Copyright Notices

Notice 1

Under the Copyright Act 1968, this thesis must be used only under the normal
conditions of scholarly fair dealing. In particular no results or conclusions should be
extracted from it, nor should it be copied or closely paraphrased in whole or in part
without the written consent of the author. Proper written acknowledgement should be
made for any assistance obtained from this thesis.

Notice 2
| certify that | have made all reasonable efforts to secure copyright permissions for

third-party content included in this thesis and have not knowingly added copyright
content to my work without the owner's permission.



MONASH University

Thesis accepted in satisfaction of the requirements
for the degree of Doctor of Philosophy on
8 July 2014

Graduate Research Committee

Under the Copyright Act 1968, this thesis must be used only under the
normal conditions of scholarly fair dealing for the purposes of research,
criticism or review. In particular no resuits or conclusions should be
extracted from it, nor should it be copied or closely paraphrased in whole
or in part without the written consent of the author. Proper written

acknowledgement should be made for any assistance obtained from this
thesis.













EXERCISE-INDUCED HYPOTHLAMIC
STRUCTURE & FUNCTION: IMPLICATIONS FOR
ENERGY BALANCE & OBESITY

Melissa Louise Borg

B.Sc. (Biomed, Hons)

Department of Physiology
School of Biomedical Sciences, Faculty of Medicine, Nursing and Health
Sciences
Monash University
Melbourne, Victoria, Australia

Presents a thesis submitted in fulfilment of the requirements for the award of the

degree

Doctorate of Philosophy

2013



Table of Contents

TABLE OF CONTENTS |

ABSTRACT....ccovrercsrcsnsensarsrnanancns . Y
GENERAL DECLARATION srereessirsre e s nenns \Y%
ACKNOWLEDGEMENTS.........ccccticmimteimmenmnsinsnsssnssssnssisansmsenssssssssans FOT—— VI
PUBLICATIONS c.oceetiiitincnctnsssncsassansssssisssnmsmsantos sntonssssstasssstmssesss smessssns st e sassansmtnbesbiansos sus essResbsRRRERRSR RS VII
ABBREVIATIONS.........c.ccccnvnrennes . X
LIST OF TABLES eereresssserssrsssesesuessseresiansnsnanenntannan “ o XIII
LIST OF FIGURES......coiiiticnniienessssnsneesmsinasinsssssssssss sissnensssssassasas esassnass ssnenssssasss sesstsssms s sonssonanssnsssonans X1v
CHAPTER ONE: LITERATURE REVIEW ...t smssnssnessssisssssisssassesssvsnssssasans 17

1.1, THE OBESITY EPIDEMIC..ucuuvuesesevtssssseseseeesessssssssssssssessasssssssseeesssssssssssssssssssesssssssessessesssssssssasssssssssssssssssssssessass 18
1.2.  ROLE OF THE HYPOTHALAMUS IN ENERGY BALANCE: NUCLEI AND NEUROPEPTIDES ..vv.vevevvsreressssssrisns 21
1.3.  CIRCULATING HORMONES EFFECTING FOOD INTAKE AND ENERGY EXPENDITURE w.vcevuvussesssssserssssssssisss 34
1.4. CIRCULATING NUTRIENTS EFFECTING FOOD INTAKE AND ENERGY EXPENDITURE «..couruvrmmmsueecesssessessens 44
1.5.  HYPOTHALAMIC RESISTANCE TO HORMONE/NUTRIENT CUES IN OBESITY w..oesesrsscvevrrsrussseseessersmerassssns 50
1.6, LIPOTOXICITY DURING OBESITY...ooereureessesssssssssssssssssssssssssssssessssssssssssssssssssssssessessesssssssssssassessssssssssssssssseseee 54
1.7.  EXERCISE TRAINING AS A TOOL FOR OBESITY TREATMENT ...cuuvcvvrvuvveeeremsesssssssesesssssssersssssssssssssssssssssssssens 67
1.8.  NEUROGENESIS AND EXERCISE..v.vcruuureesmmemrssssssesssssssssssssssssessessssssssssassssssssssssssssssesssesssssassesssessestsessssssssssssseee 74
1.9, GENERAL HYPOTHESIS ..ccsossssssssssssssssssmsmsssssssssssssssesseessssssssssssssssssssssssssssssssassssssassssssssssssssessssssssssnessesssmsssssines 86

CHAPTER TWO: METHODOLOGICAL CONSIDERATIONS FOR ASSESSING

NEUROGENESIS ...ttt inssesssensessessssssssssassssssss smssss 87
2.1, MODE OF ADMINISTRATION ..ccuriurtreemmerinsensessenstsessssstressstsesssstesmessisssnsesesseseasssssnstossasssssasastossasssessssassessnsssssssas 89
2.2, OTHER IHC MARKERS OF CELL PROLIFERATION ...covuuivurierirsimeensinsssssesesesssis s sossssssssessasesmssesssssasssssssesssssenees 90
2.3, LIMITATIONS TO BRDU ..ot sesssesesesseseseesssssssesas s sessssstsasassansssasassesssossssssssssssssesssnssnss 91



CHAPTER THREE: CONSUMPTION OF A HIGH-FAT DIET, BUT NOT REGULAR

ENDURANCE EXERCISE TRAINING, REGULATES HYPOTHALAMIC LIPID ACCUMULATION IN

MICE SO w95
3.1, INTRODUCTION coveusteeeusseeessssssssessnessssasesssssesssssessssesssssessssssssasessssasesssssesessuesessosssssssessssssasssssssasssessssssessassssesssssanins 96
3.2, METHODS o recerrermerarerermssssssssssssssssssssessssssasssssssasssssasssmssssssasssesssasssssessessesesssssessssssassssssssesssssssssesssssissessesessesiesss 98
3.3, RESULTS vetrctretreeuseurensensessessessassesssssessesssass sssssssssssessesssssesssesssssesassass sessesssessasssses snsaessesseemteseassissssssessstasessssnssassnans 108
3.4, DISCUSSION wooouuureerssmreesssoressssasssssassssssassssssassssssasssssassssssss esssssasssssasessssesssssessss sesssssassssssassssssessesecssssssssnsasscssasens 126

CHAPTER FOUR: EXERCISE TRAINING INDUCES NEUROGENESIS IN THE

HYPOTHALAMUS OF LEAN AND OBESE MICE, WHICH PLAYS A ROLE IN INSULIN-

STIMULATED ADIPOSE TISSUE METABOLISM.......cccocinnensnnsannnimssnessismsensnssas 133
A1, INTRODUCTION eoevereurseeressssareesssssssessssssssasssssassssssssssssessssssasssesssss et sessssseseessssssessssmesssssssessssssssessssssssesssssnesess 134
.2, METHODS.....cotieerererueascoseareossmsnssncessssrecssessasssrsssassssasssssnssorsssassssessasestsessstssssesstessscsssossssasast stastsssssassstsneustasassarsenn 138
4.3, RESULTS cocvurirrrirrermeisesmnestssissisoessassmasesseseassesseassastassssetsassstisssssfresssboessssssnasssed e essesasesasas s osbestssbes s is s sassssesbos 149
B4, DISCUSSION wuucveuusereesasesessssnsssasessssssonssssssessssesssssessassssesssesseessssssessssssessssesessssseessssesssssssesssssssasasenessssssssssssessanersns 168

CHAPTER FIVE: CESSATION OF CILLIARY NEUROTROPHIC FACTOR TREATMENT

CAUSES REBOUND WEIGHT GAIN AND IMPAIRED INSULIN ACTION ......ccoosomnsmicssnmsmsensensassnnss 177
5.1, INTRODUCTION oooueureueeesseresssssossssssesessssersssssnssssssssssssnsessssssssesseasessssessssssssissassesssssessssnssssnsessssasssssensssssessssneness 178
5.2, METHODS ...coosiueetevemseesetsssaessessssssassssssessseesssssesssssssessnes sasssnesies s biesessst s e sessssast s ecsns asneseassesassseasasssssesnsssssnne 179
5.3, RESULTS uoouieuieseteesssisessessesssssssessssssssssseasssssaress st smesssssssessesssess sesssessessscssassactnnsssssnesas aassossasnssanssssssssssstassassinss 181
5.4, DISCUSSION wooverrveeescesesssesesnessssesssssusesssssssssssessssssssesssssasesssssssessssssesssnesstssssssssssasssssasssssensssassessasssssossssssmsssssness 187

CHAPTER SIX: EXERCISE TRAINING DOES NOT PRODUCE LONG-TERM CHANGES IN

HYPOTHALAMIC SENSITIVITY TO LEPTIN OR GHRELIN IN OBESE MICE ........ccccccvcninnnnnnenen. 191
6.1, INTRODUCTION weoreeeemsresessesssseessssiasessssassassssssssessasessessssoesssssssesssssesssssssssssiesasssssssasisssssesssessessssssesssessissnsessanns 192
6.2, METHODS.c.ooeecesisesesess e sesssstssssesessst et s sees st st sesss s R a SR o b s bbb SRR SRR R RS B b S SR SRS b en bt e 194
0.3, RESULTS 1ur.rveeesreeeereeersesssesessesesseesssesssssasss asessssssessssssssssssssassessssassissesesssssessasoasssasessssasessssssnssasessussssssssessassssennns 202
6.4, DISCUSSION weoverreereresreesecssisssssssssssssssassssossssssssssssessasessesesessas st ssssssmssssassa st e s b s s ent s s esssanasesssebesassossasns 213

i



CHAPTER SEVEN: GENERAL DISCUSSION . 218

CHAPTER EIGHT: APPENDIX...... “ e 228

CHAPTER NINE: REFERENCES. ... 236

i



Abstract

Obesity has reached epidemic proportions worldwide, and for the first time in human
history more people in the world are overweight than undernourished. Understanding the
route of metabolic dysfunction during obesity remains a major medical challenge. The
hypothalamus is integral to the control of food intake and becomes dysfunctional during
obesity. This is a key event in the pathogenesis of obesity. This thesis sort to identify possible
routes of hypothalamic dysfunction during obesity, and to investigate the potential benefits of
regular exercise training on hypothalamic function.

This thesis found that lipid accumulation occurs in the hypothalamus of mice fed a
high fat diet. Specifically, diacylglycerol and ceramide content are increased, and these lipids
are known to interfere with insulin signalling in peripheral tissues such as skeletal muscle and
liver. Six weeks of exercise training was unable to decrease lipids in the hypothalamus,
despite improving body weight and whole body glucose metabolism.

Neurogenesis in the hypothalamus has been proposed to play a role in the regulation
of food intake and body weight. This thesis showed that a single exercise bouts upregulates
genes in the hypothalamus that promote neurogenesis and stem cell activation; while just 7
days of exercise training was able to stimulate neurogenesis in the hypothalamus of both lean
and obese mice. By using the mitotic blocker, cytosine-[3-D-arabinofuranoside, to block
neurogenesis it was found that neurogenesis during four weeks of exercise may play a role in
insulin-stimulated metabolism in the adipose tissue of high fat fed mice. Furthermore, when
hypothalamic neurogenesis was stimulated with the cytokine CNTF, which results in a 17-
fold greater amount of neurogenesis than exercised mice, there were no sustained effects on
body weight or peripheral insulin action. Therefore, while exercise training stimulates
hypothalamic neurogenesis, its role in body weight and energy balance is yet to be fully
elucidated.

Finally, this thesis examined the effect of six weeks of exercise training on
hypothalamic sensitivity to peripheral hormones, which is impaired during obesity. Contrary
to previously published work showing increased hypothalamic sensitivity to leptin directly
after exercise in both lean and obese mice; this thesis showed that exercise training does not
confer long term changes to hypothalamic sensitivity to leptin or ghrelin.

Collectively, this thesis highlights that while exercise training during obesity is able to
alter the structure of the hypothalamus through the induction of neurogenesis, functional

outcomes remain largely unaltered.
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Chapter 1: Literature Review

1.1. The obesity epidemic

Obesity is defined as an abnormal or excessive accumulation of body fat that may impair
health. The body mass index (BMI) is a World Health Organization (WHO) accepted index
for classifying the degree of obesity and was adopted by an expert committee of the NHLBI
(NHLBI Guidelines, 1998). BMI = (weight (kg))/(height (m?)). Under this convention for
adults, grade 1. overweight (commonly and simply called overweight) is a BMI of 25-29.9
kg/m’. Grade 2. overweight (commonly called obesity) is a BMI of 30-39.9 kg/m’. Grade 3.
overweight (commonly called severe or morbid obesity) is a BMI greater than or equal to 40

kg/m*(848).

Obesity is considered pandemic, with over 1.4 billion adults overweight and more
than half a billion obese world wide. At least 2.8 million people each year die as a result of
being overweight or obese. Globally over 40 million preschool children were overweight in

2008. In Australia, 61% of the population is overweight or obese.

1.1.1. Energy balance, calorie intake and physical activity

By the law of conservation of energy, body fat increases when energy intake/calories
consumed is consistently greater than energy expenditure/physical activity. Excess body fat
and obesity are the result of sustained positive energy balance. Increasing the amount of
calories consumed can lead to obesity (4, 380, 688). Whereas, restricting caloric intake can

reduce body weight and improve insulin sensitivity (261, 364, 421).

Classically, there are three major components of daily energy expenditure. These

include basal metabolic rate, the thermic effect of food, and activity thermogenesis. Basal
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metabolic rate is the energy required for core bodily functions and accounts for approximately
60% of daily energy expenditure in a sedentary person. The thermic effect of food is the
energy expended in the digestion, absorption and fuel storage in response to a meal, and
accounts for 10% of daily energy expenditure. Activity thermogenesis is composed of all
types of physical activity, including sports based and gym exercise, and all forms of
movement (walking, shopping, dancing, cleaning, gardening etc.) and accounts for
approximately 40% of daily energy expenditure. Physical activity is the easiest component of

energy expenditure to manipulate.

Physical activity is a metabolic stress that acutely increases the demand for energy
production. It is associated with a number of health benefits including diminished diabetes,
heart disease and some cancers; it is also associated with an increased life span. A decrease in
daily physical activity has contributed to the increased prevalence of obesity worldwide (74,
272, 520, 853). Short-term human exercise trails are positively associated with a reduction in
total body fat mass in a dose dependent manner (653), whilst endurance exercise decreases
total body fat and improves glucose tolerance (52, 375). This suggests that the effects of
obesity and glucose intolerance/insulin resistance in skeletal muscle can be improved with

physical exercise.

1.1.2. Obesity and it’s complications

The medical consequences of obesity range from a higher risk of premature death to
severe non-lethal diseases or comorbidities. Recently, 38 different medical conditions were
identified as being caused by overweight, including type 2 diabetes, high low density
lipoproteins (LDL), hypertension, low immunity, congestive heart failure, endothelial

dysfunction, Alzheimer’s disease, dementia, depression, stroke, erectile dysfunction,
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osteoporosis, obstructive sleep apnoea, peripheral artery disease, reduced skin wound healing
and cancers of the breast, endometrium, prostate and bowel (81, 559). Globally, 44% of
diabetes, 23% of ischemic heart disease, and 7-41% of certain cancers are attributable to

overweight and obese (848).

The impact of obesity is not solely upon an individual’s health. It also has serious
implications for the health sector in term of cost and the burden on services. In 2008 it was
estimated that the overall cost of obesity to the Australian society and governments was $58.2
billion, which included a burden of disease cost of $49.9 billion (including the cost of
disability, loss of well-being and premature death); and direct financial costs of $8.3 billion
(including productivity costs due to short- and long-tern employment impacts ($3.6 billion),
health system costs ($2 billion) and carer costs ($1.9 billion)) (3). Obesity also effects
productivity in the workplace. The average days off work for employees due to their own
illness or injury was 3.0 days. Whereas, people who were overweight or obese have an
increased average of 3.2 day off from work a year (2). These results highlight the impact of

obesity upon society and the healthcare system.

Obesity can be viewed as a disease of not only defective lipid and glucose

metabolism, but also defective hypothalamic metabolism, the regulation of these processes

will be outlined below.
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1.2. Role of the hypothalamus in energy balance: nuclei and neuropeptides

The capacity to adjust food intake in response to changing energy requirements is
essential for survival. A series of complex systems maintain energy homeostasis in order that
sufficient energy is available and body weight remains stable. Central circuits in the brain rely
on peripheral signals that indicate satiety levels and energy stores. The hypothalamus controls
feeding by integrating peripheral humoral signals that influence food intake and energy
expenditure, with neural signals from the brainstem and higher cortical centres. The
importance of the hypothalamus in energy homeostasis was first suggested by classical

lessoning experiments in rodents (89, 301, 302).

Evidence obtained from both the clinical descriptions in tumour patients, and from
lesions work in rats, showed that gross damage to the mediobasal hypothalamic areas, in
particular the ventromedial hypothalamic nucleus (VMH), was associated with increased food
intake, morbid obesity and insulin resistance, while damage to more lateral hypothalamic
structures was associated with anorexia and adipsia (22). Electrical stimulation of the VMH
resulted in decreased food intake, whereas stimulation of the lateral hypothalamic region
increased appetite (141, 527, 801). As a whole, this data suggested that the mediobasal
hypothalamus was a satiety centre, and that the lateral hypothalamus was an orexigenic
centre. Subsequent studies have shown a role of hypothalamic nuclie, such as the arcuate
nucleus (ARC), paraventricular nucleus (PVN), VMH, dorsomedial hypothalamic nucleus
(DMN), and lateral hypothalamic area (LLH) in energy homeostasis (Figure 1.1). These will be

discussed in the current section.
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1.2.1. Arcuate nucleus

The ARC acts as a feeding control centre and integrates hormonal signals for energy
homeostasis (236). The ARC encloses the third ventricle and lies immediately above the
median eminence, ARC-median eminence area is a ‘circumventricular’ organ where the blood
brain barrier (BBB) is specially modified to allow entry of peripheral peptides and nutrients
(88). Therefore, the ARC is a unique site, which can sample the peripheral circulation through
semi — permeable capillaries of the median eminence and is ideally positioned to integrate
hormonal signals for energy homeostasis. Certain plasma hormones, for example peptide YY
(PYY) and glucagon like peptide-1 (GLP-1), cross the BBB via non-saturable mechanism
(361, 565), whilst other signals, such as leptin, are actively transported from blood to brain
via saturable mechanisms (50). Therefore, the BBB can play a dynamic role in regulating the

passage of peripheral signals.
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Figure 1.1: Neuroanatomy of the hypothalamus.

Schematic of the hypothalamus that express neuropeptides involved in energy homeostasis
(coronal sections). Adiposity signals (leptin and insulin), satiety signals (ghrelin, PYY, CCK)
and nutrients (glucose, amino acids, fatty acids) act on the neurons in the ARC via the blood
streamn due to the presence of an incomplete blood brain barrier (denoted by the dashed line).
ArRP, agouti-related peptide; ARC, arcuate nucleus; BDNF, brain derived neurotrophic
factor; CART, cocaine and amphetamine-regulated transcript; CB1 endocanabinoid receptor
1; CCK, cholecystokinin; CRH, corticotropin-releasing hormone’ DMH, dorsomedial
hypothalamus; GLP-1, glucagon-like peptide-1; LH, lateral hypothalamus; MCH, melanin
concentrating hormone; NPY, neuropeptide Y; ObR, leptin receptor; OXY, oxytocin; POMC,
pro-opiomelanocortin; PVN, paraventricular nucleus; PYY, peptide YY; SCN, suprachiasmic
nucleus; TRH, thyrotropin-releasing hormone; VMH, ventromedial hypothalamus; 3V, third

ventricle.
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There are two major neuronal populations in the ARC implicated in the regulation of
feeding (137). One population expresses the anorexigenic neuropeptides, neuropeptide Y
(NPY) and agouti-related peptide (AgRP) which increase food intake (91, 277). These
neurons project primarily to the PVN (43), but also with the DMH and LH. The second
population expresses the orexigenic neuropeptides melanocortin precursor pro-
opiomelanocortin (POMC), a precursor to melanocortin agonist a-melanocyte-stimulating
hormone (a-MSH), and cocaine- and amphetamine-related transcript (CART), which inhibit
food intake (190, 397). These neurons project much more widely within the central nervous
system (CNS), to hypothalamic nuclei such as the PVN, DMH, LHA, and the perifornical

area (191, 196, 351).

The importance of these peptide containing neurons in the control of energy
homeostasis is highlighted by the fact that ablation of AgRP neurons in adult mice leads to
starvation and death (270, 476), while mice deficient in POMC or the down stream
melanocortin receptors display hyperphagia and obesity (44, 98, 617, 766). Furthermore,
direct stimulation of AgRP neurons through cell-type specific photostimulation evokes
voracious feeding within minutes (28), through direct inhibition of oxytocin neurons in the

PVN (37).

Overall, arcuate neurons act as the primary hypothalamic site of action of peripheral
hormones, such as leptin and insulin. These modulate activity of arcuate neurons, which in
turn project to secondary hypothalamic nuclei, for example the PVN or LHA. Here, the
release of further anorexigenic or orexigenic peptides is modulated to adjust energy intake

and expenditure to maintain stable body weight (696).
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12.1.1. Neuropeptide Y

NPY is a 36 amino acid peptide homologue of the pancreatic peptide family. It is one
of the most abundant neuropeptides in the CNS (16), but the ARC is the major hypothalamic
site of NPY expression (541). Hypothalamic levels of NPY reflect the body’s nutritional
status with hypothalamic NPY mRNA and NPY release increasing with fasting and
decreasing after refeeding (352, 668, 768). NPY is the most potent orexigenic neuropeptide
known, and repeated third ventricle or PVN injection of NPY causes marked hyperphagia and
obesity (744, 887). Central injection of NPY also inhibits brown fat thermogenesis (71),
suppresses sympathetic nerve activity (184), and inhibits the thyroid axis (213) to reduce
energy expenditure. In addition, NPY stimulates basal plasma insulin (531) (887) and

morning plasma cortisol (887), effects which are independent of increased food intake.

NPY synthesis and secretion are all upregulated in models of energy deficiency or
increased metabolic demand such as starvation, type 1 diabetes mellitus, obesity, lactation and
physical exercise (334, 660, 668). Five G-protein coupled NPY recpetors have been
identified-Y1, Y2, Y4, Y5, and Y6 that mediate their actions in the hypothalamus. Y5
receptors have been implicated as important receptors that mediate the feeding effects of NPY
(485, 598). 1t is expressed at relatively high levels in the LHA, close to the site where NPY

acts most potently to stimulate food intake (852).

Genetic models have also revealed the critical role that NPY plays in body weight
regulation. Physiological overexpression of NPY in the ARC during adulthood is suffiecient
to increase food intake and severe obesity, whilst a moderate down regulation resulted in a
blunted response to food deprivation (739). NPY down regulation using antisense cRNA in

the ARC reduced NPY expression and decreases food intake and body weight (246).
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Overexpressing NPY in the PVN results in obesity with increased food intake and reduced
locomotor activity (784). Furthermore, overexpression of NPY in the DMH increases food
intake and body weight, and exacerbates high-fat diet induced obesity, whilst knockdown in

the DMH ameliorates the hyperphagia, obesity and diabetes of OLETF rats (872).

12.12. Melanocortin system

The melanocortin system is comprised of the peptide products of POMC cleavage,
their receptors, and the endogenous melanocortin antagonist AgRP. Hypothalamic POMC
mRNA expression is regulated by nutritional status with low levels in fasting that are restored
by exogenous leptin administration or 6h after refeeding (694, 768). Human POMC gene
mutations or abnormal POMC peptide processing results in early-onset obesity and red hair
secondary to lack of a-MSH, along with adrenal insufficiency due to loss of
adrenocorticotropic hormone (401). Haploinsufficiency of the POMC gene is enough to

render mice susceptible to diet-induced obesity (112).

Five melanocortin receptors have been identified, melanocortin receptor (MCR)
MCIR-MC5R; however, MC3R and MC4R appear to play important roles in energy
homeostasis. They are widely expressed in the hypothalamus and are found in the ARC,
VMH, and PVN (290, 545). Absence of MC4R results in hyperphagia and obesity in rodents
(208, 329), and abnormalities of this receptor have been implicated in 1-6% of severe early-
onset human obesity (210, 470, 471). Although MC4R involvement in feeding is well

established, the role for MC3R is less clear.

The main endogenous ligand for the MC3R/MC4R is a-MSH, which is expressed by

POMC cells in the lateral portion of the ARC (834). Central administration of MC4R agonists
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suppress food intake, while administration of the antagonist to MC4R produces hyperphagia
(63). In addition, a-MSH also increases oxygen consumption (616), suggesting increased
energy expenditure. « -MSH activates the thyroid axis (371), sympathetic nervous activity,

and brown adipose tissue (876).

AgRP is a potent selective antagonist at MC3R and MC4R (577). It is expressed in the
CNS, primarily in the medial portion of the ARC (719). Central administration of AgRP is
able to block a-MSH-induced anorexia and increase nocturnal food intake (654). Moreover,
this hyperphagia has been reported to persist for up to a week after a single injection (275,
654). AgRP and NPY are colocalised in 90% of ARC neurons (91, 277). Activity of ARC
NPY/AgRP neurons potently stimulate feeding via a number of pathways: the orexigenic
effect of NPY release in the PVN, AgRP antagonism of MC3R/MC4R in the PVN, and the
local release of NPY and GABA within the ARC to inhibit POMC neurons via Y, and GABA
receptors, respectively (239, 651). Furthermore, AgRP neurons target and inhibit oxytocin

neurons within the PVN, which is critical for evoked feeding (37).
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The fundamental importance of both NPY/AgRP and POMC neurons in the control of
food intake and energy balance are highlighted by conditional gene deletion experiments. The
conditional deletion of AgRP neurons in adult mice resulted in a rapid reduction in food
intake and body weight (270, 476), whereas deletion of POMC neurons in adult mice
produced a gradual increase in food intake and bodyweight (476). Interestingly, AgRP-
deleted mice without any intervention will starve to the point of death (476), whilst POMC-
deleted mice will gradually become obese (270). These results highlight a greater
evolutionary selection pressure to maintain NPY/AgRP neuronal function compared with

POMC/CART.

1.22. Paraventricular nucleus

The PVN receives projections from of NPY and POMC neurons from the ARC (676)
and contains neurons which express the anorexigenic factors, thyrotropin-releasing hormone
(212, 439) and corticotrophin-releasing hormone (672). These second order neurons transmit
the effects of NPY, a-MSH and AgRP, leading to profound changes in feeding and energy
expenditure (10, 195). Overexpression of corticotrophin-releasing hormone exhibits reduced
neuronal activation in the ARC and food intake in response to fasting (750) whilst
thyrotropin-releasing hormone knockout results in glucose intolerance without affecting
feeding or body weight. Microinjections of almost all known orexigenic and anorexigenic
signals, such as NPY (417), ghrelin (424), orexin-A (183, 714), cholecystokinin (CCK) (281),
leptin (193, 808), and GLP-1 (808) into the PVN alter food intake and body weight (745).
Destruction of the PVN causes hyperphagia and obesity (440). Therefore, the PVN may have

an inhibitory role in food intake and body weight.
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1.23. Dorsomedial hypothalamus

The DMH receives NPY/AgRP projections from the ARC (865), and projects the a-
MSH fibre to the PVN (338). Destruction of the DMH results in hyperphagia and obesity,
although less dramatic than VMH lesions (67). Injections of orexigenic peptides, NPY,
galanin, and gamma-aminobutyric acid (GABA) into the DMH increases food intake (367,
409, 743), and central NPY injection induces c-fos in the DMH (878). The DMH has
extensive connections with other medial hypothalamic nuclei and the lateral hypothalamus

and integrates and processes of information from these nuclei (192).

NPY expression in the DMH also serves as an important signalling peptide in the
regulation of energy balance. Overexpression of NPY in the DMH leads to increased food
intake and body weight, while exacerbating high-fat diet-induced obesity (872). Whilst NPY
knockdown in the DMH resulted in reduced hyperphagia, obesity and diabetes of fatty rats
(116, 872) as well as increasing energy expenditure through enhanced BAT thermogenesis
and increase locomotor activity (116). These NPY cells of the DMH appear to have

connections with other nuclei within the hypothalamus, including the PVN and LH (436).

Recent studies have also highlighted the importance of leptin expressing neurons in
the DMH (890). These cells, in conjunction with those from the median preoptic area,

mediate leptin’s thermoregulatory action through sympathetic circuits to BAT.

1.24. Ventromedial hypothalamus
The VMH has been known to play a role in energy homeostasis for many years, since
the finding that bilateral VMH lesions induce hyperphagia and obesity (673). The VMH

receives NPY, AgRP, and a-MSH projections from the ARC and, in turn, VMH neurons
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project onto both hypothalamic nuclei (DMH) and brainstem regions (nucleus tractus
solitarius). Furthermore, POMC neurons receive strong excitatory inputs from the VMH(753),
consistent with the known role of the VMH as a satiety centre. In the VMH, brain-derived
neurotrophic factor (BDNF) is highly expressed, and VMH BDNF neurons supress food
intake through MC4R signalling (867). Selective deletion of BDNF neurons in the VMH of

adult mice results in hyperphagia and obesity (799).

The VMH also contains steroidogenic factor-1 (SF1) positive neurons. These neurons
are leptin responsive, which is required for normal body weight homeostasis (172). The
selective loss of leptin receptors from SF1 neurons resulting in obesity, hepatic steatosis,
dyslipidaemia and hyperleptinaemia (72). In addition, the deletion of insulin receptors from
SF1 neurons in the VMH results is the protection from diet-induced obesity, leptin resistance
and impaired glucose tolerance (382). Furthermore, high-fat diet-induced, insulin-dependent
PI3K activation in SF1 neurons of the VMH contributes to obesity development (382) and is
required for the regulation of energy expenditure (868). Therefore, SF1 neurons in the VMH

play a physiological relevant role in body weight and energy expenditure regulation.

1.25. Lateral hypothalamic area

The LH also receives projections from the ARC and contains two orexigenic
neuropeptides, melanin-concentrating hormone (MCH) (334, 486). and orexin (664). The
orexin cell population is distinct from the MCH producing neurons (166, 664). The MCH
receptors are widely distributed in the brain areas, especially the hippocampus, amygdala,
cerebral cortex (492), olfactory system, stria_tum and hypothalamus (117). Repeated ICV
injection of MCH increases food intake and decreases energy expenditure (631). Transgenic

mice overexpressin