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ABSTRACT
Overconsumption, or eating beyond the point of homeostasis, is a key feature in
the development of obesity. Although people are consuming beyond the point of
homeostasis, they are not consuming constantly or indefinitely. Thus, there is likely a
mechanism that acts to terminate periods of food intake at some point beyond satiation
and prior to aversion, or the negative effects of extreme excess (nausea, bloating, etc.).
The purpose of the present study was to assess the lateral habenula as a candidate region,
due to its connectivity to midbrain reward circuitry, sensitivity to metabolic signaling,
and pronounced role in drug-related motivated behaviors. Here I report that inactivation
of the LHb attenuated feeding of deprived animals on a sweetened-fat diet, though
impacted neither sated animals nor animals consuming a standard chow diet. However,
inactivation did produce a consistent increase in locomotor activity across all conditions
and in both experimental groups. Furthermore, mu-opioid stimulation increased feeding
on standard chow, but decreased intake of the sweetened-fat diet. Taken together, these
results suggest an important, if nuanced role, for the LHb in motivated behavior.
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INTRODUCTION
Several of the most prominent health concerns in modern society seem to rotate
around a common theme: too much. The National Institute of Diabetes and Digestive and
Kidney Diseases (NIDDK) reports that one third of the adults in the US are considered
obese, and two thirds considered overweight or obese (Flegal, Carroll, Kit, & Ogden,
2012; Ogden, Carroll, Kit, & Flegal, 2012; NIDDK, 2012). Obesity increases the
likelihood of developing heart disease, type II diabetes, or hypertension, raises the risk
for strokes and heart attacks, and is among the leading causes of preventable death,
according to the Center for Disease Control (2016). Multiple explanations for the rising
rates of obesity have been offered in recent years, pointing to an increased availability of
palatable foods, the cultural shift toward a sedentary lifestyle, or a lack of self-control as
the cause. Surely, each of these contributes to the multitude of converging biological,
environmental, and cultural factors that lead to development of obesity. Yet, there
remains a central root of this epidemic: energy imbalance. When more calories are
consumed than the body can burn, the excess is stored, and manifests as increase in body
mass, specifically in adipose tissue.
Abstinence is, however, not a possible solution to this issue. Food is a biological
necessity; the human body requires a certain quantity of nutrients in order to function. A
common adage, feast or famine, refers to an environment in which availability of food is
uncertain. In this context, it is an adaptive strategy to feast during times of plenty to
preemptively prepare for famine, or future deficit. Yet, this is made meaningless when
times of plenty are the norm. While food insecurity is still a prevalent international issue,
obesity rates among affected populations indicate that scarcity is no longer universal.
1

Even though the experience of famine has been widely dismissed following the
agricultural revolution, there is still a healthy adoration of feast, especially on high-fat,
high-sugar “palatable” foods. In the era of “Supersize me!” (Spurlock & Con, 2004),
value menus, and combos, these types of foods are now readily available, easily
obtainable, and inexpensive. Moreover, while moderate consumption of calorie dense
foods is both acceptable and advisable to ensure optimal nutrition, overconsumption of
these same foods can cause detrimental harm to one’s health. With an increase in
availability and incentive to consume these kinds of foods, high fat and high sugar diets
have become the standard.
Indeed, too much seems a simple summation for the cause of obesity and the real
question is which internal and external factors drive the pattern of intake beyond energy
requirements. Ingestive behavior is a function of converging neural and metabolic
systems, though these circuits regulate different types of feeding. Classical theories of
feeding behavior identify innate mechanisms that should, in theory, regulate consumption
at a level where calorie intake matches calorie expenditure. However, the present
prevalence of obesity may indicate the need to re-examine these models.
Homeostasis and Drive
Like water and oxygen, food is a biological necessity for human beings. In this
sense, feeding behavior serves a functional purpose: it keeps us alive. The body requires a
certain amount and variety of nutrients in order to function properly, and has strategies in
place for situations in which insufficient food sources are available. Thus, need is an
essential component of ingestive motivation. Among the most prominent theories that
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imply need as the core motivational component of feeding are homeostasis and drive
reduction.
Homeostasis. The term homeostasis was coined by Walter Cannon (Cannon,
1932), and translates to “standing still.” The homeostatic state is an equilibrium between
opposing forces. The “set point” is the optimal internal state, and a homeostatic system
involves constant comparison of the actual state to the set point. Whenever the actual
state is different from the set point, a correction mechanism responds to counteract this
imbalance. Applied to feeding, the homeostatic mechanism is tasked with regulating
energy balance. Two opposing forces, deficit and excess, reach a balance at the point of
satiation.
Several brain regions have been specifically implicated in the maintenance of
homeostatic states. Principle amongst these is the hypothalamus, by which signals from
nervous system and endocrine system are integrated to direct multiple functions including
hormone secretion, the regulation of body temperature, hunger, and thirst. Of the various
hypothalamic nuclei involved in motivated behavior, the lateral hypothalamus is
specifically implicated in feeding behavior. Lesion of the lateral hypothalamus terminates
eating and drinking, while electrical stimulation caused eating and drinking (Anand &
Brobeck, 1951; Teitelbaum & Stellar, 1954).
The hypothalamus is a point of convergence for metabolic and neural feeding
signals, which act either to promote or suppress appetite. Communication from the gut to
the brain involves the actions of two major classifications of neuropeptides. Orexigens,
like neuropeptide Y (NPY) and ghrelin, are appetite inducing chemicals. NPY produces
extreme eating behaviors when infused into the hypothalamus, such that animals will
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work harder, consume quinine, and endure foot shock in order to eat (Flood & Morley,
1991; Jewett, Cleary, Levine, Schaal, & Thompson, 1992). NPY neurons in the arcuate
nucleus are also stimulated by ghrelin, a peptide hormone produced by the stomach and
duodenum that has been shown to stimulate food intake by acting on nuclei in the
hypothalamus and brain stem (Cummings, 2006; Stengel & Taché, 2011). Levels of
ghrelin decrease during food intake and surge immediately before the onset of a meal,
suggesting that the flow of ghrelin contributes to the feeling of hunger and promotes
intake (Cummings, 2006). Ghrelin secretion is suppressed by the release of insulin from
the pancreas, which is triggered by an increase in blood glucose. Intracranial injection of
insulin into the third ventricle inhibits feeding behavior and results in weight loss.
Brüning et al. (2000) created a targeted mutation, which prevents the formation of insulin
receptors in the brain, but does not affect insulin receptors in the rest of the body. Mice
with this mutation became obese, especially when given a high fat diet (Brüning et al.,
2000). If the insulin released by the pancreas following consumption cannot reach the
brain, the mechanism responsible for ending consumption is compromised.
Conversely, anorexigens or appetite suppressing chemicals play the opposite role
of orexigens. These include Cholecystokinin (CCK), leptin, and cocaine- and
amphetamine-regulated transcript (CART). Stimulated by the presence of fats and
proteins, the release of CCK accompanies the onset of a meal and rises following
consumption (Stengel & Taché, 2011). The CCK pattern of activation is the inverse of
ghrelin, which decreases during intake. CCK acts in the gut, where it signals contraction
of the gall bladder and stimulation of the pancreas, but is also produced in the
hypothalamus and hindbrain. Its effects on the digestive system may contribute to
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physical sensations associated with satiety (i.e. “full stomach”), just as action in the
cortex contributes to the mental awareness of satiation. Leptin is a hormone secreted by
well stocked adipose tissue (Ahima, Saper, Flier, & Elmquist, 2000). Leptin can be
considered a long-term satiety signal, assuring the brain that the storage unit is well
supplied with fats. Leptin levels rise following a meal in rodent subjects, as well as
following a period of overconsumption in humans. Leptin also stimulates the release of
the anorexigen cocaine- and amphetamine- releasing transcript (CART). CART is thus
named because levels increase following the administration of cocaine or amphetamine,
drugs that also act to suppress appetite (Thim, Kristensen, Larsen, & Wulff, 1998). The
neurons that produce CART have excitatory leptin receptors, which suggests that the
effect of leptin on satiety is due in part to the actions of CART (Carlson, 2013; Elias et
al., 1998). Kristensen et al. (1998) found that levels of CART are lower in food deprived
animals and nonexistent in ob-type mice (mice in which the gene for leptin has been
manipulated, resulting in excessive weight gain) although injection of leptin into ob-type
mice will stimulate production of CART. Additionally, the injection of CART
intracerebroventricularly suppresses eating, even eating that has been induced by NPY
(Kristensen et al., 1998).
The gut and brain act in unison to regulate food intake in response to periods of
hunger and satiety. When there is a deficit compared to the set point, the feeling of
hunger arises and motivates consumption. This sensation is caused by low levels of
glucose, which prompt secretion of ghrelin from the stomach. As the meal is eaten,
insulin is secreted by the pancreas, while ghrelin secretion is suppressed and CCK is
released. When the set point is reached, the signaling of anorexigens terminates
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consumption prior to excess. The digestive system processes the meal, using some
nutrients for energy and the rest to stock the storage units for future use. Once adipose
tissue is well supplied over the long term, it begins to release leptin. High levels of leptin
signal to the brain that subsequent meals could be smaller by decreasing the release of
orexigens (NPY) and increasing the release of anorexigens (CART). These processes
ensure a state of balance, or homeostasis. If the homeostatic mechanism is working
perfectly, the body maintains a stable, sated, internal state. Notably, both extremes, the
deficit and the excess, are unpleasant and uncomfortable, which implies motivation to
avoid these states and maintain neutrality, or homeostasis.
Drive reduction. The motivational component of homeostasis is the sense of
drive, a force that drives a behavior that is evolutionarily beneficial. This notion includes
hunger, thirst, and sexual appetite, all of which induce behaviors that are adaptive
necessities: eating, drinking, and reproduction. The theory of drive reduction holds that
this motivation acts as negative reinforcement, such that the behavior is performed in
order to end an unpleasant state of deficit. So, food is rewarding because it satisfies
hunger, water is rewarding because it satisfies thirst, and sleeping is pleasant because it
relieves exhaustion. Yet if this were true, a stimulus would only be rewarding insofar as it
reduces drive; food would only be rewarding to the point of satiation. Moreover, the
assertion that drive reduction is the “chief mechanism of reward” has been negated by
multiple studies (Berridge, 2004). For example, in one study placement of food into the
stomach of an animal did not suppress eating. Another revealed that when dogs were
tube-fed the same amount of nutrients they would typically receive, they nevertheless
proceeded to eat a normal meal. Therefore, supplying the calories needed to sustain
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energy did not suppress the motivation to eat, suggesting that the replenishment of energy
stores is not the only driving force that contributes to food intake.
Rethinking Homeostasis
All of this is to say that while eating is certainly a necessary behavior, it is not one
solely performed in cases of immediate necessity. Indeed, humans do not only eat when
they are immediately hunger, but in anticipation of a future deficit. One likely aims to eat
enough at breakfast that they can last until lunch without feeling hungry. This is
anticipatory motivation, a conditioned response to preemptively counteract depletion. In
many cases, a meal begins before any real hunger signal is relayed from belly to brain
(Berridge, 2004; Clemmensen et al., 2017). Berridge (2004) reflects that this kind of
behavior may appear homeostatic, because stability is maintained over the long term, but
is not in fact homeostatic due to the lack of error detection - there is no deficit, and
therefore no error to be detected or corrected. Thus, the anticipatory mechanism is not
homeostatic. Increasingly, humans are not relying on physiological deficit to tell them
when to eat: they act in anticipation, according to schedule, or based on alternative
motivators for consumption. Even though the mechanisms that regulate food intake in the
hypothalamus may be homeostatic in design, external factors may be promoting feeding
in such a way that overrides feelings of satiation that would otherwise inhibit nonhomeostatic intake.
Regulation of body weight is also often considered homeostatic: if the calories in
match the calories expended, there is no change. However, Berridge (2004) maintains
that this is reflective of a settling point, not a set point. A settling point mechanism is not
homeostatic, because there is no set point goal or ideal. Rather, the settling point reflects
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the place at which all forces are balanced. These forces might be anything that influences
the settling point; in terms of feeding, these forces might include not only calorie deficit,
but levels of blood glucose, salt content, and dehydration. Thus, a change in any of the
amalgamated forces will influence the settling point. Body weight is an intuitive
illustration. If it were homeostatic, the body would maintain a stable weight, and any
deviation from this weight would be subject to a correction mechanism. This is obviously
not the case, as body weight fluctuates frequently and a trend toward increased caloric
intake and decreased expenditure can account for epidemic levels of obesity in modern
society. The settling point is the balance between calories in and calories out, wherever
this happens to fall. If the calories consumed increase, but the calories burned do not, the
settling point progressively levels off at a higher body weight. Robert Bolles (1972)
argued that there is no set point for body weight, and further that the settling point is
determined by both internal and external factors (Toates & Halliday, 1980). He notes that
although internal mechanisms of hunger and satiety have not changed, the external
environment has, and the latter is likely responsible for increased body weight averages.
This is, in effect, the opposite of a negative feedback loop. Deviation from balance is not
corrected, it is encompassed.
Homeostatic and drive reduction theories provide one answer to the question, why
do we eat? And undeniably, we eat, in part, out of need. However, the concept of need is
lost in an era of plenty. In modern society, the act of eating and food itself have taken on
a greater significance. Cuisine is interwoven with cultural identity, heritage, and religious
practice. The act of gathering around a table to share a meal has meaningful social
implications, and is a common practice for families and friends. The timing of meals is
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adapted to fit a lifestyle, and adheres more to a schedule than to metabolic signaling.
Environmental cues are heavily involved in the timing and initiation of meals, the amount
consumed, and the experience of hunger. The sight and smell of our favorite foods is
enough to arouse emotion. Moreover, excessive consumption is normative in this day and
age. Any given day, thousands of people access a fast food drive through window, grab a
handful of candy from the jar, have an extra beer, and slowly pass their required calorie
intake. These are behaviors with different, and often multiple, motivational factors
driving them. On the fourth of July, Joey Chesnut willingly consumed 72 hot dogs (over
27,000 calories) in ten minutes. Thus, much of our daily consumption involves the intake
of calories for which there is no physiological need: a cocktail at happy hour, a slice of
cake at a birthday party, a full plate (or two!) at Thanksgiving dinner. So, the question
now is not why we eat, but why do we keep eating?
The function of reward. The experience of reward serves several critical
functions. Maximizing one’s life expectancy requires an understanding of which actions
are beneficial and should be repeated and which actions are harmful and should be
avoided. A rewarding outcome is a signal to the animal that an action is beneficial, while
an outcome that is aversive ought to be avoided. A similar dichotomy is pain and
pleasure; if something feels good, do it; if something hurts, stop doing it. The purpose is
to promote behavior that helps the animal to survive and reproduce. Thus, the natural
rewards –food, water, sex- are experienced as pleasant, making the animal more likely to
seek them out and thereby more likely to survive.
Palatable foods tend to be more desirable and are often those consumed beyond
satiety. Fatty and sugary foods are more rewarding because they are rich in calories,
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which signals higher energy intake. It is unlikely that one would consume bland foods in
excess, so non-homeostatic eating may be based more on the hedonics of a food, in the
absence of hunger (Kenny, 2011). Furthermore, the motivation to obtain palatable foods
remains once satiation has been reached. In laboratory settings, animals can and will
tolerate pain in order to consume palatable foods, even when standard chow is made
available to eat (Cabanac & Johnson, 1983; Foo & Mason, 2005). Palatable foods engage
neural reward circuitry, which promotes overconsumption and implicates the increased
availability of these substances as a leading cause of obesity.
Addictive drugs are perceived as rewarding because they produce similar effects
in the brain as natural rewards. Although the brain may have evolved to respond to
natural rewards, this does not prevent it from responding to artificial ones (Kelley &
Berridge, 2002). Predictive cues associated with food and drugs provoke similar patterns
of activation in the same brain regions (Kelley, Schiltz, & Landry, 2005). Additionally,
highly palatable foods stimulate the same neurotransmitter systems as drugs within
cortico-striatal-hypothalamic circuitry. These substances seem to involve similar patterns
of intake as well. The seminal feature of drugs of abuse is that they are addictive, and
therefore used in excess. Though we do not call tasty foods “foods of abuse,” these are
similarly consumed in abundance and beyond the point of homeostasis. After repeated
administration, habitual drug users build up a tolerance, such that over time a larger dose
is required to produce the same effect. As more of the drug is used, more is needed and
similar patterns of escalation can be found in studies of food intake. This is, in effect, the
antithesis of homeostasis: a positive feedback loop.
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Allostasis. Up to this point, we have discussed feeding that is both need-based
and rewarding. The neural mechanisms described in tandem with these, metabolic and
reward circuitry respectively, promote feeding. However, the homeostatic system fails in
the presence of highly palatable foods. A homeostatic system, with the inhibitory
correction mechanism removed, is allostatic. Allostasis is an elegant portrait of how
feeding occurs in the modern era characterized by an abundance of palatable, calorie-rich,
easily obtainable foods. Our bodies are equipped with a metabolic pathway to encourage
intake during times of plenty and a reward circuity that promotes intake of foods that are
especially pleasing, those dense in caloric and hedonic value. However, the hallmark of
allostasis is still a balance between opposing forces, even if the relative weight of these
forces is variable. The accounts discussed above describe the elements that promote
intake, but do not elucidate any that act in opposition. It appears that if a homeostatic set
point does indeed exist, it is easily overridden in the presence of hedonic foods.
Furthermore, when asking where the settling point “settles,” we are missing half of the
answer. Social cues, environmental conditions, and internal drives all echo in concert,
“Eat!”, and we do. So, the question that remains is, why do we stop eating?
Beyond satiety: A role for aversion
To begin, let us consider Deither’s (1967) hungry fly. This fly has two basic
reflexes: one that makes him eat, one that make him stop. The fly eats whenever he lands
on food and stops when his belly is full. When Deither (1967) severed the sensory nerve
that connected the fly’s gut to its brain, the fly continued to eat until its stomach burst.
The stimulus, the food, had not changed. So, what accounts for this phenomenon? The
simple illustration demonstrates how removal of the stopping mechanism rendered the fly
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completely unable to control its own intake. If positive motivation or the experience of
reward is what accompanies the starting mechanism, it follows logically that the feeling
of negative motivation accompanies the stopping mechanism. Negative motivation is the
drive to avoid a stimulus, which can also be defined as avoidance or aversion. Without
the feeling of his stomach filling, the fly could not stop the feeding behavior, eventually
resulting in the bursting of his stomach, which is “aversive” in the most dramatic sense..
Although many humans are seemingly not adhering to a homeostatic pattern, they are
also not eating to the extreme of Deither’s fly, an endless allostatic snowball. This
suggests that there is some force at work that ends consumption, but that rather than
engaging when the point of homeostasis or energy balance is reached, this mechanism
kicks in past the point of satiation. Such a mechanism is both feasible and probable, given
the nature of our modern and ancestral feeding patterns.
It may be that homeostasis, energy balance, or satiation is not an optimal state.
Though food is not considered a scarcity for the majority of people living in postindustrialized society, our ancestors were equipped to cope with alternating periods of
plenty and deficit. The mentality denoted by the common adage, feast or famine, is
associated with an environment in which the next meal is not assured. Thus, in order to
survive, one must feast in times of plenty to prepare for the inevitable famine, a
behavioral pattern that would ostensibly involve the storage of excess body mass. First
world societies of the modern era are far less concerned with famine, yet have retained an
adoration of feast. This results in a pattern of feeding characterized by rampant
consumption, but lacking prolonged periods of deficit. When calorie intake exceeds
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expenditure, the result is weight gain. With no subsequent famine to foster weight loss,
such an increase in body mass may become detrimental to overall health.
Moreover, obesity is considered an extreme; the tail of a normal range of healthy
BMI includes states where the bare calorie minimum is being exceeded. Though the
average American will never experience real deficit and is likely eating far more than the
bare minimum needed to maintain energy balance, not every American is overweight and
very few people have died from a ruptured stomach. Therefore, although the homeostatic
satiation is not stopping people from eating, clearly something is. A great many people
maintain a stable and healthy body weight, even while eating to some point beyond
homeostasis. How can this be? Metabolic and reward systems send harmonious “GO”
signals, capitalizing on the high accessibility of palatable foods. With no shortage of
palatable foods, there are few external “STOP” signs. So, what could possibly stop
someone from consuming something that they like and want? Perhaps, when they no
longer want or like it. The prospect of consuming two or three slices of pizza probably
sounds grand to most people, while the suggestion that one should consume two or three
full pizzas seems grotesque. At some point during food intake, the same initially
rewarding stimulus is rendered unpleasant, often by virtue of excess. While significant
research has focused on the neural circuitry involved in reward-seeking, relatively little
investigation has been directed toward the sense of aversion that seems to accompany an
overuse of the same sought-after reward.
While the metabolic processes and neural mechanisms that influence feeding and
reward have been researched profusely, there is relatively little research on the potential
for a circuit regulating aversion. There are several lines of evidence to support inclusion
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of the LHb in such a circuit, particularly in relation to the experience of aversion coupled
with a rewarding stimulus, like food. First, the functional connectivity of the LHb
suggests interaction with midbrain reward circuitry. Second, the LHb is sensitive to
metabolic signaling, implying a reactivity to states of satiety. Finally, the role of the LHb
in addiction and substance abuse has been widely examined, which supports an additional
role in the processing of natural rewards. Therefore, the primary purpose of this thesis
project was to determine whether the LHb plays a role in feeding, and more specifically
whether this role is one that mediates aversion at some level of intake beyond satiation.
Evidence for the lateral habenula
The lateral habenula (LHb) is one structure that may act to stop feeding at the
point where intake becomes aversive. The LHb is situated close to the midline in the
epithalamus, and bordered by the third ventricle on its posterior, dorsal, and anterior
boundaries (Paxinos & Watson, 1982). Most notably, the habenula has been implicated as
a point of convergence between signals originating in the basal ganglia and limbic system
(Bianco & Wilson, 2009; Hikosaka, Sesack, Lecourtier, & Shepard, 2008; Sutherland,
1982). The LHb is excited by aversive stimuli, and inhibited by reward (Matsumoto &
Hikosaka, 2007). Additionally, stimulation of the LHb produces aversive taste responses,
and can alter the acquisition of conditioned place preference or induce conditioned taste
aversion (Tandon, Keefe, & Taha, 2017; Zuo et al., 2017). Because the LHb receives
afferents from the anterior lateral hypothalamus and interior portion of the globus
pallidus, and projects predominantly to the ventral tegmental area and the raphe nuclei, it
has been posited as a possible link between the homeostatic and sensory structures in the
forebrain and the reward-promoting circuitry within the midbrain (Lecourtier & Kelly,
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2007). Specifically, the LHb neurons targeted by projections from the anterior lateral
hypothalamus, which have been specifically implicated in the negative regulation of
palatable food, are also those with projections to the ventral tegmental area (Poller,
Madai, Bernard, Laube, & Veh, 2013; Stamatakis et al., 2016; Stamatakis et al., 2013).
Furthermore, there is evidence of input from the nucleus accumbens to the anterior lateral
hypothalamus that, when coupled with ventral tegmental area connectivity, suggests
interaction between the LHb and the mesolimbic dopamine pathway (Kenny, 2011).
Though the LHb has been implicated in drug seeking and substance use disorders
(Egervari & Rahman, 2017), a role in food intake has generated less interest, despite
great potential.
Evidence of connectivity to reward circuitry. In brief, brain reward circuitry is
comprised primarily of the major dopaminergic and serotonergic nuclei, the ventral
tegmental area, substantia nigra and raphe nuclei, as well as their target structures
(Kringelbach & Berridge, 2009). The key structures in the circuit include the lateral
hypothalamus, nucleus accumbens, and ventral pallidum. The latter two structures are
known as “hedonic hotspots” for their pronounced involvement in the pleasurable aspects
of reward. The lateral hypothalamus is a site of integration between metabolic and neural
signals that regulate consumption. Stimulation of the lateral hypothalamus is rewarding,
such that animals will expel effort for self-stimulation, and can also provoke bouts of
ingestion (Kenny, 2011).
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The LHb receives a significant projection from the anterior lateral hypothalamus,
the same hypothalamic regionthat receives inhibitory projections from the nucleus
accumbens and ventral pallidum (Kenny, 2011). The LHb also receives a direct afferent
from the ventral pallidum. However, disconnection of the pathway from lateral
hypothalamus to LHb had a
pronounced enhancing effect on
voluntary ethanol consumption,
while disconnection of the ventral
pallidum to LHb did not. Overall,
these findings suggest that the
ventral pallidum does not provide as
important an afferent to the LHb in
regard to goal directed behavior
Figure 1. Major afferent and efferent projections of the lateral
habenula. Red arrows represent inhibitory projections; green
arrows represent excitatory projections. The lateral habenula
receives major input through the stria medullaris from the
anterior portion of the lateral hypothalamus and the interior
portion of the globus pallidus. The LHb projects through the
fasciculus retroflexus to the raphe nuclei and the ventral
tegmental area.

(Sheth et al., 2017). Although this
connection was shown to be less
influential than that of the lateral
hypothalamus, it still represents an

important link, especially considering the argument from Taha et al. (2009) that the
nucleus accumbens and ventral pallidum likely regulate food intake by converging on a
common downstream structure (Sheth, Furlong, Keefe, & Taha, 2017). Again, the LHb is
well positioned as a candidate. The projection from the lateral hypothalamus to the LHb
has been more widely cited as evidence of a possible role for the LHb in motivated
behavior. The lateral hypothalamus and the LHb exhibit a considerable degree of overlap.
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Not only do they target similar structures (Nauta, 1972; Sutherland, 1982), but the
majority of single units that respond to stimulation of one structure also respond to the
other, and about half of the recorded units in the lateral hypothalamus respond to
stimulation in the LHb (Mok &Mogenson, 1974). The strength and reciprocity of this
relationship suggests that the two may work in concert to regulate activity in common
targets, which may include dopaminergic regulation in the ventral tegmental area (Araki,
McGeer, & Kimura, 1988). Furthermore, the pathway from nucleus accumbens to lateral
hypothalamus has been specifically implicated in non-homeostatic eating, such that the
nucleus accumbens, a hedonic hotspot, overrides signals of satiation generated by the
lateral hypothalamus. It may be, then, that the LHb constitutes another component of this
circuit (Kenny, 2011).
The LHb also sends robust, reciprocal projections to three major monoaminergic
midbrain nuclei, the ventral tegmental area, as well as the dorsal and medial portions of
the raphe nuclei (Bernard & Veh, 2012; Brown & Shepard, 2016; Gruber et al., 2007;
Root, Mejias-Aponte, Qi, & Morales, 2014; Stamatakis et al., 2013). The projection to
the ventral tegmental area, both directly and indirectly via the rostromedial tegmental
area, is of primary interest to its regulation of motivated behavior. Inactivation of the
LHb produced an increase in extracellular dopamine at the nucleus accumbens
(Lecourtier, DeFrancesco, & Moghaddam, 2008). This implies not only that the LHb is
functionally connected to the nucleus accumbens, but also that the LHb moderates
dopamine release in downstream structures, most likely via the ventral tegmental area.
More specifically, the nature of these connections suggests the existence of an aversion
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circuit, including the nucleus accumbens, anterior lateral hypothalamus, LHb, and ventral
tegmental area.
Kenny (2011) suggests that activity of the LHb is inversely related to hedonic
value of food and may play some role in excessive consumption. Several lines of
evidence exist to support this claim. Lesions to the LHb increase seeking behavior for
substances, like sucrose and ethanol, that stimulate hedonic liking (Friedman et al., 2010,
2011; Haack et al., 2014). LHb activity decreases following palatable meal consumption,
while ventral tegmental area and lateral hypothalamus activity increases (Park & Carr,
1998). Moreover, the reciprocal connection between the LHb and ventral tegmental area
implies a strong functional relationship; specifically, activity of the LHb modulates
dopamine transmission in the mesolimbic reward pathway via this afferent. If inactivation
of the LHb promotes intake past the point of satiety, then the LHb likely serves as a
moderator of consumption and potentially as a stopping mechanism that regulates the
intake of hedonically rewarding or palatable substances.
Evidence of sensitivity to metabolic signaling. The metabolic signaling that
regulates states of hunger and satiety is interconnected with the neural mechanisms of
reward and aversion, which involves the LHb. Ghrelin and leptin are hormones that act
not only to regulate metabolism, but foster communication about hunger and satiety
states from the belly to the brain. On the other side of the blood brain barrier, these
hormones act as neurotransmitters, which allows for the convergence of metabolic and
neural signals to regulate overall consumption. Within the hypothalamus, ghrelin
interacts with multiple neuropeptide systems, including NPY, CRH, and AGRP, all of
which stimulate appetite. However, ghrelin-producing neurons also project to several
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areas outside of the hypothalamus, including the LHb. In this way, ghrelin may modulate
neurotransmission on a grander scale. Moreover, ghrelin impacts much of the circuitry
that interacts with the LHb, specifically midbrain reward circuitry via a direct effect on
the activity of the ventral tegmental area (Abizaid et al., 2006). Administration of ghrelin
into the ventral tegmental area increases dopaminergic activity within the ventral
tegmental area itself, as well as DA turnover in the nucleus accumbens. Ghrelin-induced
excitation of midbrain dopamine serves to increase rewarding effects of palatable food
rewards (Abizaid et al., 2006; Kenny, 2011). Subjects also increased food consumption
two hours after the ghrelin was given. Ghrelin stimulates eating by communicating a state
of deficit, of insufficient caloric intake, to the brain. Chronic food restriction has a
pronounced effect on reward processing (Carr, 2002). Calorie restriction sensitizes the
ventral tegmental area and lowers the threshold for reward, such that rewarding stimuli
are processed as even more rewarding, despite no change in method of action or
bioavailability. In other words, if someone has fasted for a week, they will experience a
larger rewarding effect after taking cocaine than they would if they had been eating
normally all week. It is likely that ghrelin acts in a similar manner as food restriction,
sensitizing reward circuitry to encourage consumption and end the state of deficit –
hunger (Abizaid et al., 2006; Carr, 2002).
Leptin, which is produced by adipose tissue, suppresses appetite and
communicates satiety to the brain. Like ghrelin, leptin regulates neurotransmission in the
hypothalamus. Leptin receptor neurons contain a substance called neurotensin, an
endogenous neuroleptic, a chemical that acts like some anti-psychotic medications, which
has been shown to decrease food intake (Jolicoeur, Gagné, Rivest, Drumheller, & St-
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Pierre, 1993; Opland et al., 2013). Neurotensin neurons within the hypothalamus project
to the ventral tegmental area, thus reducing food intake by manipulating the mesolimbic
dopamine circuitry. However, the LHb also contains neurotensin terminals and receives a
robust projection from the lateral hypothalamus (Herkenham & Nauta, 1977; Poller et al.,
2013; Wagner, Bernard, Derst, French, & Veh, 2016). Leptin exerts control over
neurotransmission by activating neurotensin neurons in the hypothalamus, thereby
activating the LHb and suppressing dopaminergic activity in the ventral tegmental area,
which inhibits consumption (Wagner et al., 2016). Leptin and insulin also act within
structures related to the LHb, including directly within the ventral tegmental area
(Bruijnzeel, Corrie, Rogers, & Yamada, 2011). A small increase in insulin or leptin
decreases reward function, while a larger increase actually disrupts consumption and
suppresses food intake. This action likely involves dopamine neurotransmission, as leptin
inhibits mesoaccumbens dopamine signaling (Kenny, 2011; Vucetic & Reyes, 2010).
Thus, the metabolic and neural pathways that govern food consumption are highly
interconnected with one another, as well as reward circuitry, including the ventral
tegmental area, nucleus accumbens, and lateral hypothalamus. Furthermore, involvement
of the LHb suggests not only a role in food intake, but in channeling metabolic signals
into reward circuitry, specifically the mesolimbic dopamine system. Leptin-induced
excitation of the LHb in particular implies the capacity of a post-satiety signal to be
experienced as aversion, and to inhibit dopamine activity in the midbrain in order to halt
ingestion.
Evidence for role in substance use and abuse behaviors. Further evidence that
the lateral habenula may play a role in aversion comes from studies that have assessed its
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role in substance use and drug-seeking behavior, involving ethanol and cocaine, among
other common drugs of abuse. Lesions to the LHb increased ethanol intake, but also
abated ethanol induced conditioned taste aversion, suggesting that increased intake may
be a product of the elimination of the aversive response (Haack et al., 2014; Sheth et al.,
2017). Lesion also increased cocaine seeking behavior and delayed extinction of
responding in rodent models (Friedman et al., 2010). A lesion with quinolinic acid caused
no change in lever pressing for a palatable sucrose reward, but did reproduce the earlier
findings of an attenuated extinction response when the sucrose was substituted with water
(Friedman et al., 2011). Inactivating the LHb subsequently increases intake of substances
that are initially rewarding, but that become aversive at high concentrations, like ethanol
and cocaine (R. M. Brown, Short, & Lawrence, 2010; Haack et al., 2014; Jhou et al.,
2013).
While lesions to the LHb increase drug seeking behaviors, it appears that
stimulation of this region has the opposite effect (Friedman et al., 2010, 2011). Targeted
deep brain stimulation (DBS) of the LHb decreased lever pressing for a sucrose reward,
decreased cocaine self-administration and cocaine seeking during withdrawal, and
attenuated lever pressing during reinstatement of cocaine dependence in rats. Overall, the
findings support the authors’ conclusion that DBS devalued a reward, resulting in less
motivation to obtain it and fewer lever presses. In a conditioned place preference trial,
rats treated with DBS spent less time in the compartment that was originally preferred,
demonstrating an aversion to the initially rewarding area that was produced by
stimulation of the LHb. Stimulation of the LHb also reduced the intake of rats chronically
drinking ethanol (Li et al., 2016). Combined with an increase in Fos expression following
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withdrawal from chronic ethanol consumption, these results suggest that stimulation of
the LHb signals an aversive, withdrawal like state and terminates consumption of a
previously enjoyed substance. By reducing reward seeking behaviors of rewarding
substances, activity within the LHb is inversely associated to the experience of reward. If
manipulation within the LHb does indeed have such a pronounced effect of the seeking
and consumption of artificial rewards, it is likely that a role in seeking and consumption
of natural rewards exists as well. The additional evidence of connectivity to metabolic
and reward neural circuitry strengthens this claim. It is the central assertion that the LHb
plays some role in feeding behavior that the present study was designed to assess.
The Present Study
In order to test this potential role of the LHb in directing food intake, this study
examined whether temporary inactivation of the LHb impacts feeding on palatable and
pabulum diets. Rodent subjects received intracranial injections of a baclofen-muscimol
cocktail directly into the lateral habenula. Subjects were then placed in a free feeding
chamber in order to measure consumption of either palatable or standard food over a twohour period following drug administration. My hypothesis was that the LHb acts as an
inhibitory mechanism on food intake. If this were the case, I would predict that
inactivation of the LHb would result in an increase in feeding behavior. Furthermore, I
expected this escalation to be more pronounced in a condition of deprivation (wherein
animals were food deprived prior to injection) and when the food available was highly
hedonic, as opposed to standard lab chow. As will be demonstrated in the Results portion
of this thesis, my hypothesis was not supported by the outcome of this experiment.
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However, the measures did detect several compelling effects of LHb inactivation, which
warrant further study.
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METHODS
Subjects
Two groups (n = 14, n = 13) of male Sprague-Dawley rats (Harlan, Madison, WI)
acclimated to dual housing in a colony room maintained at ~21℃ with a 12-hour lightdark cycle (lights on at 7 A.M.; lights off at 7 P.M.). All animals had access to ad libitum
chow and water in the home cage, with the exception of the 22 hours preceding the final
two drug injection days. Body weight was monitored daily throughout the experimental
procedure. All animal care and experimentation complied with WFU IACUC guidelines
for use of animals in research.
Surgical Procedures
Prior to surgery, animals were anesthetized with a Ketamine-Xylazine cocktail
(100-10mg/kg). In compliance with standard aseptic surgical procedures, two stainless
steel guide cannulas (10mm; 25ga) were implanted bilaterally above the lateral habenula
(anterior-posterior: -3.5mm, medial-lateral: ±0.9mm, dorsal-ventral: -4.4mm) measured
from bregma (Baker, Raynor, Francis, & Mizumori, 2017). Guide cannula were secured
to the skull with dental acrylic and jeweler’s screws, and sealed with wire occlusion
stylets. Rats were then returned to the home cage for a 7-day recovery period before
behavioral measures commenced.
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Testing Apparatus
Following a one-week recovery period, animals were habituated to the behavioral
procedure for 10 days prior to injections in Experiment 1, and 7 days in Experiment 2.
The reduction in habituation days was due to the fact that Experiment 2 involved the
standard lab chow already available in the home cage, and therefore neophobia was less
of a concern. Daily sessions occurred in specialized feeding chambers, designed to
monitor locomotion and food intake. Eight chambers (Med-Associates, St. Albans, VT,
USA) were utilized for both experiments. All chambers were located within the same
room, which also contained house light (15 watts) and a speaker for generating white
noise (65 dB). Each individual chamber was equipped with a water bottle on one side,
and a food hopper on
the other, in which the
diet (sweetened-fat diet
or standard chow) was
placed prior to
experimentation. In this
way, the chambers

Figure 2. Food intake chambers; food tray on the left, water bottle on the right,
and approximate placement of infrared beams.

continually monitored intake based on the weight of the hopper. The walls of the
chamber were also lined with infrared beams that recorded rearing frequency and
movement throughout the chamber.
Procedure
In order to assess the behavioral ramifications of inactivation of the lateral
habenula, a mixture of GABA agonists baclofen (GABA-B) and muscimol (GABA-A)
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(Tocris) were used to temporarily inactivate the LHb. Either a baclofen-muscimol dose of
50ng/0.2µL (each drug) dissolved in 0.9% saline or saline control consisting of the 0.9%
saline solution was delivered bilaterally using a microinfusion pump.
To accustom animal subjects to the injection process, mock injections were
delivered twice prior to the onset of each experiment. On the first of these days, 10 mm
injectors were lowered to the base of each cannula, but no solution entered the brain. On
the second mock injection day, a 33-gauge injector was extended 1.15mm below the
cannula, though no solution was actually injected. On injection days, injectors of the
same length (33ga; 11.15mm) were connected to a syringe via polyethylene tubing,
which permitted 0.2 µl of solution to be delivered per side over a one-minute period. The
injectors then remained in the cannula for an additional minute, allowing for diffusion of
the drug. Then the injectors were removed, stylets replaced, and rodents immediately
placed into the feeding chambers for a two hour testing session.
These experiments each employ a 2x2 repeated measures design, such that each
of the animals received every level of the drug both in a sated condition and following a
22-hour period of food deprivation. Across four alternating experimental injection days,
each subject received a) vehicle injection in sated condition, b) baclofen-muscimol
injection in sated condition, c) vehicle injection following deprivation, and d) baclofenmuscimol injection following deprivation. Prior to the first two injection days, animals
had ad libitum access to standard chow in the home cage, and were thus “sated” when
they received injections. To create a condition of deprivation, 22 hours prior to the latter
two injection days, chow was removed from the home cages. Drug condition was
counterbalanced within the sated and food deprived conditions. In order to assess the
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differential effect of
lateral habenular
inactivation on
palatable and bland
food intake, this study
involved two
experimental groups.
Both followed the
same schedule (except
as noted above) and
were administered
the same doses of

Figure 3. Schedule of Experimental Procedure. Outlining the schedule that each of
the groups (pabulum, palatable) will follow separately across a total of 6 weeks.
The habituation period for Experiment 2 was 7 days, as opposed to 10, because
animals were already accustomed to the standard chow diet.
*** 22-hour deprivation following session.

baclofen-muscimol cocktail. The only difference between groups was the type of food
available in the hopper when the rats entered the feeding chamber. The palatable group
had access to a sweetened-fat mixture, while the pabulum group was provided the same
standard rat chow that was available in the home cage.
Histology
For the purpose of confirming correct placement of cannula and site of injection,
histology was performed upon the completion of each experiment. Each subject was
deeply anesthetized with an overdose of sodium pentobarbital and perfused with a 0.9%
NaCl solution followed by a 10.0% formalin solution. The brain of each subject was
removed and preserved in a 10.0% sucrose formalin solution, frozen, and finally sliced in
60 µm sections using a cryostat. Slices were then mounted onto slides, dehydrated in

27

progressive concentrations of ethanol, stained with cresyl violet, and preserved in xylene.
Finally, the slides were coverslipped with Permount® and examined using light
microscopy to verify location of the injector tips. Subjects will be excluded from the
analysis if injectors were not bilaterally placed within the lateral habenula. In Experiment
1, placement was verified in 6 subjects, and in Experiment 2, placement was verified in 8
subjects. This proportion is consistent with other laboratories’ rate of success in targeting
the LHb (Baker; personal communication), is due to the small size of the structure.

Figure 4. Following Experiments 1 & 2, brains slices were stained with Cresyl violet to allow for
verification of cannula placement.

Data Analysis
Following conclusion of the experiments, data collected from the feeding
chambers was analyzed for effects of LHb inactivation and deprivation condition on both
consumption and locomotor activity. The dependent variables examined were total diet
(chow or sweetened-fat) consumption across time, water intake based on pre- and post-
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weights of the water bottle, frequency of rearing behavior, and total number of cage
crossings. Repeated-measures ANOVAs were used to determine the effects of
inactivation and deprivation condition on each of the behavioral measures. Statistical
analysis were performed with SPSS, and figures were created using SigmaPlot.
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RESULTS
Experiment 1: Effects of LHb inactivation on intake of the sweetened-fat diet
Analysis began with a three-way omnibus ANOVA, exploring the effects of drug
(vehicle or baclofen-muscimol), deprivation condition (ad libitum or food deprived), and
time (every five minutes within the session) on intake. This test revealed a main effect of
deprivation, F(1, 5) = 8.911, p = .031, such that animals in the deprived condition
consumed less of the sweetened-fat diet, and a main effect of time, F(23, 115) = 30.309,
p < .001, but no main effect of drug, F(1, 5) = .181, p = .688. The omnibus also revealed
a drug X time interaction effect, F(23, 115) = 3.008; p < .001, a deprivation X time
interaction, F(23, 115) = 7.888; p < .001, and a marginal drug X deprivation effect, F(1,
5) = 4.725; p = .082. The initial analysis also showed a significant three-way interaction,
F(23, 115) = 2.353, p = .002.
In order to more closely examine the observed effects, we conducted two-factor
follow-up ANOVAs to compare the effect of inactivation within each deprivation
condition (Figure 5). While there was not a significant main effect of drug in either the
deprived, F(1, 5) = .909; p = .384 or ad libitum, F(1, 5) = 1.97; p = .219, conditions, the
interaction between drug and time was marginal, F(23, 115) = 1.593; p = .057, in the ad
libitum condition and significant, F(23, 115) = 5.738; p < .001, in the deprived condition.
As can be seen in Figure 5, inactivation of the LHb appeared to enhance feeding early in
the session when the animals were offered the sweetened-fat diet in a sated condition, but
reduced feeding compared to the vehicle injections when subjects were deprived for 22
hours prior to entering the feeding chamber.
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Figure 5. The effects of temporary inactivation of the LHb on intake of a sweetened-fat diet. In the ad
libitum condition, inactivation had no impact on feeding; in the deprived condition, there was a significant
drug X time interaction.

Finally, we also separately examined the effect of deprivation within each level of
the drug condition. This decision was based on the observation that inactivation was
associated with a slight increase in food intake in the ad libitum condition, but a slight
decrease in intake in the deprived condition. Interestingly, the amount of intake following
vehicle injections under both conditions of deprivation did not appear to differ. The
overall consumption of the sweetened-fat diet for subjects given vehicle injections in a
condition of deprivation did not differ from those given vehicle injections in an ad
libitum state, F(1, 5) = 3.852; p = .107, though a significant two-way interaction of
deprivation X time suggests that consumption in the ad libitum condition escalated more
rapidly towards the beginning of the session compared to consumption in the deprived
condition, F(23, 115) = 2.251; p = .003. Alternatively, there was a significant main effect
of deprivation in the drug condition, such that those subjects given the drug dose in an ad
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libitum state ate more than those given the drug dose in a deprived state, F(1, 5) =
12.981; p = .015.
The comparison of the drug conditions also revealed a significant a deprivation X
time interaction, F(23, 115) = 10.674; p < .001. As can be seen in Figure 6, the nature of
this interaction appears to involve a rapid escalation of intake in the first 30 minutes of
the session for the ad libitum condition. Alternatively, the subjects in the deprived
condition both consumed a smaller amount initially and stopped eating earlier in the
session. Given these analyses, it seems likely that the drug X deprivation X time
interaction arose due to a trend for the drug treatment to modestly enhance feeding early
in the session when the animals were sated, but decrease food intake late in the session
when the LHb was inactivated.

Figure 6. Comparing the impact of deprivation on drug effect. Intake following vehicle injection did not differ
based on state of deprivation, but intake following baclofen-muscimol inactivation of the LHb was greater in
the ad libitum condition than the deprived condition.
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In addition to the feeding effects, a series of two-factor ANOVAs revealed a main
effect of LHb inactivation on locomotor output, demonstrated by a significant increase in
total crossings following drug injection regardless of deprivation condition, F(1, 5) =
100.316, p < .001. There was neither an effect of deprivation on ambulation, F(1, 5)
= .793; p = .414, nor a drug X deprivation interaction for crossings, F(1, 5) = 1.064; p
= .35. Rearing behavior did not differ across all trials, either by a function of drug, F(1, 5)
= 2.52; p = .173, deprivation, F(1, 5) = 1.325; p = .302, or a drug X deprivation
interaction, F(1, 5) = .299; p = .608. Water intake was similarly unaffected by drug, F(1,
5) = 1.324; p = .302, deprivation condition, F(1, 5) = 1.897; p= .227, or the interaction
between drug X deprivation, F(1, 5) = .121; p = .742. Figure 7 depicts these effects,
comparing total crossings, rearing, and grams of water consumed across the session in
each of the four conditions.

Figure 7. Number of crossings, number of rearings, and total intake of water (g) across two-hour session.
Inactivation of the LHb significantly increased crossing behavior in both the ad libitum and deprived
conditions, but had no significant effect on rearing behavior or water intake in either condition.

Experiment 2: Effects of LHb inactivation on intake of standard rat chow
Analyses conducted for Experiment 2 were identical to those performed in
Experiment 1, except that the rats in Experiment 2 were provided standard chow diet in
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the feeding chamber. The omnibus ANOVA revealed a main effect of deprivation, F(1, 7)
= 40.646; p < .001, such that animals consumed more chow following 22 hour
deprivation than they did in the ad libitum condition. There was no main effect of drug,
F(1, 7) = 2.625; p = .149, suggesting that inactivation of the LHb had no profound impact
on chow intake. Though the deprivation X time interaction was significant, F(23, 161) =
20.188; p < .001, the interactions between drug X deprivation, F(1, 7) = 2.557; p = .154,
and drug X time, F(23, 161) = .855; p = .658, were not. We also found no evidence of a
three-way deprivation X drug X time interaction, F(23, 161) = .683; p = .857. Figure 8
depicts the main effect of deprivation, such that the rats in the deprivation condition

Figure 8. The effect of temporary inactivation of the LHb on consumption of standard lab chow.
Inactivation of LHb had no significant impact on consumption of the standard chow diet, in either the ad
libitum or deprived conditions.

(food deprived 22-hours prior to session) ate significantly more, regardless of whether
they received the vehicle or baclofen-muscimol injection. However, the proximity of the
curves representing vehicle or baclofen-muscimol within these conditions of deprivation
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demonstrates the lack of effect of LHb inactivation on chow intake in either an ad libitum
or food deprived state.
Consistent with the findings of Experiment 1, inactivation of the LHb produced
an increase in locomotor activity, F(1, 7) = 25.85; p = .001, measured by crossings
throughout the session. Deprivation condition did not have a significant effect on
crossing, F(1, 7) = 3.287; p = .113, nor was there evidence of a deprivation X drug
interaction, F(1, 7) = .951; p = .362. These results parallel the effect found in Experiment
1, and further support the simple effect of LHb inactivation on motor output.
There was a main effect of deprivation on rearing, F(1, 7) = 21.458; p = .002,
such that animals in the deprived condition displayed fewer rears. This may be due to the
fact that animals consumed more in the deprived condition, and were therefore focused
on eating and less interested in exploration of the cage. LHb inactivation also had a
marginal effect on rearing behavior, F(1, 7) = 5.453; p = .052, though there was no
interaction, F(1, 7) = .269; p = .62.
Water intake was significantly greater in the deprivation condition, F(1, 7) =
19.278; p = .003, correlating with chow consumption. This relationship is to be expected,
as the chow is quite dry. There was also a marginal effect of inactivation on water intake,
F(1, 7) = 3.585; p = .1, and a deprivation X drug interaction did not reach significance,
F(1, 7) = 4.91; p = .062.
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Figure 9. Number of crossings, number of rearings, and total intake of water (g) across two-hour session.
Inactivation of the LHb significantly increased crossing behavior, though not rearing, in both the ad libitum
and deprived conditions; water intake differed as a function of chow consumption.

For this thesis, the above analysis focused on patterns of feeding within each
group. This decision was made because both experiments involved within-subjects
measures, such that each animal was compared only to its own intake across conditions.
Although I will discuss the patterns of data across the two experiments within the
discussion, direct statistical analyses comparing the two groups across the separate diets
were not completed. To do so would have required transformation of the intake into
caloric values and complete redrafting of the figures, for which there was not time prior
to the final submission of this thesis.
Exploratory Injection of DAMGO
Several studies, including some performed in the Pratt Laboratory, have
demonstrated a pronounced impact of mu-opioid manipulation on feeding behavior,
particularly on highly hedonic, palatable diets. Injection of mu-opioid agonist DAMGO
into several sites along the feeding circuit, including ventral tegmental area (Lamonte,
Echo, Ackerman, Christian, & Bodnar, 2002; MacDonald, Billington, & Levine, 2003;
Mucha & Iversen, 1986), ventral pallidum (Smith & Berridge, 2005, 2007), and
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throughout the ventral striatum (Bakshi & Kelley, 1993), particularly the nucleus
accumbens (MacDonald et al., 2003; Peciña & Berridge, 2005; Zhang, Gosnell, &
Kelley, 1998; Zhang & Kelley, 2000) produces a significant increase in feeding behavior.
Given that the lateral habenula is functionally connected to several of these structures,
and at Dr. Pratt’s suggestion, we added a fifth experimental drug day in order to
determine whether administration of DAMGO into the LHb might have a similar effect
on feeding behavior.
Injection of the mu opioid agonist was performed twice, once on the palatable
group following Experiment 1 and again on the standard chow group following
Experiment 2. In both cases, animals were given ad libitum access to standard chow in
the home cage before being placed into the feeding chambers. The results from these
sessions were compared to those from vehicle injections for the ad libitum condition in
each group. Analyses revealed that injection DAMGO into the LHb significantly reduced
intake of the sweetened fat diet, F(1, 5) = 9.469, p = .028; drug X time interaction, F(1,
5) = 5.434; p <.001. Conversely, the injection of DAMGO into the LHb did not have a
significant main effect on intake of standard chow, F(1, 7) = 3.249; p = .114. However, a
significant interaction of drug X time did occur, F(23, 161) = 3.507; p < .001.
Specifically, Figure 9 demonstrates that intake of the sweetened-fat diet is
considerably lower and ends early in the session following injection of DAMGO,
compared to vehicle, but feeding is prolonged by DAMGO in the standard chow group.
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Figure 10. The effects of injection of DAMGO into the LHb on feeding on either a sweetened-fat or
standard chow diet. DAMGO is compared to the groups from Experiments 1 & 2, respectively, which
were given a vehicle injection in an ad libitum state. Injection of DAMGO of the LHb significantly
decreased feeding on the sweetened-fat diet, but did not alter feeding on standard chow.
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DISCUSSION
The primary purpose of this thesis was to establish a role for the lateral habenula
in feeding behavior. Based on a review of the relevant literature, my predication was that
temporary inactivation of the lateral habenula would produce an increase in feeding
behavior, especially on highly palatable diets, which tend to be consumed in excess under
normal conditions. Specifically, my argument was that the LHb might provide a stopping
signal, and that inactivation would temporarily dampen this signal, allowing for intake to
continue uninterrupted. The results of this set of experiments does not support such a role
for the lateral habenula.
This set of experiments is one of the first to assess the role of the LHb in feeding
behavior, and the first (to my knowledge) for which that pursuit was primary. When
offered the sweetened fat diet, rats that had been previously deprived for 22 hours ate less
under the LHb inactivation than when given access to ad libitum chow prior to injection
(Experiment 1). This pattern was absent in the group offered standard lab chow
(Experiment 2), suggesting that the behavioral effects of LHb inactivation were
contingent on both the energy state of the rat and the diet offered. However, in both
cases LHb inactivation increased the total number crossings per session (Figure 7, 9),
suggesting a consistent effect of the drug on locomotion (which will be discussed further
below). The remainder of this discussion will focus on interpreting these data,
considering what is known about the anatomical connections and behavioral functions of
the LHb.
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The LHb and Mesolimbic Dopamine Circuitry
As can be seen in Figure 2, the LHb is functionally connected to the ventral
tegmental area via the rostromedial tegmental nucleus. This projection, by which the LHb
inhibits the ventral tegmental area indirectly, was one that my experiment was designed
to access. I expected that inactivation of the LHb would disinhibit the ventral tegmental
area, resulting in increased dopamine output and prolonged activity of reward circuitry.
My prediction was that this change would manifest in an increase in feeding, which was
not the case. However, inactivation of the LHb produced a significant increase in
locomotion in both Experiment 1 (Figure 7) and Experiment 2 (Figure 9). Taken together,
the robust locomotor effects demonstrate that the inactivation did affect behavior, and
suggest that while the LHb may indeed act as an inhibitory mechanism on the ventral
tegmental area and other reward-related regions within the mesolimbic circuit, the
behavioral antecedents of this effect may be more robustly related to ambulation than
feeding. In either case, the implication that manipulation within the LHb may impact
downstream transmission in mesolimbic circuitry is certainly one that bears further
investigation.
The increased locomotion following drug administration compared to vehicle
injection in both experiments confirmed efficacy of the drug, but could also suggest that
increased ambulation accounted for differences in feeding. Although it is possible that the
locomotor activity could have disrupted feeding, that seems unlikely, because feeding
was only disrupted in one condition, whereas locomotor enhancement was a consistent
effect. Moreover, the finding of a main effect of LHb inactivation on ambulation offers
greater insight into its role in downstream signaling. Specifically, increased motor
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activity is a side effect of drugs like cocaine and amphetamine. These “psychostimulants”
increase dopamine within mesolimbic circuitry, particularly the ventral tegmental area,
which is the origin of dopaminergic cells that constitute the mesocorticolimbic pathway
(Kalivas, Sorg, & Hooks, 1993). Cocaine acts as monoamine uptake inhibitor, enhancing
extracellular dopamine in the ventral tegmental area and synaptic levels of dopamine in
the nucleus accumbens (Henry & White, 1992). Amphetamine also amplifies monoamine
levels, by targeting monoamine transporters (Sitte & Freissmuth, 2015). These effects can
manifest quickly and following only acute exposure, as a single injection of cocaine is
capable of producing changes in the mesolimbic dopamine system (Singer, Bryan, Popov,
Robinson, & Aragona, 2017).
It bears mentioning that psychostimulants, which tend to increase locomotion,
generally also decrease feeding. Indeed, the anorexigenic neuropeptide CART (cocaineand amphetamine-related transcript) receives its name from its hypophagic effects that
parallel those of cocaine or amphetamine use. This pattern is consistent with that of the
finding in Experiment 1 (Figure 6) wherein there was a significant difference between
intake following LHb inactivation based on the condition of deprivation (animals who
received inactivation in a deprived state ate significantly less than those who received
inactivation in the ad libitum condition). In the ad libitum condition, subjects both
consumed more and escalated intake more rapidly compared to the deprived condition.
Another pattern with regards to drug intake and the habenula warrants
speculation, based upon the time of the feeding effect following inactivation (Figure 5, 6,
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8). We observed a leveling effect beginning around the 30-minute timestamp.* This
pattern bears remarkable similarity to the findings of Jhou et al. (2013), which reported
that an initially rewarding effect of cocaine was immediately followed by behavioral
indications of aversion. Specifically, cocaine was perceived as rewarding up to 15
minutes after administration, but aversive 15-35 minutes after administration, measured
by a conditioned place preference assay. Rats who received a dose of cocaine right before
being placed into the chamber displayed conditioned place preference for the cocainepaired environment, while those who received a dose of cocaine 15 minutes before actual
entry into the chamber portrayed aversion towards this same space. The progression from
reward to aversion is corroborated by electrophysiological monitoring of the LHb, which
is inhibited by exposure to both food and cocaine cues. During the first 15 minutes
following cocaine administration, these neurons were inhibited, but between 15-35
minutes, they were excited, presumably signaling aversion. This provides further
suggestion of similarity between the effects of LHb inactivation and those of dopamine
agonists, which may share a common mechanism in increased output of dopamine from
the ventral tegmental area.
The LHb, Serotonin, and Satiety
One plausible theory that accounts for our admittedly unexpected results involves
the fact that the LHb does not send prominent projections only to the ventral tegmental
area, but also to the dorsal and medial raphe nuclei, two major serotonergic loci in the
midbrain (Figure 2). The LHb efferent projection to the dorsal and medial raphe nuclei is

*

Though we have not yet been able to perform the necessary post-hoc tests required to
formally confirm this assertion due to time constraints, I fully intend to do so in the
coming weeks.
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inhibitory, so inactivation of the LHb should produce an increase in serotonergic activity.
Several popular weight loss drugs, including the phentermine/topiramate combination
Qsymia® and the serotonin 2C receptor agonist lorcaserin, Beliviq®, act by enhancing
serotonin to reduce feeding (Clifton, Lee, & Dourish, 2000). The hypophagia induced by
these drugs appears to be mediated by stimulation of 5-HT2C receptors (Clifton et al.,
2000; Hewitt, Lee, Dourish, & Clifton, 2002), the same receptor subtype that is densely
expressed in the LHb (Wagner, Bernard, Derst, French, & Veh, 2016). Thus, in addition
to its potential impact on dopaminergic signaling, it is possible that the feeding inhibition
that we observed could have been regulated by a change in serotonin signaling following
LHb inactivation.
The “Hungry” Brain and the “Sated” Brain
Analyses following Experiment 1 revealed not only a main effect of deprivation,
such that animals in the deprived condition consumed less of the sweetened-fat diet, but
also a marginal drug X deprivation interaction (Figure 6), indicating that the impact of
LHb inactivation on feeding behavior partially depended on the energy state of the rat
when it was placed into the chamber. Such a finding raises the question of whether there
is a fundamental difference between the “hungry” brain (i.e. in a state of deprivation) and
the “sated” brain (i.e., in a state of satiation). There are several lines of evidence to
support such a claim, which validate the surprising main effect of deprivation in
Experiment 1.
Intuitively, the difference between the hungry and sated brain is quite simple. The
hungry brain is in need, and likely more directed at fulfilling that need. In 1944, 36 young
male participants reduced their caloric intake from 3,200 to 1,570 for the Minnesota
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Starvation Experiment (Keys, Brozek, Henshel, Mickelson, & Taylor, 1950). The results
were swift and extreme. Soon after the beginning of the starvation phase, the subjects
reported decreased interest in topics and pursuits they had once felt great passion for, and
instead developed an intense fixation on food. They looked through cookbooks, eagerly
awaited mealtimes, developed strange eating habits in the service of savoring each bite,
and began to display violence and increased emotional reactivity. This is a logical
progression, and a relatable experience to all humans – we know what hunger feels like.
Food is a basic physiological need; when this need is not met, it consumes our thoughts
and priorities, as an act of self-preservation. This is, in effect, living replication of
Maslow’s Hierarchy of Needs (1943). Without the basic physiological requirements
fulfilled, the higher order goals entirely lose their value. What I have described here is
behavioral evidence that neural circuitry is altered based on the metabolic state of the
body, but there is additional research on the neural changes that accompany hunger.
fMRI studies reveal greater responsivity to visual food cues in various brain regions
when the subject is in a deprived state (LaBar et al., 2001). Deprivation state also seems
to interact with the content of foods, such that a condition of hunger increased reactivity
following the presentation of calorie dense foods, whereas sated subjects responded more
to lower-calorie food cues (Siep et al., 2009).
A state of food deprivation seemingly primes the brain for not only seeking of
natural rewards, but artificial rewards as well. In rodent models of drug-seeking, lever
pressing for common drugs of abuse, including cocaine, will increase when subjects are
hungry. Often, rats are food deprived prior to running in self-administration chambers, to
encourage pressing for the drug. Because they are hungry, these subjects display a greater

44

sensitization to reward that is not limited to nutritive substances. This difference in the
brain likely comes down to a chemical alteration. In the introduction to this thesis, I
briefly addressed the hypothalamic regulation of feeding, which involves communication
between the brain and the digestive system via transmission of several neuropeptide
classes: orexigens and anorexigens. When the body is in a state of hunger, the peptides
that promote feeding (orexigens) are likely more active in the brain. When a level of
satiation is reached, the signaling of anorexigens terminates feeding behavior (see pg.
10). Thus, a possible explanation for the discrepancy we found between the effect of LHb
inactivation in the deprived condition and in the ad libitum condition, is that the LHb
serves a different function in the hungry brain. This thesis has already addressed LHb
sensitivity to metabolic signaling (see pgs. 24-26). If neuropeptide expression in reward
related areas differs as a function of deprivation, then the LHb is likely prone to this trend
as well. High expression of neuronatin and neuropeptide Y have been reported in the
LHb, as well as neurotensin (Wagner et al., 2016). Neuropeptide Y is an orexigenic
neuropeptide associated with stimulating frenzied sessions of intake. Neurotensin, on the
other hand, decreases food intake. Specifically, neurotensin neurons within the
hypothalamus are thought to be activated by leptin in the LHb, which inhibits
dopaminergic activity in the ventral tegmental area and ultimately reduces food intake
(Wagner et al., 2016). The presence of leptin, as a long-term satiety signal, suggests that
this process occurs in the sated brain. If the LHb serves to reduce intake in the sated
brain, it may act to promote intake in the hungry brain. If this is the case, inactivation of
the LHb in this experiment may have disrupted signaling of orexigens and thereby
reduced feeding.
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While a main effect of deprivation appeared in both Experiments 1 and 2, these
effects were of opposing valence. In Experiment 1, all animals in the deprived condition
consumed less, regardless of drug condition, and in Experiment 2, animals in the
deprived condition consumed more. Experiment 2, then, follows a familiar pattern:
hungry animals eat more. The only difference between Experiments 1 and 2 was the type
of substance available in the feeding chamber (sweetened-fat diet and standard chow,
respectively). As predicted, there were more effects of LHb inactivation in the group
consuming a sweetened-fat diet. This is likely due, in part, to a floor effect: animals with
ad libitum access to standard chow are unlikely to consume more of that same chow
simply because they have entered a new cage. However, it is also likely related to the
hedonic impact of the sweetened-fat diet, which suggests that LHb inactivation may play
an important role in feeding on highly-palatable diets. This is not wholly unexpected, as
the LHb has been cited for its role in drug seeking and addiction in previous literature.
The significant results of the experimental DAMGO injection also echo this possibility,
as manipulation of opioid neurotransmission is highly related to the hedonics of a given
substance, including food.
Mu-opioid Agonists, Feeding, and the LHb
Mediation of feeding behavior by opioid neurotransmission is well represented in
the literature. Mu opioid receptor manipulation is specifically implicated in sites
including the “hedonic hotspots” (nucleus accumbens and ventral pallidum), the ventral
tegmental area, and additional loci in the ventral striatum. Injection of DAMGO
(Lamonte, Echo, Ackerman, Christian, & Bodnar, 2002; MacDonald, Billington, &
Levine, 2003) or morphine (Mucha & Iversen, 1986) into the ventral tegmental area
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produced a dose dependent increase in food intake. Injections of DAMGO into the
nucleus accumbens enhanced both hedonic impact (“liking”) and incentive motivation
(“wanting”) of high-fat or high-sugar substances (MacDonald et al., 2003; Peciña &
Berridge, 2005; Zhang, Gosnell, & Kelley, 1998; Zhang & Kelley, 2000). Other sites in
the ventral striatum, including the ventrolateral striatum and the ventromedial striatum,
produced similar effects (Bakshi & Kelley, 1993). Microinfusions of DAMGO into the
ventral pallidum were comparable as well, amplifying both hedonic impact and incentive
motivation (Smith & Berridge, 2005) in the same way as those in the nucleus accumbens
(Smith & Berridge, 2007). Projections from both the ventral pallidum and nucleus
accumbens converge at the lateral hypothalamus, which in turn sends a robust reciprocal
connection to the LHb. The LHb additionally accesses the ventral tegmental area
indirectly via the rostromedial tegmental nucleus. Furthermore, there is evidence of mu
opioid expression within the LHb (Wagner et al., 2016) and one case of injection of
DAMGO into the LHb prior to this report. This study reported that that injection of
DAMGO produced analgesia by inhibiting a subset of LHb neurons (Margolis & Fields,
2016).
It is particularly interesting that the DAMGO decreased feeding on a highly
palatable substance, not only because this is inconsistent with previous reports of
DAMGO injection into other reward-related areas, but also because the LHb has been
cited as a structure that codes “inverse reward” (Kenny, 2011). Indeed, the LHb was
shown to decrease activation following consumption of a palatable meal, an inverse of
the effect on the anterior lateral hypothalamus and the ventral tegmental area (Park &
Carr, 1998). This finding indicates a more intricate role for LHb neurotransmission in
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neural regulation of feeding, and may also have wider implications in the study of
obesity.
Final Reflections
This study accompanies a sparse literature on the role of the lateral habenula in
motivated behavior, the great majority of which has focused on drug seeking and
addiction. Though my initial hypothesis, that inactivation of the LHb with a baclofenmuscimol cocktail would amplify feeding by blocking aversive cues, was unsupported by
this data, our discoveries here are nonetheless valuable both in their novelty and their
demonstration of a more nuanced role for the LHb in behavior. Possible future inquiry
into this area might involve optogenetic manipulations of the projections from the LHb to
the raphe nuclei and the ventral tegmental area. Of particular interest might be how these
operate in isolation on feeding, drug-seeking, and locomotion, but may also have
concerted functions on midbrain reward circuitry functioning. Another potentially
valuable avenue of research might concern further characterization of mu-opioid
manipulation within the LHb, as the effect related here following injection of DAMGO is
particularly interesting given both the prior research on mu opioid receptor actions within
the reward circuit as well as the paucity of studies in the LHb involving opioid
manipulations despite evidence of densely expressed receptors (Wagner et al., 2016).
Overall, a great deal remains to be uncovered on the mechanisms of aversion, the
existence of an aversion circuit, and the actions of the LHb. It is my dearest hope that this
set of experiments may serve as a building block in further elucidation of these questions.
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