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General Introduction

The burden of obesity

Obesity has become a global health problem with epidemic proportions. In 2016, more than
1.9 billion adults were overweight, of which over 650 million were obese (WHO, https://www.
who.int/news-room/fact-sheets/detail/obesity-and-overweight on 15-2-2023). Overweight is
defined as having a body mass index (BMI) between 25 and 30, whereas obesity is defined
as having a BMI greater than 30. A high BMI often results from an excessive amount of body
fat, which can have detrimental effects on a person’s health. Obesity not only affects people in
wealthy nations but also affects developing countries: the majority of the world’s population
lives in countries where more people decease from overweight and obesity than from being
underweight [1, 2]. Obesity is a major risk factor for the development of type 2 diabetes mellitus
(T2D), as it can cause insulin resistance by impairing the body’s ability to produce and use
insulin effectively [3]. In turn, this can result in high blood sugar levels, which, over time,
damages blood vessels and nerves and increases the risk for complications like heart disease,
stroke, and kidney damage [4].

The pathophysiology of overweight and obesity is complex and includes genetic, environmental,
nutritional, metabolic, cultural, and psychosocial factors [5]. Essentially, obesity is caused
by a disbalance between caloric consumption and energy expenditure. The obesity epidemic
is exacerbated by the widespread availability of highly palatable, calorie-dense, processed,
convenient and affordable food options. Additional contributors are a general increase in
sedentary behaviors and perceived stress levels [6-9]. Obesity can be both prevented and treated
by adopting a healthy eating regimen and engaging in regular physical exercise. However,
adapting lifestyle changes that promote and maintain weight loss after becoming overweight or
obese is very challenging, and has low success rates [10]. Thus, understanding the processes that
mediate the development of obesity and diabetes is crucial to optimize prevention strategies.
This knowledge will help individuals, healthcare providers, and policymakers, to deal with these

metabolic disorders on individual and societal levels.

The brain controls energy homeostasis

The brain plays a crucial role in regulating caloric intake by integrating central and peripheral
information related to energy levels. It can trigger or inhibit food seeking and consumption
behavior rapidly and effectively. Notably, even the mere smell or thought of food can initiate
feelings of hunger. During and following food consumption, the brain receives information
via nutrient signaling, which includes glucose, triglycerides, fatty acids and amino acids that
reach the brain via the blood. Additionally, peripheral sensors, located in the mouth, stomach,
and intestines, provide direct neural input to the brain, relaying information including taste or
expansion of the stomach. In addition, hormones like insulin (secreted by the pancreas), ghrelin
(secreted by the stomach), and leptin (secreted from adipose tissue) circulate in the periphery

and influence brain processes. Caloric intake and the processing of nutrients are also regulated
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by the biological clock, which blunts these processes during the inactive period while promoting
them during the active period [11-13]. The circadian timing of the caloric intake is therefore an
important aspect of metabolic (dys)regulation, as research has shown that eating at the wrong
time of the day (when one is supposed to sleep or rest) promotes weight gain and metabolic
disease, in both rodents and humans [14-17]. Indeed, shift workers have increased rates
of obesity [18].

A main integration site of metabolic information in the brain is the hypothalamus, which regulates
key functions like body temperature, thirst, hunger, and energy expenditure to maintain energy
homeostasis [19]. Obesity and other metabolic disorders can arise when the energy homeostasis
becomes dysregulated in the brain. In subjects with obesity, brain sensitivity to hormones like
leptin and insulin decreases, reducing the response to satiety signals. Such resistance to leptin
or insulin can disrupt the feedback that normally maintains energy homeostasis, leading to
increased appetite and reduced energy expenditure [20, 21]. In addition, reward-related or
hedonic eating behaviors can also be disturbed in subjects with obesity. Brain reward-related
signaling can alter the reinforcing value of food and increase motivation for reward-seeking
behavior beyond homeostatic needs [22-24]. Neurons in reward-related brain regions can be
activated by high-caloric foods containing fat and/or sugar [25, 26], subsequently promoting
excessive intake. In the next paragraphs, the brain circuits underlying homeostatic- and reward-

related consumption behavior will be discussed in more detail.

Homeostatic-related brain circuitry controlling caloric
intake

Homeostatic-related brain circuits control food intake by integrating signals concerning
energy homeostasis, whereas reward-related regions control food intake driven by hedonic or
reinforcing aspects. The brainstem and hypothalamus, especially the arcuate nucleus, are key
homeostatic-related brain regions that control consummatory behavior. The arcuate nucleus
is uniquely located, at the ventral side of the hypothalamus and in close proximity of the third
ventricle and median eminence, where there is a blood-brain-barrier-free connection [27].
This complex organization allows first-order neurons in the arcuate nucleus to directly receive
information about peripheral nutrients and metabolic signals [28]. These first-order neurons
subsequently project to other hypothalamic nuclei, such as the paraventricular nucleus (PVN)
and lateral hypothalamus (LH) [29], as well as to the brainstem [30]. The LH is an important
regulator of homeostatic feeding, by integrating input from several other hypothalamic areas.
Additionally, the LH also expresses many receptors, including leptin and insulin receptors, and
harbors glucose-sensitive neurons, enabling it to directly respond to the consumption of specific
nutrients [31-36]. Nutrient-related signals from the gastrointestinal tract are also transferred to
the hypothalamus via multiple pathways, including the vagal nerve and the brainstem [30]. These
homeostatic circuits enable the brain to stimulate food seeking behavior or consumption when

the energy balance is low, and vice versa. These homeostatic-related brain circuits interact with
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hedonic or reward-related regions, which can drive food seeking (appetitive) or consummatory
behaviors while the energy balance does not require so. In addition, many of the peripheral
signals related to energy balance, such as ghrelin, leptin and insulin can also affect reward-

related circuitry directly as these hormone receptors are localized in these areas as well [37-40].

Reward-related brain circuitry controlling caloric intake

Reward-related or hedonic brain circuits can drive caloric intake beyond homeostatic needs.
This can occur by altered reinforcing value of a specific food or increased motivation to seek
or work for palatable foods [22-24]. Dopamine is a crucial neurotransmitter in reward-related
consumption behavior, and is involved in motivation (‘wanting’), learning, and movement [22,
41-45]. Dopamine is released from dopaminergic neurons within the ventral segmental area
(VTA) and substantia nigra (SN), which project throughout the brain, including limbic areas,
the striatum, (lateral) hypothalamus and cortical areas [46-51]. An important regulator of
dopaminergic activity within the VTA is the lateral habenula (LHb) [52-54].

On a neurobiological and psychological level, reward processes can be divided in three
components: ‘liking, ‘wanting, and ‘learning, all of which involve dopamine signaling [22,
41-44]. Liking encompasses the pleasurable or hedonic experience associated with a food
reward, displayed as affective facial expressions immediately after consumption [55-57]. ‘Liking’
is encoded by hedonic hotspots in limbic structures such as the ventral pallidum (VP) and
nucleus accumbens (NAg; part of ventral striatum) [58-60], which are responsive to opioids and
endocannabinoids [44, 61-63] and can be influenced by satiety state or learned taste preferences
or aversions [64]. ‘Wanting refers to incentive salience, and represents the motivational
component and desirability that drives an organism to approach a reward. Manipulations of
dopaminergic neurotransmission can alter incentive salience bidirectionally, without affecting
‘liking’ [41, 65-67]. Finally, ‘learning’ involves the formation of associations between rewards
and cues, enabling us to predict when to expect a reward and facilitate an approach to obtain
the predicted reward. This associative learning is thought to be driven by the reward prediction
error (RPE), encoded by dopaminergic neurons [68, 69]. The RPE entails that dopaminergic
activity increases at unexpected stimuli, whereas firing stops whenever stimuli are expected;
crucial for learning associations. In relation to food intake, learning processes are important as
they teach what foods to consume and which to avoid [70-72]. Although it is generally accepted
that dopamine is involved in both learning and motivation, how one signal can encode both
remains a topic of investigation and discussion [45]. All of the above discussed processes are

valid for reward in general, as well as especially for food reward.

Thus, reward-related brain areas, especially dopaminergic circuits, can drive overconsumption
by altering incentive salience (‘wanting’), hedonics (‘liking’) or learning processes regarding
food, leading to eating beyond homeostatic needs [44]. Interestingly, neuroendocrine signals

such as ghrelin, insulin and leptin have been reported to affect food reward, assisting the reward

11




General Introduction

circuit to appropriately respond to food-related signals [73]. Also, stress-related signals
can influence the reward system by increasing the incentive salience, possibly underlying
emotionally driven overconsumption, or comfort eating [8, 74, 75]. In that regard, serotonin
(5-HT) signaling is reported to be involved as well, although it has received considerably less
attention than dopamine [76-79]. Historically, homeostatic and hedonic or reward-related brain
regions were often discussed separately. However, it has been postulated that these circuits are
overlapping, with ventricular neurons (ARC, PVN) directly sensing peripheral signals and
specialized in feeding behavior [50]. Monoaminergic nuclei such as VTA and SN (dopamine)
and dorsal raphe (DR; serotonin) have a role in feeding, but also more general functions like
reward arousal, movement, and motivation [50]. Finally, intermediate nuclei such as LH, central
amygdala (CeA) and LHb are located between monoaminergic and ventricular areas, involved
in both feeding specific and general behaviors such as reward [50]. The next part will focus
on the LH, LHb and CeA, which play a significant role in consumption behavior and reward-
related behavior in general, thus making them of interest in the context of obesity development

and prevention.

The lateral hypothalamus (LH)

The LH as integrator of homeostatic and reward-related information

The LH is located anterior to the VTA and posterior to the preoptic area and is a heterogeneous
structure with a wide range of genetically distinct cell populations [80]. Historically, the LH is
a well-described brain region in the control of caloric intake. Electric stimulation of this area
increases caloric consumption, whereas lesions reduce caloric consumption [81-83]. The LH
plays an important role in the regulation of homeostatic feeding, but activation of LH is also
rewarding [84, 85], revealing a role for LH in reward processing [86, 87]. Electrical stimulation
of the LH can become aversive if continued for too long or with a too high intensity [88, 89],
which possibly could be explained by a GABAergic pathway to the VTA that is differentially
requited with different stimulation frequencies [90]. Activation of this LH%**4->VTA connection
produces conditioned place preference [90], whereas activation of the glutamatergic LH->VTA
connection produces conditioned place aversion [91, 92]. Regarding feeding behavior,
stimulation of the LH->VTA connection increases compulsive sucrose consumption, but
only stimulation of the GABAergic projection affects caloric consumption [93]. This indicates
that the LH->VTA connection is important in reward-seeking behavior, possibly by signaling
the drive component of motivation [92]. Currently, the LH is considered an integrator of
homeostatic and reward-related information [94, 95], ideally positioned with input from (other)
hypothalamic regions [96-98] and intermediate nuclei such as NAc and amygdala [99-101].
The homeostatic input includes nutrient information, such as fat and sugar, that have been

shown to affect neurotransmission within the LH [102-104].
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Subpopulations within the LH and their role in caloric consumption and
reward

Overarching the more than 30 different subpopulations in the LH, which likely differ in
connectivity and function, are populations of neurons defined by releasing the neurotransmitters
GABA or glutamate [80]. These GABAergic and glutamatergic populations seem to have
opposing roles in regulating caloric consumption: inhibition of LH%*B4 neurons decreases caloric
consumption and reduces motivation to work for a food reward [105], while ablation of LH®"
neurons increases caloric consumption and weight gain [106]. In contrast, stimulation of LH%A%
neuronal activity increased caloric consumption [107], but also consummatory behavior of
non-caloric or non-relevant stimuli [108]. Focusing on the effects of the specific subpopulations
can be counterintuitive and more complex. For example, stimulating glutamatergic orexin
or melanin-concentrating hormone (MCH) subpopulations drives feeding [109-115],
while stimulation of the overall LH®" neuron population does the opposite [106]. Similarly,
stimulating LHS4P* neurons, including GABAergic galanin-expressing neurons [116], drives
feeding [105, 108], while stimulation of GABAergic neurotensin neurons reduces feeding [95,
117]. Unraveling how molecularly defined subpopulations in the LH respond to dietary factors

will advance the field in understanding this complex and heterogeneous brain region.

The lateral habenula (LHb)

Anatomy, input and output

The habenula is an evolutionary well-conserved bilateral small epithalamic nucleus [118-120].
It can be divided in a lateral and medial part with differences in anatomy and gene expression
[121-126]. The lateral habenula (LHb) contains mostly glutamatergic neurons, and some sparse
GABAergic neurons [122, 127], which exhibit spontaneous activity in a circadian pattern with
increased activity during the active phase [128-130]. The LHb acts as a hub between the limbic
forebrain and midbrain structures, integrating cognitive, emotional and sensory processes and

regulating monoaminergic nuclei in the midbrain, including dopamine and serotonin [131, 132].

The LHb regulates dopaminergic signaling primarily via direct, glutamatergic projections to
both glutamatergic and dopaminergic neurons in the VTA [133]. Additionally, there is a pathway
for indirect inhibition, from LHb to GABAergic neurons in the rostromedial tegmental nucleus
(RMTg) [134], e.g. the tail of the VTA, which in turn inhibits VTA dopaminergic neurons[135].
This connectivity enables the LHb to bidirectionally modulate VTA dopaminergic activity,
which is suggested to play a role in avoidance and aversive behaviors [134-139]. In addition
to modulation of the dopaminergic system, the LHb projects to the DR and median raphe
(MnR) to modulate the serotonergic system either directly or indirectly via the RMTg [135,
139-145]. In turn, the DR and MnR send reciprocal projections back to the LHb [146-148].
In the rat, individual LHb neurons project to either serotonergic or dopaminergic nuclei, and

only a small percentage projects to both [149]. Next to dopamine and serotonin, the habenula
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also modulates other (non)monoaminergic nuclei, such as norepinephrine and acetylcholine

signaling by the lateral and medial habenula respectively [131, 150].

The input to the LHb originates from a wide range of brain regions, including LH [106, 151,
152], basal forebrain [153], endopeduncular nucleus (EPN) (rodent analogue of globus pallidus)
[148, 154-156], ventral pallidum [157, 158], (medial) prefrontal cortex (mPFC) [159], amygdala
[160, 161] and reciprocal connections from VTA and DR/MnR [146, 162, 163]. Interestingly,
various inputs to the LHb have been suggested to co-release GABA and glutamate, and this
synaptic GABA/glutamate balance is thought to be important in regulating mood and behavior
[151, 164-166]. Together, this widespread input to the LHb provides cognitive, emotional and

sensory information to modulate the monoaminergic systems and direct behavior.

Habenula function and its circuitry

Historically, research using primates focused on the LHb encoding a negative reward prediction
error. While dopamine neurons encode a reward prediction error, lateral habenula neurons
encode a negative reward prediction error, meaning that LHb neurons decrease firing upon
reward, and increase activity upon punishment or omission of an expected reward [52].
This negative reward prediction error is most likely encoded by the EPN input to the lateral
habenula, a connection that has been shown to be co-releasing GABA and glutamate [154, 164].
The habenular firing pattern reflects a negative regulation of reward processing, which could
also include caloric rewards. Interestingly, rodent studies found that the LHb firing pattern
is altered when stress is involved. Stress induced a decrease in AMPA receptor transmission
leading to synaptic depression, transforming rewarding activity into punishment-like activity
[167, 168]. This could explain why the LHb has been associated with a range of psychiatric
disorders, especially major depressive disorder [169-171]. Rodent and fish models for
depression revealed increased habenular activity [172-174], which could be normalized with
the NMDA receptor antagonist ketamine [174, 175]. Furthermore, antidepressant treatment
also alters GABA/glutamate co-release in synaptic input onto the LHb [164]. In humans, this
hyperactivity of the habenula has also been observed in depressed individuals [176-179]. In
therapy-refractory patients, the first successful pilots with deep brain stimulation of the LHb
are being performed [180, 181], indicating a causal relation between disturbed habenula activity

and affective disorders.

In addition to its role in encoding stress, aversion, negative reward and mood, the LHb is
increasingly recognized for its involvement in a wide range of processes, including sleep
regulation, pain processing, motor suppression and memory processes (for review, see Hu, Cui
[182)]. The availability of opto- and chemogenetics, which allow for the precise manipulation
of specific connections, has helped unravel the role of LHb input and output in motivated
behavior. For example, glutamatergic input from the LH to the LHb is important in aversion,

as stimulation or inhibition of this LH->LHb projection induces real-time place preference or
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aversion, respectively [106, 151]. Furthermore, studies indicate that the LH->LHb connection
is involved in pain and voluntary ethanol consumption, and behavior to escape aversive stimuli
[152, 183, 184]. The glutamatergic LH neurons are mostly targeting LHb neurons that project
to the VTA/RMGg [185], which in turn are reported to synapse predominantly on mPFC
projecting VTA neurons [134]. This suggests that a LH -> LHb -> VTA/RMTg -> mPFC circuit
might be involved in encoding aversion [134, 185]. The LHb to VTA projection is the main
output from the LHb, and has been shown to be stress-responsive in both humans and mice
[137, 186]. Optogenetic activation of this specific pathway leads to strongly conditioned aversive
behavior, both in an active and passive manner [137]. Another stress-sensitive LHb pathway
is the input from the basolateral amygdala (BLA), which is thought to influence depressive
behaviors through orexin and MCH receptors [187]. Additionally, projections from the central
amygdala (CeA) to the LHb have been shown to affect pain perception or binge-like ethanol
consumption [160, 161]. These amygdalar inputs to the LHb are considered potential candidates
for transmitting aversive and emotional state information, attracting significant attention in

recent research.

Potential role of LHb in negative (palatable) feeding regulation

As discussed previously, the LH is involved in both homeostatic and hedonic feeding behavior,
as well as taste information processing. Interestingly, when stimulating LH glutamatergic
neurons projecting to the LHb, mice consumed less Ensure®, a highly palatable and highly
caloric solution. Thus, the glutamatergic LH->LHb pathway is negatively regulating palatable
food intake [106]. Inhibition of this pathway does not change the preference for sweet taste,
but does increase tolerance for aversive tastes, signaling a role in aversive taste processing
(188, 189]. Finally, this LH->LHb connection has been observed to be modulated by leptin
and ghrelin signaling in opposite directions, and is more active during fasted than sated states,
together with the RMTg->VTA projection [189, 190]. These reports suggest a role for the LHb in
feeding regulation, especially the input originating from the LH. Regarding the LHb in general,
stimulation of GABAergic receptors in the LHb did not affect consumption of a standard
laboratory diet (chow) or consumption of a sweetened-fat diet, whereas it did promote
locomotor activity. On the other hand, p-opioid stimulation in the LHD increased chow intake,
but decreased sweetened-fat intake [191]. For the medial habenula, a role for opioid signaling
was observed as well, with increased p-opioid binding after exposure to palatable food in
the rats that gained weight but not in those that did not [192]. Others reported a glutamatergic
projection from the basal forebrain to the LHb, which was involved in aversion, but also limited
palatable food intake when activated in a fasted state [193]. Recently, neuropeptide Y (NPY)
signaling within the LHb and specifically input from the CeA has been reported to regulate
stress-induced palatable feeding [194]. In human studies, associations between weight loss and
habenula connectivity have been found [195-197]. These recent findings suggest that LHb might

play a role in limiting food intake, which makes it a potential therapeutic target for obesity.
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Notably, the habenula might also play a role in glucose metabolism, in addition to its role
in regulating food intake. Food intake and glucose metabolism are related, as brain circuits
not only control food intake to match energy status but also regulate glycaemic levels.
Through direct and indirect projections to peripheral organs, the brain can alter glucose
production (gluconeogenesis), glucose uptake or the release of glucoregulatory hormones in
the circulation [198, 199]. For example, a bilateral lesion of the rat habenula affects cerebral
glucose utilization[200]. More recently, it was reported that lesioning the LHb improved glucose
metabolism in rats with streptozocin-induced type 2 diabetes by increasing insulin sensitivity
and inhibiting gluconeogenesis [201]. The habenula might also be underlying the increased
prevalence of diabetes in people who smoke nicotine [202, 203]. The diabetes-associated
transcription factor Tcf712 [204-207] mediates increased blood glucose levels upon nicotine
exposure [208, 209], and is expressed in the medial habenula [210]. This habenular Tcf712 is
thought to be involved in the stimulatory effects of nicotine through a habenula-pancreas axis,
emphasizing a potential role of (medial) habenula in a nicotine-induced increase in blood glucose
[210]. In a human imaging study, habenula volume was reported to be associated with HbAlc,
a long-term glucose marker, in individuals who smoke [211], adding translational weight to
the involvement of habenula in glucose regulation. In conclusion, recent work suggests a role
for the LHD in the negative regulation of (palatable) feeding behavior, possibly in combination
with effects on glucose regulation, although more research is needed to confirm this and study

the circuits that could be involved.

The central amygdala in control of caloric intake

One of the possible LHb circuits in the context of (palatable) feeding behavior, is input from
the CeA, the last intermediate nucleus that will be discussed in this thesis. The CeA is part of
the amygdaloid complex, together with the basolateral nucleus (BLA), which both play a role in
conditioned fear and anxiety. The CeA is considered the main amygdalar output nucleus, while
BLA is the input nucleus [212]. The CeA is a heterogeneous, striatum-like brain structure[213,
214], consisting mostly of GABAergic neurons and historically well-known for defensive
responding, fear conditioning and anxiety [212, 215]. The CeA receives input from feeding-
related areas, like the brainstem and PVN [216-218], and gustatory areas like the parabracial
nucleus and insular cortex [219, 220]. Additionally, it is part of the reward circuitry receiving
dopaminergic input from VTA and SN [221, 222]. This connectivity with gustatory, feeding and
reward centers allows the CeA to process salience, valence, sensory input and emotional states

and use this information to select actions and drive motivation and decisions [223, 224].

Early lesion studies showed that the CeA is a crucial regulator of food intake [225, 226]. Recent
technical developments allow for specific targeting of CeA cell populations expressing various
neuropeptides and receptors to study their role in feeding behavior, such as somatostatin
(Sst), NPY, protein kinase C - delta (Pkc-6), tachykinin 2 (Tac2) or neurotensin (Nts). These
molecularly defined subpopulations of CeA neurons have different effects on feeding behavior.
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For example, inhibiting dopamine receptor 1 (Drdl) expressing neurons in the CeA reduces
food intake in a food-restricted state [227]. These Drd1+ neurons consist of 3 different subtypes
co-expressing Sst, Nts or Tac2, which do not affect feeding behavior when inhibited individually
[227]. However, caloric consumption did increase Fos expression in these CeA Sst, Nts and
Tac2 neurons [227]. Another population that positively modulates feeding is serotonin 2A
receptor (Htr2a) neurons, that get activated during feeding and drive caloric intake when
activated. These neurons are negative for Pkc-6, show partial overlap with Sst neurons and act
as positive reinforcers [228]. Moreover, another neuron population involved in promoting
food consumption is the CeA neurons expressing prepronociceptin (Pnoc), the precursor to
orexigenic opioid-like nociceptin. These Pnoc neurons partially overlap with Sst neurons, but
not with other CeA populations like Nts, Tac2 and Htr2a[229]. During feeding, Pnoc neurons
are active, scaled to the caloric content, and they only partially respond to satiety. Inhibition of
this Pnoc neuronal population reduces selectively high-fat food consumption, which leads to
weight loss[229]. Fat intake can also be driven by opioid signaling in the CeA, but only when
energy status is low, and not when driven by palatability [230]. In contrast to these CeA neuron
populations driving caloric intake, there are also CeA neuron populations involved in caloric
intake inhibition. For example, CeA Pkc-§* neurons show increased activity when satiated
[227] and can bi-directionally modulate food intake [231]. These neurons reduce feeding
when stimulated, and receive feeding-suppressing input from the parabrachial nucleus [220,
231, 232]. Another limiting effect on caloric intake is by pituitary adenylate cyclase activating
polypeptide (PACAP) in the CeA. Infusion of PACAP in the CeA reduces food intake, possibly
through reducing appetitive motivational drive [233]. In addition, also the insular cortex to
CeA pathway acts like a brake on feeding, by reducing food intake when stimulated [219]. Thus,
several subpopulations in the CeA can modulate caloric intake, with especially Pnoc neurons

selectively driving palatable feeding.

In conclusion, specific subpopulations within the CeA can modulate feeding behavior, by
changing motivational drive or consummatory behaviors. These often depend on satiety state,
as satiety is a large contributor to motivational drive [227, 228, 234, 235]. In addition to direct
effects on consummatory behavior, the CeA can increase motivation for reward [236-238] or
modulate existing reward values, possibly through an efferent to the ventromedial prefrontal
cortex (vmPFC) [238, 239]. Overall, the CeA forms associations between environmental
stimuli and outcomes [240, 241], a reward function depending on dopaminergic input from
VTA and SN[221, 242]. Similarly to the LHb, the CeA also displays a reward prediction error,
with increased Fos expression in CeA neurons after omission of expected rewards [243]. When
considering the LHb as a negative regulator of food intake, and that it processes emotional and
aversive states, it would be very likely that it receives input from the CeA. Indeed, there have
been reports of a CeA to LHb connection, with some mentioning that it is a glutamatergic Sst+
pathway [160], and others that it is a GABAergic NPY 1 receptor (NPY1R) expressing projection
[161]. Chemogenetic inhibition of the GABAergic population to the LHb from the CeA
significantly blunted binge-like consumption of 20% EtOH and did not blunt the binge-like
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consumption of 3% sucrose [161]. Interestingly, a recent study reported that there is a NPY1R
expressing CeA->LHb pathway, crucial in stress-induced palatable feeding [194]. In this thesis
we focus on Drd1+ neurons within the CeA (and BLA), their projections to other brain regions,

and their effects on feeding behaviors.

Thesis Outline

The overall aim of this thesis is to study the role of the lateral hypothalamus, (lateral) habenula
and an input from the central amygdala to the lateral habenula in caloric consumption and how

this affects obesity development (Figure 1).

To study mechanisms of caloric intake in relation to obesity, an obesogenic animal model
was used that mimics feeding patterns observed in humans with obesity. In chapter 2 we
describe the free-choice high-fat high-sugar (fcHFHS) diet, which is a palatable diet paradigm
commonly used in our studies. The fcHFHS diet consists of four diet components: pellets of
standard laboratory diet (chow), a bottle of tap water, a bottle of 30% sucrose solution, and
a dish with beef tallow. In this review, we stress the importance of the choice component and

the advantages of using this diet paradigm to model human obesity and its development. We

Chapters 6 and 7 Chapter 8

Chapter 5

Drd1 projections
, of CeAand BLA

)

L~

Glutamatergic
input to LHb

lutamatergic/ -
GABAerdic neurons

Correlation I Time

Time

Food intake
Chapters 2,3, 4,5 and 6 Chapter 8

Functional connectivity

Figure 1. Overview of the content of this thesis. Abbreviations: LHb: lateral habenula, LH: lateral
hypothalamus, CeA: central amygdala, BLA: basolateral amygdala, MRI: magnetic resonance imaging,
fcHFHS: free-choice high-fat high-sugar, Drd1: dopamine receptor 1.
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discuss the implementation of this model, the literature regarding effects on body composition,
consummatory and motivational behavior, and (molecular) adaptations in the brain in response
to the diet.

In chapter 2 we discuss how fat and sugar intake have interacting effects, which could originate
in the LH, as this brain area is involved in the homeostatic regulation of caloric intake and in
reward processing including food-motivated behavior. Therefore, in part I, we focus on the effects
of fat and sugar consumption on two overarching neuronal populations in the heterogeneous
LH: glutamatergic (chapter 3) and GABAergic (chapter 4) neurons. Using head-fixed two-
photon endomicroscopy, we investigate activity of GABAergic and glutamatergic LH neurons
upon water and sucrose drinking, in mice on a chow or free-choice high-fat diet (fcHFD). In
chapter 3, we included a low-calorie sweetened solution, while in chapter 4 we focused only on

fat and sugar interactions.

In part II, we investigate the LHb, a small nucleus well known to be involved in aversion. Recently,
it has been suggested that the LHb might also play a role in feeding behavior. In chapter 5 we
describe effects on (palatable) food intake after pharmacological inhibition of glutamatergic
input to the LHb. For this, we used an AMPA receptor antagonist (CNQX), a NMDA receptor
antagonist (AP5), and both combined.

Two-photon calcium imaging is a state-of-the-art technique used in neuroscience to visualize
neural activity patterns. When neurons are active, there is an increase in the intracellular
calcium concentration. Genetically encoded calcium indicators (GECIs), like GCaMP, utilize this
physiological phenomenon by undergoing conformational changes upon binding with calcium
ions (Ca**). Following viral injection, a GECI is expressed into a selective neuronal population.
Then, fluorescence is recorded as a proxy of neural activity, using a head-fixed imaging system.
Alternatively, a miniature microscope (miniscope) can be used to allow imaging in freely moving
animals. GECIs do not emit light continuously; instead, they emit light at specific wavelengths in
response to two-photon excitation, determined by their excitation and emission spectra. A light
source, which can be a focused laser or LED, scans the tissue sequentially to construct the image by
two-photon excitation. Finally, an imaging device is employed to collect and analyze the resulting
fluorescence signal. The complexity of two-photon calcium imaging extends to the subsequent
data analysis. The challenge lies in converting the observed visual changes in fluorescence into
meaningful neuronal activity metrics. Identifying and extracting source information for each
individual neuron - complicated by background noise and movement - is the first step. Other key
steps in this process include tracking neurons over time, baseline correction to establish a reference
level for fluorescence changes (often expressed as AF/F), and, with a sufficiently high sampling
rate, estimating the number of action potentials generated by neurons underlying the fluorescent
changes. Overall, two-photon calcium imaging offers a powerful means to delve into the dynamics
of neural activity, but it requires a comprehensive understanding of both the experimental and
analytical aspects to extract meaningful insights from the collected data.
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Next, we used a more projection-specific approach, by focusing on a Drd1+ input to the LHb,
originating from the CeA. It is known that DrdI+ neurons within the CeA can negatively
regulate food intake when food-restricted [227]. Indeed, in chapter 6, we first identify a Drd1+
projection from the CeA to the LHb. This amygdalar nucleus is of interest, as the CeA is
a known modulator of (palatable) food intake and sensitive to environmental context, and could
be regulating food intake in a state-dependent manner through this CeA”!* -> LHb pathway.
In the same chapter, we use slice electrophysiology to determine whether this newly identified
CeAP*->LHDb projection is GABAergic or glutamatergic. In addition, we explore behavioral
effects of manipulating this CeAP*->LHDb projection using chemogenetics, focusing on satiety
state specific effects on (palatable) food intake. The LHb is not the only projection area from
CeAP* neurons, which we describe in more detail in chapter 7, together with projections from
Drdl+ neurons in the basolateral amygdala (BLA).

Finally, since a better mechanistic understanding of obesity is needed to provide better
treatment and therapeutic targets, we included a translational study using functional magnetic
resonance imaging (fMRI) data from the Human Connectome Project [244]. As specific inputs
to the habenula affect caloric consumption, we hypothesized that resting state functional
connectivity (rs-FC) of the habenula might be altered in obesity. In chapter 8, we investigate
the relation between habenular rs-FC and BMI for regions of interest (ROI) related to reward

and homeostatic brain circuits. As the habenula has also been suggested in glucose regulation

Magnetic resonance imaging (MRI) is a powerful and non-invasive technique used in humans
both in research and clinical settings, but also in rodent and primate research. Functional MRI
(fMRI) is a valuable tool to investigate patterns of brain activity and is based on the concept of
increased blood flow towards active brain regions. Using the differential magnetic susceptibility
of oxygenated and deoxygenated hemoglobin in the blood, their relative levels can be assessed,
resulting in a blood-oxygen level dependent (BOLD) signal. This BOLD response is an
indirect proxy for neural activity, and can be measured during rest, during a task, or following
a stimulus. Using fMRI, functional connectivity (FC) can be determined, which is a measure of
correlation between time series of BOLD signals of different brain areas, providing insights into
the communication between these areas. When determined in rest, it is called resting state FC
(rs-FC). The rsFC can be determined within one subject in different conditions, or across several
individuals to find patterns or associations between the group rsFC and certain phenotypes or
(cognitive) processes in a cross-sectional analysis. Importantly, FC cannot be used to express causal
relationships, or directionality. Moreover, the fact that two regions are functionally connected does
not imply that they are also structurally connected via white matter bundles. Using preclinical and
more invasive methods, typically performed in rodents, allows us to determine directionality of
structural and functional connections and manipulate specific projections to record subsequent
effects on behavior. Therefore, for causality and specificity in terms of gene expression, circuits,
or subregions, animal research is required, while fMRI is a highly valuable non-invasive tool for
translational and clinical research.
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in rodents, an exploratory analysis including a possible interaction with glucose regulation was
also performed. Finally, due to its role in encoding a negative RPE, we determined the habenula
blood-oxygen level dependent (BOLD) response during monetary punishment in a gambling
task. We hypothesized that the BOLD response of the habenula upon punishment was altered
in subjects with obesity.
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