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Abstract

Obesity significantly increases the risk of developing chronic conditions
including type Il diabetes, cardiovascular disease, and some cancers. The rate of
obesity has tripled globally since 1975, which is in part due to the sudden
prevalence and overconsumption of palatable high-fat diets (HFDs). Obesity
profoundly perturbs the neural control of energy balance, affecting diverse cell
types within the hypothalamus. However, an incomplete understanding of how
HFD impacts the regulation of energy balance hinders our ability to more
effectively treat obesity.

In this thesis, | describe the physiological and neuronal response to HFD
feeding in rodents. We identified that HFD exposure elevates the body weight set
point, which is initially driven by a transient hyperphagia. This hyperphagia
coincides with increased excitatory transmission to lateral hypothalamic orexin
(ORX) neurons, which regulate acute food intake. This suggests that ORX
neurons may be involved in the initial hyperphagia, implicating them in the
development of obesity. As HFD prolongs, body weight gain slows and reaches a
new steady state regardless of age at the start, duration of feeding, or palatability
of the diet. This sustained weight coincides with increased synaptic contacts to
melanin-concentrating hormone (MCH) neurons, which promote weight gain and
food intake, likely contributing to the maintenance of obesity.

The molecular mechanism underlying the establishment of a new set point

remains elusive. During HFD feeding, the presence of a chronic low-grade



hypothalamic inflammation exacerbates weight gain, therefore we reasoned that
inflammatory factors could modulate appetite-promoting neurons to maintain a
new set point. We found that the inflammatory mediator prostaglandin E2 (PGE-2)
activate MCH neurons via its EP2 receptor (EP2R). Suppressing PGE2-EP2R on
MCH neurons partially protects against excess weight gain and fat accumulation
in the liver during HFD feeding. This mechanism could contribute to the
maintenance of an elevated body weight set point in during diet-induced obesity.
Without long-term treatment options in face of the increasing rates of
obesity, we are in desperate need of novel interventions. In the future, we hope
that targeting EP2R on MCH neurons can lower body weight set point and aid in

combatting obesity.



General Summary

The rate of obesity has dramatically increased over the past few decades,
leaving a third of the world overweight or obese. This is partially due to the
availability of high-fat diets (HFDs), which are often eaten in excess. Our body
weight is controlled by the brain — in particular by the hypothalamus. Within the
hypothalamus, different cells coordinate how much food we eat and how much
energy we expend. However, eating a HFD can change the natural activity of
these cells, which may contribute to the development of obesity. Two cell types,
orexin (ORX) and melanin-concentrating hormone (MCH) neurons, are known to
promote appetite, and may be impacted by HFD. Understanding how these cells
change in response to HFD and how they in turn impact weight gain may be
important in developing new treatments for obesity in the future.

We fed rodents a HFD, which caused an initial period of rapid weight gain
that eventually slowed as body weight reached a new stable level. The initial
rapid weight gain was due to a brief period of overeating HFD, which coincided
with ORX neurons being more active. This could mean that an increase in ORX
neuron activity promotes overeating in the development of obesity. During the
period where rodents gain and maintain significant weight, MCH neurons became
more active. This may mean that MCH neurons drive weight gain that is
important in maintaining obesity.

We next sought how MCH neurons become activated. During obesity, the

brain becomes inflamed, therefore we wondered whether inflammation could be



activating MCH neurons. We found that prostaglandin E2, (PGE-2) an
inflammatory molecule, activated MCH neurons, which was responsible for
weight gain and fatty liver disease in mice.

In conclusion, we found that changes to ORX and MCH neuron activity are
behind the development and maintenance of obesity, respectively. We also
identified PGE:2 signalling on MCH neurons to contribute to obesity, therefore, we

hope this aids in progressing new obesity treatments in the future.
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Chapter 1 — General introduction and overview



1.1.  Obesity and the current state of treatment
1.1.1. Epidemiology

Rates of obesity have increased to epidemic proportions across the world,
with a staggering third of the global population being overweight or obese.
Obesity is a major risk factor for many non-communicable diseases including
cardiovascular disease, type |l diabetes, and some cancers, which are amongst
the leading causes of death in the world". As rates of obesity escalate, the risk of
developing these diseases would escalate in parallel.

In 2017, close to 5 million global deaths were attributed to high body mass
index (BMI), which is mirrored by the 147 million global years lost due to disability
or premature death? representing a significant global burden of disease. Not only
this, but obesity has a significant impact on the global economy, such that
medical care for overweight and obesity will account for almost 3% of the global
gross domestic product by 20353. Therefore, obesity presents a significant
encumbrance on the state of health and economy globally.

1.1.2. Contributors to present day obesity

Obesity is the product of genetic and environmental factors, however, an
environmental shift due to globalization has likely kickstarted the epidemic.
Although the rapid advancements in technology, economic growth, and cultural
spread across the world has vastly improved the quality of life for many, it also
accelerated the spread of obesity*. This acceleration is driven by the sudden
availability and overconsumption of diets that are high in fat, sugar, and salt, a

shift towards decreased physical activity due to a rise in personal and public



transportation®-38, less physically-demanding occupations®?, increased sedentary
leisurely activities'®-4, and poor sleep’s-'".
1.1.3. Treatment

The first line treatment for obesity is still reducing caloric consumption and
increasing physical activity. Popular methods include eating a low-calorie diet or
a very-low calorie diet, as well as incorporating exercise programs such as high
intensity interval training or aerobic exercise, which all have been associated with
weight loss and fat reduction'®'®. However, major lifestyle changes such as these
are difficult to adhere to, making sustained weight loss challenging, and could
result in yoyo dieting/weight cycling?°-22.

Several new pharmacotherapies have been made available in recent
years with variable success. The most promising of the new wave of
pharmacological treatments are analogues for gut-derived satiety factors that
boast an impressive 15% - 20% weight loss after 68-72 months in clinical trials?3.
However, higher doses of these drugs are not well tolerated, limiting their
therapeutic potential®425. Also, as withdrawal from these drugs results in rapid
weight regain?®, patients must continuously take these drugs, which may present
challenges due to supply chain issues?’ or financial barriers?®. Also, these drugs
are typically recommended for those with a BMI >30, or a BMI >27 with at least
one existing weight-related condition?32%, making it unavailable to some.

Other treatments include bariatric surgery or weight loss devices implanted

in the stomach, which are highly invasive procedures and can be costly.



Generally, surgical treatment of obesity is more effective than non-surgical
options, with increased weight loss and maintenance of weight lost3?31. On the
other hand, bariatric surgery is associated with a greater risk of complications32.
Like the pharmacotherapies described above, surgical treatments are typically
reserved for those with a BMI >40, or a BMI >35 with at least one existing weight-
related condition3, limiting its availability.

With mortality rates increasing significantly for individuals who are
overweight or obese33, and treatment options that are far from ideal, we are in

desperate need of novel therapeutic targets.

1.2. Energy balance

To identify potential therapeutic targets, we must first understand how
body weight is regulated. Generally, our body weight is maintained by the
balance between how much energy we intake (food intake) and how much we
expend (energy expenditure). This is coordinated by complex processes
intercalated by the brain and the body, which are subject to dysregulation during
obesity.
1.2.1. Homeostatic vs hedonic control of food intake

Broadly speaking, food intake can be divided into two main components:
homeostatic and hedonic. Homeostatic feeding satisfies basic metabolic
demands?. If homeostatic feeding were the only type of feeding present, then

one would imagine a relatively static, unchanging body weight. This is the basis



behind a body weight “set point”, which is defined as the target physiological
value that the body attempts to maintain through modifications to energy intake
and expenditures®.

Hedonic feeding occurs even in the absence of hunger, resulting in the
overconsumption of calories beyond homeostatic demands3*. Hedonic eating is
thought to be the chief driver of excess weight gain and obesity development36.
As such, mechanisms underlying hedonic control are suggested to be augmented
during this time?®’. Using functional neuroimaging, studies have shown that
humans with obesity have persistent activation of reward-related brain areas after
a meal compared to those that were of healthy weight®8. Likewise, diet-induced
obese animals have altered reward circuitry systems3%-41,

1.2.2. Energy expenditure

A reduction in energy expenditure can also facilitate weight gain. Although
it appears that some components of energy expenditure, such as diet-induced
thermogenesis and resting energy expenditure, increase during obesity to
account for the increase in weight burden#?43, there are no detectable changes in
total energy expenditure between individuals with obesity and healthy weight
individuals*3. This may seem insignificant, however, an increased intake beyond
metabolic need without a concomitant increase in energy expenditure may
compound over time to support excess fat accrual. As well, individuals with
obesity spend significantly more time sedentary than healthy weight

individuals**4%. Together, these factors may contribute to obesity.



1.3.  High-fat diet induced obesity: pathogenesis and mechanisms

Obesity is a pervasive condition that impacts the whole body and multiple
organ systems, priming them for dysfunction and disease. At the center of diet-
induced obesity (DIO) is overnutrition, particularly of palatable foods high in fat,
which becomes a catalyst for excess weight gain and adiposity. In this section,
we examine how dietary fat drives obesity pathology, and the mechanisms
underscoring these changes.
1.3.1. Fat accumulation

In response to overnutrition, fat cells (adipocytes) increase in number
(hyperplasia) and in size (hypertrophy)*6. The adipose tissue expandability
hypothesis posits that white adipose tissue (WAT) depots have a defined limit of
expansion, and once this limit is reached, excess lipid is stored in non-adipose
tissue organs such as the liver, kidneys, and heart, which creates a cacophony of
problems*’. For example, this ectopic fat accumulation can increase the risk of
cardiovascular events due to arterial stiffness*®, as well as hasten the
development of cardiac hypertrophy#°, and non-alcoholic fatty liver disease
(NAFLD)®°, In addition to its role in energy storage, WAT are also involved in
inflammation that instigate obesity pathology during overnutrition, which is
highlighted below.
1.3.2. Inflammation
Obesity-induced inflammation is observed systemically as well as

centrally. Marked by immune cell recruitment and activation, and secretion of

proinflammatory factors, such as tumor necrosis factor alpha (TNFa), interleukin



1 beta (IL-1B), and chemokine (C-C motif) ligand 2 (CCL2), this chronic
inflammation is perhaps the crux of dysfunction in many organs, including the

WAT, liver, muscles, gut, and brain®’.

1.3.2.1. Systemic inflammation

Although it is not known where systemic inflammation originates, it is
thought that changes at the level of the gut and WAT are amongst the first to
occur in response to HFD%2. HFD alters the composition of gut microbiota,
skewing the diversity, which has been associated with weight gain in mice and in
humans®3-%5. Changes in gut microbiota can increase intestinal permeability and
subsequent release of lipopolysaccharide (LPS) — a component of gram-negative
bacterial cell walls — into circulation. LPS then binds to toll-like receptor 4 (TLR4)
on macrophages, potently triggering proinflammatory cytokine release®® and
propagating systemic inflammation.

Saturated fatty acids (SFAs), found in abundance in HFDs, also activate
TLR45%7%8 triggering a proinflammatory response. Recently, evidence suggests
that SFAs are not bona fide agonists and that TLR4 priming of macrophages is
needed for SFA-induced alterations in lipid metabolism and ER stress®®. This
could mean that TLR4s act as “coincidence detectors” during obesity, requiring
the presence of circulating LPS and SFAs.

Another site of early HFD-induced action is the WAT. Considered an
endocrine organ due to its ability to release unique cytokines (adipokines), WAT

is a prime source for inflammation®. Macrophages residing within WAT are



abundant and take on an activated state during HFD feeding, releasing
proinflammatory factors in excess. Prolonged inflammatory states ultimately
contribute to and result in the wealth of adipocyte death seen during obesity®°61.
This cell death and clearance of dead adipocytes attracts an inordinate number of
proinflammatory macrophages, which then secrete more cytokines, chemokines,

and toxic factors®2.

1.3.2.2. Neuroinflammation

HFD induces a persistent, low-grade neuroinflammation in the brain® that
is characterized by gliosis, infiltration of peripheral immune cells, and increased
proinflammatory factors such as nuclear factor kappa B (NF-xB), TNFa, IL1p,
and cyclooxygenase 2 (COX2)%, reminiscent of peripheral inflammation.

Chronic HFD consumption and obesity are associated with an increase in
the permeability of the blood-brain barrier (BBB), contributing to the inflammatory
milieu in the brain by exposing it to peripheral proinflammatory molecules®, and
infiltrating immune cells®-66.

A landmark study established that HFD not only induces hypothalamic
inflammation, but this inflammation can in turn promote the development of
obesity. Indeed, deletion of hypothalamic inhibitor of nuclear factor kappa-B
kinase subunit beta (IKKpB), an enzyme upstream of the proinflammatory
transcription factor NF-xB, was protective against DIO in mice®’. Due to the early
and persistent presence of gliosis in the hypothalamus in response to HFD

feeding®®, other studies expanded this finding to show that depleting microglia or



restraining inflammatory signalling in microglia or astrocytes is sufficient to
reduce weight gain during DIO®%%8%, Magnetic resonance imaging (MRI) studies
have provided evidence of the translatable nature of these findings, as gliosis has
been observed in the mediobasal hypothalamus (MBH) of humans with obesity®®.
However, there are mixed results on whether body mass reduction can reverse
MBH gliosis®"1.

Despite the focus on glia in DIO-related neuroinflammation, neurons are
the ultimate effectors of behavior and physiology, and are also affected by HFD.
HFD induces neuronal cell death in the hypothalamus’?, and satiety-promoting
neurons appear to be particularly sensitive to degeneration®8, which would favor
positive energy balance. Selective deletion of IKKB/NF-kB from appetite-
promoting agouti-related protein (AgRP) neurons in DIO mice preserved central
insulin and leptin signalling, which is lost during obesity, and protected against
excess weight gain and hyperphagia®”.

Inflammatory factors can act as potent regulators of neuronal activity”3-"°.
Their effect on neurons, however, has almost exclusively been explored under
the pretense of high-grade inflammation, such as infection or chronic
inflammatory conditions’®. This leaves the burning question of what happens
during low-grade inflammation.

1.3.3. Leptin and insulin resistance
Leptin and insulin are peripherally produced hormones that regulate

energy homeostasis. Leptin is a cytokine secreted from adipocytes that signals



the availability of energy as stored fat’”, while insulin is released from the
pancreas postprandially to promote glucose uptake in various organs’®.

Aside from their important actions in the periphery, both leptin and insulin
can be transported across the BBB to impart critical central effects”%8%. Through
its action on energy balance neurons, leptin is a potent appetite suppressant?®’,
and insulin is critical to the regulation of whole-body glucose homeostasis —
suppressing hepatic glucose production and increasing glucose uptake into
organs to overall decrease blood glucose levels after a meal®. During obesity,
central resistance to leptin and insulin occurs and their physiological function on
appetite and glucose production is attenuated despite hyperleptinemia and
hyperinsulinemia’’83, This is detrimental, as this can exacerbate the obese state
and lead to the development of type Il diabetes?384.

Inflammation has been identified as a major factor contributing to local
leptin and insulin resistance®-%7. In response to inflammation, proteins
modulating cytokine signaling become upregulated®®, such as suppressor of
cytokine signalling 3 (SOCS3). SOCS3 potently inhibits leptin and insulin receptor
signalling, and deletion of SOCS3 from satiety-promoting proopiomelanocortin
(POMC) neurons restores insulin and leptin sensitivity, and protected mice
against HFD-induced weight gain®. Despite this, it remains unknown whether
HFD-induced inflammatory factors can modulate the activity of appetite-related

neurons directly, influencing energy balance.
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1.4. Control of energy balance

Our brains govern the balance between energy intake and energy
expenditure. Many different regions in the forebrain and hindbrain are important
to this process, with the hypothalamus chief in the orchestration of energy
balance. Here, we review a simplified framework of energy balance control,
starting with the hypothalamus.

1.4.1. Hypothalamic control of energy balance

1.4.1.1. Overview

The hypothalamus is a small, but evolutionarily conserved structure that
contains several distinct nuclei critical in maintaining energy balance, including
the paraventricular nucelus (PVN), lateral hypothalamus (LH), dorsomedial
hypothalamus (DMH), ventromedial hypothalamus (VMH), and arcuate nucleus

(ARC). Here we will focus our discussion on the ARC, PVN, and LH (Figure 1.1).
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Figure 1.1 Overview of the hypothalamic control of energy balance.

Arcuate nucleus (ARC) populations agouti-related protein (AgRP) and
proopiomelanocortin (POMC) neurons, project to diverse cell types in the lateral
hypothalamus (LH) and paraventricular nucleus (PVN) to coordinate energy
balance. AGRP and POMC neurons exert their effects through a melanocortin-
dependent and -independent manner.

Abbreviations: MC3R (melanocortin 3 receptor); MC4R (melanocortin 4 receptor);
OXT (oxytocin); Vglut2 (vesicular glutamate transporter 2); CVO

(circumventricular organ); pLC (pre-locus coeruleus); PBN (parabrachial
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nucleus); LHb (lateral habenula); MRN (medullary raphe nucleus); VTA (ventral

tegmental area).
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1.4.1.2. Arcuate nucleus (ARC)

Localized in the MBH next to the median eminence, a circumventricular
organ with highly fenestrated capillaries, the ARC is perfectly poised to receive
and integrate signals regarding energy status from the periphery. As such, the
ARC contains “first order” cells in the energy balance relay, acting as an interface
point for substrates of metabolic status®.

The ARC is comprised of two molecularly distinct cell types that function in
tandem but antagonistically to each other. The orexigenic AGRP%'-% and
anorexigenic POMC?®* neurons are outfitted with receptors for many feeding-
related hormones®, dominating homeostatic control over energy balance. AQRP
neurons contain co-transmitters that modulate distinct facets of energy balance.
While AgRP itself promotes sustained food intake, neuropeptide Y (NPY),
another orexigenic peptide, plays a role in acute feeding and glucose
regulation®, and gamma-aminobutyric acid (GABA) restrains energy
expenditure®”. On the other hand, alpha-melanocyte-stimulating hormone (a-
MSH), a product of POMC primarily suppresses food intake and increases basal
metabolic rate®®, while its co-transmitter, cocaine- and amphetamine-regulated
transcript (CART), enhances energy expenditure and physical activity®.

These cells have common projection targets, including hypothalamic
regions such as the paraventricular nucleus (PVN) and lateral hypothalamus
(LH), where they synapse on so-called “second order” effector neurons. AgRP

and POMC neurons impart their effects through the melanocortin 4 receptor
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(MC4R) on target cells, whereby a-MSH and AgRP act as an agonist and an

inverse agonist, respectively%,

1.4.1.3. Paraventricular nucleus of the hypothalamus

In the PVN, MC4R-expressing cells (PVNMC4R) integrate the dense inputs
from AgRP and POMC neurons. Loss of MC4R in the PVN causes profound
obesity in mice and humans'°192 while stimulation of PVNMC4R potently
suppresses food intake'®3. This occurs even during simultaneous AgRP neuron
stimulation'®3, highlighting satiety-promoting a-MSH’s dominance at MC4R. While
PVNMC4R are known to be critical for satiety, feeding may be partially regulated by
MC4R-independent mechanisms as dual stimulation of AQRP-> PVNMC4R
terminals and PVNMC4R cell bodies does not completely attenuate feeding. AgRP
neurons have been found to inhibit oxytocin (OXT)-expressing cells in the PVN to
induce feeding'%4, however, whether OXT cells can reliably evoke feeding
remains contentious'93.19%.106_This may in part be explained by the neurochemical
heterogeneity of OXT neurons'®” and will require further investigations in the
future.

More recently, several other MC4R-lacking neurons in the PVN have been
identified to be involved in feeding, demonstrating that this area is not
autonomously regulated by a-MSH and AgRP, and that there is complexity in the

feeding schema of the PVN.
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Lastly, pre-autonomic neurons in the PVN can modulate energy
expenditure and suppress appetite through projections to the pre-locus coeruleus

(pLC), the parabrachial nucleus (PBN), as well as the spinal cord'03:108,109,

1.4.1.4. Lateral hypothalamus

The LH also receives dense innervation from the ARC. AgRP->LH
stimulation is sufficient to promote eating’'°, however, like in the PVN, this is
MC4R-independent’®®. AgRP neurons inhibit LH cells that express vesicular
glutamate transporter 2 (Vglut2; LHV9“®) enhancing sweet taste preference"",
possibly increasing palatability. Coincidentally, activation of LHV9\© cells
suppresses feeding, even in hungry mice'"2.

Reports of MC4R signalling in the LH are mixed, as some see an anorectic
effect!'3, while others report no effect on feeding at all''4. Approximately 75% of
MC4R colocalize with neurotensin-expressing neurons in the LH''S, which are
known to suppress food intake and increase locomotor activity'', consistent with
the actions of POMC neurons. Interestingly, a-MSH also binds to melanocortin 3
receptors (MC3R), and activation of LH MC3R-expressing cells drives locomotor
activity'”.

The downstream effectors of the LH are diverse, as cells project broadly
throughout the brain. Connections to the lateral habenula (LHb)''8, ventral
tegmental area (VTA)'"®120, medullary raphe nucleus (MRN)'?!, as well as the
ARC'22123 gnd PVN'?4 likely regulate diverse energy balance behaviors. Notably,

LH melanin-concentrating hormone (MCH) neurons project directly to cerebral
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ventricles'?® where CSF can deliver the MCH peptide to distal brain regions. This
would enable widespread MCH-mediated control of areas that are not direct
synaptic targets of these neurons.

1.4.2. Extrahypothalamic control of feeding

Various external factors can modulate feeding in spite of metabolic
demand, such as food scarcity or abundance, and predator threat. The nucleus
accumbens (NAc) is a basal forebrain structure known for its role in reward and
coordinates motivated feeding in response to such factors'?®. Medium spiny
neurons (MSNs) comprise the main cell type here, expressing either the
dopamine D1 receptor (D1-MSN) or the D2 receptor (D2-MSN). A divergent role
for these two subpopulations in energy balance has been identified, such that
activation of D1-MSNs suppresses feeding, likely through its connection to the
LH, while D2-MSNs promote feeding'26:1%7,

Another basal forebrain structure, the lateral septum (LS), has recently
emerged as a regulator of energy balance, as inhibition of this area strongly
promotes feeding'?®. Moreover, the LS is a common downstream target for the
PVN and LH. Stimulation of PVN MC4R terminals in the LS reduces feeding'?°,
while LHV9'® inputs modulate palatability .

In the brainstem, stimulation of calcitonin gene-related peptide (CGRP)-
expressing neurons in the parabrachial nucleus (PBN) has a profound anorectic
effect in rodents, and mediates cancer-induced anorexia and malaise'*°. A recent
study also established a role for these neurons in the physiological regulation of

feeding, such that AQRP neurons inhibit CGRP neurons to delay satiation and
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meal termination3'. The PBN also receives input from the PVN'32 and the LH'33
that control energy balance behaviors, cementing its role in illness-related and
homeostatic suppression of feeding.

The nucleus tractus solitarius (NTS) in the brainstem is a primary
integrative site for vagal afferents, relaying visceral information to other brain
areas'*. Distinct subpopulations of catecholaminergic neurons in the NTS have
been found to oppositely influence food intake. Direct vagal projections to
epinephrine-expressing cells promote feeding, possibly mediated by connection
to the ARC, while norepinephrine-expressing cells in the same area suppress
feeding, likely through PBN connections'35-137,

As current research continues to unveil previously unknown brain regions
and circuits that are involved in energy balance regulation, we move towards a
complete understanding of energy homeostasis.

1.4.3. Neuroplastic changes during obesity

HFD is known to profoundly affect neuronal function, impeding normal
physiological function. Generally, in response to HFD feeding, hypothalamic
neurons seem to be tuned to increase energy intake and promote obesity.

HFD can also induce neuroplastic changes extrahypothalamically, such as
in the NAc and prefrontal cortex (PFC), which can increase motivation for
palatable foods*°, and impair decision making'38.139, respectively.

In the ARC, AgRP and POMC neurons exhibit fewer excitatory and
inhibitory synaptic contacts, respectively, after 3 months of HFD

consumption’0%141 yltimately increasing anorectic drive. In contrast, HFD
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differentially modulates AgRP'42143 and POMC neuron excitability 4414 to favor
positive energy balance. The functional consequence of this divergence in
synaptic and intrinsic plasticity is not known. Another orexigenic ARC cell
population, pronociceptin neurons, is excited after HFD consumption 46,
promoting palatable food intake.

Meanwhile in the LHA, anorexigenic Vglut2+ neurons are inhibited by
HFD'7, which would result in feeding. Furthermore, we previously showed that
excitatory synapses to orexin (ORX) neurons undergo long-term depression
(LTD) after acute, but not chronic, HFD'8. Given the orexigenic role of ORX
neurons, this LTD may be a counterregulatory response to prevent overeating,
which is lost as HFD prolongs.

1.5.  The lateral hypothalamus
1.5.1. Defining the role of the lateral hypothalamus

Early lesion and stimulation studies in rodents pioneered our
understanding of the role of the LHA and demonstrated its great diversity in
function. The first LHA lesion study was performed by Anand & Brobeck (1951)
who reported pronounced aphagia in rats, earning this area the distinction of
being the “feeding center” of the brain'#°. Many others since have performed
these lesions and recapitulated this striking effect — with observances of
somnolence'?, severe aphagia, adipsia, and weight loss, which ultimately led to
death151,152_

These lesion studies have limitations, like non-specific ablation of cell

bodies and processes that resulted in severing of the nigrostriatal bundle, which
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confounded the aphagia phenotype’531%* as rats became immobile. However,
when the ascending dopaminergic system is spared, hypophagia still resulted,
providing strong evidence that the LH is indeed a “feeding center”15%,
1.5.2. Refining the role of the lateral hypothalamus

With the advent of more sophisticated techniques, we can begin to refine
the many roles ascribed to the LH, with a precision that allows for projection- and
cell type-specificity. The highly diverse roles of the LH are paralleled only by the
equally diverse neurochemical phenotypes, projection targets, and receptor
expression — undoubtably important in casting broad influence over the brain.
Therefore, | will limit the discussion to the two major neuropeptidergic cell types

of the LH — MCH and ORX neurons.

1.5.3. MCH neurons

The neuropeptide MCH is contained within neurons that are predominantly
restricted to the LH and the adjacent zona incerta. MCH is derived from its
precursor prepro-MCH, which has other cleavage products including
neuropeptides El (NEI) and GE (NGE)'®®. NEI has been shown to modulate
grooming and locomotor activity'’, while little is known regarding the function of
NGE.

MCH neurons are indisputably important in energy balance, promoting
weight gain by increasing food intake and concomitantly decreasing energy
expenditure. These effects have been recapitulated consistently over time and

with more sophisticated techniques in both rats and mice'8-16'. Suppressing
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MCH action either by genetic deletion or cell ablation results in leanness,
decreased adiposity, increased brown adipose tissue (BAT) activity, and reduced
triglyceride levels in the liver'62.163,

In target regions, MCH exerts its effect through the MCH receptor 1
(MCHR1) in all mammals, while MCH receptor 2 (MCHRZ2) is functional in
humans and some mammals, but notably not rodents'®*. This is important as
most of the studies highlighted are performed in rodents, and may not entirely
reflect the function of MCH in humans. MCHR1 is a G-protein-coupled receptor
(GPCR) that couples to Gi/o or Gq proteins'®. It is distributed widely throughout
the central nervous system (CNS)'%6, such as in other hypothalamic areas'®” and
the NAc'%8, which may underlie energy intake, also the brainstem'%8 and motor
cortex'®®, which may mediate energy expenditure. Expression in other areas'6®
likely regulate other facets of MCH neuron function. Of note, the Gq protein-
coupled MCHR2 has a similar expression pattern to MCHR 1170, and artificially co-
expressing MCHR2 in the same cells that express MCHR1 in mice, protects
against DIO'". This suggests that MCHR2 attenuates MCHR1 function.
However, it is not known whether cells do co-express MCHR1 and MCHR2 in
humans, and it is possible that the resultant energy outcome would differ
contingent on their differential expression on various cell types.

MCH neurons are host to other neuropeptide transmitters, and classical
fast neurotransmitters including CART, nesfatin1, GABA and glutamate'’?-'74. As
many of the energy balance effects have been recapitulated in MCHR1 null

animals, the MCH peptide seems to play a principal role. However, effects on
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glucose homeostasis and anxiety may be independent of the MCH peptide'”5176,
and future studies will be needed to delineate the role of other transmitters.

Lastly, MCH neuron activity can be dynamically modulated by
neurotransmitters such as serotonin, norepinephrine, and dopamine'””-78 as well
as neuropeptides nociceptin'”®, dynorphin (DYN)'8%, OXT, and vasopressin'8!.
Also, MCH neurons are glucose-'82 and insulin-sensitive'83, and although they do
not express the leptin receptor, MCH expression seems to be regulated by

1.5.3.1. Other roles of MCH

MCH is multifunctional and has roles in sleep/wake regulation, memory,
and mood. Firstly, activation of MCH neurons promotes sleep in rodents, which is
underscored by an extension of rapid eye movement (REM) sleep'86:187 and
stabilizes non-rapid eye movement (NREM) sleep'8. Coordination of sleep may
be mediated by MCH innervation of the locus coeruleus (LC) and
tuberomammillary nucleus (TMN)'®. Through dense innervations to the dorsal
hippocampus (DH), MCH neurons also play a role in memory. Although, the
exact role remains contentious, as some report that MCH promotes memory 190191
while others suggest it promotes forgetting'®2. On the other hand, connections to
the ventral hippocampus (VH) have been shown to regulate impulsivity'®3. Lastly,
the MCH system promotes anxiety-'%* and depressive-like behaviors'®®, possibly

through amygdalar connections.
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1.5.4. Orexin neurons

Orexins (ORX), also known as hypocretin, are an orexigenic neuropeptide
localized in the LH and perifornical areas'®®. ORX neurons release peptides
orexin-A (ORX-A) and orexin-B (ORX-B), which are cleaved from the same
precursor prepro-orexin'®’. They exert their effects by binding to Ox1 receptors
(OX1R) and Ox2 receptors (OX2R), which are found throughout the brain, but are
particularly dense in the LC and TMN, respectively'®. ORX-A and ORX-B have
differential binding affinities, such that OX1R preferentially binds ORX-A while
OX2R binds both ORX-A and ORX-B with similar affinities%".

Due to their naming, it is logical to assume that ORX neurons are
orexigenic, and indeed, central infusion of ORX reliably increases acute food
intake 19290 and ORX neuron ablation results in hypophagia?®!. Despite this, the
role of ORX neurons in energy balance is curious, as they also robustly increase
energy expenditure. Genetic ablation of ORX neurons in mice results in late-
onset obesity despite chronic undereating, suggesting their role in energy
expenditure is dominant?02293_ Of note, patients with narcolepsy, caused by ORX
deficit, tend to gain weight and have an increased incidence of obesity despite
eating less?%*, which supports the notion that ORX primarily regulates energy
expenditure. This increase in energy expenditure is a result of increased
spontaneous locomotor activity, metabolism, thermogenesis, as well as
arousal®®5-207 which may be coordinated by hindbrain connections2%:209,
However, the role of ORX neurons in feeding cannot be ignored. This increase in

food intake may be a result of the increased locomotor activity and represent a
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foraging behavior?'?. On the other hand, ORX also modulates reward?'" and
motivated behavior?'22'3 through extensive connections to the NAc and VTA2"4,
which suggests a role in hedonic feeding, independent of locomotion.

Like MCH neurons, ORX neurons also utilize several co-transmitters,
including glutamate and the endogenous opioid peptide dynorphin (DYN)'72. In
fact, there is almost a perfect overlap of ORX and DYN expression in the LH?2"5,
and it was recently found that they can be packaged in the same synaptic
vesicle?.

Despite the harmonious co-packaging, ORX and DYN seem to have
opposing functions in the same area?'%-2'8, How neurons respond to the co-
release of ORX and DYN is highly variable' and likely dependent upon the brain
region, release dynamics of each neuropeptide, and receptor expression on the
target cells (ORX1R, ORX2R for ORX and kappa opioid receptors 1 and 2 for
DYN).

Modulated by many of the same factors as MCH neurons, ORX neuron
activity is regulated by serotonin, dopamine, norepinephring?19-222,
cholecystokinin??3, vasopressin??4, and neurotensin??®. These cells are sensitive
to glucose'®2226, and ghrelin and leptin modulate their activity in opposing
manners?'9, likely indirectly, as localization of the corresponding receptors on

ORX neurons is not described.

1.5.4.1. Other roles of ORX
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ORX neurons play a cardinal role in arousal. Human narcolepsy,
characterized by the involuntary loss of consciousness and daytime sleepiness,
has been attributed to the loss ORX neurons??7228, This is recapitulated in ORX-
deficient mice that display narcolepsy-like symptoms and increases in REM
sleep??%230 which may be mediated by resultant dysfunction in the LC?3', TMN?232
or sublaterodorsal tegmental nucleus?33. Also, ORX neurons are involved in
stress-related behaviors?3*, and sympathetic responses are mediated through
ORX signalling in the brainstem?08209,

The many roles of MCH and ORX neurons are bestowed by a diversity of
co-transmitters, projection targets, and receptor expression patterns, which all

contribute to enacting such dynamic modulation of behavior.

1.6.  Thesis objectives and overview

It is clear that environmental factors, especially diet, impact our body
weight regulation. This is highlighted by a study showing that immigrants living in
the USA or Europe have an increased likelihood of exhibiting unhealthy dietary
habits in comparison to those in their geographic origin?3°. Therefore, it is
imperative to understand how HFDs influence body weight regulation. This will
then guide our search for a neural correlate associated with HFD-induced
perturbations in energy balance.

To this end, in Chapter 2, | investigate how diets high in dietary fat alter
body weight regulation in male mice. We found that HFDs (>45%) elevate the

body weight set point, which initially manifests as a transient overeating phase
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followed by a steady state that is avidly defended. | argue that homeostatic
mechanisms are intact under HFD conditions and try to maintain body weight at
this new level, rather than being dysregulated by hedonic mechanisms, making
weight loss difficult.

In Chapter 3, | begin to disentangle possible neural correlates for the
elevated body weight set point. We investigate the role of neuroinflammation in
the response of MCH and ORX neurons after HFD consumption. We found that
only MCH neurons were persistently excited after prolonged HFD consumption,
which was mediated through the inflammatory molecule prostaglandin E2 (PGE-2).
Importantly, conditional deletion of PGE:2 signaling in these cells protected male
and female mice from DIO and fat accumulation.

To build on the previous chapter’s findings, Chapter 4 investigates the
synaptic changes that occur in MCH and ORX neurons after HFD consumption.
We found a transient increase in excitatory transmission to ORX neurons
coinciding with an early hyperphagia. On the other hand, MCH neurons display a
delayed but persistent increase in excitatory drive over the course of feeding,
which coincides with the HFD-induced intrinsic activation of MCH neurons seen
in Chapter 3.

These results support the notion that ORX and MCH neurons have time-
dependent complementary roles in energy balance regulation during HFD, which
are likely part of the well-coordinated homeostatic response to an elevation in

body weight set point. Together, this thesis attempts to identify the neural
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underpinnings of an elevated set point, which is induced by eating diets that are

high in fat.
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Chapter 2 — High-fat diet-induced elevation of body weight set point in male

mice

Adapted from
Lisa Z. Fang et al., High-fat diet-induced elevation of body weight set point in

male mice. Obesity 31, 1000-1010 (2023). doi: https://doi.org/10.1002/0by.23650
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2.1.  Introduction

Human and animal studies have previously postulated the concept of body
weight (BW) set point, which is defined as the target physiological value that the
body attempts to maintain 236237 The level of BW set point can change
dynamically as seen during development, aging and pregnancy 238. Furthermore,
it is well-documented that obese animals, including humans, avidly defend an
elevated BW 239241 Thjs is clearly manifested during intentional weight loss as
resistance to losing weight or rebound weight gain 242-244, Thus, obese animals
have intact homeostatic mechanisms defending a BW higher than physiologically
optimal levels.

In contrast, energy-dense, high-fat diets (HFD) are often consumed in
excess of fulfilling physiological needs 24%. This has led to the notion that
palatable HFD elicits hedonic eating by overriding or dysregulating homeostatic
controls that maintain energy balance 246, This assumes that upon exposure to
HFD, the BW set point remains at the pre-HFD level while the hedonic
mechanism escapes the homeostatic processes to drive hyperphagia.

The discrepancy between these two concepts may stem from the fact that
in studies focused on the defense of a higher set point, homeostatic challenge is
commonly applied to obese animals eating HFD, and resistance to weight loss is
interpreted as intact homeostasis. Meanwhile, studies focused on HFD-induced
hyperphagia do not use HFD as the background diet, and drastic increases in
caloric consumption from HFD that is greater than the level of consumption of the

baseline normal-fat diet are interpreted as dysregulated homeostasis. Thus, it
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remains unclear whether and how the homeostatic set point is modulated during
the entire course of HFD feeding. Is it the cumulative, secondary effect of a
chronic calorie-dense diet that gradually elevates the set point? Alternatively,
does HFD itself raise the set point, which in turn triggers a counter-regulatory
response to facilitate BW gain to reach the new set point? To answer these
questions, we fed mice with various HFD in different patterns and followed the
changes in BW and food intake. Our results support the idea that HFD elevates
the set point at which BW is defended, which is largely reversible upon removal
of HFD. However, prolonged exposure to HFD blunts its reversibility, which is

particularly pronounced with high-sugar HFD.

2.2. Materials and Methods

Animal procedures were approved by Memorial University’s Institutional
Animal Care Committee according to the guidelines of the Canadian Council on
Animal Care (18-02-MH). To confirm reproducibility, experiments were performed

in multiple cohorts over 6 years.

2.2.1. Animals

Male C57BL/6NCrl mice from Charles River (Saint Constant, Quebec,
Canada) were housed individually or in groups of 2 or 3 in a temperature-
controlled room (23 + 1°C) on a 12h light-dark cycle (8:00 AM-8:00 PM lights on).
Mice were acclimatized for a week prior to random assignment to various diets

(Table 1). A standard chow was provided as the control diet or when mice were
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not on purified diets (10-60FD, WD) as indicated in the Figures. Food and water
were available ad libitum except for food deprivation study (below). Some groups
switched diets during the experiment as indicated in the Results and Figures.
Researchers were aware of mouse allocation to ensure provision of the correct
diet.

BW and food intake were measured twice a week between 9:00 and
11:00 AM. For group-housed mice, average caloric intake for individual mice was
calculated from total food intake per cage. Caloric efficiency was estimated by
dividing BW gained by calories consumed (average caloric intake was used for
group-housed). At the end of the feeding period, mice were sacrificed under 4%
isoflurane anesthesia for organ dissection. The number of animals used is based

on similar studies in the literature. No animals were excluded from the study.
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Table 2.1. Diet macronutrient composition

Chow LabDietr  rolab 320 14 26 60 n.a.
RMH 3000

10FD Research  niouson 382 10 20 70 17.2
Diets**

25FD Research D11071701 419 25 20 55 172
Diets

45FD Research D12451 473 45 20 35 17.2
Diets

60FD Research D12492 5.24 60 20 20 6.9
Diets

WD Research D12079B 470 40 17 43 20.4
Diets

* LabDiet (St. Louis, MO, USA)

** Research Diets Inc. (New Brunswick, NJ, USA)
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2.2.2. Data analysis

Statistical analyses were performed using Prism 9 (GraphPad).
Differences between groups over time were assessed using mixed-effects two-
way or three-way repeated measures ANOVA with Sidak’s multiple comparisons
test. Following assessment of variance with Brown-Forsythe or F-test, and
normality with Kolmogorov-Smirnov test, group comparisons were analyzed using
one-way, two-way, or three-way ANOVA, Kruskal-Wallis test, two-tailed unpaired
t-test, or Welch'’s t-test, as appropriate. When group comparisons found
significance, post-hoc Tukey’s or Dunn’s multiple comparisons were performed.
Correlation assessment used least squares linear regression analysis. Detailed
statistical results are summarized in Supplementary Table 7.1 in the Appendix.
Data are shown as mean = S.E.M. of the group and/or as scatter plots
representing individual data. p<0.05 was considered statistically different.
2.3. Results

To determine how dietary fat modulates BW regulation, male C57BL/6N
mice were fed with purified diets with 10% to 60% fat (Fig. 2.1). A distinct fat
content-dependent stratification was observed. Mice fed 10% or 25% fat diets
(10FD, 25FD) maintained leanness with a similar rate of weight gain, caloric
intake and efficiency (the ratio of BW gain to caloric intake) throughout the
feeding period (Fig. 2.1A-D). Contrastingly, those fed 45% or 60% fat diets
(45FD, 60FD) showed accelerated weight gain during the first 4 weeks, which
gradually returned to baseline levels by week 10 (Fig. 2.1B). Caloric intake was

higher in the 45FD and 60FD groups throughout the feeding period (Fig. 2.1C).
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Accordingly, caloric efficiency was higher, indicative of reduced energy
expenditure, in the 45FD and 60FD groups during the first 4 weeks of the
respective diets (Fig. 2.1D). At week 12, significant differences were observed in
the white adipose tissues in parallel with the BW change (Fig. 2.1E-G).
Particularly, epididymal fat showed a dose-dependent increase, while other
organs examined were not different (Fig. 2.1H-L). Therefore, diets high in fat
initially induce rapid weight gain accompanied by higher caloric intake and
efficiency. After this transition, BW reaches a steady state at a higher level

maintained primarily by caloric intake.
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Figure 2.1. Time-dependent effect of dietary fat on energy balance

(A)  Body weight (BW) of mice fed diets with various fat content showing an all-
or-none response to high-fat diets (HFD). 45% and 60%-fat diet (45FD and 60FD,
respectively) induce a consistently higher BW relative to diets with 10% and 25%
fat (10FD and 25FD, respectively).

(B)  Weekly BW change showing a transient acceleration in the HFD groups at
first, which is not seen in low-fat groups.

(C)  Weekly caloric intake.

(D)  Caloric efficiency calculated as the ratio of weekly BW gain and caloric
intake.

For panels A-D, *p<0.05 for 10FD vs 45FD; #p<0.05 for 10FD vs 60FD; $p<0.05
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for 25FD vs 45FD; 1p<0.05 for 25FD vs 60FD. Sidak’s multiple comparisons test
following two-way RM ANOVA. Number of mice in each group (n) is indicated in
parentheses after group ID.

(E-L) Weight of various organs as indicated at the end of 12-week feeding.
*p<0.05, **p<0.01, ***p<0.001. Tukey’s multiple comparisons test following one-
way ANOVA (E-J, L) or Dunn’s multiple comparisons test following Kruskal-Wallis
test (K). n = 3-9 mice/group.

Details of statistical results can be found in Table 7.1 in the Appendix.
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Next, we tested how the duration of HFD feeding and age affected BW
regulation. Both juvenile- (4-week old; Juv-45FD) and adult 45FD (12-week old;
Adult-45FD) mice gained significant weight compared to chow controls,
regardless of the age HFD started (Fig. 2.2A). The rate of BW gain, caloric intake
and efficiency of 45FD groups were initially greater than chow controls but
returned to chow levels by the end of the feeding period (Fig. 2.2B-D).
Interestingly, both 45FD groups settled at the same steady-state BW following a
period of rapid weight gain (Fig. 2.2A). Thus, the degree of obesity is not
correlated with the duration of HFD or exacerbated by HFD exposure from

juvenile age.
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Figure 2.2. HFD-fed mice defend a consistent BW level regardless of type of
HFD, feeding duration or starting age.

(A)  BW of mice fed low-fat chow or 45FD. 45FD commenced at different ages
and continued until the end of the feeding period.

For A-H, bars with corresponding colors below the graph indicate the HFD
feeding period.

(B)  Weekly BW change of mice in (A) showing that switching to 45FD initially
increases the rate of BW gain, which eventually decays to the chow control level.

(C, D) Weekly caloric intake (C) and efficiency (D) of mice in (A).
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For panels A-D, *p<0.05 for chow vs Juv-45FD; #p<0.05 for chow vs Adult-45FD;
$p<0.05 for Juv-45FD vs Adult-45FD. Sidak’s multiple comparisons test following
two-way RM ANOVA. n is indicated in parentheses after group ID.

(E) BW of mice fed chow or Western Diet (WD). WD commenced at different
ages and continued until the end of the feeding period.

(F) Weekly BW change of mice in (E) showing that switching to WD transiently
increases the rate of BW gain, which eventually decays to chow control levels.
(G, H) Weekly caloric intake (G) and efficiency (H) of mice shown in (E).

For panels E-H, *p<0.05 for chow vs Juv-WD; #p<0.05 for chow vs Adult-16w-
WD; $p<0.05 for chow vs Adult-12w-WD; @p<0.05 for Juv-WD vs Adult-16w-
WD; 1p<0.05 for Juv-WD vs Adult-12w-WD; ¢p<0.05 for Adult-16w-WD vs Adult-
12w-WD. Sidak’s multiple comparisons test following two-way RM ANOVA. n in
indicated in parentheses after group ID.

() BW of mice at 20 weeks of age. Displayed data correspond to groups from
Figures 1 and 2.

**p<0.01, ***p<0.001, ****p<0.0001. Tukey’s multiple comparisons following one-
way ANOVA. n = 7-14 mice/group

(J, K) BW change over a two-week period immediately following a switch to 45FD
(J) or to WD (K) at different ages, along with that of age-matched chow-fed mice.
*p<0.05, ***p<0.001, ****p<0.0001. Tukey’s multiple comparisons following two-

way ANOVA. n = 6-14 mice/group
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As palatable diets are thought to override homeostatic mechanism to drive
hedonic eating, we asked if a high-fat, high-sugar Western-style diet (WD), which
mice prefer over 45FD (data not shown), would disrupt BW regulation. Upon
switching to WD, 12- or 16-week-old adult groups (Adult-12w-WD; Adult-16w-
WD) displayed a spike in caloric intake (Fig. 2.2G). Additionally, rapid weight gain
and higher caloric efficiency was seen in the juvenile (4-week old; Juv-WD) and
adult groups (Fig. 2.2E,F,H). Following this transition, all WD groups settled at
the same BW level regardless of what age WD started (Fig. 2.2E), while the rate
of BW change, caloric intake and efficiency returned to chow control levels (Fig.
2.2F-H). These results are like 45FD, albeit the presence of a spike in BW gain
and caloric intake after the switch to WD, which may represent a hedonic
response to palatable WD (Fig. 2.3A-C). Remarkably, all groups fed with HFD
containing 240% fat (60FD, 45FD, WD) had consistent BW when compared at a
specific age (20-week old), despite the differences in the type of HFD, duration of
feeding, or age at the beginning of the feeding period (Fig. 2.2I). Similarly, groups
fed a diet with <25% fat (chow, 10FD, 25FD) had a consistent BW, which was
significantly lower than that of HFD groups (Fig. 2.21). Thus, dietary fat appears to

determine the level of defended BW.
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(A-C) A comparison of the initial BW gain (A), caloric intake (B) and efficiency (C)

of mice fed 45FD or WD after one week. Data displayed correspond to the adult

groups in Figure 2.

*p<0.05, ***p<0.001. Unpaired two-tailed t-test or Welch’s t-test. n = 7-15

mice/group.
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To determine whether HFD-exposed mice can express normal
homeostatic responses, they were challenged with an acute food deprivation. All
mice lost significant weight after the 16-hour fasting period (5:00PM to 9:00AM).
However, the weight lost during fasting was largely regained within a day of
refeeding (Fig. 2.4A), such that the BW loss and gain was roughly equal in all
groups (Fig. 2.4B). This indicates a counter-regulatory response to restore acute
perturbations in energy balance, supporting the idea that homeostatic
mechanisms are not dysregulated in diet-induced obese (DIO) animals; rather,

diets high in fat elevate the defended level of BW.
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Figure 2.4. Fasting-induced homeostatic response is intact in HFD-fed mice
(A)  Daily BW change of mice fed chow, 45FD, or WD before and after a 16-

hour fast at time=0, followed by ad libitum refeeding of the diet they were fed prior

to the fast.

*p<0.05, ***p<0.001 for chow vs 45FD; #p<0.05, ##p<0.01, #H##p<0.0001 for
chow vs WD. Sidak’s multiple comparisons following 2-way RM ANOVA.

(B) The ratio of BW loss to 24h-BW regain. After fasting, all groups display
nearly symmetric weight regain within a day of refeeding.

n = 2-6 mice/group
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While the fattening effect of HFD was seen in mice of various ages, there
were some age-dependent differences in the initial response to HFD. After
commencement of HFD, juvenile groups initially resisted excess weight gain and
hyperphagia compared to the chow group (Fig. 2.2A-C,E-G,J,K). It was not until
they reached adulthood (>8 weeks of age) that they started to gain weight more
rapidly than chow controls. In contrast, adult mice that switched to HFD
immediately started to overeat and gain excess BW. This age-dependent
difference is due to a higher rate of weight gain and caloric efficiency in chow
controls during youth (Fig. 2.2D,H,J,K). Thus, during the juvenile period,
homeostatic processes for energy balance may be more tuned to developmental
weight gain, which masks the response to energy-dense diet.

If BW set point can be elevated by HFD, it might also be lowered by low-
fat diet (LFD). Previous studies have shown that switching from HFD to LFD
results in transient hypophagia and rapid weight loss 247248, This may reflect a
reversal of the BW set point that was elevated by the preceding HFD. To confirm
the effect of switching from an HFD to an LFD (dieting), mice were initially
provided with 45FD and then switched to standard chow. To determine whether
the duration of 45FD exposure affects the effectiveness of subsequent dieting,
the 45FD feeding period was varied from 4 to 24 weeks (4 weeks: 4w45FD-diet;
8 weeks: 8w45FD-diet; 24 weeks: 24w45FD-diet).

All groups of mice fed 45FD, regardless of feeding duration, quickly lost
weight upon switching to chow (Fig. 2.5A). This was characterized as a drastic

reduction in the rate of BW change, caloric intake and efficiency at the start of
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dieting, which gradually decayed to the level of chow controls (Fig. 2.5B-D). This
acute hypophagia was attenuated by prolonged 45FD exposure (24 weeks; Fig.
2.5F). However, there was no significant difference in BW change or caloric
efficiency between the groups (Fig. 2.5E,G). Interestingly, we found that a
significant predictor of initial BW lost upon dieting (first week of chow feeding)
was how heavy pre-dieting 45FD mice were compared to age-matched chow-fed
controls i.e. the difference between putative BW set point of 45FD and chow
groups (Fig. 2.5H). This is consistent with the idea that the main driving force for

BW loss is the mismatch in the levels of BW set point between 45FD and chow.
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Figure 2.5. Dieting lowers the defended body weight

(A)  BW of mice fed 45FD for 4, 8 or 24 weeks and then switched to chow
(4w45FD-, 8w45FD-, and 24w45FD-diet, respectively). Chow controls are shown
for comparison.

(B)  Weekly BW change of the mice in (A), showing that switching from 45FD
to chow induces a transient BW loss, which recovers to chow control levels within
a few weeks.

(C, D) Caloric intake (C) and efficiency (D) of mice shown in (A).

For panels A-D, *p<0.05 for chow vs 24w45FD-diet; #p<0.05 for chow vs
8w45FD-diet; @p<0.05 chow vs 4w45FD-diet; $p<0.05 for 4w45FD-diet vs
24w45FD-diet; 1p<0.05 for 8w45FD-diet vs 24w45FD-diet; ¢p<0.05 for 8w45FD-
diet vs 4w45FD-diet. Sidak’s multiple comparisons following two-way RM
ANOVA. n is indicated in parentheses after group ID.

(E-G) BW change (E), caloric intake (F), and efficiency (G) during the first week
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upon switching to chow (dieting) after various durations of 45FD feeding.
*p<0.05, Tukey’s multiple comparisons following one-way ANOVA.

(H) Relationship between the initial BW change upon dieting (first week of chow
consumption) and the difference between the pre-diet BW of 45FD-fed mice and
the average BW of chow-fed control mice. Simple linear regression R? = 0.2698,
p<0.05.

For panels E-H, n = 6-10 mice/group
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Since there were some differences detected in the effect of 45FD and WD
on BW, we tested the effect of dieting after WD consumption. Mice were fed WD
for 24 weeks (24wW-diet) or 8 weeks starting from 4 weeks of age (Juv-8wW-
diet). As an age control, another group was matched to the age of the 24wW-diet
group but only received WD for 8 weeks (Adult-8wW-diet). After WD feeding, all
groups were switched to chow, resulting in rapid weight loss accompanied by a
sharp decrease in caloric intake and efficiency, which decayed and eventually
plateaued at control levels after several weeks (Fig. 2.6A-D). Weight loss was
efficient in the Juv-8wW-diet group, while significantly attenuated in the 24w\W-
diet group (Fig. 2.6A,B,E). This was not due to age, as the Adult-8w\W-diet group

responded as efficiently as the Juv-8wW-diet group (Fig. 2.6A-G).
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Figure 2.6. Chronic exposure to high-fat/high-sugar diet disrupts body
weight regulation

(A) BW of mice fed WD for 8 or 24 weeks, and then switched to chow for 4
weeks. 8-week WD groups were either juvenile (Juv-8w\W-diet) or adult (Adult-
8wW-diet) at the start of WD period. 24wW-diet group was juvenile when WD
started and ended WD concurrently as Adult-8wW-diet group. Chow controls are
shown for comparison.

(B-D) Weekly BW gain (B), caloric intake (C) and efficiency (D) of mice shown in
(A).

For panels A-D, *p<0.05 for chow vs 24wW-diet; #p<0.05 for chow vs Juv-8wW-
diet; $p<0.05 for chow vs Adult-8wW-diet; @p<0.05 for 24wW-diet vs Adult-8wW-
diet; Tp<0.05 for 24wW-diet vs Juv-8wW-diet; ¢p<0.05 for Juv-8wW-diet vs Adult-
8wW-diet. Sidak’s multiple comparisons following two-way RM ANOVA. n is

indicated in parentheses after group ID.
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(E-G) BW change (E), caloric intake (F), and efficiency (G) during the first week
upon switching to chow (dieting) after various durations of WD feeding.
*p<0.05, **p<0.01, ***p<0.001. Tukey’s multiple comparisons following one-way
ANOVA.

(H) Relationship between the initial BW change upon dieting (first week of chow
consumption) and the difference between the pre-diet BW of WD-fed mice and
the average BW of chow-fed control mice.

Simple linear regression R? = 0.01228, p>0.05. For panels E-H, n = 7-16

mice/group
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Unlike the 45FD dieting groups, the BW change upon dieting did not
correlate with the difference in putative BW set point (i.e. pre-dieting BW)
between WD- and age-matched chow-fed groups (Fig. 2.6H). Indeed, the slope
of the regression lines between mice on the two HFDs were significantly different
from one another (Fig. 2.7A). Upon further examination, the correlation was still
present after 8 weeks of WD feeding (Juv-8wW-diet), as the slope of the
regression line was similar to that of the 8w45FD-diet group (Fig. 2.7B).
Meanwhile the slopes became significantly different after 24 weeks of feeding
(Fig. 2.7C). Thus, the set point elevated by 45FD or WD is readily reversible by

dieting, but this reversibility becomes dampened by chronic WD.
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Figure 2.7. Prolonged WD elevates the floor of the homeostatic set point
Relationship between the BW change of HFD-fed mice after 1 week of dieting

(switch from HFD to chow) and the difference in the pre-diet BW of HFD mice vs

age-matched chow controls.
(A)  Results shown in Figure 3H and 4H are reproduced for a direct

comparison of the linear regression for mice fed different HFD (45FD vs. WD).

n=6-16 mice/group.
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(B)  Results of mice fed for 8 weeks on 45FD or WD, starting at 3 weeks of
age. n=9-16 mice/group.
(C) Results of mice fed for 24 weeks on 45FD or WD, starting at 3 weeks of

age. n=7-8 mice/group.
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Altogether, these results indicate that there is an interaction between BW
set point and food environment, such that the level of defended BW is
immediately elevated by HFD and lowered by LFD. Furthermore, the reversal of
an elevated set point by LFD is influenced by the type and duration of preceding
HFD.

These results led us to investigate what happens during yoyo dieting,
where repeated attempts to lose weight through dieting result in cyclic weight loss
and regain. To test this, mice were initially maintained on a HFD (45FD or WD)
for 8 weeks, and then alternated between chow and HFD for a period of 4 weeks
each for two additional cycles. We found that mice cycling between chow and
45FD (45FD-yoyo) showed a similar transient increase in weight gain, caloric
intake and caloric efficiency at every chow-to-45FD switch (Fig. 2.8A-D; Fig.
2.9A-C). Caloric intake was increased only at the 2" and 3™ switch to 45FD (Fig.
2.8C; Fig. 2.9B); this lack of change at the 15t switch may be due to the young
age (4 weeks old) at which it occurred. Notably, there was no evidence of
accelerated weight gain with repeated dieting cycles. In response to dieting
(switch from 45FD to chow), mice lost an equivalent amount of weight at every
chow cycle, and caloric intake and efficiency were also approximately the same
between dieting cycles (Fig. 2.8A-D; Fig. 2.9D-F). When this alternating diet was
tested with a more palatable WD (WD-yoyo), we observed a similar pattern,
where BW change, caloric intake and efficiency were elevated after the 2" and
3 switches from chow to WD without acceleration with repeated cycles (Fig.

2.8E-H; Fig. 2.9G-I). In contrast to 45FD, however, subsequent switches from
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WD to chow resulted in a significant attenuation of the initial BW lost, hypophagia

and caloric efficiency with repeated cycles (Fig. 2.8E-H; Fig. 2.9J-L).
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Figure 2.8. Effect of diet cycling on body weight control in HFD-induced
obesity

(A-D) BW (A), weekly BW change (B), caloric intake (C) and efficiency (D) of
mice fed an alternating diet of 45FD and chow (45FD yoyo). Chow control and a
single diet group (24w45FD-diet; 24 weeks of 45FD then switched to chow) are
shown for comparison. Bars with corresponding colors below the graph indicate
the 45FD feeding period. *p<0.05 for chow vs 45FD-yoyo; #p<0.05 for chow vs
45FD-diet; $p<0.05 for 45FD-diet vs 45FD-yoyo. Sidak’s multiple comparisons
following two-way RM ANOVA. n is indicated in parentheses after group ID.
(E-H) BW (E), weekly BW change (F), caloric intake (G) and efficiency (H) of
mice fed an alternating diet of WD and chow (WD yoyo). Chow control and a
single diet after 24 weeks of WD (24wWD-diet) are shown for comparison.

*p<0.05 for chow vs WD-yoyo; #p<0.05 for chow vs WD-diet; $p<0.05 for WD-

56



diet vs WD-yoyo. Sidak’s multiple comparisons following two-way RM ANOVA. n

is indicated in parentheses after group ID
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Figure 2.9. Effect of diet cycling on body weight control in 45FD-induced
obesity
(A-F) Weekly BW change (A,D), caloric intake (B,E) and efficiency (C,F) before

and after each diet switch. Diet switch occurred at week 0, from chow to 45FD (A-
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C) or from 45FD to chow (D-F). Data displayed correspond to the 45FD-yoyo
group in Figure 5. n=10 mice.

(G-L) Weekly BW change (G,J), caloric intake (H,K) and efficiency (l,L) before
and after each diet switch. Diet switch occurred at week 0. Diet was switched
from chow to WD (G-I) or from WD to chow (J-L).

Data displayed correspond to the WD-yoyo group in Figure 5.

*p<0.05, **p<0.01, ***p<0.001 for 15t switch vs 2"d switch; #p<0.05, ##p<0.01,
##H#p<0.001, ##H##p<0.0001 for 15t switch vs 3" switch; $p<0.05, $$3, p<0.001,
$$3$$p<0.0001 for 2" switch vs 3™ switch. Sidak’s multiple comparisons test

following two-way RM ANOVA. n=16 mice.
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To determine how the history of dieting or type of diet influenced the
efficacy of dieting, a direct comparison of the 3 dieting period of the yoyo dieters
and age-matched single dieters (24 weeks of HFD followed by a switch to chow)
was performed. For both 45FD and WD, there were no apparent differences in
the effect of yoyo and single dieting on caloric intake and efficiency (Fig.2.8C-
D,G-H). Overall, all groups displayed a significant BW reduction upon chow
intervention (Fig. 2.10A). Nevertheless, there was a significant main effect of the
type of dieting, with yoyo dieters being lighter than their single-dieting
counterparts (Fig. 2.10A), although there were no significant differences in the
weight lost over 4 weeks between the dieting groups (Fig. 2.10B). Moreover,
there was a clear main effect of the type of HFD, where dieting was more

effective after 45FD than after WD (Fig. 2.10A,B).
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Figure 2.10. Comparison of diet cycling and single dieting

(A) Pre- and post-dieting BW of mice from diet cycling (45FD yoyo; WD yoyo)
and single diet (45FD-diet; WD-diet) groups shown in Figure 5. Pre-dieting BW:
at 28 weeks of age, just prior to the final switch from either 45FD or WD to chow
(3 switch for the yoyo groups); post-dieting BW: after 4 weeks on chow at 32
weeks of age. ***p<0.001. Tukey’s multiple comparisons following 3-way ANOVA.
n is indicated in parentheses after group ID.

(B) Total BW change during the final 4-week dieting bout for the mice shown in A.
*p<0.05, Tukey’s multiple comparisons following 2-way ANOVA. n =7-16

mice/group.
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(C-H) Weight of various organs after the feeding paradigm, as indicated. *p<0.05,
**p<0.01, **p<0.001, ****p<0.0001. Tukey’s multiple comparisons following 2way

ANOVA. n = 6-16 mice/group
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We also assessed dietary fat-sensitive organs to determine whether they
were affected by the type of HFD or dieting method. The size of the epididymal
fat pad was significantly affected by the type of HFD, with WD-fed mice having a
greater fat mass after dietary intervention (Fig. 2.10C). On the other hand, the
retroperitoneal fat pad and liver were more effectively reduced by yoyo dieting
than single dieting (Fig. 2.10D,F). No significant differences were detected in
other organs surveyed (Fig. 2.10E,G,H).

Together, these results indicate that both the type of HFD and the method
of dieting are important factors. There is some benefit of yoyo dieting on the long-
term regulation of BW. However, the benefit on organ weights is diminished

depending on the type of HFD eaten.

2.4. Discussion

Our study found that diets with 240% fat induce DIO while those with
<25% fat do not, which is consistent with a previous study showing that the
threshold of dietary fat content for inducing excess weight gain is 25% 24°.
However, 25FD is not without effect as the epididymal fat pad, one of the most
obesity-responsive visceral adipose tissue 2°°, showed a dose-dependent
increase. We found that the major difference between the diets is the ability of
HFD to immediately but transiently accelerate weight gain, caloric intake and
efficiency upon commencement. Following this transition phase, these
heightened energy balance measures gradually decay so as not to overshoot the

eventual BW plateau. In our study, this pattern was remarkably consistent across
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groups of adult mice fed HFD. Specifically, mice on diets with 240% fat (45FD,
60FD, WD) displayed a similar steady-state BW respective of their age, despite
the differences in fat content and palatability of these diets. Notably, the level of
BW plateau was not affected by the duration of HFD or the age that HFD feeding
started. Furthermore, the higher BW was well-defended against acute negative
energy balance induced by fasting. These direct comparisons of diets with
differential palatability, fat content and energy density, and feeding periods
support the idea that BW is homeostatically regulated even under HFD
conditions, when a higher set point is defended.

We have shown that high-fat, high-sucrose WD and high-fat, moderate-
sucrose diets (45FD and 60FD) induce similar weight gain and energy
expenditure, similar to some previous studies?', while others have found 45FD
and 60FD to be more obesogenic than WD 252253, The reason for this
discrepancy is unclear, but it is unlikely due to sub-strains of mouse models used.
Our lab and Dr. Bodine’s group 2% obtained different results while using the NIH
strain of C57BL/6 mice (C57BL/6N) from Charles River. However, in their study,
BW difference between 45FD- and WD-fed mice was significant yet modest. It is
possible that differences in housing conditions such as temperature and humidity
could cause minor differences in experimental outcomes. It has also been shown
that BW plateau of DIO mice can be further elevated by supplementing HFD with
a liquid diet Ensure 24°. Nevertheless, once a steady-state was reached, the rate
of BW gain in their HFD-fed mice with or without Ensure was identical. Thus, the

BW set point may be altered in a graded fashion depending on the type of diet.
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While the present study did not directly assess energy expenditure, previous
studies found that energy expenditure is lowered during chronic HFD compared
to chow 240251, Thus, mice show a coordinated behavioral and metabolic
response to alterations in dietary fat through concurrent changes in energy intake
and expenditure, consistent with previous models?%4.

This elevation of the BW set point is reversible by switching from HFD
back to LFD. This is strongly supported by the magnitude of initial weight lost
upon a switch to chow being significantly correlated with the difference in putative
BW set point defined by HFD and chow conditions. In other words, a diet switch
creates a mismatch between the actual BW and BW set point for the respective
diet, which is the driving force for BW changes. However, this reversal becomes
more difficult as HFD feeding persists, especially with WD. This attenuation may
be explained by many lasting changes that are induced by extended consumption
of HFD, which may include, but are not limited to, adipose tissue expansion 2%,
increased pancreatic islets 257, leptin and insulin resistance 2%, inflammation
within the brain and peripheral organs 64, neuroplasticity in the energy balance
and reward circuitries 239256257 and changes in the intestinal microbiome 28,
Thus, the history of HFD consumption could interact with energy homeostatic
mechanism to result in the elevated floor of the homeostatic set point 24°.

While there is a stark similarity in the effect of different HFDs on long-term
BW, differences between 45FD and WD also emerged through our study, despite
similar fat contents (45% vs. 40%). A switch from chow to a HFD induced a

transient hyperphagia, which was more pronounced with WD than 45FD. This
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may reflect an inherent preference for the more palatable WD — a hedonic
mechanism overriding the homeostatic mechanism. The subsequent decay in
food intake seen in both 45FD and WD may be explained by HFD-induced
reduced motivation for food reward 2%°. Furthermore, spontaneous hypophagia
upon switching from HFD to chow may be due to negative contrast of the diets
260, However, these factors are unlikely to affect caloric intake over the course of
several weeks 261262 Another notable difference between the two HFDs is in the
weight loss effect of repeated dieting, which was severely attenuated with
WD->chow cycling, but not in 45FD->chow cycling mice. This suggests that the
type of HFD eaten prior to dieting affects the efficacy of dieting, which may be
explained by different types of fats producing distinct hypothalamic inflammatory
responses, whole body oxidative stress, and adiposity 2°2263. Moreover, the
higher sucrose content of WD may play a role, as high-sucrose HFD has been
shown to induce intense astrogliosis in the arcuate nucleus 264

Our study suggests that diet cycling is better than not dieting at all for long-
term BW regulation, consistent with previous reports 258265 Further, yoyo groups
showed better organ weight profiles than single dieting groups, suggesting that
diet cycling may have cumulative benefits on organ weights compared to single
dieting. However, weight cycling has been associated with poorer metabolic
profiles, cardiovascular health, abnormal eating patterns, and reduced locomotion
in rodents and humans 266271 Thus, a lower BW and adiposity may not

necessarily equate to better health.
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2.5. Conclusions

Our study strongly suggests that dietary fat per se induces energy
imbalance by increasing the defended BW, indicating that diets high in fat elevate
the set point. One potential alternative to this idea is the presence of pre-existing
set points for different food environments in each animal, which are revealed by
different diets. This would explain the immediate response to diet switches and
the strikingly consistent BW defended by mice on different HFD feeding
regimens. Nonetheless, the difference between the actual BW and the set point is
the driving force for the autonomic and behavioral responses that favor weight
gain. Motivated, goal-oriented behaviors are part of compensatory responses to
various homeostatic pressures 272273, therefore, it is reasonable to assume this is
also the case for energy homeostasis. That is, the reward mechanisms can be
engaged to accelerate weight gain as part of a homeostatic response to an HFD-
induced elevation in set point. This model can integrate homeostatic, hedonic and
cognitive feedback mechanisms that regulate food intake and BW 274. After the
mismatch between the actual BW and the new set point is resolved, resulting DIO
would be in a state of energy balance. While the new set point is reversible by
LFD, this reversibility diminishes with chronic exposure to HFD, which could in
part explain the commonly observed resistance to weight loss or post-dieting
weight regain.

The current study used male C57BL/6N mice as a model and the results
may not be entirely generalizable. For example, some rat studies showed little to

no BW loss after switching from HFD to LFD 275, while other studies showed rapid
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weight loss in both rats and mice upon removal of HFD like our study 26%.267.276,
Therefore, caution should be exercised to apply this concept to other strains or
species, as BW regulation is undoubtedly under the influence of genetics and
other variables. Individual variations observed in the human population
underscore the diverse factors that affect BW. Moreover, mice in the present
study were not given dietary choice, which is known to contribute to excess
caloric intake [?7 but see 278]. Nevertheless, human studies have shown that
moving from a dietary specific region to one that contains a western-style diet
alters the likelihood of being overweight 27°, which may be associated with dietary
change. Our animal model recapitulates such a shift in diet changing the BW set
point. Thus, animal models are useful for mechanistic investigation of energy
homeostasis under well-controlled environmental and genetic parameters, which
enable us to draw direct conclusions. Our study supports a novel concept of BW
regulation and offers a characterized animal model that could be useful for future

investigations.
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Chapter 3 — Prostaglandin E:z activates melanin-concentrating hormone

neurons to drive diet-induced obesity

Adapted from
Lisa Z. Fang et al., Prostaglandin E2 activates melanin-concentrating hormone
neurons to drive diet-induced obesity. Proceedings of the National Academy of
Sciences of the United States of America 120, €2302809120 (2023). doi:

10.1073/pnas.2302809120
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3.1.  Introduction

High-fat diet (HFD) induces inflammation in the hypothalamus 6368280,
which can in turn promote overeating and weight gain, creating a vicious feed-
forward cycle underlying diet-induced obesity (DIO) 67281 Curiously,
hypothalamic inflammation is better known for causing sickness syndrome
associated with disease states, including anorexia and weight loss 282, These
physiological outcomes depend on the hypothalamus, which coordinates food
intake and energy expenditure 283, It remains unclear how the hypothalamic
neural circuit senses local inflammation and produce opposing effects on energy
balance, namely obesity and sickness-related weight loss.

Melanin-concentrating hormone (MCH) neurons are a key hypothalamic
cell population that regulate energy balance. These neurons promote food intake,
suppress energy expenditure, and play an integral role in obesity 125163.284 |n
contrast, these cells are suppressed by inflammatory mediators, speculated to
underlie inflammation-induced anorexia during sickness syndrome 285286,
However, it is unknown how MCH neurons respond to inflammation associated
with obese states.

Prostaglandin E2 (PGE2) is a key inflammatory mediator that induces
sickness syndrome through its action in the hypothalamus 22, Here, we provide
evidence that hypothalamic PGE2 also mediates DIO through modulation of MCH
neurons. We found that HFD activates MCH neurons, which is mediated by
endogenous PGE2. Moreover, PGE:2 bidirectionally modulates MCH neurons in a

concentration-dependent manner, which could explain how mild hypothalamic
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inflammation promotes obesity while inflammatory disease states accompany
weight loss. Importantly, disrupting PGE2 signaling in MCH neurons ameliorates
DIO and hepatic steatosis. Thus, the PGE2 -MCH pathway acts as a direct
conduit between the hypothalamic inflammatory milieu and the resultant energy

outcome.

3.2. Materials and Methods

3.2.1. Animals

All animal procedures were approved by the Institutional Animal Care Committee
under the guidelines of the Canadian Council on Animal Care. Male Sprague-
Dawley rats and C57BL/6NCrl mice were from Charles River (Saint Constant,
Quebec, Canada). MCH-Cre;EP2R"™ and EP2R" mice were crossed to generate
MCH-Cre;EP2R" and EP2R"f mice. MCH-Cre mice were originally generated by
Dr. Brad Lowell 287 (Beth Israel Deaconess Medical Center, USA) and kindly
provided by Dr. Melissa Chee (Carleton University, Canada). EP2R"* mice were
a gift from Dr. Katrin I. Andreasson 288(Stanford University, USA). Animals were
housed in a temperature-controlled room (23°C) with lights on at 8AM-8PM. Food

(Table 3.1) and water were available ad libitum.
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Table 3.1. Diet macronutrient composition

Diet Product Company Macronutrient (kcal %)
name Fat Carbohydrates | Protein
Chow Prolab RMH LabDiet* 14.377 26.126 59.497
3000
WD D12079B Research 40 43 17
Diets Inc**
HFMS D12451 Research 45 35 20
Diets Inc
LFHS D12450B Research 10 70 20
Diets Inc

*LabDiet (St. Louis, MO, USA), **Research Diets Inc (New Brunswick, NJ, USA)
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3.2.2. In-vitro electrophysiology

Animals were anesthetized with 4% isoflurane and the brain removed to
generate 250-um slices using a vibratome (VT1000 S, Leica Microsystems) in
cold artificial cerebrospinal fluid (ACSF; in mM: 126 NaCl, 2.5 KClI, 1.2 NaH2POu4,
1.2 MgClz, 2 CaClz, 18 NaHCOs3, and 2.5 glucose). Brain slices were incubated at
32-34°C in ACSF or a recovery solution (in mM: 93 N-methyl-D-glucamine
(NMDG), 2.5 KCl, 1.2 NaH2PO4, 10 MgSOs4, 0.5 CaClz, 30 NaHCOs, 20 HEPES,
25 glucose, 5 Na-ascorbate, 2 thiourea and 3 Na-pyruvate) for 30 min, then at
room temperature. For K*-free ACSF, KCI was replaced with equimolar NaCl. All
extracellular solutions were bubbled with 95% 02/5% COs2.

For whole-cell recording, brain slices were perfused with ACSF at 27-
30°C, while large neurons within the lateral hypothalamus were identified using
infrared-differential interference contrast (DM LFSA, Leica Microsystems). Glass
recording electrodes were filled with internal solution (in mM: 123 K-gluconate, 2
MgCl2, 1 KCI, 0.2 EGTA, 10 HEPES, 5 Na2ATP, 0.3 NaGTP, 2.7 biocytin) except
for high-internal Na* experiments where 30 mM K-gluconate was replaced with
equimolar Na-gluconate.

Data were recorded using Multiclamp 700B and pClamp 9.2/10.7
(Molecular Devices, Sunnyvale, CA, USA). Current clamp signals were filtered at
10 kHz, voltage clamp at 1 kHz, and digitized at 5-10 kHz. Measured membrane
potentials were corrected for liquid junction potential (14.9 mV). For voltage ramp

experiments, cells were ramped from -90 to -30 mV over 3 seconds.
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3.2.3. Drugs

Brain slices were incubated with PGE2 and the PGE2 EP2 receptor agonist
for at least 35 min, while EP receptor antagonists and cyclooxygenase (COX)
inhibitors were applied for at least 50 min prior to recording. PGE2 (Cat# 2296),
PF 04418948 (EP2 receptor antagonist; Cat# 4818), L-798,106 (EP3 receptor
antagonist; Cat# 11129), BGC 20-1531 (EP4 receptor antagonist; Cat# 5327),
butaprost (EP2 receptor agonist; Cat# 13740), SC-560 (COX-1 inhibitor; Cat#
1550), and SC-236 (COX-2 inhibitor; Cat# 3919) were from Tocris Bioscience
(Minneapolis, MN, USA). ONO-8711 (EP1 receptor antagonist; Cat# 14070) was
from Cayman Chemicals (Ann Arbor, Michigan, USA). Acetaminophen (COX
inhibitor; A7085) and H89 (PKA inhibitor; B1427) were from Sigma-Aldrich
(Oakville, ON, CA).

The following drugs were perfused through the recording chamber:
Ouabain octahydrate (Na*/K*-ATPase inhibitor; Cat# 03125) and picrotoxin (ClI-
channel blocker; P1675) from Sigma-Aldrich (Oakville, Ontario, CA). Tetrodotoxin
(Na* channel blocker; T-550) from Alomone Labs (Jerusalem, Israel). D-(-)-2-
Amino-5-phosphonopentanoic acid (D-AP5; NMDA receptor antagonist;
ab120003) from Abcam (Cambridge, MA, USA), and 6,7-Dinitroquinoxaline
(DNQX; non-NMDA receptor antagonist; Cat# 0189) from Tocris Bioscience

(Minneapolis, MN, USA).

3.2.4. Identification of MCH and ORX neurons

MCH and ORX neurons display distinct electrophysiological characteristics
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in response to a series of 600-ms step currents (-200 to +200 pA), serving as
highly accurate cell-type markers 220289 (Figure 3.1A). For a more thorough
descriptions of characteristics, please see section 4.3.2. The neurochemical cell
identity was confirmed by post-hoc immunohistochemistry on a subset of cells

filled with biocytin during recording (Figure 3.1B).
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Figure 3.1. Electrophysiological characterization of MCH and ORX neurons.
(A) Representative traces from melanin-concentrating hormone (MCH) and
orexin (ORX) neurons in response to positive and negative currents.

MCH neurons are not spontaneously active but fire action potentials upon
positive current injections and show strong spike adaptation. Contrastingly, ORX
neurons fire spontaneously and display less spike adaptation. ORX neurons also
display an H-current and rebound depolarization following relief from

hyperpolarization.
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(B) Representative post-hoc immunohistochemistry for biocytin (blue), MCH
(red), and orexin A (green) to confirm neuropeptide expression of recorded cells.
Scale bar = 50 ym. Cells are filled with biocytin during electrophysiological
recording. After recording, brain slices were fixed in 10% formalin overnight, then
incubated in goat anti-ORX-A IgG (1:2000; sc-8070, Santa Cruz Biotechnology,
Dallas, TX, USA) and rabbit anti-MCH IgG (1:1000-2000; H-070-47, Phoenix
Pharmaceuticals, Burlingame, CA, USA) for 3 days at 4°C, followed by
appropriate secondary antibodies and AMCA-conjugated streptavidin (1:500;
Jackson ImmunoResearch, West Grove, PA, USA) for 2h at room temperature or
1 day at 4°C. Colocalization of biocytin and ORX-A or MCH was observed using

an epifluorescence microscope
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3.2.5. Double immunohistochemistry

Rats were transcardially perfused with 4% paraformaldehyde under
isoflurane anesthesia. Brains were post-fixed in paraformaldehyde overnight and
sectioned on a cryostat. 16-uym sections underwent antigen retrieval in Na-citrate
buffer (pH 6.0) before goat anti-proMCH IgG (1:500, sc-14509, Santa Cruz
Biotechnology, Dallas, TX, USA) and rabbit anti-EP2R 1gG (1:500, 101750,
Cayman Chemical, Ann Arbor, MI, USA) were applied overnight at 4°C. Next,
Alexa 488-conjugated anti-goat IgG (1:500, A-11055, Invitrogen, Waltham, MA,
USA) and Alexa 594-conjugated anti-rabbit IgG (1:500, A-21207, Invitrogen,
Waltham, MA, USA) were applied for 2h at room temperature. Sections were
imaged on an inverted fluorescence microscope (Axio Observer Z1 with Apotome
2, Carl Zeiss Ltd.). Brightness and contrast of images were adjusted using

PaintShop Pro 2018 (Corel Corporation, Ottawa, Ontario, Canada).

3.2.6. Adipose and liver histology and analysis

White adipose and liver tissues were dissected after sacrifice and fixed in
10% neutral buffered formalin for at least 24h. Fixed tissues were paraffin-
embedded, sectioned at 5-ym and H&E stained.

For adipocyte analysis, brightfield images of epididymal fat were acquired
using inverted light microscope. The area of individual adipocytes was
determined using ImageJ Adiposoft 2% for >100 adipocytes per animal.
Brightfield images of the liver were taken using an imaging reader (Cytation 5,

BioTek, Winooski, VT, USA). Colorized images were converted to 8-bit before
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applying a threshold to generate a binary image using ImageJ by an
experimenter blind to the genotype. A morphometric particle analysis was
performed in ImageJ to assess lipid droplet size 2°'. Prior to the analysis, a pilot
study was conducted on hematoxylin and eosin (H&E)-stained liver histology
images to determine an appropriate minimum particle size and circularity to
detect lipid droplets by comparing the binary image to the original color brightfield
image. All particles with circularity between 0.40-1.00 and size greater than 20
um? were included. Large structures captured by automated detection that were
not lipid droplets (e.g. central vein) were manually excluded. Total lipid area was

determined as the percentage of the area analyzed (1.39 mm? per mouse).

3.2.7. Data analysis

The number of cells (n) and animals (N) for each experiment are indicated
in Supplementary Table 7.2 in the Appendix. All data are represented as the
mean = SEM. Two-tailed unpaired t-tests, one-way and two-way ANOVA were
performed as appropriate using Prism 9 (GraphPad, San Diego, CA, USA) and
p<0.05 was considered significant. If ANOVA found significance, appropriate

multiple comparison tests were performed.

3.3. Results
3.3.1. High-Fat Diet Depolarizes MCH Neurons
To test the effect of palatable HFD on MCH neurons, male rats were fed

Western diet (WD) high in fat and sugar. This resulted in a significantly
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depolarized resting membrane potential (RMP) of MCH neurons (Figures 3.2A-
B), accompanied by increased firing, a shorter latency to first spike in response to
driving currents, and lower threshold (Figures 3.2C-D, 3.3A-B, 3.4A-G). The
excitatory effect became apparent at week 4, before the onset of accelerated
weight gain, and persisted at least to week 11 (Figures 3.2B-D and 3.5A-B).
Interestingly, this excitatory effect was reversible upon returning to chow for 4
weeks (Figure 3.2E), indicating that continued exposure to WD is needed to

maintain MCH neurons in a depolarized state.
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Figure 3.2. Chronic Western Diet (WD) feeding induces a persistent

activation of MCH neurons.

(A) Representative traces of rat MCH neurons after 4 weeks of chow (4C) or WD

(4W). (B) Time course of changes in RMP. (C-D) Time course of changes in

action potentials fired (#APs) (C), and 15t spike latency (D) during a 600-ms, 100-

pA driving current. (E) RMP of MCH neurons following various feeding

paradigms. 8C: 8-week chow, 4W/4C: 4-week WD followed by 4-week chow. (F

to G) RMP of MCH (F) and orexin (ORX) neurons (G) from animals fed various

diets as indicated. HFMS: high fat/moderate sugar diet, LFHS: low-fat/high-sugar
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diet. See Fig. 3.5 for body weight and food intake.

(B-D) Bonferroni multiple comparison, **p<0.01, ****p<0.0001. (E-G) Tukey’s
multiple comparison, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Details of statistical results can be found in Table 7.2 in the Appendix.
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Figure 3.3. Time-dependent WD-induced changes in excitability of MCH

neurons.
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(A to B) Number of action potentials (APs; A) and 1st spike latency (B) elicited by
600-ms driving currents. Rats were fed chow or WD for 1 to 11 weeks (1w — 11w)
as indicated.

Bonferroni multiple comparison: *p<0.05, **p<0.01, ****p<0.0001 chow vs WD.
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Figure 3.4. The effect of WD on action potential waveform properties of
MCH neurons in rats.

(A) Representative current clamp traces from MCH neurons in response to 200-
pA current injection in male rats fed chow or WD for 4 weeks. Inset:
superimposed, expanded traces of action potentials (AP).

(B to G) Electrophysiological properties of MCH neurons from chow or WD-fed
rats including threshold (B), AP amplitude (C), AP peak (D), AP half-width (E),
afterhyperpolarizing potential (AHP) amplitude (F), and AHP peak (G). Two-tailed

unpaired t-test *p<0.05
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Figure 3.5. Body weight and food intake.

(A to B) Body weight (A) and caloric intake (B) of rats. WD: Western diet (high-

fat/high-sugar). Bonferroni multiple comparison: *p<0.05, **p<0.01, ***p<0.001,

****p<0.0001 chow vs WD.
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(C to D) Body weight (C) and caloric intake (D) of rats. HFMS: high-fat/moderate
sugar diet. Bonferroni multiple comparison: *p<0.05, **p<0.01, ***p<0.001,
****0<0.0001 chow vs HFMS.

(E to F) Body weight (E) and caloric intake (F) of mice. LFHS: low-fat/high-sugar
diet. Tukey’s multiple comparison: *p<0.05, **p<0.01, ***p<0.001, ****0<0.0001
WD vs chow; #p<0.05, ##p<0.01, ##p<0.001, ####p<0.0001 WD vs LFHS,
Tp<0.05 chow vs LFHS.

All animals had access to food and water ad libitum. Rats were single housed.
C57BL/6NCrl mice were housed in groups of 2-5/cage and total food intake per

cage was divided by the number of mice to calculate average caloric intake.
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The excitatory effect of WD was also observed in mice (Figure 3.2F). Both
the weight gain and the MCH depolarization appear to be due to dietary fat, as a
high fat/moderate sucrose (HFMS) diet was equally effective as WD at
depolarizing MCH neurons, while a low fat/high sucrose (LFHS) diet was not
(Figures 3.2F and 3.5C-F). Orexin neurons, another energy balance-related
hypothalamic cell group, did not respond to any of the diets tested in rats and
mice (Figure 3.2G). Together, these results indicate that MCH neurons are
activated by chronic dietary fat consumption. This activation is selective to MCH

neurons and conserved across species.

3.3.2. WD Inhibits Na*/K*-ATPase in MCH Neurons

The effect of WD on RMP of MCH neurons appears to be cell-intrinsic, as
it was insensitive to the voltage-gated Na* channel blocker tetrodotoxin (1 uM) or
a cocktail of synaptic blockers (50 uM D-AP5, NMDA receptor antagonist; 10 uM
DNQX, AMPA/kainate receptor antagonist; 50 uM picrotoxin, GABAa receptor
blocker) (Figure 3.6A). However, membrane resistance did not differ between
chow and WD groups or correlate with RMP (Figures 3.7A-C). Thus, differential

ion channel activity is unlikely to underlie the difference in RMP.
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Figure 3.6. WD downregulates Na+/K+-ATPase in MCH neurons.

(A) RMP of rat MCH neurons in tetrodotoxin (TTX) or synaptic blockers (syn
block). (B) Representative current clamp recording showing ouabain-induced
depolarization. (C) Membrane potential before (baseline) and during 25 uM
ouabain. (D) Ouabain-induced change in membrane potential with or without
synaptic blockers. (E) Voltage-current relationship of ouabain-induced current. (F
to G) Membrane potential before (baseline) and during removal of extracellular
K* (Ext-free K*, F) and resultant change in membrane potential (G). (H) RMP of
MCH neurons recorded with 10- or 40-mM intracellular Na*.

(A,C-F) Bonferroni multiple comparison: *p<0.05, **p<0.01, ***p<0.001,

89



****p<0.0001, chow vs WD. (G) two-tailed unpaired t-test: **p<0.005. (H) Tukey’s

multiple comparison: *p<0.05, **p<0.01, ****p<0.0001.
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Figure 3.7. WD reduces the Na+/K+-ATPase activity of MCH neurons.

(A) Membrane resistance of rat MCH neurons under different diets.

(B to C) Correlation analyses between RMP and membrane resistance of MCH
neurons under different diets as indicated. Least squares linear regression: chow
(B): r2=0.0002358, p=0.8946; WD, (C): r2=0.001677, p=0.7048.

(D to E) Voltage-current relationship of the ouabain-induced current in chow (D)
and WD-fed (E) rats. Bonferroni multiple comparison: *p<0.05, ****p<0.0001

baseline vs ouabain.
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(F) Evoked APs recorded with 10- or 40-mM intracellular Na+. Tukey’s multiple
comparison: *p<0.05, **p<0.01 chow vs WD; ##p<0.01, ###p<0.001 WD 10 vs

WD 40.
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Other contributors to RMP are electrogenic transporters such as Na*/K*-
ATPase. Inhibiting Na*/K*-ATPase with ouabain (25 uM) induced a significant
depolarization of MCH neurons and abolished the difference in RMP between
chow and WD groups (Figures 3.6B-D). This ouabain effect was insensitive to
synaptic blockade (Figure 3.6D), voltage-independent within the range of
membrane potentials tested (Figures 3.6E and 3.7D-E), and mimicked by
eliminating extracellular K*, which also inhibits Na*/K*-ATPase activity 2%
(Figures 3.6F-G). These are consistent with the characteristics of Na*/K*-ATPase
currents, indicating their involvement in the WD-induced RMP depolarization.

If the reduction in the resting Na*/K*-ATPase activity is due to functional
downregulation, intracellular Na* should stimulate its activity and hyperpolarize
the membrane 2%3. Increasing intracellular Na* from 10 to 40 mM significantly
hyperpolarized MCH neurons and abolished the WD-induced differences in RMP
and firing (Figures 3.6H and 3.7F). Thus, the majority of Na*/K*-ATPase
expressed on MCH neurons are active at rest and contribute to the
hyperpolarized RMP under chow conditions. WD functionally downregulates

Na*/K*-ATPase, which can be re-activated by elevated intracellular Na*.

3.3.3. PGE2 Mediates WD-Induced MCH Activation
HFD is known to upregulate inflammatory cytokines and prostanoids in the
hypothalamus 63289, Furthermore, PGE2 has been shown to mediate the inhibitory

effect of TNFa on hepatic Na*/K*-ATPase activity 2°*. Thus, we speculated that
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PGE2 mediates the WD-induced Na*/K*-ATPase inhibition in MCH neurons. If so,
PGE:2 should mimic the excitatory effect of WD. To test this, we applied various
concentrations of PGE2 (10 pM — 100 uM) on MCH neurons from chow-fed rats.
Surprisingly, this revealed a bidirectional effect where lower concentrations
excited, while higher concentrations inhibited MCH neurons (Figures 3.8A-B). To
determine how PGE: induces these opposing effects, specific antagonists for
PGE: receptor EP1R (ONO-8711, 1 uM), EP2R (PF04418948, 1 uM), EP3R (L-
798,106, 1 uM) and EP4R (BGC20-1531, 1 uM) were tested. We found that the
EP3R antagonist blocked the inhibitory effect of 10 uM PGE:2 (Figures 3.8C-D). In
contrast, the EP2R antagonist abolished the excitatory effect of 100 pM PGE-,
and an EP2R agonist (butaprost, 1 uM) depolarized MCH neurons (Figures 3.8E-

F). Moreover, double immunofluorescence labeling showed colocalization of
EP2R with MCH neurons (Figure 3.8G). These results indicate that PGE2 can

mimic WD and directly depolarize MCH neurons through EP2R.
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Figure 3.8. PGE2 bidirectionally modulates the activity of MCH neurons

through distinct receptor subtypes.
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(A) Representative traces of MCH neurons from chow-fed rat, untreated control
(Ctrl) or treated with PGE2. (B) RMP of MCH neurons from chow-fed rats treated
with various concentrations of PGE: or left untreated (Ctrl). For (B), (C) and (E),
dotted horizontal lines denote the mean of untreated control. (C) Effect of 10 yM
PGE2 on RMP with or without EP receptor antagonists. (D) Evoked APs with 10
MM PGE:2 alone or with EP3R antagonist L-798,106. (E) Effect of 100 pM PGE:2
on RMP with or without EP receptor antagonists. (F) Evoked APs with 100 pM
PGE: alone or with EP2R antagonist PF04418948. (G) Representative double
immunofluorescence images of MCH (green) and EP2R (red) expression in the

lateral hypothalamus. Scale bar = 20 um

(B-C, E) Dunnett’'s multiple comparisons: *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001 vs Ctrl (left-most column). (D) Dunnett’s multiple comparison:
*p<0.05, Ctrl vs 10 uM PGE2; #p<0.05, PGE2 vs PGE2+EP3 antagonist. (F)
Dunnett’s multiple comparison: *p<0.05, **p<0.01, ***p<0.001, Ctrl vs 100 pM

PGEz; ##p<0.01, ###p<0.001, PGE2 vs PGE2+EP2 antagonist.
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Cyclooxygenase (COX) is a critical enzyme for prostanoid synthesis and
may be induced by WD to produce endogenous PGE:z. A non-selective COX
inhibitor (acetaminophen, 50 uM) had no effect on chow controls but reversed the
effect of WD on RMP and the ouabain-induced depolarization of MCH neurons
(Figures 3.9A, C-D). Furthermore, a COX-2 inhibitor (SC-236, 1 uM) blocked the
WD-induced depolarization, while a COX-1 inhibitor (SC-560, 5 uM) did not,
indicating that WD upregulates the inducible isoform COX-2 (Figure 3.9A).
Applying a COX inhibitor indomethacin throughout the brain dissection procedure
did not prevent the WD-induced depolarization of MCH neurons (Figure 3.10A),
confirming that COX activation is not due to the trauma caused by tissue
dissection. These results show that sustained production of endogenous
prostanoids is necessary for the persistent depolarization of MCH neurons by

WD.
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Figure 3.9. PGE2-EP2R-mediated inhibition of Na+/K+-ATPase underlies
WD-induced depolarization of MCH neurons.

(A) Effect of COX inhibitors on RMP of MCH neurons. (B) Effect of EP receptor
antagonists on RMP of MCH neurons. EP1/3/4: a cocktail of EP1, EP3 and EP4
receptor antagonists. (C) Representative current clamp traces from WD-fed rat
MCH neurons. Aceta: acetaminophen. (D) Effect of COX inhibitor acetaminophen
on the ouabain-induced membrane depolarization. (E) Representative current
clamp traces from chow-fed rat MCH neurons. (F) Effect of 100 pM PGE2 on the

ouabain-induced change in membrane potential of MCH neurons.
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(A-B) Dunnett’s multiple comparison: *p<0.05, ***p<0.001 vs WD with no inhibitor

(-). (D, F) Tukey’s multiple comparison: ***p<0.001, ****p<0.0001.
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Figure 3.10. WD induces PGE2 signaling to depolarize MCH neurons.

(A) RMP of MCH neurons in rat brain slices, which were generated in the
absence (untreated) or presence of the COX inhibitor indomethacin (INDO, 30
uM) throughout the dissection and slicing. INDO does not prevent the WD-
induced RMP depolarization, suggesting that the induction of COX is not due to
the trauma of brain dissection.

Bonferroni multiple comparison: *p<0.05, **p<0.01.

INDO from Sigma-Aldrich (Cat# 17378, Ann Arbor, Michigan, USA) or Tocris
Biosciences (Cat# 1708; Minneapolis, MN, USA) was dissolved in saline and
intracardially perfused through rats prior to brain sampling under isoflurane
anesthesia. Furthermore, INDO was added to ACSF during brain slicing on a

vibratome.

(B) PKA inhibitor H89 (10 yM) hyperpolarizes RMP of MCH neurons from WD-fed

rats. Two-tailed unpaired t-test, **p<0.01
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If PGE: is the primary endogenous prostanoid induced by WD, it is likely to
act through EP2R, which were found to mediate its excitatory effect. Indeed, the
EP2R antagonist reversed the WD-induced depolarization of MCH neurons, while
other EP receptor antagonists had no effect (Figure 3.9B). Contrastingly, the
EP2R antagonist alone had no effect on chow controls (Figure 3.9B). Together
with the lack of effect of COX inhibition in chow controls, this suggests that there
is no significant PGE2 production during low-fat diet consumption in the local
environment of MCH neurons. 100 pM PGE2 and WD individually inhibited the
ouabain-induced depolarization to the same level, and their effects were not
additive, indicating that both PGE2 and WD act through Na*/K*-ATPase (Figures
3.9E-F). The WD effect is mediated by protein kinase A (PKA), a downstream
effector of EP2R, as a PKA inhibitor H89 reversed the WD-induced depolarization
(Figure 3.10B). These results indicate that EP2R signaling activated by WD-
induced PGE: is responsible for the functional downregulation of Na*/K*-ATPase

and consequent depolarization of MCH neurons.

3.3.4. PGE2-EP2R Signalling in MCH Neurons Promotes Diet-Induced Obesity in
Male Mice

To explore the functional role of EP2R on MCH neurons in energy
balance, mice that lacked EP2R in MCH neurons were generated
(MCHC¢re*:EP2R™). This knockout (KO) model was validated using an EP2R

agonist (butaprost; 1 uM), which increased the excitability of wild type MCH
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neurons but not KO MCH cells from male mice (Figures 3.11A-C).
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Figure 3.11. Confirmation of EP2R deletion in MCH neurons of MCH-EP2R
KO mice.

(A) Representative traces from MCH neurons from wild type (WT) and
MCHCre;EP2R (KO) mice. EP2R agonist butaprost stimulates WT but not KO
neurons.

(B to C) Effect of butaprost (But) on RMP (B) and evoked APs (C) of MCH
neurons in WT and KO mice. Butaprost activates WT neurons but not KO
neurons.

Tukey’s multiple comparison:

***p<0.001, ****p<0.0001 WT no treatment vs WT+But;

##p<0.01, ###H+#p<0.0001 WT vs KO
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Although MCH-immunopositive neurons are confined to the hypothalamus,
Cre-reporter mice (MCH Cre-tdTomato) showed sparse tdTomato expression in
MCH-immunonegative neurons in the septal area. Importantly, butaprost did not
alter their excitability (Figure 3.12A-C). Thus, these extrahypothalamic neurons

are unlikely to significantly contribute to the KO phenotype.
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Figure 3.12. Extrahypothalamic Cre-expressing cells are insensitive to
EP2R agonist

(A, left) Schematic depicting the approximate location of TdTom-positive cells
(red box) pictured in the immunofluorescence images (right).

(A, right) Representative confocal fluorescence images showing the presence of
Cre-dependent tdTomato-positive cells driven by the MCH promotor (red) in the
lateral septal area using 4’,6-diamidino-2-phenylindole (DAPI; blue) as a
counterstain. Note the distinct lack of immunostaining of proMCH (green) in

tdTomato-positive cells in this area. Scale bar = 100 ym; inset scale bar = 10 uym.



(B to C) RMP (B) and evoked APs (C) of extrahypothalamic Cre-expressing cells
in the absence (Ctrl) or presence of butaprost (+But). Butaprost has no significant

effect on the excitability of these cells.
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Using the KO model, we assessed the effect of diet on MCH neuron
excitability. RMP of MCH neurons was comparable between chow-fed male KO
mice and litermate controls (EP2R™, hereinafter known as f/f). Conversely, WD
feeding depolarized f/f MCH neurons but not KO neurons (Figures 3.13A-C).
These results confirm a critical role of EP2R in the WD-induced activation of

MCH neurons.
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Figure 3.13. PGE2-EP2R signalling in MCH neurons exacerbates diet-
induced obesity and liver steatosis in male mice.

(A) Representative traces of MCH neurons from WD-fed male f/f or KO mice. (B)
RMP of MCH neurons after 13-week chow or WD. (C) Evoked APs from cells
shown in (B). (D) Baseline body weight at 6 weeks of age. (E-F) Body weight (E)
and cumulative caloric intake (F) during feeding period. (G) Food efficiency

calculated as total weight gained per calorie consumed during 13-week feeding.
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(H) White adipose tissue (WAT) mass (sum of epididymal, inguinal and
retroperitoneal pads) after 13-week feeding. (I) Representative H&E-stained
adipocytes from epididymal fat pads. (J to K) Cumulative distribution (J) and
mean adipocyte area (K). (L) Liver mass after 13-week feeding. (M)
Representative H&E-stained images of the liver. Arrowheads: macrosteatosis;
Open arrows: microsteatosis. (N to O) Cumulative distribution of liver lipid droplet
size (N) and percent lipid area (O).

(B-C, E-G, H, L) Tukey’s multiple comparison: *p<0.05, **p<0.01, ****p<0.0001
f/f-chow vs f/f-WD; $p<0.05, $$p<0.01, $$$$p<0.0001 f/f-WD vs KO-WD;
#p<0.05, ###p<0.001, #H##p<0.0001 KO-chow vs KO-WD. (J) Bonferroni
multiple comparison test: *p<0.05. (K, O) Two-tailed unpaired t-test *p<0.05. (I,

M) Scale bar = 200 ym.
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KO and f/f mice displayed similar body weight (BW) at baseline (6 weeks
old) and throughout chow feeding (Figure 3.13D-E). When fed with WD, f/f mice
developed DIO, whereas KO mice gained much less BW (Figure 3.13E). This is
likely due to a greater WD intake and not energy expenditure as estimated by
food efficiency (weight gained per calorie consumed) by f/f mice (Figures 3.13F-
G). Upon completion of feeding, both WD-fed f/f and KO mice had more adiposity
than chow-fed counterparts, although WD-KO had less than WD-f/f mice,
indicating that EP2R deletion is partially protective (Figures 3.13H and 3.14A-C).
This difference in fat mass between the WD-fed groups was at least in part due to
a smaller adipocyte size (Figure 3.13I-K). KO mice were also largely protected
from WD-induced hepatosteatosis (Figures 3.13L-O). Other organs showed no
discernible differences due to EP2R deletion, except lean muscle mass, which
was smaller only in WD-KO (Figure 3.14D-G). In all, our data suggest that EP2R-
mediated activation of MCH neurons contributes to DIO, adiposity, and

hepatosteatosis.
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Figure 3.14. Organ profile of male f/f and KO mice after chow or WD
feeding.

(A to G) Weight of various organs from male control (f/f) and MCH-EP2R KO
mice (KO) following 13-week chow or WD, including epididymal fat (A),
retroperitoneal fat (B), inguinal fat (C), brown adipose tissue (BAT; D), heart (E),
kidneys (F), and lean muscle mass (G).

Tukey’s multiple comparison: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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3.3.5. PGE2-EPZ2R Signaling in MCH Neurons Modestly Contributes to Diet-
Induced Obesity in Female Mice

To determine whether EP2R signaling in MCH neurons similarly
contributes to obesity in female mice, the effect of WD on the excitability of MCH
neurons was assessed. This revealed a main effect of diet on RMP without
significant difference between specific groups by multiple comparisons (Figures
3.15A-B). Furthermore, no difference in AP firing was found between groups
(Figure 3.15C). These results suggest that the excitatory effect of WD on RMP
does not involve EP2R in females, or perhaps is attenuated without the

contribution of EP2R.
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Figure 3.15. PGE2-EP2R signalling in MCH neurons modestly contributes to
diet-induced obesity in female mice.

(A) Representative traces of MCH neurons from WD-fed female f/f or KO mice.
(B to C) RMP (B) and evoked APs (C) of MCH neurons after 13-week feeding.
(D) Initial body weight at 6 weeks of age. (E to F) Body weight (E) and cumulative
caloric intake (F) during the feeding period. (G) Food efficiency over 13-week

feeding. (H) White adipose tissue (WAT) mass (sum of gonadal, inguinal and
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retroperitoneal pads) after 13-week feeding. (I) Representative H&E-stained
adipocytes from gonadal fat pads. (J to K) Cumulative distribution (J) and mean
adipocyte area (K). (L) Liver mass after 13-week feeding. (M) Representative
H&E-stained images of the liver. (N to O) Cumulative distribution of liver lipid

droplet size (N) and percent lipid area (O).

(E, G-H, L) Tukey’s multiple comparison: *p<0.05 f/f chow vs f/f WD. (N)

Bonferroni multiple comparison: *p<0.05. (I, M) Scale bar = 200 um.
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Comparison of these female mice found no effect of KO on BW at baseline
and throughout chow feeding (Figure 3.15D,E). When fed with WD, f/f mice
gained more BW compared to those fed chow, whereas BW of KO mice on
different diets did not statistically differ (Figure 3.15E). There was no difference in
food intake among the groups, however, WD increased food efficiency only in f/f
mice (Figure 3.15F-G). Thus, differences in energy expenditure may underlie the
WD-induced weight gain, which is absent in KO mice.

Consistent with the BW results, WD significantly increased adiposity in
female f/f mice compared to those fed chow, which was absent in KO mice
(Figures 3.15H and 3.16A-C). Nevertheless, adipocyte size was similar between
WD groups (Figure 3.151-K). WD also increased liver mass in f/f but not KO mice
(Figure 3.15L). Histological assessment showed hepatosteatosis after WD
feeding, which was worse in f/f than KO mice (Figures 3.15M-0O). EP2R deletion
did not alter other organ weights (Figures 3.16D-G). Together, these results
indicate that EP2R KO in MCH neurons may protect female mice from DIO.
However, the protective effect is less prominent than in males, and may not rely

on MCH neuron depolarization, unveiling an interesting sex difference.
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Figure 3.16. Organ profile of female f/f and KO mice after chow or WD
feeding.

(A to G) Weight of various organs from female control (f/f) and MCH-EP2R KO
mice (KO) following 13-week chow or WD, including gonadal fat (A),
retroperitoneal fat (B), inguinal fat (C), brown adipose tissue (BAT; D), heart (E),
kidneys (F), and lean muscle mass (G).

Tukey’s multiple comparison: *p<0.05, **p<0.01.
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3.4. Discussion

The present study demonstrates that HFD-induced hypothalamic
inflammation can directly stimulate neurons that promote weight gain.
Specifically, prolonged consumption of WD significantly increases the intrinsic
excitability of MCH neurons through the inflammatory mediator PGE2in male
rodents. The onset of the WD-induced excitation of MCH neurons preceded
significant weight gain, suggesting that it is not secondary to obesity. It is likely
due to dietary fat, not sugar, as two types of HFD with differing sugar content
depolarized MCH neurons, whereas a low-fat/ high-sucrose diet did not do so.
The membrane depolarization is mediated by PGE: activating EP2R, which
downregulates Na*/K*-ATPase function. This is mediated by PKA, which can
directly phosphorylate Na*/K*-ATPase to decrease its affinity for intracellular Na*
295 Moreover, EP2R can induce oxidative stress 296297 which could inhibit
Na*/K*-ATPase 2%. Thus, we identified a novel role of Na*/K*-ATPase as a
regulator of the central energy balance circuitry through modulation of MCH
neuron excitability.

PGE: is a well-known orchestrator of sickness syndrome during disease
states 222, however, our study reveals a novel, non-canonical role of PGEzin DIO.
MCH neurons respond bidirectionally to PGEz, indicating that they can sense a
spectrum of inflammation to dynamically modulate energy state in opposing
directions. On one hand, higher concentrations of PGE2 hyperpolarize MCH
neurons. This could occur during high-grade inflammation causing sickness

syndrome. In support of this, inhibition of MCH neurons has been implicated in
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lipopolysaccharide-induced anorexia and weight loss 28¢. Conversely, prolonged
WD depolarizes MCH neurons, which is blocked by COX-2 inhibitors. COX-2
synthesizes a host of prostanoids, some of which can modulate Na*/K*-ATPase
activity, such as PGE2, PGF2, and PGI22%. However, we found that the EP2R-
specific antagonist completely reversed the WD effect, indicating that other
prostanoids are unlikely to be involved. Low concentrations of PGE-: also
depolarize MCH neurons via EP2R, supporting the notion that HFD-induced low-
grade inflammation stimulates MCH neurons to promote positive energy balance.

MCH neurons promote a net positive energy balance by mediating the
motivational aspect of feeding % and sleep '87:188:300.301 " while suppressing
physical activity '8 and metabolic rate '62. While many of these functions can be
attributed to the MCH peptide, MCH neurons express several co-transmitters
including GABA, glutamate, nesfatin-1 and CART 72.173.187_Changes in neuronal
excitability could affect the release of these co-transmitters from MCH neurons,
which are known to have distinct roles in energy and glucose homeostasis, and
sleep 174175187 Fuyrthermore, MCH neurons modulate memory and mood
191192302 Therefore, it is possible that the PGE2-EP2R-MCH axis is also involved
in sleep, cognitive and mood dysfunction associated with HFD intake 303-397

Our previous study showed that prolonged WD consumption in male rats
induces persistent increases in excitatory synaptic contacts to MCH neurons 3%,
This synaptic effect was present at week 4 but not week 1 of WD, which aligns

with the time course of intrinsic depolarization in the present study. Taken
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together, chronic HFD intake results in both intrinsic and synaptic plasticity
converging to maintain elevated excitability of MCH neurons in males.

The causal role of PGE2 and MCH neurons in DIO is clearly demonstrated
by the leanness of mice with conditional deletion of EP2R in MCH neurons, which
is reminiscent of the lean phenotype of MCH-ablated or MCH-deficient rodents
158,163174 KO mice had less lipid deposition in white adipose tissue and liver than
controls, which is likely due to the observed hypophagia and attenuation of MCH-
mediated autonomic control over the metabolism in these organs 3°°. While EP2R
deletion in MCH neurons conferred some protection against DIO in both males
and females, the effect was more modest in females. This may be because
female mice did not exhibit the same excitation of MCH neuron or voracious
weight gain as males in general. Hypothalamic inflammation in female mice may
be more mild, perhaps even undetectable, consistent with previous reports 310:311,
Alternatively, there may be another mechanism by which EP2R signaling alters
the output of MCH neurons without changes in RMP that could explain the partial
protection of KO females. This sexual divergence in the role of MCH EP2R in
obesity warrants future investigation.

In conclusion, we identified novel roles of hypothalamic PGE2 and Na*/K*-
ATPase in the energy balance circuitry that contributes to DIO. Furthermore, our
study indicates that MCH neurons can act as inflammation sensors, dynamically
and bidirectionally responding to varying levels of inflammation, regulating a wide

spectrum of energy balance outcomes.
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Chapter 4 — High-fat diet induces time-dependent synaptic plasticity of the

lateral hypothalamus

Adapted from

Victoria Linehan* & Lisa Z. Fang®, et al., High-fat diet induces time-dependent
synaptic plasticity of the lateral hypothalamus. Molecular Metabolism 36, 100977

(2020). doi: https://doi.org/10.1016/j.molmet.2020.100977

*denotes equal contribution
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4.1.  Introduction

The global incidence of obesity is increasing, leading to a concomitant rise
in its associated comorbidities, including type Il diabetes, cardiovascular disease,
and some cancers. Most prevalent is diet-induced obesity (DIO), which is
typically caused by an overconsumption of energy-dense foods without a
sufficient increase in energy expenditure to compensate.

DIO is associated with functional and structural changes in the
hypothalamic neuronal circuitry controlling energy balance. For instance, synaptic
remodeling occurs within the arcuate nucleus of rodent models of DIO,
characterized by a change in the number of excitatory and inhibitory synaptic
contacts to neuropeptide Y and proopiomelanocortin neurons'%312 These
changes are thought to be a homeostatic negative feedback mechanism
underlying counter-regulatory responses to elevated caloric intake and fat mass.
On the other hand, high-fat diet (HFD), commonly used in DIO models, can drive
caloric overconsumption through a positive feedback mechanism involving the
reward system3'3, These functionally opposing negative and positive feedback
mechanisms are likely to be dynamically regulated during the development and
maintenance phases of DIO.

The hypothalamic energy balance circuitry is comprised of several nuclei,
including the arcuate nucleus, lateral hypothalamus (LH), ventromedial
hypothalamus and paraventricular nucleus3'4. Moreover, the LH is uniquely
connected to the reward system to mediate the motivation to work for food and

other rewards3'5. Within the LH, orexin (ORX) and melanin-concentrating
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hormone (MCH) neurons are two distinct peptidergic cell types that underlie
these functions. These cell populations are known for their complementary and
partially antagonistic roles in energy balance and reward3'® through reciprocal
connections to related brain regions317-320,

Both ORX and MCH neurons are orexigenic, as acute application of these
neuropeptides induces food intake'8*19°, Yet, ORX-induced food intake and
weight gain diminishes with prolonged infusion3?' whereas chronic administration
of MCH induces sustained hyperphagia and obesity'¢'322| suggesting differential
roles in long-term energy balance. ORX neurons are activated by HFD3?3, food-
associated cues?'4324325 gand other highly salient stimuli®?6:327, Furthermore,
postnatal ablation of ORX neurons results in reduced food intake?°3, while their
ablation in adulthood results in a modest increase in food intake3'”, suggesting
that age may be a factor in energy balance mechanisms. ORX signaling also
promotes arousal and motivation to seek and consume palatable food?'4, while
increasing metabolism, sympathetic activation and locomotor activity?°'328, In
sum, despite promoting acute food intake, the net result of ORX signalling is
negative energy balance and resistance to DIO3?°, Thus, previous studies overall
indicate that ORX neurons play an integrated role in goal-directed behaviors
where motivational activation is matched by arousal and physical activity. In
contrast, MCH neurons promote positive energy balance and a higher body
weight. Activation of these neurons promotes the preference and consumption of
food according to its nutrient values®3°. MCH stimulates food intake, particularly

palatable, calorie-dense food322:331 while promoting energy conservation through
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reduced metabolism and locomotor activity 163332, Together, these studies
delineate the complementary roles of ORX and MCH in different aspects of food
intake control and opposing effects on overall energy balance.

The activity of ORX and MCH neurons is regulated by excitatory and
inhibitory synaptic inputs, whose functional properties change during
development in a cell-type specific manner. While excitatory synapses to ORX
neurons functionally mature before adolescence (prior to weaning), MCH neurons
take much longer to reach the adult level®*33. How these age-dependent synaptic
properties interact with prolonged HFD exposure remains obscure. Therefore, the
present study investigated the synaptic effects of HFD on ORX and MCH
neurons in rats from adolescence to adulthood. Our study provides novel insights
into the impact of HFD on the regulatory mechanisms involved in energy
homeostasis. This has important implications in our society today, given the
abundance of palatable energy-dense foods that are widely available starting

from a very young age.

4.2. Methods
4.2.1. Animals

All experiments were conducted following the guidelines of Canadian
Council of Animal Care and were approved by Memorial University’s Institutional
Animal Care Committee. Male Sprague-Dawley rats (Charles River, Saint
Constant, Canada or Memorial University breeding colony) and C57BL/6NCrl

(Charles River, Saint Constant, Canada) were fed ad libitum with a standard
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chow (LabDiet autoclavable rodent diet 5010, 12.7% in fat) or a palatable HFD
(TestDiet AIN-76A Western Diet, 40.1% in fat).
4.2.2. Electrophysiology

Following the feeding period, rats were deeply anesthetized with isoflurane
and the brain was removed. Acute 250-um slices of the hypothalamus were
generated using a vibratome (VT-1000, Leica Microsystems) in cold artificial
cerebrospinal fluid (ASCF; composition: (in mM): 126 NaCl, 2.5 KClI, 1.2
NaH2POs4, 1.2 MgClz, 2 CaClz, 18 NaHCO3 and 2.5 glucose) bubbled with 95%
02/5% COs2. Slices were incubated at 32-34°C for 30 minutes and then left at
room temperature until experiments were performed. For whole cell patch clamp
recordings, hemisected slices were placed in a recording chamber perfused with
ACSF at 1-2 mL/min, 32°C. Glass pipette recording electrodes had a tip
resistance of 3-5 MQ when filled with internal solution (in mM): 123 K-gluconate,
2 MgClz, 8 KCI, 0.2 EGTA, 10 HEPES, 5 Naz2-ATP, 0.3 Na-GTP, and 2.7 biocytin.
Whole cell series/access resistance was 5-20 MQ, which was monitored
throughout the recording by applying a 20-mV, 50-ms square pulse every minute.
Multiclamp 700B and pClamp 9 or 10 software (Molecular Devices, Sunnyvale,
CA) were used to collect data. Signals were filtered at 1 kHz and digitized at 5-10
kHz.

All voltage clamp recordings were performed at a holding potential of -70

mV. Action potential-independent miniature excitatory postsynaptic currents
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(mEPSC) were isolated using tetrodotoxin (1 uM; Alomone Labs, Jerusalem,
Israel) and picrotoxin (50 uM; Sigma, Oakville, Canada) in the bath.
4.2.3. Identification of ORX and MCH neurons

ORX and MCH neurons can be distinguished with high accuracy among
other neurons in the LH based on a unique set of electrophysiological responses
to negative and positive current injections (600 ms, incremental steps from -200
to +200 pA)?20-28°_Briefly, ORX neurons display an H-current and a rebound
depolarization following relief from hyperpolarization, which is capped by action
potentials in some cells. They also fire spontaneously and display a uniphasic
afterhyperpolarizing potential. MCH neurons are typically not spontaneously
active but, upon positive current injections, display action potentials with
uniphasic afterhyperpolarizing potential and spike adaptation. These cells also
show no H-current and no rebound during or following hyperpolarization,
respectively.

Post-hoc immunohistochemistry was performed on a subset of cells
labeled with biocytin during patch clamp recording. Following experiments, brain
slices were fixed in 10% formalin for at least 12 hours. Subsequently, slices were
incubated with goat anti-ORX-A 1gG (1:2000; SC8070, Santa Cruz
Biotechnology, Dallas, TX, USA) and rabbit anti-MCH IgG (1:1000-2000; H-070-
47, Phoenix Pharmaceuticals, Burlingame, CA, USA) for 3 days at 4°C. Then
appropriate secondary antibodies and Alexa 350-conjugated streptoavidin (1:500;

Jackson ImmunoResearch, West Grove, PA, USA) were applied for 3 hours at
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room temperature or overnight at 4°C. Colocalization of biocytin with either ORX-
A or MCH was assessed using an epifluorescence microscope.
4.2.4. Double immunohistochemistry

Three-week old rats were fed for 4 weeks with chow (4wCtrl) or HFD
(4wHFD), and six-week old rats were fed HFD for 1 week (1wHFD). After the
feeding period, rats were deeply anesthetized with isoflurane and transcardially
perfused with 4% paraformaldehyde (PFA). Brains were removed, post-fixed
overnight in 4% PFA, and serially cryoprotected in 15% then 30% sucrose in
PBS. 16-um sections containing the hypothalamus were collected using a
cryostat (CM 3050S, Leica Microsystems). For immunofluorescence, tissue
sections were incubated overnight at 4°C in guinea pig anti-vGluT2 (1:500; 135
404, Synaptic Systems, Goettingen, Germany) and either goat anti-proMCH IgG
(1:500; sc14509, Santa Cruz Biotechnology, Dallas, TX, USA) or goat anti-ORX-
A 1gG (1:500; sc8070, Santa Cruz Biotechnology, Dallas, TX, USA). The next
day, sections were incubated in Cy3-conjugated anti-guinea pig IgG (1:500; 706-
165-148, Jackson ImmunoResearch, West Grove, PA, USA) and AlexaFluor 488-
conjugated anti-goat IgG (1:500; A11055, Invitrogen) for 2 hours at room
temperature. Slides were coverslipped using Dako fluorescence mounting
medium (Agilent Technologies, Inc., Santa Clara, CA, USA) and stored at 4°C

until imaging.
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4.2.5. Confocal imaging and analysis

Neurons immunopositive for ORX-A or MCH with clear nuclei were
randomly selected for imaging within the LH dorsal to the fornix. 5-um z-stacks (5
sections at 1 um intervals) were taken at 60X (1.42 NA) magnification using a
laser-scanning confocal microscope (Fluoview FV1000, Olympus Corporation),
and Z-projected images were generated. The following steps were performed
using Imaged by experimenters blind to the experimental groups. First, a pilot
study was conducted to determine an appropriate threshold for positive vGluT2
by testing a series of thresholds on a random set of vGluT2-stained sections,
followed by visual comparison of the resulting binary images to the original. Next,
a threshold was applied separately to grayscale images of neuropeptides or
vGIuT2 to generate binary images. The threshold for vGIuT2 was set at 10% of
the pixel intensity distribution based on the pilot study. Lastly, the binary images
were merged and the number of vGluT2 puncta directly apposed to MCH or ORX
neuron somata were counted.
4.2.6. Data analysis

MiniAnalysis software (Synaptosoft, Inc.) was used to measure the
frequency and amplitude of mMEPSCs. Data are expressed as mean + SEM. The
number of cells (n) and animals (N) used are indicated in the corresponding
figure legend. Unpaired t-tests, one-way and two-way ANOVAs were performed

using Prism 7 (GraphPad Software) to assess statistical differences between
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groups and to test the effect of diet. If ANOVA indicted significance, a Sidak

multiple comparisons test was performed. p<0.05 was considered significant.

4.3. Results

A previous study in the lab has demonstrated that ORX neurons undergo
dynamic synaptic plasticity in response to HFD feeding'4®. Their response is
dependent on the duration of the diet, as 1 week of HFD reveals a long-term
depression (LTD) of glutamatergic synapses, which is absent by 4 weeks of HFD.
Given the role of ORX neurons in feeding, this may represent an immediate
compensatory response to prevent overconsumption, which is eventually lost as
HFD prolongs.

On the other hand, as shown in Chapter 3, MCH neurons display a robust
intrinsic activation, which is absent at 1 week but present after 4 weeks of HFD.
As MCH neurons promote weight gain, cells may initially resist depolarization,
opposing weight gain, which wanes as HFD persists.

Together, these duration-dependent changes seem to support the
development of obesity if HFD is present for a longer period. We therefore asked
if other properties of ORX and MCH neurons follow suit. To this end we assessed
how spontaneous excitatory transmission is altered after 1 and 4 weeks of HFD
feeding. Importantly, these cells have been reported to display age-dependent
changes in excitability333, thus we age-matched animals such that they were 7
weeks old at the end of their respective feeding periods, corresponding to

adulthood.
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4.3.1. Orexin neurons
In ORX neurons, 1 week of HFD feeding induced an increase in mEPSC
amplitude (Fig. 4.1A-B). However, these changes are transient, as the mean

mEPSC amplitude returned to Ctrl levels by 4 weeks of feeding (Fig. 4.1A-B).
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Figure 4.1. Acute HFD feeding induces an increase in spontaneous
excitatory transmission to ORX neurons.

Feeding periods were staggered so that all rats were 7-week old at the time of
assessment. (A) Representative mEPSC recordings from ORX neurons of rats
fed a control chow diet (Ctrl), or HFD for 1 week (AM1wHFD) and 4 weeks
(4wHFD). (B-C) ORX neurons from age-matched 1-week HFD group
(AM1wHFD) show a larger mEPSC amplitude (B) but no change in mEPSC
frequency compared to Ctrl (C). By 4 weeks (4wHFD), there was a significant

increase in MEPSC frequency. One-way ANOVA: mEPSC amplitude (B),
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p=0.0255; mEPSC frequency (C), p=0.0058. *p<0.05, **p<0.01, Sidak’s multiple

comparison test. n=7-10 cells, N=4-7 rats.
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Analysis of mMEPSC frequency revealed a different time course of the HFD
effect. In contrast to the early change in mEPSC amplitude, mEPSC frequency
was not affected by 1 week of HFD but was significantly increased by 4 weeks
(Fig. 4.1A, C). The published article®°® addresses the possible mechanisms
underlying the mEPSC amplitude changes, while the remainder of this chapter
(adapted from the article) will focus on the change in frequency.

One possible explanation for the increase in mEPSC frequency observed
could be an increase in the number of excitatory synaptic contacts. To test this
hypothesis, a confocal analysis was performed to assess the number of
excitatory terminals in contact with ORX neurons. There was no change in the
number of vGluT2 puncta in apposition with ORX neurons at 1 or 4 weeks (Fig.
4.2A-D). Together, these results suggest that increased mEPSC frequency after
4 weeks of HFD may not involve synaptic remodeling at ORX neuron somata,

although possible remodeling at the dendrites cannot be excluded.
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Figure 4.2. HFD does not influence the number of excitatory synapses to
ORX neuron somata.

(A-C) Representative immunofluorescence images of the lateral hypothalamus.
Images show confocal images of ORX-A+ neurons (green; A1, B1, C1), vGluT2+
glutamatergic puncta (red; A2, B2, C2), the merged confocal image containing
both channels (A3, B3, C3), and the merged binary image used for analysis,
generated by applying a threshold to individual channels (A4, B4, C4). Scale bar
=10 um. (D) No difference in the number of vGluT2+ appositions to ORX neuron
somata is found among feeding groups (One-way ANOVA, p=0.0526).

n=59-65 neurons from 2-4 slices per rat, N=3-4 rats per diet condition
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Overall, our data indicate that ORX neurons experience acute increases in
excitatory inputs during short-term HFD feeding (1-4 weeks), which is not
mediated by synaptic remodelling at the level of the soma. The transient nature of
HFD-induced changes suggests that ORX neurons functionally adapt to the diet

after prolonged feeding.

4.3.2. Melanin-concentrating hormone neurons

In MCH neurons, HFD had no effect on the mEPSC amplitude (Fig. 4.3A-
B) after either 1 or 4 weeks of feeding. In contrast, the frequency of mMEPSCs in
MCH neurons showed time-dependent effects of HFD, such that frequency was
significantly higher after 4 weeks of HFD feeding compared to control and 1 week

of HFD (Fig. 4.3A, C).
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Figure 4.3. Chronic HFD persistently increases excitatory transmission to
MCH neurons.

Feeding periods were staggered so that all rats were 7-week old at the time of

assessment. (A) Representative mEPSC recordings of MCH neurons from rats
fed a chow control (Ctrl) or HFD for 1 week (AM1wHFD) and 4 weeks (4wFD).

(B) HFD feeding does not affect mMEPSC amplitude in MCH neurons (One-way
ANOVA, p=0.3180). (C) HFD induces a delayed increase in mEPSC frequency
(One-way ANOVA, p=0.0029). For (A-B): n=6-9 cells, N=4-6 rats. *p<0.05,

**p<0.01, Sidak’s multiple comparison test.
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This led us to ask whether there was a concomitant change to the number
of excitatory contacts on MCH neurons. To test this, a confocal
immunofluorescence analysis was performed to assess the number of excitatory
terminals in contact with MCH neurons. We found that the number of vGluT2-
immunopositive excitatory terminals in apposition with MCH neuron somata was
significantly increased after 4 weeks but not after 1 week of HFD feeding (Fig.
4.4A-D), matching the changes in mEPSC that we observed. These results
together suggest that prolonged HFD induces a delayed increase in the number

of excitatory synaptic contacts to MCH neurons.
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Figure 4.4. HFD induces a delayed increase in the number of excitatory
synaptic contacts to MCH neurons.

(A-C) Representative immunohistochemical images of the lateral hypothalamus
of rats that were fed for the indicated time. Images show an example of confocal
immunofluorescence for MCH+ neurons (green; A1, B1, C1), vGluT2+ puncta
(red; A2, B2, C2), the merged confocal image containing both channels (A3, B3,

C3), and the merged binary image used for analysis (A4, B4, C4). Scale bar = 10
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um. (F) Four weeks of HFD feeding induced an increase in the number of
vGIluT2+ puncta apposed to the somata of MCH neurons (One-way ANOVA,
p=0.0005).

n=52-90 neurons from 2-4 slices per rat, N = 3-4 rats per diet condition.

***p<0.001, Sidak’s multiple comparison test.
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4.4. Discussion

The present study demonstrates that ORX and MCH neurons undergo
synaptic plasticity during HFD in a mechanistically-distinct, cell-type dependent
manner. On one hand, ORX neurons display early but transient changes in
excitatory transmission in response to HFD feeding. On the other hand, MCH
neurons show a delayed increase in excitatory transmission with the onset at 4
weeks of HFD, still preceding the onset of a significant weight gain. These
differential effects of HFD may underlie the complementary and partially
antagonistic roles of these cells in energy balance. The mechanism by which
HFD induces synaptic remodeling remains unclear; however, metabolic and
hormonal changes associated with HFD may be involved. For example, leptin,
insulin, endocannabinoids and brain-derived neurotrophic factor have been
shown to mediate HFD-induced synaptic remodeling in various brain
regions312:33433%5  ORX and MCH neurons directly receive widely distributed
afferents from overlapping and discrete brain areas, including many nuclei in the
hypothalamus, other subcortical and cortical areas, and the midbrain3'’ that are
involved in energy balance, reward and sleep/wake control. Some of these direct
inputs are indeed glutamatergic33¢-33_ |t remains unknown whether all of the
above or only selective pathways are sensitive to HFD, and whether the same
synapses undergo dynamic plasticity over the course of HFD or whether different
sets of synapses show plasticity at different time points.

ORX neurons display an acute increase in excitatory transmission.

Glutamatergic synaptic activity has been shown to underlie basal excitability of
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ORX neurons®#0. Thus, increased excitatory drive along with known upregulation
of ORX mRNA by short-term HFD exposure3*! will likely lead to an increased
release of ORX peptide. Released ORX may stimulate downstream targets in the
reward system such as the ventral tegmental area34?, which is also known to
undergo rapid synaptic plasticity in response to palatable food consumption3+3. In
this light, these plastic changes may influence the rewarding value of palatable
diet and reinforce further consumption by promoting motivation and food seeking.
In fact, non-food rewards, such as cocaine, have been demonstrated to induce
synaptic alterations to ORX neurons34434% suggesting that these cells respond
with synaptic plasticity to rewarding stimuli in general.

By week 4, the change in mEPSC amplitude normalizes, while mEPSC
frequency increases in ORX neurons. Although not included in this adapted
chapter, the published article demonstrates that the increase in mEPSC
frequency does not accompany any change in paired-pulse ratio (PPR)38,
suggesting that the presynaptic release probability is unchanged. This would
suggest that there is instead a change in the number of active excitatory
synapses, although, this was not supported by a confocal analysis that found no
change in the number of excitatory terminals in apposition with ORX neurons.
The possibility of synaptic remodeling at the dendrites cannot be excluded as our
confocal analysis was limited to somatic contacts. However, a similar confocal
analysis had successfully detected changes in the number of vGluT2-expressing
terminals making somatic contact with ORX neurons in obese mice334.

Alternatively, structural components of synapses can exist but be functionally
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quiescent®#®, which could dissociate electrophysiological and
immunohistochemical results. Furthermore, the discrepancy may be partially
explained if only a subpopulation of ORX neurons responds to HFD. For
example, ORX neurons have been subdivided into two groups based on
electrophysiological properties34’, which display differential responses to
glucose3*® and sleep deprivation34°. As these subpopulations cannot be
segregated immunohistochemically, changes in one subpopulation may be
masked by a lack of change in other ORX subtypes.

Also, we may not have detected differences in synaptic contacts due to
technical limitations, such as ORX-A not labelling the full extent of the cell body.
However, the aforementioned study that successfully detected differences in
axosomatic contacts to ORX neurons used the very same antibody. In future
studies, perhaps the ORX-A antibody could be used in conjunction with a plasma
membrane marker to ensure accurate detection of puncta that are apposed to the
soma.

Contrastingly, there is a significant increase in the number of excitatory
terminals apposing MCH neurons after 4 weeks of feeding, suggesting that
synaptic remodeling has occurred. Importantly, these changes occur before the
onset of excess weight gain (around 5 weeks of HFD). Although not presented in
this adapted chapter, the published article also investigates excitatory
transmission after 11 weeks of HFD feeding, which is summarized in Figure 4.5.
At this more chronic timepoint, mMEPSC frequency in MCH neurons is increased

compared to 4 weeks of HFD3%, The progressive amplification of the magnitude
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of mMEPSCs with longer HFD feeding suggests that the observed effects are
unlikely to be a result of obesity. Although not explicitly tested, given the role of
MCH in positive energy balance, our data suggest that the timing of the onset
and continuance of elevated excitatory drive to MCH neurons may contribute to

the development and maintenance of DIO.
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Figure 4.5. Net change in synaptic properties of adult ORX and MCH
neurons over the course of HFD feeding

A schematic summarizing the time course of synaptic changes in ORX and MCH
neurons due to HFD. In ORX neurons, excitatory synaptic transmission increases
during the acute phase (from 1 day to 4 weeks) but returns to chow Ctrl levels
(baseline) by week 11 of HFD. Thus, the synaptic drive to ORX neurons is
excitatory in the early phase of HFD, which normalizes with prolonged feeding. In
MCH neurons, as HFD exposure persists, the excitatory synaptic drive starts to
increase by week 4 and continues to increase with prolonged feeding. Thus, the

synaptic drive follows the changes in excitatory transmission.
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Previous studies have shown that ORX and MCH neurons undergo
various forms of synaptic plasticity during obese states or HFD feeding. For
example, DIO or leptin-deficiency changes the expression of cannabinoid
receptors on excitatory and inhibitory synaptic terminals, resulting in altered
endocannabinoid-dependent control of ORX neurons3343%0, | eptin deficient mice
also display altered endocannabinoid-mediated synaptic inhibition in perifornical
neurons, about half of which were identified as MCH neurons®>'. Furthermore,
HFD impairs thermosensitivity of ORX neurons?® and leptin-induced inhibition of
excitatory transmission to MCH and ORX neurons343. Time-dependent plasticity
has also been observed, where excitatory synapses to ORX neurons are primed
for long-term depression after 1 week of HFD feeding, but not after 4 weeks'4.
Therefore, HFD can also induce other plastic and metaplastic changes that could
collectively shape the synaptic inputs that regulate the excitability of these

neurons.

4.5. Conclusion

The present study is the first to investigate time-dependent HFD-induced
changes in spontaneous synaptic transmission in lateral hypothalamic cell
populations. Over the course of HFD feeding, we found that synaptic plasticity
was differentially altered in ORX and MCH neurons, which was coincident with
the duration of feeding. As energy balance is coordinated by many neuronal
populations, synaptic plasticity in ORX and MCH neurons are unlikely to be the

sole determinant of the response to HFD but may nevertheless impact the overall
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activity and output of the feeding circuitry. In the short-term, ORX neurons
receive an increased excitatory drive and may mediate the rewarding aspect of
HFD consumption?'4. In the long-term, reversal of the excitatory effects on ORX
neurons may provide a permissive condition for weight gain®?°, while a delayed
increase in excitatory inputs to MCH neurons could contribute to the development
and maintenance of DIO"%3:332, These complex, time-dependent changes in
synaptic plasticity suggest that the HFD effects on feeding-related neurons are
dynamic and not necessarily static. When comparing studies or choosing
appropriate timing, either for investigation or for weight loss interventions, it is

important to consider the effects of feeding duration.
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Chapter 5 — Summary and discussion
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5.1.  Summary of main findings

Energy homeostasis is maintained by a complex network of
neurons. This dissertation provides evidence that exposure to a HFD elevates the
body weight set point through a coordinated effort between homeostatic and
hedonic systems, in part mediated by the ORX and MCH systems (Figure 5.1).
Acute HFD induces synaptic adaptations in ORX neurons that promote hedonic
feeding, and this initial hyperphagia supports the subsequent development of
obesity. As significant weight gain begins, inflammatory signalling coincides with
synaptic and intrinsic changes in MCH neurons. Obesity can be mitigated by
blocking PGE:2 inflammatory signalling in MCH neurons during HFD feeding,
suggesting that the PGE2-EP2R-MCH axis described in this dissertation may play
a significant role in determining the body weight set point. This represents a novel
neuronal mechanism by which hypothalamic inflammation can contribute to

weight gain.
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Figure 5.1. Summary figure depicting the time course of ORX and MCH
neuron activation with body weight and food intake changes.

ORX neurons are transiently active during acute (1 week) HFD feeding, likely
driving early hyperphagia that supports the development of obesity. As ORX
activation subsides, MCH activation begins, preceding significant weight gain. As
HFD becomes chronic, the magnitude of MCH activation increases, contributing

to both the development and maintenance of obesity.
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5.2. Discussion
5.2.1. Reversal of obesity

The set point theory suggests that a shift in set point would induce a
counterregulatory response as the body avidly defends the newly established
body weight. Chapter 2 of this thesis supports the set point theory, as switching
the diet from HFD to chow results in a transient hypophagia and initial rapid
weight loss that both decay and return to a steady-state over time, which is
clearly seen in Figures 2.5, 2.6, and 2.8. This may underscore why it is difficult to
lose weight long-term.

MCH neuron depolarization induced by 4 weeks of HFD is reversible when
rats are returned to chow for 4 weeks. As weight loss becomes more difficult with
prolonged HFD, | speculate that the RMP changes to MCH neurons will become
irreversible, or a dietary intervention longer than 4 weeks of chow would be
required to reverse the RMP depolarization. Indeed, even after significant weight
loss, there are reports of stable DIO-induced changes in the energy balance
circuitry. For example, dietary fat typically inhibits AQRP neurons, however, over
the course of DIO this response desensitizes. This desensitization persists even
when mice have lost weight?%”, overall supporting orexigenic function.

In Chapters 3 and 4, the magnitude of the intrinsic and synaptic effects on
MCH neurons increased as HFD became more chronic. This perhaps means that
a dieting intervention at early time points, before MCH neuron adaptations
become stable, would be more efficacious at inducing weight loss. This is in line

with our findings in Chapter 2, as a prolonged history of HFD makes it
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considerably harder to reverse the set point from high to low level in adulthood.
This is seemingly consistent with humans, as obesity in childhood impairs future
weight loss in adulthood3%2.

5.2.2. The search for a molecular/cellular correlate of set point

Manipulation of certain neuronal circuits and cell types can prevent DIO in
rodents as shown in this thesis and other reports?3°:353-3%5 which may be
indicative of the role of these neurons in determining the set point.

Chronic diet-induced neuroinflammation could cause the body weight set
point to deviate, as suppression of hypothalamic inflammation is protective
against DIO%67.89_ |n support of this, a glucagon-like peptide 1 receptor (GLP1R)
agonist-mediated reduction in body weight was associated with a decrease in
hypothalamic microgliosis and SOCS3, a suppressor of leptin and insulin
signalling3°e.

In Chapter 3, we highlight EP2R signalling in MCH neurons as a driver of
obesity. It is tempting to speculate that this mechanism in part establishes a
higher body weight set point during HFD feeding. Consistent with the idea of a
flexible set point, MCH neuron depolarization can be reversed by dieting, which
follows a similar time course to the resolution of ARC gliosis induced by

dieting3®”.

5.2.3. Timeline of obesity development vs maintenance
Although we surmise that the increased excitatory drive to ORX neurons

after short-term HFD induces the initial hyperphagia, we know that ORX neurons
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also play a strong role in energy expenditure3293%8, There is a report that 1 day of
HFD feeding increases energy expenditure in rodents35%:36° which returned to
levels of chow-fed only controls at 3 weeks, before further decreasing by 7
weeks3®. This matches our general time course of mMEPSC changes on ORX
neurons. At 11 weeks of feeding, the reversal of excitatory drive to ORX neurons
coupled with an increase in MCH neuron excitability is consistent with a
decreased energy expenditure.

In a calcium imaging study in freely behaving mice, it was shown that
eating is less likely to happen when ORX neurons are active, and food
consumption rapidly decreases ORX neuron activity3¢'. This natural behavior of
ORX neurons supports a primary function in foraging behavior accompanying
energy expenditure rather than consummatory behavior. Interestingly, we have
previously demonstrated that ORX neurons undergo an age-dependent decrease
in mIPSC amplitude, which is attenuated when animals are fed HFD3%, This may
represent a net increase in inhibitory drive to ORX neurons during HFD feeding,
which may favor overeating. In addition to the role of ORX neuron activity in the
development of obesity, inhibition of these neurons may be permissive for obesity
maintenance as well.

MCH neuron activation is persistent as HFD prolongs, suggesting their
involvement in the development and maintenance of obesity. This is further
supported by the reversal of RMP when HFD is removed, and the resultant lean
phenotype when MCH neuron activation is suppressed by deletion of EP2R in

Chapter 3. The parallel time course of synaptic and intrinsic plasticity of MCH
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neurons is unlikely to be a coincidence and leads us to ask whether PGE:2 could
also mediate the synaptic effects. PGE2-EP4R signalling in microglia promotes
DIO by internalization of anorectic POMC projections®2. Increased microglial
phagocytic function would not explain the increase in synaptic contacts we see to
MCH neurons, however, due to vast heterogeneity of microglial function3®3 it is
possible that microglial PGE:2 contributes to the synaptic plasticity seen in the LH.
Energy status can also affect astrocytic ensheathment of neurons64.36% and
astrocytes surrounding MCH and ORX neurons are known to undergo
remodelling upon homeostatic challenge3¢®. Therefore, it is possible PGE2 has

undescribed roles in synaptic remodelling.

5.2.4. Sex differences in obesity

As only Chapter 3 addressed the important issue of sex, | will discuss
possible implications of sex differences in our other findings here.

In animal models, females typically develop a more mild obesity?5'.367-371,
This milder phenotype is attributed to a higher energy expenditure during HFD
challenge compared to males®'9372, Consistent with this, BAT mass and activity is
greater in HFD-fed females®’3. As ORX can enhance BAT thermogenesis??,
perhaps the increased excitatory drive to ORX neurons is sustained throughout
the course of HFD feeding in females. Also, as weight gain is more gradual in
HFD-fed females®’°, one might also expect a delayed time course for MCH
neuron plasticity since the maijority of these changes occurred just prior to the

onset of significant weight gain in males.
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Critically, studies report a marked absence of HFD-induced hypothalamic
inflammation in female rodents319311.374 These studies, however, examined
either bulk hypothalamic content or specifically the ARC, which could have
obfuscated meaningful differences in discrete hypothalamic nuclei.

One study did not observe microgliosis in the LH of HFD-fed female
rats3’4, however, a preliminary study in our lab shows an increase in the density
of microglia marked by ionized calcium binding adaptor molecule 1 (Iba1) in the
LH of female mice [data not shown]. This difference could be a result of a species
divergence, the hypothalamic nucleus examined, variable feeding paradigms, or
a combination of these factors. It is plausible, however, that the degree of
hypothalamic inflammation is higher in males than in females, and thus more
easily detectable. This could also explain why the effect of the MCH-specific
EP2R KO is more subtle in females. In support of this, male neutrophils have
increased COX2 and PGE: synthesis in response to an acute inflammatory insult
in vitro3"5. As well, estradiol inhibits LPS-induced microglial activation and
reduces levels of COX2 and PGE:2 in murine cells376-378, Whether estradiol plays
a similar role during a low-grade chronic inflammation, such as that seen during

DIO, remains unknown.

5.2.5. Inflammation — cause vs result?
Is inflammation a cause or a result of obesity? There is substantial
preclinical evidence that inflammation causes obesity, as many studies

demonstrate that upregulation of inflammatory factors is sufficient to induce

153



weight gain, and suppression is protective against obesity. This is much less
clear in humans, as brain imaging and post-mortem studies can only confirm the
presence or absence of inflammation, and not the time course.

Perhaps the strongest evidence that inflammation is not a result of obesity
is the absence of hypothalamic microgliosis in genetic models of obesity (ob/ob,
db/db, and MC4R KO mice), despite their elevated body weight. Only after these
mice were exposed to HFD did microgliosis appear3’®. However, additional
studies are needed to confirm this, as microgliosis is not the only indicator of
inflammation. Curiously, there is a report of hippocampal inflammation in ob/ob
mice, as measured by gene expression analysis®°. Therefore, it is premature to
state that inflammation is not a result of obesity, although it appears that it is
certainly a result of overnutrition.

It is worth mentioning that inflammation itself is not always negative, and in
fact, acute inflammation is needed to resolve conditions such as tissue injury38'.
Surprisingly, an acute inflammatory response in adipose tissue is needed for
WAT remodelling after HFD exposure, as suppression leads to ectopic lipid
accumulation3®?. Therefore, inflammation plays a dual role, with acute states
being essential for adaptive function, and chronic states resulting in impairment

and dysfunction.

5.2.6. Circuit-level considerations
MCH and ORX neurons exist in local microcircuits and can bidirectionally

communicate®3, dynamically influencing the other’s activity. As such, perhaps
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the coincident enhancement in excitatory transmission to both cell types after 4
weeks of HFD is due to increased ORX neuron glutamatergic output. The
enhanced excitatory drive to MCH neurons is due to an increase in synaptic
contacts, but it is unknown whether glutamatergic terminals of ORX neurons
directly contribute to this. Likewise, MCH neurons are known to be glutamatergic
[refs], but it is not known whether they release glutamate at synapses with ORX

neurons.

5.2.7. Putative upstream targets

Possible sources of glutamatergic afferents to MCH neurons include the
lateral orbitofrontal cortex (IOFC), VH, and lateral PBN. Although the IOFC
becomes disinhibited during DIO"39, the identity of the LH cells as their potential
projection target is unknown. On the other hand, a subpopulation of VH cells
synapse directly on to ORX neurons384. As HFD has been shown to enhance VH
glutamatergic input to the NAc3®, it is possible that excitatory drive to ORX
neurons is similarly enhanced. Lastly, the lateral PBN provides glutamatergic
innervation to the LH, exclusively to ORX neurons located suprafornically386.
However, the functional implication of this synapse has not been explored. Other
sources of glutamatergic innervation include the DH38” and amygdala338, which
undergo extensive remodelling after HFD or obesity388-392, Using viral-mediated
circuit mapping and electrophysiology, we can start to elucidate the upstream

brain areas implicated in the HFD-induced synaptic plasticity of the LH.
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5.2.8. Downstream targets of MCH and ORX

A major downstream target of MCH and ORX neurons is the mesolimbic
system. ORX neurons potentiate dopamine release in the NAc3®? which is
rewarding. Thus, increased output from ORX neurons during acute HFD feeding
may promoting hedonic consumption through increasing dopamine release in the
NAc?'". This increased dopaminergic tone is then progressively lost as MCH
neuron activity peaks during prolonged HFD feeding.

In accordance with this, MCH suppress dopamine release in the NAc3%,
therefore, one would expect chronic MCH neuron activation during DIO to reduce
dopaminergic transmission. Reduced dopamine transmission in the NAc is
indeed the case in models of genetic and dietary obesity3%3%. Consumption of
palatable foods like HFD increases dopamine release®'33% which may inherently
contribute to overconsumption3%® as this would transiently rectify the
hypodopaminergic state during obesity.

Another major brain area for MCH and ORX action is the hippocampus,
which likely mediates impairments in cognition and memory seen during
obesity3%. As discussed, the role of MCH in the hippocampus is
inconclusive191:192,:400-402 ' byt may be partially explained by MCH
subpopulations'®?. As presented in this thesis, we observed variability in the RMP
of MCH neurons after HFD feeding, with some seemingly unresponsive cells,
which would support the notion of subpopulations.

Interestingly, Ox1R signalling was found to mediate impairments in

hippocampal plasticity and pattern separation induced by 8 weeks of HFD

156



feeding??3. As increased excitatory synaptic transmission to ORX neurons
reverses between 4 and 11 weeks of feeding, it would be interesting to determine
whether the HFD-induced cognitive impairments are still ORX-mediated at more
chronic time points. If they are, this would suggest an enhanced ORX tone
independent of depolarization or increased excitatory drive to ORX neurons.
5.2.9. Cell-level considerations

5.2.9.1. Cell specificity

It is notable that the direct effect of HFD on intrinsic excitability is at least
somewhat specific to MCH neurons, sparing ORX neurons that share the same
environmental milieu. We identified that this specificity is not conferred by the
presence of EP2R, as ORX neurons express this receptor (Figure 5.2). Instead,
this is likely at the level of Na*/K*-ATPase. Unlike MCH neurons, Na*/K*-ATPase
in ORX neurons contribute minimally to the RMP as assessed by ouabain [data
not shown], therefore modulation of their function is unlikely to result in significant

changes to membrane potential.
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Figure 5.2. ORX neurons express EP2R.

Representative double immunofluorescence images of ORX (green) and EP2R

(red) expression in the lateral hypothalamus. Scale bar = 20 ym
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Curiously, ORX neurons are activated by intracerebroventricular
administration of PGEz2, as assessed by c-Fos expression*®*, demonstrating that
PGE: can recruit ORX neurons. However, this is likely independent of EP2R and
Na*/K*-ATPase signalling. As well, the concentration used elicited fever in

animals, therefore the level of PGE2 was likely higher than that seen during DIO.

5.2.9.2. MCH neuron subpopulations

As previously described, MCH neurons are not neurochemically
homogeneous. MCH+/CART+ and MCH+/CART- cells have distinct anatomical
locations, as well as projection targets*%®. Anecdotally though, it appears that all
MCH+ neurons were also EP2R+, making all MCH neurons capable of engaging
PGE2-EP2R signalling. However, as MCH+/CART- neurons project caudally, they
may be implicated in the control of energy expenditure or sleep, while rostral-
projecting MCH+/CART+ cells could be more important in the regulation of
feeding behavior and memory%. Future studies investigating the discrete roles of
these subpopulations will aid in disentangling the functional consequence.

Also, CART is not the sole co-transmitter in MCH neurons. The maijority of
MCH neurons are also glutamatergic, expressing vGlut2, with a small proportion
(<10%) expressing the vesicular glutamate transporter 3 (vGlut3)'72. vGlut3 might
function to enhance co-transmitter loading and release?, therefore, vGlut3+
MCH neurons may have enhanced co-transmitter release. However, the
functional implication would depend on the identity of the co-transmitter(s)

present at that terminal. For example, some MCH neurons also contain
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enkephalin and nociceptin'”2, which are involved in pain and stress*%74%8 thus
enhanced release of these peptides would likely differ from the MCH peptide in

terms of behavioral consequences.

5.2.9.3. ORX neuron subpopulations

There are two electrophysiologically-distinct ORX neuron subtypes that
have been described. These two subtypes can be discriminated by their
response to a hyperpolarizing current. H-type ORX neurons exhibit a delayed
firing while D-type ORX neurons display immediate firing following a
hyperpolarization347,

H-type cells receive more excitatory inputs in comparison to D-type cells.
Given that the LS, amygdala, and bed nucleus of the stria terminalis (BNST)
comprise some of the heaviest glutamatergic inputs to ORX neurons40®410 H-
type cells may be preferentially involved in mediating stress behaviors.
Meanwhile, sleep deprivation exclusively excites D-type ORX neurons49,
implicating them in the regulation of sleep/wake. Both types are sensitive to
glucose, however, H-types exhibit a prolonged response3*8. This could mean that
H- and D-type cells play divergent roles in energy balance.

The studies in Chapters 3 and 4 did not segregate ORX neurons into
subtypes. The data does not seem to support the idea that HFD has distinct

effects on these subtypes, however, as the observed responses to HFD did not
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show an obvious bimodal pattern in either RMP or mMEPSC measures. Despite

this, parsing these two groups may reveal subtype-specific effects of HFD.

5.2.10. Perspective on obesity treatment and prevention

5.2.10.1. Anti-inflammatory pharmacotherapies

Despite the evidence for the contribution of both peripheral and central
inflammation to obesity, pharmacotherapies that target inflammatory factors have
not been tested in clinical trials. A retrospective study determined that individuals
with type Il diabetes were >2x more likely to lose weight when they were
prescribed aspirin®'!, a non-steroidal anti-inflammatory drug (NSAID) that inhibits
the synthesis of COX enzymes. However, meta-analyses examining anti-TNFa.
drugs show no change or an increase in weight and BMI post-therapy. Although,
these findings are compromised by all participants having a chronic inflammatory
disease*'2.

Despite the disappointing lack of human studies, hesitation in
implementing chronic non-inflammatory drugs to treat human obesity is
warranted. Inflammation is necessary for normal physiological function*'3, and
individuals that chronically use immunosuppressive drugs or NSAIDs are at an
increased risk for adverse renal and cardiovascular events*'4415 and
hepatotoxicity*'6417. Therefore, it is uncertain whether the risks associated with

anti-inflammatory treatment would outweigh the risks of not pursuing treatment.
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5.2.10.2. Dietary intervention and supplementation

Outside of caloric restriction, several other dietary interventions have been
proposed to aid in reducing weight and treating obesity*'®-42°. One of the most
popular is a Mediterranean style diet, which emphasizes high consumption of
plants, nuts and olive oil, and low consumption of dairy and red meat*?'. This type
of diet has been associated with weight loss and other metabolic-related
improvements in individuals with obesity420:422:423,

Others have taken to mimicking the beneficial effects of caloric restriction
at the cellular level using certain compounds termed “caloric restriction mimetics”.
Resveratrol, a naturally occurring dietary compound, has been found to reverse
obesity in mice*?* and significantly improve the metabolic profile of humans over
the course of 30 days*?°. However, in both the case of the Mediterranean style
diet and caloric restriction mimetics, the long-term efficacy has not been
assessed. Further, as with any large lifestyle change, the proclivity to adhere to

the regimen typically wanes with time*26,

5.2.10.3. Deep brain stimulation

Deep brain stimulation (DBS) is a neuromodulation therapy that has
significantly improved the lives of those with movement disorders, and show
promise in treating psychiatric disorders*?’. DBS has been used to treat obesity in
rare cases but has had inconsistent effects*?2. This may be due to differences in
where the device is implanted and variations in the stimulation protocol used.

Notably, two subjects that had previously undergone bariatric surgery but
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regained all weight lost showed significant improvements in control of food intake
and had substantially reduced body weight after 6 months of NAc DBS*?°. This
finding, although preliminary, is exciting especially for those with obesity that was
unsuccessfully treated with other interventions.

A caveat of these devices is their indiscriminate impact on neighboring
cells and circuits. Therefore, it is not unusual to have undesirable side effects that
accompany DBS. Some of those reported for obesity DBS studies include manic
symptoms, nausea, difficulties falling asleep, and seizure*3°, Due to the small
sample size and limited studies, this probably does not capture the full range of
adverse side effects.

Presently, there are ongoing clinical trials examining the effect of DBS on
obesity, which will aid in clarifying the efficacy of these treatments and will help

better inform future treatment parameters.

5.2.10.4. Development of novel therapies

In the face of steadily increasing rates of obesity, we only have imperfect
therapies. Even the most efficacious pharmacotherapy induced >25% weight loss
in only a third of the patients taking the highest dose?®. Additionally, 50% of
patients that underwent bariatric surgery report regaining a significant amount of
weight*31. Although neuromodulation therapies seem promising, the inconsistent
outcome and many unknown variables leave us very far away from an approved
DBS treatment. Therefore, we are in dire need of novel therapeutic options and

druggable targets.
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With the wealth of preclinical studies that successfully achieve weight loss,
the (not-so) simple solution is to make more targeted therapies that suppress
inflammation or modulate activity in an intended region, or even intended circuit
or cell type. However, targeting the CNS is especially difficult due to the
challenge of bypassing the BBB. there is no standard way to target specific cells
or circuits in humans. Therefore, the feasibility of such treatments in humans is
unknown, and if possible, may be decades away. Despite this, recent
advancements in small molecule targeting strategies, such as antibody- and
peptide-mediated targeting*®?, and nanoparticle delivery*®? offer a hopeful outlook
that such therapies are not just science fiction.

5.2.11. Limitations and challenges

5.2.11.1. Diet

Another challenge with the current state of preclinical studies is the use of
various diets. Although many DIO mouse models use diets high in fat, varying
compositions of fat, fat source, and other macronutrient constituents can make
comparisons between studies difficult. Additionally, the typical American or
European diet contains ~36-40% fat*3*, which makes the popularly used 60%
HFD supraphysiological and perhaps less relevant than the ~40% HFDs in
studying DIO. Although WD and 45FD both contain ~40% fat, the source of fat
and fatty acid composition differs (Table 5.1). Specifically, WD contains more
SFAs, while 45FD contains more polyunsaturated fat. From our studies, this

difference does not seemingly impact body weight gain (Chapter 2) or MCH

164



neuron depolarization (Chapter 3), however, only mice fed WD showed an
attenuated hypophagia upon switching to chow after repeated dieting cycles. This
suggests that a previous history of SFA may alter the homeostatic response to
favor positive energy balance. This is quite plausible as SFAs induce
hypothalamic inflammation and promote weight gain, while polyunsaturated fatty
acids are not associated with hypothalamic inflammation and promote weight
l055435.436_

Diets high in fat are known to alter glucose homeostasis and insulin and
leptin sensitivity*3’, therefore it is possible that the depolarizing effect of WD on
MCH neurons is instead a result of resistance to these hormones. Although this is
unlikely as we were able to completely block the depolarization effect by inhibiting
PGE:2 synthesis or signaling, we must still consider this possibility. MCH neurons
are known to be glucose-excited?®’, however HFD impairs glucose uptake in the
brain*3®. This likely results in decreased levels of glucose locally in the
hypothalamus, which would inhibit MCH neurons. HFD is also known to induce
hyperleptinemia and hyperinsulinemia, and while MCH expression is inhibited by
leptin'84, a subpopulation of MCH neurons is excited by insulin®3, While
enhanced insulin activity at MCH neurons is a plausible alternate explanation,
insulin receptor inactivation in MCH neurons had virtually no effect on BW or fat
pad mass of HFD-fed mice®3, in contrast to the lean phenotype of mice lacking
EP2R from MCH neurons in Chapter 3. Therefore, hyperinsulinemia itself is not a

plausible mechanism to explain the phenotype we see.

165



Table 5.1. Fatty acid composition of WD and 45FD.

% Diet Composition

Fatty acid
WD 45FD
Saturated 62.4 31.4
Monounsaturated 30.7 35.5
Polyunsaturated 6.9 33.1
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Further, all of the rodent diets used in this thesis have been formulated for
optimal rodent health, which is not an accurate reflection of American dietary
patterns. A relatively new diet called “Total Western Diet” (TWD) has been
formulated to best mimic the American diet*3. Identification of any differences
that emerge in body weight regulation using TWD in comparison to the well-
described HFDs in the literature will be pertinent in the future.

On a final note, mouse physiology does not necessarily translate to human
physiology. These experiments are hugely important as proof of principle and for
informing future translational studies, however, human practice should not be

informed by mouse data alone.

5.3. Conclusion

It is worth acknowledging that obesity is a multifactorial problem.
Therapies must be combined with an adequate education of nutrition and food
choices, access to healthcare*#°, food security**, and reformed food policies*42.
Therefore, as advancements in science progress, so must education, healthcare,
and policy reform to best treat and prevent obesity.

The primary focus of this dissertation is to assess the impact of HFD on
physiological and neuronal function, and to inform novel therapeutic targets. To
this end, we have provided evidence that homeostatic and hedonic systems work
in tandem to coordinate a shift in body weight set point. We deciphered changes
in neuronal activity that may underlie the development and maintenance phases

of obesity. Lastly, we identified a long-sought link between HFD-induced
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hypothalamic inflammation and weight gain, which could be targeted in the
treatment of obesity. This work as a whole adds depth to the current
understanding of the neuronal control of energy balance, and will hopefully aid in

the ultimate goal of combatting obesity.
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7.1.

Appendices

Supplementary material for Chapter 2

Supplementary Table 7.1. Statistics for Figures 2.1 — 2.10

Note that weeks indicated are the age of mice unless stated otherwise.

2.1A

2.1B

2.1C

21D

21E

21F

21G

2way RM

ANOVA

2way RM

ANOVA

2way RM

ANOVA

2way RM

ANOVA

1way ANOVA
1way ANOVA

1way ANOVA

Time: <0.0001

%Fat diet: <0.0001

Interaction: <0.0001

Time: <0.0001

%Fat diet: <0.0001

Interaction: 0.0042

Time: 0.1263

%Fat diet: <0.0001

Interaction: 0.0005

Time: <0.0001

%Fat diet: <0.0001

Interaction: 0.0194

0.0007

0.0002

0.0040

217

Time: F(2.143, 62.15) = 547.8
%Fat diet: F(3, 29) = 18.74
Interaction: F(36, 348) = 12.90
Time: F(7.306, 216.7) = 11.55
%Fat diet: F(3, 356) = 25.20
Interaction: F(36, 356) = 1.800
Time: F(5.157, 249.5) = 1.741
%Fat diet: F(3, 29) = 18.45
Interaction: F(33, 319) = 2.115
Time: F(7.871, 233.5) = 13.05
%Fat diet: F(3, 356) = 13.41
Interaction: F(36, 356) = 1.592
F(3,13)=11.18

F(3, 13) =14.83

F(3, 13) = 7.353
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2.2B
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Kruskal-Wallis
test
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218
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N/A
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Time: F(6, 102) = 83.04

Diet: F(1, 17) = 3.418
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Diet: F(2, 25) = 28.75
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Time: F(11, 179) = 31.36
Diet: F(1, 17) = 58.84
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Time: F(3, 51) = 12.77

Diet: F(1, 17) = 4.522
Interaction: F(3, 51) = 0.1474
Time: F(14, 347) = 6.284

Diet: F(2, 25) = 70.81

Interaction: F(28, 347) = 2.787
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Time: F(3, 15) = 1.019
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Time: F(13, 166) = 1.226

Diet: F(2, 13) = 4.275
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Diet: F(1, 17) = 4.628
Interaction: F(3, 51) = 0.1480
Time: F(14, 341) = 5.278

Diet: F(2, 25) = 53.95
Interaction: F(28, 341) = 2.279
Time: F(4, 65) = 2.412

Diet: F(1, 17) = 0.05241

Interaction: F(4, 65) = 2.758



2.2E

2.2F

2.2G

2.2H

2way RM
ANOVA
(weeks 4-26)
2way RM
ANOVA
(weeks 27-30)
2way RM
ANOVA
(weeks 5-26)
2way RM
ANOVA
(weeks 27-30)
2way RM
ANOVA
(weeks 5-26)
2way RM
ANOVA
(weeks 27-30)
2way RM
ANOVA

(weeks 5-26)

Time: <0.0001

Diet: <0.0001

Interaction: <0.0001

Time: <0.0001

Diet: <0.0001

Interaction: 0.0013

Time: <0.0001

Diet: <0.0001

Interaction: <0.0001

Time: 0.7128

Diet: 0.2104

Interaction: 0.1158

Time: <0.0001

Diet: 0.0860

Interaction: <0.0001

Time: 0.2830

Diet: 0.0561

Interaction: 0.5990

Time: <0.0001

Diet: <0.0001

Interaction: <0.0001
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Time: F(3.301, 92.35) = 996.6
Diet: F(3, 28) = 47.52
Interaction: F(129, 1203) = 47.43
Time: F(2.825, 62.16) = 22.57
Diet: F(2, 22) = 58.01
Interaction: F(16, 176) = 2.584
Time: F(7.109, 218.4) = 19.61
Diet: F(3, 645) = 38.98
Interaction: F(63, 645) =6.764
Time: F(2.261, 72.34) = 0.3769
Diet: F(2, 96) = 1.584
Interaction: F(6, 96) = 1.759
Time: F(4.160, 40.56) = 11.26
Diet: F(3, 12) = 2.790
Interaction: (60, 195) = 4.692
Time: F(1.814, 15.12) = 1.364
Diet: F(2, 9) = 4.037
Interaction: F(6, 25) = 0.7723
Time: F(7.671, 263.1) = 19.91
Diet: F(3, 686) = 20.52

Interaction: F(60, 686) = 4.090



2way RM Time: 0.3223 Time: F(2.534, 76.64) = 1.172
ANOVA Diet: 0.0867 Diet: F(2, 121) = 2.496

(weeks 27-30) Interaction: 0.1373 Interaction: F(8, 121) = 1.581

2.21 1way ANOVA <0.0001 F(7, 64) = 24.81
2.2J 2way ANOVA Age: <0.0001 F(1, 36) = 22.95
Diet: 0.0014 Diet: F(1, 36) = 11.96

Interaction: 0.5756 Interaction: F(1, 36) = 0.3192
22K 2way ANOVA Age: <0.0001 Age: F(1,59) =76.74
Diet: 0.0125 Diet: F(2, 59) = 4.729

Interaction: <0.0001  Interaction: F(2, 59) = 15.86

2.3A Unpaired t-test 0.0117 t=2.750
2.3B Welch’s t-test 0.0009 t=4.597
2.3C Unpaired t-test 0.1025 t=1.704

24A 2wayRM Time: <0.0001 Time: F(2.780, 16.68) = 165.8
ANOVA Diet: 0.0316 Diet: F(2, 6) = 6.489
Interaction: 0.0002 Interaction: F(12, 36) = 4.494

24B 1way ANOVA 0.7107 F = 0.3566

25A 2wayRM Time: <0.0001 Time: F(2.457, 76.16) = 259.3

ANOVA Diet: 0.0001 Diet: F(3, 31) = 9.400
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2.5B

2.5C

2.5D

(weeks 4-16)
2way RM
ANOVA
(weeks 16.43-
32)

2way RM
ANOVA
(weeks 5-17)

2way RM

ANOVA (weeks

18-32)

2way RM
ANOVA
(weeks 5-17)
2way RM
ANOVA
(weeks 18-32)
2way RM
ANOVA
(weeks 5-17)
2way RM

ANOVA

Interaction: <0.0001

Time: <0.0001

Diet: <0.0001

Interaction: <0.0001

Time: <0.0001

Diet: <0.0001

Interaction: <0.0001

Time: <00001

Diet: 0.3173

Interaction: <0.0001

Time: 0.0691

Diet: 0.0223

Interaction: <0.0001

Time: 0.0070

Diet: 0.2552

Interaction: <0.0001

Time: <0.0001

Diet: <0.0001

Interaction: <0.0001

Time: <0.0001

Diet: 0.0523
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Interaction: F(66, 682) = 17.41
Time: F(2.999, 48.57) = 66.99
Diet: F(1, 17) = 44.76

Interaction: F(31, 502) = 20.43

Time: F(6.613, 205) = 29.01
Diet: F(3, 31) =13.40
Interaction: F(33, 341) = 7.529
Time: F(4.870, 80.70) = 11.63
Diet: F(1, 17) = 1.061
Interaction: F(14, 232) = 9.816
Time: F(3.191, 31.91) = 2.560
Diet: F(3, 10) = 5.026
Interaction: F(33, 110) = 5.863
Time: F(3.102, 15.51) = 5.789
Diet: F(1, 5) = 1.650
Interaction: F(13, 65) = 7.416
Time: F(6.338, 196.5) = 29.08
Diet: F(3, 31) = 19.56
Interaction: F(33, 341) = 11.42
Time: F(5.301, 94.19) = 12.22

Diet: (1, 231) = 3.805



2.5E

2.5F

2.5G

2.5H

2.6A

2.6B

2.6C

(weeks 18-32)
1way ANOVA
1way ANOVA
1way ANOVA
Simple linear

regression

2way RM
ANOVA
(weeks 4-16)
2way RM
ANOVA
(weeks 16.43 —
32)

2way RM
ANOVA
(weeks 5-16)
2way RM
ANOVA
(weeks 17-32)
2way RM

ANOVA

Interaction: <0.0001

0.0553

0.0091

0.4293

0.0111

Time: <0.0001

Diet: <0.0001

Interaction: <0.0001

Time: <0.0001

Diet: <0.0001

Interaction: <0.0001

Time: <0.0001

Diet: <0.0001

Interaction: <0.0001

Time: <0.0001

Diet: 0.2371

Interaction: <0.0001

Time: 0.0119

Diet: 0.9532
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Interaction: F(13, 231) = 14.75
F =3.359

F =9.889

F =0.8824

R? =0.2698

Time: F(3.2, 113.1) = 498.6
Diet: F(3, 39) =43.33
Interaction: F(72, 848) = 37.47
Time: F(2.488, 56.59) = 123.6
Diet: F(2, 24) = 50.87

Interaction: F(62, 705) = 19.65

Time: F(5.993, 232.6) = 35.51
Diet: F(3, 427) = 36.59
Interaction: F(33, 427) = 11.67
Time: F(4.765, 111.5) = 20.40
Diet: F(2, 24) = 1.529
Interaction: F(30, 351) = 10.47
Time: F(3.146, 31.46) = 4.214

Diet: F(3, 14) = 0.1093



2.6D

2.6E

2.6F

2.6G

2.6H

2.7A

2.7B

(weeks 5-16)
2way RM
ANOVA
(weeks 17-32)
2way RM
ANOVA
(weeks 5-16)
2way RM
ANOVA
(weeks 17-32)
1way ANOVA
1way ANOVA
1way ANOVA
Simple linear

regression

Simple linear
regression

45FD vs. WD
Simple linear

regression

Interaction: <0.0001

Time: <0.0001

Diet: 0.9290

Interaction: <0.0001

Time: <0.0001

Diet: <0.0001

Interaction: <0.0001

Time: <0.0001

Diet: 0.4610

Interaction: <0.0001

0.0029

0.0137

0.0002

0.5229

0.0432

0.9301
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Interaction: F(33, 110) = 7.580
Time: F(3.927, 35.04) = 26.16
Diet: F(2, 9) = 0.07424
Interaction: F(26, 116) = 18.99
Time: F(5.331, 184.2) = 33.32
Diet: F(3, 380) = 25.04
Interaction: F(33, 380) = 10.59
Time: F(4.430, 112.8) = 22.81
Diet: F(2, 26) = 0.7979
Interaction: F(26, 331) = 11.26
F=7244

F =6.497

F=11.47

R?=0.01228

F(1, 50) = 4.304

F(1,21) = 0.007875



2.7C

2.8A

2.8B

2.8C

2.8D

2.8E

45FD vs. WD
(8w feeding)
Simple linear
regression
45FD vs. WD

(24w feeding)

2way RM

ANOVA

2way RM

ANOVA

2way RM

ANOVA

2way RM

ANOVA

2way RM

ANOVA

0.0051

Time: <0.0001

Diet: <0.0001

Interaction: <0.0001

Time: <0.0001

Diet: 0.0760

Interaction: <0.0001

Time: <0.0001

Diet: 0.1892

Interaction: <0.0001

Time: <0.0001

Diet: 0.0265

Interaction: <0.0001

Time: <0.0001

Diet: <0.0001

Interaction: <0.0001
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F(1,12) = 11.65

Time: F(56, 1424) = 398.9
Diet: F(2, 26) = 26.01
Interaction: F(112, 1424) = 18.63
Time: F(27, 692) = 34.82

Diet: F(2, 26) = 2.850
Interaction: F(54, 692) = 12.11
Time: F(25, 200) = 8.157

Diet: F(2, 8) = 2.065
Interaction: F(50, 200) = 4.452
Time: F(25, 643) = 30.39

Diet: F(2, 26) = 4.187
Interaction: F(50, 643) = 13.52
Time: F(56, 1801) = 970.1
Diet: F(2, 33) = 81.97

Interaction: F(112, 1801) = 45.35



2.8F

2.8G

2.8H

2.9A

2.9B

2.9C

2.9D

2way RM

ANOVA

2way RM

ANOVA

2way RM

ANOVA

2way RM

ANOVA

2way RM

ANOVA

2way RM

ANOVA

2way RM

ANOVA

Time: <0.0001

Diet: <0.0001

Interaction: <0.0001

Time: <0.0001

Diet: 0.5771

Interaction: <0.0001

Time: <0.0001

Diet: <0.0001

Interaction: <0.0001

Time: <0.0001

Switch: 0.4568

Interaction: 0.0043

Time: 0.0413

Switch: 0.0448

Interaction: 0.2946

Time: <0.0001

Switch: 0.0964

Interaction: 0.0009

Time: <0.0001

Switch: 0.0661

Interaction: 0.0695
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Time: F(8.638, 247. 3) = 39.52
Diet: F(2, 29) = 14.04
Interaction: F(54, 773) = 17.83
Time: F(5.794, 57.94) = 10.43
Diet: F(2, 10) = 0.2733
Interaction: F(50, 250) = 9.695
Time: F(9.747, 352.1) = 40.33
Diet: F(2, 903) = 15.55

Interaction: F(50, 903) = 20.52

Time: F(3, 81) = 38.66
Switch: F(2, 27) = 0.8067
Interaction: F(6, 81) = 3.461
Time: F(3, 27) = 3.148
Switch: F(2, 9) =4.471
Interaction: F(6, 27) = 1.291
Time: F(3, 81) =22.93
Switch: F(2, 27) = 2.555
Interaction: F(6, 81) = 4.273
Time: F(4, 108) = 59.97
Switch: F(2, 27) = 3.009

Interaction: F(8, 108) = 1.886



2.9E

2.9F

2.9G

2.9H
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2.9J

29K

2way RM

ANOVA

2way RM

ANOVA

2way RM

ANOVA

2way RM

ANOVA

2way RM

ANOVA

2way RM

ANOVA

2way RM

ANOVA

Time: <0.0001

Switch: 0.3060

Interaction: 0.2942

Time: <0.0001

Switch: 0.5406

Interaction: 0.1082

Time: <0.0001

Switch: 0.0033

Interaction: 0.0001

Time: <0.0001

Switch: 0.0085

Interaction: 0.0002

Time: <0.0001

Switch: <0.0001

Interaction: <0.0001

Time: <0.0001

Switch: 0.0007

Interaction: <0.0001

Time: <0.0001

Switch: 0.2167

Interaction: <0.0001
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Time: F(2.149, 19.34) = 53.06
Switch: F(2, 9) = 1.354
Interaction: F(8, 36) = 1.261
Time: F(1.575, 42.52) = 44.95
Switch: F(2, 27) = 0.9402
Interaction: F(8, 108) = 1.693
Time: F(1.599, 71.97) = 76.02
Switch: F(2, 45) = 6.523
Interaction: (4, 90) = 6.359
Time: F(1.812, 27.18) = 20.64
Switch: F(2, 15) = 6.663
Interaction: F(6, 45) = 5.686
Time: F(2.321, 104.5) = 46.42
Switch: F(2, 45) = 25.77
Interaction: F(6, 135) = 6.641
Time: F(3.058, 137.6) = 65.76
Switch: F(2, 45) = 8.484
Interaction: F(8, 180) = 7.012
Time: F(3.069, 44.50) = 62.28
Switch: F(2, 15) = 1.696

Interaction: F(8, 58) = 6.998



29L 2way RM

ANOVA

210A 3way RM

ANOVA

210B 2way ANOVA

210C 2way ANOVA

Time: <0.0001
Switch: <0.0001

Interaction: <0.0001

Pre vs post BW:
<0.0001

HFD: 0.1896

Type of dieting: 0.0278
Pre vs post BW x

HFD: 0.0008

Pre vs post BW x Type
of dieting: 0.5961

Type of dieting x HFD:
0.6373

Pre vs post BW x HFD
x Type of dieting:
0.7675

HFD: 0.0008

Type of dieting: 0.5961
Interaction: 0.7675
HFD: <0.0001

Type of dieting: 0.2251
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Time: F(2.693, 121.2) = 92.11
Switch: F(2, 45) = 13.26

Interaction: F(8, 180) = 13.39

Pre vs post BW: F(1, 37) = 206.9
HFD: F(1, 37) = 1.786

Type of dieting: F(1, 37) = 5.243
Pre vs post BW x HFD: F(1, 37) =
13.30

Pre vs post BW x Type of dieting:
F(1, 37) = 0.2858

Type of dieting x HFD: F(1, 37) =
0.2260

Pre vs post BW x HFD x Type of

dieting: F(1, 37) = 0.08869

HFD: F(1, 37) = 13.30

Type of dieting: F(1, 37) = 0.2858
Interaction: F(1, 37) = 0.08869
HFD: F(1, 39) = 29.87

Type of dieting: F(1, 39) = 1.519



2.10D

2.10E

2.10F

2.10G

2.10H

2way ANOVA

2way ANOVA

2way ANOVA

2way ANOVA

2way ANOVA

Interaction: 0.0056
HFD: 0.9709

Type of dieting: 0.0114
Interaction: 0.8030
HFD: 0.4026

Type of dieting: 0.0617
Interaction: 0.0719
HFD: 0.0676

Type of dieting: 0.0009
Interaction: 0.2385
HFD: 0.1835

Type of dieting: 0.7651
Interaction: 0.4871
HFD: 0.9292

Type of dieting: 0.2317

Interaction: 0.4631
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Interaction: F(1, 39) = 8.616
HFD: F(1, 39) = 0.001350

Type of dieting: F(1, 39) = 7.048
Interaction: F(1, 39) = 0.06310
HFD: F(1, 38) = 0.7165

Type of dieting: F(1, 38) = 3.708
Interaction: F(1, 38) = 3.428
HFD: F(1, 39) = 3.533

Type of dieting: F(1, 39) = 12.92
Interaction: F(1, 39) = 1.433
HFD: F(1, 39) = 1.834

Type of dieting: F(1, 39) = 0.09052
Interaction: F(1, 39) = 0.4923
HFD: F(1, 39) = 0.007998

Type of dieting: F(1, 39) = 1.476

Interaction: F(1, 39) = 0.5492



7.2.  Supplementary material for Chapter 3

Supplementary Table 7.2. Statistics for Figures 3.2 — 3.16

Figure

3.2B

3.2C

3.2D

3.2E

3.2F

3.2G

Sample size Test p value
cells
(n)/animals (N)

Figure 3.2

1C n/N = 33/19 2way Diet:

1Wn/N =21/14  ANOVA <0.0001

2C n/N = 34/3 Time: 0.3200

2W n/N = 46/5 Interaction:

4C n/N = 18/9 <0.0001

4Wn/N=19/10 2way Diet: 0.0010

11C n/N =37/13 ANOVA Time:

11W n/N = 46/16 <0.0001
Interaction:
0.1208

2way Diet: 0.0002
ANOVA Time:

<0.0001
Interaction:
0.0208

4C n/N = 18/9 1way <0.0001

4W n/N =19/10 ANOVA

8C n/N = 28/5

4W/4C n/N =

36/7

Rat chow n/N = 1way Rats:

43/17 ANOVA <0.0001

Rat WD n/N =

46/16

Rat HFMS n/N = Mice: 0.0478

10/6

Mouse chow n/N

=21/10

Mouse WD n/N =

22/12

Mouse LFHS n/N

= 8/6

Rat chow n/N = 1way Rats: 0.9095

39/13 ANOVA
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F,t

diet: F(1,246)=29.12
time: F(3,246)=1.175
interaction:
F(3,246)=7.349

Diet: F(1,246)=11.11
Time: F(3,246)=10.31
Interaction:
F(3,246)=1.959

Diet: F(1,246)=14.64
Time: F(3,246)=9.190
Interaction:
F(3,246)=3.309

F(3,97)=10.40

Rats: F(2,96)=20.84

Mice: F(2,48)=3.242

Rats:
F(2,62)=0.09503



Rat WD n/N =

13/5 Mice: 0.8013

Rat HFHS n/N = Mice: F(2,56)=0.2224

13/4

Mouse chow n/N

= 25/9

Mouse WD n/N =

30/13

Mouse LFHS n/N

= 5/2

Figure 3.3
3.3A 1 week Chow 2way RM Diet: 0.7500 Diet: F(1,52)=0.1026

n/N = 33/19 ANOVA Driving Driving current:

1 week WD n/N current: F(3,156)=496.8

=21/14 <0.0001 Interaction:
Interaction: F(3,156)=0.2601
0.8540

2 week Chow 2way RM Diet: 0.1271  Diet: F(1,78)=2.379

n/N = 34/3 ANOVA Driving Driving current:

2 week WD n/N current: F(3,234)=839.9

= 46/5 <0.0001 Interaction:
Interaction: F(3,234)=1.588
0.1931

4 week Chow 2way RM Diet: 0.0050 Diet: F(1,35)=8.978

n/N = 18/9 ANOVA Driving Driving current:

4 week WD n/N current: F(3,105)=286.8

=19/10 <0.0001 Interaction:
Interaction: F(3,105)=0.7864
0.5041

11 week Chow 2way RM Diet: 0.0314 Diet: F(1,81)=4.797

n/N =37/13 ANOVA Driving Driving current:

11 week WD n/N current: F(3,243)=101.7

= 46/16 <0.0001 Interaction:
Interaction: F(3,243)=1.542
0.2042

3.3B 1 week Chow 2way RM Diet: 0.7656  Diet:

n/N = 33/19 ANOVA Driving F(1,52)=0.08980

1 week WD n/N current: Driving current:

=21/14 <0.0001 F(3,156)=73.92
Interaction: Interaction:
0.8887 F(3,156)=0.2110
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3.4B

3.4C

3.4D

3.4E

3.4F

3.4G

3.5A

2 week Chow
n/N = 34/3

2 week WD n/N

= 46/5

4 week Chow
n/N = 18/9

4 week WD n/N

=19/10

11 week Chow

n/N =37/13

11 week WD n/N

=46/16

Chow n/N = 16/8
WD n/N = 18/9

Chow N =20
WD N =25

2way RM Diet: 0.1646

ANOVA Driving
current:
<0.0001
Interaction:
<0.0001

2way RM Diet: 0.0009

ANOVA Driving
current:
<0.0001
Interaction:
0.0057

2way RM Diet: 0.0007

ANOVA Driving
current:
<0.0001
Interaction:
0.0003

Figure 3.4

Two-tailed 0.0401

unpaired t-

test

Two-tailed 0.9309

unpaired t-

test

Two-tailed 0.1409

unpaired t-

test

Two-tailed 0.8695

unpaired t-

test

Two-tailed 0.1119

unpaired t-

test

Two-tailed 0.3519

unpaired t-

test

Figure 3.5
2way RM Diet:
ANOVA <0.0001

232

Diet: F(1,78)=1.968
Driving current:
F(3,234)=263.2
Interaction:
F(3,234)=14.99

Diet: F(1,35)=13.19
Driving current:
F(3,105)=86.86
Interaction:
F(3,105)=4.422
Diet: F(1,81)=12.47
Driving current:
F(3,243)=211.3

Interaction:
F(3,243)=6.443

t=2.140; df=32

t=0.08741; df=32

t=1.510; df=32

t=0.1656; df=32

t=1.635; df=32

t=0.9446; df=32

Diet: F(1,43)=35.68



3.5B

3.5C

3.5D

3.5E

3.5F

3.6A

3.6C

Chow N =20
WD N =23

Chow N =5
HFMS N =5

Chow N =5
HFMS N =4

Chow N =11
LFHSN=7
WD N =15

Chow N =3
LFHSN =2
WD N =4

TTX chow n/N =
30/4

TTXWD n/N =
33/3

Syn block chow
n/N = 4/3

Syn block WD
n/N = 8/4

Chow n/N = 6/3
WD n/N = 8/4

2way RM
ANOVA

2way RM
ANOVA

2way RM
ANOVA

2way RM
ANOVA

2way RM
ANOVA

Time:
<0.0001
Interaction:
<0.0001
Diet:
<0.0001
Time:
<0.0001
Interaction:
0.0117

Diet: 0.0223
Time:
<0.0001
Interaction:
<0.0001
Diet: 0.0053
Time:
<0.0001
Interaction:
<0.0001
Diet:
<0.0001
Time:
<0.0001
Interaction:
<0.0001
Diet: 0.0005
Time: 0.0196
Interaction:
0.0080

Figure 3.6

2way
ANOVA

2way RM
ANOVA
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Diet:
<0.0001
Treatment:
0.1084
Interaction:
0.0037

Diet: 0.1670
Ouabain:
<0.0001

Time:
F(11,473)=5232
Interaction:
F(11,473)=41.68

Diet: F(1,41)=103.0
Time:
F(2.180,89.38)=240.8
Interaction:
F(10,410)=2.317

Diet: F(1,8)=7.979
Time: F(8,64)=627.6
Interaction:
F(8,64)=7.653

Diet: F(1,7)=15.91
Time: F(6,42)=12.07
Interaction:
F(6,42)=7.803

Diet: F(2,30)=136.9
Time:
F(12,360)=669.8
Interaction:
F(24,360)=80.75

Diet: F(2,6)=34.98
Time: F(11,66)=2.284
Interaction:
F(22,66)=2.178

Diet: F(1,66)=39.10
Treatment:
F(1,66)=2.649
Interaction:
F(1,66)=9.076

Diet: F(1,12)=2.165
Ouabain:
F(1,12)=140.8



3.6D

3.6E

3.6F

3.6G

3.6H

3.7A

Untreated chow
n/N = 6/3
Untreated WD
n/N = 8/4

Syn block chow
n/N = 4/3

Syn block WD
n/N = 8/4
Chow n/N =

5/3

WD n/N = 8/3

Chow n/N =
11/4
WD n/N =10/5

10 mM Na
chow n/N =
18/9

10 mM Na WD
n/N =19/10
40 mM Na
chow n/N =
15/5

40 mM Na WD
n/N = 13/7

Chow n/N =
71/26

WD n/N =
63/27

Interaction:
0.0045
2way Diet: 0.0002
ANOVA Treatment:
0.5513
Interaction:
0.5638
2way RM Diet: 0.0156
ANOVA Holding
potential:
0.3262
Interaction:
0.7159
2way RM Diet: 0.0937
ANOVA Ext-free K+:
<0.0001
Interaction:
0.0014
Two-tailed 0.0014
unpaired t-
test
2way Diet: 0.0041
ANOVA [Na+]i:
<0.0001
Interaction:
0.3483
Figure 3.7
Two-tailed 0.4689
unpaired t-
test

Interaction:
F(1,12)=12.16

Diet: F(1,22)=19.16
Treatment:
F(1,22)=0.3662
Interaction:
F(1,22)=0.3434

Diet: F(1,11)=8.167
Holding potential:
F(3,33)=1.197
Interaction:
F(3,33)=0.4544

Diet: F(1,19)=3.114
Ext-free K+:
F(1,19)=88.98
Interaction:
F(1,19)=13.86
t=3.723; df=19

Diet: F(1,61)=8.909
[Na+]i: F(1,61)=33.78
Interaction:
F(1,61)=0.8933

t=0.7264; df=132



3.7B

3.7C

3.7D

3.7E

3.7F

3.8B

Chow n/N =
71/26

WD n/N =
63/27

Chow n/N =
5/3

WD n/N = 8/3

10 mM Na
chow n/N =
18/9

10 mM Na WD
n/N =19/10
40 mM Na
chow n/N =
15/5

40 mM Na WD
n/N = 13/7

Untreated Ctrl
n/N = 29/8
10" n/N =
21/3

10"%n/N =
40/11

102 n/N = 26/6
108n/N =7/2

10 n/N =11/2

Least 0.8946

squares

linear

regression

Least 0.7048

squares

linear

regression

2way RM Treatment:

ANOVA 0.0001
Holding
potential:
<0.0001
Interaction:
0.4844

2way RM Treatment:

ANOVA 0.0107
Holding
potential:
<0.0001
Interaction:
0.9762

2way RM Treatment:

ANOVA <0.0001
Driving
current:
<0.0001
Interaction:
0.0423

Figure 3.8
1way <0.0001
ANOVA

r’=0.0002358

r’=0.001677

Treatment:
F(1,8)=46.82
Holding potential:
F(3,24)=36.40
Interaction:
F(3,24)=0.8418

Treatment:
F(1,14)=8.650
Holding potential:
F(3,42)=49.53
Interaction:
F(3.42)=0.06890

Treatment:
F(3,61)=8.984
Driving current:
F(3,183)=396.2
Interaction:
F(9,183)=1.993

F(7,153)=15.63



3.8C

3.8D

3.8E

3.8F

10° n/N = 18/4

104 n/N = 9/3
Untreated n/N
=14/5
+10uM PGE2
n/N = 18/4
+EP1 antag
n/N = 25/4
+EP2 antag
n/N =17/4
+EP3 antag
n/N = 15/3
+EP4 antag
n/N=17/3
Untreated n/N
=14/5

10uM PGE2
n/N = 18/4
+EP3 antag
n/N = 15/3

Untreated n/N
=15/7

100 pM PGE2
n/N = 16/6
+EP1 antag
n/N =12/3
+EP2 antag
n/N = 12/4
+EP3 antag
n/N = 14/4
+EP4 antag
n/N =14/3
+EP2 agonist
n/N = 15/3
Untreated n/N
= 15/6

100 pM PGE2
n/N = 16/6
+EP2 antag
n/N = 12/4

1way <0.0001

ANOVA

2way RM Treatment:

ANOVA 0.0363
Driving
current:
<0.0001
Interaction:
0.1195

1way <0.0001

ANOVA

2way RM Treatment:

ANOVA 0.0004
Driving
current:
<0.0001
Interaction:
0.4580

Figure 3.9
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F(5,100)=8.517

Treatment:
F(2,44)=3.578
Driving current:
F(3,132)=196.1
Interaction:
F(6,132)=1.727

F(6,91)=7.274

Treatment:
F(2,40)=9.479

Driving current:
F(1.411,56.45)=393.7
Interaction:
F(6,120)=0.9562



3.9A
(left)

3.9A

(right)

3.9B

(left)

3.9B
(right)

3.9D

3.9F

Chow
untreated n/N
=37/13
+COX inhib
n/N = 22/9
WD untreated
n/N = 27/8
+COX inhib
n/N = 25/7
+COX1 inhib
n/N = 18/4
+COX2 inhib
n/N = 18/6
Chow
untreated n/N=
15/6

+EP2 antag
n/N = 13/4
WD untreated
n/N = 26/10
+EP1/3/4
antag n/N =
9/4

+EP2 antag
n/N = 13/4
Chow
untreated n/N
=9/4

+COX inhib
n/N = 9/8

WD untreated
n/N = 9/6
+COX inhib
n/N = 9/7
Chow
untreated n/N
=9/4

+PGE2 n/N =
9/8

WD untreated
n/N = 9/7
+PGE2 n/N =
9/6

Two-tailed
unpaired t-
test

1way
ANOVA

Two-tailed
unpaired t-
test

1way
ANOVA

2way
ANOVA

2way
ANOVA

0.1800

<0.0001

0.1312

0.0351

Diet: <0.0001
COX
inhibitor:
0.0091
Interaction:
0.0025

Diet: 0.0591
PGE2:
0.0660
Interaction:
0.0002

t=1.357; df=57

F(3,87)=9.142

t=1.559; df=26

F(2,45)=3.612

Diet: F(1,32)=31.72

COX inhibitor:
F(1,32)=7.705
Interaction:

F(1,32)=10.73

Diet: F(1,32)=3.830
PGE2: F(1,32)=3.623

Interaction:
F(1,32)=17.76



3.10A

3.10B

Chow 2way
untreated n/N  ANOVA
=15/6

WD untreated

n/N =19/10

Chow + INDO

n/N=11/2

WD + INDO

n/N = 16/3

WD n/N =25/6 Two-tailed
WD+H89 n/N  unpaired t-
= 24[7 test

Diet: 0.0002
Treatment:
0.0029
Interaction:
0.6508

0.0095

Diet: F(1,58)=15.56
Treatment:
F(1,58)=9.663
Interaction:
F(1,58)=0.2071

t=2.703; df=47

3.11A

3.11B

WT untreated 2way
n/N =10/3 ANOVA
WT+But n/N =
13/3
KO untreated
n/N=7/3
KO+But n/N=
10/3
2way RM
ANOVA

Genotype:
0.1698

Drug: 0.0074
Interaction:
0.0036

Group:
<0.0001
Driving
current:
<0.0001
Interaction:
<0.0001

Genotype:
F(1,36)=1.963

Drug: F(1,36)=8.065
Interaction:
F(1,36)=9.719

Group: F(3,36)=35.27
Driving current:
F(3,108)=35.27
Interaction:
F(9,108)=20.36

3.12B

3.12C

Ctrin/N=8/4  Two-tailed
Butn/N=8/3  unpaired t-
test
2way RM
ANOVA
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0.2934

Treatment:
0.6065

t=1.092; df=14

Treatment: F(1,
14)=0.2776



3.13B

3.13C

3.13D

3.13E

3.13F

f/f chow n/N =
19/4

f/f WD n/N =
21/4

KO chow n/N
=20/3

KO WD n/N =
22/3

f/f chow n/N =
19/4

f/f WD n/N =
21/4

KO chow n/N
=19/3

KO WD n/N =
22/3

ffN =19
KON =21

f/ff chow N =
11

ff WDN=8
KO chow N =
9

KOWDN =12
f/f chow N =
10

Driving
current:
0.4033
Interaction:
0.0180

Figure 3.13

2way
ANOVA

2way RM
ANOVA

Two-tailed
unpaired t-
test

2way RM
ANOVA

2way RM
ANOVA

Genotype:
0.0013

Diet: 0.3405
Interaction:
0.0011

Group:
0.0630
Driving
current:
<0.0001
Interaction:
0.0488

0.1067

Group:
<0.0001
Time:
<0.0001
Interaction:
<0.0001
Group:
0.0445
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Driving current:
F(1.746,
24.44)=0.9102
Interaction: F(3,
42)=3.745

Genotype: F(1,
78)=11.08

Diet: F(1, 78)=0.9196

Interaction: F(1,
78)=11.58

Group: F(3,
77)=2.535
Driving current:
F(1.246,
95.97)=87.66
Interaction: F(9,
231)=1.930

T=1.652; df=38

Group: F(3,
36)=29.70

Time: F(13,
468)=465.3
Interaction: F(39,
468)=26.73
Group: F(3,
26)=3.091



3.13G

3.13H

3.13J

3.13K

3.13L

3.13N

3.130

ffWDN=7
KO chow N =
4

KOWDN =9

f/ff chow N =
10
ffWDN=7
KO chow N =
9
KOWDN=9
ffAN=7
KON=3

fff chow N =9
ffWDN=7
KO chow N =
9
KOWDN=9
ffN=7
KON=3

2way
ANOVA

2way
ANOVA

2way RM
ANOVA

Two-tailed
unpaired t-
test

2way
ANOVA

2way RM
ANOVA

Two-tailed
unpaired t-
test

Time:
<0.0001
Interaction:
<0.0001

Genotype:
0.1303
Diet:<0.0001
Interaction:
0.4993
Genotype:
0.0068

Diet: <0.0001
Interaction:
0.0097

Genotype:
0.0207
Adipocyte
area:
<0.0001
Interaction:
<0.0001
0.0206

Genotype:
0.0098

Diet: 0.0017
Interaction:
0.0323
Genotype:
0.0891

Lipid droplet
size: <0.0001
Interaction:
<0.0001
0.0228

Figure 3.14

Time: F(12,
312)=4154
Interaction: F(36,
312)=4.277

Genotype:
F(1,26)=2.440

Diet: F(1,26)=72.93
Interaction:
F(1,26)=0.4694
Genotype: F(1,
31)=8.424

Diet: F(1, 31)=52.63
Interaction: F(1,
31)=7.587

Genotype:
F(1,8)=8.25
Adipocyte area:
F(1.412,11.37)=459.9
Interaction:
F(20,160)=8.964

t=2.877, df=8

Genotype: F(1,
30)=7.598

Diet: F(1, 30)=11.85
Interaction: F(1,
30)=5.042
Genotype:
F(1,8)=3.744
Lipid droplet size:
F(99,792)=133.1
Interaction:
(99,792)=4.846
t=2.810, df=8



3.14A

3.14B

3.14C

3.14D

3.14E

3.14F

3.14G

3.14H

f/f chow N =
10
ffWDN=7
KO chow N =
9
KOWDN=9
f/f chow N =
10
ffWDN=7
KO chow N =
9
KOWDN=9
f/f chow N =
10
ffWDN=7
KO chow N =
9
KOWDN=9
f/f chow N =
10
ffWDN=7
KO chow N =
8
KOWDN=9
fffchow N =9
ffWDN=7
KO chow N =
8
KOWDN=9
f/f chow N =9
ffWDN=7
KO chow N =
9

KOWDN =8
f/f chow N =
10
ffWDN=7
KO chow N =
9
KOWDN=9
f/f chow N =
10
ffWDN=7

2way
ANOVA

2way
ANOVA

2way
ANOVA

2way
ANOVA

2way
ANOVA

2way
ANOVA

2way
ANOVA

2way
ANOVA
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Genotype:
0.0775

Diet: <0.0001
Interaction:
0.0488

Genotype:
0.0016

Diet: <0.0001
Interaction:
0.0055

Genotype:
0.0012

Diet: <0.0001
Interaction:
0.0117

Genotype:
0.9549

Diet: <0.0001
Interaction:
0.3417

Genotype:
0.8089

Diet: 0.2076
Interaction:
0.1445
Genotype:
0.9908

Diet: 0.1598
Interaction:
0.6385
Genotype:
0.3614

Diet: 0.1717
Interaction:
0.3105

Genotype:
0.0632
Diet: 0.0746

Genotype: F(1,
31)=3.333

Diet: F(1, 31)=49.36
Interaction F(1,
31)=4.206

Genotype: F(1,
31)=11.94

Diet: F(1, 31)=30.93
Interaction: F(1,
31)=8.904

Genotype: F(1,
31)=12.77

Diet: F(1, 31)=37.86
Interaction: F(1,
31)=7.171

Genotype: F(1,
30)=0.003255

Diet: F(1, 30)=22.56
Interaction F(1,
30)=0.9333

Genotype: F(1,
29)=0.05960

Diet: F(1, 29)=1.661
Interaction: F(1,
29)=2.249
Genotype: F(1,
29)=0.0001348
Diet: F(1, 29)=2.081
Interaction: F(1,
29)=0.2254
Genotype: F(1,
31)=0.8582

Diet: F(1, 31)=1.958
Interaction: F(1,
31)=1.063

Genotype: F(1,
31)=3.712
Diet: F(1, 31)=3.404



3.15B

3.15C

3.15D

3.15E

3.15F

3.15G

KO chow N = Interaction:

9 0.0166
KOWDN=9
Figure 3.15
fiffchown/N = 2way Genotype:
22/7 ANOVA 0.5648
fif WD n/N = Diet: 0.0277
20/4 Interaction:
KO chow n/N 0.9747
= 24/3
KO WD n/N =
22/5
2way RM Group:
ANOVA 0.5605
Driving
current:
<0.0001
Interaction:
0.7790
fifN=17 Two-tailed 0.8059
KON =15 unpaired t-
test
ffchowN=7 2way RM Group:
ffWDN=10 ANOVA 0.0068
KO chow N = Time:
6 <0.0001
KOWDN-=9 Interaction:
<0.0001
ffchowN=6 2way RM Group:
ffWDN=9 ANOVA 0.9928
KO chow N = Time:
5 <0.0001
KOWDN-=5 Interaction:
0.6829
2way Genotype:
ANOVA 0.6828
Diet: 0.0025
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Interaction: F(1,
31)=6.417

Genotype: F(1,
84)=0.3341

Diet: F(1, 84)=5.023

Interaction: F(1,
84)=0.001011

Group: F(3,
84)=0.6903

Driving current: F(3,

252)=60.88
Interaction: F(9,
252)=0.6207

t=0.2480; df=30

Group: F(3,
28)=4.987

Time: F(11,
308)=125.7
Interaction: F(33,
308)=3.948
Group: F(3,
21)=0.02990
Time: F(12,
252)=608.6
Interaction: F(36,
252)=0.8706

Genotype:
F(1,21)=0.1717

Diet: F(1,21)=11.75



3.15H

3.15J

3.15K

3.15L

3.15N

3.150

3.16A

3.16B

f/f chow N =8

ff WDN =8
KO chow N =
4

KOWDN =8

ffN=3
KON=3

f/f chow N =8

ff WDN =8
KO chow N =
4
KOWDN=8
ffN=3
KON=3

f/ffchow N=8

ff WDN =8
KO chow N =
4

KOWDN =8

f/f chow N =8

ff WD N=8
KO chow N =
4

Interaction:

0.3652
2way Genotype:
ANOVA 0.2229

Diet: 0.0041

Interaction:

0.5405
2way RM Genotype:
ANOVA 0.6278

Adipocyte

area:

<0.0001

Interaction:

0.9873
Two-tailed 0.6337
unpaired t-
test
2way Genotype:
ANOVA 0.2602

Diet: 0.0025

Interaction:

0.3154
2way RM Genotype:
ANOVA 0.0494

Lipid droplet

size: <0.0001

Interaction:

<0.0001
Two-tailed 0.4494
unpaired t-
test

Figure 3.16
2way Genotype:
ANOVA 0.4218

Diet: 0.0096

Interaction:

0.8002
2way Genotype:
ANOVA 0.2839

Diet: 0.0069

Interaction:
F(1,21)=0.8566
Genotype: F(1,
24)=1.566

Diet: F(1, 24)=10.09
Interaction: F(1,
24)=0.3855

Genotype:
F(1,4)=0.2749
Adipocyte area: F(39,
156)=45.45
Interaction: F(39,
156)=0.5382

t=0.5150, df=4

Genotype: F(1,
24)=1.330

Diet: F(1, 24)=11.43
Interaction: F(1,
24)=1.051
Genotype:
F(1,4)=7.771

Lipid droplet size:
F(178, 712)=62.09
Interaction: (178,
712)=3.239
t=0.8376, df=4

Genotype: F(1,
24)=0.6679

Diet: F(1, 24)=7.931
Interaction: F(1,
24)=0.06547
Genotype: F(1,
24)=1.201

Diet: F(1, 24)=8.717



3.16C

3.16D

3.16E

3.16F

3.16G

3.16H

KOWDN=8

f/f chow N =8
ffWDN=8

KO chow N =

4

KOWDN=8

flfchow N=7
ff WDN=8

KO chow N =

4

KOWDN =8

f/f chow N =8

ff WDN =8
KO chow N =
4

KOWDN =8

f/f chow N =8

ff WDN =8
KO chow N =
4

KOWDN =8

f/f chow N =8

ff WDN =8
KO chow N =
4

KOWDN =8

f/f chow N =8

ff WDN=8
KO chow N =
4

KOWDN =8

2way
ANOVA

2way
ANOVA

2way
ANOVA

2way
ANOVA

2way
ANOVA

2way
ANOVA
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Interaction:
0.5937
Genotype:
0.0887

Diet: 0.0016
Interaction:
0.2896
Genotype:
0.4153

Diet: 0.0069
Interaction:
0.8687
Genotype:
0.4795

Diet: 0.1154
Interaction:
0.6103
Genotype:
0.1850

Diet: 0.6445
Interaction:
0.5908
Genotype:
0.9465

Diet: 0.7303
Interaction:
0.6057
Genotype:
0.2151

Diet: 0.4496
Interaction:
0.8235

Interaction: F(1,
24)=0.2924
Genotype: F(1,
24)=3.147

Diet: F(1, 24)=12.63
Interaction: F(1,
24)=1.173
Genotype: F(1,
23)=0.6882

Diet: F(1, 23)=8.787
Interaction: F(1,
23)=0.02795
Genotype: F(1,
24)=0.5160

Diet: F(1, 24)=2.668
Interaction: F(1,
24)=0.2667
Genotype: F(1,
24)=1.862

Diet: F(1, 24)=0.2183
Interaction: F(1,
24)=0.2970
Genotype: F(1,
24)=0.004599

Diet: F(1, 24)=0.1216
Interaction: F(1,
24)=0.2737
Genotype: F(1,
24)=1.622

Diet: F(1, 24)=0.5908
Interaction: F(1,
24)=0.05088
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7.5. Diet composition information

Product Data

DIO SERIES

&~ 5

OpenSource
W M DIETS™

\

The “Original” High Fat Diets for Diet Induced Obesity

Formulas
Product # D12450B
gm%
Protein 19.2
Carbohydrate 67.3
Fat 43
Total
kcal/gm 3.85
Ingredient gm
Casein, 80 Mesh 200
L-Cystine 3
Corn Starch 315
Maltodextrin 10 35
Sucrose 350
Cellulose, BW200 50
Soybean Oil 25
Lard* 20
Mineral Mix S10026 10
DiCalcium Phosphate 13
Calcium Carbonate 5.5
Potassium Citrate, 1 H20 16.5
Vitamin Mix V10001 10
Choline Bitartrate 2
FD&C Yellow Dye #5 0.05
FD&C Red Dye #40
FD&C Blue Dye #1
Total 1055.05

Formulated by E. A. Ulman, Ph.D., Research Diets, Inc., 8/26/98 and 3/1 1/99.

kcal%
20

70

10
100

kcal
800
12

1260

140
1400

4057

*Typical analysis of cholesterol in lard = 0.95 mg/gram. D12450B -
Cholesterol (mg)/4057 kcal = 19

RESEARCH=

DIETS=

www.ResearchDiets.com

Cholesterol (mg)/kg = 18

D12451 -
Cholesterol (mg)/4057 kcal = 168.6
Cholesterol (mg)/kg = 196.5
D12492 -
Cholesterol (mg)/4057 kcal = 232.8
Cholesterol (mg)/kg = 300.8
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D12451
gsm%
24
41
24

4.73
gm
200

3

72.8

100
172.8
50

25
177.5

858.15

kcal%
20

35

45
100

keal

12

291

400
691

225
1598

==

40

4057

D12492
gsm%
26.2
26.3
349

5.24
gm
200

3

0
125
68.8

50

773.85

kcal%
20

20

60
100

keal

12

500
2752

4057

Research Diets, Inc.

20 Jules Lane

New Brunswick, NJ 08901
Tel: 732.247.2390

Fax: 732.247.2340
info@researchdiets.com

Copyright © 2006 Research Diets, Inc. All rights reserved. DIO-1500
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Formulated by:

- Y .
OpenSource . . Research Diets, Inc.
W MADIETS® Rodent Diets with 25 or 45 kcal% July 2011
- Fat (from Mostly Lard)
Product # D11071701 D12451
25 kcal% Fat 45 kcal% Fat
am (%) | kcal (%) gm (%) kcal (%)
Protein 21 20 24 20
Carbohydrate 57 55 Y 35
Fat 12 25 24 45
Total 100 100
kcal/gm 4.19 4.73
Ingredient gm kcal gm kcal
Casein, 80 Mesh 200 800 200 800
L-Cystine 3 12 3 12
Corn Starch 272.0 1088 72.8 291
Maltodextrin 10 100.0 400 100.0 400
Sucrose 172.8 691 172.8 691
Cellulose, BW200 50 0 50 0
Soybean Oil 25 225 25 225
Lard 89 801 177.5 1598
Mineral Mix S10026 10.0 0 10.0 0
DiCalcium Phosphate 13.0 0 13.0 0
Calcium Carbonate 5.5 0 5.5 0
Potassium Citrate, 1 H20 16.5 0 16.5 0
Vitamin Mix V10001 10 40 10 40
Choline Bitartrate 2 0 2 0
FD&C Yellow Dye #5 0.025 0 0 0
FD&C Red Dye #40 0.025 0 0.05 0
FD&C Blue Dye #1 0 0 0 0
Total 968.850 4057 858.150 4057
Research Diets, Inc.
20 Jules Lane RESEARCH=
New Brunswick, NJ 08901 USA =
info@researchdiets.com NystromCO01.for.xls g_l,mE“ :I;|§s'“f-;
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Open formula purified diets for lab animals

&~ 5

-~ u
OpenSource
| N M DIETS"

-w
Report p Repeat p Revise

Description Formula
RD Western Diet
Product # D12079B gm% kcal%
Used in Research
Obesity Protein 20 17
Diabetes Carbohydrate 50 43
Osteoporosis Fat 21 41
Hypertension Total 100
Atherosclerosis kcal/gm 4.7
Metabolic Syndrome
Ingredient gm keal
Packaging
Product is packed in 12.5 kg box. Casein, 80 Mesh 195 780
Each box is identified with the DL-Methionine 3 12
product name, description, lot
number and expiration date. Corn Starch 50 200
Maltodextrin 10 100 400
Lead Time Sucrose 341 1364
5-7 business days.
Cellulose 50 0
Gamma-lIrradiation
Yes. Add 10 days to delivery time. Milk Fat, Anhydrous* 200 1800
Corn Oil 10 90
Form
Pellet, Powder, Liquid Mineral Mix $10001 35 0
Calcium Carbonate 4 0
Shelf Life
Most diets require storage in a cool Vitamin Mix V10001 10 40
dry environment. Stored correctly Choline Bitartrate 2 0
they should last 6 months.
Cholesterol, USP* 1.5 0
Control Diets Ethoxyquin 0.04 0
Custom diets available on request.
Total 1001.54 4686

*Anhydrous milk fat typically contains approximately 0.3% cholesterol.

On this basis, D12079B contains approximately 0.21% cholesterol.
Formulated by E. A. Ulman, Ph.D., Research Diets, Inc., October 12, 1995.
Diet formulated to match Teklad Western Diet #TD88137, except that 1%
Corn Oil replaces 1% Butter Fat.

RESEARC Researeh dits, nc.

v
a
=
-
= 20 Jules Lane
L New Brunswick, NJ 08901 USA
NC.R.. Tel: 732.247.2390

www.ResearchDiets.com Fax: 732.247.2340
info@researchdiets.com

© 2006 Research Diets, Inc. Al rights reserved. D12079B--6-12
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Prolab® RMH 3000

DESCRIPTION

Prolab® Rat/Mouse/Hamster 3000 is formulated primarily for
growth and reproduction in Lab Rats. This diet is formulated
using managed formulation, delivering Constant Nutrition®.
This is paited with the selection of highest quality ingredients to
assure minimal inherent biological variation in long-term studies.
Features and Benefits

® Managed Formulation delivers Constant Nutrition™

* High quality animal protein added to create a superior balance
of amino acids for optimum performance

* Supports optimum growth and efficient reproduction perfor-
mance of rats, hamsters and mice

¢ Formulated to feed rats, hamsters and many mouse strains

Product Forms Available Catalog #
* Oval pellet, 3/8” x5/8” x 17 0001495
Other Versions Available Catalog #
* 5P75 Prolab® IsoPro® RMH 3000,

Vacuum Packaged 6.5# Boxes 0006972
* 5P76 Prolab” IsoPro® RMH 3000, 25 b 0006973
GUARANTEED ANALYSIS
Crude protein notless than ........................ 22.00%
Crude fatnotlessthan . ........... ... ..o . 5.00%
Crude fiber notmore than .......................... 5.00%
Moisture not more than . ..., 9.00%
Ashnotmorethan ........... ..., 12.00%

INGREDIENTS

Whole wheat, dehulled soybean meal, wheat middlings, ground
corn, fish meal, porcine animal fat preserved with BHA and
citric acid, dehydrated alfalfa meal, calcium carbonate, soybean
oil, brewers dried yeast, dicalcium phosphate, salt, DL-methi-
onine, L-lysine, choline chloride, menadione dimethylpyrimidinol
bisulfite (source of Vitamin K), magnesium oxide, ferrous sulfate,
pyridoxine hydrochloride, cholecalciferol, vitamin A acetate, bio-
tin, dl-alpha tocopheryl acetate (form of Vitamin E), vitamin B12
supplement, riboflavin supplement, thiamine mononitrate, zinc
oxide, calcium pantothenate, folic acid, nicotinic acid, manganous
oxide, ferrous carbonate, copper sulfate, zinc sulfate, calcium
iodate, cobalt carbonate, sodium selenite.

FEEDING DIRECTIONS

Feed ad libitum to rodents. Plenty of fresh, clean water should be
available to the animals at all times.

Rats- All rats will eat varying amounts of feed depending on

their genetic origin. Larger strains will eat up to 30 grams per

day. Smaller strains will eat up to 15 grams per day. Feeders in rat
cages should be designed to hold two to three days supply of
feed at one time.

Mige- Adult mice will eat up to 5 grams of pelleted ration daily.
Some of the larger strains may eat as much as 8 grams per day
per animal. Feed should be available on a free choice basis in wire
feeders above the floor of the cage.

Hamsters-Adults will eat up to 14 grams per day.

For information regarding shelf life please visit www.labdict.com.

09/13/18 RHI-W 5

CHEMICAL COMPOSITION!'

Nutrients?

Protein, % .. 225
Arginine, % .. ... 1.40
Cystine, %o ... .oovvinni i 0.40
Glycine, %o. . ...l 1.10
Histidine, %o. . ............. 0.56
Isoleucine, % ... ... covn. 0.89
Leucine, %o................ 1.64
Lysine, % .............. ... 1.29
Methionine, %o............. 0.58

Phenylalanine, %...........
Tyrosine, % ...l
Threonine, %. .............
Tryptophan, %. ............
Valine, % .....oovvvveno..
Serine, %o ...
Aspartic Acid, %.......

Glutamic Acid, %
Alanine, % ............

Proline, % .....oiiiia

Tautine, %0 .. .oovvveviinn,

Fat (ether extract), %....... 5.5
Fat (acid hydrolysis), % .... 6.9
Cholesterol, ppm............ 193
Linoleic Acid, % ........... 1.65
Linolenic Acid, % .......... 0.19
Arachidonic Acid, %........ 0.02
Omega-3 Fatty Acids, %. .. .. 0.38

Total Saturated Fatty Acids, % 1.55
Total Monounsaturated

Fatty Acids, % ............. 1.63
Fiber (Crude), %........... 4.2
Neutral Detergent Fiber’, %. . 15.6
Acid Detergent Fiber', % . .. .. 52

Nitrogen-Free Extract
(by difference), %
Starch, % ...

Sucrose, Yo. ..
Total Digestible Nutrients,% 77.4
Gross Energy, kcal/gm. ... 4.18
Physiological Fuel Value®,

keal/gm ................. 3.45
Metabolizable Energy,

keal/gm ................. 3.14
Minerals

Ash,%. ...t 6.4
Calcium, %o. . ..o 1.09
Phosphorus, % ............ 0.79
Phosphorus (non-phytate), %. 0.47
Potassium, %o. . ..o 0.94
Magnesium, % .. 0.24
Sulfur, % . ...l .. 029
Sodium, % ............ .. 023
Chloride, % .. 040
Fluotine, ppm . .............. 17
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Tron, ppm.................. 360

Zinc, ppm .. ..120
Manganese, ppm .97
Copper, ppm . 14
Cobalt, ppm............... 0.41
Todine, ppm............... 0.99
Chromium (added), ppm . ... 0.01
Selenium, ppm. ............ 0.41
Vitamins

Carotene, ppm. ............. 12
Vitamin K, ppm ............ 1.9
Thiamin, ppm .............. 9.8
Riboflavin, ppm.............. 14
Niacin, ppm................. 60
Pantothenic Acid, ppm........ 13
Choline Chloride, ppm ... ... 2000
Folic Acid, ppm............. 12
Pyridoxine, ppm .. .83
Biotin, ppm . . .. 0.40
B, meg/kg...... 77
Vitamin A, IU/gm. ........... 18
Vitamin D, (added), IU/gm ... 2.5
Vitamin E, IU/kg ............ 75
Ascorbic Acid, mg/gm . ...... 0.0
Calories provided by:

Protein, %o ...l 26.073
Fat (ether extract), %. ... .. 14.341
Carbohydrates, %o ........ 59.586

*Product Code

1. Formulation based on calculated
values from the latest ingredient
analysis information. Since nutrient
composition of natural ingredients
varies and some nuttient loss will
occur due to manufacturing process-
es, analysis will differ accordingly.

2. Nutrients expressed as percent of
ration except where otherwise indi-
cated. Moisture content is assumed
to be 10.0% for the purpose of
calculations.

3. NDF = approximately cellulose,
hemi-cellulose and lignin.

4. ADF = approximately cellulose
and lignin.

5. Physiological Fuel Value (kcal/
gm) = Sum of decimal fractions of
protein, fat and carbo- hydrate (use
Nitrogen Free Extract) x 4,9,4 kcal/
gm respectively.

NOTE: When assayed, actual
levels may vary from calculated

LabDiet

www.labdiet.com

values.
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