fibre ferrule was implanted over the ARC of all animals used 

(see Table 2.5 for coordinates used). For all in vivo photostimulation experiments in 

this chapter, the same pulse protocol was used: 10 ms pulses, 20 Hz for 1 s, 

repeated every 4 seconds. 

 

4.2.2. Fos expression under differing conditions 

Brain tissue of AGRPChR2EYFP animals were collected from ad libitum fed mice, 

after 24 hrs of food deprivation, or after 1 hr of AGRP neuron photostimulation, and 

stained for Fos.  At least 100 neurons were examined in the same fashion for each 

condition to determine Fos intensity distributions (see section 2.10).  

 

4.2.3 AGRP neuron evoked feeding in AGRPChR2EYFP animals 

AGRPChR2EYFP mice with implanted fibre ferrules over the ARC were allowed 

to acclimate to the behavioural cages overnight before initiating the photostimulation 

protocols, and were tested for evoked feeding behaviour during the early light period. 

During the test, animals had ad libitum access to 20 mg grain pellets and water. 

Food intake was recorded during a pre-photostimulation baseline for 1 hr, followed 

by a 1 hr of AGRP neuron photostimulation. Latency to feed was defined as the time 

elapsed between the onset of photostimulation and the initiation of the first bout of 

feeding. A feeding bout was defined as the consumption of a minimum of five pellets 

with inter-pellet-intervals less than 2.4 min (Aponte et al. 2011). Several post hoc 

tests were performed in order to determine inclusion of an animal to the final 

analysis. Fibre transmittance was measured after removal from brain. Animals with 

less than 50% fibre transmittance were excluded from analysis. Fibre placement was 

also determined. Animals with off-target fibre placement were excluded from 
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analysis. For all of the experiments described below, animals were pre-screened for 

evoked food consumption as described here.  Animals that consumed at least 0.7 g 

of food were considered to have suitable optical fibre placement. 

 

4.2.4 Conditioned place avoidance  

Conditioned place avoidance was conducted in a two chambered apparatus. 

AGRPChR2EYFP animals pre-screened for feeding (consumed 0.7 g of food in an ad 

libitum AGRP neuron photostimulation evoked feeding test, as described above in 

section 4.2.3) were used for the experimental group, while AGRPEGFP animals were 

used for the control group. All animals were given an acclimatization session (15 

min) to the apparatus the day before testing initial preference. The initial preference 

was tested by placing the mouse in the preference chamber for 1800 s and its 

position was video recorded. Position of animals was tracked offline using these 

video recordings and the initial side preference was determined. After this initial 

preference test, animals under optogenetic neuron photostimulation (both 

experimental group and control group) were conditioned with a two-step protocol 

alternating passive conditioning with an active avoidance place preference test. The 

active avoidance place preference protocol alone was less reliable for conditioning 

avoidance, likely related to the minutes long latency (Aponte et al. 2011) of AGRP 

neuron activation to induce food-seeking and consumption. Therefore, some prior 

experience with AGRP neuron activity on one of the sides appears to be required, 

despite the fact that this exposure alone did not significantly alter place preference. 

Passive conditioning sessions involved separate exposure to each side of the 

apparatus (1800 s each), where the initially less preferred side was not paired with 

intracranial light pulses, and the initially more preferred side was paired with 

intracranial light pulses to photostimulate neurons expressing ChR2.  Control 

animals, which only expressed an enhanced green fluorescent protein (EGFP), also 

experienced intracranial light pulses on the initially more preferred side to ensure 

that the light pulse protocol used is not aversive on its own. Passive conditioning was 

followed by active avoidance place preference testing on the subsequent day, in 

which mice were allowed free access to both sides of the chamber (900 s) while the 
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position of the mouse was recorded and photostimulation was applied only when the 

mouse entered the side of the chamber also paired with photostimulation during 

passive conditioning (photostimulation ceased as soon as the mouse crossed to the 

other side). This allowed the mouse to adjust its behaviour to avoid elevated AGRP 

neuron activity. After 7 days of this protocol (morning: active avoidance, afternoon: 

passive conditioning), mice received one more passive conditioning session, and the 

next day were given free access to the chamber for 1800 s and allowed to explore 

the chamber without any photostimulation events (extinction) while the position of the 

mouse was recorded. The experimental schedule is summarized in Table 4.1 

 

Session Day 1 Day 2-8 Day 9 

Morning 
 
 

Initial preference 
measurement          

(1800 s) 

Active avoidance 
session (900 s) 

 

Place preference in 
extinction (1800 s) 

 

Afternoon 
 
 

Passive conditioning 
(1800 s on each side of 

chamber) 

Passive conditioning 
(1800 s each side of 

chamber) 
 

 
Table 4.1 Conditioned place avoidance training and experimental schedule. 
 
 

 

4.2.5 Lever pressing experiments 

AGRPChR2EYFP animals were used for all lever pressing tasks. Animals pre-

screened for evoked feeding (consumed 0.7 g of food in an ad libitum AGRP neuron 

photostimulation evoked feeding test, as described above in section 4.2.3) were 

used for all AGRP neuron photostimulation groups. Mice that did not reach this 

criterion were used for control groups (food restriction groups). All lever press 

training was conducted under food restriction, where animals were maintained at 

~85% body weight. Food rewards during training consisted of 20 mg grain pellets. 

Food rewards were switched to 20 mg grain pellets with 1% saccharine and grape or 

orange flavouring during testing to allow comparison of reinforcing effects of food 

consumption outside of the testing session (i.e., influence of flavoured pellets vs. 
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regular chow consumption in the homecage). All animals received exposure to these 

pellets in their homecages (50 pellets) the night prior to the start of tests to limit any 

effects on behaviour from neophobia. All training and tests were conducted in 

operant conditioning chambers during the light period. 

 

4.2.5.1 Progressive Ratio 7 reinforcement schedule for feeding 

Training 

All mice were trained to lever press for food at a fixed ratio (FR) 1 ratio 

overnight for one night. While food restricted, mice were then trained on daily, 30 min 

FR1 sessions until reaching learning criteria (earning 18 pellets in a 30 min session 

for 3 consecutive days). They were then trained with 2 hr sessions for two days on a 

progressive ratio (PR) schedule where the required number of presses for each 

subsequent reward increases by 3 (PR3). Mice were then trained on a PR7 schedule 

for one day in a 2 hr session.   

PR Test 

Following training, mice were tested on a PR7 test for 15 consecutive days. 

PR7 was used to ensure that mice would exert high levels of effort for food and to 

limit satiation at low levels of effort.  PR7 test sessions were 2 hrs; however, mice 

were only allowed to press for food for the first 40 min of each session. After training, 

mice in the food restriction group were kept on food restriction and tested on a PR7 

schedule for 15 consecutive days. Mice were then returned to ad libitum food for 2 

days to allow their body weight to recover, and tested on a PR7 schedule under ad 

libitum fed conditions. Mice were tethered to a dummy fibre (no photostimulation) 

during testing to ensure that this tether does not interfere with lever pressing activity 

or with food consumption.  

For the AGRP neuron photostimulation groups, mice were returned to ad 

libitum food intake for 2 days after training, before initiating testing. All mice were 

tested under well-fed conditions (absence of energy deficit) with photostimulation on 

a PR7 schedule for 15 consecutive days. During test sessions, one group of mice 
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received photostimulation for the whole length of the session (120 min) in order to 

fully dissociate cessation of photostimulation from lever pressing and food 

consumption. Within this group, some mice were provided regular chow in their 

home cages, while others were maintained on the same food used as rewards 

during the test session for the duration of the experiment. These two subgroups were 

ultimately combined for statistical analysis because no difference in lever pressing 

was observed between them.  A second group received photostimulation only during 

the first 40 min of the session, when the mice were allowed to press for food. Mice in 

both photostimulation groups were also tested in the absence of photostimulation 

after the 15 day test sessions. 

For all groups, mice that did not earn at least 5 food rewards on the first day 

of PR7 test were removed from the experiment as low lever pressing is most likely 

due to aversion to novel food (from switching to flavoured food reward between 

training and testing phases); this applied to one mouse from the food restriction 

group. Food rewards during test sessions consisted of 20 mg grain pellets with 1% 

saccharine and grape flavouring. Breakpoint was defined as the last ratio completed 

before 5 min passed without earning a reward. For the rate of lever pressing 

analysis, lever presses were divided into two blocks: first 10 minutes (low-effort work 

requirement) and rest of session (high-effort work requirement). The first 10 min 

were chosen as low-effort work requirement conditions since average breakpoint 

time was greater than 10 min for all groups.   

 

4.2.5.2 Fixed Ratio 100 reinforcement schedule for feeding.  

Training 

All mice were trained to lever press for food at an FR1 ratio overnight for one 

night. While food restricted, mice were trained on daily, 30 min FR1 sessions until 

reaching learning criteria (earning 18 pellets in a 30 min session for 3 consecutive 

days). They were then trained with one 40 minute session (one session per day) for 

each of the following fixed ratio schedules on consecutive days: FR5, FR15, FR30, 
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FR60, and FR100. Only animals that pressed at least 500 times on the FR100 

schedule were used for testing.  

FR Test 

Following training, mice were tested on FR100 test for 15 consecutive days. 

FR100 was used to ensure that mice would exert high levels of effort for food and to 

limit satiation at low levels of effort.  FR100 test sessions were 2 hrs; however, mice 

were only allowed to press for food for the first 40 min of each session to mimic the 

PR7 study. Food rewards during test sessions consisted of 20 mg grain pellets with 

1% saccharine and grape flavouring. As with PR7 experiment, after training, mice in 

the food restriction group were kept on food restriction and tested on a FR100 

schedule for 15 consecutive days. Mice were then returned to ad libitum food for 2 

days to allow their body weight to recover, and tested on a FR100 schedule under ad 

libitum fed conditions. Mice were tethered to a dummy fibre (no photostimulation) 

during testing to ensure that this tether does not interfere with lever pressing activity 

or with food consumption. For the AGRP neuron photostimulation group, mice were 

returned to ad libitum food intake for 2 days after training, before initiating testing. All 

mice were tested under well-fed conditions (absence of energy deficit) with 

photostimulation on an FR100 schedule for 15 consecutive days. During test 

sessions, mice received photostimulation for the whole length of the session (120 

min). Mice were also tested in the absence of photostimulation after the 15 day test 

sessions. 

To study the effects on lever pressing of elevated AGRP neuron activity under 

food restriction in an FR100 reinforcement schedule for feeding, the experiment was 

conducted as described above, using animals from the same cohort. Animals were 

retrained on lever pressing with one 40 min session (one session per day) for each 

of the following fixed ratio schedules on consecutive days: FR5, FR15, FR30, FR60, 

and FR100. Following training, the experimental procedure was exactly as described 

above for the food restriction group. For AGRP neuron photostimulation group, 

animals were not returned to ad libitum food consumption. Instead, all 

photostimulated sessions were tested while animals were maintained on food 

restriction. Food pellets used in this test contained a different flavour cue (citrus 

instead of grape) from those used for the experiment described above to avoid any 
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associations with experience in the prior experiment. All other procedures were 

identical to those described above. 

4.2.6 Photostimulation induced weight gain 

AGRPChR2EYFP mice that consumed 0.7 g of food or more during an ad libitum 

AGRP neuron photostimulation evoked feeding test were used for this experiment. 

All mice were trained to lever press under a PR7 schedule under food restriction as 

described in section 4.2.5.1 above. Food rewards during training consisted of 20 mg 

grain pellets. After training, mice were then returned to ad libitum food for 2 days 

before testing began. Food rewards were switched to 20 mg grain pellets with 1% 

saccharine and grape flavouring during PR7 testing to allow comparison of 

reinforcing effects of food consumption outside of the testing session (i.e., influence 

of flavoured pellets vs. regular chow consumption in the homecage), mirroring the 

protocol used in the PR7 reinforcement assay (section 4.2.5.1 above). All mice 

received exposure to these pellets in their homecages (50 pellets) the night prior to 

the start of tests to limit neophobia. Mice were then tested on a PR7 task under well 

fed conditions during photostimulation of AGRP neurons. The PR7 reinforcement 

session was 2 hrs long but levers were only available for the first 40 min of the 

session. Photostimulation was given during the entire length of the session (120 min) 

in order to fully dissociate cessation of photostimulation from lever pressing and food 

consumption. 

Next, mice underwent the weight gain induction period. Weight gain was 

induced in one group of mice through daily, 2 hr photostimulation sessions (22 days)  

until weight gain matched that of the 120 min photostimulation group in the PR7 test 

(~28%). A second group did not receive photostimulation, but were tethered to an 

optic fibre and served as controls for natural weight gain and any potential decline in 

lever pressing due to the time elapsed between tests. During these sessions, mice 

did not lever press for food. Mice in both groups were allowed to consume a number 

of rewards (20 mg grain pellets with 1% saccharine and grape flavouring) in order to 

ensure any changes in lever pressing on the post weight gain PR7 test was not due 

to the novelty of the food or neophobia. The number of rewards provided during the 

weight gain stimulation sessions each day was matched to the average number of 

rewards earned by the 120 min photostimulation group in the PR7 test. After ~28% 
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weight gain in the photostimulated group, well fed mice were then tested again on a 

PR7 task under AGRP neuron stimulation (120 min), and without AGRP neuron 

photostimulation on the following day. 

 

4.2.7 Repeated daily AGRP neuron evoked free feeding assay 

Three groups of mice were tested for 15 consecutive daily sessions for food 

consumption in a free feeding assay: 1) food restriction, 2) ad libitum fed with AGRP 

neuron photostimulation, and 3) ad libitum fed without AGRP neuron 

photostimulation. The photostimulation group received AGRP neuron 

photostimulation for the whole duration of the testing session (2 hours) each day. 

Food restriction and ad libitum fed group were tethered to an optic fibre, but did not 

receive any light stimulation. Sessions were 2 hrs long but mice were only allowed to 

consume food during the first 40 minutes of the session (mimicking lever pressing 

studies). Food rewards consisted of 20 mg grain pellets with 1% saccharine and 

grape flavouring to distinguish any reinforcing effects of food consumption outside of 

the testing session (regular chow consumption in the homecage). All mice received 

exposure to these pellets in the homecage (50 pellets) the night prior to the start of 

tests. AGRPChR2EYFP mice that consumed 0.7 g of food or more during an ad libitum 

AGRP neuron photostimulation evoked feeding test were used for the AGRP neuron 

photostimulation group. Mice that did not reach this criterion were used for the food 

restriction and ad libitum fed no photostimulation groups.  
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4.3 Results 

 

4.3.1 Optogenetic manipulations of AGRP neurons for the study of 

motivational processes in feeding 

To study the motivational properties of AGRP neuron circuit, optogenetic 

techniques were employed to allow for the rapid, cell-type specific activity 

manipulations of AGRP neurons. Previous studies have shown that the amount of 

food consumed in AGRP neuron evoked feeding behaviours is dependent on the 

number of AGRP neurons activated by photostimulation (Aponte et al. 2011). 

Therefore, in order to reduce variability in neuronal activation and behavioural 

effects, which is more prominent under viral transduction of ChR2 due to variability in 

infection levels, cell-type selective expression of ChR2 in AGRP neurons was 

achieved by crossing AGRPCre animals (Tong et al. 2008) with Ai32 animals, a Cre-

dependent mouse line for the expression of membrane-localized ChR2 with a fused 

enhanced yellow fluorescent protein (EYFP) marker (Madisen et al. 2012). The 

resulting mouse line, AGRPChR2EYFP, express ChR2 specifically in AGRP neurons. 

 

4.3.1.1 Validation of ChR2 expression in AGRPChR2EYFP animals 

To verify the expression of ChR2 in AGRP neurons, hypothalamic brain slices 

of AGRPChR2EYFP animals were stained for green fluorescent protein (GFP). Under 

visual inspection of brain slices of AGRPChR2EYFP mice, ChR2-EYFP only labelled cell 

bodies in the ARC (n=3 animals). In addition, projections were only observed in 

previously described AGRP neuron projection regions (Betley et al. 2013, Haskell-

Luevano et al. 1999), suggesting appropriate expression pattern of this mouse line 

(Figure 4.2A-D, I-L). Validation of cell-type specific expression and penetrance levels 

of ChR2 in AGRPChR2EYFP mice was performed by analyzing colocalization of ChR2-

EYFP with endogenous AGRP in axonal terminals of seven major projection fields: 

anterior subdivisions of the bed nucleus of stria terminalis (aBNST), paraventricular 

nucleus of the hypothalamus (PVH), paraventricular thalamic nucleus (PVT), 

suprafornical subdivision of the lateral hypothalamic area (LHAs), central nucleus of 
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the amygdala (CEA), periaqueductal grey (PAG), and parabrachial nucleus (PBN) 

(Betley & Sternson 2011, Haskell-Luevano et al. 1999) (4.2E-H, N-P). Analysis of 

colocalization shows that AGRPChR2EYFP mouse line expresses ChR2-EYFP in ~97% 

of AGRP peptide immunoreactive boutons across all projection areas examined 

(Figure 4.2Q). In addition, colocalization of ChR2-EYFP with proopiomelanocortin 

(POMC), the second major population of neurons in the ARC, was measured to 

determine expression specificity. Colocalization was also measured in major AGRP 

axonal projections, which are also major targets of POMC neurons (Betley et al. 

2013) (Figure 4.3A-P). The analysis showed that ChR2-EYFP is minimally co-

expressed in POMC neurons, as only ~1.4% of POMC immunoreactive boutons 

were colocalized with ChR2-EYFP across all projection areas examined (Figure 

4.3Q). This indicates that AGRPChR2EYFP mouse line displays high ChR2 penetrance 

in AGRP neurons with minimal expression in other cell-types. 
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Figure 4.2 AGRPChR2EYFP animals display high penetrance of ChR2 expression 
in AGRP neurons. (A-D, I-L) Diagrams and epifluorescence images showing 
colocalization of membrane-bound ChR2-EYFP (green) and AGRP (red) 
immunoreactivity in major AGRP neuron projection regions in AGRPChR2EYFP mice: 
(A) aBNST, (B) PVH, (C) PVT, (D) LHAs, (I) ARC, (J) CEA, (K) PAG, and (L) PBN. 
Red boxes coronal brain section diagrams represent regions shown. Scale bars: 500 
μm. (E-H, M-P) Insets of (A-D, I-L), respectively, showing single confocal plane of 
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AGRP (red) and membrane-bound ChR2-EYFP (green) containing boutons. Scale 
bars: 10 μm. (Q) Percent colocalization of ChR2-EYFP containing boutons with 
AGRP containing boutons in all projection regions analyzed (n=100 AGRP boutons 
counted per projection region). aBNST: anterior subdivisions of the bed nucleus of 
stria terminalis; PVH: paraventricular nucleus of the hypothalamus; PVT: 
paraventricular thalamic nucleus; LHAs: suprafornical subdivision of the lateral 
hypothalamic area; ARC: arcuate nucleus; CEA: central nucleus of the amygdala; 
PAG: periaqueductal grey; PBN: parabrachial nucleus; ac: anterior commissure; 3V: 
third ventricle; fx: fornix; Aq: aqueduct; 4V: fourth ventricle. 
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Figure 4.3 ChR2 in AGRPChR2EYFP animals is not expressed in POMC neurons. 
(A-D, I-L) Diagrams and epifluorescence images showing colocalization of 
membrane-bound ChR2-EYFP (green) and POMC (red) immunoreactivity in major 
AGRP neuron projection regions in AGRPChR2EYFP mice: (A) aBNST, (B) PVH, (C) 
PVT, (D) LHAs, (I) ARC, (J) CEA, (K) PAG, and (L) PBN. Red boxes coronal brain 
section diagrams represent regions shown. Scale bars: 500 μm. (E-H, M-P) Insets of 
(A-D, I-L), respectively, showing single confocal plane of POMC (green) and 
membrane-bound ChR2-EYFP (green) containing boutons. Scale bars: 10 μm. (Q) 
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Percent colocalization of ChR2-EYFP containing boutons with POMC containing 
boutons in all projection regions analyzed (n=100 AGRP boutons counted per 
projection region). aBNST: anterior subdivisions of the bed nucleus of stria 
terminalis; PVH: paraventricular nucleus of the hypothalamus; PVT: paraventricular 
thalamic nucleus; LHAs: suprafornical subdivision of the lateral hypothalamic area; 
ARC: arcuate nucleus; CEA: central nucleus of the amygdala; PAG: periaqueductal 
grey; PBN: parabrachial nucleus; ac: anterior commissure; 3V: third ventricle; fx: 
fornix; Aq: aqueduct; 4V: fourth ventricle. 
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4.3.1.2 Functional validation of ChR2 in AGRPChR2EYFP animals in vivo 

To test the functionality of ChR2 expressed in AGRPChR2EYFP animals, I 

determined the ability of photostimulation of the ARC to produce Fos expression in 

ChR2 expressing AGRP neurons, and whether Fos expression levels are similar to 

those observed in AGRP neurons under food deprivation conditions (Betley et al. 

2013). Brain slices of AGRPChR2EYFP animals that were either under ad libitum food, 

24 hr food deprivation, or receiving 1 hour of in vivo AGRP neuron photostimulation 

were stained for Fos. Immunohistochemical analysis showed Fos expression in 

AGRP neurons under 24 hr food deprivation and 1 hr in vivo photostimulation 

conditions, but not under ad libitum fed conditions (Figure 3.4A-I). In addition, 

analysis of Fos intensity distributions of 100 randomly selected AGRP neurons per 

condition (from 2 animals per condition) show no significant differences between the 

food deprived and photostimulated conditions  (Mann-Whitney rank sum test 

between food deprivation and photostimulation conditions only, n=100 neurons per 

condition, p=0.170, Fig 4.4J), indicating that ChR2 in AGRP neurons of 

AGRPChR2EYFP animals is functional and photostimulation is capable of activating 

these neurons.  
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Figure 4.4 Optogenetic stimulation of AGRP neurons in AGRPChR2EYFP animals 
induced Fos expression similar to food deprivation. (A-C) Single plane confocal 
image showing no Fos (red) immunoreactivity in membrane-bound ChR2-EYFP 
expressing AGRP neurons(green) in the (A) anterior, (B) medial, and (C) posterior 
ARC of ad libitum fed AGRPChR2EYFP animals. Scale bar: 50 μm. (D-F) Single plane 
confocal image of Fos (Red) immunoreactivity in membrane-bound  ChR2-EYFP 
expressing AGRP neurons (green) in the (D) anterior, (E) medial, and (F) posterior 
ARC of 24 hr food deprived AGRPChR2EYFP animals. (G-I) Single plane confocal 
image showing Fos (red) immunoreactivity in membrane-bound ChR2-EYFP 
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expressing AGRP neurons (green) in the (A) anterior, (B) medial, and (C) posterior 
ARC of 1 hr AGRP neuron photostimulated AGRPChR2EYFP animals. Red boxes in 
coronal brain section in diagrams represent areas shown. (J) Scatter plots showing 
distribution of Fos immunofluorescence intensity measured in the nucleus of AGRP-
ChR2-EYFP labelled neurons from three groups of mice: Ad libitum fed, 24 hr food 
deprived, and 1 hr AGRP neuron photostimulated (Mann-Whitney rank sum test 
between food restriction and photostimulation conditions only, n=100 neurons per 
group, from 3 animals in each group,). n.s. p>0.05. 3V: third ventricle. 
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4.3.1.3 AGRP neuron evoked feeding in AGRPChR2EYFP animals 

To determine whether AGRPChR2EYFP animals are suitable for behavioural 

studies, I tested whether optogenetic activation of AGRP neurons in these animals 

results in an evoked-feeding response as previously reported with activation of 

AGRP neurons using viral expression of ChR2 (Aponte et al. 2011, Atasoy et al. 

2012) (Figure 4.5A-C). Results indicate that photostimulation of AGRP neurons in 

well-fed AGRPChR2EYFP animals elicited an evoked-feeding response (Figure 4.5D). 

Consistent with prior reports (Aponte et al. 2011), photostimulated animals 

consumed on average 0.94 ± 0.12 g in 1 hr, a significant increase over a 1 hr pre 

photostimulation baseline, where animals only consumed 0.09 ± 0.03 g (paired t-test, 

n=6, p=0.001, Fig 4.5E). In addition, latency from the onset of photostimulation to the 

first bout of food consumption was on average 3.2 ± 0.9 min, which is within the 

range of previously reported latencies (~6 min) (Aponte et al. 2011). Therefore, 

AGRPChR2EYFP present similar behavioural responses under AGRP neuron activation 

as previously reported and are suitable for use in behavioural studies. 
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Figure 4.5 Photoactivation of AGRP neurons in elicits evoked feeding 
response in AGRPChR2EYFP animals. (A) Diagram of fibre placement position in 
AGRPChR2EYFP animals for AGRP neuron photoactivation. (B) Epifluorescence image 
of membrane-bound ChR2-EYFP (green) expression in the ARC of AGRPChR2EYFP 

animals and fibre placement (dashed line). Red box in coronal brain section diagram in 
(A) represents region shown. Scale bar: 1 mm. (C) Schematic of experimental 
design and photostimulation protocol used. Food intake was measured for 1 hr pre 
photostimulation and 1 hr under AGRP neuron photostimulation in ad libitum fed 
animals during the light period. (D) Cumulative number of pellets (20 mg) consumed 
over time for pre photostimulation baseline (1 hr, white background) and under 
AGRP neuron photostimulation (1 hr, cyan background).  (E) Total food intake during 
pre photostimulation baseline (white) and under AGRP neuron photostimulation 
(cyan) (n=6, paired t-test). Values are mean ± S.E.M. ** p<0.01. ARC: arcuate 
nucleus, 3V: third ventricle. 
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4.3.2 AGRP neuron stimulation has a negative valence and is avoided  

Prior studies indicate that suppression of AGRP neuron activity under hunger 

is reinforcing, suggesting that AGRP neurons might engage a negative 

reinforcement mechanism to direct food consumption behaviours (Betley et al. 

2014). If AGRP neurons motivate food-seeking and consumption via a negative 

reinforcement mechanism, then increased AGRP neuron activity is expected to 

signal negative valence. This would direct the selection of behaviours that resulted in 

a reduction of AGRP neuron activity, and therefore, alleviation from the associated 

negative valence. To test this hypothesis independently of the reinforcing properties 

of nutrient ingestion (Yiin et al. 2005), the reinforcement characteristics of AGRP 

neuron activation in the absence of food consumption or energy deficit were 

examined using a conditioned place avoidance paradigm.  

AGRPChR2EYFP mice, as well as control AGRPEGFP mice, were passively and 

actively (active avoidance) conditioned each day for 7 days. Under passive 

conditioning sessions, animals received exposure to AGRP neuron photostimulation 

on one side of a two-chamber apparatus, and no photostimulation to the other side. 

In active avoidance sessions, animals were allowed to freely explore both sides of 

the conditioning apparatus. AGRP neuron photostimulation was triggered whenever 

the mouse entered the side of the chamber previously exposed to photostimulation 

under passive conditioning, and terminated when animals exited it. The protocol 

allowed animals to use a behavioural response distinct from food intake to shut off 

elevated AGRP neuron activity (Figure 4.6A-D). Over the course of 7 days, mice 

showed avoidance of the side paired with AGRP neuron photostimulation compared 

to controls, which do not show this response (two-way RM ANOVA, n=12 per group, 

interaction: group x session F(7, 154)= 3.3, p=0.003; Figure 4.6E-F, Table 4.2). This 

effect was more robust for the second half of the active aversion session (two-way 

RM ANOVA, n=12 per group, interaction: group x session F (7,154) = 3.8, p<0.001; 

Figure 4.6G, Table 4.2.), which is likely related to the minutes-long latency of AGRP 

neuron stimulation to evoke feeding (Aponte et al. 2011). In a subsequent extinction 

test in the absence of photostimulation, mice continued to avoid the side previously 

associated with elevated AGRP neuron activity (unpaired t-test, n=12 per group, 

p=0.025; Figure 4.6H). This shows that elevated AGRP neuron activity has a 

negative valence, which can be used to reinforce behavioural responses to avoid it, 
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further supporting a negative reinforcement motivational mechanism for food seeking 

during AGRP neuron activation. Under energy deficit, elevated AGRP neuron activity 

elicits an internal state with negative valence, which mice learn to avoid. In the 

presence of food, animals would be motivated to eat as nutrient ingestion normally 

suppresses these neurons and eliminates this negative internal state. 

  



Chapter 4: AGRP Neurons Employ a Negative Reinforcement Teaching Signal 

 

116 

 

 

 

Figure 4.6 Elevated AGRP neuron activity is actively avoided. (A) Diagram of 
fibre placement position in AGRPChR2EYFP animals for AGRP neuron photoactivation. 
(B) Schematic of photostimulation protocol used. (C) Schematic of experimental 
design schedule. Initial preference was measured, followed by passive conditioning 
and active avoidance protocols over 7 days, with a final passive conditioning session 
and a preference test in extinction. Experiment was conducted under ad libitum food 
conditions for all animals during the light period. (D) Experimental design for each 
conditioned place aversion experimental step. (i) Initial place preference was 
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measured in a 2-chamber apparatus. Animals received no photostimulation and had 
access to the entire apparatus. (ii) Under passive conditioning sessions, mice were 
separately exposed to each side of the chamber (30 min each, with or without light 
delivery). Photostimulation side is indicated by cyan bar. (iii) In active conditioning 
sessions, animals had access to the entire apparatus. Light was delivered upon 
entering the side of the chamber previously conditioned with stimulation, and the 
mouse’s exit from that side terminated photostimulation. (i) and (iii) were repeated 
over 7 days. (iv) A preference test in extinction was subsequently performed, where 
the animal had full access to both sides of the chamber and no photostimulation. (E) 
For a representative AGRPChR2EYFP mouse, scatter plots tracking mouse position 
(top) and corresponding heat map (bottom) showing percentage of occupancy times 
in photostimulation (cyan bar) and no photostimulation side, revealing a change from 
the (i) initial preference to the side of the chamber paired with the cessation of AGRP 
neuron photostimulation during (ii) last active avoidance test. (F, G) Percent 
occupancy time on photostimulation side for AGRPEGFP control (open circles, n=12) 
and AGRPChR2EYFP experimental group (filled circles, n=12) during (F) 15-min active 
avoidance sessions and (G) the second half of each active avoidance session. 
Statistical comparisons are across groups for each session (see Table 4.2). (H) 
Change in occupancy time on the previously photostimulated side for AGRPEGFP 

control (n=12) and AGRPChR2EYFP (n=12) experimental group during a 30 min 
preference test in extinction (unpaired t-test). Values are mean ± S.E.M. * p<0.05; ** 
p<0.01; *** p<0.001. 
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Figure 
panel 

Sample 
size 

Statistical test Values 

F 
 
 
 
 
 
 
 
 
 
 

12 per 
group 

 
 
 
 
 
 
 
 
 

Two-Way RM ANOVA  

Factor 1: Group (AGRPChR2EYFP vs. 
AGRPEGFP) 

F(1,154)=3.0, p=0.097 
 

Factor 2: Session F(7,154)=2.3, p=0.029 

Interaction: Group x Session F(7,154)=3.3, p=0.003 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Session 7 p=0.003 

G 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

12 per 
group 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Two-Way RM ANOVA  

Factor 1: Group (AGRPChR2EYFP vs. 
AGRPEGFP) 

F(1,154)=6.4, p=0.019 
 

Factor 2: Session F(7,154)=3.2, p=0.004 

Interaction: Group x Session F(7,154)=3.8, p<0.001 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Session 4 p=0.025 

Session 5 p=0.009 

Session 6 p=0.035 

Session 7 p<0.001 

H 
 

12 per 
group 

Unpaired t-test p=0.025 

 
Table 4.2 Statistical values for Figure 4.6 
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4.3.3 Disruption of negative reinforcement reduces instrumental food seeking 

If AGRP neurons induce food seeking due to the learned contingency 

between actions that results in nutrient ingestion and reduction of AGRP neuron 

activity, then food seeking actions that fail to reduce AGRP neuron activity are 

expected to diminish in intensity over time. To examine the role of negative 

reinforcement for AGRP neuron-mediated food-seeking, I sought to prevent 

reduction of AGRP neuron activity during and following a food-seeking task by 

imposing elevated AGRP neuron activity in the absence of other homeostatic need 

signals. AGRP neuron activation in ad libitum fed mice increases lever pressing for 

food on a progressive ratio task as much as food restriction (Atasoy et al. 2012). 

However, if AGRP neuron activity is predominantly mediating food seeking 

behaviours through negative reinforcement, then previously reinforced lever pressing 

actions would gradually decrease because nutrient ingestion would no longer be 

capable of reducing elevated AGRP neuron activity (Figure 4.7A). This would be 

analogous to behavioural extinction, as the reinforcer, in this case decrease in AGRP 

neuron activity, is withheld, even though food is still delivered and consumed. 

Alternatively, if AGRP neuron activity predominantly influences food seeking by a 

positive reinforcement process associated with the enhancement of positive valence 

of food consumption, then lever pressing would be expected to remain elevated 

(Figure 4.7B). 

To test this, I compared three groups of animals that were trained to lever 

press on a PR7 food reinforcement schedule under food restriction. After learning 

the contingency between lever pressing and food delivery, they were tested for 15 

days in a PR7 paradigm. In this test, animals were allowed to lever press for food for 

40 min, and then remained in the testing chamber for another 80 min. (Figure 4.8A-

C). One group (n=7) was maintained under food restriction and showed steady lever 

press responses over 15 sessions (Figure 4.8D). The other two groups were re-fed 

to ad libitum and were tested for instrumental food seeking during AGRP neuron 

photostimulation. One group received photostimulation only while animals had 

access to levers to earn food rewards (40 min, n=12). For a second group, 

photostimulation was continued after the levers and food access were withdrawn 

(120 min, n=11) in order to fully dissociate cessation of photostimulation from lever 

pressing and food consumption. In the first session, both groups of mice responded 
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to AGRP neuron photostimulation with high lever presses and food consumption, 

similar to mice in the food restriction group (one-way ANOVA, n= 7 food restriction, 

12 photostimulation (40 min), 11 photostimulation (120 min), F (2, 27) = 0.741, 

p=0.486; Figure 4.8D). In subsequent sessions, however, both groups of ad libitum 

fed photostimulated AGRPChR2EYFP mice showed a progressive decline in lever 

presses (two-way RM ANOVA, n= 7 food restriction, 12 photostimulation (40 min), 11 

photostimulation (120 min), interaction: groups x session F(28, 378)= 2.12, p<0.001; 

Figure 4.8D, Table 4.3), with the 120 min photostimulation group showing the most 

dramatic effect. The 40 min photostimulation group displayed an intermediate effect 

in decline in lever presses between the food restricted and 120 min photostimulated 

group, indicating that the magnitude of reduced lever pressing for food was sensitive 

to the duration of AGRP neuron photostimulation in the behavioural session (Figure 

4.8D). In addition, little or no lever pressing was observed on the inactive lever 

through the entire experiment for all groups, indicating that lever pressing was goal-

directed and decline in lever pressing was not due to switching of activity to a 

different lever (data not shown). Comparisons between the first (session 1) and last 

(session 15) sessions of testing show that food restricted animals do not change 

their lever pressing, and both sessions remain elevated over an ad libitum fed, no 

photostimulation (Ad lib) session tested (post hoc multiple comparisons with Holm-

Sidak correction, n=7, session 1 vs. session 15 p=0.839, session 1 vs. Ad lib session 

p=0.021, session 15 vs. Ad lib session p=0.02; Figure 4.8F, Table 4.3). In contrast 

120 min photostimulation group show a statistically significant decline in lever 

presses between the first and last sessions of testing, with the level of lever pressing 

on the last session being comparable to the Ad lib session (post hoc multiple 

comparisons with Holm-Sidak correction, n=11, session 1 vs. session 15 p<0.001, 

session 15 vs. Ad lib session p=0.33; Figure 4.8F, Table 4.3). The 40 min 

photostimulation group also displayed a reduction in lever pressing between session 

1 and session 15, but lever presses on session 15 remained elevated over the Ad lib 

session (post hoc multiple comparisons with Holm-Sidak correction, n=12, session 1 

vs. session 15 p=0.006, session 15 vs. Ad lib session p=0.009;  Figure 4.8F, Table 

4.3).  

Analysis of number of pellets earned showed similar patterns. The food 

restricted group showed no changes in numbers of pellets earned between the first 
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and last session of testing (post hoc multiple comparisons with Holm-Sidak 

correction, n=7, session 1 vs. session 15 p=1.000; Figure 4.8G, Table 4.3), while 

both 120 min photostimulation (post hoc multiple comparisons with Holm-Sidak 

correction, n=11, session 1 vs. session 15 p<0.001; Table 4.3) and 40 min 

photostimulation group (post hoc multiple comparisons with Holm-Sidak correction, 

n=12, session 1 vs. session 15 p=0.002; Table 4.3) showed a significant decline (Fig 

4.8G). Further analysis between food restriction and 120 min photostimulation group 

shows that there is a statistical significant difference in lever pressing over multiple 

sessions of the test (two-way RM ANOVA, n= 7 food restriction, 11 photostimulation 

(120 min), group F(1,224)= 5.4 p=0.033, session F(14,224)= 2.9 p<0.001, interaction 

F(14,224)= 3.5, p<0.001; Figure 4.8D, Table 4.3). This experiment indicates that 

elevated AGRP neuron activity during and following instrumental responding for food 

reduced the level of effort expended to seek and consume food. This is in accord 

with a model where AGRP neuron activity serves predominantly as a negative 

reinforcement teaching signal for food seeking behaviours (Figure 4.7A). One caveat 

to this interpretation is the observance of AGRP neuron photostimulation induced 

body weight (Figure 4.8E), which would lead to an alternative hypothesis where long 

term metabolic changes can influence motivation for food seeking. This issue is 

addressed in the next section.   
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Figure 4.7 Prediction of outcomes under AGRP neuron-mediated negative 
reinforcement signal disruption. (A) Model that combines concerted negative and 
positive reinforcement for AGRP neuron-mediated food seeking and ingestion. If 
AGRP neurons operate primarily via negative reinforcement, under conditions of 
elevated AGRP neuron activity imposed by photostimulation, previously reinforced 
actions (lever press) are predicted to decrease (schematic, right) as nutrient 
ingestion no longer reduces AGRP neuron activity and negative valence. Although 
ingested nutrients are intrinsically positively reinforcing (greyed-out pathway), this is 
insufficient to compensate for loss of negative reinforcement. (B) As an alternative 
hypothesis, if AGRP neurons predominantly mediate reinforcement through the 
enhancement of the positive valence of nutrients instead of through negative 
reinforcement (greyed-out pathway), then previously reinforced actions that lead to 
nutrient ingestion under states of energy deficit would remain elevated (schematic, 
right). 
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Figure 4.8 Disruption of AGRP neuron mediated negative reinforcement 
reduces instrumental responding for food. (A) Diagram of fibre placement 
position in AGRPChR2EYFP animals for AGRP neuron photoactivation. (B) Schematic 
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of photostimulation protocol used. (C) Schematic of experimental design schedule. 
AGRPChR2EYFP mice were trained in energy deficit to lever press with a PR7 
reinforcement schedule for food pellets. PR7 reinforcement testing was performed 
over 15 sessions on three groups: food restriction (black), ad libitum fed AGRP 
neuron photostimulation (120 min, cyan) and ad libitum fed AGRP neuron 
photostimulation (40 min, grey). After the 15th test session, a test session was 
performed for all groups without photostimulation and under ad libitum food (Ad lib) 
conditions. During test sessions (120 min for all groups), levers were available for 
the first 40 min. Food restriction group did not receive photostimulation. The AGRP 
neuron photostimulation (120 min) group received intracranial light pulses for the 
entire 120-min session, while the AGRP neuron photostimulation (40 min) group 
received intracranial light pulses only during the 40 min period when the lever was 
available. All tests were conducted during the light period. (D) Lever presses in each 
session during PR7 test for food restriction (black, n = 7), ad libitum fed AGRP 
neuron photostimulation (120 min) (cyan, n = 11), and ad libitum fed AGRP neuron 
photostimulation (40 min, n = 12) mice. Statistical comparisons are across groups, 
between food restriction and photostimulation (120 min) groups only, for each 
session (see Table 4.3). (E) Weight gain for the 120 min (cyan, n=11) and 40 min 
(grey, n=12) AGRP neuron photostimulation groups in PR7 experiment after 15 
sessions. Weight gain is due to eating after the test session when the mouse is 
returned to the homecage and is associated with long-lasting effects from release of 
AGRP (Hagan et al. 2000). Previous experiments have shown that AGRP is not 
responsible for the acute feeding behaviour investigated in this study (Aponte et al. 
2011, Atasoy et al. 2012, Krashes et al. 2013). However, metabolic changes 
associated with weight gain could be an alternative cause of reduced instrumental 
food seeking shown in (D). (F, G) (F) Lever presses and (G) pellets earned from first 
(1), last (15)  and ad libitum (Ad lib)  PR7 test sessions for food restriction (black), 
AGRP neuron photostimulation (120 min) (cyan) and AGRP neuron photostimulation 
(40 min) (grey) groups. Statistical comparisons are within groups (see Table 4.3). 
Values are mean ± S.E.M. n.s. p>0.05; * p<0.05; ** p<0.01; *** p<0.001. 
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Figure 
panel 

Sample size Statistical test Values 

D 
 
 
 
 

 
 

 
 

Food  
Restriction 
group: 7 

 
Photostimulation 

(120 min)  
group: 11 

 
Photostimulation 

(40 min)  
group: 12 

 

Two-Way RM ANOVA  

Factor 1: Group 
 (Food restriction  

Photostimulation (120 min),  
Photostimulation (40 min)) 

F(2,378)=1.2, p=0.315 
 
 
 

Factor 2: Session F(14,378)=3.9, p<0.001 

Interaction: Group x Session F(28,378)=2.1, p<0.001 

D 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Food  
Restriction 
group: 7 

 
Photostimulation 

(120 min)  
group: 11 

 
 

 
 

 
 

 
 

 
 
 
 
 
 

Two-Way RM ANOVA  

Factor 1: Group 
 (Food restriction vs. 

Photostimulation (120 min) only) 

F(1,224)=5.4, p=0.033 
 
 

Factor 2: Session F(14,224)=2.9, p<0.001 

Interaction: Group x Session F(14,224)=3.5, p<0.001 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Session 6 p=0.045 

Session 8 p=0.003 

Session 10 p=0.014 

Session 11 p=0.011 

Session 12 p=0.004 

Session 13 p=0.005 

Session 14 p=0.029 

Session 15 p=0.022 

F 
 
 
 
 
 
 
 
 

 
 
 

 

Food  
Restriction 
group: 7 

 
 

 
 

 

One-Way RM ANOVA F(2,12)=6.6, p=0.012 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Session 1 vs. Session 15 p=0.839 

Session 1 vs. Ad lib Session p=0.021 

Session 15 vs. Ad lib Session p=0.02 

Photostimulation 
(120 min)  
group: 11 

 
 
 
 

 

One-Way RM ANOVA F(2,20)=33.1, p<0.001 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Session 1 vs. Session 15 p<0.001 

Session 1 vs. Ad lib Session p<0.001 

Session 15 vs. Ad lib Session p=0.332 

Table 4.3 Statistical values for Figure 4.8. Table continued on next page. 
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Figure 
panel 

Sample size Statistical test Values 

F 
 
 
 

 
 
 

 

Photostimulation 
(40 min) 

group: 12 
 
 
 
 
 

One-Way RM ANOVA F(2,22)=19.2, p<0.001 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Session 1 vs. Session 15 p=0.006 

Session 1 vs. Ad lib Session p<0.001 

Session 15 vs. Ad lib Session p=0.009 

G 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 

 

Food  
Restriction 
group: 7 

 
 
 
 

 

One-Way RM ANOVA F(2,12)=11.5, p=0.002 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Session 1 vs. Session 15 p=1.000 

Session 1 vs. Ad lib Session p=0.004 

Session 15 vs. Ad lib Session p=0.003 

Photostimulation 
(120 min) 
group: 11 

 
 
 
 
 

One-Way RM ANOVA F(2,20)=38.1, p<0.001 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Session 1 vs. Session 15 p<0.001 

Session 1 vs. Ad lib Session p<0.001 

Session 15 vs. Ad lib Session p=0.145 

Photostimulation 
(40 min)  

group: 11 
 
 

 
 
 

One-Way RM ANOVA F(2,22)=33.4, p<0.001 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Session 1 vs. Session 15 p=0.002 

Session 1 vs. Ad lib Session p<0.001 

Session 15 vs. Ad lib Session p=0.145 

Table 4.3 continued 
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4.3.4 Decline in willingness to work for food is experience dependent 

An increase in body weight was observed during the multi-session AGRP 

neuron stimulation protocol (Figure 4.8E) likely due to a long-acting effect of 

released AGRP (Hagan et al. 2000) following photostimulation. However, this is not 

responsible for the acute food consumption under investigation here, which is due to 

the release of neuropeptide-Y (NPY) and γ-aminobutyric acid (GABA) (Aponte et al. 

2011, Atasoy et al. 2012, Krashes et al. 2013). Weight gain was dependent on the 

length of photostimulation provided in each session, as the 120 min photostimulation 

group displayed a larger percent weight gain (~28%) than the 40 min 

photostimulation group (~ 10%) by the end of the 15 session test. Since the level of 

decline in lever pressing was less prominent in the 40 min photostimulation group, it 

is possible that the decline in willingness to work for food is due to long-term 

metabolic changes induced by chronic AGRP neuron photostimulation, as changes 

in metabolism can lead to changes in motivation to work for food (Atalayer et al. 

2010, Finger et al. 2010).    

In order to rule out this possibility, I dissociated AGRP stimulation and weight 

gain from the lever pressing action. AGRPChR2EYFP animals were trained to lever 

press under food restriction and then tested on a PR7 schedule under ad libitum fed 

conditions with photostimulation for one day, with a similar protocol to the 120 min 

photostimulation group in the study previously described. After this, one group of 

animals received 120 min of photostimulation per session for 22 days to induce 

weight gain (Induced weight gain group, n=6) but were not subjected to the lever 

press task. A second group of animals was not photostimulated (controls, n=6). At 

the end of this protocol, animals were tested again on a PR7 test in order to 

determine whether weight gain alone can reduce lever pressing (Figure 4.9A-C).  

AGRP neuron photostimulation induced weight gain group gained ~30% of body 

weight following the weight gain induction protocol, which was statistically significant 

from natural weight gain observed in the control group (unpaired t-test, n=6 per 

group, p<0.001; Figure 4.9D). However, for both groups, there was no significant 

difference in lever pressing between the first (session 1) and second (session 2) PR7 

test, and lever pressing remained elevated over an Ad lib session (post hoc multiple 

comparisons with Holm-Sidak correction, n=6 per group, control group: session 1 vs. 
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session 2 p=0.359, session 2 vs. Ad lib session p=0.042; induced weight gain group: 

session 1 vs. session 2 p=0.104, session 2 vs. Ad lib session p<0.001; Figure 4.9E, 

Table 4.4). In addition, percent lever press change between the two groups was not 

significantly different (unpaired t-test, n=6 per group, p=0.386; Figure 4.9F). 

Therefore, body weight gain and long-term metabolic changes are not responsible 

for the suppression in responding observed in the prior PR7 study. Instead, decline 

in lever pressing is dependent on the animal experiencing both the act of lever 

pressing and photostimulation concurrently. The learned association between lever 

pressing and the inability of this action paired with food consumption to reduce 

AGRP neuron activity leads the animal to abandon this behavioural strategy. 
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Figure 4.9 AGRP neuron stimulation associated body weight increase does not 
suppress AGRP neuron-evoked food seeking. (A) Diagram of fibre placement 
position in AGRPChR2EYFP animals for AGRP neuron photoactivation. (B) Schematic 
of photostimulation protocol used. (C) Schematic of experimental design schedule. 
AGRPChR2EYFP mice were trained under food deprivation to lever press under a PR7 
schedule for food pellets. After training, both groups were ad libitum re-fed, and the 
mice were divided into two groups: 1) control mice with no induction of weight gain 
(blue) and 2) the induced weight gain group (red). Both groups were then tested on a 
PR7 reinforcement schedule under AGRP neuron photostimulation conditions (PR7 
test 1). Following this session, a photostimulation-induced weight gain protocol was 
initiated for the second group. Mice received one 2-h experimental session per day, 
where they were photostimulated for the whole experimental session and body 
weight was monitored daily. During these sessions, levers were not available, but 
free food was provided during these sessions (the amount of food was matched in 
quantity to the average amount of food acquired by the 120 min photostimulation 
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group under the PR7 experiment from Fig. 4.8 for the corresponding session). The 
photostimulation-induced weight grain protocol was conducted for 22 consecutive 
days, which was required for percent body weight gain to be comparable to levels 
acquired by the 120-min AGRP neuron photostimulation group in the PR7 
experiment (~28%) from Fig 4.8. Control mice were tethered to a fibre but did not 
receive photostimulation, otherwise they received the same experimental 
manipulation as induced weight gain mice (access to the same amount of food), and 
their body weight was also monitored. After the induced weight gain group achieved  
~28% weight gain, a second PR7 test was conducted for both groups in the same 
manner as the first one. A final no photostimulation, ad libitum fed test session (PR7 
Ad lib test) was also conducted. All tests were conducted during the light period. (D) 
Percent body weight change from initial body weight for control (blue, n=6) and 
induced weight gain (red, n=6) mice after weight gain induction protocol. Grey dotted 
line: percent body weight change for mice in the photostimulation (120 min) in PR7 
experiment from Fig. 4.8 (unpaired t-test). (E) Lever presses for control (blue) and 
AGRP neuron photostimulation-induced weight gain (red) groups on first (1) and 
second (2) PR7 test, prior and after weight gain induction protocol, respectively, and 
a no photostimulation, ad libitum fed (Ad lib) PR7 test. Statistical comparisons are 
within groups (see Table 4.4). (F) Percent lever press change between first and 
second PR7 test sessions for control (blue, n=6) and induced weight gain (red, n=6) 
mice (unpaired t-test). Values are mean ± S.E.M. n.s. p>0.05; * p<0.05; *** p<0.001. 
 
 

Figure 
panel 

Sample 
size 

Statistical test Values 

D 6 per group Unpaired t-test p<0.001 

E 
 
 
 
 

 
 

 
 
 

 
 
 
 
 
 
 
 

Control 
group: 6 

 
 
 

 
 
 

 

One-Way RM ANOVA F(2,10)=7.3, p=0.011 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Session 1 vs. Session 2 p=0.359 

Session 1 vs. Ad lib Session p=0.012 

Session 2 vs. Ad lib Session p=0.042 

Induced 
weight gain 

group: 6 
 
 

 
 
 

 

One-Way RM ANOVA F(2,10)=28.6, p<0.001 

Post hoc multiple comparison 
With Holm-Sidak corrections 

 

Session 1 vs. Session 2 p=0.104 

Session 1 vs. Ad lib Session p<0.001 

Session 2 vs. Ad lib Session p<0.001 

F 6 per group Unpaired t-test p=0.386 

 
Table 4.4  Statistical values for Figure 4.9 
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4.3.5 Negative reinforcement disruption is most sensitive under high effort 

requirements 

Further analysis of the food seeking behaviour of mice during AGRP neuron 

stimulation revealed that cost/energy expenditure may also play an important role in 

the modulation of actions. In the PR7 study, breakpoint ratio was also affected by 

extended AGRP neuron photostimulation. Food restriction animals show no change 

in breakpoint ratio between the first and last sessions of the test (post hoc multiple 

comparisons with Holm-Sidak correction, n=7, session 1 vs. session 15 p=0.211; 

Figure 4.10A, Table 4.5). In contrast, breakpoint ratio was significantly reduced 

between the first and last sessions of the test for 120 min photostimulated group 

(post hoc multiple comparisons with Holm-Sidak correction, n=11, session 1 vs. 

session 15 p=0.002; Figure 4.10A, Table 4.5), and 40 min photostimulated group 

(post hoc multiple comparisons with Holm-Sidak correction, n=12, session 1 vs. 

session 15 p=0.007; Figure 4.10A, Table 4.5). 

Given that in a PR task subsequent pellets require an increased number of 

lever presses to be emitted, this means that pellets earned in latter parts of the test 

are more costly. Therefore, the rate of lever pressing can be compared between the 

early periods of the test, where pellets are cheap, and the latter periods of the test, 

where pellets are more expensive, to understand the role of cost and effort in AGRP 

neuron mediated negative reinforcement. Here I analyzed the lever press rate in the 

first 10 min of the session (low effort/cost) versus the rest of the session (high 

effort/cost) between the first and last sessions of the test. For animals under food 

restriction, low effort lever pressing rate increased, while high effort lever pressing 

rate remained unchanged (post hoc multiple comparisons with Holm-Sidak 

correction, n=7, session 1 vs. session 15: First 10 min p=0.009, rest of session 

p=0.234; Figure 4.10B-C, Table 4.4). Under photostimulation, however, the lever 

pressing rate for food pellets requiring high ratio responses was most strongly 

diminished under AGRP neuron stimulation, but lever pressing that required low 

levels of effort were only modestly reduced (post hoc multiple comparisons with 

Holm-Sidak correction: 120 min photostimulation group: n=11, session 1 vs. session 

15: First 10 min p=0.006, rest of session p<0.001; 40 min photostimulation group: 

n=12, session 1 vs. session 15: First 10 min p=0.078, rest of session p=0.002; 

Figure 4.10B-C, Table 4.4). These experiments, then, suggest that high effort 
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motivated responding is most sensitive to disruption of negative reinforcement in 

AGRP-mediated food seeking. 

To directly test this hypothesis, I tested whether elevated AGRP neuron 

activity would disrupt food consumption or lever pressing under a repeated ad libitum 

feeding test (low/no effort) and under an FR100 schedule lever pressing task (high 

effort). For the repeated ad libitum feeding test, AGRPChR2EYFP animals were tested 

for food consumption under ad libitum fed conditions with AGRP neuron 

photostimulation, under food restriction conditions, or under ad libitum fed 

unphotostimulated conditions for 15 sessions. For each session, animals had access 

to ad libitum food and water for the first 40 min of the test, after which animals 

remained in the behaviour chambers for an additional 80 min.  Animals in the 

photostimulation group (n=6) received photostimulation spanning the whole 2 hrs of 

the session (Figure 4.11A-C). Pellet consumption during this test remained elevated 

throughout the test for both the photostimulation group and the food restriction group 

(n=6), while the unphotostimulated group (n=6) consumed very low levels of food 

throughout the test (post hoc multiple comparisons with Holm-Sidak correction, n= 6 

per group, food restriction vs. photostimulation p=0.26, food restriction vs. ad libitum 

fed p<0.001, photostimulation vs. ad libitum fed p<0.001; Figure 4.11D, Table 4.6), 

indicating that disruption of AGRP neuron-mediated negative reinforcement does not 

reduce food seeking and consumption actions under low effort requirements. These 

results also suggest that reduced food seeking observed in the PR7 schedule study 

was not due to a developed aversion to the food reward, nor diminished 

effectiveness of repeated sessions of extended AGRP neuron photostimulation.  

For the high effort FR100 study, animals were trained to lever press under 

food deprivation. Following this, one group of animals was kept on food restriction 

(n=7) and tested on an FR100 schedule over 15 sessions. FR100 was chosen as a 

high effort schedule as this ratio is higher than the breakpoint ratio for all animals on 

the first day of the PR7 study. As with the PR7 experiment, animals were allowed to 

lever press for food for 40 minutes, and then remained in the testing chamber for 

another 80 minutes. AGRP neuron photostimulation group (n=6) was returned to ad 

libitum fed conditions before starting the 15 session FR100 schedule test. As with 

food restricted animals, this groups of animals were allowed to earn pellets during 

the first 40 min of the session, but were photostimulated for the entire session length 
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(120 min) (Figure 4.12A-C). Consistent with previous results, photostimulated 

animals show a slow progressive decline in lever pressing and pellets earned 

throughout the experiment, but food restricted animals show an increase in lever 

pressing (two-way RM ANOVA, n= 7 food restriction, 6 photostimulation, interaction: 

group x session F(14,154)= 3.163 p<0.001; Figure 4.12D, Table 4.7). Lever pressing 

and pellets earned was significantly reduced on the last session compared to the first 

session of testing for the photostimulation group (post hoc multiple comparisons with 

Holm-Sidak correction, n=6, lever presses: session 1 vs. session 15 p=0.007; pellets 

earned: session 1 vs. session 15 p=0.006; Figure 4.12E-F, Table 4.7). However, the 

food restricted group showed an increase in these measures, not observed under 

the PR7 schedule study (post hoc multiple comparisons with Holm-Sidak correction, 

n=7, lever presses: session 1 vs. session 15 p=0.002, pellets earned: session 1 vs. 

session 15 p=0.004; Figure 4.12E-F, Table 4.7). This indicates that other feeding 

circuits and signals play a significant role in food seeking and consumption under 

food restriction conditions, and AGRP neuron stimulation only plays a partial role in 

this effect in hunger. This effect was better observed under a high fixed ratio 

schedule. Together, this set of results indicates that high cost/effort motivated 

responding is most sensitive to the disruption of negative reinforcement in AGRP 

neuron mediated food seeking. Other factors appear sufficient to mediate low effort 

responding directed towards ad libitum food consumption, such as deprivation state-

insensitive positive reinforcement from ingested nutrients (Yiin et al. 2005). 
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Figure 4.10 Maintenance of high effort responding is most sensitive to 
disruptions of AGRP neuron mediated negative reinforcement. (A) Breakpoint 
ratio from first (1), last (15)  and no photostimulation ad libitum fed (Ad lib)  PR7 test 
sessions for food restriction (black), AGRP neuron photostimulation (120 min) (cyan) 
and AGRP neuron photostimulation (40 min) (grey)  groups from Figure 4.8. (B) 
Representative traces of cumulative lever pressing responses during first (1) and last 
(15) PR7 test sessions for food restriction (black), AGRP neuron photostimulation 
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(120 min) (cyan), and AGRP neuron photostimulation (40 min) (grey) groups from 
Figure 4.8. (C) Rate of lever pressing during first 10 minutes of session (low effort, 
filled circles) and rest of session (high effort, open circles) on first (1) and last (15) 
session of PR7 test for food restriction (black), AGRP neuron photostimulation (120 
min) (cyan) and AGRP neuron photostimulation (40 min) (grey)  groups from Figure 
4.8. Statistical comparisons are within groups (see Table 4.5). Values are mean ± 
S.E.M. n.s. p>0.05; * p<0.05; ** p<0.01; *** p<0.001. 
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Figure 
panel 

Sample size Statistical test Values 

A 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 

 
 

 
 

Food  
Restriction  
group: 7 

 
 

 
 

 

One-Way RM ANOVA F(2,12)=4.5, p=0.035 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Session 1 vs. Session 15 p=0.211 

Session 1 vs. Ad lib Session p=0.227 

Session 15 vs. Ad lib Session p=0.033 

Photostimulation 
(120 min)  
group: 11 

 
 
 
 
 

One-Way RM ANOVA F(2,20)=19.5, p<0.001 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Session 1 vs. Session 15 p=0.002 

Session 1 vs. Ad lib Session p<0.001 

Session 15 vs. Ad lib Session p=0.039 

Photostimulation 
(40 min)  

group: 12 
 
 
 

 
 

One-Way RM ANOVA F(2,22)=35.0, p<0.001 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Session 1 vs. Session 15 p=0.007 

Session 1 vs. Ad lib Session p<0.001 

Session 15 vs. Ad lib Session p<0.001 

C 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 

Food  
Restriction  
group: 7 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Two-Way RM ANOVA  

Factor 1: Time block 
 (First 10 min vs. Rest of session) 

F(1,6)=1.3, p=0.291 
 

Factor 2: Session F(1,6)=1.4, p=0.284 

Interaction: Time block x Session F(1,6)=16.7, p=0.006 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Session 1:  
First 10 min vs. Rest of session 

p=0.044 
 

Session 15: 
First 10 min vs. Rest of session 

p=0.003 
 

First 10 min: 
Session 1 vs. Session 15 

p=0.009 
 

Rest of Session: 
Session 1 vs. Session 15 

p=0.234 
 

 

Table 4.5 Statistical values for Figure 4.10. Table continued on next page 
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Figure 
panel 

Sample size Statistical test Values 

C 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

 

Photostimulation 
(120 min)  
group: 11 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 

Two-Way RM ANOVA  

Factor 1: Time block 
 (First 10 min vs. Rest of session) 

F(1,10)=27.9, p<0.001 
 

Factor 2: Session F(1,10)=34.2, p<0.001 

Interaction: Time block x Session F(1,10)=7.6, p=0.021 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Session 1:  
First 10 min vs. Rest of session 

p=0.076 

Session 15: 
First 10 min vs. Rest of session 

p<0.001 

First 10 min: 
Session 1 vs. Session 15 

p=0.006 

Rest of Session: 
Session 1 vs. Session 15 

p<0.001 

Photostimulation 
(40 min) 

 group: 12 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

Two-Way RM ANOVA  

Factor 1: Time block 
 (First 10 min vs. Rest of session) 

F(1,11)=11.2, p=0.006 
 

Factor 2: Session F(1,11)=14.3, p=0.003 

Interaction: Time block x Session F(1,11)=2.3, p=0.156 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Session 1:  
First 10 min vs. Rest of session 

p=0.027 
 

Session 15: 
First 10 min vs. Rest of session 

p<0.001 
 

First 10 min: 
Session 1 vs. Session 15 

p=0.078 
 

Rest of Session: 
Session 1 vs. Session 15 

p=0.002 
 

Table 4.5 continued 
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Figure 4.11 Free food consumption is not reduced with repeated daily AGRP 
neuron photostimulation sessions. (A) Diagram of fibre placement position in 
AGRPChR2EYFP animals for AGRP neuron photoactivation. (B) Schematic of 
photostimulation protocol used. (C) Schematic of experimental design schedule. 
Three groups of AGRPChR2EYFP mice were tested on a 15 session free feeding 
protocol (no lever pressing required) either under food restriction (black), ad libitum 
fed with AGRP neuron photostimulation (120 min) (cyan), or ad libitum fed without 
AGRP neuron photostimulation (grey) conditions. On each day, mice received one 2-
hour session, where food was freely available for the first 40 minutes of the session. 
AGRP neuron photostimulation (120 min) group received photostimulation for the 
entire 2 hour session (cyan). The two other groups, food restriction (black) and ad 
libitum fed (grey) groups, did not receive photostimulation. All tests were performed 
during the light period. (D) Food intake for each session of the free feeding 
experiment for food restriction (black, n=6), ad libitum fed AGRP neuron 
photostimulation (120 min) (cyan, n=6), and ad libitum fed (grey, n=6) groups. 
Statistical comparisons are across groups (see Table 4.6). Values are mean ± 
S.E.M. n.s. p>0.05; *** p<0.001. 
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Table 4.6 Statistical values for Figure 4.11 
 
 

 

.   

Figure 
panel 

Sample size Statistical test Values 

D 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

Food restriction 
group: 6 

 
Ad libitum fed 

group: 6 
 

Photostimulation 
(120 min)  
group: 6 

 
 
 

 
 
 
 

Two-Way RM ANOVA  

Factor 1: Group 
 (Food restriction, Ad libitum fed, 

Photostimulation) 

F(2,210)=50.6, p<0.001 
 
 

Factor 2: Session F(14,210)=2.4, p=0.004 

Interaction: Group x Session F(28,210)=5.4, p<0.001 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Food restriction vs. Photostimulation p=0.260 

Food restriction vs. Ad libitum fed p<0.001 

Photostimulation vs. Ad libitum fed p<0.001 
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Figure 4.12 Instrumental responding for food under a fixed high cost schedule 
diminished under disruption of AGRP neuron negative reinforcement signal. 
(A) Diagram of fibre placement position in AGRPChR2EYFP animals for AGRP neuron 
photoactivation. (B) Schematic of photostimulation protocol used. (C) Schematic of 
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experimental design schedule. AGRPChR2EYFP mice were trained in energy deficit to 
lever press with an FR100 reinforcement schedule for food pellets. FR100 
reinforcement testing was performed over 15 sessions (FR100 test) on two groups: 
food restriction (black) and ad libitum fed AGRP neuron photostimulation (120 min) 
(cyan). After the 15th test session, a no photostimulation ad libitum fed session 
(FR100 Ad lib test) was performed for all groups. During test sessions (120 min for 
all groups), levers were available for the first 40 minutes. Food restriction group did 
not receive photostimulation. The AGRP neuron photostimulation (120 min) group 
received intracranial light pulses for the entire 120-min session. All tests were 
conducted during the light period. (D) Lever presses in each session during FR100 
test for food restriction (black, n=7) and ad libitum fed AGRP neuron 
photostimulation (120 min) (cyan, n = 6) groups. Statistical comparisons are across 
groups for each session (see Table 4.7). (E, F) (E) Lever presses and (F) pellets 
earned from first (1), last (15)  and a no photostimulation, ad libitum fed (Ad lib) 
FR100 test sessions for food restriction (black) and AGRP neuron photostimulation 
(120 min) (cyan)  groups. Statistical comparisons are within groups (see Table 4.7). 
Values are mean ± S.E.M. n.s. p>0.05; * p<0.05; ** p<0.01; *** p<0.001. 
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Figure 
panel 

Sample size Statistical test Values 

D 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 

Food restriction 
group: 7 

 
Photostimulation 

(120 min)  
group: 6 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

 
 
 
 

 
 

 

Two-Way RM ANOVA  

Factor 1: Group 
 (Food restriction, Photostimulation) 

F(1,154)=16.4, p=0.002 
 

Factor 2: Session F(14,154)=1.7, p=0.65 

Interaction: Group x Session F(14,154)=3.2, p<0.001 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Session 2 p=0.011 

Session 3 p=0.006 

Session 4 p=0.003 

Session 5 p=0.001 

Session 6 p=0.002 

Session 7 p=0.003 

Session 8 p=0.004 

Session 9 p=0.001 

Session 10 p<0.001 

Session 11 p<0.001 

Session 12 p<0.001 

Session 13 p=0.001 

Session 14 p<0.001 

Session 15 p<0.001 

E 
 
 

 
 
 
 
 

 
 
 
 
 
 

 
 

 

Food restriction 
group: 7 

 
 
 
 
 
 

One-Way RM ANOVA F(2,12)=31.0, p<0.001 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Session 1 vs. Session 15 p=0.002 

Session 1 vs. Ad lib Session p=0.004 

Session 15 vs. Ad lib Session p<0.001 

Photostimulation 
(120 min)  
group: 6 

 
 

 
 

 

One-Way RM ANOVA F(2,10)=12.8, p=0.002 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Session 1 vs. Session 15 p=0.007 

Session 1 vs. Ad lib Session p=0.002 

Session 15 vs. Ad lib Session p=0.357 

 

Table 4.7 Statistical values for Figure 4.12. Table continued on next page 
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Figure 
panel 

Sample size Statistical test Values 

F 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Food restriction 
group: 7 

 
 
 
 
 

 

One-Way RM ANOVA F(2,12)=31.5, p<0.001 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Session 1 vs. Session 15 p=0.004 

Session 1 vs. Ad lib Session p=0.002 

Session 15 vs. Ad lib Session p<0.001 

Photostimulation 
(120 min)  
group: 6 

 
 
 

 
 

One-Way RM ANOVA F(2,10)= 13.5, p=0.001 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Session 1 vs. Session 15 p=0.006 

Session 1 vs. Ad lib Session p=0.002 

Session 15 vs. Ad lib Session p=0.313 

Table 4.7 continued 
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4.3.6 Disruption of AGRP neuron negative reinforcement signal alone is 

insufficient to direct behaviour under global state of energy deficit 

PR7 and FR100 schedule studies indicate that disruption of AGRP neuron 

mediated negative reinforcement teaching signal in the absence of other 

homeostatic signals can disrupt the previously learned contingency between learned 

actions that lead to nutrient ingestion and the reduction of AGRP neuron activity 

induced negative internal state. In order to determine the sufficiency of AGRP 

neuron mediated negative reinforcement signal in action selection under homeostatic 

hunger states, I tested whether maintaining elevated AGRP neuron activity under 

food deprivation is sufficient to reduce lever pressing under an FR100 schedule. 

Animals previously tested on the FR100 schedule study described above were 

retrained to lever press under food restriction. Following this training, animals were 

maintained on food restriction and tested on an FR100 schedule using the same 

protocol as before. One group was tested without photostimulation (food restriction 

group, n=7), and the second received photostimulation through the entire session 

(120 min, photostimulation group, n=6, Figure 4.13A-C). Throughout the experiment, 

lever pressing was not diminished for either group (two-way RM ANOVA, n= 7 food 

restriction, 6 photostimulation, group F(1,154)=2.058 p=0.179, session F(14, 

154)=1.956 p=0.025, interaction: group x session F(14,154)=1.730 p=0.055; Figure 

4.13D, Table 4.8), and lever presses and pellets earned did not change between the 

first (session 1) and last session (session 15) of testing for either group (post hoc 

multiple comparisons with Holm-Sidak correction, food restricted group: n=7, lever 

presses: session 1 vs. session 15 p=0.632,  pellets earned: session 1 vs. session 15 

p=0.603; photostimulation group: n=6, lever presses: session 1 vs. session 15 

p=0.722, pellets earned: session 1 vs. session 15 p=0.743;  Figure 4.13E-F, Table 

4.8). This indicates that under global states of energy deficit, other hunger circuits 

and systems are capable of maintaining reinforced behaviours despite maintenance 

of elevated AGRP neuron activity. 
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Figure 4.13 AGRP neuron negative reinforcement disruption does not diminish 
instrumental food seeking under food deprivation. (A) Diagram of fibre 
placement position in AGRPChR2EYFP animals for AGRP neuron photoactivation. (B) 
Schematic of photostimulation protocol used. (C) Schematic of experimental design 
schedule. AGRPChR2EYFP mice were trained in energy deficit to lever press with an 
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FR100 reinforcement schedule for food pellets. FR100 reinforcement testing was 
performed over 15 sessions (FR100 test) on two groups: food restriction (black) and 
food restriction with AGRP neuron photostimulation (120 min) (cyan) groups. After 
the 15th test session, a no photostimulation ad libitum fed session (FR100 Ad lib test) 
was performed for all groups. During test sessions (120 min for all groups), levers 
were available for the first 40 minutes. Food restriction group did not receive 
photostimulation. The AGRP neuron photostimulation (120 min) group received 
intracranial light pulses for the entire 120-min session. All tests were conducted 
during the light period. (D) Lever presses in each session during FR100 test for food 
restriction (black, n = 7) and ad libitum fed AGRP neuron photostimulation (120 min) 
(cyan,  n = 6) groups. Statistical comparisons are between groups (see Table 4.8). 
(E, F) (E) Lever presses and (F) pellets earned from first (1), last (15)  and a no 
photostimulation, ad libitum fed (Ad lib) FR100 test sessions for food restriction 
(black) and AGRP neuron photostimulation (120 min) (cyan)  groups. Statistical 
comparisons are within groups (see Table 4.8). Values are mean ± S.E.M. n.s. 
p>0.05; * p<0.05; ** p<0.01; *** p<0.001. 
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Table 4.8 Statistical values for Figure 4.13 

  

Figure 
panel 

Sample size Statistical test Values 

D 
 
 
 
 
 
 
 

Food restriction 
group: 7 

 
Photostimulation 

(120 min) 
 group: 6 

 
 

Two-Way RM ANOVA  

Factor 1: Group 
(Food restriction vs. Photo-

stimulation (120 min)) 

F(1, 154)=2.1, p=0.179 
 
 

Factor 2: Session F(14,154)=2.0, p=0.025 

Interaction: Group x Session F(14,154)=1.7, p=0.055 

E 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Food restriction 
group: 7 

 
 
 
 
 
 

One-Way RM ANOVA F(2,12)=37.0, p<0.001 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Session 1 vs. Session 15 p=0.632 

Session 1 vs. Ad lib Session p<0.001 

Session 15 vs. Ad lib Session p<0.001 

Photostimulation 
(120 min) 
 group: 6 

 
 

 
 
 

One-Way RM ANOVA F(2,10)=14.4, p=0.001 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Session 1 vs. Session 15 p=0.722 

Session 1 vs. Ad lib Session p=0.002 

Session 15 vs. Ad lib Session p=0.002 

F 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Food restriction 
group: 7 

 
 

 
 
 
 

One-Way RM ANOVA F(2,12)=38.8, p<0.001 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

Session 1 vs. Session 15 p=0.603 

Session 1 vs. Ad lib Session p<0.001 

Session 15 vs. Ad lib Session p<0.001 

Photostimulation 
(120 min) 
 group: 6 

 
 

 
 

 
 

One-Way RM ANOVA F(2,10)=14.4, p=0.001 

Post hoc multiple comparison 
With Holm-Sidak corrections 

 

Session 1 vs. Session 15 p=0.743 

Session 1 vs. Ad lib Session p=0.002 

Session 15 vs. Ad lib Session p=0.002 
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4.4 Discussion 

Need states such as hunger are capable of modulating behaviour in order to 

ensure an organism’s survival. However, uncovering the underlying motivational 

processes of physiological needs has been challenging due to the broad range of 

neural circuits that are engaged in the process (Gao & Horvath 2007). Given AGRP 

neuron’s role in feeding regulation (Aponte et al. 2011, Krashes et al. 2011, Luquet 

et al. 2005), they are expected to induce some of the motivational characteristic of 

deprivation-induced hunger (Sternson et al. 2013). Therefore, understanding the 

mechanisms in which AGRP neuron circuits mediate food related behaviours can 

provide insights into the reinforcement mechanisms engaged in homeostatic hunger 

to direct behaviour. Here, I set out to further investigate the reinforcement 

mechanism employed by AGRP neurons to direct feeding behaviour using an array 

of behavioural techniques in combination with optogenetic stimulation of AGRP 

neurons. 

 

4.4.1 AGRP neurons engage a negative reinforcement teaching signal to direct 

behaviour 

The studies presented here, along with recent studies by Betley et al. (2014), 

show that negative reinforcement contributes substantially to the motivational effects 

of AGRP neurons in the modulation of feeding behaviour. Elevated AGRP neuron 

activity leads to an aversive internal state which is avoided, while suppression of 

AGRP neuron activity is reinforcing and can direct food consumption choices. A 

negative reinforcement mechanism also suggests an explanation for how simple 

activity patterns imposed on AGRP neurons can selectively evoke complex food 

seeking and consumption responses. AGRP neurons have extensive physiological 

and visceral effects (Krashes et al. 2011, Luquet et al. 2005),  and animals can use 

such homeostatic deficit states as discriminative internal cues to select actions 

appropriate to satisfy the deficit (Davidson 1987, Webb 1955). An internal state with 

negative valence motivates action by driving the animal to explore possibilities to exit 

the state (Hull 1943) and imposing a cost on not acting or on performing actions that 

do not lead to nutrient ingestion. Consistent with this, disruption of AGRP neuron 
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negative reinforcement gradually reduced previously reinforced food seeking actions, 

indicating that negative reinforcement appears to dominate over any potential direct 

influence AGRP neurons may have on positive reinforcement. In this framework, 

starvation-sensitive AGRP neurons condition animals to prefer places and flavours 

and to perform actions that lead to nutrient ingestion because these are outcomes 

that naturally suppress circulating starvation signals. Therefore, homeostatic AGRP 

neurons transmit a relatively simple motivational output, and their respective visceral 

consequences could lead to a central representation of the specific need, with the 

complexity of the corresponding food-seeking behaviours determined by previously 

learned responses that minimize homeostatic negative reinforcement signals. 

 

4.4.2 Positive and negative reinforcement in homeostatic feeding  

Positive reinforcement processes must also play a role in the regulation of 

action selection in feeding behaviour, as elevated AGRP neuron activity alone in 

states of food restriction was unable to disrupt the contingency between learned 

actions and outcomes. Positive reinforcement processes in hunger are likely 

mediated through coordinated activity across multiple systems, including other 

homeostatic neuron circuits and hormones such as ghrelin, leptin, and insulin. 

Moreover, the motivational effects from manipulations of AGRP neuron activity are 

different from related perturbations in the lateral hypothalamus that also lead to avid 

food consumption but exhibit rewarding properties (Jennings et al. 2013, Olds & 

Milner 1954). This may reflect mechanistic differences between homeostatic and 

hedonic motivation for food, which are primarily distinguished by appetite for nutritive 

food arising from a need state or highly palatable food consumed even in the 

absence of a need, respectively (Saper et al. 2002). Although the motivational 

mechanisms underlying homeostatic need states such as hunger have been a 

longstanding area of investigation (Berridge 2004, Bindra 1976, Dickinson 2002, 

Freud 2001, Hull 1943), the ability to isolate a negative reinforcement process for 

hunger is based on recent methods that allow for manipulation of neuronal activity in 

specific homeostatic neurons. This suggests a model where physiological need 

states lead to elevated activity of specialized need-sensitive neurons such as AGRP, 

which signal negative valence about the internal state, thereby biasing an animal 
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towards actions that diminish their activity and imposing a cost on actions that do 

not. Energy deficit can also regulate behaviour through enhancement of outcomes 

associated with the deficit, such as nutrient ingestion, and cues associated with such 

outcomes under positive reinforcement. Therefore, under homeostatic hunger, 

negative and positive reinforcement processes are expected to operate in a 

concerted manner by controlling state-driven and incentive-driven responding, 

respectively (Figure 4.14). 

 

 

 

 

Figure 4.14 Homeostatic control of feeding behaviour through concerted 
negative and positive reinforcement mechanisms. Energy deficit states act 
through both negative and positive reinforcement processes to direct feeding 
behaviour. Energy deficit, through hormonal signals, increases activity in specialized 
homeostatic cells, such as AGRP neurons, that signal negative valence. The 
relationship between internal or environmental cues and actions that reduce energy 
deficit and homeostatic neuron activity is strengthened while the relationship is 
weakened if the negative internal state persists. Concurrently, cues and actions that 
lead to intrinsically reinforcing outcomes, such as nutrient ingestion, are also 
reinforced through positive reinforcement mechanisms. Through hormonal signals, 
energy deficit modulates positive reinforcement by enhancing the positive valence of 
outcomes associated with food consumption. 
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4.4.3 Circuits mediating negative valence of AGRP neuron activity 

Because of limited prior evidence for the participation of homeostatic neurons 

in negative reinforcement, the circuits that mediate the negative valence of AGRP 

neuron activity are not yet known. Dopamine (DA) neurons have been intensively 

examined for behavioural modulation during positive reinforcement. However there is 

substantial evidence that DA neurons also participate in aversive learning and 

motivation (Bromberg-Martin et al. 2010, King et al. 2009, McCutcheon et al. 2012, 

Salamone et al. 2009, Volman et al. 2013). A number of brain regions can mediate 

reward and aversion by increasing or decreasing ventral tegmental (VTA) or 

substantia nigra compacta (SNc) DA neuron activity, respectively. Other 

manipulations such as activating VTAGABA neurons or excitatory lateral habenula 

neurons suppress DA neuron activity and are also aversive (Stamatakis & Stuber 

2012, van Zessen et al. 2012). Therefore, suppression of DA neurons may 

participate in this negative reinforcement process. In my studies, disruption of AGRP 

neuron-mediated negative reinforcement gradually reduced previously reinforced 

food-seeking actions in an analogous fashion to food restricted animals lever 

pressing for non-nutritive rewards, or with neuroleptic administration, both of which 

are correlated with reduced DA receptor signalling (Beeler et al. 2012b, Wise 1974). 

In addition, this disruption most prominently affected high effort, but not low effort, 

food-seeking nor ad libitum food consumption, indicating this negative reinforcement 

influences cost/benefit analysis of action-outcome contingencies, an important factor 

in the reinforcement process to direct behaviour (Salamone et al. 2009, Salamone et 

al. 1997). The DA system has also been widely implicated in playing a role in 

cost/benefit analysis in appetitive behaviours, as interference with DA transmission 

can modulate effort-related choice behaviour (Beeler et al. 2010, Beeler et al. 2012a, 

Salamone et al. 2009, Salamone et al. 1994), and tonic DA is believed to convey 

information about costs and benefits in instrumental tasks (Ostlund et al. 2011).  

Recently, negative reinforcement has been demonstrated in rodents for 

approach to cues associated with alleviation of pain by analgesia (King et al. 2009), 

which requires neurons in the VTA and is associated with DA neuron activation 

(Navratilova et al. 2012). In addition, withdrawal symptoms associated with drug 

addiction have been proposed to negatively reinforce drug-seeking behaviours 

(Koob 2013). Withdrawal is suggested to operate as an opponent process to positive 
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reinforcement that is based, in part, on suppression of DA neuron function, and 

relapse to drug consumption provides concomitant relief from the aversive feelings of 

lowered DA signalling in the nucleus accumbens (NAc) (Koob & Le Moal 1997). This 

DA deficiency theory (Figlewicz 2003, Kenny 2011) has also been proposed as an 

explanation for the development of food addiction (Randolph 1956, Smith & Robbins 

2013). Interestingly, manipulations that reduce DA neuron activity or 

neurotransmission and lead to aversion also reduce consumption of palatable 

sucrose solutions, which differs from behavioural profile associated with AGRP 

neuron activation (Stamatakis & Stuber 2012, van Zessen et al. 2012). In addition, 

these manipulations lead to extremely rapid aversive learning, while avoidance 

responses from AGRP neuron activation are prominent but considerably less acute, 

suggesting potential differences in the mechanisms with previously described 

avoidance responses. Regulation of other systems, such as the serotonergic system, 

has also been proposed to contribute to negative reinforcement learning (Cools et al. 

2011, Dayan & Huys 2009). 

Reinforcement learning, whether through positive or negative reinforcement, 

also requires the ability of an animal to form associations between cues, actions and 

outcomes. Several areas in the brain have been implicated in the control of 

reinforcement learning through their involvement in the acquisition of Pavlovian and 

instrumental conditioning. The basolateral amygdala (BLA) and orbitofrontal cortex 

seems to be required for the monitoring of current value of reward under Pavlovian 

conditioning or instrumental choice behaviour respectively (Cardinal et al. 2002). The 

NAc influences instrumental conditioning by allowing a Pavlovian conditioned cue to 

affect the level of instrumental responding. The prelimbic cortex is required for 

learning of action-outcome contingencies (Cardinal et al. 2002). Consequently, 

AGRP neuron mediated negative reinforcement may engage these areas of the 

brain for the selection of actions to direct food consumption. Direct anatomical 

interactions of AGRP neurons with downstream brain areas show limited connectivity 

with these reinforcement circuits (Betley et al. 2013, Haskell-Luevano et al. 1999). 

However, AGRP neurons may interact with these areas through secondary nodes. 

For example, AGRP neurons project prominently to the LHA (Betley et al. 2013), 

which in turn innervates the VTA and NAc (Hahn & Swanson 2010). AGRP neurons 

also project to the CEA, which is highly interconnected with the BLA (Dong et al. 
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2001). Further studies manipulating the projections nodes of AGRP neurons can 

provide insights into the downstream brain regions and circuits important in 

mediating this AGRP neuron negative reinforcement signal. 

 

4.5 Conclusions 

Hunger is a powerful modulator of behaviour, but understanding the 

underlying reinforcement mechanisms engaged during states of energy deficit have 

been challenging. In these studies, I demonstrated that AGRP neurons use a 

negative reinforcement teaching signal to direct food seeking action selection and 

food consumption choices. In addition, disruption of this teaching signal also led to 

the disruption of formerly learned contingencies between actions and outcomes in 

relation to food consumption. Furthermore, high effort motivated behavioural 

responding is most sensitive to this disruption. Together, these studies show a prior 

unrecognized role for negative reinforcement in the regulation of behaviour under 

homeostatic hunger states.  

 

Publication arising from data from this chapter: 

Betley JN*, Huang Cao ZF*, Gong R, Magnus CJ, Sternson SM (2014) Homeostatic 

neurons for hunger and thirst transmit a negative reinforcement teaching signal. In review. 

(*equal contribution) 
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5.1 Introduction 

The control of feeding behaviour requires the coordination of flexible goal-

directed actions in order to ensure an organism’s survival. Because states of energy 

deficit can direct and modulate behaviour towards food consumption (Berridge 2004, 

Bindra 1976, Hodos 1961), homeostatic neuron circuits and the reinforcement 

processes they employ can play a crucial role in the control of action selection 

(Sternson 2013). Therefore, relationships between the structural organization and 

function of these circuits can provide a critical framework for understanding how the 

brain controls feeding.  

 

5.1.1 Unravelling the circuits underlying the control of feeding behaviour 

A classic view of behaviours essential for survival, such as feeding behaviour, 

is that their circuits are organized hierarchically, with a behaviour control node that 

can elicit complex behaviour using divergent projections to multiple brain regions that 

coordinate discrete motor patterns (Swanson 2000, Tinbergen 1989). Consistent 

with the prediction of dedicated circuit components, complex behaviours such as 

feeding can be evoked selectively by exogenous activation or inhibition of discrete 

brain regions and cell-types within these regions (Delgado & Anand 1953, Jennings 

et al. 2013). In a seminal study, Delgado and Anand (1953) demonstrated that 

electrical stimulation of the lateral hypothalamus resulted in increased food 

consumption. In addition, a wide range of neurons have been implicated to play a 

role in the modulation of feeding behaviour (Gao & Horvath 2007). Therefore, the 

brain regions and neurons that elicit feeding can serve as entry points to reveal the 

underlying neural circuits that control this behaviour (Sternson et al. 2013). 

Extensive anatomical analysis, using axon-tracing techniques, indicates that 

brain regions functionally associated with feeding behaviour have extremely diverse 

projection targets (Chronwall 1985, Eskay et al. 1979, Geerling et al. 2010, Hahn & 

Swanson 2010, Luiten & Room 1980, Makara & Hodacs 1975, Swanson & 

Sawchenko 1983), as might be expected for the control of complex, flexible 

behaviours. Due to this complexity, the classical tools of lesions, pharmacological 

injections, and electrical stimulation have been too non-specific for comprehensive 
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neural circuit analysis of the brain regions that have the capability to coordinate 

these behavioural responses. To overcome many of these limitations, molecular 

genetics, anatomical, and functional approaches using optogenetic and 

chemogenetic tools (Betley & Sternson 2011, Shapiro et al. 2012, Yizhar et al. 2011) 

have been applied to investigate the circuits that elicit feeding behaviour. For 

example, channelrhodopsin (ChR2)-mediated photoexcitation of axons has been 

used with agouti-related peptide (AGRP) neuron projections (Atasoy et al. 2012), as 

well as projections from other cell populations (Cai et al. 2014, Carter et al. 2013, 

Jennings et al. 2013), to relate anatomically and molecularly defined neural circuit 

projections to a behavioural response. However, most studies to date have only 

evaluated the contribution of one or two projection circuits, despite the fact that these 

neurons display broad axonal arborisation throughout the brain. A more complete 

picture would involve understanding the functional contribution of separate axon 

projections to the behavioural response, as well as the anatomical relationship 

between these diverging circuits.  

 

5.1.2 Understanding the neural circuits underlying AGRP neuron mediated 

negative reinforcement signal  

In the previous chapter, studies that aimed to understand the motivational 

mechanisms engaged by starvation sensitive signals using manipulations of AGRP 

neuron activity demonstrated that a negative reinforcement mechanism contributes 

to the motivational effects of AGRP neuron activity in the regulation of food 

consumption and flexible food seeking behaviours. Increased AGRP neuron activity 

elicits a negative affective state. This negative affective state motivates action by 

pushing an animal to select actions that alleviate the unpleasant state by imposing a 

cost on not acting or performing actions that do not lead to nutrient ingestion.  

The brain circuits that mediate this negative reinforcement teaching signal, 

and therefore, the negative valence of AGRP neuron activity and the coordination of 

complex food seeking actions, however, are still poorly understood. Because AGRP 

neurons project widely throughout the brain (Betley et al. 2013, Haskell-Luevano et 

al. 1999), the downstream circuit connections of these neurons can provide a 
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blueprint to identify motivationally important brain regions in the control of feeding 

behaviour.  

 

5.1.3 AGRP neuron circuit 

Activation of AGRP neurons under well-fed conditions lead to voracious 

feeding (Aponte et al. 2011), but this response is not mediated through the 

melanocortin system, either by antagonism of melanocortin 4 receptors (MC4R) 

outside of the arcuate nucleus (ARC) (Aponte et al. 2011) or through intra-ARC 

inhibitory projections to proopiomelanocortin (POMC) neurons (Atasoy et al. 2012). 

Examination of two long-range AGRP neuron circuits using optogenetic 

photoexcitation of ARCAGRP→ paraventricular nucleus of the hypothalamus (PVH) 

and ARCAGRP
 parabrachial nucleus (PBN) axonal projections demonstrated that 

only activation of ARCAGRP→PVH circuit was sufficient to recapitulate the acute 

evoked feeding behaviour previously observed under AGRP neuron somatic 

photostimulation (Atasoy et al. 2012). These results indicated that within a specific 

cell-type population, diverging axonal projection-based circuits can have differential 

roles in the regulation of behaviour, bringing into question the anatomical 

organization of homeostatic neurons such as AGRP neurons.  

Neuronal projections can have three possible anatomical organization 

structures: one-to-all, one-to-many, or one-to-one arrangements. In a one-to-all 

structure, every neuron would project to every target region through extensive axon 

collateralization. For a one-to-many arrangement, two scenarios can be envisioned. 

In one, groups of neurons project to a defined subset of target regions with related 

functions. A second scenario would suggest each neuron projects to several, but not 

all, target regions stochastically. Functionally, this stochastic one-to-many 

configuration would be similar to a one-to-all structural arrangement. Alternatively, in 

a one-to-one model, each projection field is a separate communication channel that 

originates from a group of neurons that do not send collateral projections to other 

target regions (Figure 5.1A).   

Recent anatomical studies using viral tracing techniques indicate that AGRP 

neurons employ a one-to-one projection specific anatomical organization, as 
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opposed to a one-to all, or one-to-many configuration. In these studies, Betley et al. 

(2013) used an envelope protein (EnvA) pseudotyped and glycoprotein deleted 

rabies (SAD∆G) viral vector modified to express mCherry for cell-type and axon-

selective neuron tracing. AGRP neurons were engineered to co-express the EnvA 

receptor, making them competent for transduction by the SAD∆G viral vector through 

targeted injections into discrete axon projection fields. Axonally transduced AGRP 

neurons expressed high levels of mCherry in cell bodies as well as axons within 

rabies virus injected projection field, but other AGRP neuron projection sites showed 

very low or undetectable levels of mCherry expression, indicating the lack of 

collateralization of axons to multiple brain regions. These results indicate that AGRP 

neurons can be further subdivided into projection-specific subpopulations. In 

addition, it was determined that these projection-specific AGRP neuron 

subpopulations have wide numerical differences in their representation within this 

molecularly defined population, and they are distributed topographically in the ARC 

based on their axon projection targets (Betley et al. 2013) (Figure 5.1B).  

This one-to-one anatomical circuit configuration, along with functional studies 

demonstrating the inability of ARCAGRP
PBN axonal activation to evoke food intake 

(Atasoy et al. 2012), raise basic questions about the functional importance of AGRP 

neuron subpopulations and their circuits, in particular, pertaining to their contribution 

in AGRP neuron-mediated evoked-feeding responses. The prioritization of these 

subpopulations can, therefore, guide the discovery of downstream brain regions 

important for the negative reinforcement teaching signal engaged by AGRP neurons 

to coordinate food seeking and food consumption behaviours.  
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Figure 5.1 One-to-one anatomical circuit configuration of AGRP neurons. (A) 
Potential configurations for cell-type specific anatomical circuit organization: one-to-
all (left), one-to-many (centre), one-to-one (right). AGRP neurons employ a one-to-
one anatomical organization. Different shading denotes different hypothetical 
subpopulations. (B) AGRP neurons can be subdivided into distinct projection-specific 
subpopulations. Distinct AGRP neuron subpopulations are represented by circles 
and their projections are represented by lines linking circles to projection areas in 
different colours (trajectory of lines does not necessarily represent actual axonal 
trajectory). Size of AGRP neuron subpopulations relative to whole AGRP population 
is represented by size of circles where known (sizes are not proportional). 
Approximate distribution of AGRP neuron subpopulations along anterior-posterior 
axis of ARC is represented by position of circles where known. aBNST: anterior 
subdivisions of the bed nucleus of stria terminalis; PVH: paraventricular nucleus of 
the hypothalamus; PVT: paraventricular thalamic nucleus; LHAs: suprafornical 
subdivision of the lateral hypothalamic area; ARC: arcuate nucleus; CEA: central 
nucleus of the amygdala; PAG: periaqueductal grey; PBN: parabrachial nucleus. 
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5.1.4 Experimental Aims 

The experiments detailed in this chapter aim to determine and prioritize the 

functional importance of AGRP neuron projection-based subpopulations. Specific 

aims may be summarized as follows: 1) to determine which AGRP neuron 

subpopulations contribute to the observed evoked feeding response under AGRP 

neuron activation; 2) to determine whether feeding insufficient subpopulations may 

contribute to feeding responses by facilitating and enhancing feeding under 

conditions that favour food consumption; and 3) to determine whether AGRP neuron 

subpopulations might be differentially regulated by states and signals of energy 

deficit.  
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5.2 Methods specific to the chapter  

 

5.2.1 ChR2 expression and in vivo photostimulation 

All feeding studies used AGRPChR2Tom animals, where AGRPCre animals 

received bilateral injections of rAAV2/10-CAG-FLEX-rev-ChR2tdtomato at four sites 

in the ARC, 125-400 nl at each site (Bregma, anterior/posterior: -1.3 mm, 

medial/lateral: ±0. 25 mm, dorsal/ventral: -5.85 and -5.95 from dorsal surface of the 

brain). Large volume injections were performed to increase transgene penetrance. 

AGRP neuron subpopulation photostimulation was achieved through AGRP neuron 

axonal photoactivation in target regions. Ferrule capped fibres were implanted at 

target regions of interest: anterior subdivisions of the bed nucleus of  stria terminalis 

(aBNST), PVH, paraventricular thalamic nucleus (PVT), suprafornical subdivision of 

the lateral hypothalamic area (LHAs), central nucleus of the amygdala (CEA), and 

periaqueductal grey (PAG) (see Table 2.5 for coordinates used). 

 

5.2.2 Daytime ad libitum food consumption tests 

Mice were allowed to acclimate to the behavioural cages overnight before 

initiating photostimulation protocols and were tested for evoked feeding behaviour 

during the early light period. During all feeding tests, animals had ad libitum access 

to 20 mg grain pellets and water. Food intake was recorded during a pre-stimulus 

baseline for 1 hr, followed by a 1 hr AGRP neuron axonal photostimulation period. 

Latency to feeding was defined as the time when first bout of feeding was initiated 

after the onset of photostimulation. A bout was defined as the consumption of a 

minimum of five pellets with inter-pellet-intervals less than 2.4 min (Aponte et al. 

2011). Evoked feeding was tested over 2 consecutive days, either unilaterally or 

bilaterally. All animals were naïve to photostimulation during the first day of testing. 

Several post-hoc tests were performed in order to determine inclusion of an animal 

in the final analysis. Fibre transmittance was measured after removal from the brain. 

For animals that did not show feeding responses, animal with fibres presenting less 

than 50% fibre transmittance were excluded from analysis. Fibre placement was also 
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determined. Animals with off target fibre placements were excluded from analysis. 

Transgene penetrance analysis was also conducted to verify ChR2-tdTomato 

expression in ARCAGRP neurons. 

 

5.2.3 Early dark period ad libitum food consumption tests  

Mice were allowed to acclimate to the behavioural cages overnight before 

initiating tests. During all feeding sessions, animals had ad libitum access to 20 mg 

grain pellets and water. Feeding was recorded during the first hour of the dark period 

(6-7pm). On the first day of the test, animals were tethered to an optic fibre but no 

photostimulation was delivered to measure baseline food consumption. On the 

second day of testing, animals were tethered to an optic fibre and photostimulation 

was provided but light was prevented from entering the brain by blocking light output 

at the junction of the optic fibre and implanted ferrule capped fibre. This testing day 

was termed “mock stimulation”, and was conducted as a control for any increase or 

decrease in feeding due to presence of light alone. Axonal photostimulation was 

performed on the third day of testing. After these tests, all animals were verified for 

transgene penetrance, fibre transmittance, and fibre placement to determine 

inclusion in analysis.  

 

5.2.4 Fos immunoreactivity in AGRP neuron subpopulations  

Retrograde dye labelling was performed to label specific projection-based 

subpopulations of AGRP neurons by injecting a 4% Fluoro-Gold (FG) solution (75 nl, 

Flourochrome LLC, Denver, CO) in AGRP neurons target regions (aBNST, PVH, 

PVT, LHAs, CEA, PAG, PBN, see Table 2.5 for coordinates used) in AGRPChR2EYFP 

animals, which express membrane-bound ChR2 and fused enhanced yellow 

fluorescent protein (EYFP) in AGRP neurons.  EYFP was used to identify AGRP 

neurons in the ARC. Six days were allowed for retrograde transport. Brain tissue was 

collected and processed after 24 hrs of food deprivation or 3 hrs after an i.p. injection 

of ghrelin (1 mg/kg) and stained for Fos. At least 20 neurons were examined for Fos 

expression intensity in the same fashion for each projection region tested under food 

deprivation or ghrelin administration. 
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5.3 Results 

 

5.3.1 Multiple AGRP neuron subpopulations are capable of independently 

evoke feeding  

To determine the influence of different AGRP neuron projection 

subpopulations (Betley et al. 2013) in AGRP neuron evoked feeding behaviour, I 

photoactivated, either unilaterally or bilaterally, prominent axon projections in a total 

of six target regions of interest in AGRPChR2Tom mice and measured their food intake. 

The regions included intra-hypothalamic (PVH and LHAs) as well as extra-

hypothalamic (aBNST, PVT, CEA, PAG) regions across the brain.  Immediately after 

the last test, animals were perfused and brains removed and fixed for Fos 

expression analysis in ChR2-tdTomato-expressing AGRP neurons and transgene 

penetrance analysis. Presence of Fos expression indicates that AGRP neuron 

subpopulations were appropriately activated through axonal photostimulation.  

 

5.3.1.1 Role of intra-hypothalamic projecting AGRP neuron subpopulations in 

feeding 

 

5.3.1.1.1 ARC AGRP
PVH circuit 

The PVH is known to be an important area for feeding behaviour (Aravich & 

Sclafani 1983, Balthasar et al. 2005, Krashes et al. 2014, Leibowitz 1978). AGRP 

neurons project prominently to this area and activation of these projections are 

known to increase feeding (Atasoy et al. 2012). Here I tested the role of AGRPPVH 

neurons in evoked feeding as a positive control to my studies (Figure 5.2A-C). 

Unilateral activation of ARCAGRP
PVH axonal projections showed a significant 

increase in feeding over pre-stimulation period (paired t-test, n=7, p<0.001; Figure 

5.2D-E). On average, animals naïve to photostimulation consumed 0.66 ± 0.06 g of 

food in 1 hr on the first session of testing. A second session of testing showed similar 

results (paired t-test, n=6, p=0.003; Figure 5.2E). In addition, latency to the first bout 

of feeding was within the range of latencies reported for AGRP neuron somatic and 
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ARCAGRP
PVH axonal photoactivation (Aponte et al. 2011, Atasoy et al. 2012) 

(Figure 5.2F). ChR2-tdTomato transgene penetrance analysis shows that virus 

infection was capable of infecting at least 50% of axons in the PVH in all the animals 

tested, and near maximal feeding response can be achieved at the minimum 

infection percent of ~50% (Figure 5.2G-I). In addition, significant Fos labelling was 

observed in ChR2-tdTomato-expressing AGRP neurons across the ARC, indicating 

appropriate activation by photostimulation (Figure 5.2J-O). Therefore, these results 

are consistent with prior reports of PVH as an important projection region for AGRP 

neuron evoked-feeding response (Atasoy et al. 2012). 
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Figure 5.2 Optogenetic activation of ARCAGRP
PVH neurons evokes food 

consumption. (A) Diagram of sagittal brain section depicting activation of 
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ARCAGRP
PVH circuit in AGRPChR2Tom animals. (B) Schematic of photostimulation 

test protocol. Food intake was measured for a one hour pre-photostimulation 
baseline (white) and during one hr ARCAGRP

PVH axonal photostimulation test 
(cyan). (C) Schematic of experimental design schedule. Animals received one 
overnight habituation session followed by 2 photostimulation tests conducted in 2 
consecutive days. Photostimulation tests were conducted under ad libitum fed 
conditions during the light period. (D) Representative example of cumulative number 
of pellets (20 mg) consumed over time for pre-photostimulation baseline (1 hr, white 
shading) and ARCAGRP

PVH axonal photostimulation (1 hr, cyan shading). (E) Total 
food intake during pre-photostimulation baseline (white) and ARCAGRP

PVH axonal 
photostimulation (cyan) for each session tested. (n= 7 session 1, 6 session 2, paired 
t-test for each session). (F) Latency to initiate first bout of feeding after 
photostimulation onset for each session tested. (n= 7 session 1, 6 session 2). (G) 
Diagram and epifluorescence image of optical fibre placement (white dotted line) and 
ChR2-tdTomato-expressing ARCAGRP

PVH axon projections. Red box in coronal 
brain section diagram represents region shown. Scale bar, 500 μm. (H) Single plane 
confocal image showing AGRP (green) and ChR2-tdTomato (red) 
immunofluorescence containing boutons in the PVH. Red box in (G) shows 
approximate imaging position for transgene penetrance analysis.  Scale bar: 10 μm. 
(I) Food intake as a function of ChR2-tdTomato penetrance for each animal tested in 
each session (session 1: black, session 2: grey). (J-L) Diagrams and confocal 
images of a z-stack depicting ChR2-tdTomato (membrane-bound, red) and Fos 
(green) expression in AGRP neurons in (J) anterior, (K) medial, and (L) posterior 
ARC after one hr of ARCAGRP

PVH axon projection photostimulation. Red boxes in 
coronal brain section diagrams represent region shown. Scale bar:  200 μm. (M-O) 
Single plane confocal images of insets of (J-L), respectively, showing Fos (green) 
expression in ChR2-tdTomato (membrane-bound) expressing AGRP neurons (red). 
Scale bar 10 μm. Values are mean ± S.E.M. ** p<0.01; *** p<0.001. ARC: arcuate 
nucleus; PVH: paraventricular nucleus of the hypothalamus; 3V: third ventricle. 
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5.3.1.1.2 ARCAGRP
LHAs circuit 

The lateral hypothalamic area (LHA) has been widely implicated in having a 

role in feeding (Anand & Brobeck 1951b, Delgado & Anand 1953, Jennings et al. 

2013, Leinninger et al. 2009). AGRP axons project widely across the LHA, with a 

particularly dense projection to the LHAs. Here, I tested whether this 

ARCAGRP
LHAs circuit, and therefore, AGRPLHAs neuronal subpopulation, also plays 

a role in AGRP neuron-evoked feeding (Figure 5.3A-C). As with ARCAGRP
PVH 

axonal activation,  unilateral activation of ARCAGRP
LHAs axon projections during 

light hours show an increase in feeding over baseline on both sessions tested 

(paired t-test, n=17, session 1: p<0.001, session 2: p<0.001; Fig 5.3D-E). Animals 

consumed, on average, 0.60 ± 0.05 g and 0.60 ± 0.07 g of food in a 1 hr stimulation 

period on the first and second sessions of testing, respectively. Average latency to 

initiate first bout was also within AGRP soma stimulation latencies (Figure 5.3F). 

Transgene penetrance indicates that ChR2-tdTomato was present in between 9.6% 

and 72.4% of AGRP neuron axons in the LHAs. Even under low penetrance, 

photostimulation was still capable of evoking a feeding response (Figure 5.3G-I). 

Abundant Fos expression was also observed in ChR2-tdTomato expressing AGRP 

neurons in the ARC, indicating that the photostimulation procedure employed was 

effective at activating ARCAGRP
LHAs axonal projections. Therefore, the AGRPLHAs 

neuron subpopulation is a second group of AGRP neurons capable of independently 

evoke feeding.   
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Figure 5.3 ARCAGRP
LHAs circuit can independently evoke feeding. (A) 

Diagram of sagittal brain section depicting activation of ARCAGRP
LHAs circuit in 
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AGRPChR2Tom animals. (B) Schematic of photostimulation test protocol. Food intake 
was measured for a one hour pre-photostimulation baseline (white) and during one 
hr ARCAGRP

LHAs axonal photostimulation test (cyan). (C) Schematic of 
experimental design schedule. Animals received one overnight habituation session 
followed by 2 photostimulation tests conducted in 2 consecutive days. 
Photostimulation tests were conducted under ad libitum fed conditions during the 
light period. (D) Representative example of cumulative number of pellets (20 mg) 
consumed over time for pre-photostimulation baseline (1 hr, white shading) and 
ARCAGRP

LHAs axonal photostimulation (1 hr, cyan shading). (E) Total food intake 
during pre-photostimulation baseline (white) and ARCAGRP

LHAs axonal 
photostimulation (cyan) for each session tested. (n= 17 per session, paired t-test for 
each session). (F) Latency to initiate first bout of feeding after photostimulation onset 
for each session tested. (n= 17 per session). (G) Diagram and epifluorescence 
image of optical fibre placement (white dotted line) and ChR2-tdTomato-expressing 
ARCAGRP

LHAs axon projections. Red box in coronal brain section diagram 
represents region shown. Scale bar, 500 μm. (H) Single plane confocal image 
showing AGRP (green) and ChR2-tdTomato (red) immunofluorescence containing 
boutons in the LHAs. Red box in (G) shows approximate imaging position for 
transgene penetrance analysis.  Scale bar: 10 μm. (I) Food intake as a function of 
ChR2-tdTomato penetrance for each animal tested in each session (session 1: 
black, session 2: grey). (J-L) Diagrams and confocal images of a z-stack depicting 
ChR2-tdTomato (membrane-bound, red) and Fos (green) expression in AGRP 
neurons in (J) anterior, (K) medial, and (L) posterior ARC after one hr of 
ARCAGRP

LHAs axon projection photostimulation. Red boxes in coronal brain 
section diagrams represent region shown. Scale bar:  200 μm. (M-O) Single plane 
confocal images of insets of (J-L), respectively, showing Fos (green) expression in 
ChR2-tdTomato (membrane-bound) expressing AGRP neurons (red). Scale bar 10 
μm. Values are mean ± S.E.M. *** p<0.001. ARC: arcuate nucleus; LHAs: 
suprafornical subdivision of the lateral hypothalamic area; fx: fornix; 3V: third 
ventricle. 
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5.3.1.2 Role of extra-hypothalamic projecting AGRP neuron subpopulations in 

feeding 

 

5.3.1.2.1 ARCAGRP
aBNST circuit 

The bed nucleus of stria terminalis (BNST) is part of the extended amygdala 

and receives significant projections from AGRP neurons across the anterior portion 

of the structure (aBNST). The BNST is most known to be involved in the regulation 

of stress and anxiety (Casada & Dafny 1991, Choi et al. 2008, Davis et al. 1997, 

Walker et al. 2003), though a recent study has shown that activation of BNST γ-

aminobutyric acid (GABA) neuron projections to the LHA increases food 

consumption (Jennings et al. 2013), indicating that the BNST can play a role in 

feeding behaviour. Here I tested whether activation AGRPaBNST neurons can elicit 

feeding (Figure 5.4A-C). Unilateral stimulation of ARCAGRP
aBNST axons in the 

aBNST showed significant increase in feeding (paired t test, n=15 session 1, 14 

session 2, session 1 p<0.001, session 2 p 0.001; Figure 5.4D-E), with animals 

consuming 0.57 ± 0.06 g of food in 1 hr on the first tested session, when animals 

were naïve to photostimulation, and 0.62 ± 0.04 g of feeding on a second session. 

Again, latencies to first bout of feeding were on average within range of AGRP soma 

photostimulation latencies (Figure 5.4F). ChR2-tdTomato penetrance analysis 

indicates that even at low penetrance, photostimulation was able to induce elevated 

food consumption (Figure 5.4G-I). Fos immunoreactivity also indicated appropriate 

activation was achieved (Figure 5.4J-O). These data further supports the role of the 

BNST in the control of feeding behaviour. 
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Figure 5.4 Activation of ARCAGRP
aBNST circuit is sufficient to coordinate 

food consumption. (A) Diagram of sagittal brain section depicting activation of 
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ARCAGRP
aBNST circuit in AGRPChR2Tom animals. (B) Schematic of photostimulation 

test protocol. Food intake was measured for a one hour pre-photostimulation 
baseline (white) and during one hr ARCAGRP

aBNST axonal photostimulation test 
(cyan). (C) Schematic of experimental design schedule. Animals received one 
overnight habituation session followed by 2 photostimulation tests conducted in 2 
consecutive days. Photostimulation tests were conducted under ad libitum fed 
conditions during the light period. (D) Representative example of cumulative number 
of pellets (20 mg) consumed over time for pre-photostimulation baseline (1 hr, white 
shading) and ARCAGRP

aBNST axonal photostimulation (1 hr, cyan shading). (E) 
Total food intake during pre-photostimulation baseline (white) and ARCAGRP

aBNST 
axonal photostimulation (cyan) for each session tested. (n= 15 session 1, n= 14 
session 2, paired t-test for each session). (F) Latency to initiate first bout of feeding 
after photostimulation onset for each session tested. (n= 15 session 1, n= 14 session 
2). (G) Diagram and epifluorescence image of optical fibre placement (white dotted 
line) and ChR2-tdTomato-expressing ARCAGRP

aBNST axon projections. Red box 
in coronal brain section diagram represents region shown. Scale bar, 500 μm. (H) 
Single plane confocal image showing AGRP (green) and ChR2-tdTomato (red) 
immunofluorescence containing boutons in the aBNST. Red box in (G) shows 
approximate imaging position for transgene penetrance analysis.  Scale bar: 10 μm. 
(I) Food intake as a function of ChR2-tdTomato penetrance for each animal tested in 
each session (session 1: black, session 2: grey). (J-L) Diagrams and confocal 
images of a z-stack depicting ChR2-tdTomato (membrane-bound, red) and Fos 
(green) expression in AGRP neurons in (J) anterior, (K) medial, and (L) posterior 
ARC after one hr of ARCAGRP

aBNST axon projection photostimulation. Red boxes 
in coronal brain section diagrams represent region shown. Scale bar:  200 μm. (M-O) 
Single plane confocal images of insets of (J-L), respectively, showing Fos (green) 
expression in ChR2-tdTomato (membrane-bound) expressing AGRP neurons (red). 
Scale bar 10 μm. Values are mean ± S.E.M. ** p<0.01; *** p<0.001. ARC: arcuate 
nucleus; aBNST: anterior subdivisions of the bed nucleus of stria terminalis; ac: 
anterior commissure; 3V: third ventricle. 
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5.3.1.2.2 ARCAGRP
PVT circuit 

AGRP neurons also send projections throughout the PVT. The PVT has been 

previously shown to play a role in feeding as GABA-A receptor agonist 

microinjections into this area are reported to increase food consumption (Stratford & 

Wirtshafter 2013). Therefore, here, I investigated whether activation of 

ARCAGRP
PVT circuit would result in elevated food consumption (Figure 5.5A-C). 

Photostimulation of ARCAGRP
PVT projections in the posterior PVT significantly 

increase food consumption over 2 consecutive tests (paired t test, n=16, session 1 

p<0.001, session 2 p=0.001; Figure 5.5D-E), with an average of 0.21 ± 0.04 g and 

0.3 ± 0.05 g consumed on the first and second sessions of testing, respectively. 

Mean response latencies appear to be longer than for somatic stimulation, which is 

on average ~6 min (Aponte et al. 2011) (Figure 5.5F). In addition, transgene 

penetrance analysis indicates that despite high levels of infection (>50%), food 

consumption response observed was lower than those observed for PVH, LHAs and 

aBNST (Figure 5.5G-I).  Although less prominent than under activation of 

ARCAGRP
PVH,  ARCAGRP

LHAs, and ARCAGRP
aBNST axonal stimulation, Fos 

immunoreactivity was observed in ChR2-tdTomato-expressing AGRP neurons in the 

ARC, indicating that photostimulation was effective (Figure 5.5J-O). The lower 

number of observed Fos expressing AGRP neurons is not surprising, as anatomical 

studies indicate that AGRPPVT neuron subpopulation is smaller than AGRPPVH and 

AGRPaBNST subpopulations (Betley et al. 2013). Therefore, AGRPPVT neurons also 

contribute to AGRP neuron-mediated evoked feeding response, although the profile 

of the observed effect is not equivalent to that of other feeding-sufficient AGRP 

neuron subpopulations tested. 
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Figure 5.5 ARCAGRP
PVT circuit is involved in the control of feeding 

behaviour. (A) Diagram of sagittal brain section depicting activation of 
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ARCAGRP
PVT circuit in AGRPChR2Tom animals. (B) Schematic of photostimulation 

test protocol. Food intake was measured for a one hour pre-photostimulation 
baseline (white) and during one hr ARCAGRP

PVT axonal photostimulation test 
(cyan). (C) Schematic of experimental design schedule. Animals received one 
overnight habituation session followed by 2 photostimulation tests conducted in 2 
consecutive days. Photostimulation tests were conducted under ad libitum fed 
conditions during the light period. (D) Representative example of cumulative number 
of pellets (20 mg) consumed over time for pre-photostimulation baseline (1 hr, white 
shading) and ARCAGRP PVT axonal photostimulation (1 hr, cyan shading). (E) Total 
food intake during pre-photostimulation baseline (white) and ARCAGRP

PVT axonal 
photostimulation (cyan) for each session tested. (n= 16 per session, paired t-test for 
each session). (F) Latency to initiate first bout of feeding after photostimulation onset 
for each session tested. (n= 16 per session). (G) Diagram and epifluorescence 
image of optical fibre placement (white dotted line) and ChR2-tdTomato-expressing 
ARCAGRP

PVT axon projections. Red box in coronal brain section diagram 
represents region shown. Scale bar, 500 μm. (H) Single plane confocal image 
showing AGRP (green) and membrane-bound ChR2-tdTomato (red) 
immunofluorescence containing boutons in the PVT. Red box in (G) shows 
approximate imaging position for transgene penetrance analysis.  Scale bar: 10 μm. 
(I) Food intake as a function of ChR2-tdTomato penetrance for each animal tested in 
each session (session 1: black, session 2: grey). (J-L) Diagrams and confocal 
images of a z-stack depicting membrane-bound ChR2-tdTomato (red) and Fos 
(green) expression in AGRP neurons in (J) anterior, (K) medial, and (L) posterior 
ARC after one hr of ARCAGRP

PVT axon projection photostimulation. Red boxes in 
coronal brain section diagrams represent region shown. Scale bar:  200 μm. (M-O) 
Single plane confocal images of insets of (J-L), respectively, showing Fos (green) 
expression in membrane bound ChR2-tdTomato expressing AGRP neurons (red). 
Scale bar 10 μm. Values are mean ± S.E.M. ** p<0.01; *** p<0.001. ARC: arcuate 
nucleus; PVT: paraventricular thalamic nucleus; 3V: third ventricle. 
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5.3.1.2.3 ARCAGRP
CEA circuit 

The amygdala has been implicated in having a role in the control of feeding by 

aversive learned cues (Petrovich et al. 2009). In particular, reduction of food 

consumption in the presence of an aversive learned cue was abolished in animals 

with CEA lesions (Petrovich et al. 2009). AGRP neuron projections to the amygdala 

are directed to the CEA. Here, I performed unilateral and bilateral activation of 

ARCAGRP
CEA projections to evaluate their role in AGRP neuron evoked feeding 

(Figure 5.6A-C). Unilateral activation of CEA in photostimulation naïve animals 

(session 1) did not increase feeding significantly over pre-photostimulation periods 

(paired t-test, n=12, p=0.295; Figure 5.6D-E). Bilateral stimulation was conducted on 

the second session of testing, also showing no significant increase in feeding (paired 

t-test, n=12, p=0.0691; Figure 5.6E). In addition, feeding latencies were on average 

44.06 ± 6.53 min and 38.01 ± 6.81 min under unilateral and bilateral 

photostimulation, respectively, indicating that any feeding observed is unlikely due to 

photostimulation (Figure 5.6F). Despite lack of evoked feeding response, transgene 

penetrance and FOS immunoreactivity analysis indicates high virus transduction 

levels (on average 61.81 ±4.55 %; Figure 5.6G-I) and presence of Fos expression in 

ChR2-tdTomato positive AGRP neurons in the ARC (Figure 5.6J-O). These results 

indicate that AGRPCEA neurons are not capable of independently evoke feeding 

under these testing conditions.  
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Figure 5.6 Elevated activity of ARCAGRP
CEA circuit does not result in evoked 

feeding behaviour. (A) Diagram of sagittal brain section depicting activation of 
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ARCAGRP
CEA circuit in AGRPChR2Tom animals. (B) Schematic of photostimulation 

test protocol. Food intake was measured for a one hour pre-photostimulation 
baseline (white) and during one hr ARCAGRP

CEA axonal photostimulation test 
(cyan). (C) Schematic of experimental design schedule. Animals received one 
overnight habituation session followed by 2 photostimulation tests conducted in 2 
consecutive days. Photostimulation tests were conducted under ad libitum fed 
conditions during the light period. (D) Representative example of cumulative number 
of pellets (20 mg) consumed over time for pre-photostimulation baseline (1 hr, white 
shading) and ARCAGRP

CEA axonal photostimulation (1 hr, cyan shading). (E) Total 
food intake during pre-photostimulation baseline (white) and ARCAGRP

CEA axonal 
photostimulation (cyan) for each session tested. (n= 12 per session, paired t-test for 
each session). (F) Latency to initiate first bout of feeding after photostimulation onset 
for each session tested. (n= 12 per session). (G) Diagram and epifluorescence 
image of optical fibre placement (white dotted line) and ChR2-tdTomato-expressing 
ARCAGRP

CEA axon projections. Red box in coronal brain section diagram 
represents region shown. Scale bar, 500 μm. (H) Single plane confocal image 
showing AGRP (green) and ChR2-tdTomato (red) immunofluorescence containing 
boutons in the CEA. Red box in (G) shows approximate imaging position for 
transgene penetrance analysis.  Scale bar: 10 μm. (I) Food intake as a function of 
ChR2-tdTomato penetrance for each animal tested in each session (session 1: 
black, session 2: grey). (J-L) Diagrams and confocal images of a z-stack depicting 
ChR2-tdTomato (membrane-bound, red) and Fos (green) expression in AGRP 
neurons in (J) anterior, (K) medial, and (L) posterior ARC after one hr of 
ARCAGRP

CEA axon projection photostimulation. Red boxes in coronal brain section 
diagrams represent region shown. Scale bar:  200 μm. (M-O) Single plane confocal 
images of insets of (J-L), respectively, showing Fos (green) expression in ChR2-
tdTomato (membrane-bound) expressing AGRP neurons (red). Scale bar 10 μm. 
Values are mean ± S.E.M. n.s. p>0.05. ARC: arcuate nucleus; CEA: central nucleus 
of the amygdala; 3V: third ventricle. 
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5.3.1.2.4 ARCAGRP
PAG circuit 

The PAG, a hindbrain structure mostly known for its function in the regulation 

of sympathetic systems (Johnson et al. 2004, Skultety 1958), has been indirectly 

associated with feeding. Anatomical studies of PAG inputs and outputs suggest this 

area may be involved in modulating motivation to hunt and forage (Comoli et al. 

2003, Mota-Ortiz et al. 2012). In addition, morphine injections in the PAG blunt LHA 

electrical stimulation induced feeding (Jenck et al. 1986). AGRP neurons send dense 

projections to the ventromedial and ventrolateral portions of the PAG, with the 

densest projections observed in caudal regions. Photostimulation of  AGRPPAG 

through activation of ARCAGRP
PAG axons in the PAG did not show a significant 

increase in feeding over the pre-stimulation period on two consecutive sessions of 

testing (paired t test, n=18, session 1 p=0.341, session 2 p=0.256; Figure 5.7A-E ). 

In addition, latencies were on average 43.29 ± 5.12 min and 46.44 ± 4.38 min each 

session of testing respectively, similar to those observed with ARCAGRP
CEA 

activation (Figure 5.7F). Post-hoc immunohistological analysis also indicates that 

transgene penetrance were high (on average 65.14 ± 2.53 %; Figure 5.7G-I), and 

Fos expression was observed in AGRP ChR2-tdTomato positive neurons (Figure 

5.7J-O), indicating lack of feeding is not due to improper manipulations. As with 

ARCAGRP
CEA circuit activation, these results indicate that AGRPPAG neurons are 

also not sufficient to independently evoke feeding under the conditions tested.  

 

 

  



Chapter 5: Parallel and Redundant Functional Organization of AGRP Neurons 

 

180 

 

 

 

Figure 5.7 AGRP neuron evoked food consumption is not mediated by 
ARCAGRP

PAG circuit. (A) Diagram of sagittal brain section depicting activation of 
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ARCAGRP
PAG circuit in AGRPChR2Tom animals. (B) Schematic of photostimulation 

test protocol. Food intake was measured for a one hour pre-photostimulation 
baseline (white) and during one hr ARCAGRP

PAG axonal photostimulation test 
(cyan). (C) Schematic of experimental design schedule. Animals received one 
overnight habituation session followed by 2 photostimulation tests conducted in 2 
consecutive days. Photostimulation tests were conducted under ad libitum fed 
conditions during the light period. (D) Representative example of cumulative number 
of pellets (20 mg) consumed over time for pre- photostimulation baseline (1 hr, white 
shading) and ARCAGRP

PAG axonal photostimulation (1 hr, cyan shading). (E) Total 
food intake during pre-photostimulation baseline (white) and ARCAGRP

PAG axonal 
photostimulation (cyan) for each session tested. (n= 18 per session, paired t-test for 
each session). (F) Latency to initiate first bout of feeding after photostimulation onset 
for each session tested. (n= 18 per session). (G) Diagram and epifluorescence 
image of optical fibre placement (white dotted line) and ChR2-tdTomato-expressing 
ARCAGRP

PAG axon projections. Red box in coronal brain section diagram 
represents region shown. Scale bar, 500 μm. (H) Single plane confocal image 
showing AGRP (green) and ChR2-tdTomato (red) immunofluorescence containing 
boutons in the PAG. Red box in (G) shows approximate imaging position for 
transgene penetrance analysis.  Scale bar: 10 μm. (I) Food intake as a function of 
ChR2-tdTomato penetrance for each animal tested in each session (session 1: 
black, session 2: grey). (J-L) Diagrams and confocal images of a z-stack depicting 
ChR2-tdTomato (membrane-bound, red) and Fos (green) expression in AGRP 
neurons in (J) anterior, (K) medial, and (L) posterior ARC after one hr of 
ARCAGRP

PAG axon projection photostimulation . Red boxes in coronal brain 
section diagrams represent region shown. Scale bar:  200 μm. (M-O) Single plane 
confocal images of insets of (J-L), respectively, showing Fos (green) expression in 
ChR2-tdTomato (membrane-bound) expressing AGRP neurons (red). Scale bar 10 
μm. Values are mean ± S.E.M. n.s. p>0.05. ARC: arcuate nucleus; PAG: 
periaqueductal grey; Aq: aqueduct; 3V: third ventricle. 
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5.3.1.3 Verification of specificity of evoked feeding behaviour through 

activation of ARCAGRP
LHAs and ARCAGRP

aBNST axon projections 

Although photostimulation offers cell type specific control of axonal activation, 

both the aBNST and LHAs are nearby regions containing AGRP axon projections, 

and light scattering could potentially result in activation of these neighbouring axons.  

The aBNST projections lie in close proximity of AGRP axons in the medial preoptic 

area and sparse lateral septum projections. For the LHAs, photostimulation could 

also activate projections in the dorsomedial nucleus of the hypothalamus (DMH). To 

address this possibility and improve spatial specificity for axon activation, I titrated 

light intensity to the threshold for ChR2 activation—50% activated at 1 mW/mm2 (Lin 

et al. 2009)—in the vicinity of the projection field (calculated for distal portion of the 

target region), based on a theoretical model of light absorption and scattering in 

neural tissue (Aravanis et al. 2007) (Figure 5.8A-D, F). For ARCAGRP
LHAs, 

irradiances at the target region larger than 1 mW/mm2 significantly elevated feeding 

over pre-stimulation periods, while light power intensities below this level did not 

(paired t-tests, n=6, 0.4 mW/mm2 p=0.856 ; 1.0 mW/mm2 p=0.151; 1.9 mW/mm2 

p=0.033; 3.8 mW/mm2 p=0.027; Figure 3.8E, Table 5.1). For ARCAGRP
aBNST, 

irradiance at the target region of 0.5 mw/mm2 and higher resulted in increased food 

intake (paired t-tests, n=6, 0.5 mW/mm2 p=0.001; 1.1 mW/mm2 p=0.012; 2.5 

mW/mm2 p<0.001; 5.0 mW/mm2 p=0.008; Figure 5.8G, Table 5.1). The ability of 

lower irradiances increasing food intake in aBNST vs. LHAs may be due to the 

difference in density of fibres in the two areas, or might indicate increased sensitivity 

to feeding under activation in aBNST. These experiments further substantiate my 

findings indicating that activation of AGRP axons projecting to LHAs and aBNST are 

sufficient to evoke feeding.  

Although PVT projections targeted lie directly above the PVH projections, 

calculations using the theoretical model of light scattering (Aravanis et al. 2007)  

indicate that at light powers used (between 10 mW and 15 mW), irradiance levels in 

the PVH are below ChR2 activation threshold (~0.3 mW/mm2 at the most dorsal 

portion of the PVH, dorsal surface 4.5 mm). Thus, feeding responses observed by 

ARCAGRP
PVT axonal activation are unlikely to be the result of potential activation 

of PVH projecting axons, and light intensity titration studies were not performed. 

AGRP projections to the PVH are also located near other brain regions with dense 
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AGRP neuron projections, such as the DMH. However, experiments on excitation of 

AGRP axonal projections in the PVH were performed primarily as a positive control 

for the experimental procedures used in these studies, as a prior study using the 

same experimental procedure demonstrated that excitation of these axons evokes 

feeding (Atasoy et al. 2012). Given that this prior study demonstrated that inhibition 

of post-synaptic PVH neurons recapitulates the behavioural response observed with 

ARCAGRP
PVH axonal activation (Atasoy et al. 2012), therefore validating the role 

ARCAGRP
PVH circuit in AGRP neuron-mediated evoked feeding, light intensity 

titration studies were not performed here either.  
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Figure 5.8 Increased food consumption under ARCAGRP
LHAs and 

ARCAGRP
aBNST circuit photostimulation is specific to activation of AGRP 

neuron axons in LHAs and aBNST. (A) Diagram of coronal brain section depicting 
fibre placement in AGRPChR2Tom animals for activation of (i) ARCAGRP LHAs and (ii) 
ARCAGRP

 aBNST axonal projections. (B) Schematic of photostimulation test 
protocol. Food intake was measured for a one hour pre-photostimulation baseline 
(white) and a 1 hr AGRP neuron axonal photostimulation (cyan). (C) Schematic of 
experimental design schedule. Animals received one overnight habituation session 
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followed by 4 photostimulation tests at different irradiances, conducted in 4 
consecutive days. Photostimulation tests were conducted under ad libitum fed 
conditions during the light period. (D, F) Epifluorescent images depicting examples of 
estimated irradiance values at middle (yellow dashed lines) and most distal portion 
(red dashed lines) of area with observed AGRP neuron axons in targeted projection 
regions based on theoretical model (Aravanis et al. 2007) for (D) ARCAGRP

 LHAs 
and (F) ARCAGRP

 aBNST axonal activation. Red boxes in coronal brain section 
diagrams in (A) represent area shown in images of (D) and (F), respectively. Scale 
bar 500 μm. (E, G) Food intake during pre photostimulation baseline (white) and 
photostimulation (cyan) condition under (E) ARCAGRP

 LHAs (n=6) and (G) 
ARCAGRP

 aBNST (n=6) axon projection photostimulation at different irradiances 
(paired t-tests for each test session, see Table 5.1). Irradiance values calculated for 
most distal portion of area with observed AGRP neuron axons in target brain region 
(red dashed lines in (D) and (F), respectively). Values are mean ± S.E.M.  n.s. 
p>0.05, * p<0.05, ** p<0.01, *** p<0.001. aBNST: anterior subdivisions of the bed 
nucleus of stria terminalis; LHAs: suprafornical subdivision of the lateral 
hypothalamic area; ARC: arcuate nucleus. 
 

 

 

Figure 
Panel 

Sample 
size 

Statistical test Values 

E 
 
 
 
 
 
 

6 
 
 
 
 
 
 

Paired t-test  

0.4 mW/mm2 p=0.856 

1.0 mW/mm2 p=0.151 

1.9 mW/mm2 p=0.033 

3.8 mW/mm2 p=0.027 

G 
 
 
 
 
 
 

6 
 
 
 
 
 
 

Paired t-test  

0.5 mW/mm2 p=0.001 

1.1 mW/mm2 p=0.012 

2.5 mW/mm2 p<0.001 

5.0 mW/mm2 p<0.001 

 
Table 5.1 Statistical values for Figure 5.8 
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5.3.1.4 Similarities and differences of evoked-feeding behaviour by feeding-

sufficient AGRP neuron subpopulations 

The results presented above indicate that several AGRP neuron projection 

subpopulations and their circuits are capable of eliciting feeding (feeding-sufficient: 

AGRPPVH, AGRPLHAs, AGRPaBNST, and AGRPPVT), while others do not (feeding-

insufficient: AGRPCEA and AGRPPAG; Figure 5.9, Table 5.2). In addition, a prior study 

examining the role of ARCAGRP
PBN circuit, which was not tested here, showed that 

activation of AGRP neuron axons in this region was also insufficient to elicit an acute 

feeding response (Atasoy et al. 2012). Analysis comparing food intake levels after 

photoactivation between feeding-sufficient subpopulations indicate that food 

consumption is significantly different between AGRPPVT, and other subpopulations 

during both sessions tested (post hoc multiple comparisons with Holm-Sidak 

correction, AGRPPVH, AGRPLHAs, and AGRPaBNST vs. AGRPPVT: session 1 n= 7 

AGRPPVH, 17 AGRPLHAs, 15 AGRPaBNST, 16 AGRPPVT p<0.001 for all comparisons, 

session 2: n= 6 AGRPPVH, 17 AGRPLHAs, 14 AGRPaBNST, 16 AGRPPVT, p= 0.006, 

p=0.004, and p=0.001, respectively; Figure 5.9A, C, Table 5.3 ). In addition, 

statistical analysis of latencies to feed after photostimulation onset indicate that 

latency for ARCAGRP
PVT axonal activation is significantly different from 

ARCAGRP
aBNST (post hoc multiple comparisons with Holm-Sidak correction, n=15 

AGRPaBNST, 16 AGRPPVT, p=0.011; Figure 5.9B, Table 5.3) and ARCAGRP
PVH 

(post hoc multiple comparisons with Holm-Sidak correction, n=7 AGRPPVH, 16 

AGRPPVT, p=0.040; Figure 5.9B, Table 5.3) but not ARCAGRP
LHAs (post hoc 

multiple comparisons with Holm-Sidak correction, n=17 AGRPLHAs, 16 AGRPPVT, 

p=0.095; Figure 5.9B, Table 5.3). This difference was not observed on session 2 

(post hoc multiple comparisons with Holm-Sidak correction, AGRPPVH, AGRPLHAs, 

and AGRPaBNST vs. AGRPPVT: n= 6 AGRPPVH, 17 AGRPLHAs, 14 AGRPaBNST, 16 

AGRPPVT, p= 0.417, p=0.279, and p=0.572, respectively; Figure 5.9D; Table 5.3). 

Therefore, the characteristics of AGRPPVT neuron-evoked food consumption is not 

equivalent to that of other feeding-sufficient AGRP neuron subpopulations tested. 
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Table 5.2 Food intake and latency to initiate feeding under activation of 
specific AGRP neuron projection subpopulations. Values are mean ± S.E.M. p-
values reported are comparisons (paired t-tests) between pre-photostimulation and 
photostimulation periods. 
 

 

  

Sub-
population 

Sample 
size 

Session 1 Session 2 

Food  
intake (g)  

Latency 
(min) 

Food 
 intake (g)  

Latency 
(min) 

AGRPaBNST 
 

Session 1: 15 
Session 2: 14 

0.57 ± 0.06 
p<0.001 

8.53 ±1.46 
 

0.62 ± 0.04 
p=0.001 

10.05 ± 2.54 
 

AGRPPVH 
 

Session 1: 7 
Session 2: 6 

0.66 ± 0.06 
p<0.001 

7.48 ± 1.82 
 

0.65 ± 0.07 
p=0.003 

3.46 ± 0.68 
 

AGRPLHAs 
 

Both  
sessions: 17 

0.6  ± 0.05 
p<0.001 

15.02 ± 4.07 
 

0.60  ± 0.07 
p<0.001 

16.49 ± 4.98 
 

AGRPPVT 
 

Both  
sessions: 16 

0.21 ± 0.04 
p<0.001 

28.8 ± 6.4 
 

0.30 ± 0.05 
p=0.001 

19.93 ± 5.34 
 

AGRPCEA 
 

Both 
sessions: 12 

0.12 ± 0.04 
p=0.295 

44.06 ± 6.53 
 

0.19 ± 0.05 
p=0.0691 

38.01 ± 6.81 
 

AGRPPAG 
 

Both  
Sessions: 18 

0.11 ± 0.04 
p=0.341 

43.29 ± 5.12 
 

0.14 ± 0.03 
p=0.256 

46.44 ± 4.38 
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Figure 5.9 Multiple AGRP neuron projection subpopulations are capable of 
independently coordinate food consumption. (A, C) Food intake during pre- 
photostimulation baseline (white) and photostimulation (cyan) test for all AGRP 
neuron axonal projections tested for (A) session 1 and (C) session 2. (B, D) Latency 
to initiate first bout of feeding after photostimulation onset for all AGRP neuron 
axonal projections tested for (B) session 1 and (D) session 2. All data in this Figure 
is reproduced from Figures 5.2-5.7. All statistical comparisons are between groups, 
comparing food intake under photostimulation between feeding sufficient regions 
only (white background, see Table 5.3). Values are mean ± S.E.M.  n.s. p>0.05, * 
p<0.05, ** p<0.01, *** p<0.001. aBNST: anterior subdivisions of the bed nucleus of 
stria terminalis; PVH: paraventricular nucleus of the hypothalamus; PVT: 
paraventricular thalamic nucleus; LHAs: suprafornical subdivision of the lateral 
hypothalamic area; CEA: central nucleus of the amygdala; PAG: periaqueductal 
grey.  
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Figure 
panel 

Sample size Statistical test Values 

A 
 
 
 
 
 

 
 

 
 

aBNST: 15 
 

PVH: 7 
 

LHAs: 17 
 

PVT: 16 
 

 
 

One-Way RM ANOVA F(3, 51)=13.9, p<0.001 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

aBNST vs. PVH p=0.734 

aBNST vs. LHAs p=0.732 

PVH vs. LHAs p=0.753 

aBNST vs. PVT p<0.001 

PVH vs. PVT p<0.001 

LHAs vs. PVT p<0.001 

B 
 
 
 
 

 
 
 
 
 
 

aBNST: 15 
 

PVH: 7 
 

LHAs: 17 
 

PVT: 16 
 

 
 
 

One-Way RM ANOVA F(3,51)=4.5, p=0.007 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

aBNST vs. PVH p=0.893 

aBNST vs. LHAs p=0.641 

PVH vs. LHAs p=0.552 

aBNST vs. PVT p=0.011 

PVH vs. PVT p=0.040 

LHAs vs. PVT p=0.095 

C 
 

 
 
 
 
 

 
 

 
 

aBNST: 14 
 

PVH: 6 
 

LHAs: 17 
 

PVT: 16 
 

 
 
 

One-Way RM ANOVA F(3,49)=7.5, p=0.002 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

aBNST vs. PVH p=0.789 

aBNST vs. LHAs p=0.762 

PVH vs. LHAs p=0.825 

aBNST vs. PVT p=0.001 

PVH vs. PVT p=0.006 

LHAs vs. PVT p=0.004 

D 
 
 
 
 
 
 
 
 
 
 

aBNST: 14 
 

PVH: 6 
 

LHAs: 17 
 

PVT: 16 
 

 
 
 

One-Way RM ANOVA F(3, 49)=1.7, p=0.177 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

aBNST vs. PVH p=0.687 

aBNST vs. LHAs p=0.670 

PVH vs. LHAs p=0.473 

aBNST vs. PVT p=0.417 

PVH vs. PVT p=0.279 

LHAs vs. PVT p=0.572 

 

Table 5.3 Statistical values for Figure 5.9 
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5.3.2 Feeding-insufficient AGRP neuron subpopulations do not potentiate 

feeding under states of increased food consumption probability 

Daytime activation studies described above indicate that a subset of AGRP 

neuron circuits are capable of eliciting feeding under states of low feeding probability 

(ARCAGRP
PVH, ARCAGRP

LHAs, ARCAGRP
aBNST,  and ARCAGRP

PVT). Other 

circuits (ARCAGRP
CEA and ARCAGRP

PAG), however, were insufficient to 

independently evoke feeding. There is, however, the possibility that these circuits 

may potentiate feeding under states of increased food consumption probability. To 

determine whether this is the case, I tested whether feeding can be potentiated by 

photostimulation of specific AGRP neurons projection subpopulations during the 

early dark period, where animals are more likely to initiate food consumption.  

Food consumption was measured during the first hour of the dark period 

(6pm-7pm). Two baseline food consumption measurements were taken for 

comparison, one where animals received no photostimulation, and one where 

photostimulation was applied but light was prevented from entering the brain (mock 

stimulation). This second baseline was taken in order to control for any effects visible 

light emitted during stimulation might have on feeding irrespective of activation of 

AGRP neuron projections tested. On test day, AGRP neuron axonal photostimulation 

was applied for 1 hr and food consumption measured (Figure 5.10A-B). All projection 

areas tested during daytime stimulation studies were accessed in this paradigm 

(PVH, LHAs, aBNST, PVT, CEA, and PAG). During both baseline food consumption 

tests, animals across groups consumed approximately 0.2 g of food in 1 hr. 

Unsurprisingly, early dark period photostimulation of ARCAGRP
PVH, 

ARCAGRP
LHAs, ARCAGRP

aBNST,  and ARCAGRP
PVT projections (target 

regions that elicited a significant increase in feeding under daytime photostimulation) 

resulted in increased feeding over no photostimulation and mock photostimulation 

baselines (post hoc multiple comparisons with Holm-Sidak correction, 

ARCAGRP
PVH: n=6 photostimulation vs. no photostimulation p=0.013, 

photostimulation vs. mock photostimulation p=0.013; ARCAGRP
LHAs n=7 

photostimulation vs. no photostimulation p<0.001, photostimulation vs. mock 

photostimulation p<0.001; ARCAGRP
aBNST: n=6 photostimulation vs. no 

photostimulation p<0.001, photostimulation vs. mock photostimulation p=0.001; 
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ARCAGRP
PVT n= 11 photostimulation vs. no photostimulation p=0.015, 

photostimulation vs. mock photostimulation p=0.002; Figure 5.10 C-F, Table 5.4).   

In the same fashion as early light period stimulation, activation of feeding-

insufficient AGRP neuron subpopulations (AGRPCEA and AGRPPAG) did not 

potentiate feeding in the early dark period. Activation of ARCAGRP
CEA projections 

did not lead to an increase in feeding over baseline conditions (post hoc multiple 

comparisons with Holm-Sidak correction, n= 6 photostimulation vs. no 

photostimulation p=0.896, photostimulation vs. mock photostimulation p=0.9; Figure 

5.10G, Table 5.4). For ARCAGRP
PAG projections, food consumption was elevated 

under photostimulation over the mock photostimulation baseline, but not over no 

stimulation baseline, and these two baselines were shown to be significantly different 

statistically (post hoc multiple comparisons with Holm-Sidak correction, n=11 

photostimulation vs. no photostimulation p=0.395, photostimulation vs. mock 

photostimulation p=0.004, no photostimulation vs. mock photostimulation p=0.018; 

Figure 5.10H, Table 5.4). Significant differences between the two baselines were 

also observed under ARCAGRP
aBNST projection activation, although the 

photostimulation session resulted in higher food consumption over both baseline 

sessions. However, given lack of differences between baselines for all other 

projections tested, I contend the differences observed are likely the result of overall 

variability in food consumption between animals, and therefore indicate that 

activation of ARCAGRP
PAG projections are unlikely to potentiate feeding in the 

early light period. Further studies should be performed to confirm this.  
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Figure 5.10 Activation of feeding-insufficient AGRP neuron subpopulations 
does not potentiate early night-time feeding. (A) Schematic of photostimulation 
protocol used. (B) Schematic of experimental design schedule. Animals received 
one overnight habituation session followed by a no photostimulation baseline test, a 
mock photostimulation baseline test, and a photostimulation test conducted in 3 
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consecutive days. All tests were conducted under ad libitum fed conditions, during 
the early dark period (6-7 pm). (C-H) Diagrams of fibre placement position in 
AGRPChR2Tom animals for AGRP neuron axonal photoactivation (left) and total food 
intake (right) during no photostimulation baseline (black), mock photostimulation 
baseline (grey), and photostimulation test (cyan) for axonal activation of (C) 
ARCAGRP

 aBNST, (D) ARCAGRP
 PVH, (E) ARCAGRP

 LHAs, (F) ARCAGRP
 PVT, 

(G) ARCAGRP
 CEA and (H) ARCAGRP

 PAG. All statistical comparisons are within 
groups (see Table 5.4). Values are mean ± S.E.M.  n.s. p>0.05, * p<0.05, ** p<0.01, 
*** p<0.001. aBNST: anterior subdivisions of the bed nucleus of stria terminalis; 
PVH: paraventricular nucleus of the hypothalamus; PVT: paraventricular thalamic 
nucleus; LHAs: suprafornical subdivision of the lateral hypothalamic area; CEA: 
central nucleus of the amygdala; PAG: periaqueductal grey. 
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Table 5.4 Statistical values for Figure 5.10. Table continued on next page 
 

 

Figure 
panel 

Sample 
size 

Statistical Test Values 

C 
 
 
 
 
 
 
 
 
 

6 
 
 
 
 
 
 
 
 
 

One-Way RM ANOVA F(2,10)=28.8, p<0.001 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

No photostimulation vs.  
Mock photostimulation 

p=0.035 

No photostimulation vs. 
photostimulation 

p<0.001 

Mock photostimulation vs. 
Photostimulation 

p=0.001 

D 
 
 
 
 
 
 
 
 
 

6 
 
 
 
 
 
 
 
 

 

One-Way RM ANOVA F(2,10)=8.4, p=0.007 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

No photostimulation vs.  
Mock photostimulation 

p=0.839 

No photostimulation vs. 
photostimulation 

p=0.013 

Mock photostimulation vs. 
Photostimulation 

p=0.013 

E 
 
 
 
 
 
 
 
 
 

7 
 
 
 
 
 
 
 
 
 

One-Way RM ANOVA F(2,12)=19.0 p<0.001 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

No photostimulation vs.  
Mock photostimulation 

p=0.973 

No photostimulation vs. 
photostimulation 

p<0.001 

Mock photostimulation vs. 
Photostimulation 

p<0.001 

F 
 
 
 
 
 
 

 
 
 

11 
 
 
 
 
 
 
 
 
 

One-Way RM ANOVA F(2,20)=8.4, p=0.002 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

No photostimulation vs.  
Mock photostimulation 

p=0.336 

No photostimulation vs. 
photostimulation 

p=0.015 

Mock photostimulation vs. 
Photostimulation 

p=0.002 
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Figure 
panel 

Sample 
size 

Statistical test Values 

G 
 
 

6 

One-Way RM ANOVA F(2,10)=0.2, p=0.808 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

No photostimulation vs.  
Mock photostimulation 

p=0.900 

No photostimulation vs. 
photostimulation 

p=0.896 

Mock photostimulation vs. 
Photostimulation 

p=0.821 

H 
 
 

11 

One-Way RM ANOVA F(3, 51)=13.9, p<0.001 

Post hoc multiple comparison 
with Holm-Sidak corrections 

 

No photostimulation vs.  
Mock photostimulation 

p=0.018 

No photostimulation vs. 
photostimulation 

p=0.395 

Mock photostimulation vs. 
Photostimulation 

p=0.004 

 

  

Table 5.4 continued 
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5.3.3 AGRP neuron subpopulations are similarly regulated by states and 

signals of energy deficit 

The observed differences in the functional efficacy in evoking food 

consumption under photoactivation of distinct AGRP neuron subpopulations in the 

studies above, both in daytime and the early dark period, suggest that distinct AGRP 

neuron subpopulations might be regulated differently under states of energy deficit. 

Food deprivation or ghrelin administration has been shown to lead to the induction of 

Fos in AGRP neurons. The intensity of Fos immunoreactivity, however, is variable 

across AGRP neurons (Betley et al. 2013). Differences in Fos expression intensity 

between AGRP neurons may indicate differential regulation between projection 

specific subpopulations. Therefore, I measured the induction of Fos in distinct AGRP 

neuron projection subpopulations after 24 hrs of food deprivation or i.p. ghrelin 

administration (1 mg/kg). To label distinct AGRP subpopulations, FG microinjections 

were performed in major AGRP projection areas (aBNST, PVH, LHAs, PVT, CEA, 

PAG, PBN, Figure 5.12A-G, Figure 5.13A-G) in AGRPChR2EYFP animals, where AGRP 

neurons were identified by the membrane-bound EYFP fluorophore.  

After a 24 hours food deprivation, Fos immunoreactivity was observed in 

AGRP neurons in the ARC, including FG labelled projection subpopulation neurons. 

For all subpopulations tested, a range of Fos intensity was observed (Figure 5.12A-

G). Statistical analysis of the distribution of Fos intensity for each projection 

subpopulation revealed that Fos activation was not significantly different across 

groups (Kruskal Wallis one one-way ANOVA on ranks, n= 25 PVH, 25 LHAs, 20 

aBNST, 25 PVT, 25 CEA, 21 PAG, and 25 PBN, p=0.541; Figure 5.11H). Fos 

immunoreactivity after ghrelin administration showed similar patterns in all 

subpopulations as with food deprivation. As under food deprivation conditions, 

statistical analysis also show that all subpopulations are similarly regulated by 

ghrelin (Kruskal Wallis one one-way ANOVA on ranks, n= 25 PVH, 25 LHAs, 25 

aBNST, 25 PVT, 25 CEA, 22 PAG, and 25 PBN, p=0.286; Figure 5.12H). These data 

indicated that despite observed differences in behavioural output (elevated food 

consumption), AGRP neuron subpopulations are similarly regulated under states of 

food deprivation, as well as by the orexigenic hormone ghrelin.  
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Figure 5.11 Food deprivation elicits comparable Fos expression levels across 
AGRP neuron subpopulations. (A-G) Fos (red) expression after 24 hrs of food 
deprivation in (A) AGRPaBNST, (B) AGRPPVH, (C) AGRPLHAs , (D) AGRPPVT , (E) 
AGRPCEA , (F) AGRPPAG , (G) AGRPPBN  neuron subpopulations. (i) Epifluorescence 
example images showing FG (cyan) injection site in projection regions performed to 
label AGRP neuron subpopulation of interest. Red boxes in coronal brain section 
diagrams represent area shown. (ii) Single plane confocal example images of FG(-) 
AGRP neurons in the ARC (marked by membrane-bound EYFP, green) with no Fos 



Chapter 5: Parallel and Redundant Functional Organization of AGRP Neurons 

 

198 

(left), low Fos (middle), and high Fos (right) expression. (iii) Single plane confocal 
example images of FG(+) (cyan) AGRP neurons in the ARC with no Fos (left), low 
Fos (middle), and high Fos (right) expression. (H) Scatter plots showing distribution 
of Fos immunofluorescence intensity measured in the nucleus of FG(+) AGRP-
ChR2-EYFP neurons for all subpopulations tested (n= 25 PVH, 25 LHAs, 20 aBNST, 
25 PVT, 25 CEA, 21 PAG, and 25 PBN, Kruskal Wallis one-way ANOVA on ranks). 
n.s. p>0.05. aBNST: anterior subdivisions of the bed nucleus of stria terminalis; PVH: 
paraventricular nucleus of the hypothalamus; PVT: paraventricular thalamic nucleus; 
LHAs: suprafornical subdivision of the lateral hypothalamic area; ARC: arcuate 
nucleus; CEA: central nucleus of the amygdala; PAG: periaqueductal grey; PBN: 
parabrachial nucleus; FG: Fluoro-Gold. 
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Figure 5.12 Fos expression is similar between AGRP neuron subpopulations 
under ghrelin administration. (A-G) Fos (red) expression 3 hrs after i.p 
administration of ghrelin (1 mg/kg)  in (A) AGRPaBNST, (B) AGRPPVH, (C) AGRPLHAs , 
(D) AGRPPVT , (E) AGRPCEA , (F) AGRPPAG , (G) AGRPPBN  neuron subpopulations. 
(i) Epifluorescence example images showing FG (cyan) injection site in projection 
regions performed to label AGRP neuron subpopulation of interest. Red boxes in 
coronal brain section diagrams represent area shown. (ii) Single plane confocal 
example images of FG(-) AGRP neurons in the ARC (marked by membrane-bound 
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EYFP, green) with no Fos (left), low Fos (middle), and high Fos (right) expression. 
(iii) Single plane confocal example images of FG(+) (cyan) AGRP neurons in the 
ARC with no Fos (left), low Fos (middle), and high Fos (right) expression. (H) Scatter 
plots showing distribution of Fos immunofluorescence intensity measured in the 
nucleus of FG(+) AGRP-ChR2-EYFP neurons for all subpopulations tested (n= 25 
PVH, 25 LHAs, 25 aBNST, 25 PVT, 25 CEA, 22 PAG, and 25 PBN, Kruskal Wallis 
one-way ANOVA on ranks). n.s. p>0.05. aBNST: anterior subdivisions of the bed 
nucleus of stria terminalis; PVH: paraventricular nucleus of the hypothalamus; PVT: 
paraventricular thalamic nucleus; LHAs: suprafornical subdivision of the lateral 
hypothalamic area; ARC: arcuate nucleus; CEA: central nucleus of the amygdala; 
PAG: periaqueductal grey; PBN: parabrachial nucleus; FG: Fluoro-Gold. 
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5.4 Discussion 

Feeding behaviour is controlled and directed, in part, by homeostatic neural 

circuits that signal the energetic state of an animal. AGRP neurons are viewed as 

starvation sensitive neurons (Sternson 2013) capable of directing food-seeking and 

consumption behaviours (Aponte et al. 2011, Atasoy et al. 2012, Krashes et al. 

2011). Studies by Betley et al. (2013) and studies presented in Chapter 4 indicate 

that AGRP neurons direct feeding behaviour through a negative reinforcement 

teaching mechanism. However, the downstream AGRP neuron circuits important in 

mediating this negative reinforcement process and food consumption are unclear. 

Since AGRP neurons are known to be further subdivided into projection specific 

subpopulations, here I systematically examined the functional significance of these 

subpopulations in AGRP neuron evoked feeding using cell-type specific axonal 

activation techniques in order to prioritize the downstream nodes for further 

examination in their role in AGRP neuron-mediated negative reinforcement.  

 

5.4.1 Parallel and redundant circuit organization of AGRP neurons in the 

control of feeding behaviour 

The studies using axonal activation of AGRP neurons in specific projections 

regions presented here indicate that AGRP neurons can elicit feeding behaviour 

through four distinct projection subpopulations to four separate forebrain regions: 

aBNST, PVH, PVT, and LHAs. Activation of two other projection subpopulations 

through axonal photostimulation in the CEA and PAG did not result in elevated food 

consumption. In addition, previous studies have shown that activation of AGRP 

neuron axons in the PBN was also insufficient to elicit feeding (Atasoy et al. 2012). 

Since circuit mapping studies indicated that no functional connectivity was observed 

between AGRP neurons in the ARC (Atasoy et al. 2012), activation of one subset of 

AGRP neurons should not activate other subpopulations through intra-ARC 

connectivity. No evidence of gap junctions between ARCAGRP neurons have been 

found either (Magnus & Sternson, unpublished). In addition, anatomical techniques 

employed by Betley et al. (2013) could not determine whether AGRP neurons that 

project within the ARC to POMC neurons were distinct subpopulations from long-
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range projecting AGRP neurons, or resulted from collaterals from these long-range 

projecting neurons. However, in vivo studies indicate that acute evoked feeding is 

not a result of POMC neuron inhibition by AGRP neurons, further validating the use 

of axonal activation techniques. Therefore, AGRP neuron circuit is configured with 

distinct parallel circuit elements, some of which have redundant capability to drive 

feeding behaviour. 

Despite the differential ability to elicit feeding by distinct AGRP neuron 

projection subpopulations, no differences in neuronal activation by signals and states 

of energy deficit were observed. Regulation of neuron activity by ghrelin or food 

deprivation appears similar in anatomically and functionally separate subpopulations. 

In addition, previous work indicates that synaptic regulation can be consistent across 

most AGRP neurons (Yang et al. 2011). However, it has been demonstrated that 

there is differential expression of leptin receptors between AGRP neuron 

subpopulations. AGRP neuron subpopulations that project outside of the 

hypothalamus (AGRPaBNST, AGRPPVT, AGRPCEA, AGRPPAG, AGRPPBN) but not within 

the hypothalamus (AGRPPVH, AGRPLHAs, AGRPDMH) appear to express the receptor 

for the hormone leptin (Betley et al. 2013). Thus, AGRP neuron projection classes 

are regulated similarly by some hormonal signals and differently by others, indicating 

a previously unappreciated intricacy of physiological and neural control of AGRP 

neuron circuits. Although these subpopulations are distinguished by their projections, 

it is unclear whether they can be defined by their neuropeptide content. Further 

studies using single cell RNA sequencing methods (Jaitin et al. 2014) would be able 

to determine this. 

 

5.4.2 Forebrain regions that control feeding  

Most of the brain regions targeted by AGRP neuron projections have been 

only lightly characterized for their influence on feeding behaviour. Therefore following 

the axon projections of this interoceptive population helps identify brain areas 

sufficient to coordinate feeding behaviour. Although, prior work showed that 

ARCAGRP
PVH projections evoke feeding (Atasoy et al. 2012), activation of distinct 

AGRP neuron subpopulations projecting to the aBNST, LHAs, and PVT reveal that 

these brain regions also have the capacity to orchestrate feeding behaviour.  



Chapter 5: Parallel and Redundant Functional Organization of AGRP Neurons 

 

203 

  The BNST has been implicated in a broad range of behavioural roles, 

including feeding (Jennings et al. 2013). Based on the selective anatomical 

connectivity of ARCAGRP
aBNST axons, the aBNST is shown here to have 

functional properties that are sufficient to rapidly orchestrate feeding behaviour. 

Recently, Jennings et al. (2013) demonstrated that optogenetic activation of 

GABAergic BNST projections to the LHA is capable of rapidly inducing food 

consumption, further validating the role of BNST in the control of feeding behaviour. 

However, it is unlikely that ARCAGRP
aBNST neurons directly regulate BNSTGABA 

neurons, as AGRP neurons are inhibitory (Atasoy et al. 2008, Atasoy et al. 2012). 

The LHA is a loosely defined brain region that is associated with multiple 

behavioural and autonomic outputs. Previous studies using electrical stimulation in 

the LHA directly demonstrated a role for this region in feeding behaviour. However, 

studies showed both increases and decreases in feeding (Delgado & Anand 1953, 

Jennings et al. 2013). The LHAs is a subdivision of the LHA that receives robust 

AGRP neuron input. My studies indicate that activation of ARCAGRP
LHAs 

projections can independently evoke feeding. These and prior studies (Jennings et 

al. 2013), then, indicate that LHA electrical stimulation induced elevated food 

consumption is due to activation of inhibitory inputs from AGRPLHAs and BNSTGABA 

neurons.  

The PVT is an integratory area and GABA-A receptor agonist microinjections 

(Stratford & Wirtshafter 2013) are reported to increase food consumption. In my 

experiments, activation of GABAergic ARCAGRP
PVT projections significantly 

increased food intake, albeit with characteristics distinct from other feeding-sufficient 

regions, as consumption was lower and latencies to initiate feeding longer.   

 

5.4.3 A core forebrain feeding circuit  

A major implication of my systematic examination of the functional role of 

AGRP neuron projections is that they point to a core forebrain feeding circuit 

involving the aBNST, PVH, LHAs, and to a lesser extent the PVT (Figure 5.13). The 

capability of multiple, independent projections to separately evoke a complex 

behavioural response such as feeding suggests that these second-order circuit 
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elements are likely functionally interconnected. The PVH is an integratory centre for 

the coordination of appetite (Swanson 2000) and multiple brain regions targeted by 

AGRP neurons might act through the PVH. Indeed, the PVH receives inputs from 

each of the feeding-sufficient regions identified here: BNST, LHA, and PVT (Cullinan 

et al. 1993, Hahn & Swanson 2010, Moga & Saper 1994, Prewitt & Herman 1998, 

Swanson & Sawchenko 1983). However, the PVH is unlikely to be the sole 

convergence point for these feeding circuits. Pharmacological blockade of 

ARCAGRP
PVH connections during AGRP neuron activation suppressed food intake 

by only ~50% (Atasoy et al. 2012). This pharmacological manipulation likely also 

disrupts the overall function of the PVH, including afferent inputs from the aBNST 

and LHAs. Based on AGRP neuron projection stimulation experiments here, this 

suggests that feeding can also be separately coordinated by the aBNST and/or the 

LHAs when ARCAGRP
PVH is blocked. Retrograde and anterograde anatomical 

studies also report strong bidirectional connectivity between the aBNST and the 

LHAs (Hahn & Swanson 2010, Shin et al. 2008) indicating a circuit involving these 

two brain areas that are targeted by AGRP neurons. The aBNST, but not the LHAs, 

is also reported to receive input from the PVH (Wittmann et al. 2009). In addition, the 

PVT is bi-directionally connected with both the aBNST and the LHAs (Hahn & 

Swanson 2010, Shin et al. 2008). Taken together, the independent projections from 

AGRP neuron subpopulations highlight a core set of interconnected brain regions 

that are sufficient to evoke feeding. 
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Figure 5.13 AGRP neuron modulation of a core forebrain feeding circuit. 
Activation of four distinct AGRP neuron subpopulations (AGRPaBNST, AGRPPVH, 
AGRPLHAs, and AGRPPVT) and their circuits can independently evoke food intake. 
Downstream projection regions of these circuits (aBNST, PVH, LHAs, and PVT) are 
anatomically interconnected between each other and comprise a core forebrain 
feeding circuit. Activation of three other AGRP neuron subpopulations (AGRPCEA, 
AGRPPAG, and AGRPPBN) is not sufficient to elicit acute food intake nor potentiate 
food intake under states of increased food intake probability (early dark period). The 
downstream projection regions are considered feeding-insufficient regions. These 
regions project heavily to brain regions comprising the core forebrain feeding circuit 
and these inputs may play modulatory roles. Blue lines and arrow signify projections 
that are sufficient to evoke acute food consumption, while grey lines and arrows 
signify projections that are insufficient to increase acute food intake. aBNST: anterior 
subdivisions of the bed nucleus of stria terminalis; PVH: paraventricular nucleus of 
the hypothalamus; PVT: paraventricular thalamic nucleus; LHAs: suprafornical 
subdivision of the lateral hypothalamic area; ARC: Arcuate nucleus; CEA: central 
nucleus of the amygdala; PAG: periaqueductal grey; PBN: parabrachial nucleus. 
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5.4.4 Modulation of feeding behaviour by feeding-insufficient AGRP neuron 

projection regions 

Daytime activation studies presented here of ARCAGRP
CEA and 

ARCAGRP
PAG circuits and prior studies on activation of ARCAGRP

PBN circuit 

(Atasoy et al. 2012) indicate that these downstream projection regions are not 

sufficient to independently evoke feeding. In addition, studies performed here 

probing the ability of ARCAGRP
CEA and ARCAGRP

PAG projections to potentiate 

feeding under states of increased food consumption probability (early dark period) 

also failed to show any effects in elevating feeding. Therefore, these regions do not 

directly contribute to AGRP neuron evoked feeding responses. However, these 

regions have been indirectly associated with the regulation of feeding behaviour. The 

CEA has been shown to be important in the suppression of feeding in the presence 

of learned aversive cues (Petrovich et al. 2009). The PBN has been demonstrated to 

play a role in modulation of food palatability and food choice (DiPatrizio & Simansky 

2008, Ward & Simansky 2006) as well as aversive and appetitive gustatory 

conditioning (Reilly & Trifunovic 2000) and the regulation of visceral malaise (Luquet 

et al. 2005, Wu et al. 2009, Wu et al. 2012). The PAG has been suggested to 

modulate the motivational state during hunting and foraging behaviours (Comoli et 

al. 2003, Mota-Ortiz et al. 2012). In addition, all projection subpopulations were 

shown here to be similarly regulated by hormonal signals of hunger and negative 

energetic state, as food deprivation and ghrelin administration elicits similar Fos 

expression patterns in all subpopulations. Experiments with retrogradely transported 

dyes and viruses indicate that each of these regions also project to the PVH, aBNST 

and LHAs (Betley et al. 2013, Hahn & Swanson 2010, Shin et al. 2008). Therefore, 

these feeding-insufficient regions are gated or otherwise regulated by AGRP 

neurons and may modulate the output of the core forebrain feeding circuit (Figure 

5.13). Behavioural modulation may be dependent on feeding contexts not present in 

current studies. 
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5.4.5 The role of AGRP neuron subpopulations in AGRP neuron mediated 

negative reinforcement teaching signal 

The studies presented here allow us to prioritize AGRP neuron 

subpopulations and downstream circuit nodes important in the coordination of rapidly 

evoked, voracious feeding. This prioritization provides guidance for further 

investigation on the neuronal circuits involved in mediating previously reported 

negative reinforcement processes employed by AGRP neurons to control food 

seeking and food consumption behaviours (Betley et al. 2014). Feeding sufficient 

AGRP neuron projection regions (aBNST, PVH, LHAs, and PVT) are expected to be 

involved in this regulation. However, feeding insufficient regions may also modulate 

negative reinforcement processes, as elevation of willingness to work for food, such 

as in hyperdopaminergic animals, does not necessarily correlate with increase in 

overall food consumption (Beeler et al. 2010, Beeler et al. 2012a). Further studies 

using activation of AGRP neuron projections in conditioned place avoidance and 

operant studies can help elucidate which downstream brain regions may be involved 

in mediating the negative internal state and increased willingness to expend energy 

for food elicited under AGRP neuron somatic activation. 
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5.5 Conclusion 

AGRP neurons can coordinate food seeking and food consumption 

behaviours, and its circuitry and downstream projection regions provide a blueprint 

for uncovering new nodes involved in the regulation of feeding behaviour. In this 

study, identification of multiple, distinct circuit projections with the capacity to evoke 

food consumption points to a core forebrain circuit in the regulation of feeding. These 

studies prioritize downstream circuit components to guide the study of their 

functional role in the modulation of feeding through negative reinforcement directed 

selection of behavioural output.  

 

Publication arising from data from this chapter: 

Betley JN*, Huang Cao ZF*, Ritola KD, Sternson SM (2013) Parallel, redundant circuit 

organization for homeostatic control of feeding behaviour. Cell Dec 5, 155(6): 1337-1350. 

(*equal contribution) 
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6.1 Synopsis of findings 

The studies presented in this dissertation extend our understanding of the role 

of homeostatic neurons in food consumption and uncovers the previously 

unappreciated functional organization and reinforcement mechanisms employed by 

neuronal circuits that control feeding behaviour. Studies probing the role of leptin 

receptor (LepRb) neurons in the lateral hypothalamic area (LHA) neurons in the 

control of food intake indicate that these neurons, comprised primarily of LHAGABA 

low threshold-spiking (LTS) neurons, are homeostatic neurons capable of detecting 

and signalling information about body energy status and are capable of modulating 

body weight. In addition, examination of the underlying reinforcement mechanisms 

engaged by agouti-related peptide (AGRP) neurons to guide flexible goal-directed 

food-seeking and consumption behaviours indicate that these neurons employ a 

negative reinforcement teaching signal. Disruption of this teaching signal can lead to 

the disruption of formerly learned contingencies between actions and outcomes in 

relation to food consumption, in particular under high effort requirements. This 

demonstrates a prior unrecognized role for negative reinforcement in the regulation 

of behaviour under homeostatic hunger states. Furthermore, identification of 

multiple, distinct AGRP neuron subpopulations with the capacity to evoke food 

consumption points to a core forebrain circuit in the regulation of feeding. These 

studies prioritize downstream circuit components that may play a role in the 

modulation of feeding through negative reinforcement-directed selection of 

behavioural output, and highlight the complexity of the brain’s control of feeding 

behaviour.  

 

6.2 LepRb neurons in the control of food intake 

Given that leptin is a signal of energetic state and is known to reduce feeding 

behaviour, leptin receptor neurons in the brain can act as homeostatic neurons that 

regulate food consumption behaviours. Major roles in feeding have been attributed to 

leptin receptor expressing neurons in the arcuate nucleus (ARC)—AGRP and 

proopiomelanocortin (POMC) neurons (Coll et al. 2007, Gao & Horvath 2007, 2008, 

Oswal & Yeo 2010, van Swieten et al. 2014). My studies on the role of LHALepRb 

neurons in feeding indicate that, in addition to leptin, they are also capable of 



Chapter 6: General Discussion 

 

211 

detecting changes in glucose concentration and modulate their activity accordingly, 

similar to orexin (OX), melanin-concentrating hormone (MCH), and other γ-

aminobutyric acid (GABA) neurons in the LHA (Burdakov et al. 2005a, Karnani et al. 

2013, Yamanaka et al. 2003).  In addition, activation of these neurons led to a 

reduction in feeding, although not acutely, as when activating POMC neurons in the 

ARC (Aponte 2011). Therefore, leptin’s activating effect on LHALepRb (Leinninger et 

al. 2009) in addition to POMC neurons in the ARC (Cowley et al. 2001), also underlie 

leptin’s ability to reduce food intake. Although it is unclear whether they synapse 

onto LHALepRb neurons directly, LepRb expressing POMC neurons also project to the 

LHA (Betley et al. 2013), which could conceivably potentiate leptin’s inhibition of food 

intake through the LHA. The downstream projections of LHALepRb neurons that might 

regulate this reduction in feeding are still unclear, as functional synaptic connectivity 

studies with two known downstream regions were ambiguous. In addition, studies 

examining whether inhibition of LHALepRb neurons can increase food intake have not 

been performed, so further studies should be carried out in order to determine the 

bidirectionality of feeding regulation by these neurons. 

 

6.3 A core forebrain feeding circuit as an interaction hub for multiple 

modulatory inputs  

Results presented here and by Atasoy et al (2012) systematically examining 

the role of projection based AGRP neuron subpopulations in evoked feeding indicate 

that AGRP neurons use a parallel and redundant functional circuit organization to 

coordinate food intake. Optogenetic activation of AGRP neuron axons in the 

paraventricular nucleus of the hypothalamus (PVH), suprafornical subdivision of the 

lateral hypothalamic area (LHAs), anterior subdivisions of the bed nucleus of stria 

terminalis (aBNST), and paraventricular thalamic nucleus (PVT) resulted in evoked 

feeding behaviour, while activation of axons in the central nucleus of the amygdala 

(CEA), periaqueductal grey (PAG), and parabrachial nucleus (PBN) did not. The 

exact cell-types in these downstream projection regions that mediate this effect are 

currently unknown and should be the subject of further investigation. Along with prior 

anatomical evidence of interconnectivity between feeding sufficient regions, these 

results highlight a core set of interconnected brain regions that are sufficient to evoke 
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feeding. This core forebrain feeding circuit is positioned to participate in an extended 

circuit that can be modulated by multiple cortical, hippocampal, hypothalamic and 

brainstem regions, including regions involved in homeostatic, cognitive, emotional 

and visceral control (Betley et al. 2013, Fanselow & Dong 2010, Hahn & Swanson 

2010, Napadow et al. 2013, Risold et al. 1997, Shin et al. 2008, Swanson 2000). In 

addition, prior anatomical studies indicate that feeding insufficient regions also show 

second-order interactions with the core feeding circuit (Betley et al. 2013, Hahn & 

Swanson 2010, Shin et al. 2008). These regions are involved in processing visceral 

information (Wu et al. 2012), and AGRP neuron subpopulations targeting these 

regions are still modulated by states of energy deficit and signals of starvation. 

Therefore, in response to particular bodily or physiological stimuli, these regions may 

influence feeding behaviour by interactions with this core feeding circuit in a manner 

subject to modulation by AGRP neurons. The output connectivity of the core feeding 

circuit nodes is a key area for future research, with particular focus on the 

convergence points for the downstream projections of the PVH, aBNST, LHAs, and 

PVT. 

 

6.4 Integration of AGRP neuron circuits with other known feeding circuits 

As a whole, studies presented here and by others investigating other neuronal 

circuits have identified many new subpopulations of neurons and their downstream 

projections involved in the regulation of feeding behaviour. An emerging picture 

highlights many AGRP neuron projecting downstream regions as important brain 

area in the coordination of food intake. In addition, it also reveals the divergent role 

of distinct AGRP neuron circuits in the differential temporal regulation of feeding 

behaviour (Figure 6.1, see below for detailed descriptions of these circuits).  

However, much work remains to be done to determine how AGRP neuron circuits 

may interact with these other feeding circuits to coordinate food consumption.  
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Figure 6.1 Cell types and circuits that influence appetite. Summary diagram 
illustrating cell types and circuits that control different aspects of food consumption 
behaviour. Red box in sagittal brain section diagram represents area depicted in this 
graphic. BNST: bed nucleus of stria terminalis; PVH: paraventricular nucleus of the 
hypothalamus; PVT: paraventricular thalamic nucleus; LHA: lateral hypothalamic 
area; ARC: arcuate nucleus; CEA: central nucleus of the amygdala; PAG: 
periaqueductal grey; DR: dorsal raphe; PBN: parabrachial nucleus; NTS: nucleus of 
the solitary tract; RMg: raphe magnus nucleus; ROb: raphe obscurus nucleus; 
AGRP: agouti-related peptide; POMC: proopiomelanocortin; GABA: gamma-
aminobutyric acid SIM1: single-minded homolog 1 protein; OXT: oxytocin; TRH: 
thyrotrophin-releasing hormone; Glu: glutamate;  LepRb: leptin receptor; OX: orexin; 
PKC-δ: protein kinase C- δ; 5HT: serotonin; 5HT3R: serotonin 3 receptor; CGRP: 
calcitonin gene related peptide.   
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6.4.1 Differential regulation of food intake by intra-ARC short-range and long-

range AGRP neuron circuits 

The combined interrogation of intra-ARC short-range and long-range AGRP 

neuron circuits presented here and in Atasoy et al. (2012) suggests different roles for 

different circuits. Acute activation of ARCAGRP
ARCPOMC projections inhibits POMC 

neurons, but this inhibition is unnecessary to evoke feeding behaviour. However, 

chronic inhibition of POMC neurons does reduce feeding over 24 hrs. In contrast, 

activation of long range projections to forebrain regions (aBNST, PVH, LHAs and 

PVT) was capable of recapitulating acute evoked feeding observed with somatic 

stimulation of AGRP neurons. This reveals differential control of feeding regulation 

by AGRP neurons, where ARCAGRP
ARCPOMC circuit regulates long term food 

consumption, while ARCAGRP
aBNST, ARCAGRP

PVH, ARCAGRP
LHAs and 

ARCAGRP
PVT exert acute control of appetite. Furthermore, activation of 

ARCAGRP
PBN did not elicit acute food consumption (Atasoy et al. 2012), but it is 

believed to play a permissive role in feeding by suppressing visceral malaise (Wu et 

al. 2009, Wu et al. 2012). Further examination of ARCAGRP
CEA and 

ARCAGRP
PAG feeding-insufficient circuits may reveal new regulatory roles for 

AGRP neurons.   

 

6.4.2 Interactions between ARCAGRP
aBNST and ARCAGRP

LHA feeding 

circuits with BNSTVgat
LHAVglut2 feeding circuit 

Jennings et al. (2013) recently reported that inhibitory output from the bed 

nucleus of stria terminalis (BNST) to the LHA plays a role in feeding, since 

photostimulation of axonal projections in the LHA of vesicular GABA transporter 

(Vgat) expressing neurons in the BNST increased feeding in sated animals during 

the light period, while photoinhibition reduced feeding in food deprived mice. 

Interestingly, my studies here indicate that photoactivation of AGRPaBNST neurons, 

which should inhibit the aBNST as AGRP neurons are GABAergic, also induced 

feeding in well-fed animals. It is currently unclear what post-synaptic cell-types in the 

aBNST AGRPaBNST neurons might be acting on, whether ARCAGRP
aBNST circuit is 

connected to BNSTVgat
LHA circuit through intra-BNST connections, or whether 

ARCAGRP
aBNST evoked feeding is elicited through a separate downstream circuit.  
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In addition, Jennings et al. (2013) found that BNSTVgat neurons exerted their 

orexigenic effects by inhibiting glutamatergic neurons in the LHA. Inhibition of 

vesicular glutamate transporter-2 (Vglut2) expressing neurons in the LHA led to an 

increase in feeding, while activation led to a decrease. It is also unclear whether 

AGRPLHAs neurons may act on these LHAVglut2 neurons to evoke feeding. The 

differing timescales to elicit feeding between manipulations of activity of AGRPaBNST, 

AGRPLHAs, BNSTVgat, and LHAVglut2 neurons, however, suggest these might be 

different circuits. Feeding evoked by AGRP neuron stimulation displays latencies on 

average of ~6 min, while increase in food consumption by BNSTVgat photostimulation 

and LHAVglut2 photoinhibition was observed in under 1 min (Jennings et al. 2013). 

Inhibition of LHALepRb neurons can suppress food intake over longer timescales, but it 

is unlikely that LHALepRb neuron may directly modulate LHAVglut2 neurons’ ability to 

evoke feeding through intra-LHA connections, as LHALepRb neurons’ output is 

believed to be inhibitory (Leinninger et al. 2009). Instead, anatomical studies indicate 

that LHALepRb projects significantly onto OX neurons in the LHA (Leinninger et al. 

2011, Louis et al. 2010), which are glutamatergic (Rosin et al. 2003). However, 

functional connectivity has not yet been established between these two types of 

neurons, and the behavioural evaluation of this circuit has not been performed, so 

the role of this circuit is unknown. Although photoactivation of OX neurons does lead 

to an acute increase in food intake, it also elevated locomotor activity and drinking 

behaviour (Inutsuka et al. 2014), indicating increase in food intake is due to non-

specific behavioural activation, supporting their role in arousal (Alexandre et al. 

2013, Tsujino & Sakurai 2013). However, it is still possible that feeding might be 

under the control of a specific subset of OX neurons, potentially marked by the 

expression of other neurotransmitters, although this has not been investigated to 

date. 

 

6.4.3 Potential modulation of PVHSIM1
PAGvl/DR circuit by ARCAGRP

PAG 

feeding-insufficient circuit 

Atasoy et al. (2012) established that ARCAGRP
PVH evoked feeding is 

mediated by single-minded homolog 1 protein (SIM1) neurons in the PVH, since 

chemogenetic inhibition of these neurons recapitulated the elevated feeding 
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observed by stimulation of ARCAGRP
PVH axons. Further studies by the Sternson 

group investigating the relevant downstream projections of PVHSIM1 neurons in this 

evoked feeding behaviour using chemogenetic inhibition of their axons located a 

feeding hot spot centred in the caudal ventrolateral portion of the PAG (PAGvl) and 

the dorsal raphe (DR) (Stachniak et al. 2014). Although not directly tested, the group 

suggests that PVHSIM1
PAGvl/DR may be excitatory, as many PVH neurons 

express Vglut2 and disruption of glutamate signalling by PVHSIM1 neurons can lead 

to hypophagia (Xu et al. 2013). Therefore, AGRP neurons induce feeding through 

the suppression of excitatory inputs to the hindbrain. It is also possible that this 

response might be mediated, at least partially, through oxytocin (OXT), as AGRP 

neurons are synaptically connected to PVHOXT neurons and coactivation of these 

neurons with AGRP neuron axons in the region led to a reduction in AGRP neuron 

evoked-feeding (Atasoy et al. 2012). In the PAG, OXT was found to increase 

neuronal activity (Ogawa et al. 1992), and OXT receptors are known to be expressed 

in the DR (Spaethling et al. 2014). Interestingly, inhibition of the PAG through 

excitation of ARCAGRP
PAG projections did not elicit feeding on its own. It is unclear 

whether PVHSIM1
PAGvl/DR and ARCAGRP

PAG projections converge onto the 

same post-synaptic targets, but significant levels of ARCAGRP
PAG axons are found 

in the caudal ventromedial and ventrolateral portions of the PAG. 

 

6.4.4 Opposing modulation of feeding from PVH efferent circuits  

A study investigating the upstream circuits regulating AGRP neuron activity 

found that the PVH was a major source of glutamatergic input to AGRP neurons. 

This excitatory input to AGRP neurons was mediated by thyrotrophin-releasing 

hormone (TRH) expressing neurons and pituitary adenylate cyclase-activating 

polypeptide (PACAP) expressing neurons. Chemogenetic activation of either PVHTRH 

or PVHPACAP neurons (which might not represent completely distinct subpopulations) 

rapidly evoked feeding behaviour. In addition, PVHTRH mediated evoked feeding was 

blunted by silencing of AGRP neurons, demonstrating an orexigenic 

PVHTRH
ARCAGRP circuit in the control of feeding (Krashes et al. 2014). These were 

unexpected results as silencing of SIM1 neurons, which are glutamatergic and 

comprises most PVH neurons, also evoked feeding. This might represent the 
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differing roles in feeding between cell-types within the PVH, where promotion of food 

intake is driven by PVHTRH and PVHPACAP neurons, while suppression is mediated by 

PVHOXT neurons (Atasoy et al. 2012). It is unclear whether intra-PVH connectivity 

between these neurons exists to regulate these opposing circuits. In addition, it is 

possible that PVHTHR
ARCAGRP circuit might not elicit feeding through downstream 

PVH silencing. Krashes et al. (2014) did not identify whether PVHTRH and PVHPACAP 

project specifically to AGRPPVH neurons, and activation of ARCAGRP
aBNST, 

ARCAGRP
LHAs, and to a lesser extent, ARCAGRP

PVT circuits was also capable of 

evoking voracious food intake.  

 

6.4.5 Prospective modulation of PBeloCGRP
CEAlcPKC-δ circuit by feeding- 

insufficient ARCAGRP
CEA circuit 

Recent examination of the anorexia feeding circuit, which indicated that 

serotonergic output by the raphe magnus (RMg) and raphe obscurus (ROb) to the 

nucleus of the solitary tract (NTS) activates PBN neurons to reduce feeding through 

visceral malaise, revealed that excitatory output of PBN was mediated by calcitonin-

gene related peptide (CGRP) neurons in the external lateral subdivision of the PBN 

(PBelo). Activation of PBeloCGRP neurons was sufficient to suppress baseline feeding 

and feeding after 24 hrs of food deprivation. In addition, chronic chemogenetic 

inhibition of these neurons in AGRP neuron ablated mice prevented starvation in 

these animals. It was further determined that feeding suppression by activation of 

PBeloCGRP neurons was mediated through projections to the lateral capsular division 

of the CEA (CEAlc), as photoactivation of PBeloCGRP
CEAlc axons resulted in the 

same inhibition of feeding as PBeloCGRP soma activation (Carter et al. 2013). A 

separate study demonstrated that PBeloCGRP exert their anorexigenic effects through 

activation of protein kinase C-δ (PKC-δ) expressing neurons in the CEAlc, as 

optogenetic activation of CEAlcPKC-δ neurons inhibited food intake acutely. This effect 

is believed to be mediated through intra-CEA inhibition by CEAlcPKC-δ neurons (Cai et 

al. 2014). Although it is unclear whether inhibitory AGRPCEA neurons synapse with 

CEAlcPKC-δ neurons, inhibition of CEA through photoactivation of ARCAGRP
CEA 

projections did not evoke feeding, similar to results observed with activation of 

ARCAGRP
PBN projections. Therefore, the possibility that ARCAGRP

CEA circuit 
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also plays a role in the gating of visceral malaise, like ARCAGRP
PBN circuit, should 

be examined.  

 

6.5 Negative reinforcement and its relevance to eating disorders 

My studies on the reinforcement properties of AGRP neuron presented in 

chapter 4 indicate that these neurons employ a negative reinforcement teaching 

signal to direct feeding behaviour. Under homeostatic hunger, elevated AGRP 

neuron activity creates a negative internal affective state, eliciting food seeking and 

consumption, with the ultimate goal of ingesting nutrients to eliminate the aversive 

state. Furthermore, together with studies by Betley et al. (2014), this mechanism can 

direct action selection and food choice during consumption, where actions that lead 

to ingestion of nutrients capable of reducing AGRP neuron activity are maintained, 

while those that don’t are discontinued. Energy deficit can also regulate behaviour 

through positive reinforcement or negative reinforcement mechanisms employed by 

other feeding circuits, as low effort actions were maintained under AGRP negative 

reinforcement signal disruption, and disruption of this signal alone under food 

deprivation did not extinguish previously reinforced actions. Therefore, under 

homeostatic hunger, negative and positive reinforcement processes are expected to 

operate in a concerted manner by controlling state-driven and incentive-driven 

responding, respectively. These results highlight the importance of homeostatic 

neuron circuits in the regulation of reinforcement learning.  

The exact circuits mediating this negative reinforcement signal are unknown, 

although it is likely to be mediated through the DAergic system and other brain 

regions previously implicated in reinforcement learning, such as the basolateral 

amygdala (BLA) and the prelimbic cortex (Cardinal et al. 2002). Although AGRP 

neurons do not directly innervate many of these regions, it is possible that AGRP 

neurons influence these circuits through secondary nodes. Feeding-sufficient AGRP 

neuron projection regions (aBNST, PVH, LHAs, and PVT) are expected to be 

involved in this regulation. However, feeding-insufficient regions may also modulate 

negative reinforcement processes, as they may provide regulatory inputs to feeding-

sufficient regions. Aberrations in negative reinforcement processes and downstream 

circuit function, therefore, can be the source of anomalous food consumption 
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behaviours leading to obesity or the development of other eating disorders such as 

anorexia. In drug addiction, negative affect associated with withdrawal symptoms, 

which are believed to be mediated in part by lowered dopamine (DA) signalling, are 

thought to negatively reinforce drug-seeking behaviours to relief the aversive feeling 

of decreased DA neuron function (Koob & Le Moal 1997). This reward deficiency 

theory (Figlewicz 2003, Kenny 2011) has also been proposed to be the source of 

“food addiction” (Randolph 1956, Smith & Robbins 2013) that leads to the 

development of obesity. Disregulation of the DAergic system is also believed to 

contribute to the behavioural profile of anorexia nervosa (Kaye et al. 2013). 

Understanding the neurocircuitry involved in regulating negative reinforcement, 

therefore, is consequential for the development of therapeutics for the treatment of 

eating disorders. 

 

6.6 Utility of the distinction of positive and negative reinforcement processes 

of homeostatic hunger  

The continued use of the distinction between negative and positive 

reinforcement processes to guide behaviour has been questioned throughout the 

years (Baron & Galizio 2005, Michael 1975). Traditionally, this distinction was 

created to accommodate the introduction of differing motivational variables (Hilgard 

& Marquis 1940, Mowrer 1960, Thorndike 1898) that either produced pleasure of 

satisfaction or reduced discomfort or distress (Baron & Galizio 2005). However, in 

both cases, actions produce a change from one condition to another (Michael 1975). 

Therefore, behaviour modulation by reinforcement can be explained by changes in 

expected outcomes, without the need for the distinction between positive and 

negative reinforcement, such as through prediction error theories (Schultz et al. 

1997). 

However, these psychological distinctions can be important in relation to the 

development of behavioural therapies for food consumption disorders. The negative 

characteristics of elevated AGRP neuron activity are also consistent with human self-

reports of negative feelings associated with hunger arising from homeostatic deficits 

(Keys et al. 1950). The characteristics of AGRP neuron activity in mice, therefore, 

parallel some negative emotional aspects of diet restrictions in humans, which 
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contribute to low long-term behavioural compliance (Stunkard & Rush 1974, Wadden 

et al. 1986) and the failure to maintain weight loss. The negative reinforcement 

mechanism of directed food seeking and consumption discussed above may 

underlie the failure of continued compliance of dieting, where caloric intake is 

reduced or consumption of nutritive food is replaced by low or non-caloric 

substances.  It has been shown, for example, that food deprived mice are unwilling 

to work (through lever presses), for saccharine and other sweet tasting non-caloric 

rewards, while lever presses for sucrose, which is both sweet and contains caloric 

value, is enhanced across days (Beeler et al. 2012b). The experiments presented 

here and conducted by other groups show that homeostatic neurons that control 

feeding behaviour, such as AGRP neurons, provide an entry point to investigate the 

relationship between metabolism and negative emotional states. Future studies 

using circuit mapping approaches to identify the downstream circuit elements 

mediating the negative emotional consequences of hunger should provide a platform 

for the development of therapies to combat obesity and other eating disorders. 

 

6.7 Limitations of studies and techniques employed 

 The studies presented here are subject to a number of limitations. Most 

studies using optogenetic techniques are liable to general technical issues. In 

particular, light delivery to deep brain structures require the surgical implantation of 

optic fibres, which lead to damage of brain structures in the path of the implanted 

fibre, including cortical and thalamic regions. In addition, prolonged stimulation can 

lead to heating of brain tissue, which in turn can create tissue damage or produce 

non-specific behavioural effects (Yizhar et al. 2011). In order to control for any non-

specific effects of damage due to fibre implantation, all control animals employed in 

my studies also received fibre implantation. In general, no obvious motor 

impairments were observed, but it is unclear how tissue damage from the implanted 

fibre and heating from photostimulation might affect behavioural output.  Although 

the level of brain tissue damage in my experimental animals was not directly 

quantified, no overt anatomical changes, such as cell density and morphology, 

where observed in target regions. Some studies quantifying the level of tissue 

damage due to implantation of other similar devices in the brain, including electrodes 
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and prisms, indicate that small but significant changes in cell density are observed 

only within 150 μm of the implanted object (Andermann et al. 2013, Biran et al. 2005, 

Chia & Levene 2009). Better understanding of the extent of tissue damage due to 

the fibre implant and photostimulation induced heating can be acquired through more 

thorough histological evaluation, including haematoxylin, eosin, Nissl and DAPI 

stains, to understand cell density and morphology around the implant and in target 

regions. In addition, quantification of astrocyte and microglia density through G-FAP 

and CD11b can determine provide a sense of the level of tissue trauma in the vicinity 

of the implant and target regions. The development of light sensitive opsins in the far 

red spectrum are expected to eliminate some of these current issues, as they reduce 

the possibility of light-induced tissue damage and introduce the possibility of 

delivering light through the intact skull (Chuong et al. 2014).  

 In addition, optogenetic techniques employ bulk stimulation which 

synchronizes firing patterns in the target population, which may drive circuits into 

unphysiological patterns of activity (Hausser 2014). For AGRP neurons, for example, 

although Fos expression studies presented here show that signals of low energetic 

state activate projection-specific subpopulations in a similar manner, it is likely the 

actual firing pattern between and within subpopulations are variable.  Furthermore, 

this technique employs the indiscriminate activation of a genetically defined 

population, which is problematic. This is particularly relevant to studies presented 

here on LHALepRb neurons. Although a large number of LHALepRb neurons where 

shown to depolarize in response to leptin, some LHALepRb neurons were either 

hyperpolarized by leptin, or showed no responses in slice recording (Leinninger et al. 

2009). This suggest that this population of neurons can be further subdivided into 

distinct subpopulations, and therefore, optogenetic stimulation studies alone do not 

appropriately reflect activity patterns of this neuronal population under states of 

satiety, such as during elevated circulating leptin conditions. Future studies using 

single cell RNA sequencing methods (Jaitin et al. 2014) can help refine the definition 

of a neuronal population for more selective studies. In addition, in vivo calcium 

imaging and electrophysiological studies can help shed light into the physiological 

activity patterns of neurons studied, for further refinement of future activity 

manipulation studies. 
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Beyond the general caveats and limitations of optogenetic techniques 

themselves, there are several limitations in the experimental design of the studies 

presented here. First of all, the stimulation protocol employed here limits the 

interpretation of my results. The 20 Hz stimulation protocol used to stimulated AGRP 

neurons was employed in order to mimic activity of these neurons under 24 hr food 

deprivation conditions and under elevated levels of peripheral signals of energy 

deficit, such as ghrelin (Aponte et al. 2011, van den Top et al. 2004). Together with 

the prolonged stimulations employed in my studies (1-2 hrs), these manipulations 

more closely resemble states of chronic energy deficit and extreme starvation, rather 

than daily fluctuations of energetic state. Therefore, my results on the mechanisms 

by which AGRP neurons drive food seeking and consumption behaviours are limited 

to states of starvation, and might not appropriately explain food seeking and 

consumption choice under normal daily food intake conditions.  

In addition, studies presented here investigating the reinforcement 

mechanisms of AGRP neurons suggest that the activity of these neurons serve as a 

teaching signal to direct action selection in food seeking. Operant studies 

demonstrated that disruption of this signal lead to a gradual reduction of previously 

reinforced food seeking actions (lever pressing). However, these studies did not 

investigate whether animals might engage in other actions to reduce AGRP neuron 

activity, as animals were not provided the opportunity to perform other tasks to 

reduce AGRP neuron activity. Future studies with more enriched environments 

would allow for better observation of behavioural flexibility and action selection. 

Likewise, this negative reinforcement model proposes that actions are selected 

based on their ability to inhibit AGRP neuron activity, but this was not directly 

investigated here. Operant studies in which animals perform a task to either shut-off 

AGRP neuron photostimulation under sated conditions or optogenetically inhibit 

AGRP neuron activity under hunger states can test this hypothesis. Furthermore, this 

AGRP neuron mediated negative reinforcement model assumes that the 

consumption of nutrients lead to the reduction of AGRP neuron activity through 

peripheral signals. However, this was not directly studied and it is still unclear 

whether AGRP neuron activity is truly modulated in this fashion in vivo. It is also 

possible the activity of these neurons might mediate conditioned anticipatory 

behaviour and be regulated by the presence of learned cues associated with food, 
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working as prediction error signals in a manner resembling VTA DA neurons (Schultz 

et al. 1997, van Zessen et al. 2012), or might be modulated by consummatory 

behaviour alone, or both. The in vivo activity of these neurons under difference 

energetic states and their change in activity patterns during feeding behaviour is an 

active area of investigation. Newly developed technologies in calcium imaging and 

electrophysiological recordings of deep brain structures in awake behaving animals 

should help determine whether the activity of these neurons is indeed modulated by 

nutrient ingestion.  

Lastly, although the results of studies presented here support the hypothesis 

that AGRP neurons employ a negative reinforcement mechanism to drive feeding, 

the possibility that these neurons might also, to a lesser extent, employ positive 

reinforcement mechanisms cannot be ruled out. Disruption of this AGRP neuron 

mediated teaching signal under free food consumption conditions, for example, was 

not sufficient to reduce food intake, which suggest positive reinforcement based on 

the nutritive value of food is still present, and might be mediated by AGRP neuron 

activity. Therefore, taste reactivity studies (Grill & Norgren 1978, Schultz et al. 1997, 

van Zessen et al. 2012) can help understand how elevated AGRP neuron activity 

might modulate the perceived palatability of food. In addition, it is also unclear what 

effect diet composition or highly palatable foods, such as high fat high sugar diets, 

might shape the observed effects. Further studies addressing the issues highlighted 

here will therefore provide a more comprehensive understanding on the mechanisms 

in which AGRP neuron modulate and direct food seeking and consumption.  

 

6.8 Concluding remarks 

The experimental approaches used in studies presented in this dissertation, 

as well as in studies by others, to identify and evaluate the function of homeostatic 

feeding neurons and their circuits have significantly aided in the study of the control 

of feeding behaviour. As a whole, these studies have unravelled many circuits 

through which the brain controls food intake, providing an emerging picture of the 

organization and complexity of the regulation of survival driven behaviours such as 

feeding.  Continued investigation will allow us to create a complete map of the brain 

processes that control feeding behaviour. This is an important step for the 



Chapter 6: General Discussion 

 

224 

development of treatments for eating disorders, as well as to uncover the 

psychological principles that guide behaviour for the purpose of survival. 
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