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Abstract
The continuous rise of obesity and its co-morbidities are a matter of grave concern to health services
across the globe. Genome wide association studies have identified the fat mass and obesity associated
(FTO) gene locus as having one of the most robust effects on body weight, due to increased food intake
and preference for high energy foods. Allelic variants associated with obesity differ in single-nucleotide
polymorphisms in the first intron of the FTO gene. Mice studies and human genomic data from recent
years have implicated several genes in this locus, nevertheless, FTO remains the strongest candidate
gene to contribute to the obesogenic phenotype. Furthermore, a recent study identified FTO as a
potential regulator of ghrelin expression, and a modulator of ghrelin’s actions in the brain, suggesting
a candidate mechanism through which FTO may influence energy homeostasis.
The first aim of this project was to determine if FTO acts in a cell-autonomous manner to regulate the
expression and production of ghrelin, thereby affecting energy homeostasis. Secondly, we aimed to
investigate if FTO modulates the actions of ghrelin upon feeding behaviour in two neuronal populations;
the dopaminergic (DA) and the AgRP neurones.
The results here presented demonstrate that FTO overexpression in ghrelin-producing cells impairs
nutrient regulation of ghrelin release, affecting adiposity, food intake and increased susceptibility to an
obesogenic diet. Moreover, targeted overexpression of FTO in DA neurones enhances sensitivity to
ghrelin in feeding responses and behaviour. Lastly, overexpression of FTO in AgRP neurones causes
increased adiposity and body weight gain, without significantly altering feeding response to ghrelin.
The mouse models in this thesis recapitulate human phenotypes of FTO obesity-risk carriers, thereby
providing useful tools to study the precise mechanisms underlying the role of FTO in influencing energy
homeostasis.
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1. Introduction
1.1. Obesity
The complex mechanisms that drive feeding behaviour in response to hunger/ appetite and satiety/
satiation have been a main focus in medical research for many decades. While substantial progress has
been made, what causes key components of these mechanisms to fail and result in excessive fat storage
and ultimately obesity and its comorbidities, remains largely unknown.

1.1.1. Epidemiology, demography, public health concerns
Obesity has become one of the major health challenges in societies world-wide (Yeo 2017). This disease
represents a great economic burden for health services across the western world, primarily because of
its co-morbidities, such as type 2 diabetes, cardiovascular disease and cancer (Kelly et al. 2008). Body
weight and body mass index (BMI) are closely regulated by a number of physiological systems primarily
orchestrated by the central nervous system (CNS) (Morton et al. 2006) and both genetic and
environmental factors contribute to the development of obesity (Morton et al. 2006).

Figure 1.1 | Prevalence of obesity in the world. Image retrieved from (Our World in Data 2016), using data
from 2016 collected by the World Health Organisation, Global Health Observatory.
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Over the past three decades, obesity has increased dramatically at a global scale, having nearly tripled
since 1975, with the World Health Organization (W.H.O.) estimating at least 2.8 million people a year
now die due to this disease and its associated comorbidities (W.H.O. 2019). Additionally, low and
middle-income countries that still have high levels of food insecurity and undernutrition and stunting
have also seen a drastic rise in the prevalence of obesity. A recent review by Negin and colleagues
explores the interesting paradox of food insecurity and obesity in these countries, identifying primarily
affordability of high-calorie, processed food, typically associated with obesogenic environment (Farrell
et al. 2018).

Childhood obesity has been a primary concern in particular, given that it increases the likelihood of
adult obesity by five-fold (Simmonds et al. 2016). A recent report by the (now former) Chief Medical
Officer, Professor Dame Sally Davies, identifies the “western diet” obesogenic environment that
children are exposed to as a primary external driver for this epidemic in the UK. The report includes a
number of recommendations, to both public sector and industry, to promote healthier eating
behaviour, from fiscal measures, to a stronger support network by the NHS (including evaluating
eligibility for bariatric surgery), and consumer data sharing by food producers. As key policy measures,
Professor Davies underscored the importance of regulating food products and marketing to favour
healthier options, such as expanding the Soft Drink Industry Levy, as well as developing the evidence
base to better inform policy and action, including investment in biomedical research in obesity, its risks
and prevention, and also in social sciences, to better understand demographics and risk-groups in the
country (Davies 2019). The W.H.O. has also formed a commission on Ending Childhood Obesity, with
two working groups, one focused on Science and Evidence, and the other on Implementation,
Monitoring and Accountability, that produced a report in 2017 with similar recommendations to the
UK’s Chief Medical Officer, on a global scale, which included an implementation plan (Commission on
Ending Childhood Obesity 2016).

1.1.2. Health implications and co-morbidities
Excess fat mass and subsequent weight gain is normally a slow, progressing disease. The increase in
adipose tissue is accompanied by increased volume of other organs and tissues, such as liver, muscle,
beta cell mass, as well as increased resting energy expenditure and cardiac output (Heymsfield and
Wadden 2017). Obesity is also a state of low grade inflammation, characterised by increased circulating
pro-inflammatory cytokines that worsen insulin resistance and cause beta-cell dysfunction (Johnston
et al. 2016), contributing to type 2 diabetes. Other chronic conditions that arise from excess weight and
adiposity are cardiovascular, such as congestive heart failure, stroke, and chronic kidney disease, but
22

also osteoarthritis, sleep apnoea and gastroesophageal reflux disease (Bray, Kim, and Wilding 2017;
Heymsfield and Wadden 2017). Obesity is a well-known risk factor for several types of cancer (De
Pergola and Silvestris 2013) and it is also associated with the development of mental health issues (Bray
et al. 2017).

1.1.3. Overview of pathophysiology
It has long been acknowledged that obesity is, in essence, due to excessive calorie intake (Kennedy
1953), rather than a decrease in energy expenditure (Morton et al. 2006). It is generally accepted that
the so-called “western diet” (highly processed calorie dense foods, rich in fat and carbohydrates)
engages the reward and hedonic circuitries (Johnson and Kenny 2010), creating an obesogenic
environment (permissive to overfeeding that leads to obesity) that contributes heavily to this epidemic
(Brehm and D’Alessio 2000). This knowledge reflects latest efforts and public policies on regulating the
food market to change consumer behaviour.

The World Obesity Federation proposes the concept of obesity as a chronic relapsing disease process,
also viewing it from an epidemiological lens, and recognising food as the primary agent to affect the
host (Bray et al. 2017). The “chronic relapsing” nature of obesity the authors argue arises from
conclusions from the Diabetes Prevention Programme and Outcomes Study, where overweight and
obese participants in the test group had to do a minimum of 150 min per week of light physical activity
(brisk walking) during the initial 6 months, low-fat and low-calorie diet, a individually administered
“state-of-the-art behavioural weight management curriculum”, as well as support sessions with a
lifestyle trainer. After the first year, participants had lost 7 Kg of body weight on average (Venditti et al.
2008). During the following year, more support sessions were held in groups, however, 10 years later,
this intervention group had nearly returned to their initial body weight, whereas the control group (no
lifestyle intervention, administration of placebo) remained steady (Bray et al. 2017). Aside from poor
attendance to lifestyle sessions and other problems with the study, this is representative of most
interventions that try to approach weight loss as an individual, free-will choice, when faced with the
current obesogenic environment and is already overweight/obese (Bray et al. 2017; Venditti et al.
2008). Furthermore, homeostatic adaptations in response to weight loss due to caloric restriction are
similar in both lean and obese people. Specifically, obese individuals who undertake diet-induced
weight loss rapidly regain sensitivity to ghrelin, a potent orexigenic signal that is explored in detail in
chapter 1.4 of the present thesis, accompanied by increased levels of this signal, as well as restored
sensitivity to reduced leptin, which also promotes food intake, and many other endocrine factors that
act to resist weight loss (Sumithran et al. 2011).
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The parallel between drug addiction and food addiction has been drawn in the literature due to the
neurobiological similarities in the dopaminergic system (Stice and Dagher 2009; Volkow, Wang, and
Baler 2011). In particular, the availability of DA receptors 2/3 has been shown to be lower in obese
patients (Van De Giessen et al. 2014; Wang et al. 2001), which may be linked to compulsive feeding
behaviour, as seen in mice (Bello et al. 2011) and rats (Johnson and Kenny 2010).

1.1.4. Genetic component underlying obesity
Twin studies from a few decades ago have demonstrated that heritability of adiposity lies between 3070%, as reviewed in (Yeo 2017). More recently, multiple obesity-linked genetic loci have been
implicated in a series genome-wide association studies examining its genetic contribution to BMI. These
give evidence to the involvement of many genes, with a preponderance of them involved in neural
function (Locke et al. 2015). The first locus to be identified, that has both some of the strongest effects
on BMI and has been consistently replicated in multiple studies is the fat mass and obesity-associated
(FTO) gene locus (Frayling et al. 2007; Hinney et al. 2007). The causal mechanism(s) that lead(s) variants
in this locus to contribute to the obesogenic phenotype remains largely unknown, and the role of FTO
gene in specific cell populations is the focus of the present thesis.

The obesogenic environment as it is commonly used refers to an abundance of high-calorie foods, low
physical activity, high-stress, and other socio-economic risk factors that promote excessive fat
accumulation. Genetic susceptibility to gain weight due to these factors will determine a person’s BMI.
The interplay between environment and genetics underscores the heterogeneous aetiology of the
disease, as well as the complexity of the mechanisms that lead to its development.

1.1.5. Why it is important to do research on obesity
As highlighted in the latest report from the Department of Health and Social Care by Professor Davies,
biomedical research on the mechanisms of obesity is crucial to combat it. In particular, understanding
genetic risk factors are key for prevention (Davies 2019). Medication now available is not entirely
effective nor curative (Yeo 2017), therefore it is essential to continue pushing forward in the field, using
novel approaches, refined genetic tools and build upon current knowledge. A combination of fiscal,
social, and healthcare policies, alongside medical research comprise present recommendations to stop
the obesity epidemic by the U.K. government, and international organisations, such as W.H.O. (W.H.O.
2019).
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1.2. Energy homeostasis
Energy homeostasis is defined as the “biological process by which the body maintains fat stores, by
balancing energy intake with energy expenditure over time” (Morton, Meek, and Schwartz 2014). The
concept of energy balance to maintain lipostasis was first introduced in the literature in 1953, where
the author observed that food intake of rats was adjusted to its energetic needs, in such manner that
fat depots and body weight remained constant (Kennedy 1953). This process is essential to ensure
survival; it allows for the organism to adapt to less favourable environments, such as food shortages,
exposure to low temperatures, increased activity, or more favourable environments, with abundance
of food, decreased activity or stress and high temperature exposure.

Thus, our feeding behaviour needs to be regulated by a very complex network of signals, both internal
(neuroendocrine) and external (sensory and nutritional), integrated by the central nervous system
(CNS) in an unconscious manner, to guarantee our survival (Morton et al. 2006).

1.2.1. Regulation of food intake: internal and external signals of satiety and appetite
The main adiposity negative feedback hormone is leptin, which acts on the CNS to suppress feeding.
Leptin is produced in the white adipose tissue, and its circulating levels are proportional to the available
fat stores. Obesity is characterised by increased leptin levels (proportional to the increased fat storage.
However, suppression of food intake is impaired by leptin resistance that also characterises the disease
(Morton et al. 2006). In contrast, absence of this signal in humans and animals results in a very strong
feeding response, suggesting leptin is a stronger potentiator of feeding by its absence than a satiation
signal by its presence (Saper, Chou, and Elmquist 2002).

Another circulating hormone that supresses feeding via the CNS is insulin, albeit to a lesser degree than
leptin. Insulin, produced in beta-cells of the pancreas, is a main regulator of glucose homeostasis, and
like leptin, circulating levels are in proportion to body fat (Morton et al. 2014). Both of these hormones
are considered long-term regulators of feeding behaviour, in particular leptin, which are reflective of
the organism’s energy stores. Conversely, peptides released by enteroendocrine cells in response to
nutrients act upon the brain as short-term putative signals of satiety, reflective of nutritional intake,
such as cholecystokinin (CKK), peptide YY (PYY), and glucagon-like peptide (GLP-1), although the role of
the last two in satiation is still subject to investigation (Andermann and Lowell 2017; Morton et al.
2014). CCK is the most well studied, it is released in the duodenum where it activates afferent neurones
by binding to its receptor and signalling the CNS to terminate a meal. Blockade of this pathway causes
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an increase in meal size, without altering total food intake, due to a compensatory decrease in meal
frequency. Conversely, administration of CCK has the opposite effect on meal size and frequency, with
no effect on overall food intake (Berthoud and Neuhuber 2000). Leptin is also considered a meal size
regulator; when released by the adipose tissue in response to high stores of fat, meal size is decreased,
however it does not trigger compensatory alterations in frequency, thereby reducing overall food
intake (Moran and Ladenheim 2016). Other endogenous mediators, such as amylin and glucagon,
secreted by pancreatic endocrine cells, have also been shown to affect satiety (Andermann and Lowell
2017; Moran and Ladenheim 2016).

Ghrelin, also mainly produced in enteroendocrine cells in the stomach, has the opposite effect to the
aforementioned hormones. It acts upon the CNS to increase food intake, having an opposing effect to
leptin in the arcuate nucleus (ARC) of the hypothalamus (Moran and Ladenheim 2016). It acts as a
short-term meal potentiator that reflects immediate nutritional status, but it is also affected by internal
circadian rhythm and adiposity (Qian et al. 2018). The orexigenic effects of this hormone and its other
functions are covered in detail in sub-chapter 1.4 (1.4 Ghrelin, a pleiotropic hormone).

In addition to hormonal signals produced by the organism, nutrients themselves such as glucose or
lipids may suppress feeding via the CNS, even before being absorbed into the blood stream, through
nutrient-sensing mechanisms in the gastrointestinal tract, reviewed in (Lam 2010). Other important
factors that determine feeding behaviour, in particular meal initiation, comprise external sensory
inputs; olfactory, visual and taste (Rolls 2015), but also internally integrated circadian rhythms (Qian et
al. 2018).

1.2.2. Central nervous system: integration of signals to regulate energy intake
All these signals reach the CNS and drive feeding behaviour – from meal initiation (external and internal
factors, orexigenic signals such as elevated ghrelin or low leptin), to meal size and finally to meal
termination (satiety signals). Satiety signals are transmitted by the afferent arm of the vagus nerve
(activated by paracrine factors and luminal stretch) and the circulatory system (neuroendocrine and
nutrients) (Berthoud and Neuhuber 2000; Lam 2010).

Since the 1940’s and 50’s, the importance of the hypothalamus for body weight regulation and fat
storage has been recognised (Hetherington and Ranson 1940; Kennedy 1953). In these two studies, the
authors used stereotaxic techniques to induce lesions in different areas of the hypothalamic region,
which resulted in profound effects on body weight and food intake. Currently, advances in genetics
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have allowed for manipulation of genes in specific cell types spatially and temporally. Furthermore, the
technologies of optogenetics and chemogenetics have allowed for exciting or silencing of neuronal
populations to enable the tracing of neuronal connections that underlie pathways that regulate feeding
behaviour. Together these genetic and technological advances have been crucial for our current
understanding of feeding behaviour, as reviewed in (Lowell 2019).

The most well studied and best understood neuronal populations that regulate food intake, which are
also the primary targets of internal circulating feedback signals, as well as external feedforward cues,
are the agouti-related peptide (AgRP) neurones, co-expressing neuropeptide Y and gammaaminobutyric acid (GABA) (henceforth referred to as AgRP neurones) and pro-opiomelanocortin
(POMC) neurones, that express alpha-melanocyte stimulating hormone (alpha-MSH) in the ARC of the
hypothalamus. These neurons have opposing effects; AgRP neurones promote feeding and POMC
neurones inhibit feeding (Morton et al., 2014). A simplified illustration of these two neurone
populations and interaction with ghrelin and leptin signalling is depicted in Figure 1.1

Excitation of AgRP neurones using methods that allow for optical (channelrhodopsin-2) or chemical
(Designer Receptors Exclusively Activated by Designer Drugs (DREADD) – specifically using the
activating mutant muscarinic receptor M3) stimulation results in an intense feeding response,
proportional to the duration of stimulus and the number of neurones stimulated (Aponte, Atasoy, and
Sternson 2011; Krashes et al. 2011). Conversely, chemical inhibition of AgRP neuronal activity inhibits
feeding, as does optical activation POMC neurones. Interestingly, the melanocortin pathway has been
shown to be independent of the orexigenic effects of AgRP stimulation. Furthermore, acute chemical
stimulation of AgRP neurones also causes a reduction in energy expenditure, and the effects are
reversed after the stimulation ceased (Krashes et al. 2011). These and other studies strongly suggest
that AgRP neurones are sufficient and necessary to promote feeding, and the effects can be short lived.
Regarding energy status, AgRP neurones become active when the organism is in caloric deficit/ after
fasting, and its activity is rapidly suppressed in response to food-related cues, such as smell (Betley et
al. 2015), and their inhibition is sustained with calorie intake (Su, Alhadeff, and Betley 2017).
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Figure 1.2 | Overview of ghrelin and leptin signalling in the AgRP and POMC neurone populations. Simplified
illustration of two types of neurone in the arcuate nucleus (ARC) (coronal view hypothalamic region): ghrelin
and leptin are released into circulation by the ghrelin-producing cells in the gut and adipose tissue,
respectively, and pass through the blood brain barrier to reach neurones in the central nervous system.
Ghrelin activates AgRP neurones to promote feeding, whereas leptin inhibits them. Leptin also acts upon
Pomc neurones, activating them, which has a suppressive effect on food intake. These neurones project to
other brain regions, namely the ventral tegmental area (VTA) and other hypothalamic nucleus to regulate
energy homeostasis and feeding behaviour. Ghrelin also reaches other areas of the CNS, causing direct
effects in other neurone populations. ME – median eminence; 3V – third ventricle. Image designed using
BioRender (online platform), loosely adapted from (Morton et al. 2014).

Leptin and ghrelin are the two most well studied hormones whose receptors are co-expressed in AgRP
neurones, having opposite signalling pathways to either supress or promote feeding, respectively
(Perello et al. 2012). Notably, leptin acts upon AgRP neurones to inhibit them – absence of this signal
excites these neurones, thus promoting feeding. Its effect on these neurones, as mentioned in the
previous sub-chapter, is asymmetric – high levels of leptin are strong suppressors of food intake while
low levels increase feeding in a weaker manner. Ghrelin acts upon these neurons in an opposing
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manner, although also asymmetrically; high levels of this hormone are profoundly orexigenic, whereas
low levels of ghrelin do not suppress food intake (McFarlane et al. 2014). Evidence shows an interaction
between these two signals; AgRP neurones show increased activation in response to ghrelin and ghrelin
receptor agonists in the fasted state compared to the fed state, indicating that negative energy balance
is signalled to the hypothalamus through other pathways, enhancing its sensitivity to specific factors to
restore homeostasis. Interestingly, there appears to be a neuroendocrine hierarchy in ghrelin and leptin
signalling in the ARC; activation of AgRP neurones by a ghrelin mimetic in the fasted state was
significantly suppressed by central infusion of insulin or leptin. Additionally, obese rats with insulin and
leptin resistance presented increased response to a ghrelin mimetic when compared to lean controls
(Hewson et al. 2002). Conversely, and further confirming this neuroendocrine hierarchy, deletion of
the ghrelin receptor does not affect exogenously administrated leptin (Perello et al. 2012). Apart from
the hypothalamic region, ghrelin and leptin receptors are not co-expressed in the majority of other
neuronal populations, suggesting this interplay is confined to neurones in the ARC (Perello et al. 2012).
Like leptin, other putative satiety factors such as CKK, PYY and amylin also suppress AgRP neurone
activity (Su et al. 2017). Additionally, leptin decreases food intake by activating POMC neurones
(Morton et al. 2014). Conversely, POMC neurones do not express a receptor for ghrelin.

Aside from the strong effect on food intake, AgRP neurones are also involved in regulating other
behaviours, such as lowering anxiety in relation to food (Burnett et al. 2016), engaging with reward
circuitries to increase motivation to seek food in an operant conditioning paradigm (Aponte et al. 2011)
(our group was able to reproduce this result, data not shown), as well as decreasing exploratory
behaviour and reducing responses to cocaine, thereby modulating the dopaminergic system (Dietrich
et al. 2012).

Additional neurones in the ARC play a role in feeding behaviour; tyrosine hydroxylase (TH) expressing
neurones induce feeding upon optical activation and its silencing causes a reduction in body weight.
They (indirectly) activate AgRP while (directly) inhibiting POMC neurones, and are sensitive to
circulating ghrelin and food deprivation (Zhang and Van Den Pol 2016). Many TH-positive neurones corelease GABA and dopamine, but a small minority has yet to be characterised by their releasing
peptides, and their role on feeding behaviour remains unclear (Zhang and Van den Pol 2015). Other
neuronal types exist in the ARC, however, their role in feeding has not been determined (Assadullah et
al. 2018; Jeong et al. 2016; Nestor et al. 2016).
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1.2.3. Hedonic feeding and its interdependence with homeostatic feeding
The term “hedonic feeding” is often used in the literature to refer to purely the pleasurable act of
eating, without the negative energy balance that drives “homeostatic feeding”. However, it is clear that
pathways underlying these two behaviours are not entirely separate, since an energy deficient state
increases motivation to obtain a food reinforcer, thus increasing its value, as reviewed in detail in Lockie
and Andrews (Lockie and Andrews 2013). Likewise, positive energy states inhibit the “rewarding”
properties of food. Taken together, evidence strongly suggests that regulation of food as “rewarding”
and hedonic is an integral part of achieving energy homeostasis (Morton et al. 2014). As Lowell and
Andermann elegantly wrote, the two types of regulation of feeding, homeostatic and hedonic, have
different afferent signals that converge in common downstream circuitry, which ultimately promote
energy intake (Andermann and Lowell 2017); “we eat to live by living to eat”.

Important definitions such as reward and motivation should be clarified, since they are often used as
blanket terms to describe a variety of concepts; in the present thesis, the term reward will be used as
positive reinforcement, by acquisition of a learned response to obtain a positive outcome, and
motivation as the driving force to obtain a reinforcer (that may be a positive reinforcer). The incentive
salience (or value) of said reinforcer will be determined by many external factors, but primarily by
energy deficit. These definitions and concepts are discussed at length in (Lockie and Andrews 2013).

A central downstream circuit engaged in the motivational aspects (rather than the hedonic value) of
feeding are the dopaminergic neurones of the ventral tegmental area (VTA) that project to the striatal
nucleus accumbens (NAcc) (and other brain regions) (Morton et al. 2014). These neurones seem to be
interdependent of hypothalamic AgRP neurones in regulating food intake; the neurotransmitter
dopamine is essential for food intake in energy deficient conditions (Zhou and Palmiter 1995), and
likewise, AgRP neurones regulate the plasticity of dopaminergic neurones; ablation of AgRP neurones
enhances exploratory behaviour and motor responses to cocaine (a dopamine transporter blocker)
(Dietrich et al. 2012). Additionally, calorie restricted mice (in negative energy balance) have an
enhanced response to cocaine and amphetamine (Cassidy and Tong 2017), further showing the
interdependence of these circuitries to ultimately guarantee survival.

The role of dopaminergic neurones of the VTA in regulating feeding and food-associated behaviours
has been extensively examined; dopamine appears to be crucial to work for a positive reinforcer, but
not preference or memory. Notably, mice lacking auto-Drd2 (an auto dopamine receptor type 2 that
signals negative feedback) perform better in an operant conditioning paradigm, where they show more
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willingness to work for a food reward. The authors report that these mice have increased dopamine
(DA) synthesis and release (Bello et al. 2011). Another study in rats showed that increased motivation
for a high-fat food reward (positive reinforcement) predicted the development of obesity, but
decreased striatal D2 receptors (D2Rs) were only observed after the onset of the disease
(Narayanaswami et al. 2013). However, it is important to note that striatal D2Rs are mainly expressed
on GABAergic medium spiny neurones (MSN) (Kharkwal et al. 2016). This obesity-mediated decrease in
striatal D2Rs was also observed in rats with compulsive-like feeding behaviour, and consequently
overconsumption (Johnson and Kenny 2010). The authors noted that a similar decrease in D2Rs is
reported in humans addicted to drugs, suggesting common pathways involving the dopaminergic
system can lead to addiction to hedonic stimuli, whether food or drugs. Together, there is evidence to
suggest that decreased dopamine negative feedback and post-synaptic signalling are hallmarks of
obesity.

Receptors for insulin, leptin and ghrelin are widely expressed on DA neurones of the VTA (Figlewicz
2016; Zigman et al. 2006), suggesting these internal signals of energy balance act upon areas that drive
motivational aspects of feeding behaviour directly. Leptin and insulin administration directly to the CNS
suppresses motivation to work for a sucrose positive reinforcer (Figlewicz et al. 2006).

It is estimated that around 60% of neurones in the VTA are dopaminergic; this area also comprises
other neurones that express GABA and glutamate, or a combination of these, that may also play a role
in these food-associated behaviours, such as “liking”, “wanting” and “learning” (Hnasko et al. 2012).
The majority of the dopaminergic neurones in the VTA project to the NAcc, but they also project to the
pre-frontal cortex, amygdala and ventral pallidum, and to a lesser extent, the hippocampus. It receives
inputs from many CNS regions, but relevant to appetitive behaviour seem to be the lateral
hypothalamus (Dietrich et al. 2012), where it also projects to (Fields et al. 2007).
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1.3. Fat mass and obesity associated (FTO) gene locus
The fat mass and obesity (Fto) gene lies on chromosome 16q12.2 in humans (Frayling et al., 2007), and
chromosome 8 in rodents (Peters, Ausmeier, and Rüther 1999), and its sequence is highly conserved
across many species (Gerken et al., 2007). It is ubiquitously expressed in the murine and human
organism (Peters et al. 1999; The Human Protein Atlas 2018), with highest expression in the brain,
particularly the hypothalamus (Frayling et al. 2007; Gerken et al. 2007; Heintz 2004).

The physiological role of FTO has been slowly uncovered over the past decade but much remains to be
elucidated. However, it has long been recognised as an essential protein for normal development.
Humans with mutations that render FTO catalytically inactive display post-natal growth retardation,
microcephaly, psychomotor delay, among other developmental defects, causing early death, which
supports a crucial role of FTO in neural development (Boissel et al. 2009; Çaǧlayan et al. 2016; Daoud
et al. 2015). On the other hand, genomic abnormalities such as chromosomal duplication on this locus
(including the FTO gene) cause mental retardation, dysmorphic faces and obesity (Stratakis et al. 2000),
and a rare 680 kb duplication encompassing 4 genes in this chromosomic region and all but the last
exon of FTO was found to cause severe obesity and increased fat distribution. However, this duplication
did not seem to alter FTO expression, at least in peripheral blood (Davies et al. 2013). Another case
study found a partial trisomy on chromosome 16 causing a duplication spanning 11.45 Mb on the FTO
locus in a patient with severe developmental abnormalities, mental retardation and obesity. However,
no alteration of FTO expression was seen, albeit this was only tested in lymphocytes, and no other cell
type (Van Berg et al. 2010).

Human mutations and chromosomal abnormalities affecting this gene and neighbouring locus not only
provide strong evidence for a role of FTO in development, but also in energy metabolism.

1.3.1. Genome wide association studies
In 2007, McCarthy and colleagues identified a common variant in the FTO gene locus that increased
susceptibility to developing type 2 diabetes through a BMI effect. In this study, it was observed that
homozygous carriers of the risk allele had a 1.67-fold higher chance of being obese when compared to
non-carriers, corresponding to a 3 kilogram increase in body weight (Frayling et al. 2007). This strong
association was reflective of increased adiposity, observable from childhood into old age. The risk allele
identified in this study is a single nucleotide polymorphism (SNP) that lies within the first intron of the
FTO gene, rs9939609, with an additional 45 SNPs “within a 47 Kb region that encompasses parts of the
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first two introns, as well as exon 2 of FTO”. Two days after McCarthy’s publication in Science, Froguel
and colleagues also reported the identification in this intronic region as being strongly associated with
obesity, both in children and adults, also of European descent, identifying a different variant in the
locus, rs1121980 (Dina et al. 2007).

Since the discovery of this obesity associated locus over 12 years ago, many more have been found to
be linked to this complex disease, due to the advent of genome-wide association studies (GWAS) and
bioinformatics advancement; however, the FTO locus is still the most robust, with the largest effect size
found to date (Gulati and Yeo 2013; Locke et al. 2015).

SNPs in the FTO locus are associated with obesity across all ethnicities (Yeo 2014), an effect observed
from childhood as young as 5 years-old (Hardy et al. 2010; Sovio et al. 2011). Interestingly, although
FTO at-risk variants have a similar effect on BMI across different ethnicities, its frequency in the general
population differs quite a lot, present in 42% of Europeans, but only 12% of African descendants (Loos
and Yeo 2013).

Human subjects carrying FTO at-risk alleles have higher BMI (Dina et al. 2007; Frayling et al. 2007),
increased hip circumference and body weight (Scuteri et al. 2007), increased preference for high energy
foods and increased food intake (Daya et al. 2019), but no increase in energy expenditure compared to
subjects with non-risk alleles was observed (Cecil et al. 2008; Haupt et al. 2009; Speakman, Rance, and
Johnstone 2008). Specifically, one study identified this increase in energy intake to higher protein intake
(Qi et al. 2014).

Additionally, three separate functional magnetic resonance imaging (fMRI) studies have shown that an
obesity predisposing variant (rs9939609) in this locus enhances neural responses to food cues in BMI
matched, non-obese individuals. These enhanced neural responses were observed in areas of the brain
associated with homeostatic feeding and “hedonic” feeding/ reward circuitries (Karra et al. 2013;
Melhorn et al. 2018), and areas involved in visual recognition, including food cues (Kühn et al. 2016).
Furthermore, another fMRI study found reduced neural activity in the prefrontal cortex of individuals
carrying the obesity variant (rs8050136) after ingestion of glucose, suggesting this region of the brain,
which is involved in inhibiting ingestive behaviour, is blunted in these individuals (Heni et al. 2014).
Albeit these studies were carried out in a relatively small sample size, and fMRI data can lack specificity
and have some limitations (as carefully examined in (Logothetis 2008)), they provide consistent and
reproducible evidence to support the hypothesis that polymorphisms in this locus affect the neural
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processing of ingestive behaviour, pre and post prandially, in different regions of the brain. Moreover,
the two studies that identified divergent responses in the reward circuitries in the brain (namely, VTA,
striatum, amygdala) also report changes in hunger scores and rate of appeal of high-calorie dense
foods, suggesting altered hedonic feeding in the at-risk allele carriers (Karra et al. 2013; Melhorn et al.
2018).

Alteration in peripheral hormones have also been reported in carriers of obesity-associated SNPs. Older
adult carriers (>70 years of age) of Swedish descent were shown to have elevated fasting ghrelin and
reduced fasting leptin (Benedict et al. 2014). In a different study with a younger male cohort of
European descent (18-35 years of age), at-risk allele carriers showed attenuated postprandial ghrelin,
accompanied by reduced suppression of hunger scores (Karra et al. 2013). This suggests SNPs in the
FTO locus may influence energy homeostasis by also affecting peripheral organs that produce these
endocrine signals, such as the digestive tract in the case of ghrelin, and adipose tissue in the case of
leptin.

Interestingly, physical activity appears to reduce the predisposition to obesity in at-risk allele adult
carriers (Kilpeläinen et al. 2011; Petkeviciene et al. 2016), highlighting the impact of environmental
factors in the contribution of the FTO SNPs for the development of obesity. In accordance with this
observation, an interesting meta-analysis of GWAS reports an association of FTO SNPs with phenotypic
variability (within the genotype), which the authors propose to be due immeasurable environmental/
lifestyle factors (such as the aforementioned studies of physical activity) (Yang et al. 2012).

Taken together, population studies using at-risk carriers of polymorphisms in the FTO locus strongly
suggest the existence of a complex network of peripheral and central mechanisms that alter feeding
behaviour, thus contributing to obesity. The causal gene or genes whose expression might be altered
by SNPs in this region remains subject of debate, as well as the precise cellular mechanisms by which
they may affect energy homeostasis.

1.3.2. Gene locus – genes that may be implicated in the obesogenic phenotype
The genetic mechanisms underlying the effects on BMI and adiposity remain elusive, but the strongest
candidate genes that could contribute to the obesogenic phenotype are FTO itself, and its neighbouring
genes, or potentially a combination of all or some of these (Cedernaes and Benedict 2014; Tung et al.
2014). Indeed, genomic and bioinformatic studies have reported the intronic region where the majority
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of the SNPs lie contains regulatory elements (Stratigopoulos et al. 2011) and long-range functional
enhancers (Smemo et al. 2014) that interact with the promoters of FTO and other genes in the locus.
The physiological function of FTO will be discussed at length in sub-chapter 1.3.3 (1.3.3. The
physiological role of FTO). However, this section will focus on mouse models and how manipulation of
FTO expression and two of its neighbouring genes, RPGRIP1L and IRX3, alter energy homeostasis in
rodents.

Given the proximity of its gene to the cluster of SNPs associated with obesity, FTO was initially thought
to be the most likely causal gene to disrupt energy homeostasis. This gene was first identified by Peters
et al. in 1999, then named Fatso, due to the fused toes (Ft) phenotype in the Ft mouse mutation. This
mouse was generated by insertional mutagenesis on chromosome 8, that deleted Fto in its entirety and
affected other genes such as Rpgrip1l and Irx3, 5 and 6. While homozygotes with the Ft mutation were
embryonically lethal, heterozygotes presented with severe development abnormalities and left-right
asymmetry (Van Der Hoeven et al. 1994). The authors reported Fto expression throughout embryonic
development, as well as in several tissues of adult wild-type mice; such as brain, heart, lung, liver,
muscle, skin, among others (Peters et al. 1999).

Since then, numerous mouse models have been generated and phenotyped, with somewhat
contradictory results. Table 1.1 and 1.2 summarise the main models that have been described in the
literature, ubiquitously and spatio-temporally manipulated. The first report of altered Fto expression
was published a decade ago; loss of function recapitulated many of the phenotypes seen in humans
with Fto mutations, such as post-natal growth retardation, reduced fat and lean tissue, increased
energy expenditure, relative (possibly compensatory) hyperphagia and protection from diet-induced
obesity (Fischer et al. 2009). This was later confirmed in a different report by (McMurray et al. 2013),
however the energy expenditure effect was not significant when normalised to lean mass by a multiple
linear regression. Conversely, global overexpression of FTO recapitulated the human hallmarks of
obesity; congenital expression of additional copies of this gene resulted in a dose-dependent increase
in fat mass, hyperphagia with no significant changes in energy expenditure. Furthermore, this model
showed a more pronounced obese phenotype when exposed to a high-fat diet (Church et al. 2010).
Interestingly, CNS-specific Fto knockout recapitulated the global deletion model, suggesting it is
essential in regulating neural development, and that the CNS is its main site of action (Gao et al. 2010).
Regarding more spatio-temporal manipulations, McMurray et al. (2013) showed that global deletion of
Fto at 6 weeks post-natally, thus circumventing the deleterious developmental effects of Fto deletion,
lead to initial loss in lean mass, followed by an increase in fat mass, which was potentially driven by
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lower respiratory energy rate. Additionally, deletion of Fto in the mediobasal hypothalamus by
stereotaxic AAV-delivery reduced food intake, with no other effects on energy homeostasis (McMurray
et al. 2013). In contrast, reduction of Fto in the ARC of adult mice (40% reduction) using the same
stereotactic AAV-delivery system resulted in an increase in food intake, whereas overexpression of Fto
caused a reduction in food intake (Tung et al. 2010).

The dopaminergic system has also been studied as a site of action of FTO; germline inactivation of Fto
impairs DA negative feedback signalling mechanisms, more specifically via DA receptor type 2 (DRD2)
and type 3 (DRD3) pathways, affecting locomotion without altering energy homeostasis. Furthermore,
DA neurone-specific Fto KO mice showed enhanced sensitivity to locomotor-induced and conditioned
placed preference response to cocaine, due to impaired auto-D2DR negative feedback signalling (Hess
et al. 2013).

Figure 1.3 | The fat mass and obesity associated (FTO) locus. Schematic showing neighbouring genes in the
FTO locus in chromosome 16q12.2 in humans, and chromosome 8 in rodents. The black arrow indicates
where the majority of obesity-linked SNPs lie, in the first intron of the FTO gene. Adapted from Tung et al.
2014.

Another gene in the locus that has been studied as a putative regulator of energy homeostasis is the
retinitis pigmentosa GTPase regulator-interacting protein-1 (RPGRIP-1L). Leibel and colleagues found
that FTO and RPGRIP-1L genes are regulated by isoforms of the transcription factor CUX1, and SNPs at
the regulatory site affects binding activity. The authors further identified that reduced expression of
either protein affects leptin signalling in vitro, and predicted that the obesity-risk variant of the SNP
rs8050136 would reduce binding affinity of the transcriptional activator isoform, leading to reduced
mRNA levels of FTO and RPGRIP-1L in the hypothalamus and consequently reduced response to leptin
(Stratigopoulos et al. 2011). Interestingly, there are no reports in the literature that mutations or
polymorphisms in the Cux1 gene affect energy homeostasis.
RPGRIP-1L is a primary ciliary protein, involved in regulating proteasomal activity and controlling
autophagy. It is essential in development, since mutations that affect its function (as many other ciliary
genes) have profound effects in humans, causing a group of disorders known as ciliopathies, as
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extensively reviewed in (Wiegering, Rüther, and Gerhardt 2018). Recently, it has been shown to
regulate development of POMC neurones in the ARC, and its overexpression leads to an increased
number of these neurones (Wang et al. 2019), thus linking it with energy homeostasis. Patients with
certain forms of ciliopathies are overweight or obese, albeit the phenotypic abnormalities caused by
mutations in RPGRIP1L do not include altered body weight (known as cerebello-oculo-renal syndrome,
or Joubert syndrome type B and Meckel syndrome) (Arts et al. 2007; Delous et al. 2007). However, body
weight and/or adiposity dysregulation could be masked by the severe developmental effects that
characterise the syndrome.

The same authors that had previously shown SNP rs8050136 altered binding affinity of the transcription
factor CUX1 in vitro (Stratigopoulos et al. 2011), reported that Fto, Rpgrip1l and Aktip (AKT-interacting
protein) were downregulated. This was observed in human induced pluripotent stem-cells from
subjects carrying the risk alleles for both rs1421085 and rs8050136 SNPs. Expression of other nearby
genes, such as IRX3, IRX5, and RBL2, that have been proposed to be the causal effectors of energy
imbalance were not affected. Contrary to human evidence but in accordance to this report, a mouse
model hypomorphic for Rpgrip1l presented with severe obesity, due to hyperphagia, and was
accompanied with reduced sensitivity to leptin (Stratigopoulos et al. 2011). Furthermore, congenital,
global overexpression of the human isoform of CUX1 (P200, transcriptional repressor of Fto in vivo)
resulted in mice that were heavier, had increased fat mass, decreased energy expenditure, plus
hyperphagia, accompanied by 25% decrease in hypothalamic Fto expression, but no change in Rpgrip1l
expression or other proximal genes. The authors suggest that the P200 CUX1 isoform causes
downregulation of Fto in the hypothalamus, which in turn contributes to the obesogenic phenotype.
On the other hand, global overexpression of the activator isoform P110 increased hypothalamic Fto
and Rpgrp1l, increasing both lean and fat mass in mice, with no alteration in body fat percentage. Food
intake and energy expenditure were also increased in this model. These mouse models seem
contradictory, but potential effects of global overexpression and compensatory mechanisms may play
a role. The authors concluded that hypomorphism of Fto and Rpgrip1l leads to obesity, which in the
case of Fto, contradicts previous reports (Church et al. 2010; McMurray et al. 2013).

Other studies have identified a regulatory element within the intronic region where the SNPs lie as a
long-range enhancer of another gene within the locus – the developmental transcription factor Iroquois
homeobox protein 3, IRX3 (Ragvin et al. 2010). This gene is part of a cluster (Irx5 and 6) highly expressed
in all embryonic tissues, and involved in pattern formation during development (Houweling et al. 2001).
In the hypothalamus, Irx3 is predominantly produced in POMC and not AgRP neurones, and its
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expression is nutritionally regulated (de Araujo et al. 2019). Interestingly, knockdown of irx3a (Irx3’s
orthologue in zebrafish) increased the number of ghrelin-producing cells in the pancreas and decreased
insulin-producing cells, thus providing the first link between genes in this locus and glucose regulation
(Ragvin et al. 2010). A comprehensive study further showed that this intronic region directly interacts
with the promoters of Irx3, as well as Fto in zebrafish, mouse and human genomes (Smemo et al. 2014).

By analysing human cerebellum samples, the authors reported at-risk alleles correlated with
overexpression of Irx3, but not Fto. Contrary to what the initial zebrafish study suggested, these authors
reported that Irx3-deficient mice have lower body weight and adiposity than wild-type mice which
differs from the lean phenotype observed with Fto deficient mice, which presented with both lower
lean and fat mass (Fischer et al. 2009). Higher energy expenditure and resistance to high fat diet and
associated metabolic phenotypes (glucose intolerance and insulin resistance) were also reported in this
model (Smemo et al. 2014). Another layer of complexity can be seen in the recent report by de Araújo
et al., where the authors observed that partial downregulation of Irx3 in the hypothalamus (using a
lentivirus approach) contributed to the obesogenic phenotype, also by affecting brown adipose tissue.
Like Fto, Irx3 expression is reduced in an negative energy state (fasting), however, unlike Fto, its
expression also reduced upon exposure to high-fat diet, acutely and chronically (de Araujo et al. 2019;
Gao et al. 2010).

To further understand their potential role in energy homeostasis at a cellular level in the periphery,
other studies have focused on the role of these genes outside the CNS, namely in the adipose tissue. A
comprehensive genetic study reports that the FTO SNP rs1421085 disrupts a conserved motif for the
binding of a repressor, which consequently leads to upregulation of a pre-adipocyte enhancer and
increased IRX3 and IRX5 expression, during early adipogenesis. This causes a metabolic shift towards
energy-storage in white adipocytes, and reduction in mitochondrial thermogenesis (Claussnitzer et al.
2015). Conversely, a recent study identified upregulated transcript and protein expression of Irx3 was
induced in browning of white adipose tissue, by increasing uncoupling protein 1 (Ucp-1) transcriptional
activity (Zou et al. 2017). Ucp-1 is a mitochondrial protein responsible for this metabolic shift from
brown to white adipocytes, thus generating heat. Despite contradictory results, both of these studies
show a cell-autonomous effect of a SNP in the FTO locus on energy homeostasis, independently of the
CNS regulation. Nevertheless, IRX3 in the hypothalamus has also been shown to influence browning of
adipose tissue (de Araujo et al. 2019). Regarding cell-autonomous effects in adipocytes, FTO was also
found to regulate Ucp-1; Fto knockout mice showed significantly higher expression of this protein in
adipose depots, which was confirmed in vitro using FTO deficient human pre-adipocytes (Tews et al.
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2013). These studies indicate that both IRX3 and FTO affect energy homeostasis by regulating
thermogenesis via expression of Ucp-1.
Collectively, data from recent years support the hypothesis that energy homeostasis is regulated by
multiple genes in the 16q12.2 human locus, and SNPs in this locus may disrupt functional interactions
with regulatory elements within this region that may affect expression of these genes (Yeo 2014). The
importance of this locus on physiology is further supported by the high conservation of this locus among
vertebrates. The strength and consistent replication of the genetic signal at this locus to obesity risk
may in fact reflect that multiple interacting genes at this locus contribute to body weight regulation.

While the human genetic and mouse mutagenesis studies have strongly implicated the FTO locus in the
regulation of energy homeostasis, reports of manipulation of its neighbouring genes have yielded
conflicting and contradictory results. The reasons for contrary reports may be due to many issues, such
as technical approaches, different mouse strains, but also global knockdown models might provide
confounding results if they are not replicating true physiology. Enough evidence has shown that it is
more likely that SNPs in the Fto locus result in FTO overexpression or increased activity, rather than
deficiency. Therefore, knockdown models may present phenotypes that are due to compensatory
mechanisms and thus not physiologically relevant to the question being answered.

Thus, the precise cellular and physiological mechanisms by which these genes act in different cell types
are not fully understood. It is possible that different SNPs in this locus alter the expression of different
proximal genes (or distant, with long range interactions) to disrupt energy homeostasis through
different cellular and molecular mechanisms, all converging into an obesogenic phenotype. What
further remains unclear is:

1. If any of these genes regulate each other. Both Fto and Irx3 are known regulators of gene
expression, Irx3 as a transcription factor and Fto as a pre-mRNA demethylase that affects
stability and splicing (as detailed in the next sub-chapter 1.3.3 Physiological role of FTO). In
vitro and in vivo studies where Irx3 expression was altered showed no change in Fto
(Claussnitzer et al. 2015; Smemo et al. 2014), but Irx3 expression has not been tested with
manipulation of Fto.

2. What are the expression patterns of these genes in carriers of at-risk alleles, in specific cell
populations, and do they vary depending on the SNP (i.e. disrupting different regulatory
elements for different genes). We know that Fto is upregulated in red blood cells of carriers
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of rs9939609 (Karra et al. 2013), but not in the cerebellum or white pre-adipocytes of
rs1421085 and rs9930506 carriers, where IRX3 and IRX5 were shown to be overexpressed
(Claussnitzer et al. 2015; Smemo et al. 2014).
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Table 1.1 | Models with altered global expression of FTO and reported phenotypes. DIO - diet induced obesity; nt - not tested
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Table 1.2 | Models with altered spatio-temporal expression of FTO and reported phenotypes. DIO - diet induced obesity; nt - not tested; nr - not reported

1.3.3. Physiological role of FTO
Bioinformatic analyses show FTO is a 2-oxoglutarate–dependent DNA demethylase of the AlkB family
that is ubiquitously expressed in animal tissues, with the highest expression seen in a key energy
homeostasis centre, the hypothalamus (Gerken et al. 2007). In 2011, a study reported that FTO
efficiently demethylates RNA, particularly N6-methyladenosine (m6A) residues in vitro, thereby
regulating transcripts stability and expression (Jia et al. 2011). More recently, FTO role as an RNA m6A
demethylase has been shown to regulate transcripts alternative splicing and 3’end processing, with a
preferential binding to pre-mRNA intronic regions, proximal to alternatively spliced exons and poly(A)
sites (Bartosovic et al. 2017).

The in vivo activity of FTO m6A demethylase plays important roles in different cell types: for example,
FTO regulates expression of a specific subset of transcripts involved in neural signalling in dopaminergic
neurons (Hess et al. 2013); promotes axon elongation (Yu et al. 2018), and controls exonic splicing of a
adipogenic regulatory factor, thereby promoting adipogenesis (Zhang, Y. Y. Y. Zhang, et al. 2015; Zhao
et al. 2014).

Another report shows that FTO may affect metabolism via the leptin receptor-STAT3 pathway, albeit
not specifically due to demethylase activity. A mouse model overexpressing FTO in hepatocytes
presented glucose intolerance, hyperglycaemia, hyperleptinemia and hyperinsulinemia (Bravard et al.
2014). The three latter studies also elucidate on the role of FTO in the periphery, ending the notion that
all its effects are through the CNS, where the majority of the initial studies were focused on. Evidence
strongly suggests FTO most likely plays autonomous roles in several cell populations, both centrally and
in the periphery, by altering protein expression and affecting energy homeostasis.

1.3.4. FTO as a nutrient sensor
Fto mRNA levels have been shown to be nutritionally regulated in the ARC, where its expression is
particularly high (Gerken et al. 2007); fasting downregulates Fto whereas a high fat diet results in
upregulation of its levels (Tung et al. 2010). This response to energy status further supports its
involvement in regulating energy homeostasis.

In vitro studies have determined that FTO plays a role as an amino acid and glucose sensor, given that
its expression appears to be regulated by availability of these nutrients; deprivation of amino acid
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and/or glucose rapidly decreases FTO expression in cells, as fasting does in vivo. Conversely, serum
deprivation does not appear to affect FTO overexpression (Cheung et al. 2013; Gulati et al. 2013).

Regarding specific amino acid sensing, Yeo and colleagues have also found that FTO interacts with the
multi-tRNA synthase complex (MSC), on which depend mRNA translation rates. Fto knockout severely
affects cell growth (as seen in mice and human mutations affecting this gene) and thus downregulates
several components of this complex, seen both in mouse embryonic fibroblasts (MEF) and
hypothalamic tissue of Fto-/- mice, suggesting this protein is necessary for the formation and/or stability
of MSC. Furthermore, phosphorylation of the ribosomal protein S6 kinase-1, an effector of mammalian
target of rapamycin complex 1 (mTORC1), is also reduced in MEFs of Fto-/- mice; interestingly, transient
expression of FTO rescued this phenotype (Gulati et al. 2013). The authors propose that putative
changes in FTO expression in human carriers of at-risk alleles could alter nutrient sensing, thus altering
their appetite, a well described effect in these patients.
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1.4. Ghrelin, a pleiotropic hormone
The peptide hormone ghrelin was initially discovered in 1999 by Kangawa and colleagues. It was purified
from the rat stomach and shown to be the endogenous ligand to the previously identified growth
hormone secretagogue receptor type 1A (GHSR-1a), (Kojima et al. 1999). This peptide has 28 amino
acids and is post-translationally modified by the binding of a fatty acid chain to its serine 3 residue (Noctanoylation or acylation), catalysed by the enzyme ghrelin o-acyl transferase (GOAT). This
modification increases exponentially the binding affinity of ghrelin to GHSR1a, hence octanoyl ghrelin
(or the more commonly used acyl-ghrelin) is often referred to as the “active” form of the hormone. The
non-modified version (des-acyl-ghrelin) also has known physiological functions (Delhanty, Neggers, and
Van Der Lely 2013; Heppner et al. 2014; Mahbod et al. 2018), namely inhibiting acyl-ghrelin’s orexigenic
effects (Fernandez et al. 2016), and its circulating levels are far greater (Müller et al. 2015).

Aside from acting upon the pituitary gland as a growth hormone secretagogue, acyl-ghrelin (hereby
referred to as ghrelin, unless otherwise stated) exerts a wide variety of actions in the CNS. It has
orexigenic effects and alters associated feeding behaviours, reward seeking circuitries, and learning and
memory. It also acts in the periphery, by regulating glucose levels and gut motility, as well as increasing
lipogenesis in adipose tissue (Kojima and Kangawa 2005; Müller et al. 2015).

Ghrelin is encoded by the pre-pro-ghrelin gene, located on chromosome 3 in humans (Lim, Kola, and
Korbonits 2011). Its amino acid sequence is highly conserved among vertebrates, in particular the NH2terminal containing the serine residue that is acylated post-translationally. Specifically, human and
rodent ghrelin differ only in two residues (Kojima and Kangawa 2005). Ghrelin-producing cells localise
mainly in the oxyntic glands of the stomach (Sakata and Sakai 2010), but are also found throughout the
digestive tract, in decreasing concentrations moving down from the stomach (Cummings 2006).
Conversely to other enteroendocrine cells involved in food intake regulation, ghrelin producing cells in
the digestive tract are predominantly closed-type (with some exceptions in the duodenum), which
means the luminal content of the stomach does not affect secretion (Steinert et al. 2017). Instead,
circulating nutrients and autonomic innervation appear to be the main regulators of ghrelin release in
the gut (Müller et al. 2015). Ghrelin is also produced in pancreatic islets (epsilon-cells, <1% total
pancreatic endocrine cells), although the majority of ghrelin-producing cells during embryonic
development differentiate into PP and alpha-cells (pancreatic-polypeptide and glucagon-producing
cells, respectively) (Arnes et al. 2012). Some authors report that it is also produced in the hypothalamus
(Cowley et al. 2003), albeit this evidence is somewhat controversial (Cabral et al. 2017).
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The enzyme that catalyses the acylation of ghrelin, GOAT is highly expressed in the same tissues as
ghrelin in humans (Lim, Kola, Grossman, et al. 2011) and mice (Sakata et al. 2009), highlighting the
importance of this post-translational modification. GOAT has also been found to be expressed in target
tissues, where “activation” of des-acyl-ghrelin occurs (Hopkins et al. 2017; Murtuza and Isokawa 2018).
Interestingly, dietary lipids serve as a substrate for the post-translation modification that activates
ghrelin to potentiate feeding (Lam 2010), and preferably medium-chain-triglycerides that can be
directly absorbed into circulation (Müller et al. 2015).

The ghrelin receptor was characterised before the discovery of its endogenous ligand, therefore named
after its function; the growth hormone secretagogue receptor subtype 1a (GHSR-1a) (Müller et al.
2015). It is a G protein-coupled receptor with seven transmembrane domains (Lim, Kola, and Korbonits
2011), and it is highly expressed in the hypothalamus, where it exerts its canonical role in appetite,
specifically in the AgRP neuronal population in the ARC, but also in other hypothalamic nuclei involved
in body weight regulation and food intake (Cowley et al. 2003). It is also highly co-expressed with
tyrosine hydroxylase in dopaminergic neurons in the VTA and substantia nigra (SN) (Zigman et al. 2006),
where it exerts its actions in food-associated behaviour, revised in more detail in sub-chapter 1.4.3.
Outside of the CNS, Ghsr-1a is not only expressed in endocrine pancreas and gut, where ghrelin exerts
paracrine functions, but also in other tissues, including the heart, adipose tissue, kidneys and adrenal
glands (Lim, Kola, and Korbonits 2011).

Administration of ghrelin reliably increases food intake in both humans and rodents, accompanied by
an increase in body weight in rodents (Tschop, Smiley, and Heiman 2000). However, its canonical role
as the “hunger hormone” has recently been challenged, since some studies have shown no effect on
food intake in ghrelin-deficient mice (McFarlane et al. 2014; Sun, Ahmed, and Smith 2003), but instead
identified an important role in determining the metabolic substrate used to maintain energy balance
(Wortley et al. 2004). Evidence is clear on ghrelin being a potent orexigenic signal, albeit perhaps nonessential at promoting energy intake. Many mechanisms in the organism have to ensure food intake
occurs, so it appears crucial to have multiple independent pathways to promote a positive energy
balance. Hence, ghrelin’s other roles, particularly in stress and glucose homeostasis have been
extensively examined, with the emerging concept of being a “survival hormone” under severe dietary
and psychological conditions, which will be reviewed in further detail in sub-chapter 1.4.5 (1.4.5 A
question of accessibility – does ghrelin reach higher brain regions?).
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1.4.1. Role of ghrelin on food intake, body weight regulation and adiposity
Ghrelin is the only peptide hormone known to stimulate food intake (Cummings 2006), both in humans
and rodents (Wren et al. 2001), and it is highly implicated in meal initiation, since its circulating levels
are conversely correlated with an organisms feeding status (Cummings et al. 2001); rising just before
meals on fixed schedules and lowering after feeding, independently of food related-cues (Cummings
2006).

Intracerebroventricular administration of ghrelin increases the activity of AgRP neurones in the ARC of
the hypothalamus, and significantly increases food intake and body weight over a period of 12 days
(Nakazato et al. 2001). Several studies have confirmed the essential role these neurones play in the
orexigenic actions of ghrelin, which are GHSR-1a mediated. For example, knockout of AgRP and NPY in
mice has shown complete ablation of ghrelin-induced food intake (Chen et al. 2004). Moreover,
selective re-expression of Ghsr-1a, previously ablated in AgRP neurones in mice, partially restored the
orexigenic effect of ghrelin (Wang et al. 2014). TH neurones in the ARC may also be responsible for
ghrelin-induced food intake, since delivery of Ghrs-1a antisense RNA under the TH promoter in this
brain region resulted in hypophagia accompanied by decreased body weight and fat mass (Shuto et al.
2002). Interestingly, although SNPs in the ghrelin-Ghsr1a axis are not strong genetic indicators of
obesity predisposition, some have been found to be associated with meal pattern alteration
(Gueorguiev et al. 2009). Indeed, administration of ghrelin has been shown to alter food intake by
increasing the number of meals without affecting meal size (Faulconbridge et al. 2003).

Energy deficit signals (i.e. low glucose) and autonomic nervous system stimulation cause ghrelin to be
released into the circulation (Cummings 2006; Müller et al. 2015; Mundinger, Cummings, and Taborsky
2006). In humans, ghrelin levels are reduced by all categories of macronutrients (post-prandially)
(Foster-Schubert et al. 2008) in a calorie-dependent manner (Monteleone et al. 2003). However, a
report shows that sham feeding (no absorption: smelling, tasting, chewing, but not swallowing) can also
reduce ghrelin levels (Arosio et al. 2004), suggesting the integration of sensory inputs and efferent
nervous system plays an important role in regulating ghrelin release. Interestingly, stomach distention
by water or intragastric glucose infusion with a cut off duodenum (not allowing it to be absorbed, but
allowing contact with the stomach lumen) fail to suppress ghrelin (Müller et al. 2015). This reinforces
the importance of the detection of nutrients before (sensory inputs) and at the beginning of the
digestive tract, but not the lumen of the stomach.
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Ghrelin levels negatively correlate with energy stores (Cummings 2006; Tschöp et al. 2001). It acts upon
the CNS to promote fatty acid storage, while decreasing fat oxidation, mediated by the sympathetic
nervous system (Theander-Carrillo et al. 2006; Tschop et al. 2000). It also acts directly upon adipose
tissue to promote adipogenesis (Müller et al. 2015).

Intriguingly, some of the rodent models generated to overexpress ghrelin failed to reliably reproduce
its well-established effects of exogenous administration on food intake, body weight and adiposity
(reviewed in (Uchida, Zigman, and Perelló 2013). This is most likely due to its overexpression in nonghrelin-producing cells (due to promoters expressed in other cell types), where the enzyme GOAT is
not expressed, thereby decreasing the circulating acyl/des-acyl-ghrelin ratio. The authors of this review
note that some of the reported results are contrary to the known effects of acyl-ghrelin, such as
decreased food intake, reduced fat mass, among others, which gives further evidence of the potential
antagonistic effect of des-acyl-ghrelin, proposed by (Fernandez et al. 2016). Using a bacterial artificial
chromosome with the ghrelin transgene under its own promoter, Bewick et al. (2009) generated a
mouse model that showed increased ghrelin production only in the stomach and brain, which resulted
in higher circulating ghrelin levels. This model showed hyperphagia accompanied by increased energy
expenditure, with no increased weight gain. Glucose metabolism was altered in this model, as well as
reduced leptin sensitivity. Notably, glucose intolerance appeared to be directly driven by increased
ghrelin in this model, since fat and lean mass were unaltered (Bewick et al. 2009).

Conversely, ghrelin-deficient mice were reported to have lower body weight and fat mass,
accompanied by higher energy expenditure and locomotor activity, but only when challenged with
high-fat diet (Wortley et al. 2005). Inconsistent results were reported in other ghrelin-deficient models,
which could be explained by different strains and age of exposure to the high-fat diet (Uchida et al.
2013). Consistent with the Wortley et al. study, Ghsr-null mice are also resistant to high-fat diet induced
obesity, due to reduced food intake, reduced fat storage and subsequent lower body weight.
Interestingly, Ghsr-null females show reduced fat mass on standard chow diet and slightly lower body
weight, but no difference was observed in males, suggesting some sexual dysmorphism in ghrelin
signalling (Zigman et al. 2005)

Deletion of both ghrelin and its receptor results in lower body weight and adiposity on a standard chow
diet, due to increased locomotion and energy expenditure, which could be explained by additional
molecular elements in the ghrelin-ghsr1a axis that help compensate in the absence of one, but fail to
do so in the absence of both (Pfluger et al. 2008).
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Collectively, these data suggest that ghrelin signalling is essential for the early onset/development of
obesity, but it is not necessary for ad libitum feeding or meal initiation.

1.4.2. Role of ghrelin in reward-seeking and other food-associated behaviours
Ghrelin has been demonstrated to have intrinsic rewarding properties, by engaging neurocircuits
directly involved in reward-seeking behaviour, more specifically the mesolimbic dopaminergic
pathways, reviewed in (Müller et al. 2015; Stievenard et al. 2017).

Electrophysiological data further support its role in these circuitries, since ghrelin was shown to
increase frequency of action potentials in VTA DA neurones and induce synaptic remodelling (Abizaid
et al. 2006). Ghrelin also increases DA release in the NAcc, a main site where VTA neurones project to,
which is involved in reward and motivation processing (Jerlhag et al. 2006). In particular, this VTA-NAcc
DA projection has been shown to mediate ghrelin’s role in increasing incentive salience of food (chow),
without affecting food intake (Skibicka et al. 2013). Interestingly, ghrelin mediates fasting-induced
hyperphagia on a high fat diet (Wei et al. 2015), as well as increases its incentive salience (Perello et al.
2010).

Another food-associated behaviour modulated by ghrelin is anticipatory locomotion in response to
food cues or scheduled feeding. This locomotor activity is mediated by the dopaminergic neurons in
the ventral midbrain (Bello et al. 2011). Pre-prandial rises of ghrelin increase activity in mice, which is
attenuated in Ghsr-1a deficient mice (Blum et al. 2009). Under calorie restriction, Ghrs-1a deficient
mice also show reduced anticipatory locomotion, as well as decreased c-fos immunoreactivity in the
mesolimbic DA pathway (Lamont et al. 2012). Whether this activity is mediated by GHSR-1a canonical
pathway or its heterodimerisation with dopamine receptors is still unknown, particularly since these
have not been characterised in the ventral midbrain. Ghrelin has also been shown to enhance cocaineinduced locomotor behaviour (a dopamine transporter (DAT) blocker) and also conditioned place
preference of cocaine in rats (Davis, Wellman, and Clifford 2007). Consistent with this data, a more
recent report has shown that ghrelin-deficient mice have reduced activity in response to cocaine,
compared to their wild-type littermates (Abizaid et al. 2011)
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1.4.3. Ghrelin signalling in obesity
Seemingly paradoxically, ghrelin resistance is a well-known hallmark of obesity, which is reversible with
diet-induced weight loss. This central resistance is essentially characterised by the reduction in
responsiveness by AgRP neurones in the ARC, but also lower circulating ghrelin (Zigman, Bouret, and
Andrews 2016). Evidence suggests the central ghrelin resistance is not confined to the hypothalamus,

but also upstream or downstream pathways that are involved in reward processing, albeit ghrelin
sensitivity in the VTA appears to not be affected by diet-induced obesity (DIO) (Lockie et al. 2015).

Lower circulating ghrelin in obesity is driven by reduced response to neuronal signals that induce
release, such as norepinephrine (Uchida et al. 2014). Interestingly, obese patients also fail to lower
circulating ghrelin upon feeding (English et al. 2002), a phenomenon also seen in vitro upon glucose
exposure (Uchida et al. 2014), suggesting both induction and suppression of release are blunted in
obesity. Despite this blunted responsiveness, the number of ghrelin-producing cells is increased in DIO
rodent models (Uchida et al. 2014) and obese humans (Abdemur et al. 2014), perhaps as a
compensatory mechanism.

Furthermore, exposure to high-fat diet for 12 weeks decreases not only expression of ghrelin and GOAT
in the stomach (despite increased number of ghrelin-producing cells) but also reduces the expression
of GHSR-1a in the hypothalamus (Briggs et al. 2010). Hyperphagia after fasting is also attenuated in DIO
models, due to suppressed ARC neuronal activation and downregulation of AgRP and Npy mRNA in the
hypothalamus (Briggs et al. 2011).

The role of this resistance remains unclear, but Zigman and colleagues (2016) have hypothesised this
resistance protects a higher body weight set-point (Bray et al. 2017; Yu 2017), which is established
during DIO. Supporting this hypothesis is the fact that sensitivity to ghrelin is reinstated very rapidly by
caloric restriction/diet-induced weight loss, as are circulating levels of ghrelin (Zigman et al. 2016).

1.4.4. Ghrelin as a survival hormone – glucose regulation
As recent reports have shown, ghrelin is a sufficient, but non-essential hormone in regulating food
intake and body weight in an energy sufficient environment (internal and external). On the other hand,
evidence supporting a novel role for ghrelin as an essential survival endogenous signal under energy
depleted and/or stressful situations is mounting (Mani and Zigman 2017), as well as a deleterious effect
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of this elevated levels of this hormone on glucose homeostasis under energy abundant conditions
(Bewick et al. 2009).
In humans, the glucoregulatory properties of ghrelin have been recognised for nearly 2 decades;
intravenous administration of ghrelin increased glucose levels and decreased circulating insulin, as well
as an expected rise in GH (Broglio et al. 2001), observations that have also been replicated in rodents
(Dezaki, Kakei, and Yada 2007).
The main body of evidence that shows ghrelin is an essential glucoregulatory hormone under extreme
environments comes from knock-out rodent models. In an energy-rich environment (high fat diet) from
6 weeks of age, ghrelin KO mice show improved glucose tolerance, lower levels of fasting glucose and
increased insulin sensitivity compared to wild-type littermates (Wortley et al. 2005). Conversely, under
starvation conditions/ severe calorie restriction, ghrelin is essential to maintain normoglycaemia and
ensure survival. After a prolonged fast, GOAT or ghrelin deficient mice become severely hypoglycaemic,
accompanied by reduced GH (Li et al. 2012; Zhao et al. 2010). Contrary to the deficiency models, mice
overexpressing ghrelin are glucose intolerant on a normal chow diet, and display attenuated glucosestimulated insulin release, with no change in insulin sensitivity (Bewick et al. 2009).
To by-pass potential compensatory mechanisms in germline manipulated models, Goldstein and Brown
(2014) generated a mouse with adult-onset ablation of ghrelin producing cells, by using the diphtheria
toxin receptor to induce cell death in this population in 8 week-old mice. As seen in previous
developmental models, exposure to severe calorie restriction (60% reduction of ad libitum daily food
intake) had no effect on body weight compared to control littermates, but drastically reduced their
blood glucose levels to life-threatening hypoglycaemia after 4 days (McFarlane et al. 2014).
Interestingly, the glucoregulatory effects of ghrelin are at least partly mediated by the AgRP neurones
in the ARC. Using a tamoxifen-inducible AgRP-CreERT mouse, GHSR-1a re-expression selectively in AgRP
neurones in Ghsr-1a-null adult mice fully restores normoglycaemia in calorie restricted mice, but only
partially in fasted mice (Wang et al. 2014). The blood glucose effect was associated with increased
glucagon and induced hepatic gluconeogenesis.
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Collectively, these data show the mechanisms through which ghrelin protects the organisms from
hypoglycaemia can be broadly divided in four:
1. it directly inhibits insulin secretion in pancreatic beta-cells (Yada et al. 2014);
2. it promotes hepatic gluconeogenesis by: increasing GH secretion from the pituitary (Kojima
et al. 1999), enhancing glucagon secretion in pancreatic alpha-cells (Chuang et al. 2011)
and acting on AgRP neurones (Wang et al. 2014);
3. it increases cortisol levels via the CNS (Mani and Zigman 2017); and finally;
4. it promotes food intake, also via the CNS (Kojima et al. 1999).
Interestingly, a recent report has shown that the VTA is also involved in the response to blood glucose
variations. It showed that intraperitoneally administered glucose suppressed intra-VTA ghrelin-induced
feeding, whereas leptin had no effect. The authors suggest this supports the hypothesis that the VTA
circuits are part of a wider integration of CNS signals of energy states that influence food intake (Lockie
et al. 2019).

1.4.5. A question of accessibility – does ghrelin reach higher brain regions?
The discovery that ghrelin receptors heterodimerise with dopamine receptors in the hypothalamus
(Kern et al. 2012) and hippocampus (Kern et al. 2015), thus altering the dopamine signalling’ canonical
pathway, has given sceptics of the accessibility of this peptide hormone to far-reaching areas of the
brain (where its receptor is abundantly expressed) the argument they were looking for – Ghsr-1a does
not need a ligand to exert its activities.

Indeed, Perello and colleagues (2014), using a fluorescein-labelled ghrelin and c-Fos activation, were
unable to detect immunoreactivity in brain regions (such as other areas of the hypothalamus and VTA)
other than the ARC, the nucleus of the solitary tract (NTS, involved in satiation and receives afferent
signals from the gut) and the area postrema at supraphysiological levels of ghrelin (Cabral et al. 2014).

However, nearly two decades ago, Banks et al. (2002) showed bidirectional transport of human and
murine acyl-ghrelin, but unidirectional des-acyl-ghrelin (blood to brain), being sequestered once in the
CNS (Banks et al. 2002). The same authors have recently published an update on this report, using
radioactive labelling and multiple-time regression analysis to evaluate the rate of transport of both
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forms of ghrelin. It is reported that indeed, acyl-ghrelin is transported faster across the membrane than
des-acyl-ghrelin, and it happens at a faster rate in humans than in mice, independently of GHSR1a (Rhea
et al. 2018). Interestingly, the authors found similar concentrations of both forms of ghrelin in most
areas of the brain, with the exception of the olfactory bulb where ghrelin was accumulated in higher
tissue to serum ratio.

In spite of absence of consensus that ghrelin crosses the blood brain barrier to bind to its endogenous
ligand in distant areas of the brain, several studies have used central intracerebroventricular
administration of ghrelin to show its effects on many behaviours are strong and reproducible (Bake,
Hellgren, and Dickson 2017; Dickson et al. 2011; Schéle et al. 2016). It is possible there is an unknown,
neuro-secreted, endogenous ligand of GHSR1a that can exert these actions reported in these IVC
studies, or these effects could be explained by its constitutive activity or heterodimerisation, but I
believe the most likely explanation for the difficulty in detecting ghrelin in these areas is purely technical,
and it can co-exist with other GHSR1a-mediated effects.
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1.4.6. The ghrelin cell as a nutrient sensor
The role of the sympathetic nervous system in the regulation of ghrelin secretion is well studied
(Mundinger et al. 2006). However, the ghrelin cell also responds to circulating nutrient levels, but the
precise cellular mechanisms and receptors involved in this process are still under investigation
(Engelstoft et al. 2013).

The inhibitory effects of glucose on ghrelin release are the most well-studied (Sakata et al. 2012), as
well as the role of ghrelin as a glucoregulatory hormone, acting directly in -cells to supress insulin
release (Yada et al. 2014), and indirectly, as detailed in sub-chapter 1.4.4. Ghrelin cells are enriched in
GLUT5, a fructose receptor, and to a lesser extent, GLUT4, a glucose receptor. Ghrelin release is
inhibited by increasing concentrations of glucose, in a dose-dependent manner ex vivo (Sakata et al.
2012). The precise mechanisms that regulate ghrelin expression at mRNA and protein level remain
unknown.

Unlike the effects of glucose on ghrelin release, the molecular mechanisms involved in amino acid
sensing by the ghrelin cell remain mostly elusive. Schwartz and colleagues have characterised
transmembrane receptors highly expressed in ghrelin cells and their effects on secretion (Engelstoft et
al. 2013). Only one of the calcium sensing receptors (CaSRs) has been shown to also sense amino acids.
Specifically, aromatic amino acids mobilise Ca2+ ions in the presence of CaSR agonists (Conigrave, Quinn,
and Brown 2000). In primary ghrelin cells, agonists of CaSR inhibit ghrelin secretion, in a dosedependent manner. However, by increasing the extracellular concentration of Ca2+, activation of CasR
can either inhibit or stimulate ghrelin release by an unknown mechanism. Nonetheless, the authors did
not test the response to amino acids (Engelstoft et al. 2013). Other receptors have been identified in
the ghrelin cell that act as amino acid sensors, and interestingly they have a stimulatory effect ex vivo,
whereas plasma ghrelin levels were reduced upon administration of the same amino acids (Vancleef et
al. 2015). This suggests that the nervous system may be involved in the post-prandial suppression of
ghrelin by amino acids, which cannot be mimicked ex vivo. Therefore, supporting the idea that amino
acid sensing is at least partially carried out by the CNS and not the ghrelin cell in an autonomous
manner.

In humans, ingestion and digestion of protein has a most prolonged inhibitory effect on ghrelin release,
followed by glucose and lipid (Foster-Schubert et al. 2008), an effect that seems to be dose dependent
(Yang et al. 2014). Regarding which specific amino acids produce this effect, a recent review that
combined results from 4 different studies concluded that tryptophan has the strongest effect on
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lowering circulating ghrelin levels, followed by leucine. Glutamine caused a minor increase in ghrelin
release, with corresponding effects on appetite (100‐mm visual analogue scales (VAS) questionnaires)
(Steinert et al. 2017). However, the studies included are of intraduodenal infusions of individual amino
acids, where ghrelin-producing cells are mostly open-type (i.e. in contact with lumen). The majority of
ghrelin-producing cells are in the stomach, and differ from intestinal ones by being closed-type (not in
contact with lumen and nutrients before absorption) (Sakata et al. 2002). As expected, evidence from
rodent studies suggests their response to amino acids differs from intestinal ones (Vancleef et al. 2015).

Figure 1.4 | Ghrelin-producing cells in the stomach. Panel on the left illustrates a gastric pit in the stomach
lumen, where different cell types of the mucosa are represented in different colours and shapes; exocrine
(e.g. parietal cells that release gastric acid) and endocrine cells (that produce, among others, gastrin,
somatostatin, and ghrelin). Ghrelin cells are depicted in purple – in the stomach, these cells do not have
access to the stomach lumen (closed-type). On the right, a representation of a ghrelin cell, releasing vesicles
containing both forms of ghrelin. Glucose and amino acids (AA) suppress the release of ghrelin into
circulation (highlighted in red). Some glucose and fructose (GLUT4 and GLUT5, respectively) and AA
receptors (CasR, GPRC5b) have been characterised in the ghrelin cell, as well as the fatty-acid receptor
GRP120 (not depicted). Image designed using BioRender (online platform).

In ex vivo jejunal tissue segments of rodents, peptone was found to inhibit ghrelin secretion, as it did in
vivo (intragastric and intravenous). However, in ex vivo gastric segments as well as in a ghrelinoma cell
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line (MGN3-1), peptone and individual AA of different classes were found to either stimulate ghrelin
release or not to have any significant effect. Thus, the authors concluded AA-sensing mechanisms by
the ghrelin cell are overridden in vivo by non-paracrine signalling (Vancleef et al. 2015), most likely by
the parasympathetic nervous system. Conversely, a more recent study reported L-glutamate to have a
dose-dependent, inhibitory effect on ghrelin release in 2 different ghrelinoma cell lines (PG-1 and SG1) (Chacrabati et al. 2017), contrary to the aforementioned report, where L-glutamate at the same
concentration (10mM) was found not to have any significant effect on ghrelin release. The disparity
between results could be explained by the different cell lines used and/or different control media; in
the first study, the authors normalised acyl-ghrelin in media to HEPES buffer alone (Vancleef et al.
2015), whereas in the second study, Sakata and colleagues used DMEM as control media (which
contains all essential amino acids and some non-essential ones at physiological concentrations, but no
glutamate), with added 5mM glucose and BSA-sodium octanoate conjugate, as a source of n-octanoyl
(Chacrabati et al. 2017). Additionally, in this latest study, knockdown of Gprc5b, an amino acid receptor
in ghrelin cells, reversed the inhibitory effect of glutamate on ghrelin release in PG-1 cells, suggesting
the involvement of this receptor on glutamate-mediated suppression of ghrelin release. Both studies
conclude that amino acid sensing and subsequent effect on ghrelin release by peptone/glutamate are
mediated by the receptor GPRC5B. In the same study, glutamate and L-cysteine, but not glycine, were
found to have an acute inhibitory effect on food intake, when intravenously administered on overnight
fasted mice.

A recent report shows the most dipeptides have an inhibitory effect on ghrelin release in MGN3-1, with
a few exceptions, namely Ser-Val. These authors also found that Ser-Val dipeptide increases plasma
ghrelin and food intake in mice, in accordance with the in vitro data (Nakato et al. 2019). In conclusion,
most amino acids suppress ghrelin release in a cell autonomous manner, with a few exceptions.
However, most studies have focused on hormone secretion and not expression; the effects of nutrients
and other factors on ghrelin transcription and translation are yet to be examined.

Regarding lipid sensing mechanisms by the ghrelin cell, a study has reported long-chain fatty acids (such
as docosadienoic acid, linolenic acid, and palmitoleic acid) significantly suppress ghrelin release ex vivo
in primary ghrelin cell enriched cultures and in vivo in mice, via the GRP120 receptor that is highly
expressed in ghrelin cells (Lu et al. 2012). Interestingly, lipid sensing by the ghrelin cell seems to occur
in the gastric lumen rather than the blood stream, contrary to where glucose and AA-sensing
mechanism appear to be, which means it is probably carried out mainly in the duodenum where more
open-type ghrelin-producing cells exist.
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1.5. The link between FTO and ghrelin:
Rationale for the project and hypotheses
Taken together, population studies with at-risk carriers of polymorphisms in the FTO locus strongly
suggest the existence of a complex network of peripheral and central mechanisms to alter feeding
behaviour, thus contributing to obesity. The causal gene or genes whose expression might be altered
by SNPs in this region remains subject to debate, as well as the precise cellular mechanisms by which
they may affect energy homeostasis.

In 2013, Karra and colleagues identified a direct link between FTO SNPs and ghrelin. Human subjects
homozygous for the at-risk allele exhibited attenuated postprandial reduction of plasma acyl-ghrelin
and associated increases in appetite (Karra et al. 2013). In this study, Fto knockout mice displayed a
decreased ratio of acyl/total ghrelin, further suggesting that the human at-risk allele results in higher
FTO expression. Indeed, these authors have found that homozygous subjects for this allele have an
increased FTO and ghrelin abundance in their peripheral blood cells. In vitro data from this study
showed that ghrelin reduction is mediated by the demethylase activity of the FTO in m 6A residues of
ghrelin mRNA. Taken together, these data provide strong evidence to show that the FTO locus is a
regulator of ghrelin expression in vivo. Furthermore, in brain fMRI studies, human subjects homozygous
for the at-risk allele and those carrying non-risk alleles exhibited divergent neural responsiveness to
ghrelin, implicating the hypothalamus (appetite regulation), VTA (important part of reward circuitries)
and oribitofrontal cortex (decision-making). Together, this data suggests that one candidate
mechanism through which this locus might influence energy homeostasis is through effects on ghrelin.

In summary, data from in vitro studies highly suggest that ghrelin mRNA is an FTO target, and together
with the ghrelin profile of Fto knockout mice (Karra et al. 2013), it appears to have physiological
significance. The fMRI human studies also point towards an important role of FTO in modulation of
ghrelin action, by showing different responsiveness to this hormone at the CNS level, which is
dependent on FTO allele genotype. However, some key outstanding questions remain, with respect to
the interplay between the FTO locus and the biology of ghrelin. For example, does FTO in ghrelin
producing cells actually regulate ghrelin production and secretion in vivo in a cell autonomous manner?
What are the target cells in the brain in which FTO or other genes at the FTO locus may influence ghrelin
action and thereby affect whole body energy homeostasis? Answering these questions will contribute
to a clearer understanding of the interplay between ghrelin and this obesity-associated locus in energy
homeostatic mechanisms, and may give insights into the use of existing drugs targeting the ghrelin
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system, as the therapeutic effects of such agents may be influenced by the genotype of individuals at
the FTO locus.
The following hypotheses were formulated:
1. The FTO gene acts in a cell autonomous manner to regulate the expression and production
of ghrelin. This will be investigated in Chapter 3 of this thesis.
2. Ghrelin’s actions in the CNS, regarding food intake and feeding-associated behaviours, in
particular the dopaminergic neurones that modulate behaviour and the appetite-regulating
AgRP neurones, are modulated by FTO. These will be investigated in Chapter 4 and 5,
respectively.

To test these hypotheses, I first investigated the effects on body weight, composition, food intake and
ghrelin levels in mice that overexpressed FTO in ghrelin-producing cells. Secondly, I examined the
influence of FTO overexpression in defined neuronal populations on ghrelin action, with respect to
feeding behaviour and bodyweight regulation.
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2. Materials and Methods
2.1. Animal husbandry, diets and ethics statement
Mice were maintained in a pathogen-free facility in individually ventilated (IV) cages on a 12-hour
light/dark cycle (light cycle starting at 6 am). Mice had free access to water and standard chow (RM3
(E) 801066; Special Diet Services) or Western diet (D12079B, RD Western Diet, Research Diets Inc.,
U.S.A.), with the exception of periods of fasting (no longer than 23h) or calorie restriction (to a minimum
of 85% of initial body weight), where food was removed/reduced, but access to water was maintained.
Composition of each diet is detailed in Table 1. Mice were 8 to 12 weeks of age at the beginning of
experiments, and were housed in groups of 4 to 6 mice of mixed genotype, unless otherwise indicated.
When possible, experiments were conducted without knowledge of genotype of live animals and blood
samples.

All experiments were undertaken in accordance with the UK Animals (Scientific Procedures) Act 1986,
as well as being approved by Imperial College Animal Welfare and Ethical Review Body, and by the UK
Home Office (Project Licence numbers: 70/7438 - Mechanisms regulating energy homeostasis, 20122017 and 20/6466, The mechanisms of energy homeostasis regulation, 2017-2022). Findings and
experiments described in this thesis were designed and reported following the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines.

Table 2.1 | Macronutrient composition of the diets used in the studies. *Composition of chow diet
corresponds to the Atwater fuel energy percentage of 3.32 Kcal/g of food. Western diet values correspond
to total energy density. A more detailed analysis of the composition of these diets can be found in
Appendix.

CHOW (RM3)

WESTERN (D12079B)

3.63/3.32*

4.67

Protein % Kcal

26.9

17

Carbohydrate % Kcal

61.6

43

Fat % Kcal

11.5

40

Gross Energy (Kcal/g)

Ms Justyna Glegola helped with general animal husbandry duties, weighing of animals, glucose and
insulin tolerance tests. Dr Elaine Irvine, Mr Pedro de Campos Silva, Mr Darran Hardy and Ms Justyna
Glegola have aided with dissections alongside blood collection. Dr Elaine Irvine and Ms Justyna Glegola
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have helped performing stereotaxic surgeries. Mr Darran Hardy has performed part of the weaning, ear
sample collection and genotyping carried out in this project. Dr Steven Millership has performed the
insulin ELISAs. Data prior to my arrival, with experiments conducted by Dr Elaine Irvine and Ms Justyna
Glegola, are included in this thesis and acknowledged in the corresponding figure legends.

2.2. Animal models
2.2.1. Strains
The strains of mice used in this project were purchased from the Jackson Laboratory, with the exception
of Ghrelin-Cre mice (generated and obtained from Dr Jeffery Zigman’s laboratory), FTO-KI-OE-Flox
(from Professor Roger Cox’s laboratory) and DAT-iCre (from Dr François Tronche’s laboratory). These
lines have a pure C57BL/6 background or mixed with 129S6, in the case of AgRP-iCre. Upon arrival, mice
were backcrossed with C57BL/6, purchased from Charles River (strain code 027).

Table 2.2 | List and details of strains of mice used in this project.

Characterised

JAX number

Brief description

DAT-iCre

(Turiault et al.
2007)

n/a

IRES-Cre recombinase
inserted in the second DAT exon, at the level of
the ATG of the DAT gene.

AgRP-iCre

(Tong et al. 2008)

012899

IRES-Cre inserted in exon 3 of AgRP gene

Ghrelin-Cre

(Engelstoft et al.
2013)

n/a

first 29 bp of the preproghrelin coding
sequence replaced with the coding sequence
of Cre recombinase

FTO-KI-OE-Flox

(Church et al. 2010)

n/a

transgene preceded by a floxed STOP cassette
inserted into the Rosa 26 locus

TdTomato

(Madisen et al.
2010)

007914

transgene preceded by a floxed STOP cassette
inserted into the Rosa 26 locus

011029

three floxed copies of the haemagglutinin
epitope inserted in C-terminal of the ribosomal
protein L22 (Rpl22)

RiboTag

(Sanz et al. 2009)

2.2.2. DNA extraction and genotyping
Genomic DNA from ear punches, collected from mice between 10 to 15 days of age (before weaning),
was extracted using an alkaline lysis reagent (60 mM NaOH), followed by incubation at 100 oC for 15
min and addition of a neutralising reagent (1M Tris-HCl, pH7). To determine the genotype of the mouse,
polymerase chain reaction (PCR) amplification of the extracted DNA was used, with primers designed
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to span the region of interest. Primers used to determine the genotype of different strains are detailed
in Table 2.3. PCR products were resolved by electrophoresis in a 3% agarose gel in TAE buffer (40 mm
Tris acetate pH 8.3, 1 mM EDTA) and 0.02% ethidium bromide, and subsequently visualised under
ultraviolet light.

Table 2.3 | List of primers used to genotype animals. For – Forward primer, Rev – Reverse primer.

AgRP Cre For

5’ GCT TCT TCA ATG CCT TTT GC

AgRP Cre Rev

5’ GG AAC TGC TTC CTT CAC GA

Ghrelin Cre (Cre)

5' TGCGAACCTCATCACTCGTTGCAT

Ghrelin Cre (WT)

5' GATCTCCAGCTCCTCCTCTGTCT

Ghrelin Cre (Cre/WT)

5' GGTCAGCCTAATTAGCTCTGTCAT

Dat Cre For

5’ GCCACACCAGACACAGAGAT

Dat Cre Rev

5’ CCAGCTCAACATGCTGCACA

Fto Flox For

5' GAGTTCTCTGCYGCCTCCTGGCTTCTG

Fto Flox Rev

5' AACTATGCGCAGCGGTACTATACACC

Stop-flox del For

5' GGTTCGGCTTCTGGCGTGTGAC

Stop-flox del Rev

5' GGTCAGGTAAGGAAGCCAAGTGTC

Rosa 26 For

5' AAGGGAGCTGCAGTGGAGTA

Rosa 26 Rev

5' CCGAAAATCTGTGGGAAGTC

RiboTag For

5' TTTCCAGACACAGGCTAAGTACAC

RiboTag Rev

5' GGGAGGCTTGCTGGATATG

TdTomato For

5' TGAGGACTACACCATCGTGGAACAG

TdTomato Rev

5' CAGCTTCAGGGCCTGGTGGATC

Three different sets of cycling conditions were used to amplify products, optimised for the primer sets.
These were programmed into the thermocycler (C100, BioRad), as follows: 95 oC for 3 min, 29 cycles of
95 oC for 0:35 min, 55 oC for 1 min, 72 oC for 1 min, and 1 cycle of 72 oC for 2 min – DAT-iCre and AgRPiCre; 94 oC for 3 min, 5 cycles of 94 oC for 0:30 min, 65 oC for 0:30 min, 72 oC for 1 min, followed by 35
cycles of 94 oC for 0:30 min, 62 oC for 0:30 min, 72 oC for 1 min, and 1 cycle of 72 oC for 0:30 min Ghrelin-Cre; 94 oC for 3 min, 4 cycles of 94 oC for 0:30 min, 65 oC for 0:30 min, 72 oC for 1 min, followed
by 4 cycles of 94 oC for 0:30 min, 62 oC for 0:30 min, 72 oC for 1 min, followed by 29 cycles of 94 oC for
0:30 min, 59 oC for 0:30 min, 72 oC for 1 min, and 1 cycle of 72 oC for 0:30 min – RiboTag, Rosa 26,
TdTomato and all FTO PCRs.
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2.3. Stereotaxic surgery
The FTO cDNA has been inserted into a double-floxed inverse open reading frame adeno-associated
virus (DIO-AAV) backbone under EF-1A promoter. The plasmid has been commercially packaged by
Vector Biolabs (U.S.A.). AAV1-EF1a-DIO-FTO titre is 1.8x1013 genome copies per ml (GC/ml).
To deliver the AAV construct to the VTA or ARC, mice underwent stereotaxic injection under aseptic
technique. Injections were performed using Hamilton needles (RN NEEDLE (33/12/3)) and syringes (85
RN 5ul, Hamilton, U.S.A.). AAV solutions were infused by injectors from Harvard Apparatus (Elite
Nanomite Infusion/Withdrawal Programmable Pump 11, U.S.A.), fixed to the stereotaxic frame. Mice
were anaesthetised with 2-3% isofluorane in 0.7 l/min of O2 in an induction box, prior to being placed
on the frame on a heat mat, where oxygen and anaesthesia levels were maintained. Scalp hair was
shaved, and skin was disinfected with a chlorhexidine solution, following subcutaneous carprofen
(Rimadyl, 5 mg/Kg of body weight) injection for post-operative analgesia. A local analgesic, bupivacaine
(2.5 mg/ml), was applied under the skin on the skull before a small incision. Two small holes were drilled
on each side of the sagittal suture to allow for bilateral injection, based on the following coordinates
from bregma: VTA: anteroposterior (- 3.45 mm), mediolateral (± 0.4 mm), dorsoventral (- 4.9 mm) ARC:
anteroposterior (- 1.20 mm), mediolateral (± 0.35 mm), dorsoventral (- 5.85 and – 5.70 mm) (Paxinos
& Franklin, 2004). Injection volume was 0.3 μl per site, at a rate of 0.3 μl/min. The needle was kept in
place for 3 - 5 min after injection to allow for diffusion. Afterwards, the incision was sutured using blue,
nylon monofilament, non-absorbable sutures (VWR, 7-0, 95060-062, UK).

Mice were then administered warm saline subcutaneously and placed in a heated box (30 oC), where
they were allowed to recover until regaining consciousness. Carprofen (Rimadyl 50 mg/ml) was given
to animals in their home cage drinking water for 5 days post-surgery. A period of two weeks was allowed
for full recovery and transgene expression before starting experiments.

2.4. Isolation of single gastric mucosal cells for IP gene expression analysis
The protocol followed to isolate gastric mucosal cells for gene expression analyses was published in
(Sakata et al. 2012), albeit with a few adaptations.

Mice were given an intraperitoneal injection of sodium pentobarbital (120 μl for mice below 40g, 150
μl for mice above 40 g of BW, Euthatal). After no signs of consciousness were present (no pedal reflex),
an abdominal cut was made using scissors to expose the stomach. Surgical suture (6-0 non-absorbable
monofilament, Ethilon II) was used to ligature the oesophagus and duodenum, closing off the lumen of
the stomach, which was then excised and placed in cold PBS.
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A small incision was made on the upper part of the stomach (non-glandular forestomach) using a scalpel
and the residual food was carefully pushed out through the incision. With the help of blunt forceps, the
stomach was turned inside out, and further cleaned with fresh cold PBS. A cannula was then placed
inside the inverted stomach, through the incision, and cold media (DMEM no glucose, Gibco, UK) was
used to inflate the organ at the same time that a knot with a surgical suture was used to tie off the
opening, as the cannula was removed. The inflated stomach was then placed in fresh cold media and
kept on ice until further processing. From anaesthetisation to inflation, each mouse took approximately
15 minutes to complete. 3-4 animals were done sequentially, so that the excised stomachs were not
on ice for longer than 45 minutes.

The inflated stomachs were then transferred from the media and gently brushed with Kimwipe tissue
to remove residual food, before being placed on the pre-warmed digestion solution (2 mg/ml Dispase
II in DMEM (GlutaMAX, Gibco, 17mm glucose) and supplemented with 0.5% (vol/vol) FBS (Hyclone)).
The stomachs were incubated in this solution for 90 min in a 37oC water bath. Afterwards, each stomach
was carefully removed with the use of forceps and held by the suture against a 25 ml glass beaker
containing 10 ml of room temperature complete media (supplemented with 10% (vol/vol) FBS and 100
U/ml penicillin plus 100 µg/ml streptomycin sulfate (Gibco)), and gastric cells were mechanically
detached using a polyethylene transfer pipet, by squirting the media onto the lining and scraping it. The
cell suspension of each stomach was centrifuged at 50 xg and resuspended in 2 ml of trypsin solution
(0.25%, Sigma, UK). After 3 min incubation at 37 oC, 10 ml of complete media was added to inactivate
the trypsin, and the resulting cell suspensions were then filtered through a 100 µm nylon mesh (Cell
Strainer, 352360; BD Falcon, USA). The filtered cell suspension was centrifuged again at 50 x g and
resuspended in 1 ml of PBS, then transferred to an Eppendorf and centrifuged again at 3,000 rpm. The
PBS was carefully removed, and the cell pellet was immediately placed on dry ice and kept at -80oC until
further analysis.

Cell suspensions were filtered into a single 50 ml falcon tube, thus pooling together all four stomachs.
Using a Guava Viacount reagent and Guava Cytometer (Millipore, USA), 20 µl of the final cell suspension
was used to measure viability and cell density, which were between 85-95%, 0.5 and 1x106 cells per
stomach respectively.
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2.5. Isolation of whole gastric glands for cell culture
The following protocol was adapted from (Gliddon et al. 2008; Psichas et al. 2017; Sakata et al. 2012).
Mice were fasted overnight and given an intraperitoneal injection of pentobarbital (dose). Stomach
excision and inflation was performed as described in the previous sub-chatper 2.4 (2.4 Isolation of single
gastric mucosal cells for IP gene expression analysis). For this procedure, inflated stomachs were
collected in ice-cold DMEM F-12 (Gibco). Only two stomachs were used in each preparation.

Two stomachs were incubated in the digestion solution (collagenase Type XI (Sigma) at 1mg/ml in
DMEM F-12 (Gibco) supplemented with 0.15% BSA (Sigma), 10 ml final volume, pre-warmed for > 30
min, before addition of the collagenase) in the shaker for 40 min at 150 rpm. Following digestion, the
tube was shaken vigorously for 2 min. The stomachs were removed from the solution and 1ml of FBS
was added. Cells were allowed to sediment by gravity for 15 min, following which, the supernatant was
collected to a new tube and centrifuged at 50 g x for 3 min. The initial pellet was resuspended in solution
1 (DMEM F-12 supplemented with 10% FBS and 0.5mM DTT). The resulting pellet from the supernatant
was also resuspended in solution 1 and added to the gland suspension. The final suspension was then
filtered through a 100 µm nylon mesh and allowed to sediment for 15 min. The cell pellet was
resuspended in 3 ml of complete media (DMEM F-12 GlutaMAX, supplemented with 10% FBS, 100 U/ml
penicillin plus 100 ug/ml streptomycin sulfate (Gibco)), 50 µM octanoate-BSA conjugate, 100 ng/ml
epidermal growth factor, 20mM HEPES). The octanoate-BSA conjugate was prepared as a 10 mM stock
solution, by adding 3.3 ml of fatty acid free BSA 30% solution (Sigma) to 6.67 ml of saline with 16.62 mg
of sodium octanoate, as detailed in Sakata et al. 2012.

Glands were plated in 24-well plates coated with Matrigel (BD biosciences, diluted 1:20 in DMEM F-12,
prepared on the day); 400 µl of complete media were added to each well, prior to adding 100 µl of the
gland suspension drop by drop, and kept in a humidified incubator at 37oC and 5% CO2. The media was
changed the following day, and cells were allowed to recover for at least 40 h before any experiments
were carried out. Cell confluency was between 70-80% at time of studies.

2.5.1. Ex vivo ghrelin secretion studies
Ghrelin secretion studies from cultured stomach cells were performed using two pooled stomachs of
each genotype. Each treatment was done in triplicate or quadruplicate.
For glucose manipulated experiments, medium was aspirated from each well and replaced with 500 µl
of DMEM (no glucose, Gibco), supplemented with 0.5% FBS, 50 µM octanoate-BSA conjugate and either
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1 mM, 5 mM or 10 mM of D-glucose. Cells were then incubated for 4 h and the medium from each well
was collected in a pre-chilled Eppendorf tube, and centrifuged at 3000 rpm at 4oC for 5 min. 200 µl
were then transferred to a new (pre-chilled) tube containing 20 µl of 1 M HCl and immediately placed
on dry ice, kept at –80oC until further analysis.

For amino acid concentration manipulated experiments, Earle's Balanced Salt Solution (EBSS,
24010043, Gibco) was used as a basal buffer for the media, with added 1x MEM vitamin solution
(11120052, Gibco), 10% dialysed serum (10594553, Fischer Scientific) and 1x Non-essential amino acid
mix (11140, Gibco). This salt solution was chosen for having the most similar formulation to DMEM no
glucose, even though no direct comparisons were made. Essential amino acid solution (Gibco) was
added at 0.75x, 1x and 1.25x the recommended concentration, which matched DMEM formulation. Lglutamine was also added in the same proportions, with 1x defined as 4 mM, as in DMEM no glucose
formulation sheet (ThermoFisher n.d.).

Table 2.4 | Comparison between salt concentrations in EBSS and DMEM no glucose, used in ex vivo secretion
assays. Formulations retrieved from Gibco website in November 2019. Additionally, EBSS solution contains
5.5mM of D-Glucose (Dextrose) (1000 mg/L). Both solutions contain phenol red at the same concentration.
Diff - difference between concentrations.

Solution

Concentration

EBSS

mg/L

mM

Calcium Chloride (CaCl2)
(anhyd.)

200

1.8

Solution
diff.

n/a

Concentration

DMEM no glucose

mg/L

mM

=

Calcium Chloride (CaCl2)
(anhyd.)

200

1.8

<

Ferric Nitrate (Fe(NO3)-9H2O)

0.1

2.48E-04

Magnesium Sulfate (MgSO47H2O)

200

0.8

=

Magnesium Sulfate (MgSO4)
(anhyd.)

97.7

0.8

Potassium Chloride (KCl)

400

5.3

=

Potassium Chloride (KCl)

400

5.3

Sodium Bicarbonate
(NaHCO3)

2200

26.2

<

Sodium Bicarbonate
(NaHCO3)

3700

44.0

Sodium Chloride (NaCl)

6885

117.2

>

Sodium Chloride (NaCl)

6400

110.3

Sodium Phosphate
monobasic (NaH2PO4-H2O)

140

1.0

>

Sodium Phosphate
monobasic (NaH2PO4-H2O)

125

0.9
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2.6. Histological analysis
2.6.1. Free-floating brain frozen sections
Mice were overdosed with sodium pentobarbital (Euthatal) by intraperitoneal injection. After no signs
of consciousness were present, a cut was made through the midline using scissors to expose the
internal cavity. The diaphragm was cut from the side to the midline, and another incision was made
through the midline, to open the ribcage and expose the heart. A 27-gauge needle was inserted on the
left ventricle and an incision was made on the right atrium, to allow the perfusion of 5 ml of ice-cold
PBS using an electronic pump, followed by 10 ml 4% paraformaldehyde (PFA) (Sigma) solution in PBS.
The whole brain was dissected, transferred to fresh 4% PFA solution and kept at 4 oC overnight. The
following day, brains were washed once in PBS and transferred to a 30% sucrose in PBS solution for 24
h. Afterwards, brains were frozen in isopentane cooled in dry ice, and kept at -80oC. Coronal sections
70 μm-thick were collected at –20oC using a cryostat (Leica Cryostat CM 1900, Germany) and
transferred to PBS at room temperature. After three 5 min washes in PBS, sections were transferred to
a 15mM sodium citrate pH 8 solution (Sigma) and incubated at 80 oC in heating blocks for 20 min for
antigen retrieval. Brain sections were allowed to cool down at room temperature and then washed in
PBS for 10 min three times before proceeding with immunostaining.

2.6.2. Paraffin-embedded stomach sections
For these experiments, mice were fasted overnight, and perfused with a 4% PFA solution in PBS, as
described above. The stomach was excised, contents were flushed with cold PBS and followed by
inversion through a small incision on the upper part (forestomach). Each stomach was kept in 4% PFA
solution overnight at 4oC. The following day, stomachs were placed in 70% Ethanol and paraffinized in
a tissue processor (Tissue-Tek VIP 7, Sakura, Japan). Paraffin blocks with stomach samples were cut
using a microtome (Microm HM355S, Thermo Scientific), in 8 µm sections, collected on glass slides.
Sections were rehydrated by incubation at room temperature twice in Histoclear for 5 min, followed
by two incubations in 100% ethanol solution for 3 min, 95% ethanol for 3 min, 75% ethanol for 3 min,
50% ethanol for 3 min, and lastly a 3 min incubation in 25% ethanol. Slides were then run through tap
water for a few seconds and placed in TBS. Antigen retrieval was performed using a Decloaking chamber
NxGen (BioCare Medical, USA) in a 15mM sodium citrate solution, pH 6, at 95 oC for 5 min. Slides were
left to cool down and placed in TBS until immunofluorescent staining steps.
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2.6.3. Frozen stomach sections
For frozen (fresh) stomach sections, instead of placing in a 70% Ethanol solution, tissue was transferred
to a 30% sucrose solution in PBS and left at 4oC until it sunk to the bottom, usually over a few hours.
Afterwards, stomachs were placed in a mixed solution of 30% sucrose in PBS and OCT (1:1 ratio) in a
small plastic container to allow for a bloc to be frozen, after 1h at 4oC. To freeze the sample, the plastic
container with the sample embedded in the mixture was placed on dry ice and subsequently
transferred to -80oC freezer until further processing.

2.6.4. Immunofluorescence staining
Sections were incubated in a blocking solution, PBS + 0.2% Triton (PBS-T) supplemented with 6% serum
(from animal where 2ndary antibody was raised), to prevent high-background during imaging.
Incubation with primary antibodies diluted in PBS –T supplemented with 2% serum was performed for
48h at 4oC. Following three 10 min PBS washes, sections were incubated with secondary antibodies for
2 h at room temperature, then washed three more times before mounting on Superfrost slides using
Shandon Immu-Mount (both Thermo Scientific, UK). Slides were imaged using a confocal microscope
(Leica TCS SP5 II). Primary antibodies used are detailed in Table 2.5. Secondary antibodies used were:
goat anti-chicken 594nm, goat anti-mouse 488nm, donkey anti-rabbit 594nm (all Alexa Fluor,
Invitrogen, U.K.) and chicken anti-rat 647 nm (Molecular Probes, U.K.).

Table 2.5 | List of primary antibodies used in this project.

Animal

Epitope

Dilution

Brand

ID

Mouse

FTO

1:250

Adipogen

FT86-4

Mouse

GFP

1:500

Molecular Probes

A-11120

Rabbit

Ghrelin

1:1000

Abcam

129383

Mouse

HA

1:1000

Sigma

H3663

Rat

RFP

1:1000

Chromotek

5F8

Chicken

TH

1:1000

Abcam

76442

2.6.5. Cell culture
Circular 13 mm diameter glass slides were sterilised and placed at the bottom of 24-well plates before
coating with Matrigel (BD biosciences, diluted 1:20 in DMEM F-12). Cells were plated as described in
sub-chapter 2.5.1 (2.5.1 Ex vivo ghrelin secretion studies) and incubated in a solution containing 1mM
D-Glucose in DMEM (no glucose, Gibco) supplemented with 10% FBS (v/v) for 4h. Immunostaining steps
were carried out in wells, after 2 washes in PBS and fixed in 4% PFA solution in PBS for 15 min. This was
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followed by a 10 min blocking step with PBS + 0.2% Triton (PBS-T). Cells were incubated with primary
and secondary antibodies for 2 h and 1 h at RT, respectively. After final washes with PBS, glass slides
were carefully removed from wells and mounted directly on Superfrost slides with Immu-Mount.

2.7. Gene expression analysis
2.7.1. RTqPCR
For analysis of brain samples, mice were culled by cervical dislocation, the brain was rapidly dissected
and the region of interest was cut out as a block. For stomach gene expression, gastric mucosal cells
were isolated as described in sub-chapter 2.4 (2.4 Isolation of mucosal gastric cells for gene expression
analysis). Tissue blocks and cell pellets were immediately placed on dry ice or liquid nitrogen and kept
at – 80oC until further processing.

Total RNA was extracted using 0.5 ml of TRIzol reagent (Invitrogen, U.K.). Brain samples required further
homogenisation using a motorised pestle mixer (Kimble® Kontes). Protein was precipitated using 0.1
ml of molecular grade chloroform (Sigma Aldrich), following centrifugation at 15000 rpm for 15 min at
4 oC. The top aqueous phase was transferred to a new tube, and the rest of the extraction was carried
out using an RNA extraction Kit (RNeasy Mini Kit, Qiagen, UK). RNA concentration and purity was
measured using a spectrophotometer (Nanodrop, ND-1000, Thermo Scientific). RNA was then reverse
transcribed using Taqman RT reagents (Applied Biosystems) according to the manufacturer’s
instructions. qPCR was performed using Taqman reagents (using 16 ng of cDNA diluted in RNase free
water) in a 7900HT Real-Time PCR system (Applied Biosystems). Gene expression was normalised to
hypoxanthine guanine phosphoribosyl transferase (Hprt) for brain tissue samples and cyclophilin A/
peptidylprolyl isomerase A (Ppia, all Applied Biosystems), and analysed by the comparative Ct method.
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Table 2.6 | List of Taqman primer/probe sets used for gene expression analyses. *Mboat4 is referred to in this
thesis as Goat.

Gene symbol

Gene name

Assay ID

AgRP

agouti related neuropeptide

Mm00475829_g1

Drd1

dopamine receptor D1

Mm01353211_m1

Drd2

dopamine receptor D2

Mm00438545_m1

Drd3

dopamine receptor D3

Mm00432887_m1

Fto

fat mass and obesity associated

Mm00488755_m1

Gfp

green fluorescent protein

Mr03989638_mr

Ghrelin

ghrelin

Mm00612524_m1

Ghsr-1a

growth hormone secretagogue receptor type 1 a

Mm00616415_m1

Irx3

iroquois homeobox 3

Mm00500463_m1

Mboat4

membrane-bound O-acyltransferase 4 *

Mm01200389_m1

Npy

neuropeptide Y

Mm01410146_m1

Pomc

proopiomelanocortin

Mm00435874_m1

Th

tyrosine hydroxylase

Mm00447557_m1

Ppia

peptidylprolyl isomerase A

Mm02342430_g1

Hprt

hypoxanthine guanine phosphoribosyl transferase

Mm03024075_m1

2.7.1. Immunoprecipitation of polyribosomes
The protocol used to immunoprecipitate tagged polyribosomes is from (Sanz et al. 2009). Gastric
mucosal cells were isolated as described in section 2.4 (2.4 Isolation of single gastric mucosal cells for IP
gene expression analysis). Four stomachs were pooled together per sample.

Protein G magnetic beads (Sigma) were pipetted into an Eppendorf tube, 100 µl per sample, and placed
on a rotor magnet. The beads were washed in 1 ml of citrate phosphate buffer, pH 5.0 at 4°C for 5mins,
following incubation with 10 µl of anti-HA antibody (Sigma Aldrich #H6908), on a rotator at 4°C for 5
mins. The beads were then washed once in 1 ml of citrate phosphate buffer, and twice in
immunoprecipitation buffer (50 mM Tris, pH 7.5, 100 mM KCL, 12 mM MgCl2, 1% IGEPAL)
During the coupling step, 1 ml of polysome buffer (50 mM Tris, pH 7.5, 100mM KCL, 12 mM MgCl2, 1%
IGEPAL, 1 mM DTT, 200U/ml Promega RNAsin, 1 mg/ml heparin, 100 mg/ml cyclohexamide (Sigma
Aldrich), 1x protease inhibitor cocktail (Sigma-Aldrich)) was added to each sample and resuspended for
homogenisation. Samples were then centrifuged at 4oC at 10,000 g for 10 min.

69

After the final wash, 800 µl of the supernatant from each sample was added to the anti-HA coupled
beads and placed on a SB2 fixed speed rotator (Techne) at 4oC overnight. 50 µl of the homogenate (not
added to the beads) was transferred to a new tube and kept at -80oC until further processing (Input).
Following overnight incubation, the supernatant was collected in a new tube and kept at -80oC
(unbound). The beads were washed three times in 1 ml of high salt buffer (50 mM Tris, pH 7.5, 300 mM
KCl, 12 mM MgCl2, 1% IGEPAL, 1 mM DTT 100 µg/mL cycloheximide), by gentle pipetting and placing
on a rotator for 5 min at 4oC. The polysomes were then eluted from the beads by adding 350 µl of lysis
buffer (RLT buffer from Qiagen RNeasy kit with added β-mercaptoethanol 1% (vol/vol)) and vortexing
for 30 s. The eluted polysomes were then transferred to a fresh tube and kept on ice. Lysis buffer was
also added to the input and unbound samples and vortexed. All samples were then centrifuged for 3
min at 13,000 rpm and transferred to a new tube. 350 µl of 70% ethanol was added to each sample,
gently mixed and transferred to a RNA mini column (QIAGEN kit). The rest of the RNA extraction was
carried out according to manufacturer’s instructions. 30 µl of nuclease free water were added to the
column to elute the RNA. Concentration and purity were measured using a spectrophotometer
(Nanodrop, ND-1000, Thermo Fisher Scientific).
Given the relative low number of ghrelin cells in the gastric mucosa (Cummings 2006), the total amount
of RNA in the samples was very low. Thus, to concentrate and clean the samples from contaminants, a
secondary step was performed, using an RNeasy MinElute Cleanup Kit (Qiagen), according to
manufacturer’s instructions. To retrotranscribe the RNA, a kit specifically designed for low amounts of
RNA was chosen (High Capacity cDNA Reverse Transcription Kit, Thermo Fisher Scientific). qPCR was
performed using Taqman reagents as described on the previous page.
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2.8. Glucose metabolism
2.8.1. Measurement of blood glucose
To test blood glucose levels, a small drop of blood was drawn from the tail vein, by making a small
incision on the side with a razor, and measured with an Elite glucometer (Bayer, UK).

2.7.2. Intraperitoneal glucose tolerance tests
Food was removed at 9 am on the day of the test, which was performed 4 h later. The basal blood
glucose level (0 min) was taken at the beginning of the test, and blood glucose was determined 15, 30,
60 and 90 min after interperitoneal injection of glucose (2 mg/Kg, 5 x volume of their body weight in
µl).

2.8.3. Intraperitoneal insulin tolerance tests
Mice were fasted overnight and test was performed at 9 am (16-18 h fast). Fasting blood glucose level
(0 min) was taken at the beginning of the test, and blood glucose was determined 15, 30, 45, 60 and
90 min after interperitoneal injection of insulin (0.5 U/Kg, 4x volume of their body weight in µl). Mice
were monitored closely for signs of hypoglycaemia and given 100 µl of a 20% glucose solution if these
signs became evident, after which they were returned to their home cage and excluded from the
experiment.

2.9. Blood collection for insulin measurement
A small, but deeper, incision was made on the side of the tail of the mouse, and approximately 20 µl of
blood was collected drop by drop into a capillary tube containing Z-clot activator factor (Sarstedt,
Germany). Blood tubes were kept in the fridge and processed within 30 min. Centrifugation was done
at room temperature for 5 min at 8000 rpm, and serum was collected and kept at -80 oC.

2.10. Blood collection for ghrelin measurement
2.10.1. Cardiac puncture
Following terminal anaesthesia with pentobarbital (dose), a cut was made through the midline using
scissors to expose the internal cavity. The diaphragm was cut from the side to the midline, and another
incision was made through the midline, to open the ribcage and expose the heart. A 27-gauge needle
was inserted on the right ventricle and approximately 300 µl of blood was collected into a pre-chilled
syringe. 100 µl of blood were added to each of the pre-chilled tubes EDTA-K3 (Sarstedt, Germany)
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containing aprotinin (Nordic Pharma) 500 KIU per ml of blood. Additionally, AEBSF (Pefabloc, Roche) at
10 mg per ml of blood was added to one of the tubes for the measurement of acyl-ghrelin.

2.10.2. Tail bleeding
Alternatively, blood collection for ghrelin measurement was done in conscious mice without sacrificing
the animal, in a similar manner to collection for insulin measurement. For this procedure, mice were
placed in a warming chamber for 10 min at 38oC, to vasodilate the blood vessels and facilitate collection.
120 µl of blood was collected drop by drop into two separate capillary tubes containing EDTA-K3
(Sarstedt). The tubes were pre-chilled in the fridge and the protease inhibitors were added just before
collection.

Blood tubes were kept in the fridge and processed within 30 min. Centrifugation was performed at 4oC,
6000 rpm, and 50 (cardiac) / 20 (tail) µl of plasma were transferred to a pre-chilled tube containing 5 /
2 µl of 1M HCl, kept at -80oC until further analysis.

2.11. Enzyme Linked Immunosorbent Assay (ELISA) for ghrelin
quantification
ELISA kits from Merck Millipore were used to determine blood and cell medium concentration of acylghrelin and total ghrelin, according to manufacturer’s instructions. Briefly, the pre-titred anchor
antibody-coated plate provided was incubated with the samples and a serial dilution of a ghrelin
standard of known concentration, used as a standard curve, along with the detection antibody.
Following the first incubation, the plate was washed of unbound materials and horseradish peroxidase
was added to the wells. After another washing step to remove unbound enzyme, a substrate solution
was added to the wells and colour was monitored by eye until the standard curve and samples showed
sufficient intensity, as recommended by the manufacturer. The reaction was stopped by acidification
with HCl, and enzyme activity was measured spectrophotometrically at 450 nm, minus absorbance at
590 nm. Concentration of acyl-ghrelin / total ghrelin was interpolated from the standard curve, using
the software GraphPad (sigmoidal 4-parameter logistic equation). The standard curve was run in
duplicate, quality controls and samples were run only once.
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2.12. Enzyme Linked Immunosorbent Assay (ELISA) for insulin
quantification
ELISA kits from Crystal Chem were used to determine blood concentration of insulin, according to
manufacturer’s instructions. Similarly, samples a and a serial dilution of known concentration (standard
curve) was incubated in a pre-titred anchor antibody-coated plate provided. After incubation and
washing steps, the reaction was stopped and enzyme activity was measured spectrophotometrically at
450 nm, minus absorbance at 630 nm. Concentration of insulin was interpolated from the standard
curve, using the software GraphPad (sigmoidal 4-parameter logistic equation). The standard curve was
run in duplicate, quality controls and samples were run only once.

2.13. Body weight and feeding studies
2.13.1. Bodyweight and food intake measurements
Mice and food were hand weighed between 9 am and 11 am. When automated BioDAQ cages were
used, daily food intake was determined from 6:30 am, corresponding to the beginning of the light cycle.
For all feeding studies, mice were singly housed and allowed to acclimatise for at least 7 d before
experiments were started.

2.13.2. Body composition
An EchoMRI-500 (Zinsser Analytic) body composition analyser was used to determine body fat and lean
mass. Measurements were conducted on the early phase of the light cycle (before 12 pm), using triple
acquisition settings. Fat mass and lean mass were then normalised to body weight, measured before
mice were placed on the machine.

2.13.3. Fast / Refeeds
In individually ventilated (IV) cages, mice were fasted overnight for 16-18 h from 4/ 5 pm and placed
on a clean cage, to prevent them from eating crumbs or small food pellets from the floor that
accumulate. The next morning, mice were given ad libitum access to food, which was hand weighed
after 1 h, 2 h, 4 h, 24 h and 48 h. Body weight was recorded at the 24 h timepoint and the 48 h timepoint
before mice were returned to ad libitum feeding and at the 24 h timepoint.

In BioDAQ cages, the gates to access the food hoppers were closed for the 16-18 h fasting period. Due
to the hoppers being located outside of the cage, very little to no crumbs accumulate inside the cages,
therefore they were not changed before a fast refeed. Body weight was recorded just before the gates
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were open in the morning of the refeed, and at the 24 h timepoint.

2.13.4. Calorie Restriction
For body weight, glucose and hormone measurements, mice were singly-housed and allowed to
acclimatise for at least 7 d before experiments started. Food intake and body weight were monitored
for a week, and the average of the last 3 days was used to calculate their ad libitum intake. On the
morning of the final day, mice were placed in a clean cage with no access to food. At 5:30 pm (1 h
before the beginning of the dark cycle), each mouse was given 70% of their ad libitum intake in small
pieces on the floor of the cage. Body weight was measured at the time of feeding. This protocol was
carried out for a period of 7 days.

For behavioural studies (operant conditioning), mice were group-housed (4-5 animals per cage) and
initially given access to 2 g of chow diet per mouse per day, in small pellets on the floor of the cage.
Body weight was monitored daily, and food adjusted to achieve 85% of initial weight. Feeding occurred
just after training sessions, throughout the day. Mice were given access to ad libitum diet after the test,
2-3 weeks after initial restriction.

2.13.5. Ghrelin studies
Ghrelin (2.5 mg/kg) or vehicle (saline) was injected intraperitoneally at 9:30 am in a randomized
crossover design. The times of the injections were chosen considering mice’ feeding schedules (BioDAQ
data, not shown), which inversely correlate with their endogenous ghrelin levels, peaking in the fasted
state (i.e. during light-phase) and reaching their lowest levels during the dark-phase, when mice eat
(McFarlane et al. 2014). Food intake was measured at 1 h and 2 h post-injection. Data is presented only
after 1h, where we saw the strongest effect, since ghrelin’s half-life lower than 15 min (Howick et al.
2017). For each cohort, these studies were carried out on 2 different days with a recovery period of
one week between each study day. Body weight was measured before the injections to normalise food
intake and match weight to each treatment group.

2.13.6. Leptin studies
Food was removed from mice 4h before test, to ensure all animals were in similar feeding status. Leptin
(1.5 mg/Kg) or vehicle (20 mM Tris-HCl, pH 8) was injected intraperitoneally at the beginning of the
dark cycle (6:30 pm), and food intake was measured 2 h post-injection. Body weight was measured
before the injections to normalise food intake and match weight to each treatment group.
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2.14. Behavioural studies
2.14.1. Cocaine-induced locomotion
Mice were placed in an open field box, allowed to habituate to the arena for 20 min and then injected
intraperitoneally with a cocaine solution (15 mg/kg in 0.9% NaCl), while a tracking software measured
the distance travelled (Ethovision XT version 11, Noldus, Tracksys Ltd, Nottingham, UK) for a period of
60 min.

2.14.2. Operant Conditioning
Operant conditioning took place in four mouse operant chambers (15.9 cm x 14 cm x 12.7 cm, Med
Associates Inc., U.S.A.). Each chamber includes a metal grid floor, a lamp, a head tray where pellets are
received and two nose poke holes, on each side of the tray. Pellets used in experiments were 22.3% fat
content (20 mg, Dustless Precision Pellets, Bioserv, U.S.A.). Prior to training, mice were subjected to
mild calorie restriction, where their body weight was gradually reduced to 85% and allowed to stabilise
over 7-10 days. Training consisted of the following schedule: 1 day habituation to the chamber for 30
min, with 30 pellets placed in the head tray and nose holes covered with tape, 3 days habituation for
60 min, with a programme set to randomly activate the pump to release a pellet into the head tray (30
pellets released by the end of the programme); on the 5th day, nose holes were uncovered and mice
are subjected to a fixed ratio 1 (FR1) for 30 minutes, where only one of the holes is the correct one to
poke to obtain 1 pellet. After mice learnt (by obtaining > 25 pellets per session for 3 consecutive days),
the ratio between correct response/pellet was increased in the following sequence: FR3, FR5, FR10,
FR25. On the test day, mice were subjected to a progressive ratio (PR) schedule for 120 min, that follows
the equation: ratio = [5e(0.2 × correct response number)] – 5 (Skibicka et al. 2013). Mice were tested
under calorie restriction (85%) or ghrelin/saline treatment, as described above, just before being placed
in the chamber.
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Figure 2.1 | Pictures of the operant conditioning box. Chamber where mice are trained and tested, showing
the head tray entry, where mice can retrieve the pellet (positive reinforcement, reward) by poking the correct
hole with their nose.

2.15. Statistical Analysis
Statistical comparisons were made using unpaired and paired, two-tailed Student’s t-tests, or where
multiple factors were considered, one-way or two-way repeated measures analysis of variance
(ANOVA) with Bonferroni’s multiple comparison test (accounting for degrees of freedom and repeated
measures). Data was deemed significant at p<0.05 and, unless otherwise stated, values are expressed
as mean ± standard error of mean (SEM). Analysis was performed using GraphPad Prism 6.0 (GraphPad
Software, U.S.A.)
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3. Characterising the role of FTO in ghrelin-producing cells
3.1. Introduction
The role of FTO in energy homeostasis has been mainly studied in the CNS, due to strong evidence from
both knockin and knockout mouse models that recapitulate global phenotypes (Church et al. 2010;
Fischer et al. 2009). Nevertheless, this gene is ubiquitously expressed in the mammalian organism
(Frayling et al. 2007). Evidence in recent years has demonstrated that FTO also plays an important role
outside of the CNS, and its targeted altered expression can contribute to a disruption in adipogenesis
(Zhang, Y. Zhang, et al. 2015; Zhao et al. 2014) and liver metabolism (Bravard et al. 2014; Poritsanos,
Lew, and Mizuno 2010). Notably, FTO has been shown to target pre-pro-ghrelin and GOAT mRNA in
vitro, thereby affecting its transcript levels (Karra et al. 2013).

These data strongly suggest that FTO may have cell-autonomous effects in various tissues in the
periphery. Specifically, there is evidence to suggest that FTO may play a role in ghrelin-producing cells
to alter body homeostasis by increasing systemic circulating levels of the orexigenic hormone. Thus, we
wanted to investigate the effects of overexpression of the Fto gene in this cell population. To achieve
this aim, we characterised a mouse model expressing Cre recombinase in ghrelin-producing cells,
crossed with a model with the Fto cDNA inserted in the Rosa 26 locus, preceded by a floxed STOP codon
sequence (FTO-KI-OE-FLOX). For simplification, the crossed lines will be abbreviated to GhrelinCre FTO
OE, also referred to as “model” in this chapter.

3.2. Validation of Ghrelin Cre FTO OE mice
The Ghrelin-cre mouse line has been previously characterised in detail in (Engelstoft et al. 2013). To
confirm correct expression of cre in ghrelin-producing cells in the gut, Ghrelin-cre+/- mice were crossed
with TdTomato+/- mice. Immunofluorescence analysis of stomach sections of Ghrelin-cre+/- TdTomato+/mice showed TdTomato (RFP fluorescent protein) co-localising in anti-ghrelin antibody labelled cells (as
indicated by white arrows, Fig. 3.1 a), confirming targeted cre expression in these cells.

A schematic of the FTO cre-dependent knockin line (FTO-KI-OE-FLOX) is depicted in Fig. 3.1 b, showing
the Fto cDNA preceded by a floxed PKG-Neo Stop sequence, and under the chicken β-Actin promoter
coupled with CMV early enhancer (CAGG). The Fto cDNA is followed by an internal ribosomal entry site
(IRES) and enhanced green fluorescent protein (eGFP), flanked by flippase recognition target (FRT) sites.
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To validate the cre-selective recombination event in tissues containing ghrelin-producing cells in the
adult, but not in other tissues that express ghrelin during development (Steculorum and Bouret 2011),
PCR was performed using primers to detect deletion of the STOP sequence, indicating the
recombination has occurred, and also a separate PCR to detect the presence STOP sequence. This was
done in several tissues (listed in Fig 3.1 d) from mice Ghrelin-cre-/- FTOflox/flox (used in this Chapter as
Control mice) and Ghrelin-cre+/- FTOflox/flox (FTO overexpressing in ghrelin-producing cells’ model,
GhrelinCre FTO OE).

Deletion of the STOP cassette was detected in stomach (mucosa), duodenum (mucosa) and pancreatic
tissues of GhrelinCre FTO OE mice, but not their control littermates (upper image, 378 bp). The STOP
cassette was detected in all tissues of both control and overexpressing animals (481 bp), given that
ghrelin producing cells only comprise a very small portion of the total cell population in stomach and
even fewer cells are found in the duodenum and pancreas (Cummings 2006). The recombination event
was not detected in tissues where ghrelin was reported to be expressed, in one study (Steculorum and
Bouret 2011), nor in hypothalamic tissue blocks (wells #4-9, Fig. 3.1 c).
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Figure 3.1 | Validation of cre expression and recombination event. (a) From left to right, panels show stomach
sections immunostained for ghrelin and TdTomato, and both images merged. Arrows indicate co-localisation
of ghrelin and TdTomato positive cells. (b) Illustration of construct inserted in the Rosa26 locus of FTO-KIOE-FLOX mouse crossed into Ghrelin-cre. Arrows on the illustration indicate location of the primers for
detection PCR. CAGG - chicken β-Actin promoter coupled with CMV early enhancer;IRES – internal ribosomal
entry site, FRT - flippase recognition target. (c) Recombination event (STOP flox deletion (1), 378bp) is not
detected in DNA extracted from any tissue collected from control animals, but is detected in stomach and
duodenum mucosal tissue, as well as pancreas, from GhrelinCre FTO OE mice. STOP cassette sequence ((2),
481 bp) is detected in all tissue samples from Control and GhrelinCre FTO OE animals. n=3 per genotype, gel
image represents tissues from 1 mouse.
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To further confirm specific protein expression of the transgene, immunofluorescence was used in
primary culture gastric cells isolated from GhrelinCre FTO OE mice and controls. Given that FTO is widely
expressed in all cells in the mammalian organism (Frayling et al. 2007), we were unable to detect FTO
overexpression compared to controls by immunofluorescence (data not shown). Immunofluorescence
is semi-quantitative at best and this finding is not surprising. The Fto transgene incorporates an IRESeGfp cassette, thus an antibody for GFP was used validate protein expression from this cassette as a
proxy in ghrelin-producing cells of GhrelinCre FTO OE mice (Fig 3.2). Images of primary gastric cells
isolated from mice show co-expression of ghrelin and eGFP in GhrelinCre FTO OE mice (lower panels),
but not in controls (upper panels), thereby confirming correct expression of the transgene.

Figure 3.2 | Validation of transgene expression. Panels show representative images of cells from a pool of
n=2 mice per genotype, cultured ex vivo and exposed to low glucose (1mM) for 4h prior to
immunofluorescence steps. From left to right, images show immunostaining for ghrelin, GFP and a merged
image of the two, with DAPI staining (blue). Arrows indicate co-localisation of ghrelin and GFP.
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3.3. Ghrelin expression and secretion in GhrelinCre FTO OE mice
The RiboTag mouse has an epitope-tagged ribosomal protein (Rpl22HA) allele that can be conditionally
expressed in a cre-dependent manner. Immunoprecipitation of this epitope (Influenza haemagglutinin,
HA) and associated polyribosomes allows for assessment of gene expression of a specific cell population
(Sanz et al. 2009), which is particularly relevant in highly heterogeneous tissues such as the gastric
mucosa. Thus, the GhrelinCre FTO OE mouse was crossed with Ribotag+/- to enable gene expression
analysis in ghrelin-producing cells (Ghrelin-cre

+/-

FTO OEflox/- Ribotag+/-). Ghrelin-cre

+/-

FTO OE-/-

Ribotag+/- were used as controls in these experiments.
Initially, immunofluorescence was used to confirm selective expression of HA in ghrelin-producing cells
in stomach sections (Fig. 3.3 a). The panel shows immunoreactivity to ghrelin, HA and a merge of the
two images. Co-localisation of ghrelin and HA is indicated with white arrows.

For gene expression analysis of enriched ghrelin-producing cells’ mRNA being translated, gastric
mucosal cells were collected from mice in the fasted state. Samples from 4 mice were pooled together
for each data point. Enrichment of transcripts from ghrelin-producing cells allowed for evaluation of
gene expression through qPCR, normalised for cyclophilin A gene (Fig 3.3 b). Non-significant increases
in the relative expression of Fto, Gfp, Ghrelin and Goat were observed in GhrelinCre FTO OE mice when
compared to controls. The results from this experiment were variable, most likely due to the low
number of ghrelin-producing cells in the samples collected. Nevertheless, this data supports previous
in vitro observations that FTO overexpression upregulates ghrelin and goat’s transcripts (Karra et al.
2013).
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Figure 3.3 | Validation of GhrelinCre FTO OE mice, expression and release of ghrelin. (a) Panels show
representative images of stomach sections of GhrelinCre+/- RiboTag mice, immunostained for ghrelin, HA
epitope (RiboTag), and a merge of both images, with arrows indicating co-localisation (n=4). (b) Relative
gene expression of Fto, Gfp, Ghrelin and Goat, in ghrelin-producing cell enriched populations, normalised
for relative expression of RNA input of gastric mucosa (n=4 stomachs per sample per genotype, 3 samples
per genotype). (c) Circulating levels of acyl-ghrelin, total ghrelin and ratio, 24h after an overnight fast
followed by a standard meal (6 g) (n=10-8 per genotype, **p<0.01, ***p<0.001).

The next step was to evaluate if GhrelinCre FTO OE mice recapitulated a key phenotype seen in obesityrisk carriers of the FTO SNP rs9939609 (Karra et al. 2013), by measuring circulating levels of ghrelin
after a standard meal (6 g, body weight matched mice), preceded by an overnight fast. Indeed, a large
increase in both acyl and total ghrelin, as well as ratio, was observed in GhrelinCre FTO OE mice when
compared to controls, 24 h after re-feed (Fig. 3.3 c). This suggests FTO overexpression affects foodinduced suppression of ghrelin secretion, thus affecting energy intake. These findings further validate
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the GhrelinCre FTO OE mouse, indicating that it is a useful model to study the interactions of FTO and
ghrelin, as it recapitulates the human findings.

3.4. Body weight and feeding studies on chow diet
3.4.1. Body weight and body composition
Mice of both sexes were weighed weekly after weaning (3-4 weeks of age) up to the start of physiology
studies (8-9 weeks). No difference in body weight was observed in females or males during this period
(Figure 3.4 a, b). Body composition was then measured at 9 to 11 weeks of age by EchoMRI. On the day
of the measurement, body weight was similar between genotypes in both males and females (Fig. 3.4
c and f, respectively). However, female GhrelinCre FTO OE mice showed a significant increase in
percentage fat mass (Fig. 3.4 d) and a marked trend towards lower percentage lean mass (Fig. 3.4 e).
No difference in body composition was observed between genotypes in males of similar age (Fig. 3.4 g,
h), and therefore studies from this point onwards focused on the female model.
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Figure 3.4 | Body weight and body composition of GhrelinCre FTO OE mice. (a, b) Weekly body weight curve
from one week after weaning (4 weeks of age) until beginning of studies (n=16-20 per genotype) in females
(a) and males (b). Body weight (c, f) and body composition of mice at 9-12 weeks of age, showing percentage
fat mass (d, g) and lean mass (e, h) (females; n=54-52, males; n=28-31 per genotype, *p<0.05).
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In grouped-housed studies, body weight and body weight gain were monitored until 20 weeks of age
(Fig. 3.5 a, b). At this timepoint/ age, body weight was not significantly altered (Fig.3.5 c), but a notable
trend towards increased weight gain was observed (Fig. 3.5 d).

Figure 3.5 | Body weight of GhrelinCre FTO OE on chow diet. (a, b) Weekly body weight and weight gain from
beginning of studies until 20 weeks of age (n=11-12 per genotype). (c) Body weight at 20 weeks of age and
(d) weight gain from 8 to 20 weeks.
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3.4.2. Ad libitum food intake
Mice were singly housed in BioDAQ cages at 9-12 weeks of age and allowed to acclimatise for 5-7 days
before food intake was recorded. After body weight and food intake stabilised, an average of 3 days
was used to analyse food intake and feeding patterns. Average daily intake was not different between
genotypes, in grams (Fig. 3.6 a) and in milligrams normalised to body weight (Fig. 3.6 b). No differences
were observed on either phase of the day (data not shown). Interestingly, eating patterning analysis
revealed differences in average daily bouts (defined as an episode of uninterrupted feeding on the food
hopper), which were increased in GhrelinCre FTO OE mice, and conversely, a reduction of average
grams of food eaten per bout was observed when compared to controls (Fig. 3.4 c, d). In addition,
average daily time spent in bouts was notably increased in GhrelinCre FTO OE mice (Fig. 3.6 e). These
findings indicate that while FTO overexpression in ghrelin-producing cells does not affect ad libitum
food intake, it appears to affect eating patterns that can be associated with meal size, eating times and
number of meals.

Additionally, separate cohorts of mice of similar age (9-12 weeks) were singly housed in individually
ventilated (IV) cages (same as home cages from birth), with food accessible on the top of the cage, and
weighed daily. After a similar acclimatisation period, a 3-day average was calculated to evaluate food
intake. Similar to in the BioDAQ cages, no difference was observed on daily chow intake (Fig. 3.6 f, g).
The discrepancy between the hand weighed and BioDAQ measurements is most likely due to food
crumbs that are subtracted in the automated weighing system, which fall to the floor in a normal IV
cage, thereby not possible to measure.
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Figure 3.6 | Ad libitum food intake of singly-housed mice in BioDAQ and IV cages. (a) Average daily food intake
(3 days), measured by the automated BioDAQ system from 9:00 am, after acclimatisation period. (b) Daily
food intake normalised to body weight, measured at 9-10 am. (c - e) Average daily eating patterns; bouts,
grams per bout and time in bout (females, 10-14 weeks old, n=25-26 per genotype, *p<0.05, **p<0.01). (f)
Average food intake (3 days) in individually ventilated (IV) cages, hand weighed daily at 9-10 am, and
normalised to body weight (g) (females, 10-14 weeks old, n=17-22 per genotype).
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3.4.3. Fasting-induced food intake
In BioDAQ cages, the gates to the food hoppers were closed overnight, thereby stopping the mice
having access to food. Mice were weighed in the morning just before the gates were opened allowing
the mice ad libitum access to the food, and at the same time every day for the following 3 days. No
difference in fasted body weight was observed between the genotypes (Fig. 3.7 a), and food intake was
the same for 24 h after food was returned (measured in grams and milligrams per gram of fasted body
weight, at 2 h, 6 h, 12 h, 18 h and 24 h) (Figure 3.7 b, c).

Due to the protective role of ghrelin in maintaining body weight under energy depleted conditions, we
wanted to investigate if GhrelinCre FTO OE mice with lower body weight (due to normal biological
variability, that have fewer energy reserves) responded differently in their intake. Linear regression
analysis revealed a trend towards a negative correlation between food intake (g) and body weight in
GhrelinCre FTO OE mice, but not in control animals. Similarly, food intake in mg corrected for body
weight also showed a negative correlation with body weight, in both genotypes, with a stronger effect
in GhrelinCre FTO OE mice (Fig. 3.7 d, e). To assess if FTO overexpression affected food intake in a bodyweight dependent manner, mice from each genotype were separated into 3 brackets according to their
fasting weight, with bracket 1 (BW1) being the lowest and bracket 3 (BW3) the heaviest (Fig. 3.7 f). The
criteria used to create the brackets was to equalise weights between genotypes as much as possible.
Adiposity data (fat mass%) from these cohorts 2-3 weeks prior to this experiment were re-analysed
using a 2-way ANOVA statistical test, divided by the ascending BW brackets (Fig. 3.7 g). 24 h food intake
data was also re-analysed by BW brackets within genotypes. As the linear regression analysis suggested,
GhrelinCre FTO OE mice of lower body weight have increased intake after an overnight fast (Fig. 3.7 h,
j).

Further analysis of BW1 revealed the difference between genotypes only to be significant from 18 h
after return to ad libitum food intake (Fig. 3.8 a, b). Food patterns were also altered in this group 24 h
after re-feed; there was a noticeable increase in bout number and time spent in bouts (% overall time),
but no difference in grams eaten per bout (Fig. 3.8 c, d, e). These effects on intake and patterns were
also observed from 24 to 48 h after re-feed (Fig 3.8 f, g). In particular, the number of bouts and time
spent in bouts remained significantly higher in GhrelinCre FTO OE mice, with a modest, non-significant
decrease in grams per bout (Fig 3.8 h, i, j).
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Figure 3.7 | Food intake after overnight fast in BioDAQ cages. (a) Fasted body weight after 16 h of no access to
food. (c, d) Food intake throughout the first day of refeed. (d, e) Linear regression between food intake and body
weight. (f) Body weight of mice in three ascending brackets. (g) Fat mass (%) of body weight in the fed state, 2-3
weeks prior to this experiment, divided by fasted BW brackets in (f). (g, h) ANOVA analysis of 24 h food intake
according to body weight brackets (n=25-26 per genotype, 10-14 weeks old females, *p<0.05, **p<0.01).
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Figure 3.8 I Analysis of food intake and eating patterns after overnight fast in lower BW bracket (BW1). (a, b)
Food intake throughout the 24h after refeed. (c - e) Eating patterns; bouts, grams per bout and time spent
in bout. (f, g) Food intake from 24 to 48 h after refeed. (h, i, j) Eating patterns from 24 to 48 h after refeed
(n=7-8 per genotype, *p<0.05, **p<0.01, ***p<0.001)
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In IV cages, the same protocol was used; mice were fasted overnight, and weighed in the morning,
before returning to ad libitum feeding. Fasted body weight was similar in both genotypes (Figure 3.9
a). Unlike BioDAQ food intake analysis, GhrelinCre FTO OE mice had significantly higher food intake 24
h after re-feed (Figure 3.9 b, c). With this data set, linear regression showed no correlation between
food intake and body weight, except when corrected for body weight, but no difference between
genotypes (Figure 3.9 d, e). Albeit the range of body weights was narrower in these cohorts, the same
criteria to divide fasting weights was applied (Fig 3.9 f). Re-analysing food intake data into sub-groups
with a 2-way ANOVA repeated measures test revealed a genotype effect in food intake as previously
seen, as well as a body weight effect, but no statistical interaction (Fig. 3.9 g, h).

Further analysis in the lowest weight bracket (BW1) revealed a notable, but non-significant genotype
effect in food intake in the timepoints analysed (Figure 3.10 a, b). However, further analysis using a
Student’s t-test at the 24 h timepoint revealed a significant increase in intake of GhrelinCre FTO OE
mice. Moreover, this increase was sustained in the 24 – 48 h period (Fig. 3.10 d, e), with a more
pronounced effect in the BW1 (Fig. 3.10 f, g), when analysed using a 2-way ANOVA statistical test.
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Figure 3.9 | Food intake after overnight fast in IV cages. (a) Fasted body weight after 16 h of no access to
food. (b, c) Food intake throughout the first day of refeed. (d, e) Linear regression between food intake and
body weight. (f) Body weight of mice in three ascending brackets. (g, h) ANOVA analysis of 24 h food intake
according to body weight brackets (n=17-22 per genotype *p<0.05, **p<0.01, ***p<0.001).
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Figure 3.10 | Analysis of food intake after overnight fast in lower BW bracket (BW1). (a, b) Food intake
throughout the 24h after refeed. (c) Food intake from 0 – 24 h and (d, e) from 24 – 48 h after refeed. (f, g)
food intake from 24 – 48 h according to body weight bracket, data were analysed by two-way ANOVA (n=811 per genotype, *p<0.05, **p<0.01).
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3.5. Body weight and feeding studies on western diet
After assessing food intake on chow, the next step was to challenge our model with a diet rich in fat
and sugar. Western diet (also referred in the literature as a cafeteria diet) was chosen for its high
palatability and close resemblance to a typical human “cafeteria-style” diet. Specifically, it contains 40%
of total energy from fat (please refer to Chapter 2. Methods, page 56), which more accurately
represents a common European/ American diet (estimated to be 36-40%) (Sampey et al. 2011;
Speakman 2019), as opposed to very high-fat diets (~60%), used in most diet-induced obesity models.
Notably, administration of exogenous ghrelin has shown to increase preference for high-fat/rewarding
diets (Egecioglu et al. 2010; Perello et al. 2010), a phenotype also observed in Fto at-risk allele carriers
(Daya et al. 2019). Thus, we hypothesised that GhrelinCre FTO OE mice would have an increased feeding
response to this diet.

3.5.1. Acute exposure to western diet after overnight fast
Since GhrelinCre FTO OE mice eat more on a chow diet after fasting, but not ad libitum, and given this
effect appears to be more pronounced in lower body weight mice, acute exposure to Western diet was
initially assessed in chow-fed mice fasted overnight (schematic of protocol in Fig. 3.11 a).

Food hoppers with chow were removed before the beginning of the dark cycle and returned in the
morning with western diet. Fasted body weight was recorded, showing no difference between
genotypes (Fig. 3.11 b). Consistent with previous data on chow (Fig. 3.8 and 3.9), western diet intake
after an overnight fast was increased in GhrelinCre FTO OE mice, significantly from the 18 h timepoint
(Fig 3.11 c, d). Although the n per genotype was markedly lower than in chow studies, data was
reanalysed by separating into body weight brackets (Fig. 3.11 d). As seen previously, GhrelinCre FTO OE
mice in BW1 showed significantly increased food intake, and a strong interaction between genotype
and body weight was also observed, further confirming the body weight-dependent effect seen on
chow diet in this model (Fig. 3.11 f, g).

Analysis of food intake in BW1 throughout the day after an overnight fast revealed the same pattern;
intake is increased in GhrelinCre FTO OE, significantly from 18 h timepoint (Fig. 3.12 a, b). Eating
patterns revealed by the number of bouts, grams eaten per bout and time on bout showed notable
differences, alike those on chow (Fig. 3.12 c, d, e compared to Fig. 3.8 c, d, e). At 24 – 48 h timepoint,
no difference in food intake was seen in our models in BW1 (Fig. 3.12 e), but eating patterns
remained altered (Fig. 3.12 f, g, h).
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Figure 3.11 | Acute exposure to western diet after overnight fast. (a) Schematic illustrating study design;
chow-fed mice were fasted overnight and given access (refed) to western diet ad libitum. (b) Fasted body
weight. (c, d) Food intake throughout the first day of refeed. (e) Body weight of mice in three ascending
brackets. (f, g) ANOVA analysis of 24 h food intake according to body weight brackets (n=11-12 per genotype
*p<0.05, **p<0.01, ***p<0.001).
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Figure 3.12 | Analysis of acute exposure to western diet after overnight fast 0 - 24h and 24 - 48h in lower BW
bracket (BW1). (a, b) Food intake throughout the 24 h after refeed on western diet. (c - e) Eating patterns
from 0 - 24 h of refeed (f, g). Food intake from 24 - 48 h after refeed. (h, i, j) Eating patterns from 24 to 48 h
after refeed (n=5-3 per genotype, *p<0.05, **p<0.01, ****p<0.0001).
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Consistent with the chow data, western diet intake analysis in all body weight brackets combined
revealed an increase intake of GhrelinCre FTO OE mice 24 – 48 h after re-feed (Fig. 3.13 a, b). When
separated into body weight brackets, the effect appears more pronounced in BW1, albeit nonsignificant (Fig. 3.13 c). No difference was observed in eating patterns during this period (Fig. 3.13 d, e,
f). A trend towards increased body weight after 48 h of refeeding was noted in these mice, contrary to
their initial fasted body weight, that revealed no difference (Fig 3.13 g compared to Fig. 3.11 a).
Accordingly, weight gain was significantly increased in GhrelinCre FTO OE mice fed Western diet for 48
h after an overnight fast, from fasted body weight (Fig. 3.13 h).
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Figure 3.13 | Acute exposure to western diet after overnight fast 24 h - 48 h in all BW brackets. (a, b) Food
intake from 24 - 48 h after refeed. (c) Food intake according to body weight brackets, data were analysed by
two-way ANOVA. (d - f) Eating patterns from 24 to 48 h after refeed. (g) Body weight after 48 h of refeeding
after overnight fast. (h) Weight change from fasted body weight to 48 h after refeed in all BW brackets
(n=11-12 per genotype, 14-17 week old females, *p<0.05, **p<0.01, ***p<0.001).
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3.5.2. Chronic exposure to western diet on body weight and body composition
Throughout 12 weeks of exposure to western diet, GhrelinCre FTO OE mice showed a trend towards
increased weight and weight gain (Fig. 3.14 a, b). At week 12, a Student’s t-test revealed a significant
increase in body weight and weight gain in GhrelinCre FTO OE mice (Fig. 3.14 c, d). Body composition
at this timepoint revealed this increase is primarily due to greater total fat mass (Fig. 3.14 e). In terms
of percentage fat and lean mass, both were significantly altered between genotypes, as well as fat mass
gain (%) from before diet change (week 0) (Fig. 3.14 f, g, h).

3.5.3. Ad libitum food intake on western diet
After 2 week exposure to western diet, daily food intake was measured. GhrelinCre FTO OE mice had
increased intake (average of 3 days) compared to controls, but there was no difference between
genotypes when normalised to body weight (Fig. 3.15 a, b). Eating patterns were not altered in
GhrelinCre FTO OE mice fed on a western diet (Fig. 3.15 c, d, e). Weekly food intake in singly housed
mice (Fig. 3.15 f, g) displayed a cumulative effect over time (3 weeks) in mice overexpressing FTO in
ghrelin-producing cells.
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Figure 3.14 | Body weight and body composition after 12 weeks of exposure to western diet. Data from 8 to
20 weeks of age. (a) Body weight and (b) weight gain curves of western fed-mice for 12 weeks. (c, d) Analysis
of body weight and body weight gain at the 12 week timepoint. (e) Body composition of mice, showing total
fat and lean mass in grams. (f, g) Fat and lean mass as percentage of body weight. (h) Fat mass gain after 12
weeks of exposure to western diet (n=11-12 per genotype *p<0.05, **p<0.01, ***p<0.001).
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Figure 3.15 | Ad libitum food intake on western diet. (a) Average daily food intake on western diet (3 days),
measured by the automated BioDAQ system from 9:00 am (b) Daily food intake normalised to body weight,
measured at 9-10 am. (c - e) Average daily eating patterns; bouts, grams per bout and time in bout. (f)
Cumulative weekly food intake on western diet and (g) normalised to daily body weight (n=11-12 per
genotype, *p<0.05, **p<0.01).
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3.5.4. Fasting-induced food intake – chronic exposure to western diet
Fasting-induced feeding response was assessed after 2 weeks of western diet, to evaluate the
difference between acute and chronic exposure. At this point, fasted body weight was significantly
increased in GhrelinCre FTO OE mice (Fig 3.16 a), and no difference was observed in food intake in the
24 h following re-feed (Fig. 3.16 b, c). In addition, eating patterns were similar between genotypes (Fig.
3.16 d, e, f), and food intake between 24 – 48 h after re-feed was also unaltered (Fig. 3.16 g, h).

Figure 3.16 | Food intake after overnight fast – 2 weeks WD exposure. (a) Fasted body weight after 16 h of
no access to food. (b, c) Food intake throughout the first day of refeed. (d - f) Eating patterns; bouts, grams
per bout and time spent in bouts. (g, h) Food intake from 24 to 48 h after refeed (n=11-12 per genotype,
*p<0.05). WD – western diet.
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3.6. Glucose metabolism on chow vs western diet
The important role ghrelin plays in glucose metabolism has been extensively examined in recent years
(Barnett et al. 2010; Heppner et al. 2014; Li et al. 2012; McFarlane et al. 2014; Tong et al. 2018). Ghrelin
modulates circulating glucose levels, not only by specifically targeting -cells to suppress insulin release,
but also by exerting central, indirect effects, as reviewed in (Delhanty, Van Der Lely, and Lely 2011;
Mani and Zigman 2017) and summarised in the present thesis (1. Introduction, page 47).

Since data suggests ghrelin mRNA levels are increased in our model (Fig 3.3 b), leading to increased
adiposity and altered food intake, the next step was to assess their glucose metabolism under normal
(chow) and obesogenic (western) diets. A schematic of the experimental procedure can be seen in Fig.
3.17 a.

Intraperitoneal glucose and insulin tolerance tests were performed at 8 to 10 weeks of age in chow-fed
mice, after an overnight and morning (4 h) fast, respectively. Initial blood glucose levels before tests
were identical between GhrelinCre FTO OE mice and controls (Fig. 17 b). Similarly, no difference
between genotypes was observed in response to glucose or insulin (Fig. 17 c, d).
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Figure 3.17 | Basal glucose metabolism. (a) Schematic illustrating study design to assess our model’s glucose
metabolism under regular (chow) and western diet (n=26-30 per genotype). (b) Blood glucose levels in fasted
and fed mice, at the start of studies. (c) Glucose tolerance (n=26-30 per genotype) and (d) Insulin tolerance
tests (n=18 per genotype) on chow-fed mice of 8-10 weeks of age. W0, w3, w12 – week 0, 1, 12; GTT –
Glucose Tolerance Test; ITT – Insulin Tolerance Test.
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3.6.1. Glucose Tolerance
As indicated in Fig. 17 a, following these baseline tests, half of the cohort (body weight matched) was
put on western diet, to study the effects of an obesogenic challenge in our models. Tolerance tests
were repeated after 3 and 12 weeks.

Western diet had a significant effect on fasted blood glucose after 3 weeks (data not shown) and 12
weeks, measured before glucose tolerance test (G0), with no effect observed between genotypes (Fig.
3.18 a). Figure 3.18 b and c show the same baseline data of glucose tolerance, divided by the cohort of
mice that were placed on each diet, showing there was no significant difference between genotypes at
week 0 on either group (Fig. 3.18 b, c). GhrelinCre FTO OE mice that continued on chow diet did not
show any alteration in their tolerance to glucose when compared to controls at 3 and 12 weeks (Fig. 18
d, f). After 3 weeks on western diet, GhrelinCre FTO OE mice showed a trend towards decreased glucose
tolerance (Fig. 18 e), but there was no progression of this phenotype and glucose handling was
unchanged after 12 weeks exposure to this diet (Fig. 18 g).

3.6.2. Insulin Tolerance
Glucose levels before the insulin tolerance test (fed) were not significantly altered in mice on western
diet. However, 2-way ANOVA statistical analysis revealed an overall genotype effect trend (Fig. 3.19 a).
To assess the effect of genotype of western-fed mice’ blood glucose levels only, a Student’s t-test was
performed, revealing GhrelinCre FTO OE after 12 weeks exposure to western diet have increased fed
blood glucose (Fig. 3.19 b), this was not observed on chow diet.

After 3 weeks, no difference between genotypes was observed in relative blood glucose when animals
were challenged with insulin on either diet (Fig. 3.19 c, d). At 12 weeks, GhrelinCre FTO OE kept on
chow had similar sensitivity to insulin as Controls (Fig. 3.19 e). Conversely, a significant decrease in
insulin sensitivity was observed in our western-fed models, compared to western-fed controls (Fig. 3.19
f). This effect is likely due to increased adiposity in GhrelinCre FTO OE at 12 weeks’ timepoint (Fig. 3.14).
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Figure 3.18 | Glucose tolerance on chow versus western diet. (a) Blood glucose levels in fasted mice on chow
and western, after 12 weeks. Initial tests from Fig.3.17, separated by diet the mice were put on (b,c). Glucose
tolerance after 3 weeks (d, e) and 12 weeks (f, g) of diet change (n=15-13 per genotype, per diet). 2-way
ANOVA repeated measures was performed for each dataset (**p<0.01).
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Figure 3.19 | Insulin tolerance on chow versus western diet. (a) Blood glucose levels in fed mice on chow and
western, after 12 weeks. (b) Analysis of fed blood glucose after 12 weeks of western diet only. Insulin
tolerance after 3 weeks (c, d) and 12 weeks (e, f) of diet change (n=10-8 per genotype, per diet, *p<0.05).
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3.6.4. Moderate calorie restriction on glucose metabolism and body weight
Several knockdown studies of components of the ghrelin system have demonstrated how crucial this
hormone is to maintain normoglycaemia under dietary restriction and ultimately, prevent death
(Heppner et al. 2014; Li et al. 2012; McFarlane et al. 2014). Thus, the next step was to evaluate how
FTO overexpression in ghrelin-producing cells affects body weight and the ability to maintain adequate
blood glucose levels under a calorie restriction protocol.

On day 0, singly-housed GhrelinCre FTO OE mice and control littermates of similar body weight (Fig.
3.20 a), were fasted in the morning and given access to small pellets of food corresponding to 70% of
their ad libitum daily food intake just before the dark cycle, measured the prior week (Fig. 3.20 b). Body
weight was recorded daily at the time of feeding (5 pm), and no difference was seen between
genotypes throughout the 7 days of calorie restriction, in weight and weight loss (Fig. 3.20 c, d).
Similarly, no difference was observed in blood glucose at day 0 and day 4 (measured just before feeding)
(Fig. 3.20 e). However, by day 7, there was a notable increase in circulating glucose concentration of
GhrelinCre FTO OE mice (Fig. 3.20 f), suggesting FTO overexpression in ghrelin-producing cells might
have a protective role against hypoglycaemia, but no effect on body weight loss. No difference in
circulating insulin was observed at day 7 between genotypes (Fig. 3.20 g).
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Figure 3.20 | Calorie restriction to 70% of ad libitum food intake (30% CR). (a) Initial body weight at the
beginning of study. (b) 70% of average food intake measured the week prior to the study (c, d) Daily body
weight and body weight loss during the period of calorie restriction, measured just before feeding (7 days).
(e) Blood glucose levels at day 0, 4 and 7, prior to feeding. (f) Analysis of glucose levels on day 7. (g) Insulin
levels on day 7 of calorie restriction. (n=11-7 per genotype).
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3.7. Circulating ghrelin levels under different feeding status and diets
We have shown that food intake and eating patterns are altered after an overnight fast in GhrelinCre
FTO OE mice (Fig. 3.7, 3.8), due to increased circulating ghrelin levels (after a standard meal) (Fig. 3.3
c), indicating that FTO is a modulator of ghrelin expression and/or secretion in vivo. Indeed, data in the
present thesis further suggests that increased expression of Fto specifically in ghrelin-producing cells is
accompanied by increased ghrelin and goat mRNA (Fig. 3.2 b). Hence, the next step was to measure
circulating ghrelin levels in GhrelinCre FTO OE mice under different dietary conditions.

Blood was collected under different feeding conditions; fasted, ad libitum fed (before dark cycle), and
refed a set amount of food (standard meal) after an overnight fast (repeated from Fig 3.3 c for
comparison). No difference in acyl-ghrelin, total ghrelin and ratio was found between genotypes of
fasted (Fig. 3.21 a, d, g) or fed mice (Fig. 3.21 b, e, h).

To assess the effects of western diet on ghrelin secretion of these models, blood was collected from
mice after 6 weeks of exposure, also in fasted and fed state. Fasted ghrelin levels and ratio revealed no
difference between genotypes (Fig. 3.22 a, e, h), however, acyl-ghrelin was slightly reduced in fed
GhrelinCre FTO OE, and total ghrelin was significantly decreased when compared with controls. Ratio
was unaltered (Fig. 3.22 b, f, i). Surprisingly, no difference was seen in ghrelin levels of 70% calorie
restricted GhrelinCre FTO OE mice (Fig. 3.22 c, g, j), collected at day 7, even though a small increase in
glucose was observed (Fig, 3.20 f).
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Figure 3.21 | Circulating ghrelin levels on chow. Acyl-ghrelin (a - c), total ghrelin (e - g) and acyl to total ghrelin
ratio (h - j) in chow-fed mice, fasted overnight or fed (before dark cycle). Refed standard meal data previously
shown in Figure 3.3, repeated here for comparison (fasted n=21-33, fed n=10-12, refed 6 g after overnight
fast and measured 24 h after refeed n=10-8 per genotype, **p<0.01, ***p<0.001).

111

Figure 3.22 | Circulating ghrelin levels on western diet and calorie restriction. Acyl-ghrelin (a - c), total ghrelin
(e - g) and acyl to total ghrelin ratio (h - j) in western-fed (6 weeks on diet) and calorie restricted mice on
chow (30% CR, 7 days). Blood from western-fed mice was collected after an overnight fast or fed (mid-light
cycle) (fasted n=11-10, fed n=11-10, CR n=11-7 per genotype, *p<0.05).
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3.8. Ex vivo ghrelin secretion assays
Ghrelin is a well-studied glucoregulatory hormone, as examined in previous sub-chapters, but its
release to the blood stream is also regulated by glucose; high blood glucose is a strong inhibitor of
ghrelin release, and conversely, low glucose levels induce ghrelin secretion (Sakata et al. 2012). In vivo,
ingestion of protein appears to have the strongest effect (for a longer period with no rebound) on
suppression of ghrelin, followed by glucose and lipid (Foster-Schubert et al. 2008), an effect that seems
to be dose dependent (Yang et al. 2014). Unlike the effects of glucose on ghrelin release, the molecular
mechanisms involved in amino acid sensing by the ghrelin cell remain elusive. Schwartz and colleagues
have characterised transmembrane receptors highly expressed in ghrelin cells and their effects on
secretion; only one, the calcium sensing receptor CaSR, is implicated in sensing both calcium and
aromatic amino acids, and data shows it was a rather complex mechanism, that can either inhibit or
stimulate ghrelin release, depending on extracellular concentration of Ca2+ (Engelstoft et al. 2013).
Other receptors have been identified that act as amino acid sensors, and interestingly, they have a
stimulatory effect ex vivo, whereas plasma ghrelin levels were reduced upon administration of the same
amino acids (Vancleef et al. 2015), suggesting neuroendocrine signals are involved in the post-prandial
suppression of ghrelin, which cannot be mimicked ex vivo. Moreover, FTO has been shown to be
downregulated by both glucose and essential amino acid depletion, but not serum, acting as a cellular
nutrient sensor in vitro (Cheung et al. 2013; Gulati et al. 2013).

Since we observed an increase in ghrelin levels of refed GhrelinCre FTO OE mice, the next step was to
evaluate the effect of manipulating specific nutrients on ghrelin release, in particular glucose and
essential amino acids. To do this, gastric mucosal cells were isolated from 6 to 10 week old mice and
cultured ex vivo.

3.8.1. Glucose-mediated inhibition of ghrelin release
Forty hours following plating, primary gastric cultures of similar confluency (please refer to 2. Materials
and Methods for details) were incubated under different glucose concentrations (1 mM, 5 mM and 10
mM, lower than their maintenance media, 17.7 mM glucose). 5 mM glucose was used as a basal acylghrelin secretion response (Sakata et al. 2012). Albeit a different method of gastric cell isolation was
employed, ghrelin levels after 4 h incubation with 5 mM glucose (raw acyl-ghrelin levels, ~1.9 ng/ml)
and relative increase with 1 mM glucose (~ 130%) was similar in the present study to that reported by
Zigman and colleagues (Sakata et al. 2012).
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Incubation of cells at low (1 mM) and high (10 mM) glucose concentrations yielded a similar increase
and decrease in both genotypes, respectively, from basal secretion. However, when cells were exposed
to low glucose, followed by high glucose concentration (1 mM to 10 mM), normal suppression of acylghrelin release was blunted in cells overexpressing FTO (Fig. 3.23 a, b)

Figure 3.23 | Glucose-mediated suppression of ghrelin release. Ex vivo ghrelin secretion assay in cultured
primary gastric cells; (a) exposure to 1 mM, 5 mM, 10 mM for 4 h and 1 mM for 3 h followed by 10 mM for
1 h of D-Glucose (the latter, low-to-high incubation). 5mM was the basal concentration used to normalise
results (corresponding to 100% secretion). (b) Student’s t-test analysis of ghrelin secretion from cells
incubated with a low-to-high concentration of D-Glucose. Three independent assays were run, n = 4 wells
per assay, containing cells from 2 stomachs per genotype, per assay (total n = 6 mice, **p<0.01).

3.8.2. Effects of different concentrations of essential amino acids on ghrelin release
Similarly to the glucose assays, cells were incubated under different essential amino acid (EAA)
concentrations, with (± 25% of the concentrations defined as 100% by Gibco, within the range
published in (Salazar, Keusgen, and Von Hagen 2016), defined for cell culture).

In this experiment, albeit with a lower n, a genotype effect was observed in ghrelin responses to altered
amino acid concentrations, with a notable increase in response to reduced EAA, as well as to reduction
followed by exposure to higher EAA concentration (Fig. 3.24 a, b) (similar to low-to-high glucose
response). This suggests FTO overexpression has a similar effect on glucose-mediated ghrelin
suppression as it does in response to essential amino acids.
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To further assess the effects of amino acids in ghrelin release in cells from our models, L-glutamine was
depleted from the medium. This amino acid has been shown to induce ghrelin secretion in humans
(Steinert et al. 2017), conversely to the net effect of all essential amino acids combined. Interestingly,
total depletion of L-glutamine did not have the same inhibitory effect in ghrelin secretion in gastric cells
from GhrelinCre FTO OE mice as it did in cells from controls (Fig. 3.24 c).

Figure 3.24| Effects of concentration of essential amino acids on ghrelin release. Ex vivo ghrelin secretion
assay in cultured primary gastric cells; (a) 4 h incubation with ± 25% normal concentration of essential amino
acids (EAA) (DMEM Gibco formulation, also in (Salazar, Keusgen, and Von Hagen 2016), corresponding to
100%), and 3 h incubation with 75%, followed by 1 h of 125% of normal EAA concentration (low-to-high) (b)
Student’s t-test analysis of ghrelin secretion from cells incubated with a low-to-high EAA concentration. (c)
Effects of total depletion of L-glutamine from media for 4 h on ghrelin release (normalised to basal
concentration, 4 mM). One assay was run, n=3-4 wells, containing cells from 2 stomachs per genotype (n=2
mice per genotype, **p<0.01).
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3.9. Summary
FTO overexpression in ghrelin-producing cells results in increased transcripts levels of ghrelin and
ghrelin-activating enzyme, goat. Furthermore, it increased the blood levels of ghrelin seen after a
defined standard meal, indicating a dysregulation of ghrelin secretion consistent with previous
observations in humans. Female GhrelinCre FTO OE mice have increased adiposity, without altered
body weight at an early adult stage, whereas male GhrelinCre FTO OE mice show no difference to their
control littermates. The effect on adiposity in females is greatly enhanced when female mice are
exposed to an obesogenic western diet. Ad libitum food intake of regular chow diet showed no
difference between genotypes, albeit differences in eating patterns were observed. Fasting-induced
food intake resulted in an enhanced response in GhrelinCre FTO OE mice, more noticeable in lower
body weights. Ad libitum intake of western diet was slightly increased in our models, which resulted in
a stronger effect cumulatively, reflective of an increase in body weight. After 2 weeks of western diet
exposure, fasting-induced food intake was not altered in GhrelinCre FTO OE mice, contrary to acute
exposure.

Basal glucose metabolism was not altered in mice overexpressing FTO in ghrelin-producing cells.
However, after 12 weeks exposure to western diet, GhrelinCre FTO OE mice were significantly less
sensitive to insulin and showed increased blood glucose levels in the fed state. On the other hand,
moderate calorie restriction did not significantly affect body weight loss in our models, but after 7 days
of this protocol, the data suggests that FTO overexpression is mildly protective effect against
hypoglycaemia.

Ghrelin levels were altered in GhrelinCre FTO OE mice only after an overnight fast followed by a
standard meal given over 24h, and when chronically exposed to western diet in the fed state. When
further investigating specific macronutrients and conditions ex vivo, glucose-induced suppression of
ghrelin release was shown to be blunted in primary gastric cells from GhrelinCre FTO OE mice. Response
to essential amino acids was also altered in cells from our models, in particular depletion of L-glutamine
did not suppress ghrelin release as observed in cells from Control animals.

In conclusion, our data strongly suggests FTO overexpression in ghrelin-producing cells acts in a cell
autonomous way to alter ghrelin expression and secretion, affecting fat mass depots, food intake and
insulin sensitivity, as seen in carriers of at-risk FTO allele rs 9939609 (Karra et al. 2013) and other
common SNPs in this locus (Dina et al. 2007; Frayling et al. 2007).

116

4. Effects of FTO overexpression in DA neurons on mouse
physiology
4.1. Introduction
The FTO protein has its highest expression levels in the CNS (Frayling et al. 2007; Gerken et al. 2007;
Heintz 2004). Therefore, the main body of work on its role in mouse physiology has been focused on
the brain and in particular, the dopaminergic system and the hypothalamus (Hess et al. 2013;
Stratigopoulos et al. 2016). Specifically, at-risk allele carriers for FTO SNPs and differential responses to
food cues in the VTA (Karra et al. 2013; Melhorn et al. 2018), a key area of the brain for motivation and
reward. In addition, at-risk carriers have been shown to have preference for high-fat food, potentially
linked to its rewarding properties (Daya et al. 2019). Thus, this chapter will focus on the effects of FTO
overexpression in dopaminergic neurones, and our models will be challenged with regular chow diet
and rewarding, high-fat/ high-sugar western diet (Sampey et al. 2011).

It has previously been shown that Fto knockdown in dopaminergic neurones affects the cell signalling
by specifically altering expression of transcripts involved in these processes, thus altering behaviour
(Hess et al. 2013). We wanted to investigate how overexpression of this gene in the dopaminergic
system affected normal feeding and associated behaviours that could contribute to an obesogenic
phenotype. To this end, two different models were studied using the same Cre mouse line (DAT-iCre
(Turiault et al. 2007)); an adult model, where FTO was overexpressed in the adult brain using a viral
approach, and a developmental model, with two extra copies of Fto inserted in the Rosa 26 locus, and
expression determined by the onset of cre expression in DA neurons during development.
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4.2 Validation of models
4.2.1. Manipulation of FTO expression in DA neurons using a viral approach in the adult brain
Mice expressing Cre recombinase in dopaminergic neurones, driven from the 3’ untranslated region of
the dopamine transporter (DAT) gene, with an internal ribosomal entry sequence, underwent
stereotaxic surgery to deliver a Cre-dependent adeno-associated virus (AAV) encoding for Fto to the
VTA in the midbrain (Paxinos and Franklin 2004) (Figure 4.1 a) at 11-13 weeks of age. DAT-iCre negative
littermates underwent the same surgery and were used as controls in these studies. This adult model
is hereby referred to as DATCre AAV-FTO, for simplification.

Targeted overexpression was validated through immunofluorescence (Fig. 4.1 b, c). DATCre negative
mice that underwent surgery do not show overexpression of the FTO, as seen in the top panels of Figure
4.1 b. In DATCre positive mice (DATCre AAV-FTO) that underwent the same stereotaxic delivery of AAVFTO show overexpression of this protein, only in the tyrosine hydroxylase (TH) positive cells, a
dopaminergic cell marker that allows to identify the VTA in these sections, where Cre recombinase is
expressed. Endogenous expression of FTO is seen in these midbrain sections from Cre positive mice in
non-TH positive cells. This validation data was performed prior to my arrival in the lab, by Dr Elaine
Irvine and Dr Kyoko Tossel.

To further validate the surgery performed by myself, ventral midbrain sections of DATCre positive mice
(AAV-Fto) were immunostained for TH and FTO, also showing a stronger signal of FTO in TH positive
cells (white arrows), and endogenous FTO showing a weaker signal outside of the TH positive area (i.e.
outside of VTA, yellow arrows, Fig. 4.1 c).
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Figure 4.1 | Validation of DATCre AAV-FTO model. (a) Schematic representation of construct used to deliver
Fto cDNA into targeted neurones; backbone of DIO-AAV, under the promoter EF-1a. (b) Middle panels show
immunostained midbrain sections for the dopaminergic marker tyrosine hydroxylase (TH) in purple and FTO
in green of DATCre negative (used as controls, top) and DATCre positive animals that underwent stereotaxic
surgery to deliver the AVV-FTO virus depicted in (a), validated prior to this project by Dr Elaine Irvine and Dr
Kyoko Tossell. (c) Bottom panels show ventral midbrain sections of a DATCre positive mouse. The yellow
arrow indicates endogenous levels of FTO expression in TH negative cells. FTO is only overexpressed in cre
positive cells (as indicated by the white arrow). DIO, double-floxed inverted open reading frame, ITR,
inverted tandem repeats; WPRE, woodchuck post-transcriptional regulatory element.
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4.2.2. Manipulation of FTO expression in DA neurones from development
For the developmental model, DAT-iCre mice were bred with an FTO cre-dependent knockin line that
carries two copies of the Fto cDNA in the Rosa 26 locus under the chicken β-Actin promoter coupled
with CMV early enhancer (CAGG). Fto cDNA is preceded by a floxed PKG-Neo Stop sequence and
followed by an internal ribosomal entry site (IRES) and enhanced green fluorescent protein (eGFP),
flanked by flippase recognition target (FRT) sites (Figure 4.2 a). To ensure transgene expression was
limited to the DA neurones in the ventral midbrain, DNA from several tissues was extracted and PCR
was performed to detect cre-dependent excision of the STOP sequence. The list of harvested tissues
can be found in Figure 4.2. b, below the representative PCR electrophoresis images. Deletion of the
STOP cassette was not detected in any of the peripheral tissues analysed, and midbrain tissue revealed
both bands – STOP cassette deletion (DA population) and presence of STOP cassette (non-DA
population) (Fig. 4.2 b). This developmental model is hereby referred to as DATCre FTO OE, for
simplification.

Immunofluorescence did not reveal overexpression of FTO in dopaminergic neurones of DATCre FTO
OE mice, likely due to the relatively low extra copy number of the gene, making the increase
undetectable with this method. Contrary to primary gastric cells’ imaging of GhrelinCre FTO OE mice in
Chapter 3 (Fig. 3.2), whole tissue sections immunostaining for GFP was also undetectable (data not
shown). Thus, to validate overexpression of Fto in these neurones, RNA was extracted from ventral
midbrain tissue blocks and qPCR was performed. Surprisingly, Fto expression normalised to Hprt was
downregulated in DATCre FTO OE animals, possibly due to a compensatory downregulation in other
types of neurones in this brain region (Fig 4.2 c). Gfp expression, unique to the construct inserted in the
Rosa 26 locus, was upregulated 6-fold in our models (Fig. 4.2 d).
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Figure 4.2 | Validation of DATCre FTO OE. (a) Illustration of construct inserted in the Rosa26 locus of FTO-KIOE-FLOX mouse crossed into DATiCre. (b) Recombination event (2, 378bp) is detected in DNA extracted from
ventral midbrain tissue of DATCre FTO OE mice, but not other tissues (table below panels). STOP cassette
-/-

flox/flox

sequence (1, 481 bp) is detected in tissue samples from DATCre FTO
mice (DATCre FTO OE), showing
the recombination event did not occur in cre negative mice (used as Controls). n=3 per genotype, gel image
represents tissues from 1 mouse. (c, d) Gene expression in the ventral midbrain of DATCre FTO OE mice.
Relative expression of Fto (c) and eGFP (d) normalised to Hprt (*p<0.05, **** p<0.0001, n=9-13 per
genotype).
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4.3. Body weight and food intake studies in the adult model: DATCre AAVFTO
The first step was to challenge the model with a rewarding western diet, thus engaging the hedonic
feeding mechanisms of the brain, and in particular, the reward circuitries that comprise the
dopaminergic system. Two weeks after surgery, female mice were singly housed in closed IV cages and
given ad libitum access to western diet.

4.3.1. Body weight and body composition on western diet
Monitoring of weekly body weight and body weight gain revealed no difference between genotypes for
the duration of the study (starting two weeks post-surgery) (Figure 4.3 a, b). Body composition
measurement at week 0, 2 and 8 of the study showed no change in percentage body fat, fat mass gain
or lean mass of DATCre AAV-FTO mice (Figure 4.3 c, d, e).

Figure 4.3 | Body weight and body composition on western diet. Mice were placed on western diet 2 weeks
after surgery. Body weight (a) and weight gain (b) from week 2 to 12 post-surgery. Body composition
measured at weeks 2 (diet change), 4 and 10 post-surgery, showing percentage fat mass (c) and lean mass
(d) and fat mass gain 10 weeks after diet change (e) (n=23-24 per genotype).
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4.3.2. Ad libitum food intake on western diet
To determine the acute effect of western diet, daily food intake on the first week of exposure was
recorded, revealing no difference between genotypes, in g and mg normalised per g of body weight
(Fig. 4.4. a, b). Cumulative intake was recorded weekly throughout the study and similarly, DATCre AAVFTO mice are not hyperphagic on western diet when compared to controls (Fig. 4.4 c, d).

Figure 4.4 | Ad libitum food intake on western diet. (a, b) Daily food intake during the first week of exposure
to western diet, average of 4 days. (c, d) Cumulative food intake over the weeks of study. Data presented in
grams (g) and in milligrams (mg) normalised per gram of body weight (mg/g) (n=23-24 per genotype).
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4.3.3. Ghrelin-induced food intake on chow vs western diet on DATCre AAV-FTO
Previous data from our laboratory showed that DATCre AAV-FTO have enhanced sensitivity to ghrelininduced food intake compared to control littermates, measured 1 h after peripheral injection (Fig. 4.5
a), albeit not reaching significance when normalised to body weight (Fig. 4.5 c). However, in our
western-fed cohorts (3-4 weeks of exposure), no difference between genotypes was observed (Fig. 4.5
b, d), primarily due to increased food intake in control animals.

Figure 4.5 | Ghrelin-induced food intake on chow vs western diet. Food intake measured 1h after
intraperitoneal injection of ghrelin (2.5 mg/Kg of body weight) or saline. (a, c) Ghrelin response in chow-fed
mice; 2 Control and 2 DATCre AAV-FTO excluded due to lack of response to ghrelin on food intake (lower
intake than with saline), n=10-13 per genotype. (Data from Dr Elaine Irvine and Ms Justyna Glegola) (b, d)
Ghrelin response in western-fed mice, 2-3 weeks after diet change; 1 control and 2 DATCre AAV-FTO
excluded due to lack of ghrelin response, n=23-24 per genotype, **p<0.01.
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4.4. Body weight and food intake studies in the developmental model:
DATCre FTO OE
We next sought to assess the effects of FTO overexpression the dopaminergic system in DATCre FTO
OE mouse physiology, under regular chow and western diet. For these studies, male mice were used.

4.4.1. Body weight and body composition on chow diet
Body weight was recorded from weaning (3 weeks of age) until the beginning of studies (9-12 weeks).
DATCre FTO OE mice showed no difference in body weight from their littermate controls (Fig. 4.6 a).
Body composition was then assessed using EchoMRI. No difference between genotypes was observed
in body weight and percentage fat mass and lean mass, both in males (Fig. 4.6 b, c, d) and females (data
not shown). After, mice were singly-housed in IV cages and allowed to acclimatise for 4-7 days.

Figure 4.6 | Body weight and body composition on chow diet. (a) Weekly body weight from weaning (3 weeks
of age, n=11-13 per genotype) (b) Body weight of mice at 10-12 weeks of age, used in subsequent studies.
(c, d) Body composition measured at 10-12 weeks of age, showing percentage fat mass (c) and lean mass (d)
; n=21-19 per genotype.
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4.4.2. Ad libitum food intake on chow diet
Food intake was recorded daily in the first 7 days, and weekly thereafter. No difference in average food
intake was observed between genotypes in the first week in total intake or when normalised to body
weight (Fig. 4.7 a, b). Likewise, there was no observable effect of FTO overexpression in DA neurones
on ad libitum cumulative intake throughout the study (Fig. 4.7 c, d).

Figure 4.7 | Ad libitum food intake on chow diet. (a, b) Daily food intake on the first week of the study, average
of 4 days, after acclimatisation period. (c, d) Cumulative food intake over the weeks of study. Data presented
in grams (g) and in grams or milligrams (mg) normalised per gram of body weight; n=21-19 per genotype.
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4.4.3. Body weight and composition on western diet
Singly housed mice were given ad libitum access to western diet and their body weight was assessed
weekly. DATCre FTO OE mice were heavier at the start of the study, and the difference to controls was
enhanced throughout the weeks (Fig. 4.8 a), thus gaining more weight overall (Fig.4.8 b). After 3 weeks
of exposure, DATCre FTO OE western-fed mice had increased percentage body fat (Fig.4.8 c) and
reduced percentage lean mass (Fig.4.8 d). However, percentage gain in fat mass from the start of the
study was not significantly altered (Fig.4.8 e).

Figure 4.8 | Body weight change and composition after 3 weeks exposure to western diet. (a) Body weight
and (b) body weight gain after diet change. (c, d, e) Body composition after 3 weeks on western diet.
Percentage fat mass (c), lean mass (d) and fat mass gain (e); n=7-10 per genotype (*p<0.05, **p<0.01,
***p<0.001).
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4.4.4. Ad libitum food intake on western diet
Since the dopaminergic system is not known to be a regulator of homeostatic ad libitum feeding
(Morton et al. 2014), we hypothesised FTO’s role in altering ingestive behaviour of western diet would
be incremental, particularly given the effect on body weight gain (Fig. 4.8 b). Hence, food was measured
weekly and cumulative intake was analysed. DATCre FTO OE mice had overall increased food intake
over the 3 weeks of study, however, no difference was observed when intake was normalised to body
weight (Fig. 4.9 a, b), due to their higher weight.

Figure 4.9 | Ad libitum cumulative food intake on western diet. Cumulative food intake over the weeks of
study. Data presented in grams (g) (a) and in milligrams (mg) normalised per gram of body weight (b); n=710 per genotype (*p<0.05).

4.4.5. Ghrelin-induced food intake on chow vs western diet on DATCre FTO OE
The next step was to assess our model’s response to peripherally administered ghrelin on food intake, in a
cross-over study with a one week interval. Mice were body weight-matched on the days of the experiments,
across treatment group and genotype, to reduce potential body weight effects on food intake. 1 h after
injection, chow-fed ghrelin treated DATCre FTO OE mice showed increased food intake, compared to ghrelin
treated controls, both in total intake and when corrected for body weight, suggesting an enhanced response
to this hormone. Interestingly, saline treated DATCre FTO mice also displayed a significant increase in food
intake, although this difference becomes non-significant when normalised for body weight (Fig. 4.10 a, c).
Similar to DATCre AAV-FTO data, after 2-3 weeks exposure to western diet, ghrelin-induced feeding was
unaltered between genotypes (Fig. 4.10 b, d), due to a reduction in intake of western-fed DATCre FTO OE.
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Figure 4.10 | Ghrelin-induced food intake on chow vs western diet. Food intake measured 1 h after
intraperitoneal injection of ghrelin (2.5 mg/Kg of body weight) or saline. (a, c) Ghrelin response in chow-fed
mice; 2 Control and 1 DATCre FTO OE excluded due to lack of response to ghrelin on food intake (lower
intake than with saline), n=21-19 per genotype. (b, d) Ghrelin response in western-fed mice, 2-3 weeks after
diet change; 2 Control and 2 DATCre FTO OE excluded due to lack of ghrelin response, n=7-10 per genotype,
(*p<0.05, **p<0.01, ***p<0.001).
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4.5. Behavioural studies
The dopaminergic system plays a vital role in many aspects of ingestive behaviour, such as motivation
and preference, which is often linked to the concept of food addiction in the literature (Johnson and
Kenny 2010; Volkow, Wise, and Baler 2017). It is also a centre involved in locomotor activity (Howe and
Dombeck 2016), which can be linked with exploratory behaviour and foraging for food, and potentially
affecting energy expenditure. Fto global knockout mice display increased locomotor activity , both
spontaneous and cocaine-induced (Hess et al. 2013). This phenotype is also seen in autoDRD2-deficient
mice (Bello et al. 2011). This autoDRD2-deficient model also exhibited increased motivation to obtain
a reward in an operant conditioning paradigm, which has been shown in mice that have been injected
with ghrelin directly into the VTA (Skibicka et al. 2013). Thus, we wanted to examine the effects of DA
neurone-specific FTO overexpression in food-associated behaviours beyond intake that could alter
energy homeostasis.
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4.5.1. Spontaneous locomotor activity in a novel environment
Both models (FTO OE and AAV-FTO) were put in an open field arena (novel environment) and the
distance travelled was monitored. Their baseline locomotor activity in 20 minutes did not differ
between genotypes in chow-fed or western-fed models (Fig. 4.11 a, b, c, d).

Figure 4.11 | Baseline activity in a novel environment. Mice were placed in an open field arena (novel
environment) and their movement was tracked for 20 minutes. Graphs represent cumulative distance
travelled during this period of time, for mice fed on (a, c) chow diet and (b, d) western diet (10-12 weeks
exposure).
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4.5.2. Cocaine-induced locomotor activity
Cocaine is a dopamine transporter (DAT) inhibitor, which induces hyperlocomotion by blocking the reuptake
of DA from the synaptic cleft (Budygin et al. 2002; Ritz et al. 1987), thus relying on solely on the autoDrd2
negative feedback pathway to decrease the release of this neurotransmitter. The precise mechanism of
action of cocaine has not been completely delineated, and more recently it has been proposed to act as an
inverse agonist, rather than a blocker (Heal, Gosden, and Smith 2014). Nevertheless, it is commonly used as
a dopaminergic system probe for its well-established effects on locomotion.

After habituation to the open field arena, mice were given an intraperitoneal injection of cocaine (15 mg/Kg
of body weight). DATCre AAV-FTO on chow diet show a notable trend in increased distance travelled in
response to cocaine (Fig. 4.12 a), particularly when analysed as a percentage of distance travelled during
habituation in the same period (20 min) (Fig. 4.12 b). On western diet, DATCre AAV-FTO show a strong
enhanced response to cocaine on locomotion compared to controls (Fig. 4.12 c, d). Primarily, this increased
difference between diets seems to be due to a reduction of cocaine-induced activity in littermate controls.

To evaluate if this increased sensitivity was sustained, mice were given two more doses of cocaine in the
subsequent two days. DATCre-AAV-FTO mice continued to have increased locomotion when compared to
controls. However, both genotypes became equally sensitised to cocaine (Fig. 4.12 e).

Cocaine-induced locomotion was also assessed in western-fed DATCre FTO OE. A modest trend was
observed when analysed as a percentage of distance travelled during habituation (Fig. 4.13 a, b).
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Figure 4.12 | Cocaine-induced locomotion and cocaine sensitisation in DATCre-AAV-FTO. (a) Mice were
injected with a cocaine solution (15mg/Kg of body weight in saline) after a habituation period to the open
field arena. Graphs on the left shows distanced travelled in 5 minute bins, 10 minutes before and 30 minutes
after cocaine injection, in mice fed chow (a, n=10-9 per genotype) or western diet (c, n=23-25 per genotype).
Graphs on the right show the increase in distance travelled as a percentage of habituation, in the same
period of time (20 minutes) (b, d). Graph on the bottom shows repeated cocaine exposure over 3
subsequent days in western-fed mice (e, n=9-10 per genotype). Top graphs (a,b) show data by Dr Elaine
Irvine and Ms Justyna Glegola. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 4.13 | Cocaine-induced locomotion in DATCre FTO OE on western diet. Mice were injected with a
cocaine solution (15mg/Kg of body weight in saline) after a habituation period to the open field arena. (a)
Graph on the left shows distanced travelled in 5 min bins, 10 minutes before and 30 minutes after cocaine
injection, in mice fed western diet. (b) On the right, the graph depicts increase in distance travelled as a
percentage of habituation, in the same period of time (20 min), n=7-12 per genotype.
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4.5.3. Operant Conditioning on chow diet
The next step was to evaluate the response to peripherally injected ghrelin (i.p., 2.5 mg/Kg) in an operant
conditioning paradigm that assesses motivation to seek food in wild-type mice, prior to testing our models.
Figure 4.14 (a) details the training steps until the Progressive Ratio Test (PRT), and correspondingly, (b)
illustrates the set-up of the inside of the operant conditioning box. During training, mice were kept grouphoused (4-5 animals per cage) and subject to calorie restriction to 85% of their initial body weight (please
see 2. Materials and Methods for details, page 70). Training sessions were carried out prior to feeding. The
equation used to calculate exponential delivery of pellets during the Progressive Ratio test was published in
(Skibicka et al. 2013).

Ghrelin-treated wild-type mice displayed an increased number of correct responses (to obtain a reward pellet), which translated into increased number of rewards, compared to saline-treated littermates (Fig. 4.15
a, b). In addition, wild-type mice that received ghrelin had a lower percentage of incorrect responses than
mice that received saline (Fig. 4.15 c). The number of head tray entries where rewards were obtained did
not differ between treatments (data not shown).

We then tested chow-fed DATCre FTO OE male mice that had previously shown increased sensitivity to
ghrelin in food intake. Firstly, we tested their response to elevated endogenous ghrelin (calorie restriction),
given that a negative energy balance is known to increase incentive salience (Lockie and Andrews 2013).
DATCre FTO OE mice displayed a notable trend towards increased number of correct responses and number
of rewards, compared to control mice (Fig. 4.15 d, e). As seen in ghrelin-treated wild-type mice, the
percentage of incorrect responses was reduced in DATCre FTO OE mice (Fig 4.15 f). Nevertheless, when the
same cohort was tested 2-3 weeks after returning to ad libitum, in a cross-over design, ghrelin-treated
DATCre FTO OE mice did not show a significantly increased number of correct responses nor rewards
obtained, although variability was greater in this experiment (Fig 4.15 g, h). The percentage of incorrect
responses was also not altered, and percentage of number of responses of ghrelin-treated mice normalised
to saline response for each individual mouse did not show any difference between genotypes (Fig. 4.15 i).
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Figure 4.14 | Schematic of operant conditioning paradigm. (a) Training procedure for mice to learn how to
obtain a food pellet (reward, positive reinforcer) before being tested using a Progressive Ratio Test (PRT).
(b) Illustration shows a frontal view of the operant conditioning box. On day 1 to 4, nose poke holes are
covered (indicated by red rectangle). Mice only obtain a pellet if nose poke the correct (C) hole, and not the
incorrect (I) hole. Pellets are dispensed to the head tray (HT). Equation used in PRT for ratio of nose pokes/
pellets from (Skibicka et al. 2013).
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Figure 4.15 | Progressive Ratio Test. Top graphs show wild-type mice injected with ghrelin (2.5 mg/Kg of
body weight) or saline just before the test, showing number of correct responses (nose pokes) (a), number
of pellets obtained (rewards) (b) and incorrect responses as a percentage of total responses (c). (d, e, f)
graphs below show results of PRT in calorie restricted DATCre FTO OE and control littermates. The same
cohort was returned to ad libitum for 2 weeks and test was repeated, this time with ghrelin or saline
injection, in a cross-over design. Number of correct responses (g), percentage of incorrect responses (h) and
correct responses after ghrelin injection as a percentage of responses with saline (i) are shown in the bottom
graphs (wild-type n=20, cross-over design study, d – i n=11-10 per genotype) (*p<0.05, **p<0.001).
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4.6. Gene expression analyses
We next sought to assess gene expression of ventral midbrain tissue of our models, including DA
neurones and all other cell types in this brain area.

4.6.1. DATCre AAV-FTO mice on chow vs western diet
Unlike immunofluorescence analysis of midbrain sections (Fig. 4.1 b), relative mRNA expression did not
reveal overexpression of Fto in DATCre AAV-FTO mice fed either diet, although a greater variability was
noted in western fed mice of both genotypes, after 12 weeks exposure (Fig. 4.16 a). Interestingly, diet
did not have an effect on Th expression (an enzyme involved in DA biosynthesis, used as a DA marker
in the midbrain), but an overall trend towards reduced expression in DATCre AAV-FTO mice was
observed, particularly on chow diet (Fig. 4.16 b). Both diet and genotype had an effect on Ghrs-1a,
being increased in DATCre AAV-FTO mice and with exposure to western diet (Fig. 4.16 c). Unexpectedly,
no difference in DA receptors 1, 2 and 3 (Drd1, Drd2, Drd3) was observed between genotypes and diets
(Fig. 4.16 d-e).

Figure 4.16 | Gene expression analysis in DATCre AAV-FTO mice – chow vs chronic western diet exposure.
Mice were placed on western diet or kept on chow 2 weeks post-surgery. Ventral midbrain tissue was
collected after 10 weeks, and analysed through RTqPCR. Graphs show relative expression of (a – f): Fto, Th,
Ghsr-1a and the DA receptors 1,2 and 3, normalised to Hprt, n=4-8 per genotype, per diet.
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4.6.2. DATCre FTO OE mice on chow diet
Relative expression of Th was found to be unaltered in our models (Fig. 4.17 a). Surprisingly, DATCre
FTO OE mice did not display a significant alteration in Ghsr-1a expression (Fig. 4.17 b). Irx3, Drd1 and
Drd3 were also unaltered in midbrain tissues of DATCre FTO OE mice (Fig. 4.17 c, d, f). However, relative
expression of Drd2 was found to be significantly reduced, which is consistent with the phenotype of
the autoDrd2 KO model of increased motivation to work for a food reward (Bello et al. 2011), in a similar
operant conditioning paradigm used in the present studies.

Figure 4.17 | Gene expression analysis in DATCre FTO OE on chow diet. Ventral midbrain tissue was collected
at 16-18 weeks of age, and analysed through RTqPCR. Graphs show relative expression of: (a - f) Th, Ghsr1a, Irx3 and the DA receptors 1,2 and 3, normalised to Hprt, n=9-7 per genotype (**p<0.01).
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4.6.3. DATCre FTO OE mice on western diet
Similar to chow diet conditions, reduced Fto expression in ventral midbrain tissue blocks of DATCre FTO
OE mice was observed after 10 weeks of exposure to western diet. Interestingly, exposure to cocaine
(1 dose, 15 mg/Kg) increased Fto expression both in controls and DATCre FTO OE (Figure 4.18 a). Ghsr1a expression was also affected by both genotype and diet; equally to chow, western-fed DATCre FTO
OE mice have reduced expression of this receptor in the ventral midbrain, compared to controls.
However, cocaine exposure increased its expression in both genotypes (Fig. 4.18 b). Th expression was
unaltered by both genotype and cocaine exposure (Fig. 4.18 c).

Interestingly, a single dose of cocaine did not have an overall effect on dopamine receptor expression.
A trend towards a genotype effect was found in Drd1 relative expression, particularly noticeable in
DATCre FTO OE mice that have not been exposed to cocaine. Contrary to chow diet, no alteration in
Drd2 VTA expression was observed with western diet in our models. Relative expression of Drd3 was
also similar in both genotypes (Fig. 4.18 d, e, f).

Figure 4.18 | Gene expression analysis in DATCre FTO OE on western diet, with or without cocaine exposure.
Comparison between western-fed mice exposed to a single dose of cocaine (15mg/Kg of body weight) and
mice that did not receive a cocaine injection. Mice that were exposed to cocaine were culled and tissue
collected > 2 weeks after injection. Graphs show relative expression of: (a – f) Fto, Th, Ghsr-1a and the DA
receptors 1,2 and 3, normalised to Hprt, n=3-5 per genotype, per treatment (*p<0.05).
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4.7. Summary
Overexpression of FTO in DA neurones of the VTA in adult mice caused enhanced cocaine-induced
hyperlocomotion, more pronounced in mice fed western diet, without altering auto-Drd2 (ventral midbrain)
expression. Enhanced response to ghrelin-induced food intake was observed in chow-fed DATCre AAV-FTO,
which disappeared when mice were exposed to a western diet. A trend towards decreased Th and increased
Ghsr-1a expression was observed in DATCre AAV-FTO mice, when fed chow or western diet. This model
presented similar body weight, composition and food intake to littermate controls.

FTO overexpression in DA neurones from development did not affect body weight, composition and ad
libitum food intake on chow, but males fed western diet modestly gain more weight due to a small increase
in food intake. Ghrelin-induced food intake was enhanced in chow-fed DATCre FTO OE mice, compared to
controls. As seen in the adult model, this difference disappeared after chronic exposure to western diet.
Nevertheless, contrary to the adult viral model, cocaine-induced hyperactivity was only mildly enhanced in
western-fed DATCre FTO OE mice. Operant conditioning showed this model displayed a modest increase in
motivation to work for a food reward, when endogenous ghrelin levels were at the highest, accompanied
by a negative energy balance (calorie restriction). Decreased midbrain Drd2 expression in DATCre FTO OE
mice is consistent with this phenotype, further supporting that FTO affects feeding associated behaviours
by playing a role in regulating dopamine receptors transcripts (Hess et al. 2013).
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5. Characterising the role of FTO in AgRP neurones on mouse
physiology
5.1. Introduction
The hypothalamus is a canonical centre for energy homeostasis regulation. In particular, AgRP neurones
in the ARC are the primary targets of internal circulating factors that signal energy balance, as well as
external cues of environment and food availability (Morton et al. 2014). Evidence shows that AgRP
neurones are sufficient and necessary to promote feeding, becoming active upon energy deficit to
promote feeding, and rapidly suppressed upon exposure to food-related cues, such as smell (Betley et
al. 2015), and their inhibition is sustained with calorie intake (Su et al. 2017).

It is well-established that ghrelin acts upon this neuronal population to induce food intake, activating
them via GHSR-1a, as depicted in Figure 1.2 in 1. Introduction (Chen et al. 2004; Nakazato et al. 2001).
In contrast, the role of Fto in this neuronal population remains unclear, due to conflicting results in
adult rodent models, where reduction of Fto in the hypothalamus had the opposite effect on food
intake (McMurray et al. 2013; Tung et al. 2010). Nevertheless, human data from fMRI studies has
consistently shown at-risk allele carriers have a differential response to food cues in the hypothalamic
brain region, where these neurones are located (Karra et al. 2013; Melhorn et al. 2018).

Due to the orexigenic effects of ghrelin on AgRP neurones and the human data of Fto at-risk allele
carriers, we hypothesised that FTO plays a role in energy homeostasis by modulating the response to
ghrelin in AgRP neurones in the ARC. Thus, we wanted to investigate the effects of FTO overexpression
in this neuronal population on mouse physiology.

To achieve this, a cre-dependent adeno-associated virus (AAV) encoding for Fto (Fig. 4.1 a) was
administered stereotaxically into the ARC of 8-9 week old AgRPCre mice, characterised in (Tong et al.
2008). AgRPCre negative littermates underwent the same surgery and were used as controls in these
studies.
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5.2. Body weight and composition
Mice were kept group-housed throughout the experiment, in IV closed cages, 6 animals of the same
genotype per cage. Body weight was measured weekly, with a non-significant increase in body weight
observed across the 26 weeks post-surgery (Fig. 5.1 a). However, a significant body weight gain was
observed in AgRPCre AAV-FTO mice, becoming significant 21 weeks after injection (Fig. 5.1 b). Body
composition analysis at 17 weeks post-surgery showed an increase in percentage fat mass and fat mass
gain, with a concomitant decrease in percentage lean mass (Fig. 5.1 c, d, e). Analysis of the separation
of total lean and fat mass revealed the overall increase in fat mass percentage was due to a significant
difference in fat mass, and no difference in lean mass (Fig. 5.1 f). In addition, body weight at 26 weeks
post-surgery show a notable increase in AgRPCre AAV-FTO (Fig. 5.1 g).
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Figure 5.1 | Body weight and body composition after stereotaxic surgery. (a) Body weight and (b) weight gain
from week 0 to 26 post-surgery of AgRPCre mice. 1, 2 and 3 indicate when experiments were carried out: 1.
Body composition analysis; 2. Fast-refeed; 3. Glucose tolerance test. (c) Fat mass, (d) lean mass and (e) fat
mass gain as percentage of body weight at 17 weeks post-surgery. (f) shows a breakdown of fat and lean
mass, also at 17 weeks. (g) shows body weight at 26 weeks post-surgery, p=0.0626. (*p<0.05, **p<0.01,
***p<0.001, n=12 per genotype).
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5.3. Ad libitum food intake in AgRPCre AAV-FTO mice
Food was measured twice weekly, from week 2 post-surgery, and intake was normalised by the number
of mice in each cage (6). No difference between genotype was observed in cumulative food intake 10
weeks post-surgery, both in grams per mouse and normalised mg per gram of total body weight, per
mouse (Fig. 5.2 a, b).
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Figure 5.2 | Ad libitum food intake in AgRP AAV-FTO. Food intake was recorded in grouped-housed cages of
the same genotype (6 mice per cage, 2 cages per genotype). Measurement started 2 weeks post-surgery.
(a) depicts cumulative intake in grams per mouse, (b) depicts cumulative intake in milligrams per gram of all
mice in the cage (n=12 per genotype).
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5.4. Responses to ghrelin and leptin on food intake
Next, we sought to evaluate our models’ ghrelin-induced food intake, in a cross-over study, 9-10 weeks
post-surgery. For these experiments, mice were singly-housed prior to the injections to measure
individual responses. Both controls and AgRPCre AAV-FTO mice showed a significant increase in food
intake 1 h after ghrelin injection, but no difference was observed between controls and AgRPCre AAVFTO mice. However, an overall trend was observed in both treatment groups, in total intake and when
normalised for body weight (Fig. 5.3 a, b). Two weeks later, we tested leptin-induced suppression of
food intake, 2 h post-injection. Both controls and AgRPCre AAV-FTO mice showed a significant decrease
in food intake after leptin injection but no difference was observed between controls and AgRPCre AAVFTO mice (Fig. 5.3 c, d).

Figure 5.3 | Response to ghrelin and leptin on food intake in AgRPCre AAV-FTO. (a, b) Intake was measured 1
h after injection of ghrelin (2.5 mg/Kg) or saline (0.9% NaCl solution). (c, d) Intake was measured 2h after
injection with leptin (1.5 mg/Kg) or vehicle (20 mM Tris-HCI, pH 8.0), n=11-12 per genotype.
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5.5. Fasting-induced food intake
To evaluate the response to an energy deficient state, which activates AgRP neurones, decreases Fto
expression and elevates circulating ghrelin levels, mice were fasted overnight and their food intake was
measured throughout the day. Surprisingly, AgRPCre AAV-FTO mice had decreased food intake
compared to controls, which was particularly noticeable after 24 h (Fig 5.4 a, b). This experiment was
conducted 21 weeks post-surgery, where body weight gain was significantly increased in AgRPCre AAVFTO mice, resulting in an increased fasting body weight (Fig. 5.4 c). Possibly due to increased energy
stores, AgRPCre AAV-FTO mice had a trend towards a smaller reduction in body weight change after an
overnight fast when compared to controls (Fig. 5.4 d). 24 h after re-feed, AgRPCre AAV-FTO mice had
reduced recovery to pre-fasting body weight when compared to controls (Fig. 5.4 e).

Figure 5.4 | Food intake after overnight fast. (a) Total food intake and (b) intake in g per mg per mouse
body weight measured after an overnight fast from 0 to 24 h after refeed. (c) Body weight after
overnight fast. (d, e) Change in weight after overnight fast (d) and 24 h after refeed (e), as percentage
of initial body weight (measured the morning before fasting). (*p<0.05, ***p<0.001, ****p<0.0001,
n=11-12 per genotype).
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5.6. Glucose metabolism
Due to the important role AgRP neurones play in regulating glucose metabolism (Wang et al. 2014), we
next sought to evaluate our models’ response to a bolus injection of glucose in the fasted state.
AgRPCre AAV-FTO mice were less tolerant than controls 30 min after injection, returning to the same
levels as controls after 120 min (Fig. 5.5 a). A trend towards increased fasting insulin levels was observed
in AgRPCre AAV-FTO mice (Fig. 5.5 b). No difference in fed and fasted glucose levels were observed
between genotypes (Fig. 5.5 c, d).

Figure 5.5 |Glucose metabolism in AgRPCre AAV-FTO. (a) Glucose tolerance test 23 weeks post-surgery. (b)
Insulin levels in fasted mice (ng/ml) (genotype, p=1299). (c, d) Glucose levels (nmol/ml) in fed and fasted
mice (***p<0.001, n=11-12 per genotype).
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5.7. Hypothalamic gene expression
Mice were culled 26 weeks post-surgery and hypothalamic tissues blocks were collected for gene
expression analysis by RTqPCR. Similarly to DATCre AAV-FTO mice, no significant difference was
observed in Fto expression between AgRPCre AAV-FTO mice and controls (Fig. 5.6 a). A trend towards
downregulated AgRP was noted in AgRPCre AAV-FTO mice, as well as a significant reduction in Npy (Fig.
5.6 b, c). Pomc and Th expression were unaltered between genotypes (Fig. 5.6 d, e). Interestingly, Irx3
and Ghrsr-1a were significantly downregulated in AgRPCre AAV-FTO mice (Fig. 5.6 f, g). Ghrelin
transcripts were detected in the hypothalamus (Ct values of 30), as previously reported in (Cowley et
al. 2003), but no difference was observed between genotypes (Fig. 5.6 h).
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Figure 5.6 | Gene expression in hypothalamic tissue blocs. Relative gene expression of: (a – h) Fto, AgRP, Npy,
Pomc, Th, Irx3, Ghsr-1a and Ghrelin assessed by RTqPCR in Control and AgRPCre AAV-FTO mice, 26 weeks
post-surgery, in the fasted state. mRNA expression was normalised to Hprt. (*p<0.05, **p<0.01,
***p<0.001, n=10-12 per genotype).
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5.8. Summary
Overexpression of FTO in AgRP neurones of adult female mice caused a modest increase in body weight
gain over the 26 weeks of study post-surgery. Adiposity was also increased, whereas lean mass
remained unaltered. Ad libitum ghrelin-induced and leptin-suppressed food intake were similar in both
AgRPCre AAV-FTO and control mice. Interestingly, feeding after an overnight fast was reduced with
overexpression FTO in AgRP neurones. In addition, our models were glucose intolerant, with a modest
increase in fasted insulin, and unaltered fasted and fed circulating glucose levels. Regarding gene
expression, Npy, Irx3 and Ghsr-1a were downregulated in hypothalamic blocs of AgRPCre AAV-FTO
mice.

In conclusion, the data suggests that FTO plays a role in AgRP neurones to regulate body weight through
altered fat mass, food intake in an energy-depleted state, and (directly or indirectly) glucose tolerance.
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6. Discussion
6.1. Wider perspective on the role of FTO in obesity
Obesity is one of the major global public health challenges we face today, increasingly affecting
developing nations and no longer being considered a “western” problem (W.H.O. 2019). The strong
heritability of excessive fat mass highlights the importance of the contribution of genetic factors, and
many evolutionary theories have been put forward to explain how natural selection of genes that help
maintain a positive energy balance have contributed to the pathophysiology of obesity (Klaauw and
Farooqi 2015; Speakman 2018). However, genetic variability is not sufficient to explain the epidemic
we see today, and crucially, why some people are more predisposed to eat more than others in the
same obesogenic food context (Yeo 2017) – the interplay between genes and environment is key to the
development of obesity.

The relationship between genetic contribution and environment in human obesity is undoubtedly
difficult to study in animal models. Complex human contexts that have shown to be correlated with
obesity, such as socio-economic background, education, region, alongside higher cognitive functions
that influence feeding can all be contributing factors to a person’s weight and fat mass. Nevertheless,
the overarching goal of this project was to understand the physiological mechanisms of FTO, the
strongest candidate gene in the a BMI-associated locus with the largest effect on fat mass (Church et
al. 2010; Locke et al. 2015), in dysregulating energy homeostasis. Additionally, we wanted to model this
genetic risk with and without the single largest environmental contributor to obesity – a “western diet”.
Specifically, a diet that contains a 1:1 proportion of fat and sugar, more closely resembling the common
“cafeteria” diet, thought to engage with reward circuitries for its high palatability (Sampey et al. 2011;
Speakman 2019). Studying the complex mechanisms dictated by genes in an energy abundant,
“obesogenic” environment is crucial to understanding this interaction.

Findings in the present thesis strongly suggest that overexpression of the Fto gene in different cell
types, both in the periphery and CNS, influence energy homeostasis by altering intake, feeding
behaviour and adiposity through modulation of ghrelin signalling and secretion.

In particular, GhrelinCre FTO OE and DATCre FTO OE models, overexpressing Fto from development,
recapitulate the phenotypes observed in humans, indicating they are a useful tool to study the
interactions between FTO and ghrelin in their contribution to obesity. The models used in this project
where Fto expression was manipulated in the adult brain, AgRPCre AAV-FTO and DATCre AAV-FTO,
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showed altered energy homeostasis and behaviour, respectively. AgRPCre AAV-FTO, however, did not
show significant sensitivity to ghrelin, contrary to DATCre AAV-FTO, suggesting the phenotype seen in
humans may be primarily due to enhanced sensitivity in the dopaminergic neurones, and not AgRP
neurones. Alternatively, FTO overexpression in other neurone populations in the hypothalamus may be
promoting increased responses in this brain region, as seen in fMRI scans (Karra et al. 2013).

6.2. FTO plays a cell autonomous role in modulating ghrelin secretion
Evidence from human patients, mouse models and in vitro studies strongly suggested Fto
overexpression modulates ghrelin expression and secretion levels (Karra et al. 2013). To investigate if
this effect was observed in vivo and in a cell autonomous manner, a mouse model overexpressing Fto
in ghrelin-producing cells was generated, GhrelinCre FTO OE. Gene expression data from this cell
population (using RiboTag as a tool) further supported previous findings of the role of FTO in
modulating ghrelin expression, as well as its activating enzyme, Goat. Furthermore, circulating ghrelin
levels were elevated in this model after an overnight fast and re-fed with a set meal, which recapitulates
the phenotype seen in humans (Karra et al. 2013).

GhrelinCre FTO OE showed a modest body weight alteration throughout the studies on a regular chow
diet, suggesting FTO does not play a significant role in this small cell population to affect body weight
by upregulating ghrelin, in both sexes. Nevertheless, on a western diet, GhrelinCre FTO OE had a
significant increase in body weight, suggesting the combination of this genetic risk with an
environmental factor such as a high fat/high sugar diet is necessary for FTO to have an effect on body
weight through the modulation of ghrelin secretion. Of note, human carriers of obesity-risk alleles in
the FTO locus have been shown to prefer diets high in fat (Daya et al. 2019), which worsens the
obesogenic phenotype in this mouse model. This suggests one mechanism through which carriers
become more susceptible to develop obesity is through FTO’s actions in ghrelin-producing cells.

Notably, when mice reached adult age (9-11 weeks of age), fat mass percentage was increased in
GhrelinCre FTO OE females, but not males. This sexual dysmorphism is not seen in FTO at-risk allele
carriers (Frayling et al. 2007). In rodent models, the Fto global overexpressing mouse showed a more
pronounced effect on body weight gain and fat mass gain in females than in males (Church et al. 2010).
Our data is consistent with this observation; increased adiposity was seen in chow-fed females, and
more pronounced on a western diet. Additionally, ghrelin signalling has been shown to be sexually
dysmorphic, which could explain the difference between our male and female GhrelinCre FTO OE
(Zigman et al. 2005).
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Given ghrelin’s canonical role in promoting eating behaviour (Morton et al. 2006; Wren et al. 2001),
food intake was evaluated under different conditions. Interestingly, analysis of ad libitum food intake
on a regular chow diet revealed no difference in our models. However, eating patterns, and specifically
daily bouts, which correlate with number of meals in humans, were altered in GhrelinCre FTO OE mice.
Furthermore, administration of ghrelin has been shown to increase the number of meals, which is
consistent with our findings (Faulconbridge et al. 2003). We next sought to evaluate fasting-induced
food intake, which revealed an interesting body weight dependent feeding effect in GhrelinCre FTO OE,
not seen in control littermates. Mice of lower body weight showed increased food intake after an
overnight fast when compared to weight-matched controls, incrementally from 18h after refeed up to
48h. This interaction between genotype and intake could be due to the protective role ghrelin has
under energy-depleted conditions (Mani and Zigman 2017). Additionally, a similar effect on eating
patterns previously observed on ad libitum feeding was noted; it is possible to infer the increase in bout
number relates to number of meals, and no difference in grams eaten per meal to be correlated to
meal size, an effect previously established with administration of exogenous ghrelin (Faulconbridge et
al. 2003). We can conclude from this data that Fto has a body-weight dependent enhancing effect on
fasting-induced hyperphagia on a regular chow diet.

Consistent with findings on chow, acute exposure to a western diet after an overnight fast revealed an
increased feeding response in GhrelinCre FTO OE. Also consistent with our chow data was the body
weight effect; a more pronounced feeding response in lower weight mice, albeit with a markedly lower
n per genotype. Interestingly, eating pattern analysis revealed no alteration in GhrelinCre FTO OE,
potentially due to the rewarding nature of the diet, that affected both models and controls, in a ghrelinindependent manner. Nevertheless, GhrelinCre FTO OE had increased body weight gain after 48h
exposure to this western diet, due to increased food intake.

Ad libitum food intake analysis on western diet revealed increased cumulative effect of food intake,
consistent with the observed increase in body weight and adiposity. We saw enhanced ad libitum
hyperphagia, body weight and fat mass gain in GhrelinCre FTO OE when fed a western diet, whereas in
the global overexpressing model, ad libitum hyperphagia was observed both in chow and a high fat diet
(Church et al. 2010). As described in the literature, and consistent with our data, evidence suggests
ghrelin is not necessary to disrupt energy homeostasis by altering ad libitum food intake, but appears
to play a crucual role in the development of obesity.
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Ghrelin is a well-known glucoregulatory hormone (Barnett et al. 2010; Heppner et al. 2014; Li et al.
2012; McFarlane et al. 2014; Tong et al. 2018); acyl-ghrelin suppresses insulin secretion directly and
attenuates glucose-stimulated insulin secretion, thus elevating glucose levels when administered
(Broglio et al. 2001; Dezaki et al. 2007). Therefore, we hypothesised our models would have altered
glucose metabolism, in view of the increased ghrelin expression, confirmed by altered feeding
responses.

Surprisingly, GhrelinCre FTO OE did not have elevated glucose levels in the fasted state or fed state, at
8 weeks of age, and showed similar responses in glucose and insulin tolerance tests. At 20 weeks of
age, glucose tolerance was slightly decreased in our models, potentially due to increased adiposity,
whereas no difference in insulin tolerance was observed.

GhrelinCre FTO OE that were put on a western diet at 8 weeks of age did not show significant effects
on glucose tolerance upon chronic exposure (12 weeks), however, insulin sensitivity was noticeably
reduced (20 weeks of age). As expected, fasted glucose levels were markedly affected by chronic
exposure to western diet, but not by genotype. Interestingly, western diet did not significantly elevate
fed glucose blood levels in controls, but it did so in mice overexpressing Fto in ghrelin-producing cells.
Differences in glucose metabolism upon western diet exposure in GhrelinCre FTO OE are most likely
mainly due to increased fat mass, and not a direct effect of increased ghrelin levels.

In a negative energy state induced by calorie-restriction, Fto overexpression in ghrelin-producing cells
did not protect against body weight loss. Glucose levels were notably elevated after 7 days of restriction
in GhrelinCre FTO OE, however, we did not observe significant differences in ghrelin levels at this
timepoint. This suggests the small difference in glucose levels in our models is not due to increased
circulating ghrelin under these dietary conditions, but potentially due to increased fat mass depots.
Further studies with a larger sample size and more severe calorie restriction protocol may be required
to answer the question of if Fto overexpression can play a protective role in calorie-depleted conditions
through increased ghrelin secretion.

The primary hypothesis for this part of the project was that FTO overexpression in ghrelin-producing
cells increased ghrelin production and secretion, thus affecting energy homeostasis and contributing
to the obesogenic phenotype seen in at-risk allele carriers. Indeed, our physiology data showed
alterations in adiposity and food intake, enhanced by an obesogenic diet; and notably, ghrelin levels
were significantly increased after an overnight fast, followed by standard chow meal. To further explore
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the secretory patterns of ghrelin in this model, circulating levels were measured in various dietary
conditions, to more precisely identify how and when dysregulation occurs, particularly since FTO is
nutritionally regulated (Gerken et al. 2007; Tung et al. 2010).

Surprisingly, blood collected after an overnight fast or after the end of the light cycle did not reveal any
difference between genotypes. Human patients carrying the at-risk allele also do not show elevated
fasted ghrelin (Karra et al. 2013), consistent with our data. Therefore, data in the present thesis further
supports the evidence that shows SNPs in the FTO gene locus increase its expression levels under
specific dietary conditions. We also show this causes an impaired response to nutrients ghrelinproducing cells.

We have found that chronic exposure to a western diet alters ghrelin circulating levels in our models in
a contrary manner, depending on the energy state; there is a notable trend towards increased ghrelin
levels in the fasted state, and conversely, a decrease in the fed state, compared to controls. The
decrease in ghrelin levels in the fed state (middle of light cycle) was particularly unexpected, since we
saw an increase in blood glucose when collected in the same nutritional status, at the same time of day.
These data suggest that elevated blood glucose seen in GhrelinCre FTO OE is not directly due to
increased circulating ghrelin levels, but perhaps due to increased adiposity.

To further probe the precise macronutrients underlying the blunted secretion seen in our models,
gastric glands were isolated and cultured ex vivo, and were then exposed to different concentrations
of glucose and essential amino acids, which have also been shown to affect endogenous FTO expression
(Cheung et al. 2013; Gulati et al. 2013). With this assay, we aimed to assess ghrelin secretion response
to changes in the medium of these macronutrients, using the same method as (Sakata et al. 2012). Both
reduced and increased glucose in the medium yielded similar responses in ghrelin release in cells from
both genotypes, compared to basal concentration. Notably, when exposed to low-glucose, followed by
a high-glucose environment (thus mimicking a fast/refeed), cells from GhrelinCre FTO OE secreted
more ghrelin when compared to control, consistent with in vivo data. Data suggests that the blunted
food-induced inhibition of ghrelin release in GhrelinCre FTO OE is at least partly mediated by an
impaired response to glucose.

The precise cellular mechanisms and receptors involved in amino acid sensing by ghrelin producing cells
remain subject of investigation. Different amino acids have opposite effects on ghrelin release (Nakato
et al. 2019), which can also be dependent upon extracellular Ca2+ concentrations (Conigrave et al. 2000;
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Engelstoft et al. 2013). Regarding regulation of FTO by amino acid availability, it was shown that
overexpression of this gene in vitro rescued reduction of S6 Kinase-1 phosphorylation, rendering cells
insensitive to amino acid deprivation (Gulati et al. 2013). Thus, we hypothesised that overexpression of
FTO in ghrelin-producing cells enhances (or prevents the reduction of) mRNA translation and/or ghrelin
secretion in essential amino acid depleted conditions. Interestingly, a 25% reduction in essential amino
acids increased ghrelin secretion, whereas a 25% increase did not show any significant alterations
between genotypes. Similar to response to glucose, low-to-high concentration of essential amino acids
showed a notable increase in ghrelin secretion from cells overexpressing Fto.

Figure 6.1 | Hypothesis on the effect of FTO overexpression on ghrelin secretion in ghrelin-producing cells.
Deprivation of essential amino acids (AA) in ghrelin-producing cells may reduce expression of wild-type FTO
(pink arrow), as seen in vitro in (Gulati et al. 2013) (left-hand side). Overexpression of this gene may lead to
lower reduction of Fto levels, rendering these cells less sensitive to deprivation, and increasing release of
ghrelin (right-hand side). WT – wild-type, OE – overexpressing.

Furthermore, we depleted L-glutamine, a conditional essential amino acid that has been shown to
inhibit ghrelin secretion in humans (Steinert et al. 2017). Interestingly, we found that cells from
GhrelinCre FTO OE were insensitive to L-glutamine depletion mediated suppression of ghrelin
secretion, further confirming an impaired response to dietary signals in FTO overexpressing ghrelinproducing cells.
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Taken together, data here presented strongly suggests that Fto overexpression contributes to an
obesogenic phenotype in humans by playing a cell autonomous role in ghrelin-producing cells,
specifically by blunting nutrient-induced ghrelin suppression, and subsequently altering food intake and
increasing fat mass.

6.3. FTO enhances sensitivity to ghrelin in DA neurones from development
Evidence from human carriers of FTO at-risk SNPs and mouse data strong suggests FTO alters neuronal
signalling in the ventral tegmental area (Hess et al. 2013), particularly in dopaminergic projections to
the NAcc, and this alteration may be through modulation of sensitivity to ghrelin (Karra et al. 2013).
Thus, we hypothesised FTO contributes to an obesogenic phenotype by altering response to ghrelin in
food intake and other associated behaviours in this neuronal population.

The present thesis shows divergent phenotypic changes in two tested models of mice overexpressing
FTO in DA neurons, either from development (DATCre FTO OE) or in the adult (DATCre AAV-FTO). There
were no observed differences in body weight gain or ad libitum food intake when DATCre AAV-FTO
were fed regular chow or western diet. Nevertheless, DATCre AAV-FTO on chow diet had enhanced
response to ghrelin-induced food intake, which disappeared upon chronic exposure to western diet.

Similarly, DATCre FTO OE showed enhanced sensitivity to ghrelin-induced food intake in chow-fed male
mice. Ad libitum food intake was also not altered in either of the models. This data is consistent with a
previous report that suggested ad libitum intake is not regulated by dopaminergic projections from the
VTA to the NAcc (Skibicka et al. 2013), which are the majority of the projections from this region and
regulate feeding behaviour.

Despite previous reports that administration of exogenous ghrelin increases preference for high-fat/
rewarding diets (Egecioglu et al. 2010; Perello et al. 2010), a phenotype which is also observed in Fto
at-risk allele carriers (Daya et al. 2019), the enhanced sensitivity in ghrelin-induced food intake was not
observed in chronically western-fed DATCre FTO OE, as seen in the adult model DATCre AAV-FTO.
Ghrelin resistance is well-characterised in obese patients and DIO rodent models that could explain this
phenotype; FTO does not appear to play a role in circumventing central resistance to this hormone.
Additionally, it could be due to other diet-induced changes in energy homeostasis that override the
genetic alteration. Alternative tests to measure preference would be necessary to evaluate if western
diet further enhances sensitivity to ghrelin, as well as testing acute exposure.
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Brüning and colleagues have identified a role for FTO in regulating DA signalling; it demethylates a
subset of genes involved in neuronal function, specifically in the D2-like receptor (D2R) pathway (Hess
et al. 2013). Pre-synaptic autoD2Rs inhibit DA synthesis and release (Benoit-Marand, Borrelli, and
Gonon 2001), working together with DAT in a negative feedback mechanism (Bello et al. 2011). The
authors in (Hess et al. 2013) found that conditional loss of FTO in DA neurons impaired this pathway,
causing an enhanced response to cocaine-induced locomotor activity. This is not consistent with our
results, where overexpression of FTO in the adult brain showed the same enhanced hyperlocomotor
effect, albeit only modestly in the developmental model DATCre FTO OE. Two main differences
between our studies and theirs may explain this discrepancy. Firstly, the DATCre mouse line used in
their studies is a knock-in line developed by (Ekstrand et al. 2007), which could have altered DA
signalling, whereas ours is DAT-iCre (please see Methods for reference and details). Secondly, knockout
of Fto in such an important neuronal population may produce compensatory mechanisms that do not
represent normal physiology, given its vital role in neural development. A third potential explanation is
that bidirectional manipulation of Fto could produce a similar effect on gene regulation.

It is also worth noting that the hypersensitivity to cocaine in our models was only significant when mice
were fed western diet. Interestingly, mice exposed to high-fat diet or sucrose exhibited enhanced
locomotion in response to cocaine (Collins et al. 2015), which may be linked to lower striatal DRD2/3
availability reported in obese patients (Van De Giessen et al. 2014). Reduced expression of striatal DA
receptors has also been reported in rats with chronic exposure to cafeteria-style diet, resulting in
reward deficits (Johnson and Kenny 2010; Narayanaswami et al. 2013). Furthermore, autoD2R KO
mouse models have been reported to show hypersensitivity to cocaine (Bello et al., 2011). Interestingly,
DATCre AAV-FTO mice did not show a significant alteration in ventral midbrain DA (auto) receptors,
both on chow and western diet. The hypersensitivity to cocaine could be due to lower striatal DA
receptor availability, as described in the literature, or alternatively, changes at the protein level.

Our data suggests that FTO manipulation in dopaminergic systems may affect DA signalling pathway,
as reported in (Hess et al, 2013), and that a western diet further impairs it. Of note, ghrelin signalling
in the brain has been shown to affect cocaine-induced locomotion, NAcc DA release and conditioned
placed preference (CPP), in a study where a ghrelin receptor GHSR-1a antagonist was shown to reduce
the effects of the drug (Jerlhag et al. 2010). This ghrelin-induced alteration of locomotion in response
to cocaine was also observed in a ghrelin-deficient mouse model (Abizaid et al. 2011). Conversely,
systemic administration of ghrelin enhances locomotion (Wellman, Shane Clifford, and Rodriguez 2013)
and CPP (Davis et al. 2007) in response to cocaine. Notably, GHSR-1a has been reported to form
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heteromers with D2R (Kern et al. 2012) and D1R (Kern, Grande, and Smith 2014), altering these
receptors canonical signalling pathway, which could be mediating the effects observed in the
aforementioned studies. In our data, Ghsr-1a was upregulated in midbrain tissue samples of DATCre
AAV-FTO, both in chow and western-fed, which is consistent with previous reports that cocainemediated hyperlocomotion is enhanced by Ghsr-1a-mediated signalling, even though no alteration to
autoD2R mRNA expression was observed.

Interestingly, western diet had an upregulatory effect on Ghsr-1a in both DATCre AAV-FTO and
Controls, confirming previous findings that diet-induced ghrelin resistance does not affect the VTA
(Lockie et al. 2015), appearing to have a compensatory effect. It is important to note that Th, a DA
biomarker and important enzyme in its biosynthesis, was found to be slightly downregulated in DATCre
AAV-FTO.

Our gene expression studies in the ventral midbrain revealed large discrepancies between both
developmental and adult model. Ghsr-1a was found to be modestly downregulated in chow-fed DATCre
FTO OE, which is not consistent with their enhanced sensitivity to ghrelin-induced food intake. On
western diet, differences between genotypes became significant, and upon cocaine exposure, both
DATCre FTO OE and controls showed upregulated Ghsr-1a, maintaining the difference between them.
This discrepancy between gene expression and behaviour could be explained by the fact that this
receptor is not exclusively expressed in DA neurones in this brain region, and potential compensatory
mechanisms in other cell types could influence these data. Additionally, transcript level is not always
reflective of protein level.

The causal role of dopamine in addiction and reward-seeking has been widely debated, as the immense
functional complexity of its neuronal pathways makes it difficult to dissect. The mesolimbic
dopaminergic system seems to primarily act upon the motivational aspect of reward-seeking behaviour
(incentive motivation), rather than the hedonic, pleasurable feeling associated with reward (Berridge
2007; Robinson et al. 2005; Salamone et al. 2009). Particularly, DA VTA-NAcc projections have been
identified as regulators of food reward, but not food intake (Skibicka et al., 2013). Studies on the D2R
signalling pathway have elucidated potential mechanisms that modulate this behaviour: AutoD2R
knockout mice display increased motivation to work for food (Bello et al., 2011), and D2R knockdown
in the VTA enhances the motivation of mice to increase cocaine self-administration (Jong et al., 2015)
in an operant conditioning paradigm. It is well established that ghrelin targets the VTA to promote this
specific reward-seeking behaviour to increase motivation to work for food (Skibicka et al. 2010; Skibicka
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et al. 2011; Abizaid et al, 2006). In contrast to the effects of D2R impairment, D1R antagonist
administration reverses the effects of ghrelin-induced motivation to obtain food rewards (Overduin et
al. 2012). Our data is consistent with the literature; peripheral administration of ghrelin consistently
increased the motivation of wild-type mice to work for food, under a progressive ratio test. Notably,
DATCre FTO OE also showed increased motivation to work for food under calorie restriction (elevated
endogenous ghrelin) compared to controls, and gene expression analysis revealed downregulation of
autoD2R (D2 receptors in ventral midbrain), consistent with the previous reports in autoD2R KO model
(Bello et al., 2011). However, no difference in D2R transcript levels was found between genotypes on
western diet, potentially due to compensatory changes upon chronic exposure, with or without having
been exposed to cocaine.

The role of FTO in regulating DR2 signalling pathway, as well as Ghsr-1a expression that underlies the
observed phenotypes requires further investigation. Our developmental model more accurately
resembles phenotype seen in humans – enhanced sensitivity to ghrelin that leads to increased food
intake and increased motivation to work for a positive food reinforcer – reward.

Nevertheless, further studies into food-associated behaviours in this model, as well as additional
investigation into gene and protein expression specifically in DA neurones would allow for a deeper
understanding of precisely how FTO modulates ghrelin signalling via modulation of Ghrsr-1a expression,
and how does it affect DA signalling, and particular, if it affects DRD:GHSR1a heterodimers in this
neuronal population.

6.4. FTO in AgRP neurones promotes weight gain and adiposity
The literature on the role of Fto in the hypothalamus has not been entirely consistent. Different models
of Fto manipulation show opposing phenotypes in terms of body weight, food intake and energy
expenditure (McMurray et al. 2013; Stratigopoulos et al. 2011; Tung et al. 2010).

Our model of targeted overexpression of FTO in the AgRP neurones of the ARC of adult mice shows a
modest phenotype in body weight gain due to increased fat mass, with a more pronounced effect over
the 26 week period of the study (post-surgery). However, there was no notable hyperphagia in our
models in the initial 10 weeks, cumulatively. This suggests AgRPCre AAV-FTO may have altered energy
expenditure, which is not a phenotype observed in humans (Haupt et al. 2009; Speakman et al. 2008),
albeit some studies with Fto rodent models have reported changes in expenditure (Chang et al. 2018).
Alternatively, changes in food intake went beyond 10 weeks and/or were too subtle to be measurable.
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We also did not observe an enhanced response to ghrelin-induced food intake in AgRPCre AAV-FTO,
contrary to our hypothesis. Given the importance of leptin signalling in this neuronal population and
its lower hierarchic position with ghrelin, we also investigated our model’s response to leptinsuppression of food intake, but no genotype effect was observed.

In addition, our models were hypophagic after an overnight fast, which could be due to their increased
adiposity and subsequently, increased leptin levels, which were not measured. Likewise, AgRP-Cre AAVFTO were significantly less tolerant to glucose, and insulin levels were slightly (non-significantly)
elevated, which are hallmarks of the initial stages of type-2 diabetes (Bergman 2013). This glucose
metabolism dysfunction could potentially also be due to increased adiposity, even though the role of
Fto cannot be ruled out, given the importance of AgRP neurones in maintaining normoglycaemia (Wang
et al. 2014). However, fasting and fed glycaemia were similar to controls.

Intringuingly, Npy, Ghsr-1a and Irx3 were significantly downregulated in our models, and a notable
decrease in AgRP was also observed. Our data is not consistent with the previous ubiquitous mouse
model of Fto overexpression (from development), where upregulation of AgRP was noted in
hypothalamic blocs of fasted mice, and no significant alteration of Pomc or Npy was observed (Church
et al. 2010). Conversely, an earlier model of ubiquitous Fto deficiency showed increased AgRP
expression and reduced Npy expression in fasted mice (Fischer et al. 2009). Furthermore, a different
rat model, generated using a microinjection AAV to deliver either the Fto cDNA or a specific shRNA to
the ARC showed that manipulation of Fto in either direction did not affect expression of any of these
genes (Tung et al. 2010). However, overexpression of Fto (AAV-Fto) significantly decreased Th
expression in this brain region, whereas in our model, we saw a notable increase in Th expression;
crucially, Th is not expressed in the targeted AgRP neurones in our models, so this result could be due
to extracellular effects. It is important to note that many factors can explain the discrepancies in
literature results as well as our data, such as dissection technique, model used (developmental vs adult,
mouse vs rat), age, diet, and potentially sex.

Notably, fasting-induced hyperphagia is attenuated in DIO models, due to suppressed ARC neuronal
activation and downregulation of both AgRP and Npy transcripts in the hypothalamus (Briggs et al.
2011). This could explain the phenotype we see in our models, even though they have been chow-fed,
their adiposity levels were much greater than controls, which could have affected the expression of
these genes.
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The reduced expression of the ghrelin receptor Ghsr-1a was an unexpected result, since no difference
was observed between genotypes in the response to ghrelin-induced intake. Nevertheless, fast-refeed
studies showed significantly decreased intake in our models, which could be due to this
downregulation. Additionally, reduced Ghsr-1a in the hypothalamus is a hallmark of obesity (Briggs et
al. 2010), which means the reduction in the level transcripts of this receptor could be an indirect effect
of Fto overexpression on increased body weight and adiposity, as it may be for downregulation of AgRP
and Npy.

This is the first report of targeted Fto manipulation affecting the expression of a neighbouring gene.
However, this could be a non-autonomous cellular effect , given that in this region of the brain, Irx3 is
mainly expressed in POMC neurones (de Araujo et al. 2019). A previous study has shown no effect of
global Fto deficient mice in Rpgrip1l expression in the hypothalamus, liver and adipose tissue, however,
Irx3 was not tested (Fischer et al. 2009). No changes in Irx3 were observed in our dopaminergic system
models, and since the literature is not consistent on this topic, significant conclusions cannot be drawn.
Nevertheless, our data indicates Fto could regulate the expression of its neighbouring genes, directly
or indirectly by altering AgRP function, thus supporting the idea that more than one gene in the locus
is disrupting energy homeostasis and contributing to obesity (Cedernaes and Benedict 2014;
Stratigopoulos et al. 2016; Tung et al. 2014), but with Fto being the primary dysregulated gene due to
the SNP.

Notwithstanding the increased fat mass and body weight gain observed in our models that are also
seen in humans that carry the FTO obesity-risk allele, we conclude that Fto overexpression in the AgRP
neurones of the ARC does not modulate the response to ghrelin to cause hyperphagia. A developmental
model may potentially be better to simulate the human phenotype, as seen in our studies in the
dopaminergic system.

6.5. Integrated role of FTO centrally and in the periphery in the
modulation of ghrelin
Literature on both the role of FTO and the role of ghrelin in their contribution to obesity has been
immensely controversial. Contradictory reports of FTO expression in carriers of the obesity-risk allele,
with added bioinformatic data with opposing results in SNP-promotor interaction (Smemo et al. 2014;
Stratigopoulos et al. 2014), as well as the breakdown of the canonical role of ghrelin as necessary for
food intake (Mani and Zigman 2017; McFarlane et al. 2014), make this topic a particularly difficult one
to study. The lack of consensus in the field of both ghrelin and FTO has made it challenging to formulate
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hypothesis based on all the reported literature, so a constant and exceptionally critical approach to our
data and others’ was necessary to move forward in the project.

To reiterate, many studies (human and rodent) suggest FTO plays a role in energy intake, and its
increased expression contributes to obesity (Berulava and Horsthemke 2010; Church et al. 2010;
Gerken et al. 2007; Karra et al. 2013), indicating that SNPs in the FTO locus cause an upregulation of its
expression. Furthermore, recent studies have shown FTO acts in a cell-autonomous manner in
adipocytes to promote adipogenesis when overexpressed (Wu et al. 2018; Zhao et al. 2014), which is
in line with our data; this protein acts in the periphery to promote a positive energy balance.

Figure 6.2 | Overview of findings. The models generated and phenotyped in the present thesis recapitulate
many of the aetiology of human carriers of the obesity-risk allele of FTO rs99669033. Our data strongly
suggest a mechanism through which FTO influences energy homeostasis and eating behaviour is by the
modulation of ghrelin, specifically through enhanced sensitivity in areas of the brain associated with reward
and motivation, as well as modulation of ghrelin secretion, by causing an impairment in normal ghrelin
response to nutrients.
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Data in the present thesis demonstrates that one mechanism through which increased FTO contributes
to obesity is by the modulation of ghrelin, both its response in the dopaminergic system and its release
in ghrelin-producing cells in the gut. By targeted manipulation of Fto expression, we were able to dissect
more precisely the mechanisms that underlie the phenotypes we see in humans.

In the periphery, FTO overexpression in ghrelin-producing cells acts in a cell-autonomous way to alter
ghrelin expression and secretion, affecting fat mass depots and food intake, as seen in carriers of atrisk FTO allele rs 9939609 (Karra et al. 2013). This phenotype is enhanced with a western diet, affecting
(albeit potentially indirectly) insulin sensitivity and glycaemia in GhrelinCre FTO OE.

In the dopaminergic system, increased expression of FTO dysregulates DA signalling and enhances the
response to ghrelin-induced intake and motivation food-seeking behaviours in the developmental
DATCre model. This is consistent with the fMRI studies in humans, and highly suggestive that carriers
of the FTO obesity-allele have enhanced sensitivity to the orexigenic properties of this hormone.

Interestingly, overexpression of Fto in AgRP neurones in adult mice brain does not cause an enhanced
response to ghrelin; however, the same phenotypes of increased adiposity and body weight are
observed in this model.

In summary, here we have generated and characterised two models that overexpress Fto in targeted
cell populations which recapitulate phenotypes seen in human carriers of FTO obesity-alleles,
GhrelinCre FTO OE and DATCre FTO OE. Further elucidation of precise cellular mechanisms allows for
potential therapeutic avenues to be pursued to treat FTO-associated obesity.

6.6. Future steps
As aforementioned, the mouse models in the present thesis recapitulate behaviours and phenotypes
characterised in human carriers of the FTO at-risk alleles. Therefore, these models can be further
studied to probe more precise the cellular mechanisms involved in the role of FTO locus in the actions
of ghrelin upon energy homeostasis and behaviour.

An important point that could be further explored is the sexual dysmorphism observed in our
phenotypes, which are not clear in humans. Some studies have only included males, in particular the
study that first reported a link between FTO and ghrelin, in humans carrying the at-risk allele rs9939609
(Karra et al. 2013). A later study that found a positive correlation between fasting circulating ghrelin
165

and a different risk allele in the FTO locus (rs17817449), which included both men and women (50%)
of older age ( > 70 years) (Benedict et al. 2014). Several other reports have included both males and
females, or either gender, without any phenotypical distinction between the two (Frayling et al. 2007;
Sovio et al. 2011; Speakman et al. 2008).

Probing cell-population specific gene expression is a crucial next step into investigating the role of FTO
in modulating ghrelin, response and expression, and RiboTag is a powerful tool to achieve this. In the
present thesis, optimisation of isolation of gastric cells for the GhrelinCre FTO OE model to allow
immunoprecipitation of HA-associated ribosomes was carried out. However, a different method of
isolation could have yielded more RNA from samples, allowing for a better, more precise analysis. For
example, using the same isolation method used for culture of whole-gastric glands, rather than singlecell isolation, would be an ideal technical next step. Using the same RiboTag tool in CNS-manipulated
models would allow for greater knowledge of specific effects of FTO on gene expression that could
further explain the present findings, and tissue isolation would not present a technical difficulty.

In addition, combining this tool to evaluate gene expression in different nutritional status under
different diets would allow for a specific evaluation of the interplay between FTO and energy
balance/dietary challenges. The next step would also be to identify the precise molecular pathways that
characterise the phenotypes here described, and how FTO’s demethylase activity affects gene
expression, whether through splicing or regulating transcript stability, as recent reports have described.

Furthermore, the precise molecular mechanisms that regulate ghrelin expression and secretion in wildtype cells are still poorly understood, particularly regarding response to amino acids and fructose (given
that GLUT5 is the most abundant sugar receptor in the ghrelin cell). Building upon established methods
in the present thesis of ex vivo assays, combined with genetic RiboTag tool, would allow for better
understanding of the effects of specific macronutrient manipulations on ghrelin release and gene
expression.

Finally, generating a mouse model with targeted manipulation of Fto in ghrelin-producing cells and
neuronal populations that respond to ghrelin would be a useful tool to fully understand the role of FTO
in actions of ghrelin secretion and response (i.e. crossing GhrelinCre with DATCre or AgRPCre and
FTOflox/flox).
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Appendices
Table A | Analysis of the chow diet (RM3, Special Diets Services). Rat and Mouse No.3 (RM3) diet from Special Diets
Services. Ingredients listed are: Wheat, Wheatfeed, De-hulled Extracted Toasted Soya, Barley, Fish Meal, Whey
Powder, Macro Minerals,Yeast, Soya Oil, Vitamins, Micro Minerals, Amino Acids. PDF retrieved from
http://www.sdsdiets.com/pdfs/RM3-E-FG.pdf, accessed 03/04/2020.
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Table B | Analysis of the western diet (D12079B, Research Diets). Formulation of the RD western diet from
Research Diets, per approximately 1 Kg of food. Table retrieved from the company’s website, accessed on
03/04/2020: https://researchdiets.com/formulas/d12079b.
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