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Abstract

The nucleus of the solitary tract (NTS) in the dorsal vagal complex (DVC) of the brain controls
body weight, food intake, abdominal fat depositions and hepatic glucose and lipid production.
High-fat diet (HFD) is known to induce mitochondrial fragmentation in the NTS, which triggers
insulin resistance, hyperphagia and body weight gain and alterations in hepatic glucose
production (HGP). Brown adipose tissue (BAT) is a thermogenic organ which can uptake
circulating glucose and fatty acids to drive non-shivering thermogenesis and increase energy
expenditure. The BAT uptakes and metabolises glucose to perform thermogenesis, and this
process is directly activated by noradrenergic signalling from sympathetic preganglionic
neurons in the central nervous system, which is modulated by the NTS. The dysregulation of
signalling molecules in the NTS is linked with altered BAT activity, obesity, and Type two
Diabetes Mellitus (T2DM). High-fat diet (HFD) increases mitochondrial fission in the NTS,
triggering weight gain, hyperphagia and insulin resistance. In this work we hypothesised that
changes in mitochondrial dynamics in the NTS are associated with alterations in BAT glucose
metabolism and hepatic lipid metabolism, and particularly, that inhibiting mitochondrial
fission in the NTS protects rats from HFD by augmenting BAT glucose uptake and preventing

lipid accumulation in the liver.

Here we show that short-term HFD-feeding decreases BAT glucose uptake and alters
catecholaminergic innervation to BAT, by decreasing the availability of noradrenaline
precursor tyrosine hydroxylase (TH) within BAT. Additionally, we report white lipid droplet
infiltration in the BAT tissue. The inhibition of mitochondrial fission in astrocytes of the NTS
of HFD-fed rats is sufficient to increase BAT glucose uptake and prevent the effects of HFD on
BAT innervation and morphology. We also report that 2-weeks of HFD are sufficient to
increase hepatic triglycerides (TG) and induce signs of steatosis in the liver, and this was
prevented by the inhibition of mitochondrial fission in astrocytes of the NTS. The inhibition of
mitochondrial fission in the astrocytes of the NTS of HFD-fed rats was also associated with a
decrease in circulating blood glucose and insulin levels. In regular chow-fed (RC) rats, the
activation of mitochondrial fragmentation in astrocytes of the NTS is sufficient to reduce BAT
glucose uptake and TH immunoreactivity without affecting BAT morphology and to induce

insulin resistance in the NTS and systemic hyperinsulinemia. Moreover, an increase in hepatic
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TG content is observed, but no effects on the hepatic cytoarchitecture were observed. In
summary, mitochondrial dynamics in the astrocytes of the NTS appear to be important
regulators of BAT thermogenesis and hepatic lipid content, and they could constitute a novel

therapeutic target to protect from the development of obesity and diabetes.
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TMEM26 transmembrane protein 26
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UPR Unfolded protein response
VLDL very-low density lipoproteins
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V Volts
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1.1 Obesity and overweight: a growing epidemic

1.1.1 Facts and figures

Obesity has long been identified as a critical public health risk and it is now reaching epidemic
proportions; since 1975 its prevalence worldwide has nearly tripled, with 1.9 billion adults
being overweight and of these, 650 million are obese or morbidly obese (WHO Global Health
Observatory, 2016). The fundamental cause of obesity is the imbalance of one or more
components of energy balance, namely energy intake, energy expenditure and energy
storage, and, in particular, in a surplus of energy intake and storage and/or a decrease in
energy expenditure, which results in a positive caloric balance (Figure 1.1). According to the
National Institute for Health and Care Excellence (NICE) obesity is characterised by a body
mass index (*BMI) > 29.9 kg/m? and a central (abdominal) increase in fat distribution (waist
circumference >94 cm for males and >80 cm for females) (NICE, 2022). Importantly, NICE has
conveyed that a concomitant increase in BMI and waist circumference are major risk factors
for a range of noncommunicable diseases, including cardiovascular disorders, diabetes, and
cancer (Figure 1.1). Further, obesity-associated conditions were among the top 10 global
causes of death, accounting for 16.8 million of the 56.9 million deaths worldwide in 2016

(WHO Global Health Observatory, 2016).

1 BMI is an estimation of total body fat and it is defined as the body mass divided by the square of the body
height, and it is expressed in kg/mZ.It is used to categorise an individual as underweight, normal weight,
overweight, moderately obese, severely obese or very severely obese.
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Brown adipose tissue
Reduced volume and thermogenic capacity

Central and peripheral nervous
systems

Stroke

Idiopathic intracranial hypertension
Dementia (vascular and AD)

Nerve damage and neuropathies

Systemic effects
Type Il diabetes

Insulin resistance
Cancer

High blood pressure
Hyperlipidaemia
Metabolic syndrome
Reduced life expectancy

- Cardiovascular system
Liver Heart failure
NAFLD Heart attack
NASH Blood clots
Steatosis '
Steatohepatitis
Cirrhosis Gastrointenstinal tract

Esophageal,gastric,pancreatic and

White adipose tissue colorectal cancer
Release of proinflammatory cytokines GERD
Ectopic tissue expansion Gastritis
Inflammatory bowel disease
Pancreatitis

Muscoloskeletal system

Altered glucose metabolism and glycogen
synthesis

Insulin resistance

Bone density deterioration

Arthritis

ENERGY EXPENDITURE
physical activity, thermogenesis,
basal metabolism

ENERGY INTAKE
macronutrients and
micronutrients

Figure 1. 1: Obesity is a multi-system disease. AD= Alzheimer’s Disease, NAFLD= Nonalcoholic fatty
liver disease; NASH= Nonalcoholic steatohepatitis; GERD= Gastroesophageal reflux disease. The
fundamental causes of obesity are found in a positive imbalance between energy intake and energy

expenditure. Image generated with Biorender.com
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If we focus our attention on England alone, the 2019 Health Survey for England (HSE) found
that 28.9 million adults were overweight or obese (63% of adult population), of these 28%
were obese, and 3% were morbidly obese (HSE, 2019). Moreover, HSE estimates that in 2019,
28% of children aged 2-15 were overweight or obese in England, including 15% who were
obese. Adults and children living in the most deprived areas, as defined by the Index of
Multiple Deprivation (IMD), have higher BMI and are more likely to be overweight and obese

than those living in the least deprived areas (WHO Global Health Observatory, 2016).

Remarkably, overweight and obesity are linked to more fatalities than underweight, and this
occurs in every country worldwide apart from circumscribed regions of Asia and Sub-Saharan
Africa (WHO Global Health Observatory, 2016). Without efficient interventions, these trends
are expected to increase dramatically with numbers forecast to reach 2.16 billion overweight
and 1.12 billion obese people by 2030, (Kelly et al., 2008) causing millions to die from
associated complications. The WHO has expressed the need to reverse these growing trends
to prevent diet-associated comorbidities and correlated premature deaths. Moreover,
obesity comes with significant costs to the wider economy: In the UK in the year 2014/15, the
estimated public expenses for obesity prevention programs reached £638 million/year, the
costs for the National Health Service (NHS) accounted for 9.8% of the yearly budget (£13.9
billion/year) whilst the costs to the wider economy reached £27 billion/year (Public Health
England, 2017). By 2050, the UK-wide NHS costs attributed to the prevention and treatment
of overweight and obesity are expected to reach £9.7 billion/year, with a wider cost to the
economy projected to reach £49.9 billion/year (Public Health England, 2017). Clearly, obesity
and its associated complications represent a severe health crisis, which is, and will be,

translating into critical challenges for healthcare and economic systems worldwide.

1.2 Peripheral control of energy balance

The pathogenesis of obesity finds its fundamental causes in chronic dysregulation of energy
balance, namely that energy intake is increased, and/or energy expenditure is reduced.
However, the essential causes of these processes remain largely unclear, and the aetiology of

obesity is a combination of genetic, behavioural, environmental, social, physiological and
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cultural factors (Hruby et al., 2016) .Nevertheless, the impact of obesity and overnutrition in
human and animal physiology has been largely studied, and they correlate with multisystemic
damage, encompassing several organs and systems, including the central (CNS) and
peripheral nervous systems (PNS), the cardiovascular system (CVS), the musculoskeletal
system, the gastrointestinal (Gl) tract, the reproductive system, the adipose tissues and the
liver (Kastanias et al., 2017). Here we will review the role of major metabolic effectors, such
as the skeletal muscle and the gastrointestinal tract; moreover, to fulfil the scope of this work,
we will be discussing in a greater level of detail the physiology of the liver, white adipose
tissue, and the CNS in the control of systemic energy expenditure, and the impact of obesity,

overnutrition and high fat diet (HFD) on these organs.

1.2.1 Skeletal muscle

The skeletal muscle is critical for the regulation of glucose metabolism and glycogen
synthesis, to allow muscle contraction and the maintenance of systemic blood glucose
homeostasis; in fact, skeletal muscle increases the rate of glucose uptake across the cell
membrane via insulin-dependent Glucose Transporter 4 (GLUT4) translocation to ultimately
control glucose utilisation rate (Dimitriadis et al., 2011; Petersen and Shulman, 2018) (Figure
1.2). Moreover, glycolysis occurs in the muscle and the rate of this process is mediated by the
action of insulin-dependent enzymes hexokinase and 6-phosphofructokinase. Further, insulin
in this tissue can control the rate of glycogen synthesis and breakdown (Dimitriadis et al.,
2011). Studies conducted in rats have shown that when insulin concentration is increased
from 1 mU/L to 100 mU/L the rate of glycogen synthesis is increased, independently of
glucose 6-phosphate (Rossetti and Giaccari, 1990; Dimitriadis et al., 1997). Importantly,
obesity leads to the.development of insulin resistance in skeletal muscle which involves
defects in glucose transport and handling within the muscle (Dohm et al., 1988; Friedman et
al., 1994). For example, it has been shown that myotubes from obese patients, with or
without Type Il Diabetes Mellitus (T2DM) have a decreased rate of glucose uptake and
oxidation (Mengeste et al., 2021). Moreover, obese individuals exhibit a depressed insulin
signal transduction, which results in decreased glycogen synthesis and glucose transport to
myocytes (Houmard et al., 2011; Houmard et al., 2012). Notably, in myotubes from morbidly

obese patients, insulin-stimulated insulin receptor substrate 1 (IRS1) active phosphorylation
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(tyrosine residue), as well as protein kinase B (Akt) phosphorylation, are blunted. Conversely,
IRS1 serine inhibitory phosphorylation was increased (Bell et al., 2010). The muscle can also
clear triglycerides (TG) from the circulation in an insulin-dependent manner (Dimitriadis et al.,
2011). Importantly, obesity is associated with dysregulation of lipid metabolism in the skeletal
muscle, as well as with reduced mitochondrial oxidative capacity and changes in
mitochondrial morphology (Boushel et al., 2007; Holloway et al., 2009; Jocken et al., 2010;
Gundersen et al., 2019). Altogether this evidence supports the idea that insulin sensitivity in
the muscle is critical for the control of several key metabolic functions, and these mechanisms

are disrupted by obesity.

{) Glucose

Figure 1.2: Simplified canonical insulin phosphoinositide 3-kinase- protein kinase B (PI3K/AKT)
pathway governing glucose uptake in myocytes. The activation of PI3K/AKT pathway is initiated by
the binding of Insulin receptor substrate 1 (IRS1) proteins to PI3K reqgulatory subunits. This in turn leads
to the activation of AKT, which catalyses the translocation of Glucose transporter 4 (GLUT4) from the
vesicles in the cytoplasm onto the cell membrane surface, ultimately increasing insulin-dependent
glucose transport in myocytes. This process is key in the muscle-mediated maintenance of systemic

blood glucose homeostasis. Image generated with Biorender.com.
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1.2.2 Gastrointestinal (GI) tract

The gastrointestinal (Gl) tract is also critical to control systemic metabolism, as it acts as an
interface between nutrients derived from the ingestion of food and the body requirements
of maintaining energetic homeostasis. Signals derived from the gut relay information on
incoming nutrients to the brain to control eating behaviours and energy expenditure, to
ultimately support whole-body energetic homeostasis. These signals comprise a variety of
peptides and hormones secreted by the Gl tract, including the orexigenic hormone ghrelin
and the anorexigenic hormones Cholecystokinin (CCK), Glucagon-like peptide (GLP1) and
leptin (Figure 1.3). In addition, intestinal epithelium-derived signals, lipid-derived molecules
and nutrient metabolites derived frem the gut microbiota can also signal to the brain
(Grenham et al., 2011; Dockray, 2013). Ghrelin, for example, increases appetite and food
intake and controls glucose homeostasis, whilst leptin is responsible for short-term regulation
of food intake. CCK inhibits stomach emptying and suppresses food intake, whilst GLP1
stimulates insulin release, inhibits glucagon release, suppresses appetite, and favours energy
expenditure (Ronveaux et al., 2015; Steinert et al., 2017) (Figure 1.3). Motilin stimulates
gastric and small intestine motility, which results in undigested food being moved to the large
intestine; importantly, motilin influences hunger and nausea by acting via the vagus nerve
and the area postrema in the brainstem (Javid et al., 2013). Further, motilin promotes the
release of ghrelin (Zietlow et al., 2010) to increase hunger sensation. PYY3-36 is a gut
hormone involved in the generation of satiety, and it is released postprandially in a caloric
intake-dependent manner. PYY3-36 can reduce satiety by binding on NPY neurons auto-
inhibitory Y2 receptor in the arcuate nucleus (ARC) of the hypothalamus, which is
characterized by a permeable blood-brain barrier (BBB) (Blevins et al., 2008). Further, PYY3-
36 signalling is conveyed to the nucleus of the solitary tract (NTS) of the brainstem via vagal

afferent pathway (Blevins et al., 2008) (Figure 1.3).

Importantly, the stomach and the small intestine (where key processes of digestion and
nutrient absorption occur) are highly innervated, which allow these organs to receive signals
from the brain. Moreover, the stomach generates a feedback signal to the melanocortin

system in the brain, in order to control feeding behaviour and food ingestion, which ultimately
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results in delayed gastric content emptying in rats (Richardson et al., 2013; Hussain and Khan,

2017).

SATIETY STOMACH

HUNGER
GASTROINTESTINAL
MOTILITY

Key
A suppress food intake

~A stimulates food intake

Figure 1.3: Gl hormones and their targets in the central nervous system. Leptin secreted in the gastric
mucosa and Glucagon like peptide 1 (GLP1) and Peptide YY?3¢ synthesised in the intestine target the
brainstem and the hypothalamus to suppress appetite. Conversely Ghrelin synthesised in the gastric
oxyntic mucosa targets these brain regions to stimulate appetite. Cholecystokinin (CKK) and motilin

activate vagal afferents to the NTS to control meal size. Image generated with Biorender.com.

Interestingly, obese patients exhibit several alterations in plasma ghrelin profile; for example
in these subjects, ghrelin levels do not increase during fasting (Gottero et al., 2004), and the
physiological nocturnal rise in ghrelin levels is also absent (Perreault et al., 2004). Moreover,
in obese patients, ghrelin levels are not suppressed after a meal (Yildiz et al., 2004).
Interestingly, in a recent randomised crossover study, the leptin/ghrelin ratio was significantly
higher in men who were overweight or obese in both fasting state and postprandially

compared to lean men (Adamska-Patruno et al., 2018), which suggests that overweight/obese
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subjects may have a diminished feeling of satiety thus contributing to higher caloric intake

compared to lean subjects.

Evidence suggests that with obesity the normal pattern of suppression and stimulation of
ingestive behaviours is strongly altered in response to changes of Gl-derived hormone ghrelin.
In rodents, chronic intracerebroventricular infusion of ghrelin increases food intake and
independently regulates adipocyte metabolism, leading to a decrease in the utilisation of
lipids to generate energy, via a mechanism mediated by the sympathetic nervous system
(Theander-Carrillo et al.,, 2006). Moreover, chronic subcutaneous injections of ghrelin in
gastreoctomised mice reversed the gastrectomy-induced reduction of body weight and body
fat, suggesting that endogenous ghrelin contributes to maintaining body fat and body weight
(De La Cour et al., 2005). Importantly, ghrelin null mice are protected from diet-induced
obesity (DIO), however ghrelin deletion influences the preference of metabolic fuels utilised
by these animals, which show increased levels of fat oxidation during HFD (Wortley et al.,

2004).

DIO is also characterised by reduced sensitivity to intestine-derived CCK, and studies have
explored changes in gut microbiota and chronic inflammation occurring during HFD as
potential mechanisms of loss of CCK signalling in obesity. For example, studies employing
germ-free mice have shown reduced levels of CCK and decreased ability of these animals to
sense nutrients in the gut. This incorrect regulatory feedback signalling to the brain leads to
increased food intake (Swartz et al., 2012; Duca et al., 2012). Moreover, disturbances in the
CCK system can lead to abnormal increases in body weight in rodents, and HFD is associated
with increased food intake and body weight which associate with blunted ability of exogenous
CCK to reduce food intake in female and male rats (Voits et al., 1996; Savastano and Covasa,
2005). Remarkably this data indicates that HFD and HFD-induced obesity associate with
profound changes in the ability of the gut to sense nutrients and relay information about the
individual’s nutritional status to the brain, showing the importance of the Gl tract in the

genesis and exacerbation of obesity in both rodents and humans.
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1.2.3 Liver

The liver is a key organ in the maintenance of whole-body metabolic homeostasis, performing
a vast array of biochemical functions that include regulation of glucose production, protein
synthesis and cholesterol production. The liver is densely vascularised, and this characteristic
is key to the transport and export of metabolites, hormones, and nutrients to perform its
metabolic functions. Importantly the liver accounts for approximately 30% of insulin-
dependent disposal of glucose, and for the majority of glucose production within the body
(Moore et al., 2012; Han et al., 2016a). The maintenance of glucose homeostasis relies upon
insulin-dependent hepatic glucose entry, which prevents TG hydrolysis and limits the
gluconeogenesis (Hatting et al., 2018). Upon feeding, insulin induces hepatic glucose uptake
via glucose transporters (GLUT1-2-5-8), which facilitates glycogen storage and decreases
hepatic glucose production (HGP) by inhibiting gluconeogenesis and glycolysis (Rui, 2014;
Hatting et al., 2018). Glucose regulation is a pivotal process carried out by the liver; in fact,
Biddinger et al. (2008) showed that liver insulin receptor KO mice (LIRKO) develop
dyslipidaemia and were significantly glucose intolerant as they were unable to inhibit HGP.

Further, insulin resistance in both pre and post-prandial states results in higher circulating
glucose due to inadequate suppression of HGP and stimulation of glucose uptake in the liver
(Ferris and Kahn, 2016; Titchenell et al., 2017). T2DM and obesity are characterised by insulin
resistance, suggesting that these conditions disrupt insulin regulatory action on hepatic

glucose homeostasis.

Excessive accumulation of TG in the liver is associated with alterations in the metabolism of
glucose, fatty acids (FA) and lipoproteins, as well as inflammation within this organ (Alves-
Bezerra and Cohen, 2017). Obesity and overnutrition are associated with a wide spectrum of
abnormalities in the liver, which fall under the umbrella term of “non-alcoholic fatty liver
disease” (NAFLD) (Pouwels et al., 2022). NAFLD prevalence in the population is rapidly
increasing in both obese and non-obese or lean individuals (Ye et al., 2020). Steatosis is
prevalent in 15% of non-obese subjects, 65% of individuals with stage | and Il obesity (BMI 30-
39.9 kg/m?) and 85% of extremely obese patients (BMI> 40 kg/m?). Evidence from the
literature also shows that impaired glucose regulation or type 2 diabetes (Ballestri et al., 2016;

Younossi, 2019), hypertension, and hyperlipidaemia (Chalasani et al., 2018) are major
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metabolic risk factors for this condition. NAFLD is characterised by several pathological
hallmarks including intrahepatic TG accumulation (known as “steatosis”), which can be
accompanied by an increase in inflammatory markers and fibrosis. Steatosis is the hallmark
feature of NAFLD and classically, it has been defined biochemically as intrahepatic TG content
of >5% of the liver total volume or weight (Hoyumpa et al., 1975), and histologically as >5%

visible intracellular TG infiltration in hepatocytes (Kleiner et al., 2005).

reversible reversible irreversible

HEALTHY LIVER
( )
healthy hepatocyte ballooning ballooning ballooning
enlarged lipid enlarged lipid enlarged lipid
droplets droplets droplets
inflammation and scarring
apoptosis necrosis

Figure 1. 4 Stages of liver damage. The first step of liver damage, Non-alcoholic fatty liver disease
(NAFLD) is characterised by steatosis and ballooning (hepatocytes swelling); this can progress to non-
alcoholic hepatic steatosis (NASH), which is described by inflammation and hepatocellular death. If the
disease further progresses, liver fibrosis (scarring)- which consists of excessive accumulation of
extracellular matrix proteins, including collagen and proteoglycans- can occur, and this is defined as

cirrhosis of the liver. Whilst NAFLD and NASH are reversible, cirrhosis is not.
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(Kleiner et al., 2005). NAFLD can eventually progress to more serious liver disease, with
studies showing that ~40% of patients with steatosis progress to non-alcoholic steatohepatitis
(NASH)- characterized by fat build-up, inflammation and damage, and of these 7-30%
progress to cirrhosis, which is defined as scarring of the liver, which is potentially life-

threatening (Singh et al., 2015; Golabi et al., 2016) (Figure 1.4).

1.2.4 In health and disease: physiology and pathophysiology of the liver

The liver has a complex lipid metabolism that is critical to regulate the amount of TG present
in this organ, and the processes involved are: (1) fatty acid uptake, (2) de novo fatty acid
synthesis (3) fatty acid oxidation and (4) fatty acid export of very-low density lipoproteins
(VLDL). Fatty acid uptake by the liver is mainly derived from FA released by the adipose tissue,
which enter the systemic circulation and are transported to the liver by the hepatic artery and
the portal vein, hence this process depends on the availability of FA and liver capacity to
transport FA. The rate at which FA are released in the circulation is in direct relationship with
the amount of fat mass present in the body tissues, and that applies to both males and
females (Mittendorfer et al., 2009), meaning that the higher the adipose tissue mass, the
higher is the fatty acid uptake by the liver. Moreover, genes involved in lipid metabolism and
FA transport are upregulated in the liver of obese subjects without steatosis (Greco et al.,
2008), similar to lipoprotein lipase (LPL) mRNA-transcripts that are increased in obese
subjects with NAFLD compared to matching controls without NAFLD (Pardina et al., 2009). De
novo fatty acid synthesis by the liver occurs via a biochemical reaction in which Acetyl CoA is
converted by Acetyl CoA Carboxylase to Malonyl CoA and ultimately undergoes a series of
metabolic reactions to form a molecule of palmitate. De novo lipolysis is controlled by the
expression of several genes including fatty acid synthase complex (FAS), diacylglycerol
acyltransferase (DGAT) 1 and 2, and transcription factors including Sterol receptor element-
binding-protein-1c (SREBP-1c) and Carbohydrate response element binding protein (ChREBP).
Interestingly, FAS KO in the liver reduces diet-induced steatosis in mice (Iltem et al., 2017),
whilst pharmacological inhibition of DGAT1 using antisense nucleotides protects against HFD-
induced fatty liver in a mouse model (Villanueva et al., 2009). Human studies have revealed

that obesity is associated with increased SREBP-1c mRNA and a concomitant reduction in
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Peroxisome proliferator-activated receptor alpha (PPARa) transcripts; interestingly, an
increased SRPEBP-1c/PPAR« ratio in humans associates with insulin resistance (Pettinelli et
al., 2009). Importantly, in lean subjects the contribution of de novo lipolysis to total intra-
hepatic TG production is small (<5% total incorporated fatty acids) but in subjects with NAFLD
it can account for 15-23% of total hepatic TG (Solinas et al., 2015). Interestingly, an increase
in de novo lipid synthesis may precede and exacerbate NAFLD, via regulation of intra-hepatic
TG content through an insulin-dependent mechanism (Smith et al., 2020a) and increases in
glucose and insulin concentration in the plasma stimulate hepatic de novo lipid synthesis,
suggesting that insulin resistance drives this mechanism in NAFLD. Moreover, it has been
speculated that insulin resistance in the skeletal muscle may divert carbohydrates from
glycogen storage within muscles to increase de novo fatty acids synthesis in the liver (Petersen
et al., 2007). FA B oxidation is the key pathway for the degradation of fatty acids and plays an
essential role in the maintenance of energy homeostasis and it mainly occurs in mitochondria.
In the cytosol of hepatocytes, FA are linked to CoA to form fatty Acyl-CoA; FA (carbon
chains>14) cannot be directly transported in the mitochondria, so utilise a carnitine shuttle
for translocation to the mitochondria. Membrane-bound carnitine palmitoyl transferase 1
exchanges CoA with a carnitine molecule to produce fatty-acylcarnitine, which can then be
transported in mitochondria, where carnitine palmitoyl transferase exchanges the carnitine
molecule into a CoA molecule to prepare fatty Acyl CoA for 3 oxidation. During this process,
FA are shortened by two carbon units per cycle through a complex biochemical reaction,
which is transcriptionally regulated by Peroxisome proliferator-activated receptor alpha
(PPARa). Importantly, primary defects in the mitochondrial B oxidation in acyl-CoA
dehydrogenase (LCAD) deficient mice lead to steatosis and hepatic insulin resistance (Zhang
et al., 2007). Moreover, 28-weeks administration of the PPARa agonist Fenofibrate in OLEFT
rats (a rat model of spontaneous insulin resistance and obesity) ameliorated hepatic steatosis
and increased mRNA transcripts of FA- 3 oxidation enzymes in this tissue (Seo et al., 2008).
Indeed, historical human studies have shown that fatty acids entering the [ oxidation
pathway are increased 2-fold when compared to those entering the esterification pathway in
lean subjects upon fasting, whilst this effect is not present in obese subjects which show
similar proportions of FA entering each pathway (Havel et al., 1970). Interestingly, Lee et al.

(2017) paradoxically showed that loss of hepatic FA oxidation in mice carrying a liver-specific
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deficiency of mitochondrial long chain fatty acid B-oxidation (Cpt2 KO) renders them resistant
to HFD-induced weight gain and adiposity, however these animals exhibited serum
dyslipidaemia and hepatic oxidative stress. Beyond mitochondria, the release of Acetyl-CoA
via 3 oxidation in hepatocytes peroxisomes is associated with the inhibition of autophagy and
promotion of steatosis in an Acyl-CoA oxidase 1 KO mouse model via mechanistic target of

rapamycin complex 1 (mTORC1) activation (He et al., 2020).

The formation of VLDL is another critical process carried out by the liver which converts water
insoluble TG into a water-soluble form, which can be exported out of the liver towards other
tissues. Hepatic VLDL production constitutes the assembly of alipoprotein B-100 (ApoB-100)
with a TG; residual TG that are not oxidized via B oxidation can be esterified for VLDL
production - suggesting that VLDL production is important to regulate the levels of
intrahepatic TG. For example, the blockage of VLDL production is associated with steatosis in
a microsomal TG transfer protein (mttp) KO mouse model (Minehira et al., 2008). HFD induces
fat accumulation in the liver via impairment of hepatocyte nuclear factor 4a (HNF4a), a
nuclear receptor protein that exerts the transcriptional regulation function of genes involved
in VLDL secretion on its downstream target ApoB-100, in wild-type mice, in a mechanism

mediated by oxidative stress (Yu et al., 2017).

Obesity and overnutrition also affect the liver via other mechanisms: for example, insulin
resistance is associated with NAFLD and correlates with steatosis (Korenblat et al., 2008).
Furthermore, intrahepatic inflammation is associated with both diet and genetically-induced
obesity and is linked with increased signalling of nuclear factor kappa-light chain-enhancer of
activated B cells (NFKB) and interleukin 6 (IL-6) in the liver of rodents (Carlsen et al., 2009;
Luedde and Schwabe, 2011; Kern et al., 2019). Lastly, endoplasmic reticulum (ER) stress is
associated with the pathogenesis of NAFLD via interference with hepatic lipid metabolism, in
particular via activation of lipogenesis via unfolded protein response (UPR) signalling pathway

(Zheng et al., 2010) and inhibition of VLDL secretion and formation (Ota et al., 2008).
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1.2.5 White adipose tissue

The white adipose tissue (WAT) is a critical organ in the control of energy homeostasis.
Traditionally, WAT has been considered to act only as an energy reservoir; however, it is now
well established that WAT senses energy status to secrete endocrine hormones, paracrine
factors and adipocyte-derived exosomal micro RNA to regulate diverse processes and
mechanisms such as feeding behaviour, energy expenditure, glucose homeostasis and

inflammation (Kershaw and Flier, 2004; Vazquez-Vela et al., 2008; Xie et al., 2022).

1.2.6 White adipose tissue physiology and effects of overnutrition

During overnutrition, WAT undergoes cellular hypertrophy, whilst caloric restriction induces
lipolysis in this tissue, to support the metabolism of other organs (Birsoy et al., 2013;
McLaughlin et al., 2014). In high energy state, WAT releases leptin to reduce food intake by
interacting with Agouti-related protein (AgRP) neurons and pro-opiomelanocortin (POMC)
neurons in the arcuate nucleus (ARC) of the hypothalamus to inhibit and promote satiety,
respectively (Baskin et al., 1999; Cowley et al.,2001), and to increase energy expenditure
(Myers et al., 2008). However, in a state of chronic overnutrition, the central effects of leptin
become impaired, namely, despite elevated circulating leptin levels in obesity, the
hypothalamus develops leptin resistance and becomes unable to respond to the anorexigenic

effect of leptin (Miinzberg et al., 2004; Enriori et al., 2007).

WAT expansion is a physiological process, achieved by recruitment and differentiation of
adipocytes precursor cells. However, adipocyte hypertrophy has been linked with abnormal
adipocyte function and can cause insulin resistance (KI6ting et al., 2010). WAT hypertrophy
is associated with obesity, which is characterised by chronic low-grade inflammation and
progressive infiltration of immune cells and upregulation of inflammatory markers (Han et al.,

2020).

WAT physiologically hosts leukocytes, with macrophages being the predominant population.
WAT macrophages are divided into M1- which are classically activated macrophages and M2,

the alternatively activated macrophages (Castoldi et al., 2016). During obesity WAT M1
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macrophages increase and are independently associated with WAT inflammation and insulin
resistance (Castoldi et al., 2016). Further, chronic overnutrition can increase white adipocyte
secreted pro-inflammatory cytokines, such as tumour necrosis factor @ (TNFa) (Hotamisligil
et al., 1993) and IL-6 and IL-8 (Kobashi et al., 2009; Sindhu et al., 2015; Han et al., 2020),
resulting in insulin resistance and inflammation. For example, elevated levels of TNFa in WAT
promote insulin resistance via c-Jun amino-terminal kinase (JNK) signalling-via serine
phosphorylation of insulin receptor substrate 1 (Hirosumi et al., 2002), whilst IL-6 release by
white adipocytes promoters macrophages accumulation in WAT without affecting glucose or

insulin tolerance (Han et al., 2020).

These data suggest that HFD-driven WAT expansion impairs adipocyte function via pro-
inflammatory mechanisms and insulin impairment to disrupt the regulation of energy
metabolism. The blockage of TNFa, via IV delivery of TNF receptor 1 blocking peptide,
protected rats from DIO and insulin resistance by blocking local TNFa expression in pancreatic
islets, muscle and adipose tissues (Liang et al., 2008). JNK-1 ablation is associated with
protection from obesity, insulin resistance and adipose tissue inflammation in HFD-fed mice
(Becattini et al., 2016). The evidence presented supports the idea that HFD and obesity
profoundly affect WAT and its ability to control systemic metabolism via dysregulation of
centrally driven feeding behaviour and pathogenic WAT remodelling. In particular, WAT
expansion under chronic overnutrition states is linked with the release of proinflammatory

signalling which contributes to insulin resistance.

1.3 Central control of energy balance

The appropriate uptake and release of nutrients is a central mechanism for survival; organs
and tissue constantly require the availability of metabolic fuels-such as glucose, fatty acids,
and amino acids- to perform the vital cellular function, and for this reason it is necessary that
nutrients storage and release are tightly coupled. Whilst several hormones released from
peripheral organs, such as insulin and glucagon are critical in the regulation of nutrient
management, substantial evidence indicates that the central nervous system (CNS) is the

master orchestrator of critical aspects of metabolism (Morton et al., 2006). The brain
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monitors changes in nutrient availability and energy state by sensing hormonal and nutrient
cues from the circulation and coordinates adaptive responses to nutrient availability and
energy expenditure via activation of specialized neuronal networks across several different

brain nuclei.

Several brain regions are key to the regulation of metabolism, and these include the (1)
hypothalamus, which is divided into the mediobasal hypothalamus (MBH)-containing the
ventromedial nuclei (VMH),the arcuate nuclei (ARC), the paraventricular nucleus (PVN) and
the lateral hypothalamus (LH) (Lechan and Toni, 2016); and (2) the caudal brainstem, which
contains the dorsovagal complex (DVC), composed of the nucleus of the solitary tract (NTS),
the area postrema (AP) and the dorsal motor nucleus of the vagus (DMX) (Ngeles Fernandez-
Gil et al., 2010). These regions are characterised by direct exposure to hormones -including
leptin, insulin and ghrelin, due to their proximity to the 3™ and 4™ cerebral ventricles,
respectively and either a lack of BBB -such as in the AP -or specific transport mechanisms that
allow the movement of hormones across BBB to reach the brain (Lechan and Toni, 2016;

Ngeles Fernandez-Gil et al., 2010) (Figure 1.5).

1.3.1 The hypothalamus

The ARC

The hypothalamus is the most studied region in the control of metabolism, and it exerts a
critical role in the control of food intake and energy expenditure (Timper and Briining, 2017).
Importantly, the ARC is considered the key hypothalamic area that senses metabolic cues
from the periphery via the systemic circulation; this is due to its proximity to both the median
eminence- a circumventricular organ- and the 3™ cerebral ventricle (Broadwell and
Brightman, 1976). Notably, two neuronal populations that are critical in the control of feeding
behaviour and energy expenditure have been characterised in ARC: the orexigenic
neuropeptide Y (NPY) and agouti-related peptide (AgRP)-expressing neurons and the
anorexigenic neuropeptide pro-opiomelanocortin (POMC)- expressing neurons. These
neurons are the first-order neurons within ARC to relay signalling from hormonal metabolic

cues from the circulation (Morton et al., 2006). AgRP neurons physiologically promote food
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intake in states of fasting via an N-methyl-D-aspartic acid (NMDA)-mediated mechanism
(Hahn et al., 1998; Liu et al., 2012), and acute intracerebral ventricular injections of AgRP in
non-fasting animals increase food intake and body weight and reduce energy expenditure in
rats (Rossi et al., 1998; Goto et al., 2003). Similarly, optogenetic activation of AgRP causes
hyperphagia (Aponte et al., 2011). Moreover, acute activation of AgrP neurons causes insulin
resistance by impairing insulin-dependent glucose uptake in the brown adipose tissue of mice
(Steculorum et al., 2016), suggesting that this neuronal population exerts control of metabolic
functions beyond the regulation of food intake. Similarly, hypothalamic NPY drives food
intake and NPY peripheral receptor Y4 KO significantly decreased food intake, body weight

and WAT deposition in male mice (Sainsbury et al., 2002).

Oppositely, POMC neurons suppress food intake and favour weight loss (Fan et al., 1997), and
intracerebroventricular administration of POMC-derived melanocortins, such as alpha-
melanocyte-stimulating hormone (a-MSH) rapidly promotes CCK-mediated suppression of
feeding in mice with intact melanocortin 3 and 4 receptors (MC3R/ MC4R) signalling (Fan et
al., 1997); similarly, prolonged optogenetic stimulation of POMC neurons in the ARC inhibits
food intake (Aponte et al., 2011). Hypothalamic POMC neurons are also critical for the control
of energy homeostasis; in fact, it has been recently discovered that hypothalamic POMC
neurons express mesencephalic astrocyte-derived neurotrophic factor (MANF), and MANF
ablation in these cells induced endoplasmic reticulum (ER) stress and leptin resistance in the
hypothalamus, whilst decreasing energy expenditure via blunted brown adipose tissue
thermogenesis (Tang et al., 2022). Conversely, MANF overexpression in hypothalamic POMC
neurons reversed these effects and protected mice from dietary-induced obesity (Tang et al.,
2022). Importantly, a study conducted in obese Zucker rats showed the suppression of POMC
gene expression in the ARC and a-MSH gene expression in the PVN, suggestive of reduced
activity of the melanocortin pathway in these brain regions, which led to overnutrition and
obesity (Kim et al., 2000). The importance of the melanocortin system in the control of feeding
has been demonstrated by the presence of melanocortin 4 receptor (MC4R) mutations in
early severe-onset obesity in humans (Yeo et al., 2020; Chami et al., 2020). POMC neurons
are also important in the regulation of systemic glucose levels; in fact, selective insulin
receptor KO in hypothalamic POMC neurons increased HPG leading to insulin resistance (Hill,

2010; Ruud et al., 2017)
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AgRP neurons promote feeding via direct competition with POMC-derived a-MSH for binding
with MC3R and MC4R (Krashes et al., 2013). Acute activation of AgRP neurons promotes
feeding (Krashes et al., 2013) and studies have shown that the ablation of AgRP neurons in
adult mice decreases food intake and body weight (Luquet et al., 2005). Conversely, central
administration of AgRP, NPY or GABA agonist promote food intake in mice, and AgRP neurons
stimulation using Designer Receptors Exclusively Activated by Designer Drugs (DREADD)
revealed that GABA or NPY are required for rapid stimulation of feeding, and MC4R-mediated
AgRP action is sufficient to induce feeding over a prolonged period (Krashes et al., 2013).
Interestingly, a recent study has revealed that prolonged and continuous HFD resulted in
desensitization of AgRP neurons specific to the dietary fats (Beutler et al., 2020); whilst weight
loss restored AgRP responsiveness, it failed to rescue AgRP neurons sensitivity to Gl hormones
and nutrients in mice (Beutler et al., 2020), suggesting that chronic overnutrition leads to
dysregulation in hypothalamic AgRP neurons which is not reversed by weight loss. This could
provide an insight on the difficulties encountered by obese subjects when trying to maintain

or reduce body weight over a long-term.

THE VMH

The ARC is not the only hypothalamic region important to the regulation of whole-body
homeostasis; the VMH also plays an important role in glucose sensing and counter-regulatory
response to recover from states of hypoglycaemia (Chan et al., 2007; Barnes et al., 2011) and
in generating satiety. Remarkably, the VMH is the hypothalamic production site for the
anorexigenic neuropeptide, brain-derived neurotrophic factor (BDNF) (Xu et al., 2003) and
destruction of VMH induces profound obesity and hyperglycaemia resulting from

uncontrolled eating (Shimizu et al., 1987).

Moreover, within the MBH reside two glucose-sensing neuronal populations, namely glucose
excited neurons (GE) and glucose inhibited neurons (Gl) that increase and decrease their firing
rate, respectively, in response to rising glucose levels. Gl neurons express NPY, whilst GE
neurons express POMC (Levin et al., 2004) inhibited feeding whilst decreasing NPY and AgrP

expression; if we consider this data, a failure in suppressing Gl neurons or activating GE
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neurons firing may explain the impaired glucose-mediated suppression of feeding observed

in obesity.

Importantly, in the hypothalamus, insulin activates the phosphoinositide 3-kinase- protein
kinase B (PI3K/AKT) pathway of insulin to reduce the sensitivity of GE neurons to drops in
glucose sensing, via opening GE ATP sensitive potassium (Karp) channels (Cotero et al., 2009).
Moreover, the data collected by Cotero et al. (2009) indicate that insulin resistance during
obesity or T2DM enhances the response of GE neurons in the VMH to decreased levels of
glucose, leading to erroneous signalling of energy deficiency in the presence of adequate
energy availability. Interestingly, hypothalamic GE neurons from obese Zucker rats display
abnormal membrane potential changes in response to fluctuations in extracellular glucose,
and they lacked Karp necessary for glucose sensing (Rowe et al., 1996). Furthermore, long-
term HFD impaired hypothalamic glucose sensing and lowered the expression of GLUT2 in
this brain region (De Andrade et al., 2015). Notably, Zucker rats present selective insulin
resistance in their hypothalamus, with the PI3K, but not the mitogen-activated protein kinase
(MAPK) pathway of insulin, being severely impaired in these animals (Carvalheira et al., 2003).
Altogether this evidence seems to suggest that insulin sensing is important to regulate food
intake via the action of GE neurons via PI3K-dependent glucose sensing, and in presence of

chronic overnutrition and hypothalamic insulin resistance, this mechanism is blunted.

Further, mice with insulin receptor deletion restricted to steroidogenic factor 1 (SF-1) neurons
are protected from DIO and increased POMC activity during HFD (Klockener et al., 2011);
additionally, the expression of a dominant negative form of AMP-activated protein kinase
(AMPK) or inactivation of a1 and a2 subunits of AMPK in SF-1 neurons in the VMH, suppress
Gl neuronal activity, without affecting the normal response to hypoglycaemia (Quenneville et
al., 2020). The VMH is also an important effector site for leptin; for example, increased leptin
signalling in SF-1 neurons in the VMH improves glucose homeostasis without affecting body
weight (R. Zhang et al., 2008), whilst leptin action in the DMH of mice increases energy
expenditure via non-shivering thermogenesis and impacts body weight independently of food

intake (Enriori et al., 2011; Rezai-Zadeh et al., 2014).
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1.3.2 The brainstem

The brainstem is another key brain region involved in the control of energy homeostasis and
processes cues related to energy status at different levels, namely: (1) it senses circulating
metabolites and hormones released by peripheral organs, (2) it receives vagal afferents from
the gastrointestinal tract, (3) it receives neuronal inputs from other brain regions, such as the
hypothalamus, that integrate and process energy related signals, (4) it projects locally and to
other brain regions to provide information that will be integrated to control energy balance
(Schneeberger et al., 2014) (Figure 1.5) and (5) vagal efferent from the DMX innervate
peripheral organs to control motor function and endocrine release in these organs (Figure
1.5). Within the brainstem, the DVC is a key centre for the integration of energy-related
information as it relies peripheral signalling via the vagal afferents and projects to the
hypothalamus and other key brain regions (Figure 1.5). For example, signals related to satiety
from the gastrointestinal tract are relayed to the NTS via the afferent branch of the vagus
nerve and the transection of vagal afferents to this brain region decreases meal size and
duration (Schwartz, 2000) (Figure 1.5). Similarly to the ARC, the NTS can sense metabolic cues
from the periphery due to its proximity with the AP, which is a circumventricular organ, and
the 4th ventricle of the brain; moreover, the NTS senses and integrates corticolimbic inputs
conveying information on homeostatic, cognitive and motivational aspects of feeding (Grill
and Hayes, 2009; Grill and Hayes, 2012). The NTS is also enriched with neurons capable of
sensing nutrient, gut hormones and adipokines (Blouet and Schwartz, 2012). The combination
of vagal, humoral, and neural inputs renders the NTS a critical negative feedback control
centre of short-term satiety, and this function is executed via recruitment of medullary motor
outputs (Grill and Hayes, 2009). The NTS also relays information via efferent fibers to the
lateral parabrachial nucleus to initiate aversive and avoidance responses to feeding (Palmiter,
2018; Kim et al., 2020) and has extensive reciprocal neuronal projections with the PVN,
suggestive of a close connection between the hypothalamus and brainstem (Geerling et al.,
2010). Importantly, similarly to the hypothalamus, the DVC is also responsive to insulin
however, the ERK1/2 insulin pathway is activated instead of the canonical PI3K/AKT activation
observed in the hypothalamus (Carvalheira et al., 2003; Filippi et al., 2012). Filippi et al. (2012)
showed that the infusion of the Kare channel blocker glibenclamide and insulin in the DVC

abolished the ability of the DVC to lower HGP and increase glucose infusion rate via the
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ERK1/2 insulin pathway. Further, whilst an infusion of insulin in the DVC decreased food
intake in rats, molecular inhibition of DVC ERK1/2 in these animals increased food intake and
led to obesity after two weeks of HFD (Filippi et al., 2014). This evidence is suggestive of a

critical role of insulin sensing in the DVC in the regulation of energy balance.

Neurons within the NTS, similarly to the hypothalamus, produce appetite regulating
hormones, including GLP-1, POMC and NPY. NTS POMC (POMCyrs) neurons are activated by
an exogenous leptin (Ellacott et al., 2006); further studies revealed that endogenous and
exogenous leptin increased c-FOS immunoreactivity in a small subset of POMC neurons in the
NTS, and their cell activity was shown to be post-synaptic (Georgescu et al., 2020).
Interestingly, these cells do not co-localise with established NTS metabolic regulators, namely
GLP-1, CCK, BDNF, nesfatin, nitric oxide synthase 1 (nNOS) and seipin, but 100% of POMCnrs
neurons express transcription factor paired-like homeobox 2b (Phox2b), a known regulator of
afferent visceral pathways (Georgescu et al., 2020). Hayes et al. (2010) reported that specific
leptin receptor KO (Lepr KO) in the NTS of rats increased food intake, body weight and
adiposity, while Scott et al. (2011), showed that mice in which the Lepr was selectively ablated
in the hindbrain under the Phox2b promoter exhibited hyperphagia and increased food intake
after fasting, as well as a more rapid weight gain compared to matching controls. All together
this evidence suggests physiological relevance of leptin in the brainstem in the control of

energy homeostasis.

Interestingly, delivery of recombinant adeno-associated virus (rAAV) vector encoding POMC
in the NTS of adult rats induced a sustained reduction of food intake, body weight and visceral
adiposity, and improved insulin sensitivity in these animals (Li et al., 2007). Moreover, the
authors observed an increase in the thermogenic protein, uncoupling protein 1 in the brown
adipose tissue, decreased hepatic and serum TG content, and a 21-fold increase in a-MSH in
the NTS, but not in the hypothalamus (Li et al., 2007) compared to vehicle-infused controls.
This suggests that the mechanisms controlling peripheral energy homeostasis following NTS
POMC infusion were not propagated and were therefore restricted to neuronal populations
within the NTS. Interestingly, Zhan et al. (2013) revealed different behaviours of POMC

neurons in the ARC and in the NTS; in particular, the authors showed that POMC neurons
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regulate food intake and energy homeostasis via the integration of long-term adiposity signals

from the hypothalamus and short term satiety signals from the brainstem (Zhan et al., 2013).
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Figure 1.5: Afferent end efferent signalling between the brain and peripheral organs. The
hypothalamus and brainstem are subjected to direct exposure to circulating hormones due to their
proximity to the cerebral ventricles and either lack of blood brain barrier (BBB) in the area postrema
(AP) or the existence of transport mechanisms allowing hormones to cross the BBB. The brainstem
contains vagal efferents arising from the dorsal motor nucleus of the vagus (DMX) that project to
peripheral organs, including the gastro intestinal (Gl) tract, liver, muscle, and white adipose tissue
(WAT) to regulate their physiological functions (red arrows). The nucleus tractus solitarius (NTS) is the
destination for vagal afferents arising from the peripheral organs (blue arrows). The complex
interaction between the hypothalamus and brainstem and the peripheral organs regulates feeding
behaviour and energy homeostasis. BBB: Blood brain barrier; NTS: Nucleus Tractus Solitarius;

DMX:Dorsal Motor Nucleus of the Vagus. Image created with Biorender.com
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1.4 Brown adipose tissue — a critical controller of energy balance and
thermogenesis

1.4.1 History and discovery

The brown adipose tissue (BAT) was first isolated from the intrascapular area of marmots by
Conrad Gesner in 1551, who described it as “neither fat, nor flesh- but something in
between”. Initially, BAT was believed to be characteristic of hibernating animals, and from
mid-1600s it was regarded as a gland, initially associated with the thymus, before being
considered an active endocrine gland involved in the formation of blood (1817-1863), and a
type of fat tissue involved in the storage of nutrients (1863-1902) (Afzelius,1970). From the
beginning of the last century the idea of BAT being an endocrine gland re-emerged, but it was
not until 1961 that its role in non-shivering thermogenesis (NST) was identified (Smith and
Horwitz, 1969). Initially it was speculated that BAT activation was elicited by a restricted
number of stimuli, namely hibernation, cold exposure and cold-induced stress (Smith and
Horwitz, 1969). Experiments performed on rabbits and rats in the 1960’s established that BAT
depots do not only produce heat but also raise the body temperature by providing heat to
other organs via the circulatory system (Himms-Hagen, 1989). However, it was not until the
late 1970s that evidence from rodent studies showed that BAT, and not skeletal muscle, is the
major anatomical site of NST, which led to the idea that BAT plays a major role in adults,
newborns and hibernators alike when exposed to cold environments (Foster and Frydman,
1979). Moreover, it was shown that noradrenaline (NA)-induced heat production in BAT leads
toalarge increase in blood flow to this tissue in rats using a microsphere-based measurement,
in which microspheres were injected into the left ventricle of the heart and their accumulation
in BAT was assessed via venous sampling (Foster and Frydman, 1979). Whilst this evidence
paved the way to BAT research, it was not until the mid 1980’s that the molecular mechanisms
behind BAT thermogenesis started to be understood. In 1984 Nicholls and Locke proposed a
model in which NST occurs via uncoupling of oxidative phosphorylation in the inner
mitochondrial membrane (IMM) through a phenomenon defined as “proton leak”. Protons
are released out of the mitochondrial matrix into the intermembrane space by three
complexes of the mitochondrial electron transport chain (ETC), namely Complexes I, Ill and

IV, establishing a proton motive force across the IMM. Moreover, protons re-enter through
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Complex V leading to the release of adenosine triphosphate (ATP). However, protons can re-
enter the matrix space via alternative means, which allow the bypass of the obligatory ADP-
phosphorylation and ATP synthesis steps-to produce heat instead. These alternative routes
for protons include direct movement across the membrane, diffusion, and inducible transport
via specialised proteins. This latter point was investigated from the late 1970’s, leading to the
discovery of a 32 kDa transmembrane protein in BAT mitochondria associated with
thermogenesis (Ricquier and Kader, 1976; Ricquier et al., 1979), which was later purified from
rat tissue and characterised as functional Uncoupling protein 1 (UCP1) in human BAT
mitochondria (Ricquier et al., 1982.; Bouillaud et al., 1983a; Garruti et al., 1992; Champigny
et al., 1996). However, it was not until the mid 1980’s that the proton-translocating activity
of UCP1 was understood (Bouillaud et al., 1983b) and it was established that UCP1 is directly
activated by adrenergic signalling mediated by f-adrenergic receptors on the surface on
brown adipocytes (Di Ricquier et al., 1986). In the years to follow, however, BAT was
considered to have little relevance in energy expenditure in humans, as it was deemed to be
present and active only in human neonates; for this reason, research in the field was rapidly
abandoned, despite anatomical and molecular evidence of BAT and UCP1 in adult humans

(Heaton, 1972; Bouillaud et al., 1988).

Importantly, in the first decade of the 2000’s a series of incidental findings in nuclear medicine
played a critical role in BAT “renaissance”. In 2002, Hany and colleagues observed a
symmetrical uptake of fluorodeoxyglucose (*¥FDG) in the cervical and supraclavicular region
of adult patients, male and female, via positron electron tomography (PET); importantly,
computational tomography (CT) superimposition revealed '8FDG localisation within the fatty
tissue of the neck, shoulders and thoracic spine. Interestingly, ®FDG uptake appeared more
prominent in underweight patients (Hany et al., 2002). Only two years later, Garcia and
colleagues presented a case study, which suggested that 8FDG uptake in BAT is dependent
upon ambient temperature, showing that exposing patients to a thermoneutral environment
was sufficient to abolish ¥FDG uptake in the anatomical regions corresponding to the BAT
(Garcia et al., 2004). These results were confirmed in 2009 from a study coming from a larger
cohort investigating young and elderly subjects (Saito et al., 2009a); the authors also revealed
that FDG uptake in BAT follows a seasonal pattern, namely it increases in the winter and

decreases in the summer, and it is inversely associated with BMI and total and visceral fat as
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estimated from CT images (Saito et al., 2009a). Importantly, this is the first evidence
suggesting that BAT is not only present, but also metabolically relevant in adult humans.
Further, in the same year it was discovered that BAT in adult humans is UCP1-immunopositive
and presents a multilocular lipid droplet morphology, consistent with BAT histology, and the
amount of BAT was inversely correlated with age, beta-blockers use and in older patients,
with increased body-mass index (Cypess et al., 2009). However, until 2012, the contribution
of BAT to human metabolism was not fully elucidated. Remarkably, Ouellet et al. (2012)
showed, using PET scans and employing three separate tracers, *'C acetate, ®FDG and *8F-
fluoro-thiaheptadecanoic acid (18FHTA), a fatty acid tracer, that BAT contributes to NST in
response to cold. The authors found that upon cold stimulation, all subjects recruited in the
study showed cold-induced activation of oxidative metabolism restricted to BAT, and this was
associated with increased total energy expenditure (Ouellet et al., 2012). Moreover, radio
density analysis showed that BAT reduced its TG content upon cold stimulation, suggesting
that TG were being converted in FA to fuel S oxidation, Ouellet et al. (2012). These data
suggest that the BAT can be targeted to increase its metabolic activity to increase whole-body

energy expenditure, which could potentially prevent or reverse HFD-induced obesity.

1.4.2 Structure, origin, and distribution

White adipocytes are sizeable, rounded cells characterised by single large lipid droplets and
the cellular nucleus pushed towards the cellular wall. Conversely, brown adipocytes are
smaller, and characterised by the presence of numerous and small lipid droplets and a
centrally located nucleus that gives them a multilocular aspect. Moreover, BAT brown
appearance is due to the presence of a high mitochondrial content which contains respiratory
chain cytochrome enzymes and iron acting as a cofactor, and its highly vascularised nature.
Together with high vascularisation, BAT is enriched with nerve supplies from the sympathetic
branch of the nervous system. In addition to white and brown adipocytes, brite (beige)
adipocytes can be found; brite adipocytes share the multilocular morphology and properties
of brown adipocytes (e.g. UCP1 expression) but they are predominately located within WAT.
They differ from WAT and BAT adipocytes in their developmental origin, size and expression
of certain genes (Xue et al., 2007; Waldén et al., 2012; Wu et al., 2012a). Importantly, brite

adipocytes are considered to be an inducible form of BAT, which can be induced by cold
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exposure or 3 adrenergic stimulation to dissipate energy (Rosenwald et al., 2013; Hoffmann
etal., 2016), in a process called “browning”. Conversely, brite adipocytes can be transformed

into white adipocytes in response to exposure to a warm environment (Young et al., 1984;

Loncar, 1991) (Figure 1.6).
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Figure 1. 6: Characteristics of white, brite and brown adipocytes. Image created with Biorender.com

Both white and brown adipocytes originate from mesenchymal stem cells, which can
differentiate into several types of cells, namely adipocytes, myoblasts, chondrocytes, and
osteoblasts (Gesta et al., 2007). The genesis of adipocytes consists of a two-step process, the
first step is commitment, in which mesenchymal cells are recruited to a specific adipocyte
lineage-this step represents the preadipocyte stage- and this is followed by a differentiation
step into mature adipocytes.

The commitment to adipogenesis is critical for both white and brown adipocytes as it allows
the accumulation of intracellular lipids within the mesenchymal cells, and this process is

controlled and regulated by the interaction of several transcription factors, including CCAAT
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Enhancer Binding Protein (CEBP) , 5, , the peroxisome proliferator activated receptor y
(PPAR y) and steroid response element binding protein 1c (SREBP1c) (Hansen and Kristiansen,
2006). PPAR y is the key factor for preadipocyte differentiation and adipogenesis in both WAT
and BAT (Figure 1.7). Importantly, brown and white preadipocytes are already fully
committed for differentiation in rodents and do not require specific inducers (Cawthorn et
al., 2012), suggesting that white and brown adipocytes belong to two different lineages.
However, in vitro studies on human-derived preadipocytes and supraclavicular brown
adipocytes showed that only fully differentiated cells express UCP1 but this was hardly
detectable in precursor cells and fibroblast-like cells derived from patients with detectable
BAT activity during ®FDG PET (Lee et al., 2011). This is important evidence to consider when

reflecting on the translational value of studies investigating BAT in rodents.
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Figure 1. 7: Adipocyte lineage is determined early in the differentiation process. BAT precursor cells
share a common origin with muscle, and both express Myf5, and PRDM16 determines the fate of these
precursor cells, with BAT precursor being PRDM16+ and myoblasts being PRDM16-. Conversely,
precursor Myf5- cells differentiate into white or brite adipocytes. Their differentiation is determined by
CD137 and TMEMZ26 expression, white adipocytes are CD137/TMEM26- and brite adipocytes are
CD137/TMEM26+. Image created with Biorender.com.
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Importantly, BAT precursor cells express the myogenic factor 5 (Myf5), which allows them to
differentiate into brown adipocytes or myoblasts. Here, the transcriptional regulator PR
Domain Zinc Finger Protein 16 (PRDM16) regulates the fate of these precursor cells,
determining their differentiation and allowing the regulation of the thermogenic program in
brown adipocytes (Seale et al., 2008) (Figure 1.7). Whilst PRDM16 is required to maintain
brown adipocyte lineage and function in mice (Harms et al., 2014), PRDM16-driven
differentiation of brown adipocytes lineage is under control of the enzymatic switch
euchromatic histone-lysine N-methyltransferase 1 (EHMT1). This enzyme induces PRDM16
stabilisation allowing positive regulation of BAT thermogenic program (Ohno et al., 2013). The
role of this enzyme was further confirmed by mice models of EHMT1 adipose-specific
deletion, which exhibited a marked reduction of BAT-mediated thermogenesis, insulin
resistance and obesity (Ohno et al., 2013). Moreover, mice with PRDM16 deficiency in their
BAT exhibited abnormal BAT morphology and reduced thermogenic gene expression markers,

as well as increased expression in muscle-specific genes (Seale et al., 2008).

Alternatively, precursor Myf5 negative cells can be induced from mesenchymal stem cells to
form white and brite (beige) adipocytes. Importantly, Wu et al. (2012) described for the first
time the gene expression signature of brite adipocytes in mice, demonstrating that
markers tumor necrosis factor receptor superfamily member 9 (CD137) and transmembrane
protein 26 (TMEM26) can be used to select brite preadipocytes from other white
preadipocytes (Figure 1.7). The authors provided evidence that human BAT shares the
molecular characteristics of brite adipocytes rather than brown adipocytes, showing that
human BAT indeed is composed of brite adipocytes, which exhibit higher levels of CD137 and
TMEM26 mRNA transcripts when compared to WAT (Wu et al., 2012). This is an important
finding as it provides useful information and considerations of the translational value and
therapeutic potential of BAT targeting in humans for the treatment of metabolic disorders.
As previously discussed, CEBP, SREBP1c and PPAR y are ultimate differentiators of the three
classes of adipocytes, whilst Peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC1l-a) enrichment is restricted to brite and brown adipocytes, and allows the
regulation of mitochondrial biogenesis (Jaer et al., 2007) and response to external stimuli,

such as cold temperature (Gill and La Merrill, 2017).
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In particular, in brown adipocyte differentiation PGC-1a is a critical co-transcription factor
that regulates the synthesis of UCP1 (Sears et al., 1996), and its expression is restricted to BAT
whilst it is undetectable in WAT under basal condition; however in WAT and brite adipocytes
it can be induced by cold exposure or 8 adrenergic stimulation (Gill and La Merrill, 2017).
Importantly, mice lacking PGC-1a in WAT showed reduced expression of genes associated
with thermogenesis and mitochondrial function, and when fed HFD these mice developed
insulin resistance and reduced suppression of hepatic glucose output, whilst UCP1 mRNA

transcripts in BAT were blunted despite cold exposure (Kleiner et al., 2012).

The largest BAT depots in rodents are located in the intrascapular region (Smith and Hock,
1963), with other depots being located in the cervical, axillary, paravertebral and perirenal
regions (Smith and Horwitz, 1969; Nicholls and Locke, 1984). In humans, the biggest BAT
depot is located in the supraclavicular region, and smaller pads can be found in the cervical,
paravertebral, axillary regions, and around visceral organs (pericardial, perirenal/adrenal,
oesophageal, mediastinal) and around core blood vessels, including carotids, aorta,
pulmonary and intestinal (mesenteric) vasculature (Sacks and Symonds, 2013). Interestingly,
similarly to rodents, human newborns present with large intrascapular BAT depots that
disappear rapidly during growth, but supraclavicular, axillary and perirenal depots are seen
throughout the life span, up to old age (Ito et al., 1975; Cunningham et al., 1985; Lean et al.,
1986a).

1.4.3 Mechanisms of action of BAT

Biochemistry of BAT

Energy expenditure is divided into three distinct components, namely basal energy
expenditure, physical activity, and adaptive thermogenesis. As previously discussed, brown
adipocytes share their precursor cells with myocytes; in this regard, the existence of a
common progenitor could partially explain why BAT presents a large number of mitochondria
and is highly metabolically active and capable of adaptive thermogenesis just like muscle cells.
Similarly, to other tissues, BAT metabolises nutrients in the form of pyruvate within the

cytoplasm, which is fuelled into the ETC of mitochondria. Here, a proton concentration
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gradient is generated across the IMM, which is utilised by complex V of the ETC to generate
adenosine triphosphate (ATP) from adenosine diphosphate (ADP) and inorganic phosphate
(Figure 1.8) and UCP1 can uncouple this reaction and dissipate the ETC proton
electrochemical gradient to release energy in form of heat, instead of ATP (Nicholls and Locke,

1984)- this process is defined as non-shivering thermogenesis.

BAT activation

BAT becomes activated in response to cold, diet or $3- adrenergic stimulation, and activation
of UCP1 is initiated by a signalling cascade - this starts from the binding of noradrenaline (NA)
released by the nerve terminals of the sympathetic branch of the nervous system (SNS) onto
the g-coupled adrenergic f3 adrenergic receptor (83AR) on the surface of brown adipocytes
(McCorry, 2007). This first step catalyses the activation of the enzyme adenylate cyclase (AC),
which triggers the conversion of ATP to cyclic adenosine monophosphate (cCAMP); this, in turn,
activates cAMP dependent protein kinase A (PKA). PKA then activates p38 mitogen-activated
protein kinase (p38 MAPK) to regulate the expression of several genes including PGCla,
which is required for the modulation of transcription factors including PPAR y, cAMP response
element-binding protein (CREB) and PRDM16, all of which control the regulation of UCP1

transcription (Figure 1.8).
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Figure 1.8 UCP1-dependent thermogenesis. Cold, diet or 3 adrenergic stimulation elicit NA release
from the postganglionic BAT sympathetic neurons which bind to 3AR on the surface of brown
adipocytes, a g-coupled receptor that catalyses the activation of AC. AC activation allows ATP
conversion to cAMP, which activates cAMP-dependent PKA. Two separate signalling cascades are
generated: (1) mediated by p38 MAPK activation to regulate PGCla-dependent modulation of
transcription factors and thus UCP1 transcription; (2) lipolysis is stimulated via HSL phosphorylation,

resulting in FA release for UCP1 activation and BAT thermogenesis. Image created with Biorender.com
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Moreover, PKA stimulates lipolysis by triggering hormone-sensitive lipase (HSL)
phosphorylation, which hydrolyses a range of acyl esters, including TG, which results in FA
release. FAs are required for UCP1 activation, which ultimately drives thermogenesis (Figure
1.8). GLUT 1-4 can also participate in FA release via glucose hydrolysis and insertion in the
lipogenic cycle. FA can also be introduced directly from the circulation (Weir et al., 2018;
McNeill et al., 2020). Examples of the importance of NA as an activator of BAT come from
studies of patients with the rare adrenal tumour pheochromocytoma; Lean et al., (1986)
found that these patients had significantly higher levels of BAT and BAT ¥FDG uptake

compared to healthy controls.

Other BAT regulatory factors

Cold exposure and NA-mediated SNS activity are not the only stimulators of BAT; for example,
thyroid hormones regulate BAT activity via endocrine and paracrine signalling. Thyroxine (T4)
is converted into bioactive Triiodothyronine (T3) by lodothyronine deiodinase 2 (Di02), which
is highly expressed in BAT. T3 increases UCP1 expression in BAT, leading to increased BAT
energy expenditure in mice, which provides protection against obesity and insulin resistance
(Watanabe et al., 2006). ICV T3 administration increases BAT thermogenesis in rats via
suppression of hypothalamic AMPK and subsequent increase in sympathetic activity and

noradrenergic discharge onto BAT (Lépez et al., 2010).

BAT function is characterised by sexual dimorphism, and it has been speculated that sex
steroids may play an important role in BAT activation and thermogenesis. Importantly, BAT
expresses both androgens and oestrogen receptors (Rodriguez-Cuenca et al., 2007) and in
vitro studies have shown that oestradiol stimulates UCP1 expression, lipolysis and
mitochondrial genesis, whilst these processes are suppressed by testosterone (Pedersen et
al., 2001; Rodriguez et al., 2002; Rodriguez-Cuenca et al., 2007). Moreover, studies conducted
on rodents have revealed that females have larger and more active BAT pads than males
(Rodriguez et al., 2001; Law et al., 2014), and express higher levels of UCP1 in their BAT
(Rodriguez et al., 2001; Rodriguez-Cuenca et al., 2002).This pattern was also observed in

human studies; in fact, retrospective 8FDG PET/CT scan has revealed that sex was a
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determinant of BAT activity, and women often have a more detectable BAT than men (Ouellet
et al., 2011; Brendle et al., 2018); however, it is important to consider that differently to
rodents, human BAT is more diffuse throughout the body, which may render these depots

harder to detect with traditional PET/CT scans.

Diet is also an important regulatory factor for BAT activation; Glick et al. (1981) showed that
a single low protein/high carbohydrate meal is sufficient to increase BAT respiration two
hours after feeding in rats; moreover, the authors showed that UCP1 activation could be
elicited by meal consumption (Glick et al., 1981). More recently, von Essen et al. (2017)
revealed that meal consumption induced an increase in glucose utilisation and fatty acid
synthesis in rats, but this was significantly blunted by BAT denervation. Similarly in humans,
evidence of BAT-mediated diet-induced thermogenesis has been suggested. Studies of single
nucleotide polymorphism in thermogenic genes, namely Trp64Arg mutation in the B3AR and
A3826G mutation in the UCP1 gene, are associated with higher WAT depots, lower metabolic
rate and blunted weight loss response to caloric deficit (Oppert et al., 1994; Valve et al., 1998;
Kogure et al., 1998; Yoneshiro et al., 2012). This evidence suggests that BAT is important in
the thermogenic response to food intake. BAT is also activated by humoral factors secreted
after the consumption of a meal, such as bile acid and gut hormones (Broeders et al., 2015).
Several compounds including tea caffeine, capsaicin, curcumin, retinol acid and resveratrols
have been suggested to act as BAT activators via multiple mechanisms of action (Okla et al.,

2015; Yoneshiro et al., 2019).

Lastly, fibroblast growth factor 21 (FGF21) has been recently identified to modulate BAT and
WAT in rodents; FGF21 subcutaneous infusion in mice increases thermogenic recruitment of
WAT by promoting its browning, via a PGCla- mediated mechanism (Fisher et al., 2012); this
action appears to be mediated by the SNS in male mice and an intact adrenergic system was
required for FGF21 action as demonstrated by mice lacking B-adrenoceptors (Douris et al.,
2015). Moreover, FGF21 is directly secreted by BAT in rodents, suggesting an endocrine role

of BAT (Hondares et al., 2011; Fisher et al., 2012).
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1.4.4 Relevance as a therapeutic target in obesity and metabolic disorders

Therapeutic targets for obesity are of growing interest, given the global impact and
prevalence of this condition and related comorbidities (WHO, 2016). From a thermodynamic
perspective, obesity results in an imbalance in energy homeostasis, namely energy intake is
greater than energy expenditure. Lifestyle interventions to reduce energy intake (diet) and
increase energy expenditure (exercise) are the first line of intervention to ameliorate obesity.
However, these have proven to be insufficient to prevent and manage of obesity, due to
scarce long-term adherence to these interventions. Effective strategies to prevent or

counteract obesity are therefore needed.

BAT plays an important role in energy metabolism and obesity in rodents; for example,
transcript levels of genes related to the transport and catabolism of glucose and fatty acids in
BAT are increased upon cold-induced BAT stimulation at 4°C for 48 hours (Hiroshima et al.,
2018). Moreover, intermittent cold exposure in HFD-fed mice increased metabolic rate 2-fold
during the temperature challenge and recruited BAT, triggering its activation. However, these
animals compensated for the upregulation in energy expenditure by increasing their food
intake, thus there was no reduction in body weight and adiposity, however cold-exposed
animals showed an improvement in glucose homeostasis compared to non-challenged

controls (Ravussin et al., 2014).

Importantly, acute cold exposure (2-4 hours, 16-19°C) in humans induced BAT activation,
which resulted in 13-27% increase in resting energy potential (van Marken Lichtenbelt et al.,
2009; Yoneshiro et al., 2011; Chondronikola et al., 2014), whilst chronic but mild (2 hours,
17°C, daily) cold exposure for 9 weeks led to increased thermogenesis and reduced body fat
in adults subjects (Yoneshiro et al., 2013), suggesting the importance of BAT in regulating

whole body energy expenditure and adiposity.
Increasing BAT activity to enhance energy expenditure and restore energy balance in obese

patients appears to be a logical approach, especially if one considers that there is a potential

for improvement of metabolic homeostasis via lipid clearance from the circulation and
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increased glucose utilisation to fuel thermogenesis (Nedergaard and Cannon, 2010; Bartelt

and Heeren, 2013; Moonen et al., 2019).

A small but sustained imbalance in favour of energy expenditure would be sufficient to
ameliorate obesity and it is estimated that at basal level, BAT can account for 1 to 5% of
resting metabolic rate (RMR), but it has been suggested that upon stimulation this value can
reach up to 16% of RMR (Lans et al., 2013; Moonen et al., 2019). Moreover, estimates have
shown that cold-induced BAT activation could increase daily energy expenditure by 200-400
kcal (Kajimura and Saito, 2014), and despite its small mass, under cold exposure it accounts
for nearly half of total TG and over 75% of glucose derived from meal disposal and metabolism

(Bartelt et al., 2011a).

This suggests that BAT can rapidly sequester and combust TG and glucose postprandially,
which suggests that the therapeutic benefit of BAT is not restricted to weight loss, but may
also be critical in managing hyperglycaemia and hyperlipidaemia in obese and/or diabetic

patients (Nedergaard et al., 2011).

Whilst cold exposure clearly elicits a stimulatory response in BAT, multiple long periods of
exposure to cold could be impractical and create discomfort in patients, potentially leading
to low adherence to the procedure over the long-term. Importantly, another largely explored
method to induce BAT thermogenesis consists in the stimulation of the f3AR via f33-
adrenergic agonists (Arch, 2002), and this is well established in rodents (Bachman et al.,

2002).

In 2015 Cypess et al. demonstrated the relevance of [3- adrenergic agonists in BAT
stimulation in humans; importantly, the authors revealed that Mirabegron, a $3- adrenergic
agonist used for the treatment of over reactive bladder, could stimulate BAT compared to
placebo, leading to higher BAT metabolic activity, as measured with *¥FDG /CT scans and
increased resting metabolic rate. This suggests that BAT activation could be a useful approach
to increase thermogenesis in vivo to treat metabolic disorders such as obesity. More recent
studies have also demonstrated that Mirabegron positively affects circulating adipokines,

glucose metabolism (O’Mara et al., 2020) and regulates lipid droplet size (Hao et al., 2019)
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and, unlike other 3- adrenergic agonists, presents a very high safety profile, with minimal

effect on cardiovascular function at a dosage of up to 100 mg/day (Loh et al., 2019).

Whilst these approaches constitute exogenous adrenergic stimulation of BAT, very little is
known about the modulation of BAT activation via endogenous increase of adrenergic
discharge to BAT. Both the hypothalamus and the brainstem are key brain regions involved in
the modulation of sympathetic stimulation to BAT. Here we aim to investigate the
contribution of the CNS, and in particular of the NTS of the DVC in modulating BAT activity, to
investigate whether this brain region may represent a novel therapeutic target for the

treatment of obesity.

1.5 Central control of the brown adipose tissue

The role of BAT in energy balance regulation requires the involvement of brain circuits to
control thermogenesis via the sympathetic nervous system. (Cannon and Nedergaard, 2004a;
Bartness et al., 2010). The thermoregulatory network in the CNS comprises the pathways
through which changes in cutaneous and visceral cold and warm sensation and brain
temperature trigger fluctuations in thermoregulatory effector tissues, such as BAT, to protect
against temperature changes in the brain and other key organs (Morrison et al., 2012).
Importantly, most circuits that control BAT thermogenesis are also involved in energy balance
regulation (Richard and Picard, 2011; Chechi et al., 2013), and key centres for the autonomic
control of BAT are found in the hypothalamus and brainstem (Richard, 2015). Here we report
the importance of hypothalamic energy regulatory pathways to BAT activation and the

emerging role of the DVC of the brainstem in the modulation of BAT activity.

1.5.1 Hypothalamus

Several hypothalamic nuclei have been involved with the control of BAT-thermogenesis
namely, the ARC, POA, DMH, PVH, LH and VHM, which form the hypothalamic energy

homeostasis regulatory pathway. The POA is a major coordinator of thermoregulation as it
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receives inputs from thermoreceptors of the skin, and it comprises the median preoptic area
(MnPO), the medial preoptic area (MPO), the lateral preoptic area (LPO) and the preoptic
nucleus (POP). Cooling of the skin or of POA triggers BAT activation in rodents via the SNS.
Cold sensation is transmitted via glutamatergic signalling and processed by third-order
neurons in the external lateral parabrachial nucleus (LPBel), whilst warm sensation is
processed by the dorsal lateral parabrachial nucleus (LPBd), and thermosensory information
is then relayed on the POA. Within the POA, cold signalling is mainly occurring in the MnPO,
in which GABAergic neurons suppress the activity of other GABAergic neurons within the MPO
(Labbé et al., 2015; Hrvatin et al., 2020; Takahashi et al., 2020). Conversely, warm stimuli
activate glutamatergic neurons in the MnPO which, in turn, induce activation of GABAergic
neurons in the MPO (Labbé et al., 2015). The POA also sends projections to the DMH, which
is an important effector in the regulation of BAT metabolism (Labbé et al., 2015; Hrvatin et
al., 2020; Takahashi et al., 2020); in fact, glutamatergic neurons within the DMH receive
GABAergic negative tonic inhibition from the MPO (Chen et al.,, 1998) and chemical
stimulation of DMH neurons with parenchymal injections of glutamate, or disinhibition of this
cell population with GABAAa receptor antagonist, led to an increase of BAT thermogenesis and
core body temperature (Zaretskaia et al., 2002; WH et al., 2004; DiMicco and Zaretsky, 2007;
Morrison and Nakamura, 2011). The involvement of the DMH in BAT activation has been
shown in studies interrogating the role of DMH lesions in this mechanism, which revealed that
DMH lesions completely abolish BAT thermogenesis mediated by both external cooling and
POA stimulation (Hogan et al., 1982; Preston et al., 1989; Monge-Roffarello et al., 2014).
Interestingly, a subset of warm-activated cholinergic neurons within the DMH have been
associated with decreased BAT activity and core body temperature (Jeong et al., 2015), which
is suggestive of the involvement of multiple neuronal populations in the control of BAT.
Importantly, the DMH does not directly project to BAT sympathetic preganglionic neurons,
instead it monosynaptically projects to the raphe pallidus nucleus (RPa) in the rostral ventral
medulla, which is the main site of BAT premotor neurons (Nakamura et al., 2005; Yoshida et
al., 2009) and this is referred to as POA-DMH-RPa thermoregulatory pathway of BAT (Figure
1.9).

Thermoregulatory pathways are not the sole route of hypothalamic control of BAT

thermogenesis; in fact, circuits involved in energy homeostasis regulation across the ARC,
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PVH, LH and VMH also play an important role (Chechi et al., 2013b; Stefanidis et al., 2014;
Richard, 2015). For example, descending projections from the PVH, encompassing the NTS,
DMX , AP and nucleus ambiguous, to the sympathetic intermediolateral cell column (IML) of
the thoracic spinal cord have been discovered using anterograde tracing in rats, suggestive of
PVH direct integration with medullary and spinal autonomic regulatory nuclei (Zheng et al.,
1995). The importance of the VMH in the regulation of BAT thermogenesis is also well
established as this nucleus integrates peripheral signals-including thyroid hormones (Alvarez-
Crespo et al., 2016), leptin (Tanida et al., 2013), and GLP1 (Beiroa et al., 2014), to coordinate
thermogenesis via regulation of BAT sympathetic tone. This occurs via projections from the
VMH to the rostral raphe pallidus nucleus (rRPa) and inferior olive (I0) in the brainstem
(Morrison, 1999; Uno and Shibata, 2001). Remarkably, prostaglandin E2 injection in the
anterior POA elicits an increase in BAT thermogenesis in a dose-dependent manner, and its
effect could be blocked by GABA receptor agonist muscimol injections in the ipsilateral VMH
in rats; conversely, infusion of excitatory neurotransmitters and neuropeptides such as
glutamate, NA, serotonin and tryptophan in the VMH activate BAT (Sakaguchi and Bray, 1989;
Amir, 1990; Hugie et al., 1992).

Several neuronal populations, including the melanocortin and endocannabinoid systems,
have been shown to play an important role in hypothalamic regulation of BAT thermogenesis.
The melanocortin system comprises POMC and AgRP neurons as well as neurons expressing
MC3R and MCA4R. Evidence has shown that POMC neuronal activity is related to increased
thermogenesis of BAT via direct projections from the ARC to the thoracic IML (Tsou et al.,
1986; Elias et al., 1998) which in turn project to the postganglionic sympathetic neurons
innervating BAT (Bamshad et al., 1999; Oldfield et al., 2002). Interestingly, recent evidence
has shown that POMC neuronal regulation of BAT thermogenesis is mediated by MANF (Tang
et al., 2022). In fact, mice with MANF KO in POMC neurons were prone to DIO, ER stress and
leptin resistance in the hypothalamus and decreased sympathetic discharge and BAT
thermogenesis; while MANF overexpression in these neurons increased BAT thermogenesis
and protected the mice from DIO (Tang et al., 2022). Conversely, intracerebroventricular
infusion of AgRP suppresses BAT thermogenesis and temperature, suggesting a bidirectional
involvement of POMC and AgRP neurons in regulating BAT. MC4R neurons are synaptically,

and potentially polysynaptically, connected to BAT (Song et al., 2008) and central
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administration of a melanocortin receptor agonist in the PVH activates BAT thermogenesis
(Song et al., 2008; Monge-Roffarello et al., 2014). Further, intracerebroventricular
administration of MC3/4R antagonist in APOE3-Leiden mice-a well-established model of diet
induced hyperlipidaemia and atherosclerosis-and in wild-type mice, resulted in increased
food intake and body fat and reduced BAT activity, measured as uptake of VLDL-TG, fat

oxidation and alterations of BAT cytoarchitecture (Kooijman et al., 2014).

The endocannabinoid system is also an important component of hypothalamic BAT
regulation, and it comprises neurons expressing the cannabinoid receptor type 1 (CB1R).
CB1R are present in several hypothalamic nuclei, and at greater density in the PVN (Hillard et
al., 2016), one of the major hypothalamic regions containing sympathetic premotor neurons
(Allen, 2002). importantly, IP administration of CB1R antagonist has shown to increase BAT
thermogenesis (Verty et al., 2009). Moreover, evidence has suggested that endogenous
endocannabinoids could exert a pre-synaptic effect on the IML or brainstem to inhibit PVH
MC4R-mediated BAT activation (Monge-Roffarello et al., 2014); whilst inactivation of CB1R
endocannabinoid ligand 2 arachidonoyglycerol in the hindbrain of mice increases BAT activity
and UCP1 expression, moreover these animals are resistant to DIO (Jung et al., 2012). Overall,
this evidence suggests that the hypothalamic endocannabinoid system suppressed BAT

activation via direct and indirect mechanismes.

Signalling derived from other hormones and nutrient, such as leptin, insulin and GLP1 can
influence the hypothalamic sympathetic output to BAT. For example, hypothalamic
administration of insulin influences BAT activity in a dose-dependent manner, with higher
doses stimulating BAT thermogenesis and low doses suppressing it (Rahmouni et al., 2004).
Analogously, central leptin administration induces BAT sympathetic output (Collins et al.,
1996; Sivitz et al., 1997) and increased NA turnover (Collins et al., 1996; Minokoshi et al.,
1999; Caron et al., 2018), UCP1 (Scarpace and Matheny, 1998; Rouru et al., 1999; Commins
et al., 2000; Ukropec et al., 2006) and PGCla mRNA (Kakuma et al., 2000), and increased
glucose uptake in this tissue (Minokoshi et al., 1999; Haque et al., 1999; D’souza et al., 2017).
Moreover, intracerebroventricular administration of pre-proglucagon-derived peptides
increases BAT thermogenesis by boosting SNS activity to this organ (Lockie et al., 2012),

suggesting that central pharmacological GLP1R activation contributes to energy balance.
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Figure 1.9: Thermal pathways of BAT activation in the hypothalamus. Warm and cold sensation is
transmitted to the respective primary sensory neurons in the dorsal root ganglia and relayed to second
order neurons in the dorsal horn (DH) of the spinal cord. Cold sensation is transmitted via glutamatergic
signalling and processed by third order neurons in the external lateral parabrachial nuclei (LPBel),
whilst warm sensation is processed by the dorsal lateral parabrachial nuclei (LPBd). Thermosensory
information in then transmitted to the preoptic area (POA), where a population of cold sensitive
neurons mediate BAT thermogenesis by causing disinhibition of neurons in the dorsomedial
hypothalamus (DMH), allowing excitation of BAT sympathetic premotor neurons in the ventral
medulla, and specifically in the raphe pallidus nuclei (rRPa) (green arrow). The rRPa modulates BAT
activity through activation of presympathetic neurons releasing glutamate onto sympathetic
preganglionic neurons (SPNs) in the intermediolateral nucleus (IML) of the spinal cord to excite BAT
(green arrow). Another population of premotor neurons from the rRPa can release serotonin (5-HT)
(purple arrow) to suppress the activity of BAT inhibitory neurons in the IML (dotted red arrow) to
increase BAT thermogenesis. The paraventricular hypothalamus (PVH) exerts an inhibitory action over
the rRPa via GABAergic projections (red arrow) to inhibit BAT activity. Image created with

Biorender.com.
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1.5.2 Brainstem

Whilst the hypothalamic circuits regulating energy homeostasis have been widely
investigated, extra-hypothalamic circuits are far less understood. Early studies have shown
that exposing rats to a cold environment resulted in c-Fos activation in the raphe magnus
(RM), RPa and reticular nuclei of the medulla (Morrison, 1999; Morrison et al., 1999b;
Martinez et al.,, 2001; Cano et al., 2003). Microinjections of bicuculline in these regions
activate BAT (Morrison et al., 1999; Nason and Mason, 2004). Importantly, it is now
established that these regions contain key BAT sympathetic premotor neurons, which are
required to provide excitatory drive to BAT (Morrison et al., 2014). Warm-sensitive neurons
in the POA regulate BAT thermogenesis by inhibiting BAT sympathoexcitatory neurons in the
DMH and dorsal hypothalamic area (DA); these are synaptically connected to BAT via
projections to the rostral ventromedial medulla (Morrison et al., 2014). During cold exposure,
disinhibition of DMH/DA neurons excites BAT sympathetic premotor neurons in the rostral
ventromedial medulla, including the rRPa, which in turn project to BAT sympathetic
preganglionic neurons (SPNs) in the intermediolateral nucleus (IML) (Holstege and Kuypers,
1982; Bacon et al., 1990) of the thoracic-lumbar spinal cord (Figure 1.10). The SPNs in turn
excite sympathetic ganglion cells innervating BAT to elicit thermogenesis. BAT premotor
neurons can release glutamate to excite BAT SPNs and increase BAT sympathetic activation,
whilst others can release serotonin (5-HT), which interacts with serotonin 1A receptor (5HT-
1A), potentially located on inhibitory interneurons in the IML to increase BAT activity

(Morrison et al., 2014) (Figure 1.10).

The RPa receives tonic inhibitory projections from warm-sensitive GABAergic neurons in the
POA, and the disinhibition of RPa neurons increases BAT sympathetic activation and
thermogenesis (Cao et al., 2004; Morrison et al., 1999b), whilst RPa inactivation blunts BAT
thermogenesis (Morrison et al.,, 2001; Morrison 2002; Nakamura et al., 2002). Inhibitory
GABAergic inputs to BAT also originate from the intermediate and parvicellular reticular
nuclei to regulate BAT sympathetic activity during states of negative energy balance
(Nakamura et al., 2017). Further, the activation of RVLM neurons can inhibit BAT sympathetic

activity independently of GABA receptor activation in the rRPa (Cao et al., 2010), whilst
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activation of neurons in the caudal ventrolateral medulla can reduce BAT sympathetic activity

partially via activation of a2 adrenergic receptors in the rRPa (Madden et al., 2013).

Conversely, orexinergic projections from the perifornical LH can stimulate sympathetic
premotor neurons in the rRPa to drive BAT thermogenesis (Tupone et al., 2011). Cholinergic
neurotransmission also plays a role in the regulation of BAT thermogenesis (Conceicdo et al.,
2017); for example, the activation of cholinergic neurons in the DMH suppresses BAT
thermogenesis during skin warming by inhibiting serotoninergic neurons in the rRPa (Jeong
et al.,, 2015). Additionally, a tonically active cholinergic input originating caudal to the
hypothalamus and acting on muscarinic acetylcholine receptor (mAChR) in the rRPa inhibit
BAT sympathetic activation in both warm and cold conditions (Concei¢do et al., 2017).
Importantly, the inhibition of BAT sympathetic activity driven by mAChR activation in the
rRPa is not dependent upon the activation of local GABAergic receptors (Conceicdo et al.,

2017).

The NTS is also a key brainstem centre for the integration of metabolic cues and other
physiological information received from a range of peripheral organs, including vagal-relayed
signals from the gut and adipose tissues. Importantly, the NTS contains second-order sensory
neurons innervated by glutamatergic vagal afferents, which relay metabolic cues to modulate
satiety (Bednar et al., 1994) (Figure 1.5). The NTS, and in particular the intermediate NTS, also
contains BAT sympathoinhibitory neurons that upon activation attenuate BAT sympathetic
activation and thermogenesis (Figure 1.10); In fact, Cao et al. (2010) have shown that
inhibition of BAT thermogenesis was also governed by the disinhibition of neurons in the VLM
or the NTS of the brainstem; the authors demonstrated that injections of bicuculline in these
regions suppress BAT sympathetic nervous activity and temperature elicited by cold defence
and by activation of neurons in the DMH or rRPA (Cao et al., 2010); interestingly, synchronous
inhibition of neurons in the VLM and NTS with muscimol increased BAT sympathetic nervous
activity and temperature. This suggests that the NTS contains neurons that, when activated,
inhibit BAT thermogenesis; and these neurons contribute to tonic inhibition of sympathetic
premotor neurons in the rRPa. Moreover, it has been speculated that this activation is vagal-
dependent (Madden et al., 2017). In particular, vagal-evoked inhibition of BAT sympathetic

activation was prevented by blocking ionotropic glutamate receptors in vagal afferent

70



terminals in the NTS, as well as GABAa receptor antagonist in the rostral nucleus of the raphe
pallidus (Madden et al., 2017). While the neuronal subpopulations within the NTS that are
responsible for BAT inhibition are still unknown, it has been established that the NTS provides
disinhibition to BAT sympathetic premotor neurons in rRPa via non-GABAergic inhibitory
signalling or by activation of spinal inhibitory interneurons within the IML (Morrison and

Madden, 2014) (Figure 1.10).

pgN\———FCG (T1-T5)
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Figure 1.10: NTS role in the regulation of BAT activation. The NTS contains unknown populations of
BAT inhibitory neurons providing non-GABAergic disinhibition of BAT glutamatergic (Glut) (green
arrow) or serotoninergic (5-HT) (purple arrow) premotor neurons in the rRPa or direct activation of
spinal inhibitory interneurons in the IML. This results in blunting of the canonical UCP1-dependent

pathway to thermogenesis. Image created with Biorender.com

Vagal viscerosensory afferents terminating on second-order neurons in the NTS can control

BAT activation (Székely, 2000); for example, upregulation of hepatic glucokinase- an enzyme
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involved in the control of glucose disposal in the liver and glucose sensing for pancreatic
insulin secretion- (Agius, 2009) inhibits BAT activation via the vagus (Tsukita et al., 2012).
Additionally, the presence of lipids in the duodenum leads to NTS-mediated BAT activation
via the vagus (Blouet and Schwartz, 2012). Leptin, thyrotropin-releasing hormone (Rogers et
al., 2009), MC3/4R and Melanotan Il (Williams et al., 2003) stimulate BAT activity when
delivered to the 4th ventricle, and this action is potentially mediated via stimulation of NTS

neurons.

1.5.3 Astrocyte involvement in the control of energy metabolism

Astrocytes are a type of glial cell critical for the control of energy balance and metabolism of
the central nervous system as they are involved in the modulation of synaptic transmission,
allowing functional neuronal communication. Interestingly, astrocytes have not only been
associated with the control of a range of central mechanisms including memory (Martin-
Fernandez et al., 2017) and addiction (Scofield and Kalivas, 2014), but have also been shown
to exert significant functions in the regulation of systemic glucose metabolism, cardiovascular
and respiratory functions and feeding behaviour (Grill and Hayes, 2012; Agulhon et al., 2013;
Kim et al., 2014; Liang Yang et al., 2015a; MacDonald and Ellacott, 2020). Recently, astrocytes
have started to be characterised as major regulators of feeding behaviour. For example, Yang
et al. (2015) employed chemogenetic, electrophysiological and pharmacological approaches
to show that astrocytes suppress ghrelin-evoked hyperphagia and facilitated leptin-
dependent anorexia in mice. This feeding-suppressing role of astrocytes was found to be
mediated by endogenous adenosine activation of adenosine A; receptors in the MBH (Yang
et al., 2015). Furthermore, glial cells in the DVC respond to and influence food intake; in
particular, DREADD-mediated activation of DVC astrocytes reduced dark phase feeding and
refeeding after overnight fast in mice, without affecting locomotion (MacDonald et al., 2019).
The authors also showed that activation of DVC astrocytes induced c-FOS in both
neighbouring feeding circuits, including the parabrachial nucleus, as well as the recruitment
of long-range neuronal circuits in the lateral parabrachial nucleus of the hypothalamus
(MacDonald et al., 2019). Moreover, Patel et al (2020) found that HFD induced inducible nitric
oxide (iNOS) in astrocytes of the DVC, and inhibition of iNOS in the DVC, or inhibition of

72



mitochondrial fission in astrocytes of the DVC protected rats from overeating, weight gain

and increased abdominal adiposity, as well as preserving insulin sensitivity within the NTS.

Recent evidence has shown that astrocytes in the NTS are also involved in the regulation of
BAT activity; for example, Manaserh et al. (2020) elegantly show that mice congenitally
lacking insulin receptor in astrocytes (IRKOSFAP) mice showed significantly lower energy
expenditure and basal and fasting body temperature compared to wildtype controls;
moreover, IRKO®™? animals displayed bigger adipocytes within BAT, reduced innervation and
lower levels of $3AR in BAT than controls, and more apoptosis was seen in the BAT of male
IRKOSAP mice. These findings identified a role for astrocytes in the regulation of BAT and body
temperature control, suggesting that insulin signalling in these cells could be a novel target
to increase energy expenditure. However, no further literature has investigated the role of
astrocytes in the NTS infthe control of BAT activation, therefore there is a need for deepening
our understanding of these glial cells to identify potential new targets to ameliorate obesity

by boosting BAT thermogenic capacity.

1.6 Mitochondrial dynamics

Mitochondria are membrane-bound organelles present in almost all eukaryotic cells, and
largely conserved across all living organisms, from yeast to mammals. These organelles play
a key role in the generation of chemical energy within cells, in the form of ATP via oxidative
phosphorylation (OXPHOS). Further, these organelles exert other critical cellular functions,
including synthesis of heme (Nilsson et al., 2009), calcium homeostasis (Gunter et al., 1998;
Zenisek and Matthews, 2000; Trenker et al., 2007; Denton, 2009) and the activation calcium-
dependent and calcium-independent apoptotic signalling and cell death (Danese et al., 2017.;
Susin et al.,, 1999; Zou et al.,, 1999; Sattler et al., 2000; Li et al., 2001). Remarkably,
mitochondria play an important role in the maintenance of cellular homeostasis and sustain
energy production via the regulation of calcium concentration (Contreras et al., 2010).
Mitochondrial calcium concentration is critical to cell homeostasis as it supports the

production of energy (Contreras et al., 2010) and regulates neuronal and hormonal signalling
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(Stark and Roden, 2007). This shows the importance of mitochondria in supporting endocrine

functions within the CNS.

Importantly, ATP production rate within mitochondria is based on metabolic demand and the
energy status of cells dictates mitochondrial size, shape and positioning within the cytoplasm
(Collins et al., 2002). These rapid adaptations are known as mitochondrial dynamics. Here we
will specifically focus on the remodelling of mitochondrial morphology and its significance in

relation to energy status (Figure 1.11).
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Figure 1.11: Mitochondrial dynamics are critical to cells’ energy sensing. Mitochondrial dynamics are
regulated by a range of proteins; during low energy, state mitochondria favour a fused-state which is
promoted by regulatory proteins Mfn1-2 and Opal. In high energy status, mitochondria favour fission

which is primarily regulated by Drp1. Image created with Biorender.com.
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1.6.1 Mitochondrial fusion

The two key mechanisms of mitochondrial dynamics are fusion and fission (division), and
these two opposite processes are required to support physiological mitochondrial function
and prevent disease (Yapa et al., 2021). Mitochondrial fusion is a survival mechanism that is
triggered by several factors, including protein synthesis inhibition, autophagy and starvation
(Tondera et al., 2009; Gomes et al., 2011; Rambold, Kostelecky, Elia, et al., 2011; Ramirez et
al.,, 2017). Importantly, mitochondrial fusion allows the exchange of material between
interconnected mitochondria to increase respiratory function and optimise cell energy

production.

In mammals, fusion is regulated by three membrane nucleotide guanosine triphosphate
(GTP)ases: two outer mitochondrial membrane (OMM) proteins, Mitofusin 1 (Mfn1) and
Mitofusin2 (Mfn2) and one IMM protein, Optic Atrophy Protein 1 (Opal) (Santel et al.,2001.;
Chen et al., 2003; Eura et al., 2003; Yu et al., 2020). Whilst Mfn1 and Mfn2 are anchored on
the outer mitochondrial membrane, only Mfn2 is also present on the endoplasmic reticulum
(ER), and expression on this site is critical for mitochondrial tethering to ER to enable
mitochondrial calcium uptake (De Brito et al., 2008). While the understanding of the exact
mechanisms through which mitofusins induce mitochondrial fusion is still incomplete, studies
have revealed that mitochondrial OMM is tethered via GTP hydrolysis and subsequent
oligomerisation of GTPase binding domains (Brandt et al., 2016; Qi et al., 2016; Cao et al.,
2017; Yan et al., 2018); this process facilitates fusion by docking two separate mitochondria

and increase membrane contact sites (Figure 1.12).

75



key
O Mfn

(OGTPase domain
. Opal

ACardioIipin

Figure 1. 12 Schematic representation of Mfn and Opal driven mitochondrial fusion. Fusion is
initiated by mitochondrial tethering governed by Mfn1-2 and GTP hydrolysis on the OMM and
subsequent oligomerization of GTPase binding sites. The IMM fusion is mediated by Opal and CL,

which fuse via Opal-dependent GTP hydrolysis. Image created with Biorender.com
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The IMM fusion is mediated by Opal and by IMM lipids, including the phosphatidylglycerol
lipid cardiolipin (CL). Similarly, to Mitofusin-mediated OMM fusion (Figure 1.12), IMM fusion
is dependent upon GTP hydrolysis, however, this mechanism is only partially understood. It
has been shown that several isoforms of Opal exist, and the co-expression of long and short
isoforms appears to be critical for fusion activity (Del Dotto et al., 2017). Interestingly,
contrasting data on the role of long isoforms have been produced, with some evidence
showing that long isoforms alone have little to no fusion capacity (Song et al., 2007), whilst
other authors suggest that long isoforms of Opal are required for stress-induced
mitochondrial hyperfusion (Tondera et al., 2009). Notably, more recent in vitro studies,
revealed that long isoforms of Opal are sufficient for membrane docking but the presence of
both isoforms seems to be required to mediate membrane pore opening in a time-efficient
manner (Ge et al., 2020). Interestingly, excess levels of short isoforms of Opal appear to
inhibit fusion activity (Ge et al., 2020). This data suggests a complex interplay between the
two forms of Opal and support the idea that both are equally important in different stages

of IMM fusion and that the long isoform is associated with adaptive responses against stress.

1.6.2 Mitochondrial fission

Whilst mitochondrial fusion exerts critical functions in the regulation of respiration efficiency,
mitochondrial fission (division) serves a critical role in the clearance of damaged mitochondria
(mitophagy), reactive oxygen species (ROS) production and mitochondrial depolarisation, and
it is mainly favoured by fed state and ageing-induced damage (Gao and Houtkooper, 2014;
Rana et al., 2017). Mitochondrial fission is primarily driven by a single cytosolic protein,
Dynamin-related protein 1 (Drp1) which belongs to the GTPase protein family. Only 3% of
Drp1lis physiologically associated with OMM (Smirnova et al., 2001) and for this reason, Drp1
functionality is highly dependent on several mechanisms, including translocation, protein
interaction, GTPase activity and higher-order assembly. Drpl possesses four domains,
including a GTPase domain, a middle domain, a variable domain and a GTPase effector
domain (GED) (Figure 1.13). Importantly, GTP hydrolysis leads to Drpl oligomeric
conformational changes, generating the mechanical force required to perform mitochondrial

division (Mears et al., 2011; Francy et al., 2015); the middle and GED domains are required to
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promote Drpl self-assembly to facilitate fission (Zhu et al., 2004; Chang and Blackstone,
2010), whilst the variable domain (VD) counteracts the function of middle and GED domain

(Francy et al., 2015).
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Figure 1.13: Structure of Drp1 and schematic representation of Drp1- driven mitochondrial fission.
Drp1 is composed of a G-domain, a middle and variable domain and a GTPase effector domain (GED).
Mitochondrial fission is driven by the dephosphorylation of Ser637, which increases the recruitment of
Drp1 to mitochondria. Following mtDNA replication, the ER is employed leading to the initiation of
mitochondrial fission, where Drpl and its adaptor proteins Mff and MiD form a ring-like structure
surrounding the mitochondrion. Finally, GTP hydrolysis mediates mitochondrial division, leading to the
release of two daughter mitochondria, and Drp1, mff and MiD are disassembled. Figure made with

Biorender.com.

Importantly, Drpl is regulated by post-translational modifications which include
ubiquitination, sumoylation, nitrosylation and phosphorylation. Phosphorylation and
dephosphorylation processes are particularly important to drive fission; in fact, Drpl must

translocate to mitochondria to initiate fission, and this predominantly occurs via PKA-
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mediated dephosphorylation of Ser637, whilst PKA-dependent Ser637 phosphorylation
inhibits mitochondria fission by decreasing GTPase activity and Drpl mitochondrial
recruitment (Chang et al.,, 2010; Z. Zhang et al., 2016). Notably, Ser637 can be
dephosphorylated by calcineurin in a calcium-dependent fashion to drive Drp1 translocation
to mitochondria and mitochondria fission (Cereghetti et al., 2008). Phosphorylation of Ser616
can also activate mitochondrial fission by promoting the binding of Drpl to other fission
proteins, namely mitochondrial fission factor (Mff) and Fission 1 (Fis1) as well as to docking
proteins mitochondrial dynamic proteins 49 (MiD49) and 51 (MiD51), which are adaptors that

link Drp1 and Mff to form a trimeric complex.

Following Drpl recruitment, the first step of fission occurs in the matrix, where replication of
mitochondrial DNA (mtDNA) occurs, triggering the recruitment of the ER; in the second step,
Mff and MiDs recruit Drpl at the ER site (Lewis et al., 2016), where it is assembled into
oligomers to envelop the mitochondrion to induce fission via mechanical constriction driven
by its GTPase activity (Otera et al.,, 2013; Kraus and Ryan, 2017). This is evidence of a
coordinated, multi-step process occurring in different sub-cellular compartments, to achieve
mitochondrial fission. Interestingly, cryo-electron microscopy studies have revealed the
mechanism through which Drp1 can exert mechanical constriction on the mitochondrion: (1)
GTP binding to Drp1 prompts the formation of mitochondrial-bound linear polymers of Drp1
which are stabilised by continuous interaction with its receptors; (2) the hydrolysis of GTP
associates with a reduction in polymers length leading to the formation of closed rings to

drive mitochondrial constriction (Kalia et al., 2018) (Figure 1.13).

1.6.3 Mitochondrial dysfunction

Importantly, mitochondrial fusion and fission processes are not merely transient architectural
states triggered by nutrients in the environment; in fact, they, are a fundamental part of the
mitochondrial life cycle, allowing the execution of critical tasks including quality control
mechanisms such as the elimination of damaged material (mitophagy) and reorganisation of
mitochondrial content, but also ROS production and management of respiration efficiency,
among others (Yapa et al., 2021). It then appears clear how changes in mitochondrial

dynamics in response to nutrients can alter mitochondrial health by interfering with basic
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mechanisms which are required to support critical quality control functions in these
organelles. When the balance between fusion and fission becomes asymmetrical, for
example, due to chronic alterations in nutrient availability, it results in mitochondrial

dysfunction.

Mitochondrial dysfunction is characterised by alterations in several key mechanisms, namely
loss of membrane potential to decrease the production of ATP and decrease respiration,
leading to glycolysis-dependent ATP production, which, in turn, increases generation of
mitochondrial ROS (Willems et al., 2015; Nagdas and Kashatus, 2017; Jezek et al., 2018). In
particular, in presence of excess energy supplies, mitochondria become overloaded with
glucose and fatty acids which increases Acetyl-CoA and NADH production, which ultimately
drives an increase in electrons capable of crossing the IMM, resulting in excessive ROS and
oxidative stress (Bournat and Brown, 2010; Alfadda and Sallam, 2012). Uncontrolled
production of ROS has been implicated in mitochondrial membrane, DNA, lipid and protein
damage (Glowacki et al., 2013), which could lead to the initiation of mitophagy-to promote
cell survival- or apoptotic signalling cascades (Bordi et al., 2017; Martinez-Carreres et al.,
2017). In this context, fusion and fission mechanisms are critical for mitochondrial quality

control and survival.

For example, stressful conditions, such UV irradiation, and nutrient starvation trigger the
stress-induced mitochondrial hyperfusion response. This pro-survival response to stress is
associated with an increased ATP production (Tondera et al., 2009), and requires the
synchronous recruitment of Mnfl and Opa2. In fact, studies have shown that upon starvation,
mitochondria that elongate were spared from degradation (Gomes et al., 2011 .; Rambold et
al., 2011); conversely, Drp1 accumulation in mitochondria is associated with mitochondrial

degradation via mitophagy (Pickles et al., 2018).

In obesity, excess nutrient supply generates alterations in the mitochondrial network leading
to mitochondrial dysfunction. For example, in Zucker rats, a model of spontaneous obesity,
the skeletal muscle exhibits reduced glucose uptake and oxygen consumption and insulin
resistance which are associated with a reduced mitochondrial size and Mfn2 expression and

a fragmented mitochondrial network (Bach et al., 2003). Moreover, an increase in
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mitochondrial fission was observed in the skeletal muscle of ob/ob mice, a model of
spontaneous genetic obesity, as well as in mice with HFD-induced obesity (Jheng et al., 2012).
Mitochondrial dysfunction was also observed in the liver of db/db mice, a model of obesity
and insulin resistance (Holmstrom et al., 2012). Interestingly, these data seem to indicate that
a shift toward fission is involved in obesity. Moreover, excess nutrients without an increased
demand for energy production are linked with higher oxidant production, leading to the
development of insulin resistance (Fisher-Wellman and Neufer, 2012). Fission-driven
mitophagy leads to increased mitochondrial ROS production, which activates inflammatory
responses, resulting in further exacerbation of insulin resistance (Lebrun et al., 2009; Tanti et

al., 2012).

1.6.4 Mitochondrial dysfunction in the brain

Maintenance of mitochondrial function is essential to sustain nutrient adaptation
mechanisms to support whole-body energy homeostasis; as discussed, alterations in
mitochondrial dynamics have been observed during the development of obesity and insulin
resistance in several tissues, including the liver, the skeletal muscle, and the adipose tissue.
However, the impact of metabolic disorders on mitochondrial dynamics is not limited to
peripheral organs, but also extends to the central nervous system; in fact, neurons and glia
are cells with high energy requirements, and for this reason, mitochondrial dynamics in these
cells are particularly important to maintain adequate energy supplies to support their
functions (Zhu et al., 2012; Rose et al., 2020). In the presence of excess energy supplies,
mitochondria increase ROS production, leading to oxidative stress (Bournat and Brown, 2010;
Alfadda and Sallam, 2012), and studies have shown that DIO results in increased oxidative
stress and mitochondrial dysfunction in rat brain (Ma et al., 2014). Moreover, within the
hypothalamus, POMC and AgRP neuron activity is profoundly modified by ROS; in particular,
ROS alters POMC neuronal control of food intake via the mechanistic target of rapamycin

complex 1 mTORC1 mediated mechanism (Haissaguerre et al., 2018).

Obesity is also associated with the development of ER stress, which consists of an imbalance
between protein load and protein folding capacity, resulting in incorrectly folded (misfolded)

proteins, and this interferes with normal cell function (Thangaraj et al., 2020). Importantly,
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associations between increased ER stress and DIO have been described in the hypothalamus
in relation to mitochondrial dysfunction (X. Zhang et al., 2008a; Ozcan et al., 2009). Mice with
specific deletion of Mfn2 in POMC neurons exhibited alterations in mitochondria-ER contact
sites, enhanced ROS production and ER stress which was accompanied by a distinct obese
phenotype, due to increased food intake and reduced energy expenditure, associated with
decreased BAT activity (Dietrich, Z.W. Liu, et al., 2013; Schneeberger, Marcelo O. Dietrich, et
al., 2013). Strikingly, this effect was only present when Mfn2 was knocked out, as POMC
Mfn1KO mice had no obvious alteration in body weight and feeding behaviour (Dietrich, Z.W.
Liu, et al., 2013; Schneeberger, Marcelo O. Dietrich, et al., 2013). However, Mfn1 deletion in
POMC neurons resulted in alterations of mitochondrial architecture and function which led
to abnormal glucose homeostasis, due to impaired insulin secretion by the pancreas
(Schneeberger et al., 2013), which was caused by enhanced central ROS production (Ramirez
et al., 2017). Oppositely to Mfn2 deletion, Drp1KO in hypothalamic POMC neurons enhanced
POMC neuronal activation and glucose and leptin sensing in mice; moreover, the deletion of
Drp1 led to increased arcuate Katp channel expression mediated by PPARy, suggesting that
Drpl KO enhanced glucoprivic responses in POMC neurons by activating PPAR-dependent
counter-regulatory responses to hypoglycaemia (Santoro et al., 2017). Interestingly in
orexigenic AgRP/NPY neurons fasting is associated with increased mitochondrial fission,
whilst in presence of feeding and overnutrition, these cells exhibit a fused-like phenotype via
expression of Mfn1/2 (Dietrich et al., 2013). In fact, in presence of HFD, AgRP-specific KO of
Mfnl or Mfn2 in mice is associated with smaller weight gain than control animals, due to
reduced WAT accumulation Dietrich et al., 2013). Similarly, in female mice, Mfn1 KO in AgRP
neurons had no effect on the metabolic phenotype of regular chow-fed animals, but
significantly decreased food intake and body weight following HFD, and decreased AgRP firing
rate in both male and female mice (Dietrich et al., 2013). Mfn2 deletion in AgRP neurons led
to a decrease in body weight of regular chow-fed female mice, and similarly, HFD-fed mice
with AgRP Mfn2 KO gained less weight compared to wild-type control. On a molecular level
decreased AgRP firing rate was observed, as well as an increased number of mitochondria
(Dietrich et al., 2013). Altogether these data suggest that mitochondrial fusion has opposite
effects in anorexigenic POMC and orexigenic AgRP/NPY neurons, namely, Mfn1/2 deletion in
POMC neurons is associated with an obese phenotype, whilst Mfn1/2 KO in AgRP neurons

protects from DIO. Moreover, these data suggest that mitochondrial dynamics in the
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hypothalamus critically regulate whole body energy homeostasis by regulating food intake,

WAT accumulation and energy expenditure.

Alterations in mitochondrial dynamics in response to obesity and HFD have also been
observed in the DVC. Three days of HFD-feeding were sufficient to induce insulin resistance
in the DVC of rats via failure in activation of Erk 1/2 (Filippi et al., 2012), and this led to an
inability to regulate food intake and HGP. Importantly, upon overnutrition, mitochondria
undergo Drpl-driven mitochondrial fission in this brain region, which suggests a role for
mitochondrial dynamics in the genesis of insulin resistance in the DVC (Filippi et al., 2017). In
fact, chemical inhibition of Drp1 via DVC infusion of Mitochondrial division inhibitor 1 (MDIVI-
1), a Drp1 translocation blocker, reversed the HFD-dependent shift towards mitochondrial
fission in the DVC and prevented the development of insulin resistance (Filippi et al., 2017).
Conversely, when Drp1 was molecularly activated via delivery of a constitutively active form
of Drpl (Drp1-S637-A) in the DVC of regular chow-fed rats, insulin resistance was induced
(Filippi et al., 2017). This evidence revealed a bidirectional role of mitochondrial dynamics in
controlling insulin sensitivity in the DVC and suggested that inducing mitochondrial fission in
this brain region can recapitulate HFD-dependent insulin insensitivity. Importantly, further
studies have demonstrated that HFD-induced Drp1-driven mitochondrial fission in the DVC
results in ER stress, and similarly, molecular activation of Drp1 in this brain region also induces
ER stress in regular chow-fed rats (Filippi et al., 2017). Moreover, the authors showed a
concomitant rise in iINOS in the DVC of HFD-fed rats and regular chow fed animals expressing
Drp1-S637-A in their DVC, which together with ER stress, contributes to the genesis of insulin

resistance in this brain region (Filippi et al., 2017).

Mitochondrial dynamicsin the DVC also control food intake, body weight and WAT abdominal
depots in rats; the activation of Drp1 in the NTS increases weight gain and abdominal WAT
depots as well as causing hyperphagia in regular chow-fed animals (Patel et al., 2021).
Conversely, inhibition of HFD-dependent mitochondrial fission in the NTS of rats was
sufficient to observe a decrease in food intake, body weight and abdominal fat depositions.
iNOS KO using a ShiRNA (ShiNOS) vector in the DVC of HFD-fed rats prevented HFD-dependent
insulin resistance and hyperphagia and led to a decrease in body weight and abdominal WAT

compared to ShControl animals (Patel et al., 2021). iNOS is a key signalling molecule in
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inflammation, and it associates with HFD and insulin resistance, and these results seem to
indicate that iINOS mediates Drpl-driven effects on systemic metabolism and its suppression

in the DVC is sufficient to prevent the detrimental systemic effects of HFD.

Interestingly, the authors also showed that the inhibition of mitochondrial fission restricted
to GFAP+ astrocytes of the NTS is sufficient to decrease food intake, body weight and
ependymal and total abdominal WAT deposition and prevent insulin resistance in this brain
region, suggesting that these glial cells are critical in mediating Drpl effects of systemic
metabolic homeostasis (Patel et al., 2021). Whilst this body of evidence clearly shows the
involvement of mitochondrial dynamics in the regulation of energy uptake, insulin sensitivity
and abdominal WAT accumulation, very little is known about their role in controlling energy

expenditure, and more specifically of the BAT.

1.6.5 Mitochondrial dynamics and dysfunction in the brain and the brown adipose tissue

BAT thermogenesis is a critical component of energy homeostasis and it is under the control
of the CNS (Morrison et al., 2014). In the hypothalamus, overexpression of Mfn2 in the ARC
of DIO mice increased intracapsular BAT surface temperature and expression of thermogenic
marker UCP1, accompanied by increased anorexigenic output (Schneeberger et al., 2014b).
Moreover, the authors showed that POMC Mfn2 deletion results in reduced energy
expenditure, due to decreased BAT activity and reduced expression of the thermogenic gene
marker UCP1 in BAT of mice. This evidence suggests that mitochondrial fusion in the
hypothalamus controls BAT thermogenesis via anorexigenic POMC neurons. Mitochondrial
dynamics in AgRP neurons also critically regulate BAT activation; in particular, Jin et al. (2021)
have shown that Drp1 KO in AgRP neurons in mice affects body temperature, and in particular
BAT and rectal temperature were significantly increased in both female and male mice upon
Drp1 deletion, compared to control mice. However, no previous studies have investigated the
role of mitochondrial dynamics in the DVC in the control of BAT-mediated thermogenesis, for
this reason, here we will investigate the role of mitochondrial dynamics in all cells, and

specifically in astrocytes of the DVC in the control of BAT energy expenditure.
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1.7 Aims and objectives

Obesity is growing at epidemic proportions, and the World Obesity Atlas (2022) has predicted
that 1 billion people globally will be living with obesity by 2030, which will represent a
significant burden on healthcare systems worldwide. In fact, being obese significantly
increases the incidence of a range of non-communicable diseases, including cardiovascular
disease, T2DM and cancer; moreover, obesity increases the severity and mortality of
communicable diseases, including influenza and COVID-19 (Zhao et al., 2020). Whilst several
lines of treatment are available, their success rates are highly variable, and no preventative
options exist, showing a need for the development of new therapeutic approaches for the
treatment and prevention of obesity. Chronic overnutrition is associated with low-grade
chronic inflammation, increased levels of circulating glucose and insulin, increased levels of
circulating FA and TG and decreased energy expenditure; all these factors can contribute to

the development of insulin resistance, T2DM and liver disease.

The central nervous system is a key centre for the regulation of feeding behaviour and energy
expenditure, as it receives metabolic cues from peripheral organs and uses this information
to modulate whole-body energy uptake and consumption via peripheral efferents (Imai and
Katagiri, 2022). Alterations in the crosstalk between the central nervous system and
peripheral organs can lead to disruptions in the systemic metabolism of nutrients and energy
expenditure, leading to metabolic disease; importantly, obesity is one such condition in which
the whole-body energy metabolism, controlled by the brain-periphery axis, becomes

disrupted.

Importantly, previous studies have determined the importance of the DVC in the brainstem
in the regulation of metabolic functions, including feeding behaviour (Filippi et al., 2017; Patel
et al., 2021), hepatic glucose production (Filippi et al., 2012) and energy expenditure (Cao et
al., 2010; Madden and Morrison, 2016). Moreover, it has been shown that alterations in
mitochondrial dynamics in the DVC affect the ability of the NTS to control feeding behaviour,
abdominal adiposity and insulin sensitivity within this brain region (Filippi et al., 2017; Patel
et al.,, 2021). In particular, three days of HFD were sufficient to induce Drpl-dependent

mitochondrial fission and insulin resistance in the NTS of rats, whilst chemical inhibition of
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Drp1 in this brain region reversed NTS insulin resistance in HFD-fed animals (Filippi et al.,
2017). Moreover, two weeks of HFD induced ER stress and increased inflammation in the NTS
of rats (Filippi et al., 2017), as well as hyperphagia and increased body weight and abdominal
adiposity (Patel et al., 2021). The inhibition of mitochondrial fission in all cells, and then
specifically in astrocytes of the NTS could reverse this process (Patel et al., 2021). Conversely,
the activation of mitochondrial fission in the NTS of regular chow-fed rats using the
constitutively active form of Drpl S637-A led to insulin resistance in the NTS, increased body
weight and food intake and increased abdominal adiposity in these animals. However, the
effects of the modulation of mitochondrial dynamics in the NTS on energy expenditure are
not known; in particular, no studies have previously investigated the role of BAT in this
context. Here we aim to assess the contribution of BAT in animals expressing the dominant
negative form of Drp1 in their NTS, which maintain a leaner phenotype than controls despite
HFD. Moreover, we intend to assess whether activating mitochondrial fission in the NTS of
regular chow-fed animals is sufficient to blunt the activity of brown adipose tissue. Notably,
recent evidence has shown that insulin sensing in astrocytes of the NTS is important to control
BAT thermogenesis (Manaserh et al., 2020), and HFD-dependent mitochondrial fission in the
NTS leads to insulin resistance in this brain region (Filippi et al., 2017; Patel et al., 2021).
Importantly, NTS insulin resistance in HFD-fed rats was prevented by inhibiting Drp1l-
dependent mitochondrial fission in all cells, and specifically in astrocytes of the NTS (Patel et
al., 2021). For this reason, we decided to investigate the contribution of astrocytes in the NTS
in the regulation of BAT activation. Lastly, given the involvement of the DVC in the regulation
of hepatic glucose production and VLDL-TG secretion (Filippi et al., 2012; Li et al., 2021), we
assessed the effect of altering mitochondrial dynamics in the astrocytes of the NTS in the
control of hepatic metabolic health, and in particular, of lipid metabolism in this organ. The
overarching hypothesis of this work is that inhibiting mitochondrial fission in the NTS of the
DVC, and specifically in astrocytes, protects rats from HFD by increasing BAT glucose uptake

and preventing hepatic lipid accumulation (Figure 1.14).

Considering these postulates, here we determined the aims to this project:

Aim 1: Investigate whether the inhibition of mitochondrial fission in the NTS of HFD-fed rats

affects brown adipose tissue glucose uptake.
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Aim 2: Determine whether astrocytes of the NTS are important in the control of brown
adipose tissue glucose uptake.

Aim 3: Investigate the phenotypical and molecular changes in BAT related to the inhibition of
mitochondrial fission in astrocytes of the NTS.

Aim 3: Investigate whether the activation of mitochondrial fission in the NTS of RC -fed rats
affects brown adipose tissue glucose uptake.

Aim 4: Investigate the phenotypical and molecular changes in BAT related to the activation of
mitochondrial fission in astrocytes of the NTS.

Aim 5: Assess the impact of mitochondrial dynamics in astrocytes of the NTS in the control of

hepatic lipid metabolism.
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Figure 1.14: Working hypothesis for the thesis. This work aims to determine whether Inhibiting Drp1-
mediated mitochondrial fission in the NTS using the GFAP:Drp1-K38A (green) mutant to target
astrocytes can improve BAT glucose uptake to improve energy expenditure and prevent insulin
resistance in HFD-fed rats. Further, this study aims to investigate the effect of the mutant on hepatic
lipids metabolism. Further, the study aimed to establish whether the activation of mitochondrial fission
in astrocytes of the NTS of regular-chow-fed rats, using the constitutively active mutant GFAP:Drp1-
S637A (red) can decrease BAT glucose uptake and energy consumption and increase hepatic lipid

content.
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Chapter 2: General methods
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2.1 Materials

2.1.1 Buffers and reagents

All reagents are prepared in 1 L batches unless specified otherwise.

10X Tris-buffered saline (TBS)

20 mM Tris Base (BP152-1) (w/v), 150 mM Sodium chloride (S/3160/62) (w/v) both (Fisher
Bioreagents, ThermoFisher Scientific, Waltham, MA, USA) dissolved in distilled water and pH
adjusted to 7.6.

10X Tris-buffered saline with 0.1% Tween20 (TBST)

20mM Tris Base (BP152-1) (w/v), 150 mM Sodium chloride (S/3160/62) (w/v) both (Fisher
Bioreagents, ThermoFisher Scientific, Waltham, MA, USA) and 0.1% Tween20 (A1389) (v/v)

dissolved in distilled water and pH adjusted to 7.6.

1X Resolving buffer

1.5 M Tris Base (BP152-1) (w/v) (Fisher Bioreagents, ThermoFisher Scientific, Waltham, MA,
USA) pH adjusted to 8.6.

1X Stacking buffer

2 M Tris Base (BP152-1) (w/v) (Fisher Bioreagents, ThermoFisher Scientific, Waltham, MA,
USA) pH adjusted to 6.8.
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Sodium Dodecyl Sulphate -Poly Acrylamide Electrophoresis (SDS-PAGE) Gel

The gel was composed of a stacking portion and a resolving portion. The resolving portion
was made up at 8%, 10% or 15% acrylamide according to the size (in kDa) of target proteins
(Table 2.1). Both gels consisted of a mixture of 30% acrylamide/bis-acrylamide solution
(1610154) (Bio-Rad, Hercules, CA, USA), a denaturant (10% sodium dodecyl sulphate (SDS))
(BP1311-200) (Fisher Bioreagents, ThermoFisher Scientific, Waltham, MA, USA), the
respective resolving and stacking buffers (Section 2.1.1), catalyst ammonium persulfate (APS)
(17874) (ThermoFisher Scientific, Waltham, MA, USA) and polymeriser tetramethylene
diamine (TEMED) (443083G) (VWR, Lutterworth, UK) to allow gel polymerisation, all diluted
in distilled water at different proportions (Table 2.1). To prepare the working gel, the resolving
solution was made and poured into the glass cassettes and covered with methanol to remove
air bubbles and prevent drying out during polymerisation. The stacking solution was then
made, and poured on top of the resolving gel, after which methanol was carefully removed.
Appropriate combs (Bio-Rad, Hercules, CA, USA) were inserted and the gel left polymerising
for 30 minutes. After full polymerisation, the comb was removed, and light suction was

applied inside wells with an aspirator to remove any air bubbles or gel debris.

Table 2.1:Composition of resolving and stacking SDS-PAGE gel

8% RESOLVING GEL

10% RESOLVING GEL

15% RESOLVING GEL

STACKING GEL

8% acrylamide 30%
(v/v)

10% acrylamide 30%
(v/v)

15% acrylamide 30%
(v/v)

5% acrylamide 30%
(v/v)

0.375 M Tris HCI pH
8.6

0.375 M Tris HCI pH
8.6

0.375 M Tris HCI pH
8.6

0.5 M Tris HCl pH 8.6

1% sodium dodecyl
sulphate (SDS)

1% sodium dodecyl
sulphate (SDS)

1% sodium dodecyl
sulphate (SDS)

1% sodium dodecyl
sulphate (SDS)

1% ammonium
persulfate (APS)

1% ammonium
persulfate (APS)

1% ammonium
persulfate (APS)

0.5 % ammonium
persulfate (APS)

0.25%
tetramethylenediamin
e (TEMED)

0.25%
tetramethylenediamin
e (TEMED)

0.25%
tetramethylenediamin
e (TEMED)

0.1%
tetramethylenediamin
e (TEMED)

Target size: 50-200
kDa

Target size: 15-100
kDa

Target size: 12-45 kDa
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10X Tris-Glycine SDS running buffer

25 mM Tris Base (BP152-1) (w/v) (Fisher Bioreagents, ThermoFisher Scientific, Waltham, MA,
USA), 192 mM Glycine (G8790) (w/v), 0.1% (v/v) Sodium dodecyl sulphate (05030) both

(Sigma-Aldrich, Steinheim, Germany).

10X Tris-Glycine SDS transfer buffer

48 mM Tris Base (BP152-1) (w/v) (Fisher Bioreagents, ThermoFisher Scientific, Waltham, MA,
USA), 39 mM Glycine (G8790) (w/v) (Sigma-Aldrich, Steinheim, Germany).

5X Laemmli buffer

250 mM Tris hydrochloric acid (HCI) (BP152-1) (w/v) (Fisher Bioreagents, ThermoFisher
Scientific, Waltham, MA, USA) pH adjusted to 6.8, 32.5% Glycerol (356350) (v/v) (VWR,
Lutterworth, UK), 5% - Mercaptoethanol (M6250) (v/v), 5% SDS (05030) (v/v) both (Sigma-
Aldrich, Steinheim, Germany), 0.1% Bromophenol Blue (A18469) (v/v) (Alfa Aesar, Haverhill,
MA, USA).

1X Lysis Buffer

50 mM Tris HCl (BP152-1) (w/v) (Fisher Bioreagents ThermoFisher Scientific, Waltham, MA,
USA) pH 7.5, 1 mM Ethylene Glycol-Bis[B-Amino ether]N,N,’N’,N -Tetra-Acetic Acid (EGTA)
(428570500) (w/v), 1 mM Disodium Ethylene Diamine Tetra-Acetate (EDTA) (EDS) (w/v) both
(Sigma-Aldrich, Steinheim, Germany) both pH to 8, 1% octyl phenoxypolethooxylethanol-40
(NP-40) (w/v) (LA60) (Bio basics Amherst, NY, USA), 1 mM Sodium Orthovanadate (S6508)
(w/v), 50 mM sodium fluoride (PHR1408) (w/v), 5 mM sodium pyrophosphate (71501) (w/v),
0.27 M sucrose (57903) (w/v) all (Sigma-Aldrich, Steinheim, Germany). To be added fresh
before use 1 mM dithiothreitol (DTT) (R0861) (v/v) and Pierce protease inhibitor tablets as
indicated by manufacturer (88266) both (ThermoFisher Scientific, Waltham, MA, USA).
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Ponceau Red

Ponceau staining solution (59803S) was used as supplied from manufacturer (Cell Signalling

Technology, Danvers, MA, USA).

5% Skimmed Milk Blocking solution

5% Skimmed milk powder (42590) (w/v) (Serva, Heidelberg, Germany) dissolved in 1X TBST.

1X Stripping solution

10X Nitrocellulose stripping buffer (v/v) (J62541) (Alfa Aesar, Ward Hill, MA, USA) diluted in

distilled water to 1X concentration.

1% or 4% Agarose Gel with SYBR safe

1 g or 4 g of agarose powder (Fisher Bioreagents, ThermoFisher Scientific, Waltham, MA, USA)
was dissolved in 1x commercial tris-borate-EDTA buffer (TBE buffer) (Merck Millipore,
Darmstadt, Germany) and heated to fully dissolve the agarose. Once agarose was fully
dissolved 0.004% SYBR safe DNA gel stain (Invitrogen, Waltham, MA, USA) was added to the

mixture to allow DNA visualisation.

1X Phosphate-buffered saline (PBS)

1 Tablet Phosphate buffered saline (Dulbecco A) (BR0014G) (Oxoid Limited, Basingstoke, UK)
per 100 ml of final product at 1X. Composition: sodium chloride (13.7 mM), potassium
chloride (2.7 mM), disodium hydrogen phosphate (8.1 mM), potassium dihydrogen
phosphate (1.4 mM). Alternatively, ready to use 1X PBS solution (SH30256) (Hyclone, Logan,

UT, USA) was employed.
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1X Phosphate buffered saline with Triton X (PBST)

1 Tablet Phosphate buffered saline (Dulbecco A) (BR0O014G) (Oxoid Limited, Basingstoke, UK)
per 100 ml of final product at 1X. Composition: sodium chloride (13.7 mM), potassium
chloride (2.7 mM), disodium hydrogen phosphate (8.1 mM), potassium dihydrogen
phosphate (1.4 mM) with 0.3% or 0.1% Triton X (X100) (v/v) (Sigma-Aldrich, Steinheim,

Germany).

1X Phosphate buffered saline with Tween20 (PBST)

1 Tablet Phosphate buffered saline (Dulbecco A) (BR0O014G) (Oxoid Limited, Basingstoke, UK)
per 100 ml of final product at 1X. Composition: sodium chloride (13.7 mM), potassium
chloride (2.7 mM), disodium hydrogen phosphate (8.1 mM), potassium dihydrogen
phosphate (1.4 mM) with 0.5% Tween20 (v/v) (PanReach, AppliChem, Barcellona, Spain).

1% or 5% Bovine Albumin Serum Blocking solution

1% Bovine Albumin Serum pH 7 (A7906) (w/v) (Sigma-Aldrich, Steinheim, Germany) dissolved
in 1X PBS.

5% Bovine Albumin Serum pH 7 (A7906) (w/v) (Sigma-Aldrich, Steinheim, Germany) dissolved
in 1X TBST or 0.1% PBST (Tween20). Blocking solution prepared in 1X TBST was used for
western blotting applications, blocking solution made in 1X PBS or 0.1% PBST for

immunohistochemistry applications.

Glycine buffer

1 Tablet Phosphate buffered saline (Dulbecco A) (BR0O014G) (Oxoid Limited, Basingstoke, UK)
per 100 ml of final product at 1X. Composition: sodium chloride (13.7 mM), potassium
chloride (2.7 mM), disodium hydrogen phosphate (8.1 mM), potassium dihydrogen
phosphate (1.4 mM) with 0.1% Tween 20 (PanReach, AppliChem, Barcellona, Spain) and 0.3
M Glycine(G8790) (w/v) (Sigma-Aldrich, Steinheim, Germany).
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0.4 M Phosphate buffer (PB) pH 7.4

0.31 M Disodium hydrogen orthophosphate anhydrous (w/v), 0.09 M Sodium dihydrogen
orthophosphate hydrate (w/v), both (Sigma-Aldrich, Steinheim, Germany) dissolved in

distilled water.

0.4 M Phosphate buffer (PB) pH 7.4

0.4 PB pH 7.4 diluted to concentration with distilled water.

4% Paraformaldehyde (PFA)

1.33 M Paraformaldehyde (w/v) (Sigma-Aldrich, Steinheim, Germany) dissolved in 0.1 M PB
heated at 60°C and pH to 6.9.

Sucrose solution (15 or 30%)

15% or 30% sucrose (57903) (w/v) (Sigma-Aldrich, Steinheim, Germany) dissolved in 1X PBS.

Cryoprotectant

30% ethylene glycol (102466) (w/v), 10% Polyvinylpyrrolidone (PVP 40) (w/v), 30% sucrose
(57903) (w/v) all (Sigma-Aldrich, Steinheim, Germany) in 0.1 M PB. Solid components were
added in order as follows: PVP-40 dissolved in 0.1 M PB, followed by sucrose and ethylene

glycol. 0.1 M PB was then added to final volume.

2.2 Methods

2.2.1 Adenoviral preparation

To allow the manipulation of mitochondria dynamics in the NTS of the brain, an adenoviral

system (AV) was used. A plasmid under the cytomegalovirus (CMV), or a glial fibrillary acidic
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protein (GFAP) promoter containing either the constitutively active (Drp1S637A) or
catalytically inactive (Drp1K38A) forms of Drpl was delivered to the NTS of male Sprague-
Dawley (SD) adult rats. These promoters express either a FLAG-tagged constitutively active
form of Dynamin-related protein 1 (Drpl) in the residue S637 to A (Drp1S637A), a FLAG-
tagged dominant negative form of Drp1lin the residues K38 to A (Drp1K38A) or a control green
fluorescent protein (GFP) (Filippi et al., 2017). Drp1S637A is a mutant phospho-deficient Drp1
which leads to increased Drp1l activity resulting in a shift to mitochondria fission (Chang and
Blackstone, 2007); conversely, Drp1K38A lacks the guanosine triphosphate (GTP) binding site
that is required for Drpl to induce mitochondria fission, as Drpl is a GTPase protein; This
prevents mitochondria constriction upon GTPase hydrolysis, ultimately promoting

mitochondrial fusion.

Importantly for this thesis, the use of both Drp1 mutants has been largely validated in in vivo
and in vitro studies, confirming their efficacy in manipulating mitochondria dynamics in a
range of tissues and cell types respectively- including the brain and its subcellular populations
(Filippi et al., 2017; Patel et al., 2021). Drp1S637A was administered to regular chow-fed rats
(RC), whilst Drp1K138-A was administered to high fat-fed rats (HFD). Dr Joanne Griffiths in the
Filippi lab handled the viral production under specific promoters of interest, as well as

amplification and purification steps as described.

2.2.2 Cell culture

HEK293AD cell line

To produce adenoviruses expressing Drp1S637A, Drpl1K38A and GFP under the appropriate
promoters, HEK293AD cell lines were used. The HEK293AD cell line is a derivative of the
human embryonic kidney cell line HEK293, which has been specifically transformed by
adenovirus type 5 DNA (Graham et al., 1977). This confers the cells the ability to express trans-
acting genes encoded by adenoviral E1 region, allowing the replication of infectious viral
particles when transfected with E1-deleted adenoviral vectors. Cells were cultured in the
following conditions: 37°C, 5% CO2 in a Isotemp CO2 incubator (Fisher Brand, Loughborough,
UK) in high glucose (25 mM) Dulbecco’s modified eagle media (DMEM) with GlutaMAX and

95



Hepes supplements (10564011) (Gibco, ThermoFisher Scientific, Waltham, MA, USA), 10%
Foetal Bovine Serum (FBS) (2024-01) (Gibco, ThermoFisher Scientific, Waltham, MA, USA), 1%
Penicillin Streptavidin (P0781) (Sigma-Aldrich, Steinheim, Germany), 0.1 mM minimum
essential medium (MEM) non-essential amino acids (NEAA) (11140-035) (Gibco,
ThermoFisher Scientific, Waltham, MA, USA); this formulation is referred to as complete

media.

2.2.3 Viral Amplification

HEK293AD cells were employed for amplification of the adenoviral constructs Drp1-K38A,
Drp1-S637A and GFP under different promoters; Cytomegalovirus (CMV) to target all cells or
glial fibrillary acidic protein (GFAP) to target astrocytes. On day 0 HEK293AD cells were seeded
in 6 cm3 plates (5 ml/plate) and the DNA prepared for transfection. 10 pg of pAcad59.2.100
backbone was digested with 2 ul of Pac1/10x Smart buffer at 37°C for 2 hours. DNA was
purified using Zymo genomic DNA cleaner and concentrator (D4010) following the
manufacturer's protocol. Next, 25 mg of pAcad5 shuttle vector containing the gene of interest
with 2 pl of Pac1/10x Smart buffer were digested at 37°C for 2 hours and the DNA purified
using Zymo genomic DNA cleaner and concentrator (D4010) following the manufacturer’s
protocol. Finally, the DNA concentration was determined using a Nanodrop (ThermoFisher
Scientific, Waltham, MA, USA) and 2 ul of DNA was visualised by agarose gel electrophoresis
using 1% agarose gel (section 2.1.1) and DNA products were mixed with 20 % 6x loading
purple dye (New England Biolabs, Ipswich, MA, USA) and loaded onto gel alongside with equal
volume of 1 kB Plus DNA ladder (New England Biolabs, Ipswich, MA, USA) and run at 100 V
for 1h in 1x TBE buffer in a SubCell GT cell horizontal tank powdered by a Powerpack Basic
(both Bio-Rad, Hercules, CA, USA) to check digestion.

Viral amplification stage 1

On Day 1 cells were checked and if around 70% confluent 3 ml of fresh media was added.

Pacl digested pAcad59.2.100 backbone vector and pacl digested pAcad5 shuttle vector
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containing the gene of interest (Tube B) and control were combined with Polyjet mixed with
DMEM (Tube A) (Table 2.2) and left at room temperature for 10 minutes (Table 2.2). Next,
the solution was added dropwise to the cells to perform co-transfection alongside with a
Polyjet only control, and the plates were returned to the incubator and checked daily, and 2

ml of fresh media added on Day 3.
Between Day 7 and Day 12 ~ 50% of cells detached, which indicated that the cells were ready

to be harvested; harvesting was performed in the media using a cell scraper (-) and the media

was collected in a 15 ml falcon tube. The Poly Jet control was also harvested.

Table 2.2: Reagents for viral amplification

Tube A Tube B
DMEM (pl) Polyjet (pl) DMEM (ul) DNA (pg)
Polyjet control 100 15 100 -
Co-transfection 100 15 100 1 pacl-pAcad59.2.100+ 4
pacl-pAcad5vector

Viral amplification step 2

On Day 0 HEK293AD cells were seeded in 24-wells plate (500 ul /well) and left for several
hours to attach, and infected on the same day. Whilst cells were attaching, the virus from the
transfected cells and media from the earlier amplification step was prepared for infection.
First, 3 freeze-thaw cycles alternating dry ice and 37°C water bath were performed for 10
minutes each, including the polyjet control; next, the virus preps were spun at 3000 rpm at
4°C for 5 minutes in a centrifuge and filtered through a 0.4 um cell strainer (stage 1-S1 virus).
The viruses were then aliquoted in 50 pl into sterile Eppendorf tubes and stored at -80°C until
use. When cells were fully attached their media was removed and 500 pl of S1 virus or polyjet
control were added per well and the cells incubated at 37°C for 1 hour, and then the virus or
polyjet were removed and replaced with 500 ul of fresh media. Cells were monitored daily

and 500 pl of media was added on Day 3. On Day 5 or when more than 50% had detached cell

97



media was harvested, spun at 3000 rpm at 4°C for 5 minutes and filtered through a 0. 4 um

cell strainer (stage 2-S2 virus).

Viral amplification step 3

On Day 0, HEK293AD cells were seeded in 10 cm? plates (6 ml /plate) and left several hours
to attach. When cells were attached, the media was removed and replaced with 2 ml of 52
virus and incubated for 1 hour at 37°C; the virus was then removed and replaced with 10 ml
of fresh media and incubated at 37°C for additional 48-72 hours until all cells had detached.

Next, the cell media was harvested, spun at 3000 rpm at 4°C for 5 minutes and filtered
through a 0. 4 um cell strainer (stage 3-S3 virus). This preparation was used for further

working stocks and 3,3’-Diaminobenzidine (DAB) assay to determine the viral titre.

2.2.4 Viral Purification

Viruses were purified and concentrated via centrifugation through a 10% Sucrose/TENs
solution at 4°C to minimise viral degradation. Falcon tubes were chilled in ice and 10 ml of
10% Sucrose/TENSs solution added to each tube, followed by careful overlay of 40 ml of Stage
4 (S4) virus making sure that sucrose and media did not mix. Tubes were then transferred to
a prechilled Centrifuge 5804-R (Eppendorf, Hamburg, Germany) (4°C) and spun at 10000 rpm
for 4 hours at 4°C. Media and sucrose solution were then removed sequentially and a white
pellet was left at the bottom of the tube and residual sucrose was eliminated by inverting the
tube onto tissue. 400 ul of sterile PBS were overlayed onto pellets and left at 4°C overnight;
the following day the PBS, containing pure virus (PV1) was carefully removed and the earlier
passage repeated to collect residual pure virus (PV2). Viral preps were stored at -80°C in 50

ul aliquots until DAB assay titration. (Jiang et al, 2015).

2.2.5 DAB (3,3'-Diaminobenzidine) Assay to determine viral titre

DAB is a derivative of benzene which in immunohistochemical applications is oxidised by

hydrogen peroxide in a reaction catalysed by horseradish peroxidase (HRP). When oxidised
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DAB forms a brown precipitate corresponding to where HRP contained in the secondary
antibody is localised, allowing staining detection under light microscopy. For this assay

HEK293AD cells were seeded on the day of the assay in a 24-well plate in 500 pl of media.

Viral preparations were diluted with the viral solution in series ranging 1072 to 10~7 VP (viral
particles) /ml. To obtain the stock 10~2 dilution 5 pl of virus were added to a tube containing
495 pl of media and mixed well and diluted in series in tubes containing 900 pl of media. Cell
media was then removed and 100 ul of the viral dilutions added in duplicates, alongside a
negative cell control containing only cell media and the positive control containing 100 ul of
Bgal virus at 10-4. Cells were incubated for 1 hour and 400 ul of fresh media were added to
each well and left incubating for further 48 hours. Media was then replaced with 200ul/well
of ice-cold methanol and the plate left at -20°C for 20 minutes to fix the cells, then methanol
was removed, and cells washed three times with 200 pl of PBS/well for 5 minutes. Cells were
then blocked in 200 pl/well 1% BSA in PBS for one hour at room temperature, followed by
200 pl/well primary Anti-Hexon antibody (1:500) in blocking solution for 1 hour at room
temperature. Cells were washed three times with 200 ul of PBS/well for 5 minutes, followed
by 200 pl/well secondary anti-mouse HRP (1:1000) in blocking solution for 1 hour at room
temperature, followed by a final 5 washes with 200 ul of PBS/well for 5 minutes. Next, the
DAB substrate was prepared by adding 2 drops of reagent 1, 4 drops of reagent 2 and 2 drops
of reagent 3 from A DAB Substrate KIT (SK-4100) (Vector Labs, Burlingame, CA, USA) to 5 ml
of H20; 200 ul of the substrate were added to each well for 5 minutes, and immediately
replaced with 200 pl of H20. All washing and incubation steps were performed on a shaker
(Mixer HC) (Starlab, Milton Keynes, UK). Staining was then visualised at 100x using an Evos
imaging system (Invitrogen, Waltham, MA, USA). Positive stained cells (brown) were counted
from 5 separate fields in the well with at least 5 positive cells per field. Average numbers of
positive stained cells and viral titre (VP/ml) were calculated, and the viral titre was derived

from the following formula:

Viral titre= (average positive cells/field) * (fields/well) * (dilution factor)
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2.2.6 Animal preparation

All experiments were carried out in line with the UK Animals (Scientific Procedures) Act 1986,
as well as ethical guidelines set by the University of Leeds Ethical Review Committee. Every
effort was made to meet the 3Rs criteria to minimise the number of animals and suffering.
Essential 10 ARRIVE guidelines (du Sert et al., 2020) were followed in the conception and
execution of the experimental work, those that are relevant to the methods section are
summarised in Table 2.3. Nine-week-old wild-type male Sprague-Dawley (SD) rats weighing
285115 g (Margate, UK; Saint-Germane Nulles, France and Lodigiano, Italy) were used for the
experiments. Animals were housed individually in clear cages to minimise isolation distress
and kept at 22°C (standard range 20-24°C) on a 12-hour light/dark cycle (06:30-18.30) and

either given ad libitum access to food and water or pair-fed.
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Table 2.3: Criteria for animals used in the experimental designs according to ARRIVE guidelines

GUIDELINE

EXPLANATION AND ELABORATION

Study design

Groups being compared
Experimental unit

CMV and GFAP K38-A HFD-fed animals were compared to GFAP:GFP HFD
controls.

GFAP GFP PF HFD-fed animals were compared to GFAP:K38-A HFD ad-libitum
controls.

CMV and GFAP S637A RC-fed animals were compared to GFAP:GFP RC controls.
As the experimental results were dependent on food intake, animals were single
housed to achieve precise measurement of food intake. To ensure animal welfare,

transparent cages were used in order for animals to be able to see each other.

Sample size

Experimental units
allocated to each group
Total number of animals
used

Rationale for sample size

Feeding studies:Based on our previous studies we know that the effect size is
1.50, we consider an e power 1-b error probability of 0.8 and an error probability
of 0.05. Based on this consideration our power calculation enables us to conclude
that 6 rats per group will be enough to get a significant result.

PET scans: No previous studies within the group were available to produce
appropriate power calculations. Wider literature was used to obtain an
appropriate sample size, which was set at n=4.

Inclusion and exclusion criteria

Exclusion criteria: Recovery after surgery, feeding pattern and experimental
conditions are controllable variables. To ensure no evident deviation from the
average we ensured that if a rat was not well recovered (at least 90% of his pre-
surgical weight) or doesn't eat enough,_it is humanely sacrificed and not used for
the experiment. After sacrifice animals with no detectable viral expression were
excluded from the study regardless of their experimental group.

Randomisation

Randomisation method
used

Strategies used to minimize
potential cofounders

Animals were allocated to the experimental conditions prior the surgical
procedures; matching weight was the criteria used to randomize the animals to
the experimental groups. The final aim was to have no significant differences in
the mean animals’ weight across the experimental groups.

Experimental groups were divided into rows in the husbandry room to
differentiate them and ensure each unit was receiving the correct viral injection

and diet.

Blinding

Who was aware of group
allocations at different
stages of the experiment

All researchers involved in each of the study were aware of the animals’ allocation
group prior to surgery and throughout experiment conduction. Once samples
were obtained, these were coded and analysed blindly, when possible, by two
different members of staff (histology). Allocation was then revealed after the
analysis stage of the study. This was not possible during the PET studies as tissues,
with the exclusion of gPCR, were collected and analysed from one animal at the
time, due to the nature of the study. Two overcome this, two members of the

research team reviewed the results following collection.

Experimental animals

Male SD rats of 9 weeks of age were used.
The animals were obtained by Charles Rivers (Margate, UK; Saint-Germane

Nulles, France and Lodigiano, Italy).
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Animals were fed either standard laboratory rat diet or high-fat diet (HFD) or control diet. The
diet composition for the (1) regular chow diet (3.91 kcal/g) was 8.68% protein, 4.73% fat,
3.48% fibre, 5.38% ash and 58.73% carbohydrate (BK0O01) (Special Diet Services, Witham, UK),
(2) HFD (5.51 kcal/g) was 20.5% protein, 36% fat, 3,5% ash, 36.2% carbohydrate (F3282), (3)
control diet (3.93 kcal/g) was 20.5% protein, 7.2% fat, 3.5% ash, 61.6 % carbohydrate (F4031),
(Both Datesand group, Stockport, UK). As rodents put directly on HFD are less prone to
recover well from surgeries, rats were allocated to the HFD condition 3 days post operatively
and then put on HFD; this was also done to ease the transition from RC to HFD (consistency

and taste).

2.2.7 Surgical procedures

Rodents were induced anaesthesia by inhalation of Isoflurane (5% v/v with oxygen) (Piramal
Critical Care, London, UK) in an anaesthesia induction chamber. Animals were then
transferred to an elevated U-stereotactic frame (75-1086) (Harvard Apparatus, Holliston, MA,
USA) where anaesthesia was maintained with 1-3% isoflurane mixed with oxygen released
from a nose cone. The skull was exposed to reveal the Lambda and Bregma hallmarks-which
were measured to determine correct alignment of the skull, and level it, using vertical
coordinates of the stereotactic frame if necessary. Once levelled, the occipital suture was
measured, and the stereotactic apparatus aligned to implant each animal with a 26-gauge
bilateral catheter (C235G-0.8-SPC) (PlasticsOnes, Anjou, Canada) to target the NTS of the DVC.
The measurements used to implant the bilateral cannula were as follows: 0.0 mm on the
occipital crest, 0.4 mm lateral to the midline and 7.9mm below the surface of the skull as
previously described (Barraco et al., 1992; Filippi et al., 2017) (Figure 2.1). The cannula was
secured to the skull with superglue followed by Unifast TRAD dental cement (0990607) and
liquid buffer (4160803) (GC Europe, Leuven, Belgium). A dummy (C235DC-SPC) (Bilaney,
Sevenoaks, UK) was inserted in the cannula to prevent blockages and backflow of injections
during viral deliveries (described in section 2.2.4). Finally, to promote rehydration and
improve post-operatory recovery, the animals were provided with bilateral intramuscular
injections of 5ml saline solution (Hypaclens, SafetyFirstAid, London, UK) and Meloxicam

5mg/ml (Metacam) as analgesic (Boehringer Ingelheim, Bracknell, UK).
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Figure 2.1: Schematic representation of the surgical set-up. DVC= dorsal vagal complex; BBB= blood
brain barrier; AP= area postrema; NTS= nucleus tractus solitarius; DMX= dorsal motor nucleus of the

vagus,; CC= central canal.

2.2.8 Injection of adenoviral systems

The viral injections were performed the afternoon following the surgeries, using a 50 ul
Hamilton syringe (Hamilton UK LTD, Birmingham UK) attached to polythene lines (0.58 mm
inner @) with a bilateral cannula inserted onto the other end (C2351-SPC) (Bilaney, Sevenoaks,
UK). After this system was assembled it was flushed with double distilled water to eliminate
any air bubble from the lines. To prevent the dilution of the viral solution with the water used
in the preparatory phase, syringes were pushed to 5 ul and pulled back to 10 ul to create a
small air bubble. Subsequently, the virus was loaded into the cannula and pushed out until a
small drop formed at the tip of the cannula to ensure the absence of air bubbles which can
result in adverse neurological outcomes in the animals. Finally, the dummy cannula was
removed, and the cannula attached to the lines inserted to deliver 2.5 ul of virus in each side

of the NTS. The lines and the cannula were left attached to the animal for ~ 5 minutes whilst
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rats were freely moving in the cage, to prevent backflow and ensure correct delivery of the
virus. All throughout this process, animals were monitored to prevent any adverse reaction,
such as seizures or strokes. To confirm correct targeting of the NTS, immunofluorescence was
performed in 4% PFA fixed brain or western blot analysis was conducted using FLAG or GFP
antibodies at the end of the experimental procedures. The FLAG epitope is a hydrophilic short
polypeptide chain that fuses to the recombinant proteins of interest, which in our case
consisted of either DrpK138A or Drp1-S637A expressed under the respective promoter of
interest. By using an antibody against FLAG, we could probe for presence of our mutant
proteins in the rat NTS following injection. An anti-GFP antibody was used for the same

purpose in control animals.

2.2.9 Feeding studies

Chronic feeding studies

Animals were implanted with bilateral cannulas targeting the NTS via stereotactic surgery on
day 0, as described in section 2.2.7. The same day (day 0) or following day (day 1) viral
injections containing Drp1S637A, Drp1K38A or GFP control, expressed under CMV or GFAP
promoters, were administered. Animals used for section 3.2 and 3.3 received viral injection
on day 1, for all other results chapters, animals received injection on day 0. Animals that
received the constitutively active form of Drpl Drp1S637A and matching GFP controls were
fed regular chow from day 1 to 15; Animals that received the dominant negative Drp1K38A
form of Drp1 and respective GFP controls received regular chow up to day 3 of the study and
were then transferred to HFD until the end of the study (day 15 or 17) (Figure 2.2). This
transition was necessary as animals subjected to anaesthesia and surgery do not recover as
well if directly fed an HFD, and this helps reducing the chances of spurious variables
connected to the experimental design. The cumulative weight gain and food intake of the
animals was monitored daily at the same time in the second quarter of the light phase (9am-
12pm) to obtain consistent data. Rats were sacrificed on day 17 and brain, liver, brown
adipose tissue and epididymal, retroperitoneal and visceral white adipose tissues were

weighted and collected.
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Figure 2.2: Schematic representation of the experimental design for the chronic feeding studies. On
day 0 animals underwent stereotactic surgery to implant a bilateral cannula in the NTS. On day 1
animals received an injection of either GFP control protein, K38A or S637A under CMV or GFAP
promoters. K38A animals and GFP controls were fed high-fat diet for 2 weeks starting on day 3. S637A
and GFP controls were fed regular chow through the experiment. On day 17 animals were sacrificed

and tissues collected.

Acute feeding studies

At day 9 and 14 of the chronic feeding study the same animals were subjected to acute
feeding studies, which consisted of bilateral infusion of 2mU/ul insulin or 0.9% saline VEHICLE
in the NTS. Importantly, insulin infusion in the NTS of the brain decreases food intake in
animals with conserved NTS insulin sensitivity (Filippi et al., 2017); conversely, HFD is
characterised by insulin insensitivity within the NTS, and animals completely lose the ability
to reduce food intake in response to insulin infusions to the NTS (Filippi et al., 2017; Patel et
al., 2021). On the days of the study, body weight and food intake (to two decimal points) were
measured at 10 am, and then animals were fasted whilst access to water was maintained
(Figure 2.3). At 4pm the rats were bilaterally infused with 2mU/ul insulin (1-5523) (Sigma-
Aldrich, Steinheim, Germany) or 0.9% saline vehicle into the NTS for a total volume of 0.2 ul
over 5 minutes, which results in an infusion rate of 0.04ul/minute. Food was returned
immediately after infusion, and food intake measured as above, every half an hour for four
hours and then at 12, 24 and 36 hours. Body weight was also monitored prior to infusion and
post-infusion at four hours then at 12, 24 and 36 hours. To reduce the number of animals

employed in this study and provide internal controls for the treatment, we used a within-
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subject (repeated measures) experimental design, in which the same animal was subjected
to both insulin and vehicle treatment at two different time points -day 9 and day 14. Due to
the length of the study, in some cases we observed loss of the cap containing the bilateral
cannula; these animals were only used as controls for the acute feeding study as no
differences in feeding behaviour could be detected in animals that lost their cap when
compared to those that still had it. However, to ensure that these animals would undergo the
same levels of stress as those who got the infusion, a mild stress-consisting of handling and

mimicking of infusion procedure- was applied.

s

DVCSURGERY ~ VIRAL INJECTION OPTIONAL ACUTE FEEDING ACUTE FEEDING ~ SACRIFICE
GFP, K38-A, HFD 1 2
5637-A

Figure 2.3: Schematic representation of the experimental design for the acute feeding studies. On
day 0 animals underwent stereotactic surgery to implant a bilateral cannula in the NTS. On day 1
animals received an injection of either GFP control protein, K38A or S637A under CMV or GFAP
promoters. K38A animals and GFP controls were fed high-fat diet for 2 weeks starting on day 3. S637A
and GFP controls were fed reqular chow through the experiment. On day 9 and 14 animals were infused
in the NTS with 0.2ul of 2 mU/ul of insulin or saline vehicle. Each animal received both infusions, using

a within-subjects experimental design. On day 17 animals were sacrificed and tissues collected.
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Pair feeding studies

To determine whether the changes observed in body weight, adipose tissues deposition and
insulin sensitivity in the NTS- in response to astrocyte-specific inhibition of mitochondria
fission in the NTS- are due to changes in feeding behaviour or sympathetically driven energy

expenditure, a pair feeding paradigm was employed.

Animals were implanted with bilateral cannulas targeting the NTS via stereotactic surgery on
day 0, as described in section 2.2.7. The same day as surgery (day 0) viral injections containing
Drp1K38A or GFP expressed under the GFAP promoter were delivered to the NTS. Animals
were put on regular chow up to day 3 (control diet for HFD- F4031 (Datesand group,

Stockport, UK) and were then transferred to HFD until the end of the study (day 17).

Control animals (GFAP:K38A) were provided with excess food in the cage hopper at all times.
Pair-fed GFAP: GFP rats were given at a fixed time a day (1 hour prior to the beginning of the
dark phase) the amount of food that the GFAP:K38A group consumed during the previous
experimental day. The cumulative weight gain and food intake of the animals were monitored
daily at the same time in the second quarter of the light phase (9am-12pm) to obtain
consistent data. Rats were sacrificed on day 17 and brain, liver, brown adipose tissue, plasma
and epididymal, retroperitoneal and visceral white adipose tissues were weighted and

collected.

2.2.10 Western Blot

Sample collection

To collect tissues of interest, animals were anaesthetised with intraperitoneal (IP) (60mg/kg)
Pentobarbital injection to induce terminal anaesthesia. When pedal and pupillary reflexes
were completely lost, intrascapular BAT pads were quickly exposed by making a 2-3 cm lateral
incision at the base of the neck followed by a 2-3 cm vertical incision along the line of the

spinal cord; once the subcutaneous intrascapular WAT pad was exposed a further incision was
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performed down to the level of the trapezius muscle and the two BAT pads lifted towards the
sides. These were then carefully dissected using a scalpel and Noyes scissors and weighed
along with intrascapular subcutaneous white adipose tissue (SCIWAT), epididymal white
adipose tissue (epiWAT), intraperitoneal white adipose tissue (ipWAT), visceral (VWAT) and
liver and immediately snap frozen in liquid nitrogen. Whole blood was also collected in
heparinised eppendorfs, and plasma extracted for further biochemical analysis. In some
animals the DVC region was identified using two anatomical hallmarks, (1) the fourth ventricle
(2) the fasciculus gracilis and collected following decapitation and immediately snap frozen

for immunoblotting or immunohistochemistry analysis to confirm viral expression.

Sample preparation for protein analysis

To harvest tissues, cryopreserved samples were weighed, transferred to 1.5 mL Eppendorf,
and immediately placed in dry ice. Lysis buffer was then added to the tube, and the quantity
in ul was determined by multiplying the tissue weight by the factor 7.5. The lysis buffer
solution contains protease and phosphatase inhibitors allowing both the exposure of
membrane and cytoskeleton- bound proteins from other non-soluble parts of the cell, and
preservation of proteins at their phosphorylated state. Tissues were homogenised in ice using
a handheld homogeniser (Appleton Woods Ltd, Birmingham UK) or a Kimble pellet pestle
mortar (DWK Life Sciences, Mainz, Germany) for 30 seconds until the tissue was completely
disrupted. Following, samples were centrifuged at 12000 g for 15 minutes at 4°C using a
Centrifuge 5804-R (Eppendorf, Hamburg, Germany). Finally, the supernatant was collected
using either a 100 ul pipette or a 25-gauge needle when protein extraction was performed on

adipose tissues, and the precipitate discarded.

Determining protein concentration using Bradford assay

The Bradford assay is a quantitative technique used to determine the amount of protein
present in a sample. This method exploits the binding of a dye-metal complex to proteins kept
in acidic conditions in a sample, resulting in dye deprotonation; this interaction causes a
stable colorimetric reaction transitioning from brown to green upon protein binding,

accompanied by a shift in dye maximum absorbance measured at 660 nm. To perform
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Bradford Assay, 10 ul of eight protein standards at concentration ranging 0 ug/ul to 2 ug/ul
were loaded in duplicates in a sterile 96-wells plate alongside triplicates of 1:10 dilution of
samples of interest; 150 ul of Bradford 660nm protein assay solution (22660) (ThermoFisher
Scientific, Waltham, MA, USA) was then added in each well. The plate was then run in a Hidex
Sense microplate reader (Hidex, Turku, Finland) to determine protein concentration. Real
concentration was then calculated using a standard curve (Table 2.4) and samples were made
up to 1 pg/ul with sterile ddH20 and 1 in 5 parts of 5x sample buffer was added to samples
and boiled at 90°C for 2-5 minutes to ensure protein denaturation. This is a crucial step as the
epitope of interest may be localised within the tri-dimensional conformation of the protein,
and denaturation allows the unfolding of the protein and exposure of the protein of interest

for antibody detection.

Table 2.3: BSA standards for Bradford protein assay

BSA STANDARDS (ug/ul)

2

15

1

0.75

0.5

0.25

0.125

Sodium dodecyl sulphate- polyacrylamide gel electrophoresis (SDS-PAGE)

Electrophoresis refers to the migration of charged proteins, when subjected to an electric
field of opposite charge, which results in the separation of proteins according to size. The
stacking gel has a lower concentration of acrylamide and lower pH to allow proteins to be
tightly concentrated before entering the resolving portion of the gel, in which proteins

migrate and separate according to their size; this is due to the porous structure of the gel,
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which allows small proteins to travel more rapidly than larger proteins. In our experiments,
samples were run on an SDS-polyacrylamide gel prepared in 1.0 mm or 1.5 mm hand cast
glass cassettes (Bio-Rad, Hercules, CA, USA), with the SDS-PAGE gel composed of a resolving
layer pH 8.6, and a stacking layer pH 6.6 (Table 2.1).

After preparation, gels were placed into a Mini-PROTEAN Tetra Cell both (Bio-Rad, Hercules,
CA, USA) and 1X running buffer (Section 2.1.1) was added. 1 to 2 pug/ul of proteins per sample
were then loaded onto gels together with extra 5ul 2x Laemmli buffer to balance the pH. 5ul
of molecular weight marker (Page Ruler Plus) (ThermoFisher Scientific, Waltham, MA, USA)
were also loaded onto each gel. Gels were electrophoresed in 1x running buffer (Section

2.1.1) for 30 minutes at 100 V followed by 60 minutes at 130 V (Figure 2.4).
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Figure 2.4: Physical principles of western blotting. Proteins are charged molecules and electrophoresis

separation exploits this property to allow their movement under the influence of an electric field. In a

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) proteins are resolved and

separated according to their electric properties, which depend on their charge, size, and structure.

Antibodies

Table 2.4: Primary antibodies for western blotting

OAEAO00007

Antibody Application | Blocking | Dilution | Species | Catalogue reference
Anti-FLAG M2 WB 5% BSA | 1:3000 Mouse Sigma F7425-2MG
Anti-GFP WB 5% BSA | 1:20000 | Mouse Aviva Systems Biology
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Primary antibodies for Western blotting (WB) were made in 5% BSA (Section 2.1.1) unless otherwise
stated in table 2.5.

Table 2.5: Secondary antibodies for western blotting

Donkey Anti-Mouse IgG | WB 1:5000 Donkey Invitrogen A16011
HRP
Donkey Anti-Rabbit IgG HRP | WB 1:5000 Donkey Invitrogen A16029

Secondary antibodies for WB were made in 5% skimmed milk blocking (Section 2.1.1) solution.

Table 2.6: Total protein labelling reagent

Product Application Catalogue reference

No-stain protein labelling | WB (loading control) | Invitrogen A44717

reagent

Immunoblotting and analysis

Proteins contained in the gels were transferred onto 0.2um nitrocellulose membranes (GE
Healthcare life Sciences, Marlborough, MA, USA) in a Trans-Blot transfer cell (Bio-Rad,
Hercules, CA, USA) in 1x transfer buffer (Section 2.1.1) and proteins transferred at 0.75A for
2h at 4°C. Membranes were then washed twice in distilled water and incubated for 10
minutes in No-Stain working solution (ThermoFisher Scientific, Waltham, MA, USA) then
washed three times in distilled water (all at 60 rpm). No-Stain is a protein labelling reagent
that allows protein visualization and normalization. After staining, membranes were
immediately imaged, and data normalized with an in-built function of the iBright Western
Blot Imaging System (ThermoFisher Scientific, Waltham, MA, USA). This approach substituted
the use of traditional housekeeping proteins such as GADH or S-Tubulin as it is considered

more reliable.
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Membranes were then blocked in 5% BSA or 5% milk in TBST for 1h at room temperature.
Primary antibodies (Table 2.5) were prepared in blocking solution and incubated either at
room temperature for 1h or overnight at 4°C. Membranes were then washed three times in
TBST (10min/wash) and incubated for 1h in horse-radish peroxidase (HRP)-conjugated
secondary antibodies (table 2.6) at room temperature, followed by five washes in PBST
(5min/wash). Proteins were then detected by enhanced chemiluminescence; Clarity Western
ECL Substrate Kit (Bio-Rad) was prepared using 1:1 ratio of Peroxide Reagent and
Luminol/Enhancer Reagent. The HRP contained in the secondary antibody catalyses luminol
oxidation when interacting with the peroxide solution; this moves luminol into an excitatory
state, in which light is the emitted as a product of it decaying, allowing protein detection
(Figure 2.5). Membranes were imaged within 15 minutes using an iBright Western Blot
Imaging System for acquisition and iBright Analysis Software for analysis, both (ThermoFisher

Scientific, Waltham, MA, USA.
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Figure 2.5: Western blot is a technique that allows immobilization of a protein sample on a
nitrocellulose or polyvinylidene membranes. After blocking, the membrane is probed with a primary
antibody raised against the target of interest. A horseradish peroxidase (HRP) conjugated secondary
antibody is then added to react with the primary antibody. Enhanced chemiluminescent (ECL) reagent
is then added. ECL is a luminol-based chemiluminescent substrate that interacts with HRP conjugated
to the secondary antibody. HRP catalyses luminol oxidation when interacting with hydrogen peroxide.
This results in luminol going into an excitatory state that produces light emission during decay. This

signal can then be detected by imaging systems.
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Image analysis

Total protein expression or phosphorylated protein levels were analysed using iBright Analysis
Software (ThermoFisher Scientific, Waltham, MA, USA). Briefly, files were exported from the
iBright imaging system as G2i files, opened with the iBright Software and ladders were
overlapped to ensure correct localisation of the protein bands. Next, protein expression was
determined by using a standardised rectangle selection tool which allowed the signal to be
obtained from each sample; expression of phosphorylated proteins was normalised to the
total protein from the control group. Total proteins were standardised against normalised
total protein content detected with the No-Stain (Table 2.7). To be used for quantification,
images were required not to be over-saturated. Volumetric data obtained from the analysis
were exported to Excel for data management and analysed using GraphPad Prism 9

(GraphPad, San Diego, CA, USA).

2.2.11 RNA extraction

Cryopreserved samples were weighed, and total RNA was extracted from 30 ~50 mg of tissue.
Each sample was disrupted and homogenised in a 1.5 ml Eppendorf in 1 ml QlAzol Lysis
Reagent (Qiagen, Hilden, Germany) using a handheld tissue homogeniser (Appleton Woods
Ltd, Birmingham, UK) for 30s at speeds of 4-5 and the homogenised samples were incubated
at room temperature for 5 min to allow full dissociation of nucleoprotein complexes. Next,
200 ul of chloroform was added, and the Eppendorf was vigorously shaken and then left for
2-3 minutes at room temperature for further RNA separation, before being centrifuged at
12,000 g at 4°C for 15 min. Following centrifugation, the sample was separated in aqueous
phase (clear), interphase (white) and phenol-chloroform phase (pink). The aqueous phase was
collected and transferred to a new 1.5 ml Eppendorf and one volume of 70% ethanol was
added and the mixture briefly vortexed. Using a RNeasy Lipid Tissue Mini Kit (Qiagen, Hilden,
Germany), up to 700 ul of the prepared sample was transferred to a RNeasy Mini spin column
in 2 ml collection tubes, followed by centrifugation at room temperature for 15s at 8000 g
and the flow-through discarded. If required, the step was repeated until all the sample was
processed. Following this, a DNA digest step was performed, to ensure full digestion of DNA

during RNA purification and efficient removal of contaminating genomic DNA; this step is
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particularly important as further applications such as g-PCR are highly sensitive to exceedingly
small amounts of residual DNA. All buffers described are part of the RNAeasy Lipid Tissue Mini
Kit (Qiagen, Hilden, Germany) and their composition is classified. Briefly, 350 ul of RW1 buffer
were added to each column, centrifuged for 15s at 8000 g to wash the membrane, and flow-
through discarded: following this, 10 ul of DNase | in 70 ul of RDD buffer were added to each
column and incubated at room temperature for 15 min, followed by a further wash with RW1
buffer. After DNase digest step 500 ul of RPE buffer was added, centrifuged for 15s at 8000 g
two consecutive times; RPE is a mild washing buffer used to remove traces of salt from
previous steps. Finally, membranes were further dried by placing the column in a new tube
and centrifuged at 14000 g for 1 min, then the column was transferred to a 1.5 collection

Eppendorf, 40 ul of RNase-free water was added and centrifuged for 1 min at 8000 g.

Assessment of RNA quality and integrity

RNA integrity analysis was performed using an RNA 6000 Nano Kit and run on a 2100
Bioanalyser, both (Agilent, Santa Clara, CA, USA). This technique determines RNA quality and
integrity by electrophoretic separation of the RNA sample. This allows measurement of
concentration and eukaryotic ribosomal bands 28S and 18S to assess for potential
contamination and degradation of RNA. The bands should appear sharp and free of smears
and the 28S band should be approximately twice the intensity of 18S (Figure 2.6); 18S and 28S
bands of similar size suggest that degradation has occurred. To perform this assay, all
reagents for chip preparation were allowed to equilibrate at room temperature for
approximately 30 minutes prior to use. RNA ladder and samples were then heated and
denatured in a thermocycler for 2 min at 70°C and immediately cooled in ice. Next, the gel
matrix was prepared by adding 550 ul of RNA gel matrix into a spin filter and centrifuged at
1500g for 10 min at room temperature and 1 pl of RNA dye was added to 65 pl of filtered gel,
and the mix vortexed and spun at 13000 g for another 10 minutes at room temperature. The
RNA chip was then assembled on a chip priming station, both (Agilent, Santa Clara, CA, USA);
briefly, 9 ul of gel-dye mix was added in the well marked as @, the syringe plunger positioned
at 1 mL and the chip priming station closed. The plunger was then pressed until held by the

clip and after 30 s it was released and plunger brought back to 1 ml. 9 ul of gel-dye mix were
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then added in the wells marked G, whilst 5 pl of RNA marker were added in all the other wells.
Finally, 1 ul of ladder was added in the ladder well and 1 pl of each RNA sample was added to
the sample slots numbered 1 to 12. The chip was then vortexed for 30 s at 2400 rpm and run
in the Bioanalyser. Finally, an inbuilt algorithm in the Bioanalyser software (Agilent, Santa
Clara, CA, USA) calculated the ribosomal ratio and RNA Integrity Number (RIN) which
considers the full electrophoretic trace and scored the RNA quality based on a 1 to 10 scoring
system, with 1 being completely degraded and 10 being mostly intact. In our experiments, in
accordance with pre-existing literature we imposed a cut off RIN of 8, below which samples

were not considered for further gene expression analysis.
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Overall Results for sample 1 : rcl gfp

RNA Area: 517.3 RNA Integrity Number (RIN): 9 (B.02.07)
RNA Concentration: 1,037 ng/ul Result Flagging Color: [
rRNA Ratio [28s / 18s]: 1.4 Result Flagging Label: RIN:S
Fragment table for sample 1 : rcl

Name Start Time [s] End Time [s] Area % of total Area

18S 41.72 44.23 108.2 20.9

28S 48.02 52.02 151.4 293

Figure 2.6: Representative output of a sample run on a bioanalyser. The concentration of eukaryotic
ribosomal bands 28S and 18S are measured to assess potential RNA contamination and degradation.
The 28S band should appear double the size of the 18S band. The bands should be sharp and free of

smears and the RNA integrity score (RIN).
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Assessment of RNA purity

After performing RNA purification and integrity analysis, the concentration of RNA was
determined using a Nanodrop 2000C and NanoDrop1000 software (both, ThermoFisher
Scientific, Waltham, MA, USA) and the method selected for the analysis was nucleic acid
absorbance. Briefly the emission of nucleic acids absorbance maxima at 260 nm and further
absorbances at 280 nm and 230 nm were measured, with the latter two being a control for
proteins and organic compound contamination, respectively. RNA purity was calculated by
determining the ratio of absorbance at 260 nm and 280 nm (260/280), with a ratio of ~2.0
defined as ‘pure’ RNA. Furthermore, the ratio of absorbance at 260 nm and 230 nm (260/230)
was calculated as a second measurement for nucleic acid purity, with acceptable values falling
in the range of 2.0-2.2. To perform this step, 1 ul of DNase free water was pipetted onto the
Nanodrop pedestal to blank the background, then 1 ul of RNA sample was pipetted for
measurement. The values returned were RNA concentration expressed in ng/ul, and RNA
purity, assessed by 260/280 and 260/230 ratios. Our cut-off points were imposed at >100
ng/ul, ~ 2 for 260/280 and between 2.0-2.2 for 260/230; the samples failing to show such
characteristics were re-purified using RNaeasy MiniElute Clean up Kit (Qiagen, Hilden,

Germany) to increase both yield and purity of the RNA (Figure 2.7).
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Figure 2.7: Representative spectrophotometric results produced when measuring RNA with a

Nanodrop. The RNA absorbance spectrum indicates high purity as confirmed by the 260/280 ratio,

confirming the absence of protein contaminants and the 260/230 ratio, showing the absence of

organic contaminants. The RNA concentration is also shown in ng/ul. These results show an example

of a sample suitable for downstream applications.
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2.2.12 Reverse transcription polymerase chain reaction

Reverse transcription polymerase chain reaction uses reverse transcriptase enzymes to drive
the synthesis of complementary DNA (cDNA) from an RNA template, with the cDNA fragments
produced being representative of gene populations in the tissue from which RNA was
extracted. The selective amplification of messenger RNA (mRNA), hence isolation of coding
regions, was achieved by introducing Oligo-(dT)20 to the reverse transcription reaction,
allowing hybridisation to the poly-adenylated (Poly(A) tail found on the 3’ terminus of
eukaryotic mRNAs; as a result, the synthesised cDNA could be used to study the transcripts

of protein-coding genes of a given tissue.

All the reagents stated were obtained from Applied Biosystems (ThermoFisher Scientific,
Waltham, MA, USA). Following total RNA extraction, specific amplification of mRNA and first-
strand cDNA synthesis was achieved using the Superscript lll First-Strand Synthesis System
using a PRC-200 Peltier thermal cycler (MJ Research, Reno, Nevada). The first reaction
contained 1pl Oligo-(dT)20 (50uM), 1ul dNTPs (10mM) and 11 ul RNA (100ng/ul) for a total
volume of 13 ul. The samples were incubated at 65°C for 5 minutes to allow the primer to
anneal to the RNA strand and immediately cooled in ice or at 4°C for 1 minute. The second
reaction mix containing cDNA synthesis mix consisting of 4ul 5X First-strand buffer, 1ul DTT
(0.1M), 1pl RNasin Plus (40 units/ul), 1ul Superscript Il (200 units/ul) was added to the
RNA/primers mixture and the reaction was performed at 55°C degree for 45 minutes to
extend the RT reaction to allow transcription, followed by 70°C for 15 minutes to inactivate
the reverse transcriptase enzyme; at the end of the reaction cDNA samples were immediately
placed on ice and diluted 1:50 for Real Time Quantitative PCR (RT-qPCR) or stored at -80°C

until use.
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Figure 2.8: Schematic showing a two-step real time quantitative PCR (RT-qPCR). In a two-steps RT-

gPCR, the reverse transcription and PCR steps are carried out as two separate reactions. In the first

step cDNA is synthetised from mRNA using oligo-dT, primers by reverse transcription. In the second

step the cDNA is denatured, the primers bind to the cDNA template and the resulting cDNA is amplified

and detected via fluorescent signal quantification.
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Oligonucleotide primers

Table 2.7: Quantitative polymerase chain reaction (qPCR) primers

Gene ID NCBI 5’ to 3’ sequence 3’ to 5’ sequence Size
reference (bp)

Housekeeping gene

36B4 NM_0224 | CGACCTGGAAGTCCAACTAC ATCTGCTGCATCTGCTTG 109
02.2

RPLPO NM_0224 | CCCTTCTCCTTCGGGCTGAT TGAGGCAACAGTCGGGTAGC 165
02.2

Target genes

ACACA NM_0221 | AGGAAGATGGTGTCCGCTCTG GGGGAGATGTGCTGGGTCAT 145
93.1

ACADL NM_0128 | CCCGATTGCAAAAGCCTACG ACTGACGATCTGTCTTGCGA 97
19.2

ADRB3 NM_0131 | CCTTCCCAGCTAGCCCTGTT TGCTAGATCTCCATGGTCCTTCA | 109
08.2

CD36 NM_0315 | CAGTGCAGAAACAGTGGTTGTCT | TGACATTTGCAGGTCCATCTAT 137
61.2 G

CD68 NM_0010 | TACCTGACCCAGGGTGGAAA GCTCTGATGTCGGTCCTGTT 159
31638.1

CIDEA NM_0011 | ACCATCTGTTACAGGCTGTGGGA | AAAGCTCTTGAAAGGCCCATCT | 124
70467.1 T GC

CRP NM_0170 | TTTGTGCTATCTCCAGAACAGATC | GCCCGCCAGTTCAAAACAT 77
96.4 A

DDIT3 NM_0011 | GAAAGCAGAAACCGGTCCAAT GGATGAGATATAGGTGCCCCC | 151
09986.1

DGAT 1 NM_0534 | AAGTATGGCATCCTGGTGGA CAGGCGCTTCTCAATCTGAA 135
37.2
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DGAT2 | NM_0010 | CCTGGCAAGAACGCAGTCAC GAGCCCTCCTCAAAGATCACC | 137
12345.1

DNMLI | NM_0536 | GGTGGAATTGGAGATGGTGGTC | TTCGTGCAACTGGAACTGGCAC | 199
55.3 GA A

FAS NM_1391 | GCAGCTGTTGGTTTGTCCTG ATTCACTGCAGCCTGAGGTC 117
94.3

INSR NM_0170 | GGATTATTGTCTCAAAGGGCTGA | CGTCATACTCACTCTGATTGTGC | 98
71.2 A T

PNPLA2 | NM_0011 | AGACTGTCTGAGCAGGTGGA AGTAGCTGACGCTGGCATTC 158
08509.2

HSL NM_0128 | ATGGCAGCCTACCCAGTTAC TTGGAGAGTACGCTCAGTGG | 98
59.1

MFN2 NM_1308 | GGGGCCTACATCCAAGAGA AAAAAGCCACCTTCATGTGC 166
94.4

NFK8 NM_0012 | AATTGCCCCGGCAT TCCCGTAACCGCGTA 130
76711.1

PPARG NM_0131 | CCTGAAGCTCCAAGAATACC GATGCTTTATCCCCACAGAC 153
243

PPARGC1 | NM_0313 | CAATGAGCCCGCGAACATAT CAATCCGTCTTCATCCACCG 109

A 47.1

SLC2A1 | NM_1388 | TGGCCAAGGACACACGAATACTG | TGGAAGAGACAGGAATGGGCG | 144
27.1 A AAT

SLC2A4 | NM_0127 | AGGCACCCTCACTACCCTTT TTTCCTTCCCAACCATTGAG 106
51.1

TNFa NM_0126 | TCCCAGGTTCTCTTCAAGGGA GGTGAGGAGCACGTAGTCGG | 52
75.3

UCP1 NM_0126 | GCCTCTACGATACGGTCCAA TGCATTCTGACCTTCACCAC 145
82.2
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Oligonucleotide primers validation

Primers used for qPCR are presented in Table 2.8. Primers were synthesised by Integrated
DNA Technologies (Coralville, IA, USA) based on designed sequences using Primer3 design
Package (http://frodo.wi.mit.edu/primer3/.) or sequences obtained from previously
designed and published primers in peer-reviewed journals (Appendix 9.2). Primers arrived
lyophilised and were reconstituted according to manufacturer instructions at a stock
concentration of 100uM. The working dilution, consisting of forward (F) and reverse (R)

primers was prepared to a final concentration of 3-5 UM in RNAse-free water.

Primers were selected based on the following parameters: length between 17-22 bp, melting
point between 59°C and 65°C and less than 2°C difference in melting temperature between
the forward (F) and reverse (R) primers and GC content 45-55%. Further criteria for selection
concerned the absence of hairpin loops, dimers, cross-dimers, and repeats. Moreover,
primers were verified in silico using PRIMER BLAST
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) to confirm primer specificity and assay
optimized using a range of cDNA dilutions (1:50, 1:100, 1:200) obtained from a pool of all
samples used in each study. Finally, products of assay optimisation were run on an agarose
gel to confirm in silico predicted primer size and absence of products in non-template

controls.

Agarose Gel Electrophoresis

PCR products were visualised by agarose gel electrophoresis using 4% agarose gels as
described in section 2.1.1. The DNA products were mixed with 20% 6x loading buffer
(ThermoFisher Scientific, Waltham, MA, USA) and loaded onto the gel alongside with equal
volume of 10-300 bp Ultralow Range DNA ladder (ThermoFisher Scientific, Waltham, MA,
USA) and run at 100 V for approximately 1h in 1x TBE buffer in a SubCell GT cell horizontal
tank powdered by a Powerpack Basic (both Bio-Rad, Hercules, CA, USA). Once the run was
complete, the SYBRSafe-DNA complexes were visualised under UV transilluminator and the
relative distances of migration of the DNA products could be determined to confirm primer

specificity.
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2.2.13 Real Time Quantitative Polymerase Chain Reaction (RT-qPCR)

All the reagents used were obtained from Applied Biosystems (ThermoFisher Scientific,
Waltham, MA, USA). The gPCR was performed using SYBR Select Master Mix in clear
Microamp optical 96-well reaction plates (ThermoFisher Scientific, Waltham, MA, USA) and
the template DNA was amplified in a reaction volume of 12.5 pl using a QuantStudio3 PCR
system (ThermoFisher Scientific, Waltham, MA, USA). Reactions contained 1.25 pl of
forward+reverse (F+R) oligonucleotide primer mix (10uM) 6.25 pl of 2x SYBR Select Master
Mix, 1l H20, and 4ul of 1:50 cDNA per sample. Cycling conditions were as follows: 95°C for
10 minutes followed by 39x cycles at 95°C for 15s followed by 55-65°C for 1 minute; the 95°C
steps allow the denaturation of the two DNA strands, whilst 55-65°C is the calculated interval
of annealing temperature for the primers according to in silico analysis- which allows both F
and R primers to bind to the DNA template. Before plate reading, melting curves were
analysed by increasing temperature from 65°C to 95°C by 0.5°C at the time for 0.05s; SYBR-
based qPCR binds to double-stranded DNA, and melting curves measure the dissociation of
dsDNA at high temperatures. Distinct DNA species- resulting from primer binding should
result in a single melting curve peak, associated with the production of a single product. If
multiple peaks are present this may indicate that the primer is not specific or that primer
dimers-the hybridisation of two primer molecules- were formed, which may require

adjustments to the annealing temperature (Figure 2.8).

Data quantification- 2AAt method

The Delta Delta Ct method (2AACt) is a standard method used to calculate the relative fold
gene expression of samples after performing real time gPCR (Schmittgen and Livak, 2008).
The first step consisted of averaging the triplicate Ct values of replicates from each sample;
samples with Ct value triplicates spanning more than 0.5 Ct values from one another, or with
reaction efficiency below 95% were excluded from quantification. The next step consisted of
calculating the delta Ct value (ACt) for each sample using the average CT values previously

calculated, using the following formula:

ACt= Ct (gene of interest)- Ct (housekeeping gene)
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Next, the control group of samples was used as a calibrator to calculate the delta delta Ct

values (AACt) using the following formula:

AACt= ACt (experimental group)- average ACt (control group)

Finally, the fold gene expression values were calculated using the following formula:

Fold gene expression= 2"-AACt

Data were processed and stored in Excel and statistical tests conducted as described in the

statistical analysis section.

2.2.14 Histochemistry (HC) and Immunohistochemistry (IHC) analyses

Upon termination of studies, non-recovery anaesthesia was induced in the animals with
Pentobarbitone Sodium (Pentojet, Animalcare, York, UK) (60mg/kg) and pedal and ocular
reflexes checked to ensure surgical plane anaesthesia was reached. The intrascapular BAT
pads were then quickly exposed by making a 2-3 cm lateral incision at the base of the neck
followed by a 5-6 cm vertical incision along the line of the spinal cord; once the subcutaneous
intrascapular WAT pad was exposed, a further incision was performed down to the level of
the trapezius muscle and the two BAT pads lifted towards the sides. These were then carefully
dissected and weighed alongside with SCIWAT and post fixed with 4% PFA or snap frozen for
further investigations. Next, a 5-6 cm lateral incision was made through the abdominal wall
just below the level of the rib cage, and the liver collected. Finally, the rib cage was cut on the
sides and lifted to expose the heart. A small incision was then performed on the left ventricle
of the hearth and a perfusion needle inserted through the cut into the ascending aorta. The
heart and the needle were then clamped to prevent leakages and a cut in the right atrium
was made to allow and outlet for the saline and 4% PFA solutions during perfusion. The
circulatory system was flushed using 0.1 M PB followed by 4% PFA to allow tissue fixation.
After approximately 30 minutes, the animal was fully fixed, and brain carefully dissected and

left in 4% PFA for 48 hours for post fixation.
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Haematoxylin & Eosin Histochemistry (HC) for Brown adipose tissue and liver

Tissues used for routine histochemistry were fixed for 24 h in 4% PFA, washed in PBS and
stored in 70% ethanol in distilled water for 48 hours prior to paraffin-embedding. Paraffin
embedding, cutting and haematoxylin and eosin (H&E) staining steps were performed by the
Division of Pathology at St James University Hospital (Leeds University Teaching Hospitals,
UK). Mounted sections were examined in situ by light microscopy using an Evos imaging
system (Invitrogen, Waltham, MA, USA) and analysed using an automated cell counting
protocol in Image J (National Institute of Health, Bethesda, MD, USA). For brown adipose
tissue, the aim of the analysis was to determine the number and size of lipid droplets in a field
of view of standardised size by assuming circularity of the droplets. Since white or white-like
adipocytes are unilocular and have an average size of 20-150 um, while brown adipocytes
have a total average size of 10-25 um, 20 um was set as maximum acceptable size for
multilocular brown adipocyte droplets. This value was used, assuming circularity of the
droplets, to calculate their maximum area using the classical formula A=m * 2 which returned
a maximum acceptable value of 17.671 pm?. Next, images were converted to 16-bit and scale
set to um, after determining the conversion factor (based on magnification and microscope
used, images were calibrated to a known distance, for an Evos microscope at 40x 1 um=4.55
px); images were then segmented by threshold filtration (32+1%) and made binary using the
in-built watershed algorithm- which allowed reconstruction of image details using a 0.25 um
line in regions where information was missing due to droplets with visible lacerations in their
membranes. Please note that this process does not distort nor affect the attributes of the
images. Finally, the in-built function particle analysis was used with the following factors
considered: (1) maximum acceptable area set at 17.671 um?, (2) shape factor of 0.25-1 (with
0 indicating a straight line and 1 a perfect circle and (3) no adipocyte was bordering the image
frame. From this, two sets of information were returned: (a) average size of adipocytes and
(b) number of adipocytes counted. The liver samples were scored using the method described
by (Liang et al., 2014) for hepatic lipid infiltration, and anatomical features compared with
liver TG levels for quantitative analysis. Image analysis was carried out for a minimum of five
separate images for 4-7 animals per experimental group, and the data obtained exported to

an excel spread sheet for storage.
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Fluorescent Immunohistochemistry (FIHC)

Table 2.8: Primary antibodies for fluorescent immunohistochemistry (FIHC)

Hydroxylase (TH)

Antibody Application | Blocking | Dilution | Species | Catalogue reference
Anti-FLAG M2 FIHC % BSA 1:500 Mouse | Sigma F7425-2MG
Anti-glial fibrillary | FIHC % BSA 1:1000 Rabbit Abcam ab7260
acidic protein (GFAP)

Anti-green FIHC % BSA 1:1000 Mouse Protein Tech 66002-1-Ig
fluorescent  protein

(GFP)

Anti-Hex FIHC % BSA 1:3000 Guinea Millipore ABN90
ribonucleotide Pig

binding protein-3

(NeuN)

Anti-Tyrosine FIHC % BSA 1:250 Sheep Abcam ab113

Immunohistochemistry Primary antibodies for fluorescent immunohistochemistry on brain

and brown adipose tissue were made in glycine buffer (Section 2.1.1) to reduce background.

Table 2.9: Secondary Antibodies

Antibody Application | Dilution | Species Catalogue reference
Donkey Anti-Mouse 1gG | IF 1:250 Donkey Invitrogen 16021
(H+L) Biotin Conjugate

Donkey Anti-Rabbit 1gG | IF 1:250 Donkey Invitrogen A16039
(H+L) Biotin Conjugate

Donkey Anti-Sheep 1gG | IF 1:250 Donkey Invitrogen A16045
(H+L) Biotin Conjugate

Donkey Anti-Guinea Pig I1gG | IF 1:250 Donkey Fitzgerald 43R-ID014bt
(H+L) Biotin Conjugate
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Alexa Fluor Donkey Anti- | IF 1:1000 Donkey Invitrogen A11055
Goat IgG |(H+L) 488

Alexa Fluor Goat Anti- | IF 1:1000 Donkey Invitrogen A11073
Guinea Pig 1gG | (H+L) 488

Alexa Fluor Donkey Anti- | IF 1:1000 Donkey Biotium CF488A
Mouse IgG |(H+L) 488

Alexa Fluor Donkey Anti- | IF 1:1000 Donkey Invitrogen A32773
Mouse IgG [(H+L) 555

Alexa Fluor Donkey Anti- | IF 1:1000 Donkey Invitrogen A31572
Rabbit IgG |(H+L) 555

Alexa Fluor Donkey Anti- | IF 1:1000 Donkey Invitrogen A11015
Sheep IgG |(H+L) 488

Alexa Fluor Donkey Anti- | IF 1:1000 Donkey Invitrogen A21436
Sheep IgG | (H+L) 555

Streptavidin  Alexa Fluor | IF 1:1000 Donkey Invitrogen $21381
Donkey conjugate 555
Streptavidin  Alexa Fluor | IF 1:1000 Donkey Invitrogen S21374
Donkey conjugate 647

Immunohistochemistry Secondary antibodies for fluorescent immunohistochemistry on brain

and brown adipose tissue were made in 1X PBS (Section 2.1.1).

Fluorescent Immunohistochemistry (FIHC) for viral confirmation and cell characterisation

Immunohistochemistry is a technique used to detect antigens of interest in a tissue section
via antigen-specific antibody binding which is then visualised by light or fluorescent
microscopy. As previously described, after terminal anaesthesia animals were fixed with 4%
PFA and brains were dissected and left in 4% PFA for 48 hours to fix to prevent cellular protein
breakdown and to preserve the tissue cytoarchitecture via aldehyde protein cross-link

formation. Next, tissues were placed in 15% sucrose and 30% sucrose for at least 3 days in
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each solution (or until the tissue sunk to the bottom of the falcon tube) to preserve the tissue

integrity prior to cryoembedding.

Following, the brainstem was isolated, while single use plastic moulds were placed in dry ice
and half-filled with frozen section compound FSC22 Clear (Leica Biosystems, Richmond, IL,
USA). Once the compound started to solidify, the tissue specimen was placed in the mould
in the desired orientation and covered with FSC22 Clear. After overnight freezing at -80 °C,
samples were transferred to the pre-chilled chamber (-25°C) of a cryostat CM1800 (Leica
Biosystems, Richmond, IL, USA), then sections cut at 40 um and transferred in a 24-well plate
containing cryoprotectant. The appropriate anatomical sections containing the DVC were
selected and prepared for fluorescent immunohistochemistry. Sections were blocked in 10%
donkey serumin 0.1% PBST for 1 hour at room temperature, following by appropriate primary
antibody (FLAG or GFP) at working concentration (Table 2.9) made in 0.1% PBST to allow
tissue permabilisation, and incubated overnight at 4°C on an orbital shaker. After primary
incubation, sections were washed three times in PBS and appropriate secondary antibody was
added (Table 2.10) and incubation occurred on a shaker for 2 hours in the dark at room
temperature. Sections were then washed five times at room temperature and the protocol
repeated to label neurons (NeuN) or astrocytes (GFAP). Finally, sections were mounted on
glass slides using a fine paint brush and left to air dry then sealed with coverslips using
Vectashield plus 4’6-diamidino-2-phenylindole (DAPI) (H-1200) (Vector laboratories,

Burlingame, CA, USA) and nail polish around the edges.

Sections were then imaged using a Zeiss LSM880 upright confocal microscope (Carl Zeiss,
Oberkochen, Germany) at 40x and 63x magnification for representative images. The Zen
software (Carl Zeiss, Oberkochen, Germany) tile scan function was used to image the entire

DVC area and processed as a single plane image.

Tyrosine Hydroxylase Fluorescent Immunohistochemistry

Brown adipose tissue samples for FIHC were quickly dissected as previously described and
placed in 4% PFA for 24 hours and prepared for cryoembedding as described in the previous

paragraph. When the cryomatrix was completely solidified, samples were transferred to the

130



pre-chilled chamber (-25°C) of a cryostat CM1800 (Leica Biosystems, Richmond, IL, USA), with
sections cut at 5 um and collected in sets of 4-5 onto Superfrost Plus microscope slides
(ThermoFisher Scientific, Waltham, MA, USA). Once cut, they were either stored at -80°C or
equilibrated at room temperature for 10-15 minutes to increase adherence and prepare for
FIHC. As tyrosine hydroxylase (TH) is mainly present in the cytosol, sections were subjected
to a permeabilisation step to improve antibody access to cytosolic antigens via a 10 min
incubation in PBS with 0.5% Tween20. Next, to prevent unspecific binding, sections were
blocked in 1% BSA in 0.3 M glycine buffer with 10% Donkey Serum (D9663) (Sigma-Aldrich,
Steinheim, Germany) for 1 hour at room temperature. Blocking solution was then gently
aspirated, and TH antibody (1:250) (table 2.9) in 0.1% PBST was added. Sections were
statically incubated overnight at 4°C to allow antibody binding. After primary antibody
incubation, sections were washed three times in PBS to remove excess primary antibody and
statically incubated with donkey-anti-sheep 555 secondary antibody (1:1000) (Invitrogen
A21436) (table 2.10) made up in PBS for 2 hours at room temperature in the dark. Sections
were then washed 5 times, coverslipped using Vectashield plus 4'6-diamidino-2-phenylindole
(DAPI) (H-1200) (Vector laboratories, Burlingame, CA, USA) and sealed with nail polish around
the edges. Sections were visualised at 20x magnification with an Evos imaging system
(Invitrogen, Waltham, MA, USA) for quantification purposes. Representative images were
obtained at 20x magnification using a Zeiss LSM880 upright confocal microscope (Carl Zeiss,
Oberkochen, Germany). For analysis purposes 4-5 images from n=4 animals per group were
selected and TH quantified using a threshold function, and further confirmed with particle
analysis to isolate TH pools in nerve terminals within BAT. Both analyses were carried out

using Image J (National Institute of Health, Bethesda, MD, USA).

2.2.15 Triglyceride assay

TG are neutral esters formed by one molecule of glycerol and three fatty acids (which are
synthesised in the adipose tissue and liver) and can be secreted in the form of VLDL in the
blood. TG can be broken down in fatty acids and glycerol to act as energy substrates- high
levels of TG in the liver and plasma, however, can result in steatosis and fatty liver disease

and hypertriglyceridemia, respectively, both of which are associated with HFD and obesity.
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To measure plasma and liver TG, an enzymatic technique was used to covert TG in FA and
glycerol, with glycerol being subsequently oxidised to generate a colorimetric reaction, which

could be detected at A=570 nm.

All reagents were included in a commercial TG assay kit (Ab65336) (Abcam, Cambridge, UK)
and after brief centrifugation and equilibration at room temperature were prepared for use
in accordance with supplier indications.TG standard at 0.2 mM was prepared fresh before use

and standard curve dilutions prepared as described in Table 2.11.

Table 2.10: Triglyceride standards prepared at 0.2mM

Standard Volume of TG | Assay buffer Final volume End TG
standard (ul) of standard in | concentration
well (ul) in well
(nmol/well)

1 0 150 50 0

2 30 120 50 2

3 60 90 50 4

4 90 60 50 6

5 120 30 50 8

6 150 0 50 10

Liver samples were processed prior to testing; liver was harvested and approximately 100 mg
dissected and washed in cold 1x PBS. Samples were then re-suspended and homogenised in
5% NP-40 buffer and homogenised using a handheld homogeniser (Appleton Woods Ltd,
Birmingham UK). Samples were slowly heated to 80°C in a water bath for 5 minutes or until
the NP-40 solution became cloudy and brought back to room temperature prior to a further
heating passage to ensure maximum TG solubilisation. Samples were then centrifuged for 2
minutes at 14000g to remove any insoluble material, and the supernatant collected and

diluted 30-fold with distilled water. Plasma samples were tested directly.
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Reaction was set up in a clear 96-well plate and each reaction well contained 50 ul of standard
dilutions or sample (1/20 plasma, 1/30 liver) adjusted to volume with supplied assay buffer.
Next, 2 ul of lipase enzyme were added into all standard and sample wells, mixed and the
reaction incubated for 20 minutes at room temperature in constant agitation. This step is to
promote the conversion of TG in FA and glycerol. Reaction mix was then prepared (Table 2.12)

using the following calculation:

Reaction mix volume=X ul component * (number reactions+1)

Table 2.11:Triglyceride assay reaction mix

Component Reaction mix (pl)
Assay Buffer 46

TG Probe 2

Enzyme Mix 2

50 ul of reaction mix were added to each reaction and incubated at room temperature in the
dark for 60 minutes. Output was immediately measured using a microplate reader at A=570

nm.

Calculations to obtain triglyceride concentration

To calculate the TG concentration, the duplicates for each standard and samples were
averaged and the mean absorbance value of the blank (standard 1) was subtracted from all
standard and sample readings to correct absorbance. Corrected absorbance values of
standards were then plotted on Excel (Microsoft, Redmond, WA, USA) and the best fit curve
was drawn to construct the standard curve and the trend-line equation was calculated.

Finally, TG concentrations in samples were calculated using the following formula:

TG Concentration= (g) * D
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Where B is the amount of TG in the sample calculated from the standard curve in nmol, Vis
the amount of sample volume added in the sample well in pl and D is the sample dilution

factor.

2.2.16 Fatty Acid Assay

Background and Assay

FA are a main source of lipids in plasma after being hydrolysed from TG stores in white
adipocytes and transported in the circulation by plasmatic albumin to provide energy during
fasting periods (Lafontan and Langin, 2009). Importantly, elevated plasma FA have been
implicated in obesity, insulin resistance and systemic low-grade inflammation (Boden, 2008).
To measure plasma FA, an enzyme method is used to convert FA into their Coenzyme A (CoA)
derivatives, which after oxidation can be quantified in a colorimetric reaction at A=570 nm.

All reagents were included in a commercial free fatty acid assay kit (Ab65341) (Abcam,
Cambridge, UK) and after brief centrifugation and equilibration at room temperature, were
prepared for use in accordance with supplier indications. Palmitic acid standard at 1 nmol/ul
was prepared fresh before use and standard curve dilutions prepared as described in Table

2.13.
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Table 2.12: Palmitic Acid standards prepared at 1 nmol/ ul

Standard Volume of Assay buffer Final volume End palmitic
palmitic acid of standard in | acid
standard (ul) well (ul) concentration

in well
(nmol/well)

1 0 150 50 0

2 6 144 50 2

3 12 138 50 4

4 18 132 50 6

5 24 126 50 8

6 30 120 50 10

Reaction was set up in a clear 96-well plate and each reaction well contained 50 ul of standard
dilutions or sample (1/2) adjusted to volume with supplied Assay buffer. Next, 2 ul of ACS
reagent were added into all standard and sample wells, mixed and the reaction incubated for
30 minutes at 37°C. Reaction mix was then prepared (Table 2.14) using the following

calculation:

Reaction mix volume=X ul component * (number reactions+1)

Table 2.13: FA assay reaction mix

Component Reaction mix (pl)
Assay Buffer 44

Fatty Acid Probe 2

Enzyme Mix 2

Enhancer 2

50 pl of reaction mix were added to each reaction and incubated at 37°C in the dark for 30

minutes. Output was immediately measured using a microplate reader at A=570 nm.
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Calculations to obtain FA concentration

To calculate FA concentration, the duplicates for each standard and samples were averaged
and the mean absorbance value of the blank (standard 1) was subtracted from all standard
and sample readings to correct absorbance. Corrected absorbance values of standards were
then plotted on Excel (Microsoft, Redmond, WA, USA) and the best fit curve was drawn to
construct the standard curve and the trendline equation was calculated. Finally, FA

concentrations in samples were calculated using the following formula:
. . Fa
Fatty Acid Concentration= (S—v) * D

Where Fa is the amount of fatty acids in the sample calculated from the standard curve in
nmol, Sv is the amount of sample volume added in the sample well in ul and D is the sample

dilution factor.

2.2.17 Plasma Insulin Sandwich Enzyme-linked Immunosorbent Low Range Assay (ELISA)
(0.1-6.4 ng/ml)

Enzyme-Linked Immunosorbent Assay (ELISA) is a method to detect the presence of specific
target antigens or antibodies in a sample. ELISA is an immunoassay and relies on antibodies
to detect targets via highly specific antibody-antigen interactions; to achieve this the antigen
was immobilised on a solid surface (e.g., using capture antibodies coated plates) and then

complexed with a specific enzyme-conjugated antibody to allow detection (Figure 2.9).
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Figure 2.9: Principles of sandwich ELISA. Enzyme-linked immunosorbent assay (ELISA) is a plate-based
assay technique used to detect specific antigens from a sample. In a sandwich ELISA, the antibody is
immobilized on the solid surface of the plate. After being incubated with a specific antigen, a primary
conjugated antibody is added to the reaction. For detection, the reaction is incubated with a substrate

that interacts with the primary conjugate to release a product measured in a plate reader.
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To measure plasma insulin a commercial Ultrasensitive Rat Insulin ELISA Kit low range assay
(0.1-6.4 ng/ml) (Crystal Chem, Elk Grove, IL, USA) was used. All supplied reagents were
equilibrated at room temperature before use and rat insulin standard reconstituted with 100
ul of distilled H20 to the final stock concentration of 25.6 ng/ml of rat insulin and carefully

inverted until fully dissolved.

To prepare the insulin standards, 50 pl of the 25.6 ng/ml stock rat insulin were diluted with
150 pl of supplied sample diluent to 6.4 ng/ml. Next, 50 pl of sample diluent was added to 6
Eppendorfs labelled 0.1, 0.2, 0.4, 0.8, 1.6, 3.2 ng/ml and a serial dilution was performed by
dispensing 50 pl of 6.4 ng/ml standard into the 3.2 ng/ml tube and repeating the dilution
scheme for the rest of the tubes. For the blank standard 50 ul of sample diluent was added to

the tube labelled 0 ng/ml (Figure 2.10).

6.4 ng/ml
D I D D D I s

N N N N N N N
0 ng/ml 0.1ng/ml  0.2ng/ml 0.4ng/ml 0.8ng/ml 1.6ng/ml  3.2ng/ml

Figure 2.10: Serial dilutions performed to prepare the insulin standards for Enzyme-linked

Immunosorbent Low Range Assay (ELISA).

To perform the assay, three separate reactions were carried out. In the first reaction, the
antibody-coated microplate was equilibrated at room temperature, and 95 pl of sample
diluent was pipetted into each well, followed by duplicates of 5 pl insulin standards. The
microplate was then covered and incubated at 4°C for 2 hours. In the second reaction, the
well content was aspirated, and each well washed five times using 300 ul of wash buffer per

well; any remaining solution was removed by inverting and tapping the plate on paper towel.
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Next, anti-insulin enzyme conjugate was prepared to the required volume of 5 ml for a full
96-well plate, by mixing 3.6 ml of anti-insulin enzyme conjugate stock solution with 1.8 ml of

enzyme conjugate diluent and inverted until a homogenous clear solution was obtained.

100 pl of the kit anti-insulin antibody was added into each well, and microplate covered and
incubated at room temperature for 30 minutes. In the third and final reaction well, content
was aspirated, and wells washed 7 times as previously described. 100 pl of enzyme substrate
solution was immediately dispensed into each well and microplate incubated at 40 minutes
in the dark at room temperature. Finally, the enzyme reaction was stopped by adding 100 ul
of enzyme reaction stop solution and absorbance measured within 30 minutes using A=450
nm/630 nm. To determine the absorbance of standards and samples insulin standard curve
was constructed by plotting values of standards on Excel (Microsoft, Redmond, WA, USA) and
the best fit curve was drawn to construct the standard curve and the trendline equation was

calculated and used to determine samples insulin concentration.

2.2.18 Coenzyme Q Competitive Enzyme-linked Immunosorbent Assay (ELISA)

A competitive ELISA measures the concentration of an antigen of interest by detecting signal
interference, namely the competitive binding to the primary antibody of the antigen of
interest present in a sample and the antigen present on the coated plate (reference antigen).
Depending on the amount of antigen present in a sample, a smaller or bigger amount of free
antibodies will be available to bind the reference antigen; the greatest the amount of antigen

in the sample the weaker will be the detected signal from the reference antigen.
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Figure 2.11: Principles of competitive ELISA. Enzyme-linked immunosorbent assay (ELISA) is a plate-
based assay technique used to detect specific antigens from a sample. In a competitive ELISA, the
antigen presents in the sample (blue) and that immobilised to surface of the plate (pink) will compete
to bind to the primary antibody. The greatest is the amount of antigen in the sample the lower will be
the signal detected from the assay. For detection, the reaction is incubated with an HRP substrate that

interacts with the primary conjugate to release a product measured in a plate reader at 450 nm.
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To measure Coenzyme Q levels in BAT a commercial Rat Coenzyme Q10 ELISA kit (competitive
ELISA) — (MBS7241152) (MyBioSource, San Diego, CA, USA) was used. All reagents were
supplied and equilibrated at room temperature before use; the supplied wash solution
concentrate (10x) was diluted 1x in water as per instructions and stored at 2-8°C up to two
weeks. 70-80 mg of samples were used for this assay and rinsed in ice cold PBS to remove
excess blood. Tissues were then homogenised, ultrasonicated (10 pulses x 3s each) and
centrifuged at 5000 rpm at 4°C for 15 minutes. Supernatant was then immediately collected
with a syringe and a 25G needle to prevent the accidental collection of the fatty interphase.
A test-run was performed to determine the ideal concentration for the assay, and it was
determined that the neat samples should be used. 100 pl of samples and standards (Table
2.15) were assayed in duplicates, alongside with a blank control (100 ul PBS). To perform the
assay two separate reactions were carried out. In the first reaction 10 pl of balance solution
was added to all sample wells, followed by 50 ul of conjugate to each standard and sample
well and mixed well. Plate was then covered with plastic film and incubated at 37°C for 1
hour. Plate was then washed 5x times with washing buffer and inverted to blot dry on to

absorbent paper towel until fully dry.

Table 2.14: Coenzyme Q standards (ng/mL) as supplied.

Standard CoQ(ng/mL) Final volume
of standard in
well (ul)

1 0 100

2 10 100

3 25 100

4 50 100

5 100 100

6 250 100

141



In the second reaction 50 pl Substrate A and 50 pl Substrate B were added to each well,
including the blank control. The plate was then covered and incubated in the dark for 15-20
minutes at 37°C; at the end of the incubation 50 pl of stop solution was added to each well

and absorbance measured within 30 minutes using A=450 nm.

Calculations to obtain CoQ concentration

To calculate CoQ concentration, the duplicates for each standard and samples were averaged,
and the mean absorbance value of the blank was subtracted from all standard and sample
readings to correct absorbance. Corrected absorbance values of standards were then plotted
on Excel (Microsoft, Redmond, WA, USA) and the four-parameter logistic (4-PL) curve fit was
obtained. Samples concentration corresponding to the mean absorbance from the standard

curve were calculated using the following formula:
(a —-d 1)
xX=c -
y—d

Where a is the minimum value that can be obtain, d is the maximum value, c is the point of

S -

inflection of the sigmoid (mid-point between a and d) and b is the Hill’s slope of the curve at

point c.

2.2.19 Fluorodeoxyglucose Positron Emission Tomography- Computerised Tomography
(18FDG-PET/CT)

Background

Positron Emission Tomography (PET) is a nuclear medicine technique that enables non-
invasive imaging of the molecular characteristics of tissues in vivo by employing specific

radiotracers.

2-deoxy-2-18F-fluoro-B-D-glucose (¥F-FDG) is a biologically active radiolabelled glucose
analogue commonly used as a radiotracer for PET scans; as the ®F isotope undergoes

radioactive decay within tissues, a proton is transformed into a neutron and a positron is
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released from the nucleus via beta emission. As positrons travel throughout the tissue, they
interact with nearby electrons once they have exhausted their kinetic energy; next, the newly
formed pair of particles quickly undergo annihilation and are ultimately converted into
gamma rays. The PET camera is then able to record the emission sonogram, which is the
reconstruction of all photons absorbed by the PET scan photodetectors. Namely, the use of
18F jsotope allows a semi-quantitative estimation of glucose uptake, hence, metabolic activity,
within tissues of interest, as the isotope is accumulated but not metabolised by body tissues.
It is possible to combine this technique with Computerised Tomography (CT) which employs
high exergy x-ray emission to produce high resolution structural images of bones, soft tissues,
and blood vessels. This allows a combination of the glucose absorption data obtained from

PET with fine structural reconstructions (Figure 2.12).
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Figure 2.12: Schematic representation of a positron electron tomography/ computed tomography
(PET/CT) scan. After injection of radiolabeled glucose analogue 2-deoxy-2-*8F-fluoro-8-D-glucose (*°F-
FDG) the *8F undergoes radioactive decay and the PET scan absorbs the gamma ray generated during
the decay and records the emission sonogram. The CT employs high energy x-rays to reconstruct tissues

structures based on their density.
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Drug and vehicle preparation

Desiccated  5-[(2R)-2-[[(2R)-2-(3-Chlorophenyl)-2-hydroxyethyl]  amino]  propyl]-1,3-
benzodioxole-2,2-dicarboxylic acid disodium salt (CL 316,243) (Tocris, Bristol, UK) was
reconstituted at 1 mg/ml with 0.9 % saline solution for injection and 2 ml aliquotes stored at
-20°C until use. Prior to use, the drug was thawed in a commercial fridge and administered
via intraperitoneal route at 1 mg/kg. 0.9% Saline solution for injection used to prepare drugs
was injected in the same volume as the experimental drugs via intraperitoneal route as

control vehicle.

Animal preparation

Animals were implanted with bilateral cannulae targeting the NTS via stereotactic surgery on
day 0, as described in section 2.2.7. The same day (day 0) viral injections containing
Drp1S637A, Drp1K38A or GFP control, expressed under CMV or GFAP promoters, were

administered as described in section 2.2.8.

Prior to experimental procedures, animals were maintained at standard rat housing
temperature of 22°C. 48 hours prior to scans, animals were transferred to the Experimental
and Preclinical Imaging Centre (ePIC) housing facility and randomly allocated to either vehicle
(control) or CL 316,243 injected conditions. All animals were maintained at thermoneutrality
during imaging. Thermoneutrality is classically defined as “ambient temperature over which
metabolic rate is minimum and constant” (Poole and Stephenson, 1977); in this condition,
core temperature (T°CORE) is solely maintained by alterations in cutaneous vasoconstriction
sympathetic outflow, in rodents this equals to 28-30°C. Conversely, in conditions of sub
thermoneutrality, or selective 3 adrenoreceptor stimulation, brown adipose tissue is
activated, and its stimulation maintained by competent neuronal subpopulations in the

hypothalamus, brainstem and spinal cord (Morrison and Nakamura, 2011b).

All scans were performed in accordance with the UK Animals (Scientific Procedures) Act 1986,
as well as ethical guidelines set by the University of Leeds Ethical Review Committee. Every

effort was made to meet the 3Rs criteria to minimise the number of animals and suffering.
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Scans were performed at the Experimental and Preclinical Imaging Centre (ePIC) at the Leeds
Institute of Cardiovascular and Metabolic Medicine (LICAMM).

Animals were injected intraperitoneally with 1mg/kg of CL 316,243 in 0.9% saline or 0.9%
saline vehicle 30 minutes prior to scan, to allow the selective B3 adrenergic stimulation to

take place and thus the effect of this to be detectable during the scans.

Tail vein cannulation

For injection of '8F-FDG, animals were induced into surgical plane anaesthesia 10 minutes
prior to the scan with 5% isoflurane in a 2L/min oxygen flow; A 23G needle attached to a
bespoke line was inserted in the lateral tail vein of the animal and held in place using tissue

adhesive and tissue tape.

Tracer preparation and administration and PET/CT scan

The fluorine isotope 8F has a half-life of 109.8 minutes and because of its short half-life,
radioactivity levels expressed in Megabecquerel (MBg) need to be calculated at several time
points prior to the experiment using the Rad Pro Calculator (Ludlum Measurement,
Sweetwater, TX, USA) (hhtp://www.radprocalculator.com/) to ensure that the injected dose
at a specific time point is known. Namely, the syringe activity was recorded prior and post
injection and at the end of the scan the catheter was removed, and its activity also measured

and corrected to time of injection to calculate the final injected activity.

PET/CT scans were acquired on an Albira Si PET-CT system (Bruker, Billerica, MA, USA) using
a 90-minute dynamic imaging sequence. Briefly, the animal was placed prone in the scan bed,
with field of view centred on the intrascapular brown adipose tissue; next, ¥F-FDG activity
(Royal Preston Hospital, Preston, UK) was injected with the following means * standard
deviations (SDs) of activity in 500 pl of 0.9% saline solution (AquaPharm, Animalcare Ltd, York,
UK) through the line inserted in the tail vain at the beginning of the PET scan: 21.86+0.73
(n=27), simultaneously to the initiation of the dynamic scan. Rats were maintained at 2.5%
isofluorane (v/v with oxygen) throughout the duration of the scan. The bed was
supplemented with an and electrode to track respiratory rhythm throughout the scan (Bruker,

Billerica, MA, USA).
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Following the PET scan, CT images were acquired for anatomic co registration (x-ray energy
40 kVp, resolution 90 um, 360 projections, 8 shots) and reconstructed using the three-

dimensional ordered subset expectation maximisation algorithm.

Image Reconstruction and analysis

Animals that failed to show viral expression in the NTS of the DVC or did not recover at least
90% of their presurgical weight were excluded from the analysis (n=1-2 per experimental
group). The PET and CT scans of all animals included in the study were reconstructed
according to the following characteristics: using the in-built Albira software (Bruker, Billerica,
MA, USA) (1) CT scan was reconstructed using the Filtered Back Projection (FBP) algorithm set
on high (2) PET scan was reconstructed using the Maximum Likelihood Estimation Method
(MLEM) set at 0.25 mm and scatter, randoms and decay corrections combined with partial
volume correction and attenuation using the following frames: 15 frames at 2 s, 2 frames at
15s, 4 frames at 60 s, 1 frame at 300 s, 6 frames at 600s and 1 frame at 1200 s (total 4800 s).
Reconstructed images were fused using pmod software (pmod technologies, Zurich,
Switzerland); the PET image information was modified to included weight and actual injected
dose to visualise metabolic activity in tissues at standardised uptake value (SUV)=3. PET
images were overlapped with CT images to ensure correct alignment and PET images
smoothed using a Gaussian filter set at 1 mm. The same software was used to analyse images
using the view mode; Three-dimensional volume of interest (VOI) for BAT was generated and
saved to be utilised for each scan to ensure consistency in the measurement. The VOI for BAT
was constructed between the scapular region, above the thoracic spinal cord, based on CT
images and the most prominent PET scan recorded in the last sequence. These VOIs were
compared using an in-built VOI statistics function so BAT glucose uptake, and from this ratio

time-activity curves for the ROIs were generated.

CT scans were also analysed to quantify the total white adipose tissue mass, to obtain
volumetric information on the visceral and subcutaneous fat in the animals. To do so, a fat
segmentation method as described in (Sasser et al., 2012) was used. Differences in tissue

density were exploited to calculate total amount of fat volume, as a specific density
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corresponds to each tissue and this density can be filtered out using Hounsfield units. Briefly,
bed and nose cone components were excluded from the CT images by drawing vertices and
applying a masking tool; a first segmentation using parameters —300 HU, +3500 HU was used
to segment the whole body and the volume calculated using inbuilt VOI statistics function.
The same operation was repeated to selectively segment out white adipose tissue using the
parameters —190 HU, -60 HU and the volume calculated using inbuilt VOI statistics function.
The ratio of these two values was then calculated to obtain the total percentage of fat volume

mass from each animal.

2.2.20 Scintillation (Gamma) Counting

Following the scan, the catheter was removed and measured with a dose calibrator to correct
for potential fractions of activity that did not enter the animal circulation, and this value was
subtracted from the total injected activity to recalculate the corrected injected dose. Before
animals could regain consciousness, they were sacrificed by decapitation to quickly collect
brain regions of interest, followed by collection of liver, BAT, WAT, and muscle for scintillation
counting and further investigations. The remaining portions of tissues were immediately snap

frozen in liquid nitrogen and stored for further investigations.

For the gamma counting, empty tubes were tared, and fresh tissues were placed into the
tubes and positioned in an automated gamma counter (Hidex, Turku, Finland). '8F spectrum
was quantified and analysed for each tissue for 1 minute. Next, counts per minute (CPM)
normalised to the starting time of the analysis, were corrected to time of injection using the
Rad Pro Calculator (Ludlum Measurement, Sweetwater, TX, USA). The CPM counts were then
converted in MBq using a standard curve generated with triplicates ranging 0-0.005 MBq; this
value was divided by total injected dose and multiplied by 100 to obtain total injected dose.
Finally, the total injected dose was divided by the mass of the tissue to calculate the

percentage of injected dose per gram of tissue.
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2.2.21 Statistical Analysis

All data presented are expressed as mean+SEM and single data point highlighted. Data were
summarized and stored in Excel (Microsoft, Redmond, WA, USA) files. Prior to analysis, all
data collected was tested for normality using the Shapiro-Wilk normality test function of
Prism 9 (GraphPad, San Diego, CA, US). All data was analysed using Prism 9 (GraphPad, San
Diego, CA, USA). Significant differences were determined using t-test, Nested unpaired t-test,
paired t-test, One-way ANOVA (post-hoc test: Tukey) or Two-way ANOVA (post-hoc test:
Tukey) accordingly. Unpaired t-test was used for tissue mass, plasma analysis and gPCR.
Nested unpaired t-test or unpaired t-test were used for histochemistry and
immunohistochemistry. One-way ANOVA for tissue mass, gamma counting and plasma/liver
analysis and Two-way ANOVA for PET/CT scans and some gPCR. Paired t-test was used for
acute feeding studies. Repeated measures ANOVA was used for cumulative chronic feeding
studies and PET scan data over time. Prism Outlier Calculator (GraphPad, San Diego, CA, USA)
was used to identify and exclude data from statistical analysis where appropriate. In figures
and legends n refers to the number of biological replicates, and when appropriate the number
of technical replicates was also indicated. P< 0.05 was statistically significant. Significance was

defined as following: (*) p<0.05, (**) p<0.01, (***) p<0.001, (****) p<0.0001.
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Chapter 3

Chronic inhibition of mitochondrial fission in the NTS improves
BAT glucose uptake in HFD- fed rats
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3.1 Chronic inhibition of mitochondrial fission in the NTS is associated with
higher in vivo dynamic glucose uptake in HFD-fed rats in BAT measured with
Fluorodeoxyglucose Positron Electron Tomography (*¥*FDG PET)/ Computed
tomography (CT) (PET/CT) scans

3.1 Introduction and rationale
3.1.1 The brown adipose tissue

One of the major physiological events in small mammals in the regulation of energy
expenditure is adaptive heat production, or thermogenesis, which is critical to maintain body
temperature in conditions of sub-thermoneutral environments. While in mammals,
thermogenesis occurs at different magnitudes in all body tissues, the BAT is the major
thermogenic organ responding to cold and sympathetic stimulation via the noradrenergic
system (Smith and Horwitz, 1969a; Nicholls and Locke, 1984). Brown adipocytes possess
elevated levels of mitochondria, which express UCP1 that is capable of uncoupling electron
transport from the Mitochondria Oxidative Phosphorylation System OXPHOS, to generate
heat (Ricquier and Kader, 1976). UCP1 transcription and regulation are driven by sympathetic
activation, and in particular, via B3 Adrenergic stimulation (Cypess et al., 2015a), which
generates an increase afflux of glucose which is uptaken from the circulation, to drive

thermogenesis in BAT.

Interestingly, BAT had been deemed to be non-existent or non-functional in adult humans
until the early 2000’s, when nuclear medicine started playing a critical role in the discovery of
active brown adipose tissue present in humans. *¥FDG-PET/CT is a powerful imaging tool,
traditionally used for the detection of solid cancers (Castell and Cook, 2008), that measures
the accumulation of radiolabelled glucose in tissues with a high metabolic rate. As BAT
presents a high metabolism fuelled by glucose, this technique is particularly valuable to study
the contribution of BAT in whole body glucose clearance and thermogenesis. Importantly, a
fundamental study from 2002 by Hany et al. reported, for the first time, an increase in uptake
of radiolabelled 8FDG in BAT of adult humans, using a combined PET/CT scanner. Moreover,

in 2009 three independent studies reported unequivocal evidence of metabolically active BAT
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in adult humans (Cypess et al., 2009a; Saito et al., 2009b; Au-Yong et al., 2009). Importantly,
several studies conducted in rodent models of obesity and diabetes show that these
conditions are associated with reduced non-shivering thermogenesis capacity and BAT
activity (Trayhurn, 1979; Mercer and Trayhurn, 1984; Yoshioka et al., 1989). Interestingly, a
single day of HFD was able to induce an increase in lipid content and a rapid reduction of
insulin-dependent glucose uptake in BAT of wild-type mice, whereas three days of HFD
induced alterations in BAT mitochondrial networks and promoted the expression of
macrophage markers in these animals (Kuipers, Held, in het Panhuis, et al., 2019). Similarly,
long term HFD induced insulin resistance (Cypess et al., 2015a) and BAT whitening (Shimizu
et al., 2014), and increased lipid content and dysfunctional mitochondria, as well as reduce

fat oxidation in mice (Cinti, 2009; Shimizu and Walsh, 2015).

It is known that brown adipose tissue (BAT) is under the direct control of the CNS via its
sympathetic branch, which is governed by heterogenous populations of neurons located in
diverse brain regions, including the hypothalamus and the brainstem (Morrison et al., 2014;
Labbé et al., 2015). Studies have shown that the NTS exerts inhibitory control of BAT
sympathetic outflow; in particular a 2017 study has demonstrated that the inhibition of BAT
via vagal stimulation could be prevented by blocking ionotropic glutamate receptors in vagal
afferent terminals in this brain region (Madden et al., 2017). Moreover, Madden et al. (2017)
have concluded that the activation of glutamatergic second-order neurons in the NTS and the
inhibition of sympathetic GABAergic premotor neurons in the rostral raphe nucleus are

responsible for the vagal-mediated inhibition of BAT.

Interestingly, tracing studies using isolectin B4 have shown that glutamatergic vagal afferents
terminating on NTS neurons are unmyelinated and express TRPV1 channels (Hermes et al.,
2016). Importantly, Conceicdo et al. (2021) have revealed that TRPV1 expressing neurons in
the mNTS excite dynorphinergic expressing neurons in the dorsal lateral parabrachial nucleus
(LPBd), which inhibit sympathoexcitatory neurons in the median preoptic nucleus (MnPO) to

inhibit BAT thermogenesis and energy expenditure in a rat model of diet-induced obesity.
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3.1.2 The importance of mitochondrial dynamics

Mitochondria are highly dynamic organelles that continuously undergo fission and fusion
processes- known as mitochondrial dynamics- to ensure that their shape, distribution and
size, and appropriate energy levels are maintained throughout the cell. Mitochondrial fusion
is under control of Mfn1, Mfn2 and Opal in a 2-step reaction. Mitochondrial fission is driven
by the recruitment of the GTPase Drpl, which performs mechanical constriction on the
mitochondria, resulting in their fragmentation (Helle et al., 2017). These processes are
transient and alterations in mitochondrial dynamics have been associated with obesity and
insulin resistance in several tissues and organs, including the muscle (Jheng et al., 2012), the
hypothalamus (Schneeberger et al., 2014; Ramirez et al., 2017) and the DVC (Filippi et al.,
2017; Patel et al., 2021).

Mitochondrial dysfunction in the brain, and in particular in hypothalamus and in the
brainstem, has been reported in association with obesity and insulin resistance. In particular,
Mfn1 knockout in hypothalamic POMC neurons altered central glucose sensing and defective
pancreatic insulin secretion, via enhanced reactive oxygen species production in this brain
region; while Opal knockout was associated with obesity from 7 weeks of age in mice

(Ramirez et al., 2017).

Moreover, a shift towards mitochondrial fission in the NTS of the DVC was observed in animals
fed with HFD (Filippi et al., 2017). This effect was dependent upon Drpl over-expression, as
chemical inhibition of mitochondrial fission using MDIVI-1 reversed the impact of HFD on
mitochondrial morphology (Filippi et al., 2017). Increased mitochondrial fission in the NTS of
HFD-fed animals was also associated with increased body weight, food intake, iNOS and

insulin resistance in the NTS as demonstrated in Patel et al. (2021).

Interestingly, the inhibition of mitochondrial fission in the NTS, via delivery of an adenoviral
vector containing the dominant-negative form of Drpl K38A (CMV:K38A), to target all cells
within the NTS, in HFD-fed rats reduced body weight and food intake, decreased visceral
adiposity, and prevented insulin resistance in the NTS of these animals (Patel et al., 2021).

Moreover, the authors reported that the effects induced by HFD were recapitulated by
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adenoviral expression of the constitutively active form of Drp1 S637-A (CMV:S637A) in the
NTS of animals fed regular chow, suggesting that mitochondrial dynamics in the NTS are

critical for the maintenance of energy homeostasis and insulin sensitivity.

Surprisingly, when the dominant-negative form of Drpl K38A was designed to specifically
target astrocytes in the NTS using a GFAP promoter (GFAP:K38A), a significant reduction of
body weight, food intake and visceral adiposity was also observed, along with restored insulin
sensitivity in the NTS (Patel et al., 2021). This indicated that astrocytic mitochondrial dynamics
play a significant role in the regulation of whole-body energy metabolism and local insulin

sensitivity in the DVC.

3.1.3 The white adipose tissue

White adipose tissue (WAT) exerts an antagonistic function to BAT, namely, it stores excess
energy in form of TG. Its cellular structure is also profoundly different from that of BAT since
it is characterised by unilocular, TG-rich lipid droplets and mitochondria in a fused-like state.
WAT is also innervated by noradrenergic nerve fibres, and WAT denervation increases WAT
volume to impair centrally driven lipolysis (Demas and Bartness, 2001; Bartness et al., 2010).
Importantly, studies have shown that cold exposure increased tyrosine hydroxylase levels,
the enzyme involved in synthesis of noradrenaline and adrenaline, in WAT, which was
concomitant with the appearance of brown-like adipocytes in WAT (Vitali et al., 2012). AMP-
activated protein kinase signalling in the hypothalamus is a central regulator of WAT browning
(Nguyen et al., 2017). Moreover, reduction of HFD-induced endoplasmic reticulum stress in
the hypothalamus was associated with browning of WAT and amelioration of obesity via the
chaperone protein unfolded protein response regulator GRP78/BiP within the ventromedial
hypothalamus in wild-type rats (Contreras et al., 2017). Here we hypothesised that
concomitantly with increased BAT thermogenesis, the inhibition of mitochondrial fission in

the NTS may also increase WAT browning in HFD-fed animals.
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3.1.4 Study rationale

In this study we therefore aimed to assess whether the inhibition of mitochondrial fission in
the NTS, and then specifically in astrocytes of the NTS, is capable of increasing glucose uptake
in BAT in vivo, which is a marker for glucose clearance from the circulation and thermogenesis.
Here we hypothesise that short-term HFD decreases glucose uptake in BAT, and that the
inhibition of mitochondrial dynamics in the NTS restores glucose uptake in BAT compared to
HFD controls. Moreover, we postulate that targeting specifically astrocytes, which according
to (Patel et al., 2021) is sufficient to ameliorate the metabolic profile of HFD-fed rats, will
preserve the capacity of BAT to appropriately uptake glucose from the circulation compared
to HFD controls. Finally, we hypothesise that the higher BAT glucose uptake capacity in
animals where mitochondrial fission was inhibited in the NTS, could be partially due to BAT
expansion or WAT browning. To this aim, we measured BAT and WAT glucose uptake and

overall, WAT visceral and subcutaneous volume.

3.2 Aims

Aim 1: To«determine using a combined PET/CT scanner whether short-term HFD is sufficient
to induce lower levels of BAT activation compared to regular chow-fed controls at basal level

and upon selective adrenergic stimulation.

Aim 2: To determine using a combined PET/CT scanner whether inhibition of HFD-mediated
increase of mitochondrial fission in all cells of the NTS can lead to elevated BAT activation
compared to HFD controls upon selective adrenergic stimulation.

Aim 3: To determine using a combined PET/CT scanner whether inhibition of HFD-mediated
increase of mitochondrial fission in astrocytes of the NTS is sufficient to cause higher levels of
BAT activation compared to HFD controls upon selective adrenergic stimulation.

Aim 4: To measure WAT glucose uptake as a marker of browning and subcutaneous and
visceral WAT volume to determine if the inhibition of mitochondrial dynamics affects the

WAT.
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3.3 Targeting all cells and specifically astrocytes in the NTS using an adenoviral
system expressed under CMV and GFAP promoters

To manipulate mitochondrial dynamics of all cells in the NTS, an adenoviral system was
generated under the CMV promoter to target all cells in the NTS.To manipulate mitochondrial
dynamics of astrocytes in the NTS, an adenoviral system was generated under the GFAP
promoter to target all GFAP positive astrocytes in the NTS. A control adenovirus expressing
GFP, and an adenovirus expressing the dominant negative form of Drpl mutated in residues
K38 to A (Drp1-K38A) to induce defective GTPase binding site and Drpl functionality, were
generated under both promoters. The dominant negative K38-A adenovirus was tagged with
a FLAG epitope, which allowed recognition and detection of the virus in the NTS via

immunohistochemistry (Section 2.2.14).

Figure 3.1: Representative confocal image of the DVC showing correct localisation of our viral
systems within the NTS. (A) GFP (CMV-GFP) and FLAG-tagged dominant negative Drpl mutants (B)
CMV:Drp1-K38A and (C) GFAP:Drp1-K38A in the NTS of the DVC. NTS= nucleus tractus solitarius; AP=

area postrema; CC= central canal; DMX=dorsal motor nucleus of the vagus.
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IHC was used to confirm correct viral delivery to the animals’ NTS and was used as a criterion
for inclusion/exclusion of animals in the data analysis. Surgeries, viral injections and feeding
studies were conducted as previously described (Sections 2.2.6 to 2.2.8). After sacrifice, NTS
anatomical sections obtained from the animals were used to confirm correct viral delivery in
the NTS (Figure 3.1) and co-localisation with GFAP to ensure astrocytes were specifically
targeted (Figure 3.1C and 3.2). The IHC images confirm correct execution of the surgery and
viral delivery of the adenoviral systems in the NTS (Figure 3.1 A-C), and adenoviral distribution
restricted to GFAP+ astrocytes (Figure 3.1C and 3.1). This is accordance with previously

published work within the Filippi group (Patel et al., 2021).

Figure 3.2: Representative x40 confocal image of GFAP-Drp1-K38A in the NTS of the DVC, showing
that this virus exclusively colocalises with GFAP+ astrocytes. White arrows indicate regions of

colocalisation.
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3.4 In dynamic ®FDG -PET/CT scans at thermoneutrality, there are no
differences in glucose uptake in BAT of regular chow vs HFD animals

The first set of questions aimed to determine whether there are differences in BAT glucose
uptake in control regular chow and HFD-fed animals at thermoneutrality. Animals underwent
stereotactic surgery to insert a bilateral cannula in the NTS and were injected the same day
with an adenovirus expressing control GFP under a CMV promoter (Ad-CMV-GFP) (Sections
2.2.7, 2.2.8). Next, animals were maintained on regular chow control diet or HFD for 2 weeks
and housed at 22 °C, and prior to scans they were anesthetised, and their tail vein cannulated,
and then placed into the PET/CT scan. An injection of 655 MBq/kg of ¥FDG was given in the
lateral tail vein at the initiation of the scan and data acquisition run for 4800 s (section 2.2.20).
The internal scan temperature was kept at 28°C throughout the duration of the dynamic scan
to achieve thermoneutrality. At the end of the scan, the animals were sacrificed, and a
fraction of BAT dissected then gamma counting was performed on the tissue to detect the
amount of uptake of ¥FDG. ¥FDG uptake was calculated as percentage of injected dose
(MBq) per gram of collected tissue (Section 2.2.21); gamma counting revealed that no
significant differences could be detected between the BAT of CMV:GFP RC 0.144+0.0518
(n=5) and CMV:GFP HFD 0.0679+0.0145 (n=5) (p=0.19) (Figure 3.3).
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Figure 3.3: BAT uptake of 8FDG is similar in regular chow and HFD-fed animals assessed at

thermoneutrality with gamma counting. Data are representative of n = 5 rats for both CMV:GFP
regular chow and CMV: GFP HFD. All data was tested for normality prior statistical tests using the
Shapiro-Wilk normality test. Values are shown as mean + SEM and single data points are highlighted.

Statistical test: unpaired t-test.

Next, to assess the uptake of FDG in BAT, PET scan images, reconstructed as described in
Section 2.2.20 were analysed. Scans were visualised at SUV=3 and standardised VOIs were
used to isolate the BAT as described in section 2.2.20. Representative FDG/PET images of GFP

regular chow (A) and GFP HFD (B)-fed rats are shown in Figure 3.4 (n=5 animals per group).
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Figure 3.4: Representative PET/CT scan reconstructions of regular chow and HFD animals at
thermoneutrality. Images are presented in standardised uptake value (SUV) for each group following
a dynamic PET/CT scan. (A) lllustration of the anatomical plans showed in the ®FDG PET
reconstructions. (B) Representative transverse, frontal and sagittal **FDG PET scan of a regular chow
animal (C) Representative transverse, frontal and sagittal 8 FDG PET scan of an HFD animal. The scale
bar represents SUV. The white arrow points toward BAT. Abbreviations: H, heart; MG, meibomian

gland; Trans, transverse; Front, frontal; Sag, sagittal; SUV, standard uptake value.

PET scan data were expressed as mean standard uptake value (SUV) ratio in BAT (SUVgar) in
function of time (Figure 3.5). A two-way ANOVA was performed to analyse the effect of diet
and viral construct on BAT glucose uptake. At the scan end point (t=4800 s), no detectable
difference in BAT glucose uptake could be observed between CMV:GFP regular chow diet
(0.581+0.0538) and the CMV:GFP HFD groups (0.569+0.0546) (p=0.80) (n=5 animals per
group). These results corroborate the evidence from the gamma counting analysis, confirming

that at thermoneutrality, BAT glucose uptake is similar in regular chow and HFD animals.
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Figure 3.5: BAT ‘8FDG glucose uptake expressed in SUV (g/mL) is similar in regular chow and HFD
animals exposed to thermoneutrality. Data are representative of n = 5 rats for both CMV:GFP regular
chow and CMV:GFP HFD. All data was tested for normality prior statistical tests using the Shapiro-Wilk
normality test. Data are shown as mean + SEM Statistical test: Two-Way ANOVA with repeated

measures. Post hoc test: Tukey.

3.5 In HFD rats, there was lower glucose uptake in BAT compared to RC fed
animals in dynamic *FDG-PET/CT scans upon selective B3 adrenergic
activation using the compound CL 316,243

Our results demonstrate that at thermoneutrality, the BAT of regular chow and HFD-fed rats
show no significant differences in glucose uptake and activation. Therefore, we decided to
test whether it is possible to observe differences in BAT glucose uptake upon adrenergic
stimulation in regular chow vs HFD-fed animals. This is important to study how responsive
BAT is to adrenergic stimulation, which is the main drive to BAT thermogenesis in vivo (Cypess
et al., 2015; Tabuchi and Sul, 2021). The selective 33 adrenergic agonist, CL 316,243 was used
to achieve this. Briefly, animals underwent surgery as described in section 2.7 and on the
same day, they received an injection of Ad-CMV-GFP into the NTS under a CMV promoter.
They were then maintained on regular chow control diet or HFD for 2 weeks and housed at
22 °C until the day of the scan. 30 minutes prior to the scan CL 316,243 at 1 mg/kg in 0.9%

saline was injected (Park et al., 2015). The animal was then anaesthetised, and the lateral tail
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vein cannulated (section 2.2.20). Animals were placed in the scanner and 65+5 MBqg/kg of
1BEDG were injected in the lateral tail vein, before running the scan for 4800 s. At the end of
the scan, the animals were sacrificed, BAT and WAT dissected and FDG measured in a
gamma counter. As described in section 3.2 8FDG uptake was calculated as percentage of
injected dose (MBq) per gram of collected tissue. Gamma counting analysis revealed a
significantly higher uptake in 8FDG in the BAT of CMV:GFP regular chow animals injected with
3 adrenergic agonist CL 316,243 (7.2941.44 % injected dose/g) compared to that of
CMV:GFP HFD-fed animals injected with 33 adrenergic agonist CL 316,243 (0.371+0.0874 %

injected dose/g) (**p<0.01) (n=4 for each group) (Figure 3.6).
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Figure 3.6: BAT uptake of *3FDG is lower in HFD animals compared to RC controls after IP injections
of CL 316,243 as measured with gamma counting. 30 minutes prior to scan, rats were injected with 1
mg/kg of selective 53 adrenergic agonist CL 316,243 to activate BAT. Data are shown as mean + SEM,
with each single point highlighted. Data are representative of n = 4 rats for both CMV:GFP regular
chow and CMV:GFP HFD. All data was tested for normality prior statistical tests using the Shapiro-Wilk
normality test. Values are shown as mean + SEM and single data points are highlighted. . x#p < 0.01.

Statistical test: unpaired t-test.
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We then examined potential differences in 18FDG uptake in the BAT of regular chow and HFD
animals injected with 0.9% saline vehicle and 1 mg/kg CL 316,243 with gamma counting
analysis. A two-way ANOVA was performed to analyse the effect of diet and B3 adrenergic
stimulation on BAT glucose uptake. Data revealed that regular chow animals injected with
0.9% saline vehicle behave similarly to thermoneutral regular chow animals (Figure 3.6),
however when injected with CL 316,243 their BAT was strongly responsive to 33 adrenergic
stimulation (saline 0.145+0.0518 % injected dose/g) (n=5) (+CL 316,243 6.22+1.57 % injected
dose/g) (n=4)(**p<0.01). In contrast, no significant differences were found between BAT
BEDG uptake of HFD control animals injected with saline (0.0679+0.0145 % injected dose/g)
(n=5) and CL 316,243 injected HFD animals (0.371+0.0874 % injected dose/g) (n=4) (p=0.934)
(Figure 3.7). When we compared saline injected RC and HFD controls no significant
differences in BAT !FDG were observed (saline RC 0.0690+0.0518%; saline HFD
0.020040.0145% injected dose/g) (n=5) (p=0.999); however, a significantly higher ¥FDG BAT
uptake was seen in RC animals (6.22+1.57% injected dose/g) compared to HFD animals
(0.371+0.0874% injected dose/g) (n=4) (**p<0.01) following injection of CL 316,243. Thus,
according to our data, BAT loses the ability to respond appropriately to adrenergic stimulation

to drive glucose uptake and thermogenesis upon 2 weeks of HFD.
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Figure 3.7: BAT uptake of 8FDG is increased after stimulation with CL 316,243 in RC but not HFD
animals as measured with gamma counting. 30 minutes prior to scan, rats were injected with either
0.9% saline vehicle or 1 mg/kg of selective 33 adrenergic agonist CL 316,243 to activate BAT. Data are
representative of n = 5 rats for saline controls CMV:GFP regular chow and CMV:GFP HFD and of n =4
rats for CL 316,243 injected CMV:GFP regular chow and CMV:GFP HFD. All data was tested for
normality prior statistical tests using the Shapiro-Wilk normality test. Values are shown as mean +
SEM and single data points are highlighted. **#p < 0.001. Statistical test: Two-Way ANOVA with

repeated measures. Post hoc test: Tukey.

Next, we examined 8FDG uptake in BAT by analysing PET scans images, reconstructed as
described in section 2.2.20. Scans were visualised at SUV=3 and analysed as described in
section 3.1.4. Representative FDG/PET scans of CMV:GFP regular chow (A) and HFD (B)-fed
rats after injection of CL 316,243 (n=4 and n=5 animals per group, respectively) are shown in

Figure 3.8.
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Figure 3.8: Representative PET/CT scan reconstructions of animals injected with 1mg/kg of selective
3 adrenergic agonist CL 316,243 to activate BAT. Images are presented in standardised uptake value
(SUV) for each group following a dynamic PET/CT scan. (A) Representative transverse, frontal and
sagittal *8FDG PET scan of a CM\V:GFP reqular chow animal. (B) Representative transverse, frontal and
sagittal ¥ FDG PET scan of a CMV:GFP HFD animal. The scale bar represents SUV. The white arrow

points toward BAT. Abbreviations: H, heart; MG, meibomian gland.

Scans were then analysed using a ratio of SUVgarin function of time (Figure 3.9). A two-way
ANOVA was performed to analyse the effect of diet and 3 adrenergic stimulation on BAT
glucose uptake. A higher BAT glucose uptake in RC fed animals could be observed from frame
23 (approximately t=900 s post commencement of the scan) until the end point (t=4800 s). At
end point, BAT glucose uptake was 3.51+0.418 for the CMV:GFP regular chow diet and
0.79740.0105 (n=4) for the CMV:GFP HFD group (n=5) (****p<0.0001).
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Figure 3.9: BAT ¥FDG glucose uptake for each group expressed in SUV (g/mlL). Data are
representative of n = 4 rats for CMV:GFP regular chow and n = 5 rats CMV:GFP HFD, all treated with
CL 316,243. All data was tested for normality prior statistical tests using the Shapiro-Wilk normality
test. Data are shown as mean + SEM. ***p<0.001; ****p < 0.0001. Statistical test: Two-Way ANOVA

with repeated measures. Post hoc test: Tukey.

To conclude, the results, as shown in Figure 3.6, 3.7 and 3.9, indicate that upon selective
adrenergic stimulation, CMV:GFP regular chow animals have a significantly higher BAT
glucose uptake than the CMV:GFP HFD group. Altogether, this evidence supports the notion
that our HFD model is effective and that 2 weeks of HFD are sufficient to induce detrimental
effects on BAT glucose uptake. Whilst evidence exists regarding the effects of long term HFD
and obesity on glucose uptake and BAT activation in vivo using PET/CT scans, here we have
demonstrated, for the first time, that detrimental changes in BAT activation occur much

earlier than reported in existing literature (Wu et al., 2014; Schade et al., 2015).
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3.6 Chronic inhibition of mitochondrial fission in all cells and specifically
astrocytes in the NTS of HFD-fed rats partially rescues glucose uptake in BAT
in dynamic '8FDG -PET/CT scans upon selective 3 adrenergic activation using
the compound CL 316,243

Next, we aimed to determine whether inhibition of HFD- mediated increase of mitochondrial
fission in the NTS, and then in particular in astrocytes of the NTS, is sufficient to induce higher
BAT activation compared to HFD controls upon selective adrenergic stimulation using PET/CT
scans. As previously shown in Figure 3.3, in the absence of adrenergic stimulation, BAT
glucose uptake is minimal, and it is not possible to observe any significant differences in
regular chow versus HFD animals. For this reason, to limit the number of animals used in the
study and meet the 3Rs criteria for animal use in research, in this experiment we only
performed PET/CT scans in CL 316,243 injected animals.

Animals underwent stereotactic surgery to insert a bilateral cannula in the NTS and were
injected the same day with an adenovirus containing the catalytically inactive form of Drpl
K38A to inhibit mitochondrial fission in the NTS, under a CMV-to target all cells (Patel et al.,
2021) or GFAP, to target GFAP-expressing astrocytes (Patel et al., 2021), promoter (Sections
2.2.7 and 2.2.8). Animals then underwent the same procedures as animals described in
paragraph 3.4. Please note that n=4 animals were injected with GFAP:GFP and we confirmed
that they behaved like CMV:GFP animals, namely there was no significant differences in BAT
BEDG uptake across the two groups (data not shown); for this reason, we decided not to
repeat this experiment in a GFAP:GFP cohort to meet the reduce principle of the 3Rs for use

of animals in research.

At the end of the scan, the animals were sacrificed, and BAT collected and FDG measured in
a gamma counter. As described in Section 3.2 ¥FDG uptake was calculated as percentage of
injected dose (MBq) per gram of collected tissue. A two-way ANOVA was performed to
analyse the effect of the viral construct and 33 adrenergic stimulation on BAT glucose uptake.
The % of injected dose per gram of tissue in CL 316,243 injected CMV:K38A HFD (1.250+0.121
% injected dose/g) (n=5) and GFAP:K38A HFD (1.080+0.199 % injected dose/g) (n=4) animals
were significantly higher than that of CMV:GFP HFD-fed animals injected with 33 adrenergic
agonist CL 316,243 (0.371+0.0874 % injected dose/g) (n=4) (**p<0.01 and *p<0.05) (Figure
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3.10). This data show that inhibiting mitochondrial fission in all cells, and specifically in
astrocytes in the NTS of the animals prior to administration of short-term HFD can prevent

the lower glucose uptake and thermogenesis in BAT associated with HFD.
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specifically in astrocytes of the NTS of HFD-fed animals upon CL 316,243 as measured with gamma
counting. 30 minutes prior to scan, rats were injected with 1 mg/kg of selective 33 adrenergic agonist
CL 316,243 to activate BAT. All data was tested for normality prior statistical tests using the Shapiro-
Wilk normality test. Data are shown as mean = SEM, with each single point highlighted. Data are
representative of n = 4 rats for CMV: GFP HFD, n=5 for CMV:K38-A HFD and n=4 for GFAP:K38-A HFD.
#p < 0.05, *p < 0.01. Statistical test: Two-Way ANOVA. Post hoc test: Tukey.

Next, the 8FDG uptake in BAT was analysed using reconstructed PET scans images as
described in Section 2.2.20. Scans were visualised at SUV=3 and analysed as described in
Section 3.4. Representative FDG/PET images of CMV:GFP HFD (A), CMV:K38A HFD (B) and
GFAP:K38A HFD (C) show glucose uptake in BAT after injection of CL 316,243 (n=4 animals for
CMV:GFP HFD, CMV:K38A HFD and GFAP K38A HFD) (Figure 3.11).
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Figure 3.11: Representative PET/CT scan reconstructions of animals injected with 1mg/kg of
selective 33 adrenergic agonist CL 316,243 to activate BAT. Images are presented in standardised
uptake value (SUV) for each group following a dynamic PET/CT scan. (A) Representative transverse,
frontal and sagittal 8 FDG PET scan of a CMV: GFP HFD animal. (B) Representative transverse, frontal
and sagittal 8 FDG PET scan of a CMV:K38-A animal. (C) Representative transverse, frontal and sagittal
8FDG PET scan of a GFAP:K38-A animal. The scale bar represents SUV. The white arrow points towards

BAT. Abbreviations: H, heart; MG, meibomian gland.

PET scans analysis is presented as SUVgar in function of time. A two-way ANOVA was
performed to analyse the effect of the viral construct and 33 adrenergic stimulation on BAT
glucose uptake Interestingly, at the scan end point(t=4800), BAT glucose uptake was
significantly higher in the CMV:K38A HFD, (1.77+0.472) (n=5) and in the GFAP:K38A
HFD(1.345+0.264) (n=4) groups, when compared to CMV:GFP HFD control (0.797+0.0183)
(n=5) of animals injected with CL 316,243 (***p<0.001 and $=*p<0.05, respectively).
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In summary, it appears evident that HFD is associated with dramatically lower BAT glucose
uptake and activation compared to regular chow-fed GFAP:GFP controls, as measured by
gamma counting (Figure 3.10) and PET/CT scans (Figure 3.11), in as little as 2-weeks.
Importantly, the inhibition of mitochondrial fission in all cells of the NTS (Figure 3.10, 3.11B,
Figure 3.12) and then specifically in astrocytes of the NTS (Figure 3.10, 3.11C, Figure 3.12), of
HFD animals injected with CL 316,243, can prevent the detrimental reduction of glucose

uptake and activation of BAT occurring in short-term HFD fed animals.
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Figure 3.12: BAT ‘8FDG glucose uptake is higher in CMV:K38-A HFD and GFAP:K38-A HFD animals
compared to CMV:GFP HFD controls in SUV (g/mL). Data are representative of n =5 rats for CMV:GFP
HFD, n=5 rats for CMV:K38-A HFD and n=4 for GFAP:K38-A HFD. All data was tested for normality prior
statistical tests using the Shapiro-Wilk normality test Data are shown as mean + SEM. S=p < 0.05,
*p<0.05; ** p<0.01; **xp< 0.001. Statistical test: Two-Way ANOV with repeated measures. Post hoc

test: Tukey.
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3.7 CT scans reveal differences in visceral and subcutaneous adiposity in
regular-chow and HFD fed rats

The last objective of the chapter was to measure WAT glucose uptake as a marker of browning
and subcutaneous and visceral WAT volume to determine if the inhibition of mitochondrial
dynamics affects the WAT. These measurements were taken from the same animals used in

the PET/CT scan experiments for BAT 8FDG uptake measurement.

1BEDG uptake in WAT was assessed, as browning- which is defined by the appearance of
brown-like adipocytes in the WAT- is associated with elevated glucose uptake by WAT; in
particular, WAT browning is associated with the induction of GLUT1 expression in this tissue
(Mossenbock et al., 2014). However, at thermoneutrality, no significant differences between
the WAT of regular chow-fed (0.0816%0.0265) (n=5) and HFD-fed animals (0.0450+0.0134)

n=5) could be observed (p=0.253) (Figure 3.13), suggesting that adrenergic stimulation may

be required.
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Figure 3.13: WAT uptake of ®FDG is not affected by diet at thermoneutrality as measured with
gamma counting. Data are representative of n = 5 rats for both CMV:GFP regular chow and CMV: GFP
HFD. All data was tested for normality prior statistical tests using the Shapiro-Wilk normality test.

Data are shown as mean + SEM, with each single point highlighted. Statistical test: unpaired t-test.
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1BEDG uptake in WAT was then assessed upon adrenergic stimulation, and a significantly
higher uptake in WAT of regular chow-fed (0.638+0.214) (n=5) was observed when compared
to HFD-fed animals (0.134+0.0181) (n=5), (*p<0.05) (Figure 3.14). This could mean that upon
in RC animals, there is a higher level of brown-like adipocytes in WAT, which in literature has
been associated with increased branching and activation of sympathetic nerve fibres in this
tissue (Garofalo et al., 1996). However, H&E staining and brown adipocyte quantification

would be needed to prove this.
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Figure 3.14: WAT uptake of ®FDG is lower in HFD compared to regular-chow controls upon IP
administration of CL 316,243 as measured with gamma counting. 30 minutes prior to scan, rats were
injected with 1 mg/kg of selective (33 adrenergic agonist CL 316,243 to activate BAT. Data is
representative of n = 4 rats for both CMV:GFP regular chow and CMV:GFP HFD. All data was tested
for normality prior statistical tests using the Shapiro-Wilk normality test. Data are shown as mean +

SEM, with each single point highlighted. »p < 0.05. Statistical test: unpaired t-test.

Next, ®FDG uptake in WAT was assessed across the HFD groups, control and with inhibition
of mitochondrial fission in the NTS. A two-way ANOVA was performed to analyse the effect
of the viral construct and 33 adrenergic stimulation on WAT glucose uptake. Upon adrenergic
stimulation, no significant differences were observed in WAT of CMV:K38A HFD
(0.31140.0926) (n=5) and GFAP:K38A HFD(0.228+0.0581) (n=4) animals compared to HFD
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controls (0.134+0.0181) (n=5) (p=0.198 and p=0.665, respectively) (Figure 3.15) suggesting

that our treatments do not increase browning capacity in WAT of HFD-fed animals.
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Figure 3.15: WAT uptake of 13FDG is not affected by inhibition of mitochondrial dynamics in the NTS
of HFD-fed animals. 30 minutes prior to scan, rats were injected with 1 mg/kg of selective [33
adrenergic agonist CL 316,243 to activate BAT. All data was tested for normality prior statistical tests
using the Shapiro-Wilk normality test. Data are shown as mean * SEM, with each single point
highlighted. Data are representative of n = 5 rats for both CMV:GFP HFD and CMV:K38A HFD, and n=4
for GFAP:K38A HFD. Statistical test: Two-Way ANOVA. Post-hoc: Tukey

Finally, the visceral and subcutaneous fat mass of rats from the cohorts previously described
were assessed by whole body CT scans. Volumetric information of visceral and subcutaneous
fat was segmented using the method described by Sasser et al.,, 2012. By exploiting
differences in tissue density, total body volume and adipose tissue volumes were filtered out
and ratio calculated (Section 2.2.20). Figure 3.15 shows visceral and subcutaneous adipose

depots (red) in regular chow (Figure 3.16, A) and HFD- fed (Figure 3.16, B) animals.
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Figure 3.16: Representative CT scan images showing the presence, distribution, and abundance of

visceral and subcutaneous adipose tissue. (A) Representative transverse, frontal and sagittal CT scan

of a CMV: GFP RC animal. (B) Representative transverse, frontal and sagittal 18FDG PET scan of a

CMV:GFP HFD animal. The red mask superimposed on the CT image represents visceral and

subcutaneous adipose tissue.

After obtaining information on individual total body volume and adipose mass volume the

ratio of adipose tissue over total body volume was calculated as described in table 3.1.

Table 3.15: Total volumes, adipose volumes and calculated adipose tissue/total volume ratios at

three significant figures for RC group CMV:GFP RC and HFD group CMV:GFP HFD.

Regular Tot wvol | Fat vol | Fat/tot HFD Tot vol | Fat vol | Fat/tot

chow (cm?) (cm?) ratio (cm?) (cm?) ratio

Animal 1 185 26.3 0.125 Animal 202 26.1 0.129
1

Animal 2 160 9.05 0.0566 Animal 153 61.6 0.402
2

Animal 3 177 19.2 0.108 Animal 161 71.7 0.445
3

Animal 4 228 23.1 0.101 Animal 251 30.7 0.12
4

- - - - Animal 190 74.8 0.394
5

meant SEM 0.977+0.0146 | meant SEM 0.298+0.0714
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Ratios calculated in table 3.1 were then plotted as individual values and statistical analysis
was performed. The results obtained from CT scans from regular chow and HFD fed animals
revealed that after 2 weeks from the beginning of the study, regular chow animals have
significantly less visceral and subcutaneous adiposity than HFD- fed animals, expressed as
percentage of total body volume (Figure 3.17) (9.77+1.46 % and 29.8+7.14 % fat volume,
respectively) (n=4 and n=4, respectively) (¥*p<0.05). This suggests that 2-weeks of HFD are
sufficient to induce profound changes in visceral and subcutaneous adiposity in adult male

rats.
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Figure 3.17: HFD-fed animals have higher fat volume over total body volume (¢cm?) than regular-
chow fed controls. Data are representative of n =4 rats for CMV:GFP RC and n=5 for CMV:GFP HFD. All
data was tested for normality prior statistical tests using the Shapiro-Wilk normality test. Data are

shown as mean + SEM, with each single point highlighted. #p < 0.05. Statistical test: unpaired t-test.

Next, the visceral and subcutaneous depots of CMV:GFP HFD, CMV:K38A HFD and GFAP:K38A
HFD were analysed. Figure 3.18 shows visceral and subcutaneous adipose depots (red) of
CMV:GFP HFD (Figure 3.18A), CMV:K38A HFD (Figure 3.18B) and GFAP:K38A HFD (Figure
3.18C).
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Figure 3.18: Representative CT scan images showing the presence, distribution, and abundance of
visceral and subcutaneous adipose tissue. (A) Representative transverse, frontal and sagittal CT scan
of a CMV: GFP HFD animal. (B Representative transverse, frontal and sagittal *8FDG PET scan of a
CMV:K38A HFD animal. (C) Representative transverse, frontal and sagittal ¥FDG PET scan of a
GFAP:K38A HFD animal. The red mask superimposed on the CT image represents visceral and

subcutaneous adipose tissue.

After obtaining information on individual total body volume and adipose tissue volume, the
ratio of adipose tissue volume over total body volume was calculated as described in table

3.2.
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Table 3.16: Total volumes, adipose volumes and calculated adipose tissue/total volume ratios at

three significant figures for HFD groups CMV:GFP HFD, CMV:K38A HFD and GFAP:K38A HFD.

HFD Tot Fat Fat/ CMV: | Tot wvol | Fat Fat/ GFAP: | Tot vol | Fat Fat/
vol vol Tot K38A | (cm3) vol Tot K38A | (cm3) | vol tot
(cm?) | (cm3) | ratio (cm3) | ratio (cm?) | ratio

Animal | 202 26.1 | 0.129 Animal | 159 15.6 | 0.0981 | Animal | 170 33.9 | 0.199

1 1 1

Animal | 153 61.6 | 0.402 Animal | 178 39.7 | 0.223 Animal | 166 8.43 | 0.0507

2 2 2

Animal | 161 71.7 0.445 Animal | 187 19.5 0.104 Animal | 162 33.4 | 0.206

3 3 3

Animal | 251 30.7 0.122 Animal | 208 11.8 0.0567 | Animal | 141 30.9 | 0.219

4 4 4

Animal | 190 74.8 0.394 Animal | 176 334 0.189 - - - -

5 5

meant SEM 0.298%+ | mean+SEM 0.134+ | meant SEM 0.168+

0.0714 0.309 0.0395

Ratios calculated in table 3.2 were then plotted as individual values and statistical analysis

was performed.

The results obtained from CT scans from CMV:K38A HFD (13.4+3.09 % fat volume) (n=5)
revealed a trend towards lower visceral and subcutaneous adiposity after 2 weeks of HFD
when compared to CMV:GFP HFD control (29.8+7.14 % fat volume) (n=5) (p=0.131). By
contrast, GFAP:K38A HFD (16.8+3.95 % fat volume) (n=4) visceral and subcutaneous adiposity
is not different from that of CMV:GFP HFD controls (29.8+7.14% fat volume) (n=5) (p=0.397)
(Figure 3.19). These results partially reflect those Patel et al. (2021) who, upon post-mortem
collection and weighing of visceral adipose depots, found significantly lower total visceral fat
in CMV:K38A HFD animals compared to GFP HFD controls, and no significant differences
between GFAP:K38A HFD and GFP HFD animals. This partial discrepancy could be attributed
to the fact that in this present study the total body fat, and not just the visceral fat was

measured. It is also possible that our treatment only affects visceral adiposity but not whole-

177




body adiposity, and that when the whole fat volume is examined, it is not possible to discern

regional differences and the contribution of each fat depot in the analysis.
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Figure 3.19: Inhibition of mitochondrial fission in the NTS of HFD-fed rats does not affect global WAT
accumulation. Data are representative of n =5 rats for CMV:GFP HFD and CMV:K38A HFD, and n=4
for GFAP:K38A HFD. All data was tested for normality prior statistical tests using the Shapiro-Wilk
normality test. Data are shown as mean * SEM, with each single point highlighted. Statistical test:

Two-way ANOVA with repeated measures. Post hoc test: Tukey.

3.8 Discussion

3.8.1 General considerations

A very limited body of literature has reported the effects of HFD on brown adipose tissue
glucose uptake and activation in vivo. One such study (Saeed et al. 2019) reported that upon
12 weeks of HFD, no detectable difference in BAT 18FDG uptake was observed in wild-type
mice at thermoneutrality when compared to matched regular chow controls. Conversely,
long term HFD (8-weeks) and Streptozocin-induced diabetes mellitus mice models exhibit a
significantly lower '8FDG uptake in BAT (Wu et al., 2014) when compared to regular chow
controls, upon selective adrenergic stimulation using 3 adrenergic agonist BRL37344. Our
findings support the existing literature on selective 33 adrenergic stimulation being the

initiator of an intracellular signalling cascade leading to BAT activation. Moreover, we found
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that BAT 8FDG uptake in regular chow animals was 13.4-fold higher than that of animals fed
HFD for 2 weeks.

It is well established that short-term HFD is associated with rapid changes in many organs and
tissues in rodents. For example, short-term HFD suppresses insulin signalling and activates
p70 S6 kinase in the mediobasal hypothalamus to blunt insulin-dependent suppression of
hepatic glucose production (Ono et al., 2008). Moreover, three days of HFD were sufficient to
stop activation of Erk1/2 insulin pathway in the DVC, leading to an inability of the DVC to
increase glucose infusion rate and lower glucose production upon insulin infusion in the DVC,

as measured by euglycemic clamps (Filippi et al., 2012).

The consumption of HFD over a short-term is also sufficient to induce inflammatory, ER stress
and apoptotic signs in young mice hippocampi (Nakandakari et al., 2019). In the NTS of the
DVC, short-term HFD has also been associated with alterations in circadian phasing in the
DVC, and disturbances in the 24-hour feeding pattern in rats (Chrobok et al., 2022); moreover,
these changes preceded the effects on body weight, suggesting the rapid impact of HFD on
this brain region. In the liver, short-term HFD induces oxidative stress, resulting from a
combination of an overabundance of FAs and increased FA oxidation in rats (Ciapaite et al.,
2011). Furthermore, muscle tissue shows alterations in its integrity after only 3 days of HFD,
and this appears to be associated with alterations in the gut microbiota and systemic low-
grade inflammation in male rats (Collins et al., 2016). The BAT is also affected by short-term
HFD; a study from 2019 showed that 72 hours consumption of HFD induced upregulation of
genes involved in insulin signalling and lipid metabolism, as well as an effect on glucagon and
peroxisome proliferator-activated receptor (PPAR) signalling pathways in adult rats (Aldiss et
al., 2019). Similarly, in mice within 1 day of HFD BAT lipid content was increased, and upon 3
days of HFD, BAT mitochondria had reorganised into a more fused network and an increase

in macrophage markers was revealed (Kuipers, Held, in het Panhuis, et al., 2019).

Here we have demonstrated for the first time that short-term HFD is associated with lower
glucose uptake and activation of BAT when compared to lean controls, upon selective
adrenergic stimulation in adult rats. WAT glucose uptake was also significantly lower in HFD

animals, when compared to matching regular chow controls, suggesting that during HFD WAT
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glucose metabolism is impaired. This could potentially be explained by an increase in brown
adipocytes within the tissue (browning) or higher insulin sensitivity in RC vs HFD animals,
which could translate in a higher expression of insulin-dependent glucose transporters,
facilitating the uptake of glucose in the tissue. To probe this, histological analysis of BAT
(browning) and gPCR or in situ hybridisation (glucose transporters) would be useful. This
evidence suggests that animals fed HFD not only consume more calories, but also lose the
ability to eliminate excessive nutrients via uncoupling respiration in the BAT and recruiting
thermogenesis-capable brown adipocytes in WAT. Moreover, the reduction in glucose uptake

in HFD-fed animals may be indicative of BAT insulin resistance in these animals.

The next scope of our experiment was to determine whether the inhibition of Drpl-
dependent mitochondrial fission in the NTS of HFD-fed rats is sufficient to prevent the
detrimental loss of activity of BAT. Filippi et al., (2017) have shown that upon short-term HFD,
animals exhibit higher levels of mitochondrial fission in the NTS when compared to matched
lean controls. Moreover, Patel et al. (2021) have demonstrated that inhibiting mitochondrial
fission in the NTS of HFD-fed rats could prevent inflammation and insulin resistance in the
NTS, and decrease food intake, body weight and visceral adiposity. Additionally, the authors
showed that the inhibition of Drp1- dependent mitochondrial fission specifically in astrocytes
in the NTS of HFD-fed rats was sufficient to reduce body weight and food intake and could
prevent inflammation and insulin resistance in the NTS. Here we showed that inhibiting Drp1-
dependent mitochondrial fission in the NTS of HFD-fed rats in all NTS cells and then specifically
in astrocytes can cause significantly higher levels of BAT glucose uptake compared to HFD

controls upon adrenergic stimulation.

3.8.2 Brain regions important in energy expenditure and BAT activation

A large body of evidence has reported that the brain is a key site for the monitoring of body
energy state as it can sense alterations in plasma levels of nutrients and key hormones and
metabolites. Moreover, mitochondria play a critical role in nutrient adaptation, and the
bioenergetics of mitochondria reflect on their architecture. Specifically, it has been
demonstrated that an overabundance of nutrients is associated with mitochondrial

fragmentation, whilst fasting is associated with a fused-like mitochondria state. Indeed this
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has been observed in several different body tissues, including skeletal muscle (Jheng et al.,
2012), pancreatic beta cells (Molina et al., 2009) and the brain (Schneeberger et al., 2014;
Filippi et al., 2017; Ramirez et al., 2017; Patel et al., 2021).

The hypothalamus plays a key role in energy expenditure, including the activation of BAT. The
DMH contains sympathoexcitatory neurons that regulate BAT activity (Zhang et al., 2011),
whilst the melanocortin system of the ARC nucleus of the hypothalamus promotes o.-MSH-
mediated activation of BAT (Brito et al., 2007). Moreover, central administration of glucagon
and GLP1 stimulate BAT activity (Lockie et al., 2012) and inhibition of MAPK in the
hypothalamus blocked insulin-induced sympathetic activation to the BAT (Rahmouni et al.,
2004). Nutritional excess has been shown to cause ER stress in the hypothalamus, leading to
systemic leptin and insulin resistance, glucose intolerance and decreased sympathetic tone
and BAT activation (Contreras et al., 2017). Importantly the ER has been shown to regulate
Drpl-driven mitochondrial fission via associated C1q/TNF-related protein 1 (Sonn et al.,
2021). Moreover, HFD induces mitochondrial fission in POMC neurons in the ARC nucleus of
the hypothalamus, leading to increased food intake (Schneeberger et al., 2014; Ramirez et al.,

2017).

The NTS is an equally important, but far less studied brain region that is involved in energy
metabolism and BAT activation; importantly, the NTS contains GABAergic neurons whose
activation inhibits BAT thermogenesis via tonic inhibition of sympathetic premotor neurons
in the rRPa (Cao et al., 2010). This is a physiological mechanism in thermoneutral conditions,
however, HFD appears to induce a sustained suppression of BAT thermogenesis. In fact,
evidence has shown that during cooling, rats maintained on HFD fail to activate BAT and
cervical vagotomy, or blockade of glutamate receptors in the NTS reversed this (Madden and
Morrison, 2016). Interestingly, the NTS is the termination site of glutamatergic vagal
afferents, and HFD does not prevent a robust central activation of BAT, but rather acts via
vagal activation of sympathoinhibitory neurons involved in the circuits controlling BAT

(Madden and Morrison, 2016).

It has now been established that HFD increases mitochondrial fission in the NTS (Filippi et al.,

2017), which is associated with increased levels of inflammation driven by iNOS, insulin
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resistance in the NTS and increased body weight and visceral adiposity in rats compared to
lean controls (Patel et al 2021). Moreover, the inhibition of mitochondrial fission in HFD-fed
rats prevents these detrimental effects (Patel et al., 2021). Of particular note, these effects
have been recapitulated by specifically targeting astrocytes in this brain region (Patel et al.,
2021). This is interesting since while it is known that astrocytes are involved in circuits
controlling feeding behaviour (MacDonald et al., 2020), but they have only recently been
implicated in the maintenance of normal thermogenesis and regulation of body temperature.
Specifically, astrocytic insulin signalling seems to be critical in regulating the signals that
control the body temperature and BAT activation (Manaserh et al., 2020), and given that
thermogenesis is an important component of the body energy expenditure it is possible that
astrocytic insulin resistance may exacerbate or contribute to the development of obesity and
diabetes by disrupting BAT function. However, the connection between mitochondrial
dynamics in the NTS, and specifically in astrocytes in the NTS and brown adipose tissue

activation is not clear.

Astrocytes do not require mitochondria to meet their energy demands, however, it has been
demonstrated that mitochondrial metabolism in astrocytes is critical to the regulation of brain
bioenergetics, the homeostasis of neurotransmitters and redox equilibrium (Rose et al.,

2020).

The regulation and metabolism of glutamate is a pivotal process occurring in astrocytes
(Parpura and Verkhratsky, 2012), and the maintenance of this neurotransmitter is strictly
dependent upon de novo glutamine synthesis in astrocytes. Moreover, their finely-tuned
response to subtle changes in nearby neuronal glutamate levels is fundamental to adjust
glutamate oxidation for energy glutamine production to meet neurotransmission demand

(Mahmoud et al., 2019).

Importantly, obesity and HFD impair this mechanism, leading to increased brain glutamate
levels, dysfunction in extra-synaptic NMDA levels and mitochondrial dysregulation (Labban et
al.,, 2020). As previously discussed, HFD is associated with suppression of BAT driven by
glutamatergic afferents to the NTS, and blockade of glutamate receptors, or cervical

vagotomy reversed this (Madden and Morrison, 2016). Glutamate has been shown to induce
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iNOS in the brain, and obesity and HFD have been associated with increased iNOS levels in
the NTS, and the staining pattern was mainly localised on astrocytes (Patel et al., 2021);
astrocytes express iNOS and inhibiting mitochondrial fission in the NTS decreased expression
of iINOS in this brain region (Patel et al., 2021). Whilst the causality is not clear, HFD is known
to cause mitochondrial fission in the NTS. A potential mechanism that could explain the link
between mitochondrial dynamics in astrocytes in the NTS and BAT activation is that increased
mitochondrial fission in the NTS could drive an increase in inflammation via increased iNOS
expression in astrocytes, which is exacerbated by glutamatergic afferents discharge to the
NTS. Dysfunctional astrocytic mitochondrial dynamics may have a reduced capacity to uptake
glutamate and clear it from the extracellular space, causing alterations in neurotransmission.
This could eventually lead to alterations in the sympathetic innervation to BAT and

consequent activation and thermogenesis.

The experiments presented in this chapter have shown that short-term HFD is sufficient to
impair BAT glucose uptake and activation. Moreover, mitochondrial fission in the NTS of the
DVC plays a key role in this process, as inhibition of mitochondrial fission protects glucose
uptake and BAT activation in HFD-fed rats. In summary, an increase in mitochondrial fission
in the NTS of rats decreases BAT glucose uptake and activity in vivo, and the inhibition of
mitochondrial fission rescues BAT glucose uptake and activation in HFD animals. However,
the molecular mechanisms that link mitochondrial dynamics in the NTS of the DVC and BAT
activation are still unclear. Evidence from literature show the importance of astrocytes in the
maintenance of whole-body energy homeostasis (MacDonald et al., 2020; MacDonald and
Ellacott, 2020; Manaserh et al., 2020; Patel et al., 2021); moreover, we presented evidence
on the role of inhibition of mitochondrial fission in astrocytes of the NTS in BAT activation in
vivo. For these reasons, in the following chapter we performed molecular analysis of BAT in
HFD animals in which mitochondrial fission was inhibited in the astrocytes of the NTS. The
scope of this analysis will be to identify the molecular changes occurring with inhibition of

mitochondrial fission that enable BAT to preserve its thermogenic capacity during HFD.
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Chapter 4

Chronic inhibition of mitochondrial fission in astrocytes of the NTS
of HFD-fed rats prevents BAT hypertrophy, preserves BAT
sympathetic innervation, and induce changes in BAT gene

expression
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4.1 Chronic inhibition of mitochondrial fission in astrocytes in the NTS
prevents HFD-dependent morphological and molecular alterations in BAT

4.1.1 Introduction and rationale

Inhibition of Drp1in the NTS increased in vivo dynamic glucose uptake in BAT in rats fed short-
term high-fat diet compared to matching HFD controls. In addition to this, the inhibition of
Drpl in GFAP+ astrocytes of the NTS was sufficient to maintain this effect, suggesting that

these cells are critical in the maintenance of brown adipose tissue activity during HFD.

It is well established that astrocytes do not merely serve the function of support cells to the
surrounding neurons, but they communicate with neurons and respond to their synaptic
activity as well as regulate synaptic transmission via release of gliotransmitters, scaling of
synaptic strength and direct modulation of neuronal circuits (Perea et al., 2009; Sasaki et al.,

2012; Allen and Eroglu, 2017).

As well as regulating neuronal circuits, astrocytes serve a critical role in the control of feeding
behaviour and systemic metabolism, and this has been widely reported in literature. For
example, chemogenetic activation of astrocytes in the DVC suppressed food intake in mice
(MacDonald et al., 2019); importantly, the authors showed that the activation of DVC
astrocytes resulted in induction of c-FOS expression in the NTS, AP and in the lateral
parabrachial nucleus, a downstream target of NTS neurons (MacDonald et al., 2019),
suggesting activation of both local neurons and the recruitment of a long-range neuronal
network in response to astrocytic activation in the DVC. Genetic loss of leptin receptors in
mature astrocytes leads to dysregulation of leptin-dependent feeding behaviour in genetic
Gfap-Lepr-/- mice models (Kim et al., 2014), while chemogenetic inhibition of astrocytes in
the medial basal hypothalamus of mice enhanced and prolonged ghrelin-evoked feeding
(Liang Yang et al., 2015). In contrast, chemogenetic activation of astrocytes in the same region
induced leptin-mediated suppression of food intake, and their subsequent reactivation
stopped leptin-induced anorexia via modulation of Adenosine Al receptor in AGRP neurons

in ARC a dose-dependent fashion (Liang Yang et al., 2015).
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Notably, a recent study has reported that consumption of HFD impairs astrocytic glutamate
clearance, and consequentially heterosynaptic depression of inhibitory GABAergic
transmission on pyramidal neurons in the orbitofrontal cortex, a key brain region for the
evaluation of reward upon food ingestion in rats (Lau et al., 2021), showing the importance
of astrocytic integration of nutritional cues to modulate neuronal activity and behaviour.
Moreover, in the hypothalamus, positive chemogenetic manipulation of astrocytes Ca?*
signalling in PVN neurons worsened metabolic status in diet-induced obese mice, whilst

decrease of Ca?* signalling in these cells, via negative chemogenetic manipulation, improves

the metabolic condition of obese mice (Herrera et al., 2022).

4.1.2 Mitochondrial dynamics in astrocytes control metabolism

Mitochondrial dynamics are critical to the functionality of all cells, and alterations of
mitochondrial function in the brain, and in particular in glia, are associated with HFD feeding
and obesity (Kim et al., 2019; Patel et al., 2021). For example, a fragmented mitochondrial
pattern has been observed in isolated oligodendrocytes grown under HFD conditions, and this
effect was recapitulated in the spinal cord of a mice model consuming HFD for 12 weeks
(Langley et al., 2020). Moreover, HFD induced mitochondrial fission in the NTS and increased
iNOS levels in astrocytes in this brain region (Patel et al., 2021) in adult male rats; this led to
increased body weight, food intake and visceral adiposity. Importantly, these events were
prevented by inhibiting mitochondrial fission in NTS astrocytes of HFD-fed rats (Patel et al.,
2021), suggesting a connection between astrocytic mitochondrial fission, inflammation and
whole body energy metabolism; however, the causality of such events has not yet been

elucidated.

Inflammation, defective insulin signalling and alterations in mitochondrial metabolism are
common denominators of metabolic disorders such as obesity and T2DM. Astrocytes,
alongside microglia, produce inflammatory cytokines and drive inflammation in the brain in
response to HFD while inflammation itself can alter mitochondrial dynamics in astrocytes via
Drpl-mediated increase in fission, ROS production and reduced respiratory capacity (Motori
et al., 2013). This suggests that chronic, low-grade inflammation observed in obesity and HFD

is at least partially mediated by astrocytes. Importantly, Patel et al. (2021) demonstrated that

186



mitochondrial fission in the NTS of HFD-fed rats drives inflammation by increasing iNOS, and
lentiviral suppression of iINOS could protect these animals from developing insulin resistance.
Moreover, inflammatory recruitment of astrocytes in the hypothalamus via IKKB/NFKB
signalling pathway is associated with insulin resistance, and astrocytic deletion of IKKB after
exposure to HFD in mice reduces glucose intolerance and insulin resistance, potentially via a
mechanism mediated by the adipose tissue (Douglass et al., 2017). Additionally, in a mouse
model of postnatal KO of insulin receptors in astrocytes, mitochondria presented a reduced
mitochondrial aspect/ratio- defined as the ratio between centreline length and average
width- and higher basal mitochondrial respiration rate in response to elevated blood glucose

(Herrera et al., 2022).

The NTS is a critical area for the control of systemic energy expenditure via sympathetic
activation of the BAT. Moreover, the role of astrocytes in the control of central and peripheral
energy metabolism and glucose homeostasis has been recently recognised, and there are
indications that normal thermogenesis and body temperature are regulated via insulin
sensing by astrocytes (Manaserh et al., 2020). Importantly, increased mitochondrial fission in
astrocytes in the NTS is linked to insulin insensitivity in this region (Patel et al., 2021) and
insulin and insulin-like growth factor decreased mitochondrial fission in vitro (Ribeiro et al.,
2014). Therefore, HFD-mediated disruption of insulin sensitivity in the NTS could also be

linked to an alteration of mitochondrial dynamics in astrocytes in this region.

If we consider this body of evidence, it is reasonable to speculate that HFD-induced
inflammation and insulin insensitivity may contribute to causing and/or exacerbating HFD-
dependent mitochondrial fission in NTS astrocytes. This could lead to alterations in energy
sensing in astrocytes and induce changes in the firing of nearby neurons to influence BAT
adrenergic discharge and metabolic profile. Further, as it was previously observed by Patel et
al. (2021), inhibition of mitochondrial fission in the NTS significantly reduces body weight and
visceral adiposity, and we could speculate that this may be partially due to an increase in
energy expenditure. In fact, we previously showed (Chapter 3) that the inhibition of
mitochondrial dynamics in astrocytes in the NTS is sufficient to increase FDG-18 uptake in
brown adipose tissue HFD-fed animals when compared to control HFD GFP animals, and in

literature increased glucose uptake in BAT is a typical indirect marker of increased metabolic
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activity and thermogenesis of BAT in vitro and in vivo (Cypess et al., 2013; Cypess et al.,
2015c). This is evidence that astrocytes in the NTS play an important role in the activation of

BAT in vivo.

4.1.3 Study rationale

We showed that inhibiting Drpl function in astrocytes of the NTS increases the energy
expenditure and glucose uptake of BAT in vivo (Chapter 3); here we aim to investigate the
histological and molecular correlates to these observations in the BAT of animals exposed to
standard laboratory temperature, and in absence of exogenous noradrenergic stimulation.
For the molecular analysis we selected five different classes of genes to interrogate the overall
metabolic health of BAT during HFD and in response to inhibition of mitochondrial dynamics
in the astrocytes of the NTS, which will be described and discussed in their dedicated result

section.

Our objective is to understand what is different, on a molecular and histological level, in the
BAT from animals that express GFAP:K38-A in their NTS compared to control GFP animals.
Specifically, we are interested in establishing why the BAT from these animals can respond to

noradrenergic stimulation, while control HFD animals have lost this capacity.

The hypothesis for this chapter is that in HFD-fed animals, BAT will present a “white-like”
appearance and lower levels of noradrenergic innervation measured with TH
immunolabelling compared to RC control animals. These would be signs of alterations in the
brain-BAT axis, and in particular, of decreased postganglionic noradrenergic discharge onto
BAT. Moreover, we are expecting that inhibition of mitochondrial fission in the NTS of HFD-
fed rats will result in higher noradrenergic discharge and a multilocular appearance of BAT,
associated with a metabolically healthy phenotype compared to GFP control HFD fed animals.
We also expect to see changes in genes associated with active BAT and lower levels of stress
and inflammation of the tissue in HFD fed animals with inhibited mitochondrial fission in their

NTS compared to HFD matching controls.
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We will also assess the contribution of food intake in the effects we will observe in the ad
libitum cohorts by employing a pair-fed paradigm (Section 2.2.9); Patel et al. (2021) has
revealed that inhibiting mitochondrial fission in astrocytes of the NTS of HFD-fed rats
decreases food intake compared to control HFD animals, therefore if we eliminate the
differences in feeding behaviour by adopting a pair-fed paradigm we can assess to what

extent food intake is responsible for the metabolic health of BAT.

To probe this hypothesis, adenoviruses expressing either GFP or K38-A under the control of a
GFAP promoter (GFAP:GFP, GFAP:K38-A) were generated and delivered to the NTS of male
Sprague-Dawley rats (Section 2.2.8). After 2-weeks of HFD from the day of the brain injection

BAT morphology, adrenergic innervation and genes were investigated.

4.2 Aims

Aim 1: To determine whether 2-weeks of HFD are sufficient to affect brown adipose tissue
morphology and noradrenergic innervation of BAT compared to RC animals.

Aim 2: To determine whether the inhibition of HFD-mediated increase of mitochondrial
fission in the NTS astrocytes of HFD-fed rats is affecting brown adipose tissue morphology and
noradrenergic innervation of BAT.

Aim 3: To determine whether inhibition of HFD-mediated increase of mitochondrial fission in
the NTS astrocytes is sufficient to induce changes in key genes associated with an active
metabolic profile of BAT.

Aim 4: To understand the contribution of food intake on BAT morphology and genes

associated with an active metabolic profile of BAT employing a pair-feeding paradigm.
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4.3 2-weeks HFD is sufficient to induce BAT hypertrophy and disrupt
adrenergic terminals in BAT

Please note that some of the tissues analysed and discussed in this chapter are from the
animals from the published study by Patel et al. (2021), which confirmed changes in body
weight, food intake, visceral adiposity and insulin sensitivity in this cohort. Moreover,
confirmation of viral expression in the NTS is also presented in Patel et al. (2021), alongside
with confirmation of astrocytic specificity for the GFAP viruses. Three separate cohorts were
employed; the first cohort is that described in Patel et al. (2021) and was used to conduct all
histological and molecular analysis on BAT. The second cohort was used for the pair-fed
studies to observe the contribution of feeding, and this was used for the feeding study data
and for histological and molecular analysis on BAT. Finally, the last cohort was used for 8FDG

PET/CT scans both at thermoneutrality and upon adrenergic stimulation.

Before looking at the potential role of mitochondrial fission in the astrocytes of the NTS in the
control of BAT metabolic health, we aimed to assess whether 2-weeks of HFD was sufficient
to induce changes in BAT anatomical features and noradrenergic innervation, measured as
TH fibre innervation, compared to RC-fed controls. In Chapter 3 we confirmed we can
effectively deliver control virus GFP to the NTS, as demonstrated via IHC. To investigate
morphological changes in BAT, after 2 weeks of HFD or RC, BAT pads were accurately
dissected from the animals and immediately weighed to measure whether there were any
differences in BAT mass. No significant differences were observed when comparing BAT of RC
GFAP:GFP HFD (0.755%0.0537 g/kg) (n=5) to that of GFAP:K38-A HFD (0.844+0.0581 g/kg)
(n=14) after normalization to body weight (p=0.403)(Fig 4.1).
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Figure 4.1: BAT weight is not affected by HFD. BAT weight normalised to body weight (g/kg) in
GFAP:GFP RC (n=5) and GFAP:GFP HFD (n=14) animals from Patel et al (2021). All data was tested for

normality prior to statistical tests using the Shapiro-Wilk normality test. Values are shown as mean +

SEM and single data points highlighted. Statistical test:unpaired t-test.

Next, samples were then snap frozen and post fixed for 2 hours in 4% PFA followed by 70%
EtoH for long-term storage. Tissue samples were submitted to St. James’s Teaching Hospital
(Leeds, UK) for paraffin embedding and microtome cutting. Sequential sections were cut at 5
pm and stained for hematoxylin and eosin (H&E), which is a classical histological staining used

to investigate microscopic anatomy of organs and tissues (Section 2.2.14).
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Figure 4.2: 2- weeks of HFD are sufficient to induce BAT lipid droplets enlargement. (A-B)
representative images of H&E staining on serial BAT sections cut at 5 um. (A) is representative for
GFAP:GFP RC and (B) is representative for GFAP:GFP HFD. (C) Lipid droplets area quantification for
GFAP:GFP RC (n=5, 3 technical repeats.) and GFAP:GFP HFD (n=3, 3 technical repeats). (D) Lipid
droplets number per visual field for GFAP:GFP RC (n=5, 3 technical repeats) and GFAP:GFP HFD (n=3, 3
technical repeats). Scale bar=50 um. All data was tested for normality prior statistical tests using the
Shapiro-Wilk normality test. Values are shown as mean #+ SEM and individual technical replicates
shown and grouped by biological replicate. Statistical testing was performed on the averages of each

technical replicate:unpaired t-test. »#p < 0.01.

H&E staining showed that white-like infiltration and hypertrophy were present in the BAT of
GFAP:GFP HFD animals (Fig 4.2B) when compared to GFAP:GFP RC controls, which conversely

present a uniform multilocular appearance typical of healthy brown adipocyte (Fig 4.2A).
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Lipid droplet size was measured by obtaining their area from three random regions of interest
for 3-4 animals per group, assuming lipid droplet circularity (Section 2.2.14). We found that
in GFAP:GFP HFD animals, brown adipocytes were significantly bigger (7.99+0.992 pum?)(n=3,
3 technical repeats) than those of GFAP:GFP RC animals, (4.98+0.377 um?) (n=5, 3 technical
repeats) (**p<0.01) (Figure 4.2C). Next, we looked at the number of lipid droplets as an
indirect marker of tissue expansion; we observed a significantly higher number of brown
adipocytes per visual field in GFAP:GFP RC animals (3600+217 droplets) when compared to
GFAP:GFP HFD fed animals (24531279 droplets). (** p<0.01) (Figure 4.2D). This data confirms
that 2-weeks of HFD are sufficient to dramatically change the anatomical structure of BAT and
induce hypertrophy and unilocular appearance of BAT, suggesting that the tissue is being
converted into WAT-like tissue and stores excessive lipids instead of consuming them via 3

oxidation to fuel thermogenesis.
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Figure 4.3: 2- weeks of HFD are sufficient to blunt noradrenergic innervation to BAT. Representative
confocal images of tyrosine hydroxylase (TH) immunoreactivity, a marker of noradrenergic innervation
on serial BAT sections cut at 5 um. (A) Representative image for GFAP:GFP RC group. (B) Representative
image for GFAP:GFP HFD group. (C) Representative negative control (- primary antibody). (D) TH
intensity quantification per visual field for GFAP:GFP RC (n=4, 3 technical repeats) and GFAP:GFP HFD
animals (n=4, 4 technical repeats). (E) Shows the number of TH pools per visual field for GFAP:GFP RC
animals (n=4, 3 technical repeats) and GFAP:GFP HFD animals (n=4, 4 technical repeats). Scale bar=50
um. All data were tested for normality prior statistical tests using the Shapiro-Wilk normality test.
Values are shown as mean + SEM and individual technical replicates shown and grouped by biological
replicate. Statistical testing was performed on the averages of each technical replicate:unpaired t-

test. x*x#p < 0.0001.

Next, a portion of cryopreserved BAT pads was post-fixed in 4% PFA for 2 hours and
cryoembedded in OCT in preparation for cryosectioning. Sections were cut at 8 um, directly

mounted on charged slides and IHC for TH was performed (Section 2.2.14). TH catalysis is the
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first step of the synthesis of catecholamines, and it is used as a classical marker for
noradrenergic innervation of BAT; in particular, TH immunoreactivity is used as an estimation

of the ability of the nerve terminals to synthesise catecholamines.

Here we aimed to determine whether 2 weeks of HFD are sufficient to reduce TH availability
in BAT, which would suggest a decrease in sympathetic noradrenergic discharge to BAT.

First, we aimed to determine whether we could establish a protocol with which we could
observe TH immunoreactivity in BAT. Immunoreactivity was present in both HFD-fed and
regular-chow GFAP:GFP animals (Fig 4.3A-B). No expression was detected in the negative
control, in which the primary antibody was omitted, confirming that the secondary antibody

is not binding non-specifically to the tissue samples (Fig 4.3C).

We measured the impact of HFD on noradrenergic innervation of BAT and quantified two
parameters: overall TH intensity and number of TH pools- which are defined as the
accumulation of TH within the nerve terminals within BAT. These were quantified by
randomly selecting 4 regions per animal, 4 animals per group. We found that TH intensity per
visual field was significantly higher in GFAP:GFP RC animals (3.90+0.292%) (n=4, 4 technical
repeats) when compared to GFAP:GFP HFD controls (1.10+0.150%) (n=4, 4 technical repeats)
(****p<0.0001) (Fig 4.3A-B,D); TH pool numbers were also significantly higher in GFAP:GFP
RC (1093192.2) (n=4, 4 technical repeats) animals when compared to GFAP:GFP HFD controls
(405+25.8) (n=4,4 technical repeats) (****p<0.0001) (Fig 4.3A-B,E).

4.4 Inhibition of mitochondrial fission in astrocytes in the NTS of the brain
prevents BAT hypertrophy and preserves noradrenergic terminals in BAT

After validating efficacy and specificity of our adenoviral systems (Chapter 3), we wanted to
investigate whether the inhibition of Drpl-dependent mitochondrial fission in the NTS can
prevent HFD-linked BAT hypertrophy and increase noradrenergic innervation- measured as

TH intensity and pool number- in BAT in HFD-fed rats.

To investigate changes in BAT, after 2 weeks of HFD, BAT pads were accurately dissected from

the animals and immediately weighed to measure whether any differences could be seen in
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BAT mass. A trend towards increase was observed when comparing BAT of GFAP:K38-A HFD
(1.068+0.120 g/kg) (n=12) to that of GFAP:GFP HFD (0.843%+0.0581 g/kg) (n=14) after
normalization to body weight (p=0.0923)(Fig 4.4).
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Figure 4.4: BAT weight is not affected by inhibition of mitochondrial fission in the astrocytes of the
NTS of HFD-fed rats. BAT weight normalised to body weight (g/kg) in GFAP:GFP HFD (n=14) and
GFAP:K38-A (n=12) animals. All data was tested for normality prior statistical tests using the Shapiro-
Wilk normality test. Values are shown as mean + SEM and single data point highlighted. Statistical

test: unpaired t-test.

Next, H&E staining was performed and revealed a hypertrophic appearance of brown
adipocytes in GFAP:GFP HFD fed animals (Fig 4.5A), accompanied by a clear shift to unilocular
like appearance of individual cells. Healthy brown adipocytes are typically multilocular, as
each adipocyte stores several small lipid droplets, and remarkably, this feature is observed in
the GFAP:K38-A HFD fed animals (Fig 4.5B). Lipid droplet size was measured by obtaining their
area from three random regions of interest for 3-4 animals per group, assuming lipid droplet
circularity (Section 2.2.14). We found that in GFAP:GFP HFD fed animals, brown adipocytes
were significantly bigger (7.99+0.992 um?)(n=3, 3 technical repeats) than those of GFAP:K38-
A HFD fed animals, (5.57+0.18 um?) (n=4, 3 technical repeats) (*p<0.05) (Figure 4.5C). Next,
we looked at the number of lipid droplets as an indirect marker of tissue expansion; we

observed no significant differences in the numbers of brown adipocytes per visual field in
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GFAP:K38-A HFD fed animals (3000+87) when compared to GFAP:GFP HFD fed animals
(2453+279). (p=0.356) (Figure 4.5D).
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Figure 4.5: Inhibition of mitochondrial fission in the astrocytes of the NTS of HFD-fed rats prevents
BAT lipid droplets enlargement. Representative images of H&E staining on serial BAT sections cut at
5um. (A) GFAP:GFP HFD PF and (B) GFAP:K38- A HFD (C) Lipid droplet area quantification for GFAP:GFP
HFD (n=3, 3 technical repeats.) and GFAP:K38-A HFD (n=4, 3 technical repeats).(D) Lipid droplets
number per visual field for GFAP:GFP HFD (n=3, 3 technical repeats) and GFAP:K38-A HFD (n=4, 3
technical repeats). Scale bar=50 um. Each data point is representative of one technical replicate. All
data was tested for normality prior statistical tests using the Shapiro-Wilk normality test. Values are
shown as mean + SEM and individual technical replicates shown and grouped by biological replicate.
Statistical testing was performed on the averages of each technical replicate:unpaired t-test. *p <

0.05.

Next, post-fixed BAT was embedded in OCT and cut at 8 um, directly mounted on charged

slides and IHC for TH was performed (Section 2.2.14). Here we aimed to determine whether
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the increase in dynamic glucose uptake in BAT (Chapter 3), and preserved BAT morphology
we observed in GFAP:K38-A HFD animals (Figure 4.5), is associated with an increase in TH
availability to BAT, which could suggest an increase in sympathetic noradrenergic discharge

to BAT, potentially mediated by the NTS, despite HFD.

We measured two separate parameters, namely overall TH fluorescent intensity and number
of TH pools in BAT. TH quantifications were carried out by randomly selecting 4 regions per
animal, 4 animals per group. We found that TH fluorescent intensity per visual field was
significantly higher in GFAP K38-A HFD fed animals (2.07+£0.20%) (n=4, 4 technical repeats)
when compared to GFAP:GFP HFD fed controls (1.091£0.14%) (n=4, 4 technical repeats)
(*p<0.05) (Fig 4.6A-B,D); TH pool numbers were also significantly higher in GFAP:K38-A HFD
fed (636155) (n=4, 4 technical repeats) animals when compared to GFAP:GFP HFD fed controls
(405%25) (n=4, 4 technical repeats) (*p<0.05) (Fig 4.6A-B,E).

It is known that in HFD-fed mice, TH availability in the brain (Li et al., 2009) and BAT (Fischer
et al., 2019) is reduced, and that BAT transplant is able to enhance sympathetic drive to
endogenous BAT in mice (Zhu et al., 2014). However, this is the first evidence that
characterises the role of the NTS in maintaining TH levels in BAT during HFD. Moreover, this
is the first evidence that suggests that inhibition of mitochondrial fission in the astrocytes of
the NTS preserves BAT ability to adequately synthesise catecholamines to preserve its

morphology and metabolic activity (Chapter 3) during HFD.
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Figure 4.6: Inhibition of mitochondrial fission in the astrocytes of the NTS of HFD-fed rats prevents
loss of noradrenergic innervation to BAT. Representative confocal images of tyrosine hydroxylase (TH)
immunoreactivity, a marker of noradrenergic innervation on serial BAT sections cut at 5 um. (A) Is
representative for GFAP:GFP HFD group. (B) Is representative for GFAP:K38-A HFD group. (C)
Representative negative control (Primary antibody). (D) TH intensity quantification per visual field for
GFAP:GFP HFD animals (n=4, 4 technical repeats) and GFAP:K38-A HFD animals (n=4, 4 technical
repeats). (E) Number of TH pools per visual field for GFAP:GFP HFD animals (n=4, 4 technical repeats)
and GFAP:K38-A HFD animals (n=4, 4 technical repeats).Scale bars=50 um. Each data point is
representative of one technical replicate. All data was tested for normality prior statistical tests using
the Shapiro-Wilk normality test. Values are shown as mean + SEM and individual technical replicates
shown and grouped by biological replicate. Statistical testing was performed on the averages of each

technical replicate:unpaired t-test. #p < 0.05.
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4.5 Chronic inhibition of mitochondrial fission in astrocytes in the NTS of the
brain can induce changes in gene expression in the brown adipose tissue of
high-fat diet-fed rats

4.5.1 Validation of housekeeping genes and primers

Following histological investigations, we proceeded to determine if the inhibition of
mitochondrial fission in the astrocytes of the NTS can induce changes in mRNA transcript of
BAT which are associated with metabolic activity, ER stress and inflammation and

mitochondrial dynamics.

On the day of sacrifice the BAT was quickly collected, weighed and snap frozen and lysated to
extract RNA (Section 2.2.11). To determine how BAT from GFAP:K38-A HFD-fed animals
responds to inhibition of mitochondrial fission in astrocytes of the NTS of the brain, we
examined changes in BAT gene expression compared to GFAP:GFP HFD control using reverse
transcription followed by qPCR. Based on a literature search we selected a panel of genes
whose expression has been found to be altered by exposure to HFD, both long and short-
term. These genes were grouped into clusters of interest, namely: (1) glucose-insulin group,
(2) BAT-specific group, (3) fatty acid oxidation group, (4) lipolysis group, (5) inflammation and

ER stress group and (6) mitochondrial dynamics group (Table 4.1).
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Table 4.17: Primers utilised for gPCR assays to investigate clusters of genes of interest. Glucose
transporter 1 (Slc2al, Glucose Transporter 4 (Slc2a4), Insulin receptor (INSR) Adrenoreceptor Beta 3
(ADRB3), Uncoupling protein 1 (UCP1), Peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PPARGC1A), Peroxisome proliferator-activated receptor gamma PPARG, Acyl-CoA
Dehydrogenase Long Chain (ACADL), Cluster of Differentiation 36 (CD36), Cell Death Inducing DFFA
Like Effector A (CIDEA), Patatin Like Phospholipase Domain Containing 2 (PNPLA2), Hormone Sensitive
Lipase (HSL) (98 bp), DNA Damage Inducible Transcript 3 (DDIT3), Nuclear Factor Kappa B Subunit 1
(NFKB1), Tumor Necrosis Factor Alpha (TNFA), Dynamin like Protein 1 (DNML1), Mitofusin 2 (Mfn2).

Glucose- BAT-specific | Fatty acid | Lipolysis | Inflammation/ | Mitochondrial
insulin oxidation ER stress dynamics
Slc2al ADRB3 ACADL PNPL2A | DDIT3 DNML1
Slc2a4 UCP1 CD36 HSL NFKB Mfn2
INSR PPARGC1A TNFA

PPARG

CIDEA

The 36b4 gene, encoding for acidic ribosomal phosphoprotein PO, was selected as
housekeeping control as previous literature established its high degree of stability in adipose
tissue of rats (Zhang et al., 2016). Prior to the experiment, we validated the expression of
housekeeping gene 36b4 and we tested whether the size of our PCR products matched that

of predictive in silico analysis.

The cycle threshold (Ct) value for the reference gene was obtained and no significant
differences could be found between the control regular chow and HFD groups; the mean Ct
value of the reference gene for the regular chow group was 19.97+0.1431 and that of the HFD

group was 19.62+0.0914, (p=0.5356) exhibiting high and stable transcript levels (Figure 4.7).
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Figure 4.7: Expression of 36b4 in regular-chow and HFD-fed animals to prove that the expression of
the gene is stable regardless of the diet. VValues are shown as mean # SEM. Statistical test:unpaired

t-test.

This indicates that the house keeping is not itself affected by HFD. Altogether these results
are in accordance with previous literature (Zhang et al., 2016) and we can therefore confirm

36b4 stability as housekeeping gene in BAT for our experiments.

Next, qPCR reactions containing primers for genes of interest and a serial cDNA dilution of
sample pool (1:50,1:100,1:200) were performed using a combined comparative Ct and
melting curves program to ensure primer quality and test optimal cDNA dilution. gPCR data
are expressed on a logarithmic scale in which 10x serial cDNA dilution corresponds to ~ 3.3
cycles difference between dilutions in optimal reactions. We used 2x cDNA serial dilution that
theoretically corresponds to ~ 1 cycle difference between dilutions for optimal reaction; this
was confirmed by qPCR reactions for primer testing confirming the high quality of the primers
employed for our study (average difference=1.1 cycles), as shown in a representative
amplification plot (Figure 4.8). Moreover, this trial determined that 1:50 was the optimal

dilution for our sample as it allowed optimal gPCR reactions across all primers.
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Figure 4.8: Representative image of an amplification plot confirming the quality of the primers upon
serial dilution of the cDNA at 1:50, 1:100 and 1:200. 2x cDNA serial dilution corresponds at roughly

1.1 cycle difference between dilutions which is confirmed by our trial.

Following this, the products of the gPCR reactions for primers testing were collected and
electrophoresed on a 4% agarose gel (Section 2.2.13) and analysed to obtain several pieces
of information. These were: (1) visualise the cDNA products and ensure their integrity, (2)
confirm the predicted product size and (3) screen for potential primers-dimers formation and
genomic DNA contamination, which could affect the validity of our results. All reactions
produced a single product of the size predicted by in silico analysis confirming primer validity
and specificity (Figure 4.9); moreover, DNA products appeared free of smears suggesting
preserved integrity of the genomic material and bands appearing over a range of intensity,
suggesting differences in expression levels of each gene in BAT. Primers are presented starting
from the left-hand side in the following order:36b4 (109 bp), Sic2al (145 bp), Sic2a4 (90 bp),
INSR (98 bp), ADRB3 (109 bp), UCP1 (145 bp), PPARGC1A (109bp), PPARG (153 bp), ACADL (97
bp), CD36 (137 bp), CIDEA (124 bp), PNPLA2 (158bp), HSL (98 bp), DDIT3 (151 bp), NFKB (130
bp), TNFA (52 bp), DNML1 (199 bp), Mfn2 (166 bp) (Figure 4.9).
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Figure 4.9: Representative agarose gel showing that the size of the primers employed in this study
correspond to the in silico predicted size and that they produce a single clean product free of smears

or primer-dimer formations.

4.6 Effect on glucose-insulin cluster mRNA levels

The brown adipose tissue has the capacity to clear glucose from the circulation and this
mechanism is stimulated by two separated metabolic states: (1) insulin-driven glucose uptake
during active anabolism (2) thermogenesis driven by sympathetic stimulation from the central

nervous system.

Insulin-mediated glucose uptake in BAT occurs via a well-characterized pathway, in which the
binding of insulin to the extracellular o subunit of its receptor on the cell surface triggers
phosphorylation of tyrosine residues of the [ subunit and initiates insulin signalling
transduction via the metabolic pathway PI3K-Akt (Hemmings and Restuccia, 2012).The
activation of this pathway results in GLUT4 (encoded by gene Slc2a4) translocation and fusion
of perinuclear GLUT4 vesicles to the cellular membrane, ultimately increasing glucose uptake

in the cell. Another less characterized mechanism is that driven by noradrenergic mediated
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glucose uptake, which in BAT occurs via activation of 3 adrenergic receptors. Interestingly
this process seems to be mediated by synergistic action of cyclic adenosine monophosphate
(cAMP) and rapamycin complex 2 (mTORC2) leading to de novo synthesis and translocation
of GLUT1 (encoded by gene Slc2al) vesicles to the plasma membrane to increase glucose
uptake (Olsen et al., 2014; Olsen et al., 2017). Importantly, in mature primary brown
adipocytes, noradrenergic stimulation induces a potent upregulation of GLUT1 encoding
MRNA and a decrease of GLUT4 encoding transcripts (Dallner et al., 2006). Moreover, it
appears that glucose uptake in these cells involves de novo GLUT1 synthesis instead of GLUT1

and GLUT4 translocation (Dallner et al., 2006).
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Figure 4.10: Genes involved in insulin and glucose metabolism are not affected by inhibition of
mitochondrial fission in astrocytes of the NTS in HFD-fed animals. Relative expression of genes of
interest in GFAP:GFP HFD (n=11) versus GFAP:K38-A HFD (n=11) animals fed ad libitum. Primers were
run at separate times with internal controls to ensure gene expression consistency. All data was tested

for normality prior statistical tests using the Shapiro-Wilk normality test. Values are shown as mean +

SEM and single data point highlighted. Statistical test:unpaired t-test.
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Here we examined whether inhibition of mitochondrial fission in GFAP positive astrocytes was
sufficient to induce changes in the expression of mRNA transcripts of genes involved in insulin
sensitivity and glucose uptake in BAT at basal level. The relative mRNA expression in BAT of
Slc2al, Sic2a4 and INSR genes was investigated for this purpose and GFAP:GFP HFD group
was used as control. qPCR analysis showed that these genes were not affected by our
treatment, as measured by gene fold-change (Figure 4.10). INSR expression levels were
unchanged in GFAP:K38-A HFD animals (1.26+0.212) (n=12) when compared to GFAP:GFP
HFD controls (1.42+0.194) (n=13) (p=0.589). SIc2a4 transcripts were also unaffected,
GFAP:K38-A HFD (1.114+0.148) (n=12) and GFAP:GFP HFD controls (1.05+0.0884)(n=13)
(p=0.735). A trend towards increase was observed for Slc2al, with GFAP:K38-A HFD animals
(1.094£0.107) (n=12) showing a 1.36-fold higher value when compared to GFAP:GFP HFD
controls (1.36+0.110) (n=12) (p=0.0864).

While the inhibition of mitochondrial dynamics in the astrocytes of the NTS is capable of
increasing glucose uptake in brown adipose tissue in vivo (Chapter 3) upon noradrenergic
stimulation, it is not able to induce changes in mRNA transcript for INSR, GLUT4-encoding
gene Slc2a4 and GLUT1-encoding gene Sic2al at basal level after 2 weeks of HFD. Reasons for
this could be that (1) 2-weeks HFD is not sufficient to promote mRNA transcript changes at
basal level, or (2) noradrenergic activation via use of [33 adrenergic agonists and/or cold
exposure (single or continuous) may be required by BAT to observe an effect on mRNA

transcripts related to insulin-glucose metabolism in this tissue.
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Figure 4.11: Relative expression of Slc2al is higher and Sic2a4 is lower in HFD-fed animals with
inhibition of mitochondrial fission in astrocytes of the NTS upon IP administration of 1 mg/kg CL
316,243. (A) Sic2a1l relative expression in non-injected GFAP:GFP HFD (n=10) and GFAP:K38-A HFD fed
(n=5) animals and GFAP:GFP HFD (n=5) and GFAP:K38-A HFD (n=4) injected with CL 316,243 . (B) Slc2a1
relative expression in non-injected GFAP:GFP HFD (n=10) and GFAP:K38-A HFD fed (n=5) animals and
GFAP:GFP HFD (n=5) and GFAP:K38-A HFD (n=4) injected with CL 316,243 All data was tested for
normality prior statistical tests using the Shapiro-Wilk normality test. Values are shown as mean =+
SEM and single data point highlighted. . ##p < 0.01; **#p < 0.001. Statistical test: Two-way ANOVA,

corrected for multiple comparisons post-hoc: Tukey.

As we could not detect any differences in gene expression of GLUT1 and GLUT4 transporters
encoding genes Slc2al and Sic2a4 at basal level, we analysed the BAT of the CL 316,243-
stimulated HFD cohorts from the PET scan study (Chapter 3). Strikingly, we were able to
recapitulate the observations of Dallner et al. (2006), namely that CL 316,243 mimics
noradrenaline and induces a potent increase in S/c2al mRNA and a decrease in SIc2a4 mRNA
in mature brown adipocytes compared to unstimulated controls. Remarkably, this was only
observed in GFAP:K38-A HFD fed animals (S/c2al saline: 1.015+ 0.0852, CL 316,243: 1.606+
0.205) (Slc2a4 saline :1.046+ 0.146 , CL316,243: 0.393+ 0.0953) (*p<0.05, **p=0.001,
respectively) but not in control GFAP:GFP HFD animals (S/c2al saline: 1.072+ 0.122, CL
316,243: 0.930+ 0.130) (Sl/c2a4 saline: 1.16+ 0.204 , CL 316,243: 0.865+ 0.155), (p=0.483,
p=0.368, respectively) (Figure 4.11). This suggests that the BAT of HFD-fed animals, in which
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mitochondrial fission in the astrocytes of the NTS is inhibited, responds to noradrenergic
stimulation appropriately, via upregulation of S/c2al mRNA and a decrease in SIc2a4 mRNA
levels, but this ability is lost after only 2-weeks of HFD in control animals. Short-term HFD
could be sufficient to induce changes in tissue glucose sensitivity or initiate the development
of insulin resistance; importantly, insulin resistance does not necessarily associate with
decreased INSR mRNA levels, but could manifest via alterations of insulin binding kinetics or
reduced tyrosine kinase activity (Boucher et al., 2014). Inhibition of mitochondrial fission in
the astrocytes of the NTS on the other hand could prevent these phenomena by maintaining
glucose uptake in BAT via correct recruitment and activation of glucose transporters GLUT 1-

4.

4.7 Effect on BAT specific cluster mRNA levels

The thermogenic activation of BAT is largely driven by the sympathetic nervous system via
noradrenergic signalling. ADRB3 activation triggers a signalling cascade resulting in PGCla
activation, a key transcription factor for UCP1. UCP1 activation induces uncoupling of OXPHOS
complexes I-IV to generate heat instead of ATP to release energy and consume excess
calories. Importantly, in this process, several genes are involved in the transcriptional
regulation of UCP1; here we analysed the relative mRNA expression in BAT of ADRB3,
PPARGCI1A, PPARG, UCP1, CIDEA-a group of BAT-specific genes, all of which directly or
indirectly regulate thermogenesis, BAT proliferation and expansion, and importantly, can be
affected by HFD. For example, ADRB3, which encodes for the [ adrenergic 3 receptor on the
surface of brown adipocytes, has been shown to be downregulated by HFD, concurrently with
catecholamine resistance and elevated levels of inflammation (Valentine et al., 2022). PGCla
is a transcriptional factor which is critical in the regulation of adaptive thermogenesis by
mediating cold and noradrenergic stimulations to induce UCP1 and other genes involved in
mitochondrial OXPHOS (Puigserver et al., 1998; Wu et al., 1999). Importantly, loss of PGCla
in mature brown adipocytes in vitro did not alter differentiation but severely inhibited the
induction of thermogenic genes in these cells (Uldry et al., 2006). Furthermore, PGCla
suppression has been associated with HFD in a range of tissues, including the liver (Barroso

et al., 2018) and the skeletal muscle (Koves et al., 2005). PPARY is critical for BAT recruitment
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that is not dependent upon noradrenergic stimulation (Nedergaard et al., 2005), and
importantly PPARy ligands can induce browning of white adipose tissue, which associates

with protection against HFD and obesity in rodents (Cederberg et al., 2001;Seale et al., 2011).

UCP1 expression level is classically measured as it represents the central mechanism for
energy expenditure in BAT. However, literature shows contradictory results on the effect of
HFD on UCP1 mRNA transcripts; for example, in a study conducted in obese ob/ob mice
showed a lower level of UCP1 mRNA when compared to animals fed regular chow (Commins
et al., 1999). Oppositely, evidence has shown that obese animals fed HFD had higher level of
expression than the low-fat diet control mice (Fromme and Klingenspor, 2011), while
(Ohtomo et al., 2017) showed that UCP1 transcripts are significantly higher in BAT of mice on
short-term HFD. In other instances, no effects were observed; this suggests that the duration
and nutritional composition of HFD play a critical role in the regulation of UCP1 transcripts.
Finally, CIDEA is highly expressed in thermogenic tissues and molecularly it has been shown
to act as a direct inhibitor of thermogenesis by suppressing UCP1 activity via an indirect
inhibitory effect (Fischer et al., 2017). However, it is not clear whether it can be affected by

HFD.

Here we aimed to examine whether inhibition of mitochondrial dynamics in GFAP+ astrocytes

was sufficient to induce changes in the expression of mRNA transcripts of these BAT specific

genes in unstimulated animals.
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Figure 4.12: CIDEA mRNA level in BAT is lower in HFD-fed animals with inhibition of mitochondrial
fission in astrocytes of the NTS. Relative expression of genes of interest in GFAP:GFP HFD (n=11) versus
GFAP:K38-A HFD (n=11) animals fed ad libitum. Primers were run at separate times with internal
controls to ensure gene expression consistency. All data was tested for normality prior statistical tests
using the Shapiro-Wilk normality test. Values are shown as mean + SEM and single data point

highlighted. *xxp < 0.0001. Statistical test: unpaired t-test.

When observing the mRNA transcripts of BAT-specific genes, CIDEA was significantly lower in
GFAP:K38-A HFD animals (0.496+0.0393) (n=12) when compared to matching GFAP:GFP HFD
controls (1.023+0.100) (**** p<0.0001), whilst all other markers were not affected: ADRB3
GFAP:GFP HFD (0.871+0.0998) and GFAP:K38-A HFD (1.109+0.132), (p=0.1601), UCP1
GFAP:GFP HFD (1.597+0.0998) and GFAP:K38-A HFD (1.338+0.0128),(p=0.2354), PPARGCIA
GFAP:GFP HFD (0.986+0.0830) and GFAP:K38-A HFD (0.967+0.0134) , (p=0.905), PPARG
GFAP:GFP HFD (0.835+0.0810) and GFAP:K38-A HFD (0.820+0.0563), (p=0.885) (Figure 4.12).
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We speculated that noradrenergic stimulation would have been necessary to observe any
change in thermogenesis related markers in the BAT, therefore we decided to look at the
ADRB3- PGCla -UCP1 pathway upon administration of CL 316,243 by analysing tissue samples
from the PET scan cohort. Remarkably, upon noradrenergic stimulation with 1mg/kg of
CL316,243 PPARGCIA transcripts were significantly higher in both GFAP:GFP HFD fed
(CL316,243:23.2+5.52) and GFAP:K38-A HFD fed (CL 316,243: 22.4+6. 39) when compared to
non-injected controls (saline:1.060+0.355) (saline:1.042+0.0830), respectively (***p<0.0001
and **p<0.001, respectively) (Figure 4.13A). However UCP1 transcripts were only higher in CL
316,243 stimulated GFAP:K38-A HFD fed (2.121+0.435) when compared to saline GFAP:K38-
A HFD animals (1.021+0.105), whilst GFAP:GFP HFD fed animals did not respond to the
treatment suggesting that the recruitment of UCP1 in these animals is blunted (saline:
1.019+0.0648, CL 316,243: 1.583+0.0823) (* p<0.05 and p=0.672, respectively)(Figure 4.13B).
Unexpectedly, ADRB3 mRNA was significantly lower upon noradrenergic stimulation in
GFAP:K38-A HFD fed (saline:1.05+0.146 CL 316,243:0.3934£0.0956) but not in GFAP:GFP HFD
fed (saline: 1.589+0.510, CL316,243: 1.67+0.299) (**p<0.001) and (p=0.922), respectively
(Figure 4.13C). This phenomenon could be explained by the fact that BAT of GFAP:K38-A HFD
animals preserve noradrenergic stimulation at levels that are not dissimilar to those of regular
chow fed animals, therefore, further stimulation with adrenergic receptor agonist CL 316,243
could have led to homologous receptor desensitisation, which is a critical biological
mechanism to allow an organism to maintain homeostasis (Okeke et al., 2019; Valentine et
al., 2022). This was not observed in HFD-fed GFAP:GFP HFD animals that have suppressed the
physiological noradrenergic discharge from the sympathetic nervous system, and therefore
exogenous stimulation was needed to counteract the detrimental effects of HFD to try and
restore physiological noradrenergic signalling to BAT, which, however, was insufficient to

stimulate UCP1 mRNA translation.
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Figure 4.13: Relative expression of genes involved in thermogenesis is altered in HFD-fed animals
with inhibition of mitochondrial fission in astrocytes of the NTS following IP administration of 1
mg/kg CL 316,243. (A) PPARGCIA relative expression in non-injected GFAP:GFP HFD (n=10) and
GFAP:K38-A HFD fed (n=5) animals and GFAP:GFP HFD (n=5) and GFAP:K38-A HFD (n=4) injected with
CL 316,243 . (B) UCP1 relative expression in non-injected GFAP:GFP HFD (n=10) and GFAP:K38-A HFD
fed (n=5) animals and GFAP:GFP HFD (n=5) and GFAP:K38-A HFD (n=4) injected with CL 316,243. (C)
ADRBS3 relative expression in non-injected GFAP:GFP HFD (n=10) and GFAP:K38-A HFD fed (n=5)
animals and GFAP:GFP HFD (n=5) and GFAP:K38-A HFD (n=4) injected with CL 316,243. All data was
tested for normality prior statistical tests using the Shapiro-Wilk normality test. Values are shown as
mean + SEM and single data point highlighted. *xp < 0.01; »**p < 0.001. Statistical test: Two-way

ANOVA, corrected for multiple comparisons. Post-hoc: Tukey.

4.8 Effect on genes involved in fatty acid uptake and 3 oxidation

Next, we analysed the gene expression of CD36 and ACADL, which are involved in fatty acid
uptake and oxidation, respectively. CD36 is an integral membrane protein that carries out the
first two steps of FA transport, acting as a docking site for the associated fatty acid binding
protein (FABP) and the fatty acid transport proteins (FATPs) to facilitate FA absorption and
maintain concentration of unbound FA across the plasma membrane, and shuttle FA to
mitochondria for [ oxidation (Xu et al., 2013). Moreover, CD36 enhances the transport of
long-chain FA across the plasma membrane via intracellular esterification (Xu et al., 2013).

The expression of CD36 is increased upon cold exposure and this enhances the uptake of TG-
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rich proteins (TRL) and albumin-bound FA in BAT, which is followed by increased activity of
LPL to increase the rate of TG hydrolysis in BAT. Studies have shown that CD36 KO mice have
reduced FA uptake, which is compensated by a significant increase in glucose uptake,
however they are cold intolerant and present TG build up in their BAT (Yamashita et al., 2007;
Bartelt et al., 2011). Further, CD36 KO mice have higher levels of circulating lipoproteins and
FA-bound albumin in their plasma (Bartelt et al., 2011b). Interestingly, CD36 drives the uptake
of coenzyme Q (CoQ)-an essential component of mitochondrial OXPHOS- in BAT and it is
required to maintain normal BAT function in mice (Anderson et al., 2015). CD36 KO mice
display CoQ deficiency and impaired uptake as well as alterations in BAT, encompassing
hypertrophy, alterations in lipid metabolism, mitochondrial dysfunction and defective
thermogenesis (Courtney M. Anderson et al., 2015). Importantly, our experiments revealed
BAT hypertrophy and blunted thermogenesis in fed HFD rats for 2-weeks, and these effects
were prevented by inhibiting mitochondrial fission in astrocytes of the NTS. Strikingly
GFAP:K38-A HFD animals had significantly higher expression of CD36 in BAT (2.027+0.148)
compared to GFAP:GFP HFD animals (1.05+0.0982) (****p<0.0001) (Figure 4.14). ACADL
mMRNA was also analysed as this gene encodes for the homonymous key enzyme responsible
for B oxidation of FA in mitochondria (Le et al., 2000). No significant differences could be
observed across the two groups, GFAP:K38-A HFD, (0.756+0.0699) and GFAP:GFP HFD
(0.91340.0937) (p=0.186) (Figure 4.14), suggesting that B oxidation is not critical to the

differences in lipid accumulation in BAT that we observed (Figure 4.5).
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Figure 4.14: CD36 mRNA level in BAT is lower in HFD-fed animals with inhibition of mitochondrial
fission in astrocytes of the NTS. Relative expression of genes of interest in GFAP:GFP HFD (n=11) versus
GFAP:K38-A HFD (n=11) animals fed ad libitum. Primers were run at separate times with internal
controls to ensure gene expression consistency. All data was tested for normality prior statistical tests
using the Shapiro-Wilk normality test. Values are shown as mean + SEM and single data point

highlighted. *x+xp < 0.0001. Statistical test:unpaired t-test.

4.9 Effect on lipolysis cluster mRNA levels

Lipolysis is the catabolic process through which triacyclglycerols are broken down into
glycerol and FA via hydrolysis. Whilst the glycerol produced by lipolysis is used for hepatic
gluconeogenesis, albumin-bound FA are transported through the circulation and are oxidized
in tissues via 3 oxidation or converted to ketone bodies. Lipolysis is a three-steps reaction
catalysed by ATGL, HSL and monoacylglycerol lipase (MGL), which are preferentially activated
by TG, diacylglycerol and monoacylglycerol, respectively (Zechner et al., 2009). In BAT lipolysis
is activated by the release of noradrenaline via sympathetic innervation, mediated by the

activation of 3 adrenergic receptors. This in turn, increase intracellular cAMP PKA, which
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stimulates lipid droplet lipolysis in the cytosol by increasing HSL phosphorylation. This process
is deemed to provide FA for heat production during BAT thermogenesis. Here we analysed
the expression of PNPLA2-encoding for ATGL protein- and HSL, which are main contributors
of the intracellular degradation of TG (Morak et al., 2012) in BAT. Interestingly, we observed
significantly lower PNPLA2 and HSL in GFAP:K38-A HFD animals (0.829+0.0718 and
0.647+0.0338 respectively) compared to GFAP:GFP HFD controls, (1.02+0.0539 and
1.02+0.0644 respectively) (*p<0.05 and ****p<0.0001) (Figure 4.15).

Surprisingly, recent work employing a lipolysis-deficient mouse model showed that lipolysis
is not required to maintain thermogenesis during cold exposure (Shin et al., 2017); moreover,
lipolysis deficiency in BAT induces WAT browning, and WAT lipolysis is essential for the
release of FA during fasting to maintain thermogenesis (Shin et al., 2017). Moreover, FA are
likely to be derived from WAT lipolysis after a meal via hydrolysis of chylomicron by
lipoprotein lipase (Bartelt et al., 2011). FA liberated from the lipolysis of WAT promotes
hepatic acylcarnitine production, which can in turn enter the circulation to fuel BAT
thermogenesis (Simcox et al., 2017). As we did not analyse the WAT from these animals, we
cannot make further comments on the role of WAT in driving lipolysis to sustain
thermogenesis in our model, but it would be interesting to analyse this tissue to understand

its contribution in BAT thermogenesis.
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Figure 4.15: Lipolysis markers PNPLA2 and HSL are lower in HFD-fed animals with inhibition of
mitochonderial fission in astrocytes of the NTS. Relative expression of genes of interest in GFAP:GFP
HFD (n=11) versus GFAP:K38-A HFD (n=11) animals fed ad libitum. Primers were run at separate times
with internal controls to ensure gene expression consistency. All data was tested for normality prior
statistical tests using the Shapiro-Wilk normality test. Values are shown as mean # SEM and single

data point highlighted *p<0.05 ***xp < 0.0001. Statistical test: unpaired t-test.

4.10 Effect on inflammation-endoplasmic reticulum (ER) stress cluster mRNA
levels

Obesity and chronic overnutrition are associated with systemic low-grade inflammation; for
example inflammation can impact BAT thermogenic function mainly via TNFo-driven insulin
resistance and recruitment of macrophagic pro-inflammatory cytokines (Valverde et al., 1998;
Sakamoto et al., 2013). Moreover, the pharmacological inhibition of Nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-KB) pathway attenuates the expression of
proinflammatory markers in brown adipocytes in vitro (Bae et al., 2014); further, HFD can

increase NF-K expression in mice via an Inhibitor of nuclear factor kappa-B kinase subunit
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epsilon (IKKB) dependent mechanism in liver and adipose tissues. Indeed genetic models of
IKKB KO are protected against HFD-induced obesity and insulin resistance and show higher
expression of UCP1 and energy expenditure (Chiang et al., 2009). My data show that
inhibiting mitochondrial fission in astrocytes of the NTS of HFD-fed rats led to significantly
lowers levels of BAT expression of NFKB (0.455+0.0612 and TNFA (0.347+0.0682) mRNA,
when compared to GFAP:GFP HFD controls (1.12+0.141 and 0.996+0.215, respectively) (***
p<0.001 and ** p<0.01) (Figure 4.16).

ER stress is also a common hallmark of metabolic disease and overnutrition and activates UPR
to suspend protein synthesis and promote protein folding. It is established that ER stress has
detrimental effects on BAT, namely ER stress can inhibit adaptive thermogenesis by
downregulating mitochondrial DNA in BAT (Okla et al., 2015). For this reason, we investigated
the expression of DDIT3, which encodes for C/EBP homologous protein (Chop), which is a key
marker of severe ER stress, and upregulation of which is indicative of increased UPR and

apoptotic processes.

We observed lower mRNA levels of DDIT3 in GFAP:K38-A HFD animals (0.733+0.0702)
compared to GFAP:GFP HFD (1.02+0.0511) controls (** p<0.01) (Figure 4.16). We can
conclude that inhibiting mitochondrial dynamics in astrocytes of the NTS reduces

inflammatory and ER-stress markers in BAT.
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Figure 4.16: Markers for inflammation and ER stress in BAT are lower in HFD-fed animals with
inhibition of mitochondrial fission in astrocytes of the NTS. Relative expression of genes of interest in
GFAP:GFP HFD (n=11) versus GFAP:K38-A HFD (n=11) animals fed ad libitum. Primers were run at
separate times with internal controls to ensure gene expression consistency. All data was tested for
normality prior statistical tests using the Shapiro-Wilk normality test. Values are shown as mean +

SEM and single data point highlighted. *p<0.01 *+xp < 0.001. Statistical test:unpaired t-test.

4.11 Effect on mitochondrial dynamics cluster mRNA levels

Finally, we aimed to investigate the expression of genes involved in mitochondrial dynamics
in BAT, namely Mfn2, which is involved in mitochondrial fusion and DRP1, which as
extensively discussed in this work, is critical for mitochondrial fission. Existing literature has
shown that Mfn2, but not Mfn1 deficiency in BAT of mice is associated with decreased BAT
activation upon noradrenergic stimulation, decreased respiratory capacity and BAT
dysfunction (Boutant et al., 2017). In contrast, Mfn2-deletion in mice was associated with

protection from HFD-induced insulin resistance and hepatic steatosis (Boutant et al., 2017).
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In our study we did not observe differences in Mfn2 mRNA transcripts across the two groups,
GFAP:K38-A HFD (1.30+0.149), GFAP:GFP HFD controls (1.17+0.0681) (p=0.419) (Figure 4.17).
Drpl-mediated mitochondrial fission also exerts an important role in BAT, in particular
noradrenergic stimulation of BAT induces reversible mitochondrial fragmentation in these
cells to support uncoupled respiration and increase energy expenditure (Wikstrom et al.,
2014). Surprisingly, we found significantly lower levels of DrpI mRNA in GFAP:K38-A HFD
animals (0.602+0.0484) compared to GFAP:GFP (0.872+0.0528) (** p<0.01) (Figure 4.17).
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Figure 4.17: Drp1 mRNA transcripts are lower in HFD-fed animals with inhibition of mitochondrial
fission in astrocytes of the NTS. Relative expression of genes of interest in GFAP:GFP HFD (n=11) versus
GFAP: K38-A HFD (n=11) animals fed ad libitum. Primers were run at separate times with internal
controls to ensure gene expression consistency. All data was tested for normality prior statistical tests
using the Shapiro-Wilk normality test. Values are shown as mean + SEM and single data point

highlighted. **p<0.01. Statistical test unpaired :t-test.
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4.12 Chronic inhibition of mitochondrial fission in the NTS reduces abdominal
adiposity and increases BAT mass regardless of food intake

The inhibition of mitochondrial fission in the astrocytes of the NTS decreases food intake,
body weight and WAT depositions in HFD-fed animals (Patel et al., 2021). To determine
whether part of all the effects we have observed on BAT are due to changes in body weight,
or to a direct effect of the mitochondrial manipulation in the astrocytes of the NTS we

employed a pair-feeding paradigm.

In this study GFAP:K38-A HFD fed animals acted as a control, and GFAP:GFP HFD pair-fed (PF)
animals were given each day the average of what the GFAP:K38-A HFD group had eaten on
the previous day (Figure 4.18A). Animals were fed prior to the nocturnal phase and food
intake monitored in the morning (Section 2.2.9). A two-way ANOVA was performed to analyse
the effect of the viral construct and food intake on weight. After two weeks no significant
differences could be observed in body weight increase across the two cohorts, GFAP:GFP HFD
PF (47.942.54 g) (n=10) and GFAP:K38-A HFD (41.8+8.39 g)(n=6) (p=0.451) (Figure 4.18B). This
result suggests that the inhibition of mitochondrial fission in astrocytes of the NTS is
associated with lower body weight in HFD-fed animals via a strictly feeding-dependent
mechanism. A further control group of ad libitum GFAP:GFP HFD could have been included to

strengthen these results.
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Figure 4.18: Cumulative food intake and body weight is similar during the 2-week feeding study in
GFAP:GFP HFD PF and GFAP:K38-A HFD animals. (A) Cumulative food intake in GFAP:GFP HFD PF (n=9)
and GFAP:K38-A HFD (n=6) expressing rats from the day following viral injection (day 1). (B) Body
weight increase in GFAP:GFP HFD PF (n=9) and GFAP:K38-A HFD (n=6) expressing rats from the day
following viral injection (day 1). All data was tested for normality prior statistical tests using the
Shapiro-Wilk normality test. Values are shown as mean #+ SEM and single data point highlighted.
Statistical test for A: 2-way ANOVA with repeated measures, (post-hoc test Tukey) Statistical test for

B: unpaired t-test.

Upon termination of the feeding study, animals were sacrificed, and abdominal WAT and BAT
were collected as previously described (Section 2.2.9). Abdominal WAT was obtained from
three depots, namely the epididymal depot from the groin region, retroperitoneal fat
surrounding the kidneys and visceral fat adjoining the intestinal tract. The total abdominal
WAT was defined as the sum of the three depots. Strikingly, a significantly lower amount of
retroperitoneal (7.84+1.07 g/kg) and visceral (14.5+0.970 g/kg) depots was observed in
GFAP:K38-A HFD animals (n=6) when compared to those of GFAP:GFP HFD PF (n=9),
(16.1+£1.05 g/kg) (25.3+1.37 g/kg), respectively (*p<0.05 and **p<0.01, respectively) (Figure
4.19). No significant differences were observed in the epididymal fat pad, GFAP:GFP HFD PF
(12.9+1.37 g/kg) (n=9) and GFAP:K38-A HFD (9.66+1.03 g/kg)(n=6). Overall, GFAP:K38-A HFD
animals (32.03+2.89 g/kg) (n=6) had significantly less abdominal fat than GFAP:GFP HFD PF
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(54.41+3.27 g/kg) (n=9) (****p<0.0001) (Figure 4.19). Interestingly, Patel et al. (2021)
observed significantly lower levels of epididymal and total WAT but no differences in
retroperitoneal and visceral fat pads in HFD- fed rats expressing Drpl K38-A in the NTS
astrocytes when compared with HFD-fed control rats. This evidence suggests differences in
abdominal adiposity storage during ad libitum and pair-fed HFD, and that the inhibition of
mitochondrial dynamics in the astrocytes of the NTS can reduce abdominal WAT

accumulation regardless of differences in food intake and body weight.

¢ GFAP:GFP HFD PF

Kkkk
80— 7 GFAPK38-AHFD —
= ] »
£ 60- *k :
R — 4
£ 7 ok bd v
2 40 7
S . "
- ]
< 203 o » v
AR LM
[ [ [ [
S N N
&6\ & ? N
o & N >
Q’\6 < 3 &6\'
< ,éoQ
Q®

Figure 4.19: Inhibition of mitochondrial fission in astrocytes of the NTS lowers retroperitoneal and
visceral WAT depots independently of food intake. WAT weight normalised to body weight (g/kg) in
GFAP:GFP HFD PF (n=9) and GFAP:K38-A HFD (n=6) animals. WAT is divided into three depots:
epididymal, retroperitoneal and visceral. Total WAT is defined as the sum of the three depots. All data
was tested for normality prior statistical tests using the Shapiro-Wilk normality test. Values are shown

as mean #+ SEM and single data point highlighted. **P<0.01. Statistical test:unpaired t-test.
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Next, we aimed to investigate potential changes in BAT after 2 weeks of HFD using PF animals.
BAT pads were dissected from the animals and immediately weighted to measure BAT mass.
A significantly higher BAT weight was observed when comparing GFAP:K38-A HFD
(0.675+0.0456 g/kg) (n=6) to that of GFAP:GFP HFD PF (0.511+0.0403 g/kg) (n=9) after
normalization to body weight (* p<0.05) (Fig 4.20).
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Figure 4.20: Inhibition of mitochondrial fission in the NTS of the DVC increases BAT mass regardless
of food intake. HFD animals have more BAT compared to GFAP:GFP HFD PF controls after
normalisation to body weight (g/kg). GFAP:GFP HFD PF (n=9) and GFAP:K38-A HFD (n=6) animals. All
data was tested for normality prior statistical tests using the Shapiro-Wilk normality test. Values are

shown as mean #+ SEM and single data point highlighted. *p<0.05. Statistical test: unpaired t-test.
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4.13 Chronic inhibition of mitochondrial fission in astrocytes of the NTS
prevents BAT hypertrophy and preserves noradrenergic terminals in BAT
regardless of food intake

With H&E staining we could observe BAT hypertrophy and enlarged unilocular droplets in the
BAT of GFAP:GFP HFD PF animals (Fig 4.21A) compared to BAT of GFAP:K38-A HFD animals,
which appeared normal (Fig 4.21B). Lipid droplet size was measured as previously reported
(Section 2.2.14) and the analysis revealed that GFAP:GFP HFD PF animals’ brown adipocytes
were significantly larger (7.57+0.432 um?)(n=3, 4 technical repeats) than those of GFAP:K38-
A HFD animals, (5.58+0.183 um?) (n=3, 4 technical repeats) (*p<0.05) (Figure 4.21C).
Similarly, the number of lipid droplets were significantly higher in number of brown
adipocytes per visual field in GFAP:K38-A HFD animals (3021+88.64) when compared to
GFAP:GFP HFD PF animals (2240£147.3). (*p<0.05) (Figure 4.21D).
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Figure 4.21: Inhibition of mitochondrial dynamics in astrocytes of the NTS of HFD-fed animals
prevent lipid droplets enlargement in BAT. Serial BAT sections (5 um) were stained for H&E and (A) is
representative for GFAP:GFP HFD PF and (B) is representative for GFAP:K38-A HFD.:-K38-A. (C) lipid
droplets area quantification for GFAP:GFP HFD (n=3, 3 technical repeats) and GFAP:K38-A HFD (n=4, 3
technical repeats).(D) lipid droplets number per visual field for GFAP:GFP HFD (n=3, 3 technical repeats)
and GFAP:K38-A HFD (n=4, 3 technical repeats). Scale bars=50 um. All data was tested for normality
prior statistical tests using the Shapiro-Wilk normality test. Values are shown as mean + SEM and
individual technical replicates shown and grouped by biological replicate. Statistical testing was

performed on the averages of each technical replicate:unpaired t-test. #p < 0.05.

Altogether this data suggests that differences in BAT morphology and expansion in HFD-fed
animals expressing GFAP:K38-A HFD, to inhibit mitochondrial fission in the astrocytes of the
NTS, is independent of feeding. This result could be due to differences in noradrenergic
innervation from the sympathetic nervous system in the two cohorts, so we next examined

this possibility.
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TH fluorescent intensity per visual field was significantly lower in GFAP:GFP HFD PF animals
(1.10+£0.150%) (n=4, 4 technical repeats) when compared to GFAP:K38-A HFD controls
(2.08+0.206%) (n=4, 4 technical repeats) (*p<0.05) (Fig 4.22A-B,D). TH pool numbers showed
a trend towards lower values in GFAP:GFP HFD PF (405+25.8) (n=4, 4 technical repeats)
animals when compared to GFAP:K38-A HFD controls (636+55.5) (n=4,4 technical repeats)
(p=0.0233) (Fig 4.22A-B,E). This data corroborates the idea that GFAP:GFP HFD PF animals
present altered BAT morphology because of lower noradrenergic innervation in the tissue.
Importantly, this evidence shows, for the first time, that the inhibition of mitochondrial
dynamics in the NTS of astrocytes can preserve noradrenergic innervation of BAT in HFD fed

animals regardless of food intake.
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Figure 4.22: Inhibition of mitochondrial fission in astrocytes of the NTS of HFD-fed rats preserves
noradrenergic innervation to BAT compared to GFAP:GFP HFD PF controls. Representative confocal
images of tyrosine hydroxylase (TH) immunoreactivity, a marker of noradrenergic innervation on serial
BAT sections cut at 5 um. (A) GFAP:GFP HFD PF group. (B) GFAP:K38-A HFD group. (C) Representative
negative control (- 1ary antibody). (D) TH intensity quantification per visual field for GFAP:GFP HFD PF
animals (n=4, 4 technical repeats) and GFAP:K38-A HFD animals (n=4, 4 technical repeats). (E) Number
of TH pools per visual field for GFAP:GFP HFD PF animals (n=4, 4 technical repeats) and GFAP:K38-A
HFD animals (n=4, 4 technical repeats).Scale bars=50 um. All data was tested for normality prior
statistical tests using the Shapiro-Wilk normality test. Values are shown as mean #+ SEM and individual
technical replicates shown and grouped by biological replicate. Statistical testing was performed on

the averages of each technical replicate:unpaired t-test. #p < 0.05.
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4.14 Gene expression changes in BAT of HFD animals expressing Drpl
dominant negative form in astrocytes of the NTS are largely associated with
lower food intake

Following the changes observed in mRNA transcript levels of several genes associated with
BAT metabolism and inflammation/ER stress (Section 4.10) we aimed to determine the
contribution of food intake in these results. Inhibiting mitochondrial fission in the astrocytes
of the NTS is associated with lower food intake in HFD-fed rats compared to matching controls
(Patel et al., 2021), and nutritional intake is important in BAT biology, and a key driver of
thermogenesis (Cannon and Nedergaard, 2004). For these reasons, we used pair fed animals
to assess the levels of genes associated with BAT metabolism and Inflammation /ER stress.
On the day of sacrifice, BAT was collected, and RNA extracted as previously described (Section
2.2.13). Only three genes were found to be significantly modified by the inhibition of
mitochondrial dynamics in the astrocytes of the NTS, namely INSR (GFAP:K38-A HFD
(1.42£0.194), GFAP:GFP HFD PF (0.567%0.0996), (**p<0.01), PPARGCIA (GFAP:K38-A
HFD(1.093+0.219), GFAP:GFP HFD PF (0.594+0.0967), (*p<0.05), and CIDEA (GFAP:K38-A HFD
(1.06910.167), GFAP:GFP HFD PF (1.61+0.107), (*p<0.05) (Figure 4.23).

In regards to our findings on INSR, it has previously been shown that 40 hours of fasting
increased BAT INSR transcripts 8-fold in rats, and INSR levels declined rapidly upon refeeding
for 4 hours (Knott et al., 1992). Our pair-fed model was also subjected to prolonged period of
fasting, as animals were fed prior to the night phase due to the lack of an automated feeder
system to guarantee 24-hours food availability. Therefore, it seems reasonable to speculate
that the effect on INSR mRNA transcript we observed could be due to the nature of our

experimental design rather than effects driven by mitochondrial dynamics in the NTS.

Importantly, only CIDEA mRNA transcripts were found to be upregulated in GFAP:GFP HFD of
pair-fed cohorts. CIDEA promotes lipid droplet enlargement to facilitate lipolysis and
lipogenesis coupling in active BAT to prepare for thermogenesis (Barneda et al., 2015) and
enhanced expression of CIDEA proteins has been linked to conditions characterised by the
accumulation of enlarged lipid droplets, such as hepatic steatosis (Zhou et al., 2012).

Moreover, a trend towards an increase was observed in the mRNA transcripts of CD36 in
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GFAP:K38-A HFD animals (1.74+0.188) when compared to GFAP:GFP HFD PF (1.2610.261)
controls (p=0.139) (Figure 4.23).
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Figure 4.23: IR, PPARGCIA and CIDEA mRNA transcripts are daffected by the inhibition of
mitochondrial fission in astrocytes of the NTS of HFD-fed animals independently of food intake.
Genes of interest are relative to the expression of housekeeping gene 36b4. Relative expression of
genes of interest in GFAP:GFP HFD pair-fed (n=9) versus GFAP:K38-A HFD (n=6) animals. Primers were
run at separate times with internal controls to ensure gene expression consistency. All data was tested
for normality prior statistical tests using the Shapiro-Wilk normality test. Values are shown as mean +

SEM and single data point highlighted. *p < 0.05, ****p< 0.0001. Statistical test: unpaired t-test.

4.15 Chronic inhibition of mitochondrial fission in astrocytes in the NTS does
not affect CoQ levels in the BAT

As we previously discussed, CD36 plays a critical role in the transport of FA across the plasma

membrane towards mitochondria to fuel B oxidation. The lipid Coenzyme Q (CoQ or

ubiquinone) is a critical component of the ETC, where it transports electrons from Complex |
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and Complex Il to Complex Il of the ETC to allow proton translocation to the intermembrane
environment.

CoQis also known as a potent antioxidant of the cellular membranes, with its protective effect
extending to lipids, proteins, and DNA (Crane et al., 2001). Low levels of CoQ are linked with
age-related disorders, cardiomyopathies, and myopathies (Bentinger et al., 2010). Moreover,
CoQ deficiency has been linked with insulin resistance, in particular insulin resistance in the
WAT and muscle of mice is associated with selective mitochondrial CoQ deficiency (Fazakerley
et al., 2018). For these reasons, it has been speculated that increased levels of CoQ could have
a therapeutic effect in the treatment of metabolic disorders. In 2015, Anderson et al.
speculated that a link may exist between normal CD36 function and CoQ levels within the
BAT. They suggested that, given the ability of CD36 to mediate the uptake hydrophobic
molecules across the cellular membrane, it may also be required by BAT to uptake CoQ, which
is a lipid molecule. They generated a CD36 deficient mouse and observed that CoQ uptake in
BAT was greatly impaired, whilst fatty acid uptake rate remained unchanged (Anderson et al.,
2015). Here we investigated whether CoQ levels are affected by CD36 upregulation in
GFAP:K38-A HFD animals, with the aim of understanding the potential molecular mechanisms

behind the results we have observed in regard to CD36 transcripts.

To resolve this question, we used a competitive ELISA technique (Section 2.2.19) and we
determined the amount of CoQ present in the BAT of animals from the cohorts previously
presented in this chapter, namely: GFAP:GFP HFD ad libitum, GFAP:GFP HFD pair-fed and
GFAP:K38-A HFD animals. GFAP:GFP HFD ad libitum animals were used as control.
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Figure 4.24: CoQ levels in the BAT were unchanged in response to the chronic inhibition of
mitochondrial fission in astrocytes of the NTS. CoQ levels in ng/mL measured in GFAP:GFP HFD (n=7),
GFAP:GFP HFD PF (n=6) and GFAP:K38-A HFD (n=7) .All data was tested for normality prior statistical
tests using the Shapiro-Wilk normality test. Values are shown as mean + SEM and single data point

highlighted .Statistical test: One-way ANOVA, post-hoc: Tukey.

To analyse the data, we employed a one-way ANOVA analysis and GFAP:GFP HFD ad libitum
cohort was used as reference group. The results show no significant changes in CoQ levels,
expressed in ng/mL, in GFAP:GFP HFD PF (17.410.752) and GFAP:K38-A HFD (19.7+2.05) when
compared to GFAP:GFP HFD (17.6+1.39) (p=0.993 and p=0.539, respectively) (Figure 4.24).
We conclude that the increase in CD36 mRNA transcript levels we observed in the BAT of
GFAP:K38-A HFD animals is not associated with the protective action of increased CoQ levels

within the tissue.
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4.16 Discussion

We have previously shown that short-term HFD blunts BAT glucose uptake (Chapter 3), and
here we provided the molecular and histological bases to this finding, showing that upon 2-
weeks of HFD, BAT adipocytes become enlarged and hypertrophic and lose noradrenergic
innervation from the sympathetic nervous system. When we compared the GFAP: GFP HFD
pair-fed group to the GFAP:K38-A HFD we also observed hypertrophic BAT with lower levels
of noradrenergic innervation, which suggests that these effects are independent of food
intake. Moreover, the inhibition of mitochondrial fission in astrocytes of the NTS reduces the
expression of markers related to inflammation and ER stress, and increases the expression of

fatty acid transporter CD36, but this effect is feeding dependent.

It is well established that the NTS is a key brainstem centre for the integration of metabolic
cues received from peripheral organs, including vagal-relayed information from the adipose
tissues. Moreover, astrocytes are critical in the control of synaptic transmission, and they are
integrally associated with vagal afferents to the NTS and NTS neurons. In particular, the
activation of vagal afferents inhibited BAT thermogenic response to cold, and vagal afferent-
dependent inhibition of BAT was prevented by antagonism of ionotropic glutamate receptors
postsynaptic to vagal afferent terminals in the NTS (Madden et al., 2017). Moreover,
activation of BAT sympathoinhibitory neurons in the intermediate NTS, suppressed BAT
sympathetic activation and thermogenesis (Morrison et al., 2014).Importantly, this evidence
supports our hypothesis that the NTS is important in the regulation of BAT thermogenesis,

however the mechanisms behind this remain largely unknown.

Here we aimed to assess the consequences of manipulating mitochondrial dynamics in
astrocytes of the NTS on the control of BAT thermogenesis. It has been suggested that
mitochondria support several astrocytic functions, including ATP production via the ETC, and
the regulation of the glutamate-glutamine cycle, which allows the maintenance of adequate
supplies of the neurotransmitter glutamate (Dienel, 2013). Furthermore in HFD, glutamate
levels from vagal afferents within the NTS are increased (Madden and Morrison, 2016;

Madden et al., 2017).
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In our study we investigated the role of astrocytes in the NTS in the regulation of BAT
innervation and glucose uptake. Remarkably, astrocytes are integrally associated with vagal
afferents and NTS neurons, and vagal stimulation activates NTS astrocytes by inducing the
release of gliotransmitters and activation of nearby neurons (McDougal et al.,
2011).Moreover, astrocytes in this region regulate tonic and phasic glutamate levels in the

NTS to control sympathetic functions (McDougal et al., 2011).

Here, we show that the inhibition of mitochondrial dynamics in astrocytes of the NTS prevents
HFD-induced loss of sympathetic innervation-measured with the marker TH-and
morphological alterations in BAT. Interestingly, literature reports conflicting results regarding
the ability of HFD to induce changes in TH availability in body organs, including BAT. For
example, Fischer et al. (2019) showed that in 12-weeks HFD-fed mice no differences could be
detected in TH levels when compared to control RC animals, and TH reduction in both groups
was only achieved via an intrascapular BAT denervation procedure. Whilst these results
conflict with our data, the study by Fisher et al. (2019) employed the same HFD diet used our
work, and this may provide interesting insights into the differences between mice and rat
physiology. Further, it could be suggestive of differences between acute and chronic exposure
to HFD and how these relate to BAT innervation and activation. A 2020 metanalysis revealed
profound differences in metabolic events occurring in a range of mouse and rat models of
HFD, suggesting that the choice of experimental model is important when investigating
metabolism (Preguica et al., 2020). Remarkably, here we show the first evidence suggesting
that 2-weeks of HFD are sufficient for TH levels in BAT to reduce in adult rats; moreover, our
evidence seems to support the hypothesis we propose, namely that astrocytic mitochondrial
dynamics within the NTS are important to maintain BAT innervation and morphology to

sustain thermogenesis.

Importantly, HFD-dependent increase of mitochondrial fission in the NTS is associated with
inflammation in this brain region, and in particular with increased levels of iINOS in NTS
astrocytes (Patel et al., 2021). Importantly, glutamate can also increase levels of iINOS in the
brain. It could then be speculated that during obesity and HFD, which associates with
increased levels of low-grade chronic inflammation, including in the brain (Patel et al., 2021),

ATP production in astrocytes may be compromised, ultimately affecting neurotransmitter
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glutamate clearance and availability (Clyburn and Browning, 2019). This would lead to
elevated tonic activation of glutamate afferents within the NTS, potentially resulting in
blunted activation of BAT. Remarkably, (Patel et al., 2021) showed that when mitochondrial
fission is inhibited in the astrocytes of the NTS, the marker of inflammation iNOS within this
brain region decreases. Moreover, we showed that when we inhibit mitochondrial fission in
the astrocytes of the NTS we are able preserve BAT morphology and innervation in presence
of HFD. Whilst the mechanism behind these effects remains unknown, we propose that the
role of astrocytes in the regulation of glutamate availability within the NTS would represent
a good model to explain our observations, but further studies would be required to prove this

hypothesis.

Insulin sensitivity in astrocytes is also an important factor to consider when we think about
regulation of systemic metabolism. Importantly, insulin sensitivity and mitochondrial
dynamics in astrocytes are tightly related; in fact, Patel et al. (2021) showed that HFD induces
insulin resistance in the NTS via increased mitochondrial fission, and the authors
demonstrated that inhibiting mitochondrial fission in astrocytes within the NTS is sufficient
to prevent insulin resistance. Moreover, Manaserh et al. (2020) observed reduced
noradrenergic innervation and lower ADRB3 expression levels in BAT of mice with IR KO in
astrocytes. This suggests that BAT innervation and activity may not only be regulated by HFD-
induced and astrocytic-dependent alterations in glutamate availability within the NTS but also

by astrocytic insulin sensitivity within this region.

Here we showed for the first time that two weeks of HFD are sufficient to profoundly change
the morphology and noradrenergic innervation of BAT; moreover, we discovered that
inhibiting mitochondrial fission in astrocytes of the NTS of HFD-fed rats prevents a decrease
of noradrenergic innervation of BAT and preserves BAT multilocular morphology regardless
of HFD. Strikingly, this effect was maintained when controlling food intake as a variable, as
observed in the pair-fed experiment, whilst these animals consumed the same amount of
calories as the GFAP:K38-A HFD group, only the GFAP:GFP HFD animals proceeded to develop

enlarged, hypertrophic and unilocular BAT with reduced noradrenergic innervation.
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Whilst we know that the inhibition of mitochondrial fission in astrocytes of the NTS reduces
food intake in HFD-fed animals when compared to matching HFD controls (Patel et al., 2021),
this intervention does not appear to act on BAT morphology and innervation via a mechanism
mediated by feeding, as shown in our PF model. This could indicate central alterations that
influence the rate of noradrenergic discharge on BAT, and adequate noradrenergic
innervation may be necessary to maintain the typical multilocular appearance of BAT in rats.
A significant increase in the retroperitoneal and visceral WAT depots was also observed in
GFAP:GFP HFD PF animals, when compared to the GFAP:K38-A HFD group, suggesting that
mitochondrial dynamics in the astrocytes of the NTS play an important role in the
accumulation of visceral fat, regardless of food intake; however, the mechanism behind this
observation is not clear. However, it is important to note that the pair feeding paradigm has
some limitations as the nature of experiment implies periods of intermitting fasting, namely,
the rats are fed prior to the nocturnal phase (4 PM) and are not refed until 24 hours later. In
our study we observed that almost all animals finished their food by the morning food intake
monitoring (10 AM), meaning they underwent periods of prolonged fasting (10 AM-4 PM).
Interestingly, a literature search has revealed that intermittent fasting in rodents is linked
with dramatic changes in visceral fat, and in particular with significant reduction of fatty acid
release rate to preserve energy storage upon prolonged fasting (Harney et al., 2021), so our
findings could be a reflection of such mechanism. Finally, an increase in retroperitoneal fat is
typically associated with HFD in rodents, however it is not understood what the contribution
of the pair-feeding paradigm may be to explain the differences between the findings on WAT

in this study and those observed in Patel et al. (2021).

Finally, the inhibition of mitochondrial fission in HFD-fed rats is associated with significantly
lower levels of inflammatory markers in BAT and higher expression of the fatty acid
transporter CD36 in a feeding-dependent manner, however the effects on CD36 expression
was not associated with an increase of mitochondrial CoQ in this tissue, suggesting that the
effects we observed in mitochondrial morphology and lower inflammation are not associated
with the protective action of CoQ in this tissue. Lastly, given the role of CIDEA in lipid droplets
enlargement, and the observation we presented on BAT morphology and C/IDEA mRNA

transcripts in GFAP:K38-A HFD animals compared to GFAP:GFP HFD and GFAP:GFP HFD PF
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animals, it would be interesting to study the contribution of this gene/protein to the

prevention of BAT lipid droplet accumulation and enlargement in GFAP:K38-A HFD animals.
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Chapter 5

Chronic activation of mitochondrial fission in astrocytes of the NTS
of RC-fed rats affects body weight, food intake and NTS insulin
sensitivity, decreases BAT sympathetic innervation and induces

changes in BAT gene expression
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5.1 Activation of mitochondrial fission in astrocytes of the NTS decreases BAT
dynamic glucose uptake and alters key parameters associated with
thermogenesis in BAT in regular chow-fed rats

5.1.1 Mitochondrial dynamics in the brain: a bidirectional relationship to control systemic
metabolism

The brain is responsible for regulating whole-body energy homeostasis and it is highly
sensitive to changes in energy availability. Whilst the hypothalamus is a well-known region of
the brain involved in energy sensing, more recently, the role of the DVC of the brainstem has
become more characterized (Filippi et al., 2012; Filippi et al., 2017; Madden et al., 2017;
MacDonald et al., 2019; Patel et al., 2021; Ludwig et al., 2021). Mitochondria respond to
energy availability by dynamically changing their morphology between fused and fragmented
state to meet energy demand, and mitochondria dynamics in the NTS are critical for the

maintenance of energy homeostasis (Section 1.6).

High-fat diet and obesity are associated with alterations in mitochondrial dynamics, in
particular with a shift towards Drp1-dependent mitochondrial fission, which affects the rate
of mitochondrial oxidative metabolism in several tissues. For example, HFD-dependent
mitochondrial fission has been reported in the muscle, leading to a decrease in insulin-
mediated glucose uptake in humans (Jheng et al., 2012); whilst Drp1 activation is induced in
pancreatic B cells in response to hyperglycaemia, which is followed by the activation of

proapoptotic signalling cascades in these cells (Liu et al., 2013).

Moreover, in the NTS, where Drpl-driven mitochondrial fission is associated with insulin
resistance in this brain region, increased levels of inflammation, and increased body weight
gain, food intake and visceral adiposity in rats are seen (Filippi et al., 2017; Patel et al., 2021).
Strikingly, 3 days of HFD were sufficient to induce a shift towards Drp1-driven mitochondrial
fission in the NTS of rats, and this effect was reversed upon chemical inhibition of
mitochondrial fission using the Drp1 inhibitor MDIVI-1 and molecular inhibition of Drp1, using

the dominant negative form of the protein Drp1-K38-A. which alongside with the effects on
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mitochondrial morphology also reversed insulin resistance in the NTS (Filippi et al., 2012;
Filippi et al., 2017; Patel et al., 2021). Importantly, Patel et al. (2021) reported that the
inhibition of mitochondrial fission in the NTS of the DVC, and in particular in astrocytes is
sufficient to decrease food intake, body weight gain and visceral adiposity and restore insulin
sensitivity in the DVC in HFD-fed animals. Moreover, in Chapters 3 and 4, we reported that
the inhibition of mitochondrial fission in all cells, and then specifically in astrocytes of the NTS
is associated with higher BAT glucose uptake in vivo. Furthermore, selective targeting of NTS
astrocytes with the dominant negative form of Drpl preserved BAT morphology and
prevented loss of noradrenergic innervation to this organ compared to matching HFD
controls, regardless of food intake. Associated with this, gPCR data revealed lower levels of
inflammatory markers and higher level of CD36-fatty acids transporter encoding gene,
however this effect was lost when rats were pair-fed, suggesting that these effects are

feeding-dependent.

Altogether this data suggested that mitochondrial dynamics play an important role in BAT
thermogenesis, and that inhibiting mitochondrial fission in astrocytes of the NTS can prevent

the detrimental effects of HFD on BAT thermogenesis.

Patel et al. (2021) has demonstrated that the chronic activation of Drpl in the NTS using a
constitutively active form of Drpl (Drp1-S637-A), under a CMV promoter (CMV:S637-A), to
target the NTS was sufficient to induce hyperphagia, induce higher body weight gain and
visceral fat and induce brain insulin resistance in regular chow-fed rats. A range of cell types
are understood to be involved in the pathophysiology of Drpl-driven mitochondrial fission,
and Patel et al. (2021) showed that the majority of cells that become infected with the
CMV:GFP, CMV:K38-A and CMV:S637-A viruses in the NTS are glial cells, and in particular
astrocytes. Astrocytes play a key role in energy balance; for example, their activation in the
DVC using a chemogenetic approach resulted in decreased food intake in mice due to
activation of local and distal neurons to control energy balance (MacDonald et al., 2019).
Moreover, insulin sensing by astrocytes in this brain region is critical for BAT-driven
thermogenesis and maintenance of body temperature in mice (Manaserh et al., 2020). In
Chapter 3 and 4 we proved the importance of mitochondrial dynamics in regulating BAT

glucose uptake and maintain and healthy metabolic profile of this tissue in HFD-fed animals.
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However, it has not been proven whether the selective targeting of astrocytes to increase
mitochondrial fission in the NTS of regular chow-fed animals, is sufficient to recapitulate the
effects observed by (Patel et al.,, 2021) in regular chow animals. Further, it is not known
whether increasing mitochondrial fission in the NTS of regular-chow fed rats can mimic the
effects on glucose uptake of BAT in vivo or on BAT molecular and histological markers that we

observed in HFD-fed animals (Chapter 3 and 4).

5.1.2 Study rationale

In this study we aimed to assess whether the activation of mitochondrial fission in all cells and
specifically in astrocytes of the NTS using a constitutively active form of Drp1 is sufficient to
decrease glucose uptake in BAT in vivo, to reduce its thermogenic and glucose clearance
capacities. Further, we hypothesised that inducing mitochondrial fission specifically in
astrocytes of the NTS could affect body weight, food intake, visceral adiposity and insulin
sensitivity in the NTS, at a similar level to what observed by Patel et al. (2021), where all cells
within the NTS were targeted. To this aim, two separate cohorts were employed; the first
cohort was used to perform feeding studies and molecular analysis and to measure BAT and
WAT adipose tissue pads. The second cohort was used for FDG-18 PET studies and gamma

counting.

5.2 Aims

Aim 1: To determine whether promoting mitochondrial fission in astrocytes of the NTS is
sufficient to induce higher body weight, food intake and visceral adiposity and induce insulin

resistance in the NTS in regular chow fed animals.

Aim 2: To determine whether promoting mitochondrial fission in all cells and specifically in
astrocytes of the NTS is sufficient to reduce the activation and dynamic glucose uptake in BAT
of regular chow-fed rats upon selective noradrenergic stimulation using a combined PET/CT

scanner.

Aim 3: To determine whether promoting mitochondrial fission in astrocytes of the NTS of
regular chow fed animals is affecting brown adipose tissue morphology and noradrenergic

innervation and key genes associated with an impaired metabolic profile of BAT.
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5.3 The GFAP:S637-A AV system specifically targets GFAP+ astrocytes in the
NTS

In this study we employed the GFAP:S637-A virus for the first time and we wanted to confirm
that is the correct molecular weight via western blotting and that it selectively targets GFAP+
astrocytes within the NTS. After sacrifice, the DVC area was immediately collected and snap
frozen for western blot analysis (Section 2.2.10). This confirmed that FLAG-tagged GFAP:S637-
A is ~70 kDa, which is the correct size according to previous literature (Filippi et al., 2017,
Patel et al., 2021) (Figure 5.1A). Alongside S376-A, we also ran a western blot to check GFP
control virus, and we observed a ~33 kDa product, which confirmed that our control protein

was also the correct size (Filippi et al., 2017; Patel et al., 2021) (Figure 5.1B).
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Figure 5.1: Viral expression of GFAP:5637-A and GFAP:GFP in the NTS of regular chow-fed rats.

Representative western blots showing (A) levels of expression of FLAG-tagged GFAP:5S637-A in the NTS
of rodents and (B) levels of expression of GFP in the NTS of GFAP:GFP control rodents.

Next, we tested whether the novel adenovirus system GFAP:S637-A, a constitutively active
form of Drp1, specifically targets GFAP+ astrocytes in the NTS. Our histological data confirm
that GFAP:S637-A expression is restricted to GFAP+ astrocytes, and the viral expression
pattern in restricted to the NTS (Figure 5.2) Interestingly, GFAP:S637-A appears as a diffuse

staining, compartmentalised in the astrocytic processes (Figure 5.2, yellow).
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NeuNDrp1:5637-A

Figure 5.2: Viral expression of GFAP:5637-A confirms expression restricted to GFAP positive
astrocytes in the NTS of regular chow-fed rats. White arrows indicate colocalisation of FLAG-tagged
GFAP:5637-A virus with GFAP immunoreactivity, but not with NeuN, demonstrating that GFAP+

astrocytes are specifically targeted. AP= area postrema; NTS= nucleus of the solitary tract.

5.4 Chronic activation of mitochondrial fission in astrocytes in the NTS of
regular chow fed rats elicits higher food intake and body weight gain without
affecting abdominal adiposity

We aimed to assess if chronic activation of Drp1 in astrocytes can affect body weight and food
intake, as observed by Patel et al. (2021) with the CMV:S637-A AV system; the authors
observed that targeting all cells of the NTS significantly is associated with higher body weight

and food intake in regular chow-fed animals.

In this experiment, food intake and body weight of animals were monitored daily, at the same
time in the second quarter of the light phase (9am-12pm) to obtain consistent data (Section
2.2.9). A two-way ANOVA was performed to analyse the effect of the viral construct and food
intake on body weight. Rats expressing GFAP:S637-A RC showed a significantly higher levels
of cumulative food intake-normalised to body weight- only as they approached the last day
of the study (GFAP:GFP RC 1031+46.7; GFAP:S637-A RC 1159+16.0 g/kg) (n=5 and n=6,
respectively) (p<0.05) (Figure 5.3A) compared to GFAP:GFP RC matching controls. Moreover,
a significantly higher body weight gain was observed in GFAP:S637-A RC animals (77.0+£6.35
g) (n=6) when compared to GFAP:GFP RC matching controls (45.4+7.85 g) (n=5) (p<0.05)

(Figure 5.3B). In summary, the activation of mitochondrial fission in astrocytes of the NTS is

242



associated with higher food intake and body weight gain in regular chow-fed rats, however,
the effect is not as prominent as that observed delivering Drp1-S637-A to the NTS under the
CMV promoter. In fact, compared to the CMV:GFP RC control group, CMV:S637-A animals
exhibited significantly higher body weight and food intake at day 7 and day 10 of the feeding
study, respectively (Patel et al., 2021). This may suggest that activating mitochondrial fission
in astrocytes of regular chow-fed animals is sufficient to induce changes in food intake and
body weight gain but other types of glial or non-glial cells contribute to the stronger effect on

food intake and body weight observed by Patel et al. (2021).
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Figure 5.3: GFAP:S637A is associated with higher body weight and food intake in regular chow fed
animals. (a) Food intake of GFAP:S637A RC (n=6) and GFAP:GFP RC (n=5) normalised to body weight
in kg. (b) Body weight increase of GFAP:S637A RC (n=6) and GFAP:GFP RC (n=5) animals at day 16 of
the feeding study. All data were tested for normality prior statistical tests using the Shapiro-Wilk
normality test. Values are shown as mean + SEM and single data points are highlighted. #p< 0.05.

Statistical test: Two-way ANOVA eith repeated measures and post-hoc Tukey, (a),unpaired t-test (b).

As we observed higher body weight in GFAP:S637-A RC animals, the next objective was to
investigate the effects of chronic activation of Drp1 on abdominal adiposity, to determine if
abdominal adipose tissue expansion is responsible for the higher body weight we observed.
On the last day of the study, animals were sacrificed, and tissues quickly dissected; three
separate white adipose tissue depots were collected, namely the epididymal depot from the
groin region, retroperitoneal fat surrounding the kidneys and mesenteric fat adjoining the
intestinal tract. Total abdominal fat was defined as the sum of the three depots. Rats

expressing GFAP:S637-A had the same amount of abdominal white adipose tissue as
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GFAP:GFP RC animals across the three depots-GFAP:S637-A RC epidydimal (8.134+0.517 g/kg),
retro (26.1+2.67 g/kg, vis (16.5+1.33 g/kg) and GFAP:GFP RC epidydimal (8.33+0.859 g/kg),
retro (26.9+ 2.53 g/kg), vis (16.8+1.06 g/kg) after normalization to body weight (p>0.999,
p=0.999, p>0.999, respectively) (GFAP:GFP RC n=5, GFAP:S637-A RC n=6) (Figure 5.4).

This suggests that the observed higher body weight gain in GFAP:S637-A RC animals is not
due to the expansion of abdominal fat; however, this could be due to other factors such as

higher subcutaneous adiposity in these animals.
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Figure 5.4: Activation of mitochondrial fission in the NTS of RC-fed rats does not affect WAT
abdominal WAT depositions. WAT weight normalised to body weight (g/kg) in GFAP-GFP RC (n=4) and
GFAP:S637-A RC (n=6) animals. WAT is divided into three depots: Epididymal (Epi), retroperitoneal
(Retro) and viscera (Vis)l. Total WAT is defined as the sum of the three depots. All data was tested for
normality prior statistical tests using the Shapiro-Wilk normality test. Statistical test: unpaired t-test.

Values are shown as mean #+ SEM and individual data point highlighted.
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5.5 Chronic activation of mitochondrial fission in astrocytes in the NTS of
regular chow fed rats induces insulin resistance in the NTS

Patel et al., (2021) has demonstrated that the activation of Drpl-dependent mitochondrial
fission in all cells of the NTS did not only affect body weight, food intake and visceral adiposity
but also induced insulin resistance within this brain region. This effect was observed in the
first 4-hours following infusion of insulin and was still visible after 12 hours (Patel., 2021,
unpublished data). Here we aimed to recapitulate this effect by activating mitochondrial
fission specifically in the astrocytes of the NTS. On days 9 and 15, animals were fasted from
10 am to 4 pm. At 4 pm acute feeding studies commenced (Section 2.2.9), and 2 mU of insulin
or saline vehicle at 6.6x 10-4 pl/s for a total volume of 0.2 pl were infused in the rats NTS.
Food was then returned, and food intake measured every 30 minutes for 4 hours and then
again after 12 hours. Unexpectedly, when infused with insulin, neither GFAP: GFP RC (n=2)
and GFAP:S637-A RC (n=3-4) animals lowered their food intake GFAP:GFP RC
(saline=2.66+0.343 g; insulin=1.95%+0.217 g) (p=0.222) and GFAP:S637-A RC (saline=5.62+1.22
g; insulin=4.04%1.49 g) (p=0.354) at the 4 hour time period (Figure 5.5A). However at the 12-
hour time point, GFAP:GFP RC animals had consumed significantly less food than the saline-
infused group (saline=23.5+£1.08; insulin=9.50+3.87 g) (*p<0.05) whilst GFAP:S637-A RC
(saline=22.6+3.12; insulin=23.3+1.92 g) (p=0.792) animals consumed the same amount when

infused with either saline or insulin (Figure 5.5B).
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Figure 5.5: Insulin infusion in the NTS decreases food intake at 12-hour time point during acute
feeding in GFAP:GFP RC fed rats but not in GFAP:5637-A RC expressing rats. (A) Total food intake at
the 4-hour time point, showing no difference in food intake of GFAP:GFP RC and GFAP:S637-A RC
infused with insulin and vehicle. (B) Total food intake taken at the 12-hour time point, showing a
response to insulin in GFAP:GFP RC animals but not in GFAP:S637-A RC animals. n=2 for GFAP:GFP RC
vehicle, n=2 GFAP:GFP RC insulin (technical replicates n=2), n=4 for GFAP:5637-A RC vehicle, n=3-4 for
GFAP:5637-A RC (technical replicates n=2). Black dots are representative of data obtained from
technical replicates on day 9, blue dots represent data obtained from technical replicates on day 15.
Each animal acted as internal control and therefore allocated to the saline group on day 9 and insulin
group on day 15 or vice versa. All data were tested for normality prior statistical tests using the Shapiro-
Wilk normality test. *p <0.05. Data are expressed as a mean * SEM with each single data point

highlighted. Statistical test:paired t-test.

Altogether these results suggest that compared to the findings of Patel et al. (2021), the effect
of insulin on feeding behaviour was delayed in GFAP:GFP RC animals, since they only
significantly reduced their food intake at the 12-hour time point following infusion. This could

be due to the small sample size of our study (n=2, 2 technical replicates) compared to Patel
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et al. (2021) (n=12). Moreover, seasonal differences could play a role in these results, which
will be examined in the discussion to the chapter. Conversely, GFAP:S637-A RC failed to show
a response to insulin infusion in the NTS at both time points. Here we showed, for the first
time, that activating mitochondrial fission in the NTS of regular chow-fed rats blunts the
anorexigenic effects of insulin on a 12-hour time point, suggestive of insulin insensitivity in

this brain region.

5.6 Chronic activation of mitochondrial fission in all cells and specifically in
astrocytes in the NTS of regular-chow fed rats results in blunted glucose
uptake in BAT in dynamic *8FDG -PET/CT scans upon selective B3 adrenergic
activation using the compound CL 316,243

We previously established that we can correctly deliver the AV systems to the NTS to activate
mitochondrial fission specifically in GFAP+ astrocytes in the NTS. Moreover, we have observed
that the activation of mitochondrial fission in astrocytes of the NTS affects feeding behaviour,
body weight and insulin sensitivity in the NTS, but not abdominal adiposity. Here we aimed
to assess the impact of our treatment on BAT. In particular, we determined whether
promoting mitochondrial fission in all cells of the NTS, and then specifically in astrocytes of
the NTS, can affect BAT glucose uptake in vivo. Animals underwent stereotactic surgery to
insert a bilateral cannula in the NTS and were injected the same day with an adenovirus
expressing GFP under a CMV promoter (Ad-CMV-GFP) or the constitutively active form of
Drpl (Drp1-S637-A) under a CMV (Ad-CMV:S637-A) or a GFAP (Ad-GFAP:S637-A) promoters
(Sections 2.2.7, 2.2.8). Please note that n=2 RC animals were injected with GFAP:GFP and we
confirmed that they were comparable to CMV:GFP RC animals; for this reason, we decided
not to repeat this experiment in a GFAP:GFP RC cohort to meet the reduce principle of the
3Rs for use of animals in research. The animals were prepared for the scan as described in
Section 3.4, and an injection of 65+5 MBq/kg of 18FDG was given in the lateral tail vein at the
initiation of the scan (t=0) and data were acquired for 4800 s (Section 2.2.20). At the end of
the scan, the animals were sacrificed, and a fraction of BAT and WAT were dissected, and
1BEDG counted using a gamma counter. *¥FDG uptake was calculated as percentage of injected
dose (MBq) per gram of collected tissue (Section 2.2.21). A two-way ANOVA was performed

to analyse the effect of viral construct and 3 adrenergic stimulation on BAT glucose uptake.
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The % of injected dose per gram of BAT of CMV:S637-A RC (1.86%+0.410% injected dose/g)
(n=4) and GFAP:S637-A RC (2.27+0.552% injected dose/g) (n=5) animals was significantly
lower than that of CMV:GFP RC controls after CL 316,243 injection (6.20+1.55% injected
dose/g) (n=5) (**p<0.01 and **p<0.01, respectively) (Figure 5.6). These data show, for the
first time, that promoting mitochondrial fission in all cells, and specifically in astrocytes in the
NTS is associated with lower glucose uptake in BAT of regular chow-fed animals, suggesting
that mitochondrial dynamics, and in particular mitochondrial fission alone can mimic the

effects of HFD on BAT glucose metabolism.
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Figure 5.6: BAT uptake of ®FDG as measured with gamma counting is lower when mitochondrial
fission is activated in the NTS of RC fed rats. Data are shown as mean + SEM, with each single point
highlighted. Data are representative of n=5 rats for CMV:GFP RC and GFAP:5637-A RC, and n=4 rats
for CMV:S637-A RC. **p<0.01. Statistical test: Two-way ANOVA. Post hoc test: Tukey.
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Next, we measured the % of injected dose per gram of WAT of CMV:S637-A RC
(0.132+0.023%) injected dose/g) (n=4) and GFAP:S637-A RC (0.310+0.0802% injected dose/g)
(n=5) animals and we found no significant differences from CMV:GFP RC control animals after
CL 316,243 injection (0.55440.229% injected dose/g) (n=5) (p=0.144 and p=0.425,

respectively) (Figure 5.7).
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Figure 5.7: WAT uptake of 8FDG is not affected by activation of mitochondrial fission in the NTS of
RC fed rats. Data are representative of n=15 rats for CMV:GFP RC and GFAP:5637-A RC, and n=4 rats
for CMV:5637-A RC. Data are shown as mean + SEM, with each single point highlighted. Statistical

test: Two-way ANOVA. Post hoc test: Tukey.

BEDG uptake in BAT was then analysed using reconstructed PET scans images (Section
2.2.20). Scans were visualised at SUV=3 and analysed as described in Section 3.4.
Representative FDG/PET images of CMV:GFP RC (A), CMV:S637-A RC (B) and GFAP:S637-A RC
(C) show glucose uptake in BAT after injection of CL 316,243 (n= animals for each group)
(Figure 5.8).

249



(a;:l?ro nt

A%

Trans Q;} ﬁ%nt

Figure 5.8: Representative PET/CT scan reconstructions of animals injected with 1mg/kg of selective
B3 adrenergic agonist CL 316,243 to activate BAT. Images are presented in standardised uptake value
(SUV) for each group following a dynamic PET/CT scan. (A) Representative coronal, axial and sagittal
8FDG PET scan of a CMV:GFP RC animal. (B) Representative coronal, axial and sagittal **FDG PET scan
of a CMV:5637-A RC animal and (C) Representative coronal, axial and sagittal 8 FDG PET scan of a
GFAP:5637-A RC animal. The scale bar represents SUV. The white arrow points toward BAT.

Abbreviations: H, heart; MG, meibomian gland.

PET scans analysis is presented as SUVgar in function of time. A two-way ANOVA was
performed to analyse the effect of viral construct and 3 adrenergic stimulation on BAT
glucose uptake. Strikingly, BAT glucose uptake was significantly lower at the end of the
dynamic PET scan (t=4800) in CMV:S637-A RC (2.01+0.398 g/mL) and GFAP:S637-A RC
(1.7940.551 g/mL) animals when compared to CMV:GFP RC controls (3.32+0.352 g/mL),
following CL 316,243 injection ($55=p<0.001 and ****p<0.0001, respectively) (n=4 for all

groups) (Figure 5.9).
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To summarise, here we have shown, for the first time, that the promotion of mitochondrial
fission in the NTS of regular chow-fed rats can significantly reduce BAT glucose uptake and

activation as measured with gamma counting (Figure 5.6) and PET/CT scan (Figure 5.9).
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Figure 5.9: BAT 8FDG glucose uptake expressed in SUV in lower in CMV:5637-A RC and GFAP:S637-
A RC animals compared to GFAP:GFP RC controls in(g/mL). Data are shown as mean + SEM. Data are
representative of n = 4 rats for CMV:GFP RC, CMV:5637-A RC and GFAP:5637-A RC, all treated with CL
316,243. $= p < 0.05; $5=p < 0.01; S85= p < 0.001,;*p < 0.05; **p < 0.01; ***p < 0.001 ****p < 0.0001.

Statistical test: 2-way ANOVA with repeated measures. Post hoc test: Tukey.

These data suggest an important role for mitochondrial dynamics in the control of BAT
glucose uptake in rodents; further, we have shown that promoting mitochondrial fission in
the NTS of regular chow-fed animals produced a diametrically opposite effect on BAT to what
was observed when mitochondria fission in the NTS was inhibited. Moreover, this is effect is

conserved when astrocytes are selectively targeted.
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5.7 Chronic activation of mitochondrial fission in astrocytes of the NTS of
regular chow-fed rats lowers BAT mass without altering its morphology and
decreases noradrenergic terminals in BAT

On the day of sacrifice, BAT pads were collected and weighed from both cohorts, to measure
differences in BAT mass. Interestingly, a significantly lower mass was observed in the BAT of
GFAP:S637-A RC (0.533+0.0414) (n=6) animals when compared to GFAP:GFP RC
(0.762+0.0687) (n=5) controls after normalization to body weight (* p<0.05) (Fig 5.10).

= GFAP:GFPRC
4 GFAP:S637-ARC

*
1.0
Ny

0.8
5 -
=) J |=" R
= 0.6 -
2 A
(0] A
= 044
'z
m

0.2+

0.0

Figure 5.10: GFAP:5637-A RC animals have less BAT compared to GFAP:GFP RC controls after
normalisation to body weight (g/kg). GFAP-GFP RC (n=5) and GFAP:S637-A RC (n=6) animals. All data
were tested for normality prior statistical tests using the Shapiro-Wilk normality test. Values are shown

as mean + SEM and single data point highlighted.* p<0.05.Statistical test: unpaired t-test.

Next, BAT samples for H&E were prepared as previously described (Section 2.2.14) and we
analysed the anatomical features of BAT across the two groups, however no notable
differences in BAT morphology could be observed. In both groups, the tissue appeared
normal, with the classical multilocular distribution of lipid droplets in the intracellular space

of individual brown adipocytes and free from regions of hypertrophy (Figure 5.11A and B).
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Quantitative analysis of the lipid droplet area (GFAP:GFP RC 4.98+0.378 um?, GFAP:S637-A
RC 4.68+0.353 um?) (n=4, 4-5 technical replicates each) and lipid droplets number per visual
field (GFAP:GFP RC 36004217, GFAP:S637-A RC 3982+175) (n=4, 4-5 technical replicates each)
corroborated this observations, revealing that there are no differences in these parameters

across the two groups (p=0.562 and p=0.186, respectively) (Figure 5.11C and D).
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Figure 5.11: Activation of mitochondrial dynamics in astrocytes of the NTS of RC-fed animals does
not affect lipid droplet size or number in BAT. Representative images of H&E staining on serial BAT
sections cut at 5 um. (A) is representative for GFAP:GFP RC and (B) is representative for GFAP:S367-A
RC. (C) shows lipid droplet area quantification for GFAP:GFP RC (n=3, 3 technical repeats) and
GFAP:S367-A RC (n=4, 3 technical repeats).(D) shows lipid droplets number per visual field for
GFAP:GFP RC (n=3, 3 technical repeats) and GFAP:S367-A RC (n=4, 3 technical repeats). Scale bars=50
um. All data were tested for normality prior statistical tests using the Shapiro-Wilk normality test.
Values are shown as mean #+ SEM and individual technical replicates shown and grouped by biological
replicate. Statistical testing was performed on the averages of each technical replicate:unpaired t-

test.
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Next, a portion of cryopreserved BAT pads was prepared for TH immunoreactivity as
previously described (Section 2.2.14). Here we aimed to determine if the activation of
mitochondrial fission in the NTS of astrocytes was sufficient to decrease the sympathetic
noradrenergic innervation of BAT, mimicking what we observed in the control HFD group in
Chapter 4. We determined the level of expression of TH in GFAP:GFP RC animals and in
GFAP:S637-A RC animals, and surprisingly, despite no significant changes in tissue
morphology, we observed a lower TH intensity per visual field in GFAP:S637-A RC animals
(2.1940.164 %) (n=4, 4-5 technical repeats) compared to the GFAP:GFP RC controls
(3.9040.292 %) (n=4, 4-5 technical repeats) (*p<0.05)(Fig 5.12A-B,D). Moreover, the numbers
of TH pools per visual fields were significantly lower in the GFAP:S637-A RC group (721+61.3)
(n=4, 4-5 technical repeats), compared to the matching GFAP:GFP RC controls (1093+92.2)
(n=4, 4-5 technical repeats). (*p<0.05) (Fig 5.12A-B,E).
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Figure 5.12: Activation of mitochondrial fission in astrocytes of the NTS of RC-fed rats blunts
noradrenergic innervation of BAT compared to GFAP:GFP RC controls. Representative confocal
images of tyrosine hydroxylase (TH) immunoreactivity, a marker of noradrenergic innervation on serial
BAT sections cut at 5 um. (A) Is representative for GFAP:GFP RC group. (B) Is representative for
GFAP:5637-A RC group. (C) Shows a representative negative control (- 1ary antibody). (D) TH intensity
quantification per visual field for GFAP:GFP RC animals (n=3, 4 technical repeats) and GFAP:5637-A RC
animals (n=4, 3- 4 technical repeats). (E) Number of TH pools per visual field for GFAP:GFP RC animals
(n=3, 4 technical repeats) and GFAP:5637-A RC animals (n=4, 3-4 technical repeats).Scale bars=50 um
All data was tested for normality prior statistical tests using the Shapiro-Wilk normality test. Values
are shown as mean # SEM and individual technical replicates shown and grouped by biological
replicate. Statistical testing was performed on the averages of each technical replicate:unpaired t-

test. xp < 0.01.
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5.8 Chronic activation of mitochondrial fission in astrocytes in the NTS of the
brain can induce changes in key genes expression in the brown adipose tissue
of regular chow-fed rats.

The final aim of this chapter was to examine whether activation of mitochondrial fission in
GFAP positive astrocytes was sufficient to induce changes in the expression of mRNA
transcripts of genes involved in BAT metabolic health at basal level. First, we analysed the
expression of genes related to BAT insulin sensitivity and glucose uptake, namely Sic2al,
Slc2a4 and INSR (Section 4.6). GFAP:GFP RC group was used as control. gPCR analysis showed
that these genes were mostly unaffected by the activation of mitochondrial fission in
astrocytes of the NTS, as measured by gene fold-change (Figure 5.13). S/c2al expression levels
were unchanged in GFAP:S637-A RC animals (0.858%+0.124) (n=6) when compared to
GFAP:GFP RC controls (1.05£0.111) (n=9) (p=0.281); similarly, Slc2a4 transcripts were also
unaffected, GFAP:S37-A RC (1.1440.0839) (n=6) and GFAP:GFP RC controls (1.30+ 0.263)(n=9)
(p=0.648). Interestingly, INSR transcripts were lower in GFAP:S637-A RC animals (1.91+0.231)
(n=6) when compared to GFAP:GFP RC controls (1.1940.227) (n=9) (p=0.0512) (Figure 5.13).
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Figure 5.13: INSR mRNA transcripts in BAT show a trend towards increase upon activation of
mitochonderial fission in astrocytes of the NTS of RC-fed animals. Genes of interest are relative to the
expression of housekeeping gene 36b4. Relative expression of genes of interest in GFAP:GFP RC (n=9)
versus GFAP:S637-A RC (n=6) animals. Primers were run at separate times with internal controls to
ensure gene expression consistency. All data was tested for normality prior statistical tests using the
Shapiro-Wilk normality test. Values are shown as mean #+ SEM and single data point highlighted.

Statistical test: unpaired t-test.

Next, we analysed the expression of genes specific to BAT thermogenesis, namely ADRB3,
UCP1,PPARGCI1A, PPARG and CIDEA (Section 4.7). Here we found that mRNA transcripts for
ADRB3 and UCP1 were significantly lower in GFAP:S637-A RC animals (0.568+0.0443;
0.649+0.0854) compared to GFAP:GFP RC controls (1.11+0.156; 1.05+0.104) (*p<0.05 and
*p<0.05, respectively) (Figure 5.14). This suggests that in absence of HFD, the activation of
mitochondrial fission in astrocytes of the NTS alone is sufficient to reduce the expression of
UCP1- a classic marker of thermogenesis in BAT (Section 5.7); similarly, ADRB3 transcripts
correlate with lower noradrenergic innervation of BAT we previously observed (Section 5.7).
Moreover, PPARG and CIDEA levels are also significantly lower in GFAP-S637-A animals
(0.712+0.0648;0.454+0.0732) compared to GFAP:GFP RC controls (1.03+0.0773;1.14+0.201)
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(*p<0.05 and *p<0.05, respectively) (Figure 5.14). Lastly, PPARGCIA transcripts were not
affected, GFAP:S637-A RC (1.06%0.242) and GFAP:GFP RC (1.0940.159), (p=0.911) (Figure

5.14).
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Figure 5.14: ADRB3 and UCP1 mRNA transcripts in BAT are lower upon activation of mitochondrial
fission in astrocytes of the NTS of RC-fed animals. Genes of interest are relative to the expression of
housekeeping gene 36b4. Relative expression of genes of interest in GFAP:GFP RC (n=9) versus
GFAP:S5637-A RC (n=6) animals. Primers were run at separate times with internal controls to ensure
gene expression consistency. All data was tested for normality prior statistical tests using the Shapiro-
Wilk normality test. Values are shown as mean + SEM and single data point highlighted. * p<0.05.

Statistical test:unpaired t-test.
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We then looked at genes related to fatty acid uptake and oxidation (Section 4.8), and there
were significantly lower levels of mMRNA transcripts for both CD36 (0.657+0.0775) and ACADL
(0.7134£0.0950) in the BAT of GFAP:S637-A RC animals when compared to GFAP:GFP RC
controls- CD36 (1.007+0.0425) and ACADL (1.003+0.02946) (***p<0.001 and

*p<0.05,respectively) (Figure 5.15).
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Figure 5.15: CD36 and ACADL mRNA transcripts in BAT are lower upon activation of mitochondrial
fission in astrocytes of the NTS of RC-fed animals. Genes of interest are relative to the expression of
housekeeping gene 36b4. Relative expression of genes of interest in GFAP:GFP RC (n=9) versus
GFAP:5637-A RC (n=6) animals. Primers were run at separate times with internal controls to ensure
gene expression consistency. All data was tested for normality prior statistical tests using the Shapiro-
Wilk normality test. Values are shown as mean + SEM and single data point highlighted. * p<0.05: ***

P<0.001. Statistical test: unpaired t-test.

We then analysed the expression of markers related to lipolysis. No significant different in the
expression of PNPL2A and HSL was observed across the two groups (Section 4.9). PNPLA2 and
HSL in GFAP:S637-A RC animals (1.19+0.217 and 1.786+0.257, respectively) compared to
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GFAP:GFP RC controls, (0.763+0.164 and 1.14+0.187, respectively) (p=0.170, p=0.0585)
(Figure 5.16).
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Figure 5.16: Genes involved in lipolysis in BAT are not affected by the activation of mitochondrial
fission in astrocytes of the NTS of RC-fed animals. Genes of interest are relative to the expression of
housekeeping gene 36b4. Relative expression of genes of interest in GFAP:GFP RC (n=9) versus
GFAP:5637-A RC (n=6) animals. Primers were run at separate times with internal controls to ensure
gene expression consistency. All data was tested for normality prior statistical tests using the Shapiro-
Wilk normality test. Values are shown as mean + SEM and single data point highlighted. Statistical

test:unpaired t-test.

Next, we aimed to assess if, similarly to HFD, the activation of mitochondrial fission in
astrocytes of the NTS could drive the expression of genes related to ER stress (DDIT3) and
inflammation (NFKB, TNFA) (Section 4.10). Remarkably, we observed a significantly higher
value in TNFA transcripts in the BAT of GFAP:S637-A RC animals (1.51+0.233) when compared
to matching GFAP:GFP RC controls (0.924+0.0947) (*p<0.05). However, DDIT3 and NFKB were
not affected; DDIT3 and NFKB in GFAP:S637A RC animals (1.057+0.131 and 0.922+0.133,
respectively) compared to GFAP:GFP RC controls, (0.868+0.144 and 0.877+0.293,
respectively) (p=0.360, p=0.881) (Figure 5.17).
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Figure 5.17: TNFA mRNA transcripts in BAT are higher upon activation of mitochondrial fission in
astrocytes of the NTS of RC-fed animals Genes of interest are relative to the expression of
housekeeping gene 36b4. Relative expression of genes of interest in GFAP:GFP RC (n=9) versus
GFAP:S637-A RC (n=6) animals. Primers were run at separate times with internal controls to ensure
gene expression consistency. All data was tested for normality prior statistical tests using the Shapiro-
Wilk normality test. Values are shown as mean + SEM and single data point highlighted. * p<0.05.

Statistical test:unpaired t-test.

Finally, we investigated the expression of genes involved in mitochondrial dynamics in BAT
(Section 4.11). Whilst MFN2 expression was unchanged across the two groups, GFAP:S637-A
RC (2.404+0.498) and GFAP: GFP RC (1.89+0.307) (p=0.374), DRP1 transcripts were
significantly down regulated in GFAP:S637-A RC animals (0.554+0.118) when compared to the
GFAP: GFP RC controls (0.899+0.0853) (*p<0.05) (Figure 5.18).
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Figure 5.18: Drp1 mRNA transcripts in BAT are lower upon activation of mitochondrial fission in
astrocytes of the NTS of RC-fed animals. Genes of interest are relative to the expression of
housekeeping gene 36b4. Relative expression of genes of interest in GFAP:GFP RC (n=9) versus
GFAP:S637-A RC (n=6) animals. Primers were run at separate times with internal controls to ensure
gene expression consistency. All data was tested for normality prior statistical tests using the Shapiro-
Wilk normality test. Values are shown as mean + SEM and single data point highlighted. * p<0.05.

Statistical test:unpaired t-test.

As we discussed in Section 4.15 CD36 is critical to the transport of FA from the plasma
membrane to mitochondria to sustain 3 oxidation, and CD36 drives the uptake of CoQ within
BAT to support normal BAT thermogenic function (Anderson et al., 2015). Here we
determined whether CoQ levels are affected by CD36 downregulation in GFAP:S637-A RC
animals. To resolve this question, we used a competitive ELISA technique (Section 2.2.19) and
we determined the amount of CoQ in the BAT of control GFAP:GFP RC animals fed and
GFAP:S637-A RC animals.
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Figure 5.19: Activation of mitochondrial dynamics in astrocytes of the NTS does not affect CoQ levels
in BAT. CoQ level in ng/mL measured in GFAP:GFP RC (n=4), GFAP:S637-A RC (n=5).All data was tested
for normality prior statistical tests using the Shapiro-Wilk normality test. Values are shown as mean +

SEM and single data point highlighted. Statistical test:unpaired t-test.

The results revealed no significant changes in levels of CoQ, expressed in ng/mL in the BAT of
GFAP:S637-A RC animals (17.0+1.05) when compared to GFAP:GFP RC controls (18.2+1.33)
(p=0.501) (Figure 5.19). This suggests that the decrease in CD36 transcripts we observed in

the BAT of our model is not associated with CoQ deficiency in this tissue.

5.9 Discussion

The data we presented has demonstrated that the activation of Drpl- dependent
mitochondrial fission in the astrocytes of the NTS leads to higher body weight and food intake
in RC-fed rats. This is analogous to what observed by Patel et al. (2021), where the authors
increased mitochondrial fission in all cells of the NTS using the CMV:S637-A system and
observed higher body weight and food intake in RC-fed animals over 2-weeks when
compared to control CMV:GFP RC group. We also showed that increasing mitochondrial
fission specifically in astrocytes of the NTS is sufficient to induce higher body weight and food
intake in RC-fed animals when compared to GFAP:GFP RC controls. Importantly, previous
studies have determined that astrocytes play an important role in the regulation of food

intake; for example, 24 hours of HFD resulted in hyperphagia in wild-type mice, and this

263



increase in caloric intake was accompanied by increased astrocytic activation in the MBH
while their activation was suppressed by inducing the expression of a dominant negative form
of the transcription factor NFKf in these cells (Buckman et al., 2015). Similarly, in the NTS of
HFD-fed mice, excessive caloric intake induces GFAP expression upregulation and increases
astrocytic morphological complexity and number of processes compared to regular chow
control animals (MacDonald et al., 2020). Moreover, the authors show that chemogenetic
activation of astrocytes in DVC:GFAPhM3Dqg mice reduces food intake and induces c-FOS
expression in neighbouring neurons in the NTS, AP, and distal neurons in the lateral
parabrachial nucleus (IPBN) (MacDonald et al., 2020). This data suggests that similarly to the
hypothalamus, astrocytes in the NTS are acutely recruited and activated by nutritional excess

and could recruit short and long-range neurons in the brainstem to control feeding.

Importantly, the activation of Drpl-dependent mitochondrial fission increases iNOS levels
and leads to elevated ER stress in the NTS and delivering shRNA to KO iNOS in the NTS of HFD-
fed rats reduced body weight, food intake and abdominal adiposity compared to scramble
ShRNA controls (Patel et al., 2021). Interestingly, iNOS is induced in the brain via a NFKS-
dependent mechanisms in response to stress, and NMDA receptor antagonism inhibits the
NFKp activation induced by stress response as well as the increase in iNOS in the brain cortex
of rats (Madrigal et al., 2001). Similarly, the pro-inflammatory stimulus of lipopolysaccharides
induced NFKSB-dependent iNOS expression and subsequent NO production in murine
cerebellar granule neurons (Arias-Salvatierra et al., 2011); moreover, overnutrition atypically
activates IKKS /NFKg in the hypothalamus, through elevated levels of ER stress in this brain
region (Zhang et al., 2008).

NFKg in astrocytes is implicated in feeding behaviour (Buckman et al., 2015) and energy
imbalance during obesity (Zhang et al., 2008) and iNOS can be induced in a NFKf dependent
mechanism in other regions of the brain (Madrigal et al., 2001; Arias-Salvatierra et al., 2011).
For these reasons, it would be interesting to investigate if INOS overexpression in the NTS in
response to HFD is also modulated by NFKS. Moreover, the NTS receives glutamatergic vagal
afferent, and in HFD, glutamate levels from vagal inputs within the NTS are increased
(Madden and Morrison, 2016; Madden et al., 2017). It would then be noteworthy to

investigate whether HFD- dependent increase in glutamate in the NTS activates NFKf, and
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whether similarly to what observed in the brain cortex (Madrigal et al., 2001), the antagonism
of glutamatergic NMDA receptors would be sufficient to inhibit NFKS activation and iNOS

expression in the NTS during HFD.

Our data also revealed that infusion of insulin in the NTS of GFAP:GFP RC control animals
significantly decreased food intake within 12 hours, but this was not observed in GFAP:S637-
A RC animals, which is suggestive of insulin resistance within the NTS. One possible
explanation for this discrepancy is that while Patel et al. (2021) targeted all cells of the NTS
with the constitutively active form of Drp1, we specifically targeted astrocytes, and this could
potentially account for the delayed effect of insulin in the control of feeding behaviour in
regular chow-fed rats. Interestingly, Patel et al. (2021) showed that CMV:GFP RC animals
decreased food intake 4 hours after the infusion of insulin in their NTS, and a trend towards
decrease in their food intake was still present after 12 hours from the insulin infusion in the
NTS (Patel., 2020 unpublished data). Moreover, Patel et al. (2021) revealed that CMV:S637-A
RC failed to decrease food intake at both the 4 and 12 hours-time point. Remarkably, in our
study we did not observe a feeding response to insulin infusion in the NTS until 12 hours after
infusion in control GFAP:GFP RC; therefore, we speculate that difference in sample sizes could
account for this difference; in our study we only had n=4 animals in the control group, whilst
Patel et al., 2021 reported a sample size of n=12. Moreover, changes in seasonality could bring
an interesting justification to these observations; in fact, studies on marmots have shown
seasonal changes in CSF insulin and a decreased efficiency of insulin in transmitting satiety
signalling during colder months (Florant et al., 1991). Moreover human studies have shown
that insulin sensitivity shows seasonal variations, and similarly to the marmots, a decrease in
insulin sensitivity occurred in colder season (Berglund et al., 2012). Similarly, our experiment
was conducted in late winter (February). Whilst in a laboratory context temperature, humidity
and day/lights cycles are constantly maintained throughout the year, the existence of
seasonal effects on laboratory rodent behaviour has been widely discussed, and it is known
that some laboratory animals retain characteristics of their “wild” counterpart. While this
could not be explored, it could be an interesting topic for debates about reliability in science

employing animal models in metabolic studies and beyond.
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We then demonstrated that the activation of mitochondrial fission in all cells, and then
specifically in astrocytes of the NTS decreased BAT glucose uptake, suggestive of lower
thermogenic capacity of this tissue in regular chow-fed animals. Importantly, in Chapter 3 we
reported that inhibiting mitochondrial fission in all cells, and then specifically in astrocytes of
the NTS is associated with higher glucose uptake in BAT of HFD-fed animals. These results
show, for the first time, evidence of the bidirectional role of mitochondrial dynamics in
controlling BAT glucose uptake, which is a marker of metabolic capacity of this tissue to
perform thermogenesis. Whilst the connection between mitochondrial dynamics in
astrocytes and BAT thermogenesis is still unknown, insulin sensing in astrocytes could be a
mechanism of interest in the central control of thermogenesis. In fact, Manaserh et al. (2020)
showed that insulin resistance in astrocytes alters sympathetic outflow to BAT, which resulted
in reduced energy expenditure and lower basal and fasting body temperature in mice
congenitally lacking IR in astrocytes (IRKO®F® mice), when compared to IRloxp animals.
Moreover, increasing Drpl-dependent mitochondrial fission in all cells (Patel et al., 2021), and
specifically in astrocytes of the NTS, induced insulin resistance in this brain region in wild type,
regular chow-fed rats. In contrast, inhibiting Drp1-dependent mitochondrial fission in all cells,
and then specifically in astrocytes of the NTS of HFD-fed rats prevented insulin resistance in
this brain region, independently of HFD (Filippi et al., 2017; Patel et al., 2021). Similarly,
inhibition of Drpl in the NTS via MDIVI-1 infusion, which prevents Drpl translocation to the
mitochondria (Cassidy-Stone et al., 2008) reversed HFD-induced insulin resistance in this brain
region (Filippi et al., 2017). It is therefore reasonable to speculate that the activation of
mitochondrial fission in all cells, and specifically in astrocytes of the NTS, triggers insulin
resistance in this brain region, which in turn influences sympathetic stimulation to BAT to
support thermogenesis. Importantly, Manaserh et al. (2020) also showed that TH
immunoreactivity in BAT of IRKO®FA" mice were significantly reduced when compared to
controls to IRloxp; similarly, we observed a significant decrease in TH abundance in
GFAP:S637-A RC animals when compared to GFAP:GFP RC control group. This evidence
supports the hypothesis that insulin sensing in astrocytes may be important in supporting
sympathetic innervation to BAT and sustain thermogenesis in this tissue by favouring glucose
uptake. Moreover, it could be speculated that mitochondrial dynamics in astrocytes could

contribute to BAT stimulation via modulation of insulin sensing in astrocytes.
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Unexpectedly, whilst GFAP:S637-A RC animals presented smaller BAT depots than GFAP:GFP
RC controls, the decrease in TH abundance we have observed in the GFAP:S637-A RC group
was not accompanied by notable changes in BAT morphology, which was comparable to that

of control GFAP:GFP RC animals.

In chapter 4 we have shown that inhibition of mitochondrial fission in astrocytes of the NTS
was sufficient to prevent BAT lipid droplets enlargement and a white-like phenotype of BAT
in HFD-fed animals, independently of food intake. Thus, if we consider this evidence, we
could infer that HFD is likely to be an important factor in BAT lipid droplet enlargement, and
this could be prevented by inhibition of mitochondrial fission in the astrocytes of the NTS
alone. However, the activation of mitochondrial fission in astrocytes of the NTS of regular
chow fed rats alone is not sufficient to recapitulate the BAT morphological changes we

observed in HFD.

In regards to BAT mass, it has previously been shown that the size of BAT depots is dependent
upon expression of PPARG in BAT, and PPARGCgar knock out mice have significantly smaller
BAT pads and thermogenic genes expression, showing that PPARG is required to maintain
thermogenic capacity of mature brown adipocytes (Lasar et al., 2018). Interestingly, our gPCR
analysis revealed significantly lower levels of expression of PPARG in GFAP:S637-A RC animals
when compared to GFAP:GFP RC controls. It would then be reasonable to speculate that the
lower levels of BAT we observed in GFAP:S637-A animals could be due to lower expression of

PPARG in this tissue, however more investigations would be needed to prove this.

Importantly, our gPCR analysis also revealed significant downregulation of other
thermogenesis related markers, namely ADRB3 and UCP1 in GFAP:S637-A RC animals when
compared to GFAP:GFP RC controls. These results show that the activation of mitochondrial
fission in astrocytes of the NTS of RC-fed animals, together with lower noradrenergic
innervation of BAT, is sufficient to blunt the expression of these thermogenesis-related genes
in regular chow-fed animals. Similarly, Manaserh et al. (2020) showed that IRKO®? mice
exhibited lower ADRB3 transcripts than IRloxp controls; moreover UCP1 mRNA levels were
also decreased in female IRKOSFAP mice, whilst a trend towards decrease was observed in

male IRKO®AP mice. The evidence presented by Manaserh et al. (2020) support our findings,
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which strengthen the idea that astrocytes are important contributors in the control of BAT
thermogenesis, and insulin sensitivity in astrocytes may play an important role in this process.
Moreover, the role of mitochondrial dynamics in astrocytes in regulating insulin sensitivity in
the NTS may represent a mechanism of interest in a potential pathway between NTS

astrocytes and BAT thermogenesis.

We also observed a significant reduction in CD36 mRNA transcripts in GFAP:S637-A RC
animals compared to GFAP:GFP RC controls, which is the opposite of what we observed when
we inhibited mitochondrial dynamics in the astrocytes of the NTS of HFD-fed rats (Chapter 4).
This may suggest that mitochondrial dynamics in astrocytes of the NTS bidirectionally regulate
the uptake of fatty acids into BAT via CD36 to drive thermogenesis; however, CD36 mRNA
downregulation does not affect the levels of CoQ in our model, suggesting that this is not the
mechanism through which BAT thermogenesis is lower in our study. More investigations

would be needed to elucidate the role of CD36 in BAT thermogenesis in our system.

There were higher levels of TNFA mRNA- a pro-inflammatory cytokine involved in acute
inflammation and apoptosis- in the BAT of GFAP:S637-A RC rats when compared to GFAP:GFP
controls. Importantly TNFA is elevated in the adipose tissues of obese humans (Kern et al.,
1995), and it has been shown to mediate apoptosis in brown adipocytes and lead to defective
BAT function in ob/ob mice together with mediating a decrease in the expression of 33
adrenergic receptors in in vitro and in vivo murine models (Nisoli et al., 2000). Whilst it is not
clear how mitochondrial dynamics in astrocytes within the NTS could contribute to
inflammatory signalling in BAT, this evidence showed that our model could induce pro-
inflammatory markers in BAT that are typically associated with obesity in regular chow-fed
animals. This could provide an interesting insight on potential mechanisms that connect BAT
inflammation and lower thermogenic capacity to mitochondrial dynamics in astrocytes of the

NTS.

In summary, our data has shown that the chronic activation of Drp1l-mediated mitochondrial
fission in astrocytes of the NTS is associated with higher body weight and food intake in
regular chow-fed animals when compared to GFAP:GFP RC controls and induces insulin

resistance in their NTS 12-hours after the infusion of insulin in this brain region. In addition,
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we have shown that the activation of Drpl-mediated mitochondrial fission in all cells of the
NTS significantly decreases BAT glucose uptake, and astrocytes alone are sufficient to sustain
this effect. Finally, we revealed that noradrenergic innervation of BAT was lower in
GFAP:S637-A RC animals, compared to GFAP:GFP RC controls, and this was accompanied by
downregulation of mRNA transcripts associated with BAT thermogenesis, and upregulation
of the pro-inflammatory gene TNFA. Here, together with the evidence we presented in
chapters 3 and 4, we showed the relevance of bidirectional regulation of mitochondrial
dynamics in astrocytes of the NTS in the control of BAT activation to regulate whole body
energy expenditure. We also demonstrated, for the first time, that mitochondrial fission in
astrocytes of the NTS may contribute to the development of obesity, providing a potential

target for therapeutic interventions.
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Chapter 6

Effect of the manipulation of mitochondrial dynamics in the NTS
on the liver
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6.1 Beyond the fat: effects of alterations of mitochondrial dynamicsin the NTS
on the liver and circulating insulin and triglycerides

6.1.1 The role of the liver in the regulation of systemic metabolism

The liver is central in the control of lipid homeostasis, and the three major sources for FA in
this organ are dietary lipids, adipose tissue-derived FA and de novo synthesis of FA;
additionally, the liver serves as a major storage for FA and TG that are kept specifically by
hepatocytes (Seebacher et al., 2020). In the post-prandial period, dietary FA are resynthesised
into TG by enterocytes and packaged into chylomicrons in the plasma (Igbal and Hussain,
2009) and the majority are taken up by the WAT and muscle to support the activity of
lipoprotein lipase, whilst the rest is taken up by the liver, where FA are released intracellularly
via lysosomal processing (Cohen and Fisher, 2013). Upon fasting or restricted energy input,
plasma insulin concentration decreases, and a lipolytic program is initiated in the WAT to
release albumin-bound FA in the circulation to support liver uptake of TG (Donnelly et al.,
2005). Plasma FA are the major source of VLDL in fasting and fed states (Donnelly et al., 2005),
which are produced by the liver, and released in the circulation to supply body tissues with
TG (Converse and Skinner, 1992). A high-carbohydrate diet triggers hepatic de novo synthesis
of FA, a fundamental biosynthesis pathway in the liver, and substrates for this process are
provided via glycolysis and carbohydrate metabolism (Strable and Ntambi, 2010; Menezes et
al.,, 2013). Interestingly, it has been speculated that de novo lipogenesis can significantly
contribute to hepatic steatosis together with enhanced hepatic FA uptake in pathological

states (Donnelly et al., 2005).

Importantly, the liver plays a critical role in the storage, synthesis, metabolism and release of
glucose and it is highly responsive to the body nutritional status; for example, upon feeding,
the liver decreases glucose production from both glycogen stores and gluconeogenesis, whilst
glycolysis and glycogen deposition are increased (Han et al., 2016). Conversely, during the
fasting state, glycogen is broken down and gluconeogenesis promoted (Han et al., 2016). Such
mechanisms clearly show the dynamic role of the liver in maintaining glucose homeostasis to

support the whole-body energy needs. In states of chronic overnutrition, the liver can develop
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insulin resistance, which results in decreased capacity of insulin to decrease glucose output
from the liver (Hatting et al., 2018), leading to increased concentration of blood glucose. In
fact, insulin is a potent suppressor of gluconeogenesis, and IR deletion in the liver of mice
increases hepatic gluconeogenesis, leading to hyperglycaemia and glucose intolerance
(Michael et al., 2000). Similarly, Biddinger et al. (2008) revealed that IR KO limited to the liver
in mice is associated with severe hepatic insulin resistance and glucose intolerance. Chronic
inflammation, which occurs in obesity, causes insulin resistance in the liver leading to
increased hepatic glucose production in mice, ultimately resulting in hyperglycaemia and
hyperinsulinemia (Okin and Medzhitov, 2016). Moreover, inflammation increases the ability
of glucagon to stimulate hepatic glucose production (Chen et al., 2012), which further

contributes to elevated plasma glucose levels in obesity.

Physiologically, the liver processes large quantities of FA, but only stores less than 5% in form
of TG within cytoplasmic lipid droplets, because the combination of FA uptake from the
circulation and de novo synthesis within the liver are equalised by FA oxidation and secretion
in the plasma of TG- enriched VLDL/TG. Hepatic de novo lipogenesis is the biochemical process
through which FA, most commonly derived from carbohydrate catabolism, are synthesised
within the liver; glucose and fructose are the most common suppliers of carbon units for
hepatic de novo lipogenesis (Sanders and Griffin, 2016). In the context of metabolic disorders,
such as obesity, de novo lipogenesis is abnormally increased, and considered to contribute to
the pathogenesis of NAFLD (Donnelly et al., 2005). Interestingly, a 2020 study by Smith et al.
revealed that de novo lipogenesis is involved in the pathogenesis of hepatic steatosis in
humans, and that increases in plasma glucose and insulin are major drivers of de novo
lipogenesis in obese subjects and in NAFLD. Further, this research supports the idea that
selective hepatic insulin resistance is involved in the pathogenesis of NAFLD in humans (Smith
et al., 2020). Hepatic insulin resistance also determines post-prandial metabolism of
lipoproteins in both diabetic and prediabetic patients according to the “CORDIOPREV” clinical
trial (Leon-Acuna et al., 2016), increasing the risk of cardiovascular disease in these patients.
Furthermore, a human study found that the association between elevated blood glucose and
NAFLD increases 1.6-fold in people with fasting hyperglycaemia and 2.3-fold in T2DM patients

compared to control with normal fasting blood glucose (Jimba et al., 2005). Altogether this
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evidence supports the importance of hepatic insulin sensitivity in the pathogenesis of NAFLD

during chronic overnutrition.

In pathological states, TG also accumulate in the liver leading to steatosis, one of the main
hallmarks of NAFLD, which associate with obesity, T2DM and dyslipidaemia and is mainly
occurring in presence of insulin resistance (Birkenfeld and Shulman, 2014). To summarise, in
the presence of metabolic abnormalities including chronic over nutrition and systemic insulin
resistance, accumulation of TG in the liver occurs through a combination of three main
mechanisms, namely: (1) increased FA uptake from the circulation- both dietary and released
from the WAT -as observed by Donnelly et al. (2005) in NAFLD patients; this increase in FA
uptake could potentially be aggravated by overexpression of fatty acid transporter CD36 in
the liver, as demonstrated in a mice model of NAFLD (Koonen et al., 2007). (2) Increased de
novo synthesis of TG, driven by increased levels of insulin in response to systemic insulin
resistance via the mammalian target of rapamycin complex 1 (mTORC1) and insulin-induced
gene 2A (INSIG2A) as demonstrated with a combination of in vivo studies on rodents and in
vitro modelling (Li et al., 2010; Yecies et al., 2011). (3) Alteration of fatty acid oxidation via the
mitochondrial [ oxidation; in particular, in NAFLD patients with insulin resistance this
consisted of impaired ATP production in patients, whilst it involved an increase in the rate of
fatty acid oxidation in patients with NAFLD only (Cortez-Pinto et al., 1999; Schmid et al., 2011).
Importantly, insulin resistance is associated with fat accumulation in the liver and a potential

increase in oxidative stress within the organ (Sanyal et al., 2001; Satapati et al., 2012).

6.1.2 Central control of hepatic functions

The liver, as other peripheral organs, constantly requires adequate nutrient supply to exert
its functions, and the central nervous system has the unique ability to control the function of
nearly every tissue and organ system via the sympathetic and parasympathetic branches of
the autonomous nervous system. To do so, the brain receives cues from the peripheral organs
that communicate their nutritional status and integrates this information to coordinate its
response to alter nutrient availability to the periphery of the body via both hormonal

signalling and direct innervation (Morton et al., 2006).

273



Glucose production in the liver, and glucose clearance via hormonal signalling are the major
mechanisms underlying the control of plasma glucose levels (Moore et al., 2012; Han et al.,
2016) together with the direct action of insulin (Réder et al., 2016), and the central nervous
system critically controls hepatic functions (Uyama et al., 2004; O’Hare and Zsombok, 2016;
Metz and Pavlov, 2018). For example, endogenous glucose production and glycogenolysis are
driven by sympathetic activation of the liver, whilst glucose storage and decrease in glucose
production are promoted by the parasympathetic branch of the autonomous nervous system
(Puschel, 2004). In particular, the activation of preganglionic parasympathetic neurons in the
DMX of the brainstem signal to the liver to decrease HGP and increase glycogen synthesis (Yi

et al,, 2010).

The hypothalamus and brainstem are particularly important in the regulation of systemic
glucose levels via interaction with the liver, and specialised neuronal populations that sense
hormones (insulin, leptin) and nutrients (glucose, fatty acids), have been identified in these
regions (Obici et al., 2002; Lam et al., 2005; Pocai, Morgan, et al., 2005; Kénner et al., 2007;
Lin et al., 2010; Yue et al., 2015). For example, insulin receptor KO in AgRP neurons of the ARC
of the hypothalamus failed to suppress HGP in mice during euglycemic clamp (Konner et al.,
2007), whilst selective re-expression of IR in AgRP neurons restored insulin suppression of
HGP in IR -/- mice (Lin et al., 2010). Conversely, the restoration of insulin action in POMC
neurons in the same brain region exacerbated insulin resistance and increased HGP in IR -/-
mice (Lin et al., 2010). Moreover, intracerebroventricular infusion of leptin targeting the 3rd
ventricle of the brain promotes hepatic TG export and suppresses de novo lipogenesis in
regular chow and HFD-fed rats (Hackl et al.,, 2019). Importantly, the effect of
intracerebroventricular infusion of oleic acid in the third ventricle of rats inhibits HGP and
food intake via central activation of Karp channels (Obici et al., 2002), whilst the selective
blocking of long-chain fatty acids via intracerebroventricular infusion of glibenclamide (a
potent Karp channel blocker) abolishes the inhibitory effect of oleic acid infusion in the 3rd
ventricle on HGP (Obici et al., 2002; Lam et al., 2005). Similarly, inhibition of long-chain fatty
acid esterification in the mediobasal hypothalamus increases hepatic glycogenolysis (Lam et
al., 2005), whilst leptin infusion in the third ventricle inhibits glucose production in HFD-fed
rats by decreasing glycogenolysis (Pocai, Obici, et al., 2005) and this was sufficient to

normalize glucose production in these animals.
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Other systems have been reported to be involved in the central regulation of liver glucose
metabolism; in particular, intracerebroventricular infusion of synthetic cannabinoid WIN
55,212-2, or cannabimimetic arachidonoyl-2’-chloroethylamide (ACEA) selectively activating
type 1 cannabinoid receptors (CB1) acutely impaired insulin action in the liver of wild type
rats, whilst in a rat model of HFD-induced insulin resistance, CB1 antagonism restored insulin

sensitivity in the liver (O’hare et al., 2011).

Yue et al. (2015) demonstrated that direct activation of NMDA receptors with glycine in the
DVC, and oleic acid infusion in the MBH suppresses hepatic VLDL-TG secretion in rats;
remarkably, hepatic vagal innervation is required for this process, suggesting the existence of
a neurocircuitry between the MBH, DVC and the liver in the regulation of hypothalamic FA
sensing. Moreover, upper intestinal infusion of lipids lowers HGP and plasma glucose via
activation of brain-gut axis (Wang et al., 2008), and this is dependent on activation of PKA-
mediated vagal afferents signalling (Rasmussen et al., 2012). This signal is transmitted to the
brain via glutamatergic vagal terminals in the DVC, and subsequent activation of
glutamatergic receptors in this brain region, which in turns signals to the liver via vagal

efferent to control HGP (Wang et al., 2008; Cheung et al., 2009).

6.1.3 The role of astrocytes and mitochondrial dynamics in the control of hepatic
functions

Whilst the role of neurons in the control of hepatic regulation of metabolism and glucose
homeostasis has been extensively studied, as reviewed elsewhere (Ruud et al., 2017), very
little research has explored the contribution of astrocytes in this process. For example, the
metabolism of lactate to pyruvate in the mediobasal hypothalamus has been reported to
regulate HGP (Lam, 2007), and Arrieta-Cruz et al. (2013) hypothesised that because astrocytes
and neurons are metabolically coupled through lactate transfer via the astrocyte-neuron
lactate shuttle, these glial cells may be involved in the hypothalamic regulation of hepatic
glucose metabolism. Using a rat model, the authors found that hypothalamic and systemic
infusion of proline, which in astrocytes is metabolised to pyruvate, acutely lowered blood

glucose via decrease of HGP, a response that was secondary to inhibition of glycogenolysis,
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gluconeogenesis and flux of glucose-6-phosphatase (Arrieta-Cruz et al., 2013). This suggests

that astrocytes of the hypothalamus are involved in the regulation of HGP.

Glutamate is the major neurotransmitter utilised by vagal afferents terminating in the NTS,
and this neurotransmitter is a complementary energy substrate for the brain; specifically,
astrocytes take up glutamate to generate ATP via oxidative glutamate dehydrogenase (GDH)
activity (Karaca et al., 2011), and this activity is abolished in absence of GDH (Karaca et al.,
2015). Importantly, Karaca et al. (2015) showed that lack of glutamate oxidation in the brain
induced profound changes in the regulation of the autonomic nervous system, resulting in
increased sympathetic discharge to the liver to increase HGP. This indicates the importance
of astrocyte mediated GDH activity in the NTS in the regulation of peripheral energy

availability.

Moreover, activation of PPARy in the CNS has been reported to influence energy intake and
expenditure (Lu et al., 2011; Di Giacomo et al., 2017; Fernandez et al., 2017) and PPARy is
equally expressed in neurons and astrocytes from key brain areas in the regulation of energy
homeostasis (Warden et al., 2016). Indeed, Fernandez et al. (2017) observed that conditional
KO of PPARY in astrocytes resulted in impaired glucose tolerance and hepatic steatosis in

mice, and this was not worsened by HFD.

However, the role of astrocytes in the DVC in the regulation of hepatic lipid metabolism has
never been addressed. Moreover, mitochondrial dynamics in the brain are involved in the
regulation of hepatic functions. In the hypothalamus Mfn2 but not Mfn1 deletion in POMC
neurons resulted in increased HGP, and the authors speculate that POMC neurons may
propagate this signalling via sympathetic mediated a-MSH, a neuropeptide derived from
POMC neurons (Schneeberger et al., 2015). However, the role of brain mitochondrial
dynamics in the regulation of hepatic lipid metabolism has never been investigated, and no

literature is currently available to define the role of astrocytes in the NTS in this process.
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6.1.4 Study rationale

Altogether this evidence led to the hypothesis that astrocytes in the brainstem may also be
involved in the regulation of hepatic functions and here we focused on hepatic lipid
metabolism and how this may be regulated by mitochondrial dynamics within the astrocytes
of the NTS. The liver of HFD-fed animals presents signs of steatosis, which is the first step
towards the development of NAFLD. We hypothesise that inhibition of mitochondrial fission
in the NTS of HFD fed rats prevents the development of steatosis in the liver and decreases
TG content in HFD fed rats; equally, we hypothesised an increase in steatosis and TG content
in the liver of RC-fed animals in which mitochondrial fission is activated within the astrocytes
of the NTS. Additionally, we hypothesised that there would be changes in the expression of
genes associated with liver inflammation and lipids metabolism, and in particular
upregulation of genes associated with adverse hepatic outcomes in HFD fed animals and RC-
fed animals that received the astrocyte-specific constitutively active form of Drpl in their NTS
and a decrease in the expression of these genes in HFD-fed animals that received the

astrocyte-specific dominant negative form of Drp1 in their NTS.

Finally, we aimed to determine the levels of FA, TG, insulin, and glucose in the circulation to
understand how the liver may adapt in response to nutritional sensing from the systemic
circulatory system. If these data are confirmed, this would be the first evidence linking
astrocytic mitochondrial dynamics in the NTS of the brainstem and hepatic metabolic health.
Please note that the data presented in this chapter have been collected and analysed by
myself (FA assay, TAG assay, H&E preparation, RNA extraction, cDNA preparation) and by Gao
Qiyu, a MSc student in Infection, Immunity and Human disease at the University of Leeds
(RNA extraction, cDNA preparation, qPCR, H&E analysis) under my direct supervision. The
hepatic tissues used in this study are from the animal cohorts seen in Patel et al. (2021) and

in Chapter 4 and 5 of this work.
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6.2 Aims

Aim 1: To determine whether the inhibition of Drpl-dependent increase of mitochondrial
fission in the NTS astrocytes of HFD-fed rats can prevent hepatic steatosis and hepatic TG
accumulation and whether food intake is the major contributor to this process.

Aim 2: To determine whether the activation of mitochondrial fission in the NTS astrocytes can
induce hepatic steatosis and hepatic TG accumulation in RC-fed rats and whether this affects
genes involved in hepatic inflammation and lipids metabolism.

Aim 3: To determine the levels of insulin, glucose FA and TG in the circulation to understand
the nutritional adaptation the liver may undergo in response to changes in concentrations of

these factors in the plasma.

6.3 Short-term HFD induces triglycerides accumulation and steatosis in the
liver of rats

Chronic overnutrition and obesity are associated with liver pathology, and in particular with
hepatic lipid accumulation (steatosis), which eventually evolves into NAFLD, and can progress
to a more severe form of liver disease known as NASH. We previously showed that 2-weeks
of HFD are sufficient to blunt BAT dynamic glucose uptake in BAT (Chapter 3); moreover, we
showed the appearance of unilocular, white-like adipocytes in BAT, as well as lower
noradrenergic innervation, independent of food intake and changes in genes associated with
inflammation and fatty acid oxidation (Chapters 4-5). Here we wanted to investigate whether
our acute HFD model is sufficient to cause changes in the structure of the liver, namely, a
build-up of TG in the liver. To this aim we employed histological and molecular analysis; we
performed H&E staining (Section 2.2.14) to screen for steatosis. After staining sections were
submitted for slide scanning to acquire images of the whole tissue section at 20x, and random
ROI from the livers of n=4 animals from each of the GFAP:GFP RC and GFAP:GFP HFD groups

were selected for analysis (n=9 technical repeats per animal).
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Figure 6.1: H&E staining of the liver shows lipids accumulation in the organ of rats fed with HFD for
two weeks. (A) Representative H&E on serial liver sections cut at 5 um from a GFAP:GFP RC animal.
(B) Representative H&E on serial liver sections cut at 5 um from a GFAP:GFP HFD animal, yellow arrows
indicate TG infiltration. (C) Lipid droplet quantification for GFAP:GFP RC (n=4, 9 technical repeats) and
GFAP:GFP HFD (n=4, 9 technical repeats). Scale bar main figure= 100 um, scale bar magnified figure=
50 um. All data was tested for normality prior statistical tests using the Shapiro-Wilk normality test.
Values are shown as mean + SEM and single data point highlighted. *#p < 0.01. Statistical test: Nested

t-test.

Remarkably, after 2-weeks of GFAP:GFP HFD (Fig 6.1B-C) animals exhibited significantly
higher numbers of lipid droplets (34.6+5.85) within the liver per visual field when compared
to GFAP:GFP RC animals (2.28+0.599) (Fig 6.1A-C) (**p<0.001). Moreover, the distribution of
lipid droplets within the tissue appeared uniform and was not restricted to specific tissue
landmarks (i.e., interlobular artery/vein, portal area, hepatic plate). Interestingly, GFAP:GFP
HFD animals exhibited lipid (Figure 6.1B, yellow arrows) infiltration suggestive of a pattern of

hepatic lipid accumulation during the early stages of HFD.
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Figure 6.2: Hepatic triglyceride content is increased by HFD. TG levels in nmol/tissue weight (g)
measured in GFAP:GFP RC (n=6) and GFAP:GFP HFD (n=6) .All data was tested for normality prior
statistical tests using the Shapiro-Wilk normality test. Values are shown as mean * SEM and single

data point highlighted. Statistical test:unpaired t-test.

Next, to confirm and support the histological observations indicating steatosis occurring in
the liver of rats fed HFD for 2 weeks we conducted a TG assay as described in Section 2.2.15.
Briefly, liver was weighted and prepared for the assay and TG content in nmol was normalised
to tissue weight. Remarkably we observed a 4-fold higher level of TG in the liver of GFAP:GFP
HFD animals (0.324+0.0428 nmol/mg) when compared to GFAP:GFP RC animals
(0.0821+0.0157 nmol/mg) (both n=6) (*** p<0.001) (Figure 6.2). This data confirmed that our
model of short-term HFD is sufficient to induce a lipid accumulation in the liver and increase

TG content within the tissue.
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6.4 Inhibition of mitochondrial fission in NTS astrocytes of HFD-fed rats
prevents HFD- induced triglyceride accumulation and steatosis independently
of food intake '

Next, we aimed to establish whether the inhibition of mitochondrial fission in the astrocytes
of the NTS is sufficient to prevent hepatic steatosis and TG accumulation in the liver. We also
aimed to confirm whether it is the effect on food intake induced by the expression of the
dominant negative form of Drp1 within astrocytes (Patel et al., 2021) that mediates this, or if
our observations are a direct consequence of the manipulation of mitochondrial dynamics in

astrocytes of the NTS. To this aim, a pair-feeding paradigm was employed.
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Figure 6.3: Inhibition of mitochondrial fission in astrocytes of the NTS ameliorates HFD-induced
hepatic steatosis in a feeding independent manner. (A) Representative H&E on serial liver sections
cut at 5 um from a GFAP:GFP HFD animal, blue arrows indicate hepatocytes enlargement and yellow
arrows indicate TG infiltration. (B) Representative H&E on serial liver sections cut at 5 um from a
GFAP:K38-A HFD animal. (C) Representative H&E on serial liver sections cut at 5 um from a GFAP:GFP
HFD PF animal, yellow arrows indicate TG infiltration. (D) Lipid droplet quantification for GFAP:GFP
HFD (n=4, 9 technical repeats), GFAP:GFP HFD PF (n=3, 9 technical repeats) and GFAP:K38-A HFD
(n=3, 9 technical repeats). Scale bar main figure= 100 um, scale bar magnified figure= 50 um. All data
was tested for normality prior statistical tests using the Shapiro-Wilk normality test. Values are shown
as mean * SEM and single data point highlighted. »p < 0.05.Statistical test: Nested One Way ANOVA.

Post-hoc:Tukey.

First, H&E staining was performed (Section 2.2.14) to look for signs of steatosis in the pair-fed
GFAP:GFP HFD group and in the K38-A groups and to determine the presence of steatosis.
Random ROI from the livers of n=4 GFAP:GFP HFD and n=3 GFAP:K38-A HFD animals and
GFAP:GFP HFD PF group were selected for analysis (n=9 technical repeats per animal).
Surprisingly, whilst GFAP:GFP HFD control animals showed lipid infiltration, GFAP:K38-A
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animals showed no signs of lipid infiltration; moreover GFAP:K38-A (4.2743.22) had
significantly lower lipid accumulation in the liver compared to GFAP:GFP HFD (34.6+5.57) anf
GFAP:GFP HFD PF (36.6+8.47) groups (Figure 6.3.D) (*p<0.05). Moreover, GFAP:GFP HFD PF,
similar to ad libitum GFAP:GFP HFD controls, showed signs of both lipid infiltration (Figure
6.3.A-C, yellow arrows). This data is suggestive of a direct involvement of mitochondrial
dynamics, and in particular of mitochondrial fission in astrocytes of the NTS in the
development of hepatic steatosis in HFD-fed rats, which is independent of food intake, as

suggested by our pair-fed paradigm.
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Figure 6.4: Inhibition of mitochondrial fission in astrocytes of the NTS reduce hepatic triglyceride
accumulation independently of food intake. TG levels in nmol/tissue weight (g) measured in GFAP:GFP
HFD (n=6), GFAP:GFP HFD PF (n=7) and GFAP:K38-A HFD (n=6). All data were tested for normality prior
statistical tests using the Shapiro-Wilk normality test. Values are shown as mean * SEM and single

data point highlighted. Statistical test: One-Way ANOVA. Post-hoc: Tukey.

Next, to corroborate our histological findings we performed a molecular analysis to determine

the concentrations of TG in the livers of these animals (Section 2.2.15); the livers were
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weighed and prepared for the assay and measured TG content (nmol) was normalised to
tissue weight. Notably, we observed significantly lower levels of TG in the liver of GFAP:K38-
A HFD animals (0.164+0.0309 nmol/mg) when compared to both GFAP:GFP HFD animals
(0.32440.0428 nmol/mg) and GFAP:GFP HFD PF animals (0.309+0.0435 nmol/mg) (GFAP:GFP
HFD and GFAP:K38-A HFD n=6, GFAP:GFP HFD PF n=7)(Figure 6.4) (* p<0.05 for both).
Moreover, no significant differences in TG content were observed in GFAP:GFP HFD PF
animals (0.309+0.0435 nmol/mg) when compared to GFAP:GFP HFD controls (0.324+0.0428
nmol/mg) (p=0.961) (Figure 6.4). This data confirmed that 2-weeks of HFD, independently of
food intake, induce hepatic steatosis and increase TG content in the liver; moreover, the
inhibition of mitochondrial fission in the astrocytes of the NTS prevent these effects,
suggesting a role of astrocytic mitochondrial dynamics in the regulation of hepatic lipids

content.

Importantly, this is the first evidence showing that mitochondrial dynamics, and in particular
the inhibition of mitochondrial fission in astrocytes exert a protective role towards lipid
accumulation in the liver in the context of HFD. The anorexigenic effect of the inhibition of
mitochonderial fission in the astrocytes of the NTS (Patel et al., 2021) is not the driving factor
in the hepatic resistance towards lipid accumulation that we observed in GFAP:K38-A animals,
suggesting a direct role of astrocytic mitochondrial dynamics in this process. However, the

underlying mechanisms to these observations remain unknown.

6.5 Activation of mitochondrial fission in astrocytes of the NTS induces hepatic
triglyceride accumulation but not liver steatosis in regular chow fed animals

We previously showed that 2 weeks of HFD are sufficient to induce liver steatosis and increase
TG content in the liver, regardless of food intake. Moreover, we showed that the inhibition of
mitochondrial dynamics in the astrocytes of the NTS prevents these effects. Here we aim to
establish whether the activation of mitochondrial fission in the astrocytes of the NTS can also
affect the liver, and in particular hepatic lipid accumulation, in regular-chow fed rats, to a
similar extent of that observed in control HFD-fed animals. To this aim H&E and TG assays

were performed on the livers of GFAP:GFP RC (n=6) and GFAP:S637-A RC (n=4) animals as
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previously described in Sections 6.3 and 6.4. ROl from n=4 livers for both GFAP:GFP RC group

and GFAP:S637-A group were quantified (n=9 technical repeats per animal).
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Figure 6.5: Activation of mitochondrial fission in astrocytes of the NTS does not induce hepatic
steatosis. (A) Representative H&E on serial liver sections cut at 5 um from a GFAP:GFP RC animal. (B)
Representative H&E on serial liver sections cut at 5 um from a GFAP:S637-A RC animal. (C) Lipid
droplets quantification for GFAP:GFP RC (n=4, 3 technical repeats), GFAP:S637-A RC (n=4, 3 technical
repeats). Scale bar main figure= 100 um, scale bar magnified figure= 50 um. All data was tested for
normality prior statistical tests using the Shapiro-Wilk normality test. Values are shown as mean + SEM

and single data point highlighted. »#p < 0.01. Nested unpaired t-test.

Here we found that in absence of HFD, the activation of mitochondrial fission in astrocytes of
the NTS alone is not sufficient to induce hepatic steatosis in regular chow-fed animals; no
significant differences were observed in the number of lipid droplets per visual field in
GFAP:S637-A RC animals (4.17+1.75) (Figure 6.5B) when compared to GFAP:GFP RC controls
(2.28+0.599) (Figure 6.5A) (p=0.349)(Figure 6.5C).
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Next, we measured the TG content of the liver of GFAP:S637-A animals and GFAP:GFP animals
to investigate whether the activation of mitochondrial fission in astrocytes of the NTS

promotes TG accumulation prior to the development of steatosis.
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Figure 6.6: Activation of mitochondrial fission in astrocytes of the NTS induces hepatic triglyceride
accumulation. TG levels in nmol/tissue weight (g) measured in GFAP:GFP RC (n=6) and GFAP:S637-A
RC (n=4). All data was tested for normality prior statistical tests using the Shapiro-Wilk normality test.

Values are shown as mean *+ SEM and single data point highlighted. Statistical test: unpaired t-test.

Interestingly we found that GFAP:S637-A RC animals exhibited nearly double (0.146+0.0133
nmol/mg) the amount of hepatic TG of GFAP:GFP RC controls (0.0821+0.0157 nmol/mg)
(*p<0.05) (Figure 6.6); however, the hepatic TG content, whilst increased is not comparable
to that of control HFD-fed animals (0.324+0.0428 nmol/mg) (Figure 6.4). This could be explain

why, despite the increase in hepatic TG content observed in GFAP:S637-A RC animals, we do
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not observe an accumulation of TG within hepatocytes on a histological level; this suggests
that higher concentrations of TG within the liver are needed for the development of steatosis,

as seen in GFAP:GFP HFD animals.

6.6 Inhibition of mitochondrial dynamics in the astrocytes of the NTS of HFD-
fed rats affects gene transcripts related to hepatic lipid metabolism in a
feeding-dependent manner

Histological analysis revealed hallmarks of hepatic steatosis in rats acutely fed with HFD
independently of food intake; we also showed that this was prevented by the inhibition of
Drpl-dependent mitochondrial fission in astrocytes of the NTS. Here we determined whether
these findings correlate with changes in mRNA transcript of genes associated with hepatic
lipid metabolism, namely Diacylglycerol acyltransferase 1 (Dgatl), Diacylglycerol
acyltransferase 2 (Dgat2), Acetyl- CoA Carboxylase a (ACACA) and Fatty acid synthase (FAS)

and inflammation, i.e. Cluster of differentiation 68 (CD68) and C-reactive protein (CRP).

The ribosomal protein lateral stalk subunit PO (RPLPO) was selected as housekeeping control
following literature search highlighting its high stability in the hepatic tissue in presence of
HFD (Fan et al., 2020). In accordance with this evidence, our results show a similar expression
in RPLPO mRNA transcripts in GFAP:GFP RC (19.7+0.271) and GFAP:GFP HFD (20.3+0.411) (p=
0.365) (Figure 6.7) confirming that the expression of our housekeeping gene is similar in RC

and HFD-fed animals.
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Figure 6.7: Expression of RPLPO in regular-chow and HFD-fed animals to prove that the expression
of the gene is stable regardless of the diet. Values are shown as mean + SEM. Statistical test: unpaired

t-test.

Primers for qPCR were tested and the products of the reactions were collected and
electrophoresed on a 4% agarose gel (Section 2.2.13). The reactions produced a single
product, whose size matched that predicted by in silico analysis, confirming the validity and
specificity of the primers. Primers are presented starting from the left-hand side in the
following order: RPLPO (165 bp), Dgatl (136 bp), Dgat2 (135 bp), ACACA (145 bp), FAS (117
bp), CD68 (80 bp) and CRP (77 bp). (Figure 6.8).
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Figure 6.8: Representative agarose gel showing that the sizes of the primers employed in this study
correspond to the in silico predicted size and that they produce a single clean product free of primer-

dimer formations.

Next, we wanted to determine whether the inhibition of Drpl-dependent mitochondrial
fission in astrocytes of the NTS can affect the expression of genes involved in hepatic lipid
metabolism and inflammation. The relative mRNA expression in the liver Dgatl, Dgat2,
ACACA, FAS, CD68 and CRP genes was investigated for this purpose and GFAP:GFP HFD group
was used as control. Dgatl/2 catalyse the final step of TG synthesis, in particular FA
esterification with diacylglycerol, resulting in TG formation (Li et al., 2015). The key role of
ACACA is to provide malonyl-CoA substrate for the biosynthesis of fatty acids (Tong et al.,
2006), and it encodes for the first committed enzyme in the hepatic de novo lipogenesis (Wan
Kim et al., 2017). Similarly, FAS catalyses the de novo synthesis of fatty acids within the liver,
with the aim of producing fat for energy storage during periods of nutrients excess (Jensen-
Urstad and Semenkovich, 2012). Here we found that the inhibition of Drpl-dependent
mitochondrial fission (GFAP:K38-A HFD) or reducing food intake using a pair-feeding paradigm
(GFAP:GFP HFD PF) elicited significantly lower expression levels of Dgatl , ACACA, FAS and
CD68 compared to control GFAP:GFP HFD. Dgat1 (GFAP:K38-A HFD (0.328+0.0381), GFAP:GFP
HFD PF (0.438+0.0391), GFAP:GFP HFD (1.05+0.162) (p<0.0001 and p<0.0001, respectively);
ACACA (GFAP:K38-A HFD (0.699+0.0799), GFAP:GFP HFD PF (0.508+0.0658), GFAP:GFP HFD
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(1.014+0.0856) (p<0.05 and p<0.001, respectively); FAS (GFAP:K38-A HFD (0.220+0.0448),
GFAP:GFP HFD PF (0.0234+0.0442), GFAP:GFP HFD (1.04+0.134) (p<0.0001 and p<0.0001,
respectively) (Figure 6.9). Dgat2 was unchanged across the three groups (GFAP:K38-A HFD
(1.05£0.0433), GFAP:GFP HFD PF (0.912+0.0465), GFAP:GFP HFD (1.035+0.127) (Figure 6.9)
(p=0.984, p=0.428, respectively).
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Figure 6.9: Quantitative polymerase chain reaction (qPCR) shows that genes associated with hepatic

lipid metabolism and inflammation are lower upon inhibition of mitochondrial fission in astrocytes

of the NTS of HFD-fed animals in a feeding-dependent manner.

Relative expression of genes of

interest in GFAP:GFP HFD (n=5), GFAP:GFP HFD PF (n=6) and GFAP:K38-A HFD (n=6) animals fed ad

libitum. Primers were run at separate times with internal controls to ensure gene expression

consistency. All data was tested for normality prior statistical tests using the Shapiro-Wilk normality

test. Values are shown as mean + SEM and single data point highlighted. ****p<0.0001; ***p<0.001;

*p<0.05. Statistical test: Two-Way ANOVA. Post-hoc: Tukey.
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We then looked at the expression of inflammatory genes CD68 and CRP in GFAP:GFP RC and
GFAP:GFP HFD. CD68 is a marker of Kupffer cells (KC), which are resident hepatic
macrophages involved in the maintenance of liver functions (Nguyen-Lefebvre and Horuzsko,
2015). This is relevant since metabolic syndrome and insulin resistance-dependent
accumulation of FA and lipids in hepatocytes could stimulate the innate immune response of
KC leading to the development of NAFLD (Cha et al., 2018). CRP is a surrogate inflammatory
marker of hepatic steatosis which in humans was found to be a robust predictor of NALFD
(Yeniova et al., 2014). CD68 levels were significantly lower in GFAP:K38-A HFD (0.274+0.0336)
and GFAP:GFP HFD PF (0.371+0.0529), compared to GFAP:GFP HFD (1.04+0.141) (p<0.0001
and p<0.0001, respectively) (Figure 6.9) However, CRP was not affected (GFAP:K38-A HFD
(1.06£0.101), GFAP:GFP HFD PF (0.978+0.100), GFAP:GFP HFD (1.025+0.111) (p=0.973,
p=0.945, respectively) (Figure 6.9). These data suggest that the modulatory effect of the
inhibition of Drp1-dependent mitochondrial fission in astrocytes of the NTS on hepatic lipid
metabolism and inflammatory markers is dependent upon the modulation of feeding

behaviour.

6.6 Activation of mitochondrial dynamics in the astrocytes of the NTS of RC-
fed rats affects the expression of Diacylglycerol acyltransferases 2 (DGAT2) in
the liver

Finally, we looked at the effect of the activation of Drpl-dependent mitochondrial fission in
astrocytes of the NTS on the expression of these genes in regular-chow fed animals. The
relative mRNA expression in the liver of Dgatl, Dgat2, ACACA, FAS, CD68 and CRP genes was

investigated and GFAP:GFP RC group was used as control.
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Figure 6.10: DGAT2 mRNA transcripts are lower in the liver upon activation of mitochondrial fission
in astrocytes of the NTS of regular chow-fed rats. Relative expression of genes of interest in GFAP:GFP
RC (n=3), GFAP:5637-A RC (n= 3) animals fed ad libitum. Primers were run at separate times with
internal controls to ensure gene expression consistency. All data was tested for normality prior
statistical tests using the Shapiro-Wilk normality test. Statistical test: unpaired t-test. Values are

shown as mean + SEM and single data point highlighted.

The relative expression of Dgat2 was significantly lower in GFAP:S637-A animals
(0.555+0.104) compared to GFAP:GFP RC controls (1.01+0.0775) (p<0.05). All the other
markers were unaffected; Dgatl (GFAP:S637-A RC (1.523+0.635), GFAP:GFP RC
(1.001+0.0780) (p=0.464); ACACA (GFAP:S637-A RC (1.07+0.120), GFAP:GFP RC
(0.844+0.0581)) (p=0.727); FAS (GFAP:S637-A RC (0.916%0.254), GFAP:GFP RC (1.11+0.375))
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(p=0.686); CD68 (GFAP:S637-A (1.93+1.17), GFAP:GFP RC (1.09+0.327)) (p=0.525); CRP
(GFAP:S637-A (0.719+0.355), GFAP:GFP RC (1.11+0.366)) (p=0.484) (Figure 6.10). Please note
that only n=3 samples per group were available for this analysis and for this reason the
interpretation of this data is limited. To overcome this, it would be beneficial to repeat this

study in a larger cohort.

6.7 Inhibition of mitochondrial dynamics in the NTS of HFD-fed rats does not
affect plasma triglycerides and FA but decreases plasma insulin and blood
glucose levels

The next aim of our study was to measure the levels of TG in the plasma, but no significant
differences were observed between the three groups; GFAP:K38-A (0.101+0.0113 nM),
GFAP:GFP HFD PF (0.0698+0.0228 nM) GFAP:GFP HFD (0.124+0.0198 nM) (p=0.629, p=0.907,
respectively) (Figure 6.11).
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Figure 6.11: Inhibition of mitochondrial fission in astrocytes of the NTS does not affect circulating
triglycerides. TG levels in nM measured in GFAP:GFP HFD (n=8), GFAP:GFP HFD PF (n=5) and
GFAP:K38-A HFD (n=7). All data was tested for normality prior statistical tests using the Shapiro-Wilk
normality test. Values are shown as mean + SEM and single data point highlighted. Statistical test:

Two-Way ANOVA. Post-hoc: Tukey.
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We then assessed whether the increase in hepatic fat content we observed in our HFD model
is associated with increased levels of plasma FA, as circulating FA are the main source of lipids
in the liver in NAFLD (Donnelly et al., 2005). Please note that due to time constraints this

experiment was not performed on the GFAP:GFP PF cohort.
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Figure 6.12: Plasma FA were lower in response to the inhibition of mitochondrial fission in astrocytes
of the NTS. Plasma FA levels in uM measured in GFAP:GFP HFD (n=12) and GFAP:K38-A HFD (n=10) .All
data was tested for normality prior statistical tests using the Shapiro-Wilk normality test. Values are

shown as mean + SEM and single data point highlighted. Statistical test: t test.

A trend towards decrease was observed in plasma FA of GFAP:K38-A HFD animals (608+54.4
uM) when compared to GFAP:GFP HFD animals (810+ 79.2 uM) (p=0.0582) (Figure 6.12).

Next, given the role of the liver in insulin clearance (Najjar and Perdomo, 2019) and glucose
production (Petersen et al., 2017), we measured circulating plasma insulin and blood glucose;
2 weeks of HFD were sufficient to induce hyperinsulinemia in rats (GFAP: GFP HFD 13.6+1.78
ng/mL). Interestingly, hyperinsulinemia was prevented in GFAP:K38-A animals (7.06+1.13
ng/mL) expressing the dominant negative form of Drpl in their NTS when compared to
GFAP:GFP controls (*p<0.05); however, when GFAP:K38-A group was compared to pair-fed
control animals GFAP:GFP HFD PF, no discernible difference was identified (12.3 £3.69 ng/mL)

(p=0.182) (Figure 6.13).This result could mean that this is a feeding-dependent mechanism or
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it could be due to the potential periods of intermittent fasting experienced by the pair-fed

cohort as result of the experimental design.
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Figure 6.13: Inhibition of mitochondrial fission in astrocytes of the NTS prevents hyperinsulinemia.
Insulin levels in ng/ mL measured in GFAP:GFP HFD (n=11), GFAP:GFP HFD PF (n=7) and GFAP:K38-A
HFD (n=11). All data was tested for normality prior statistical tests using the Shapiro-Wilk normality
test. Values are shown as mean * SEM and single data point highlighted. Statistical test: Two-Way

ANOVA. Post-hoc: Tukey.

Blood glucose levels were also measured in non-fasting animals; here we found that blood
glucose levels were significantly lower in GFAP:K38-A HFD animals HFD (5.14+ 0.0906mmol/L)
compared to GFAP:GFP HFD controls (5.80+ 0.322 mmol/L) (*p<0.05) . However, when
GFAP:K38-A HFD group was compared to the pair-fed cohort GFAP:GFP HFD PF (5.23+0.176
mmol/L) no differences were observed (p=0.938) (Figure 6.14). This could have two
explanations: (1) similarly to insulin, the effect of the inhibition of mitochondrial fission in
astrocytes of the NTS is feeding dependent; (2) blood glucose levels are affected by the

potential prolonged period of fasting experienced by the GFAP:GFP HFD PF.
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Further, given that the GFAP:GFP HFD PF group has glucose levels similar to those of
GFAP:GFP HFD animals (p=0.147), it is possible that the inhibition of mitochondrial fission in
astrocytes of the NTS, rather than feeding behaviour alone, is required to affect blood glucose

levels.
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Figure 6.14: Inhibition of mitochondrial fission in astrocytes of the NTS results in lower circulating

glucose levels in HFD compared to control animals. Glucose levels in nmol/L measured in GFAP:GFP
HFD (n=9), GFAP:GFP HFD PF (n=9) and GFAP:K38-A HFD (n=7). All data was tested for normality prior
statistical tests using the Shapiro-Wilk normality test. Values are shown as mean+SEM and single data

point highlighted. Statistical test: Two-Way ANOVA. Post-hoc: Tukey.

6.8 Activation of mitochondrial dynamics in astrocytes in the NTS of RC-fed
rats decreases plasma FA and triglycerides and increases plasma insulin levels
without affecting blood glucose

Next, we wanted to establish whether the activation of mitochondrial fission in astrocytes in
the NTS of RC-fed rats affects plasma FA; surprisingly, animals expressing the constitutively
active form of Drpl in astrocytes of the NTS had significantly lower levels of plasma FA

(212+47.8 uM) than GFAP:GFP RC controls (659+114 uM) (**p<0.01) (Figure 6.15).
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Figure 6.15: Plasma FA were lower in rats with activation of mitochondrial fission in astrocytes of
the NTS compared to control animals. Plasma FA levels in uM measured in GFAP:GFP RC (n=6) and
GFAP:637-A RC (n=5) .All data was tested for normality prior statistical tests using the Shapiro-Wilk
normality test. Values are shown as mean # SEM and single data point highlighted. Statistical test: t

test.

Plasma TGs were also measured; a trend towards decrease could be observed in GFAP:S637-
A RC (0.146 +0.0133 nM) when compared to GFAP:GFP RC control (0.0821 + 0.0157 nM)
(p=0.0682) (Figure 6.16).
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Figure 6.16: Plasma triglycerides were lower in animals with activation of mitochondrial fission in
astrocytes of the NTS compared to control. Plasma TG levels in nM measured in GFAP:GFP RC (n=4)
and GFAP:637-A RC (n=5) .All data was tested for normality prior statistical tests using the Shapiro-
Wilk normality test. Values are shown as mean + SEM and single data point highlighted. Statistical

test: t test.

Plasma insulin and blood glucose were also measured. Interestingly, the activation of Drp1-
dependent mitochondrial fission in astrocytes of the NTS of regular chow fed significantly
increased circulating plasma insulin (12.7+1.61 ng/mL) compared to GFAP:GFP RC matching
controls (6.98+1.56 ng/mL) (*p<0.05) (Figure 6.17), and to levels similar to those recorded in
control HFD-fed animals, GFAP: GFP HFD (13.6+1.78 ng/mL) (Figure 6.11).
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Figure 6.17: Activation of mitochondrial fission in astrocytes of the NTS induces hyperinsulinemia.
Insulin levels in ng/ mL measured in GFAP:GFP RC (n=7) and GFAP:5637-A (n=6). All data was tested
for normality prior statistical tests using the Shapiro-Wilk normality test. Values are shown as mean *

SEM and single data point highlighted. Statistical test: unpaired t-test.

Finally, blood glucose was measured, and no significant differences were found between the
GFAP:S637-A RC group (5.42+0.291 mmol/mL) and GFAP:GFP RC control (5.09+0.114
mmol/mL) (p=0.286)(Figure 6.18). These data show that the activation of Drp1- dependent
mitochondrial fission in astrocytes of the NTS regulates systemic insulin levels but not

circulating glucose.
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Figure 6.18: Activation of mitochondrial fission in astrocytes of the NTS does not affect circulating
blood glucose. Glucose levels in mmol/L measured in GFAP:GFP RC (n=6) and GFAP:S637-A (n=6). All
data was tested for normality prior statistical tests using the Shapiro-Wilk normality test. Values are

shown as mean + SEM and single data point highlighted. Statistical test: unpaired t-test.

6.9 Discussion

NAFLD is an increasingly prevalent hepatic disorder that affects more than 25% of the global
population (Friedman et al., 2018), and it appears to be related to the growing prevalence of
obesity and T2DM (Bellentani et al., 2010). NAFLD is characterised by excessive TG
accumulation in the liver, and genetic vulnerability and high-fat intake are proposed
mechanisms implicated in its development. In particular, increased consumption of fats,
which is associated with metabolic and cardiovascular disease, insulin resistance and
dyslipidaemia, could also underlie the genesis and progression of NAFLD (Basaranoglu and
Neuschwander-Tetri, 2006). One of the theories proposed suggests that HFD-induced insulin
resistance is the primary factor that contributes to steatosis as it triggers hepatic de novo
lipogenesis and impairs FA transport; this is then followed by the activation of molecular
signals involved in ER stress, mitochondrial dysfunction, apoptosis and alterations of

autophagy, as well as in inflammatory responses (Lian et al., 2020). Overall, this theory
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suggests that HFD increases hepatic fat deposition and induces IR in this organ, which increase
the susceptibility to risk factors, which ultimately trigger NAFLD. Moreover, fat derived by diet
is implicated in the disease progression in human and animals (Alkhouri et al., 2014; Mells et
al., 2015); however a variety of events, including ER stress, gut microbiota imbalance,
apoptosis, microRNAs dysregulation, genetic and epigenetic risks, inflammation and
perturbation of autophagy appear to contribute in parallel (Lian et al., 2020), suggesting that
NAFLD pathogenesis and progression comprises the involvement of a complex interplay of

numerous factors.

6.9.1 HFD affects hepatic cytoarchitecture

The effects of long-term HFD on liver cytoarchitecture and lipid content are well characterised
and widely reported in the literature (Chiazza et al., 2016; Soltis et al., 2017; Jensen et al.,
2018; Tsuru et al.,, 2020). Here, we were able to show that the acute HFD protocol we
employed in our study- which consisted of 2 weeks of 60% fat diet- was sufficient to induce
hepatocytic enlargement and lipid infiltration, both of which are markers of hepatic steatosis.
This is comparable to Rosenstengel et al (2011), which showed that 3-weeks of HFD were
sufficient to induce lipid infiltration associated with hepatic steatosis in rats; this suggests that

our model is an adequate representation of the morphological features of hepatic steatosis.

We also found that our acute HFD rat model GFAP:GFP HFD had increased TG content
compared to matching GFAP:GFP RC control, suggesting that the cytoarchitectural alterations
we observed are secondary to accumulation of TG accumulation within the liver. Importantly,
when Drpl-dependent mitochondrial fission was inhibited in astrocytes of the NTS of HFD-
fed rats, these animals were protected from hepatic TG accumulation, and the liver structure
looked grossly preserved, indicating that our treatment successfully prevented HFD-
dependent hepatic TG accumulation. This effect was independent from food intake, that,
since PF animals showed a hepatocytic enlargement and lipidic infiltration to a level similar
to that of GFAP:GFP HFD controls ad libitum. Hepatic steatosis is induced by multiple
mechanisms in HFD and obesity; for example, increased uptake of plasma non-esterified fatty
acids (NEFA)-as a response to insulin-insensitivity dependent WAT expansion can lead to

increase hepatic lipids content; moreover, de novo lipogenesis could be stimulated by
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hyperinsulinemia via activation of transcriptional upregulation factors such as ChREBP and
SREBP1c (Kawano and Cohen, 2013). Alterations in lipid removal mechanisms, including
mitochondrial FA oxidation and TG export as VLDL particles are also proposed to be involved
in the genesis of hepatic steatosis (Kawano and Cohen, 2013). We showed that HFD-fed
animals become hyperinsulinemic and this was prevented by inhibiting mitochondrial fission
in astrocytes of the NTS. Furthermore, we showed that our treatment markedly decreased
the mRNA transcripts of genes associated with hepatic steatosis, namely Dgat1, ACACA and
FAS. Importantly, these genes are associated with TG synthesis (Dgat1), de novo lipogenesis
and negative modulation of mitochondrial fat oxidation (ACACA) and de novo synthesis of FA
(FAS); therefore, it appears that there is an association between the modulation of these
genes and lower hepatic TG content in GFAP:K38-A animals. Whilst this suggests that the
inhibition of mitochondrial fission in astrocytes of the NTS can modulate genes associated
with hepatic lipid metabolism and alter lipid content within the liver, the molecular
mechanisms involved in this pathway remain unknown. Moreover, we provided evidence
showing lowered expression of CD68 in the livers of GFAP:K38-A animals, suggestive of a
decrease in hepatic inflammation. Importantly, our pair-fed study showed similar results,
which implies that the modulation of genes associated with hepatic lipid metabolism and
inflammation are dependent upon the regulatory effect of the inhibition of mitochondrial
fission in astrocytes of the NTS on feeding behaviour (Patel et al., 2021); however, GFAP:GFP
HFD PF controls showed an altered hepatic cytoarchitecture and levels of hepatic TG similar
to those of the ad libitum GFAP:GFP HFD controls. Together this evidence suggests that
mitochondrial dynamics in astrocytes of the NTS may regulate hepatic lipid metabolism via

feeding-dependent and feeding-independent pathways.

6.9.2 Activation of mitochondrial fission in absence of HFD does not alter hepatic
cytoarchitecture

We also measured the impact of the activation of mitochondrial fission in astrocytes of the
NTS of RC-fed rats, observing that whilst the architecture of hepatocytes was not altered,
GFAP:S637-A RC animals had increased TG content compared to GFAP:GFP RC controls. This
could potentially indicate that whilst the activation of mitochondrial fission in astrocytes of

the NTS increases hepatic TG content in HFD compared to the baseline of GFAP:GFP controls,
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this is not sufficient to induce signs of hepatic steatosis. It would be interesting to observe, if
more time was allowed for the study, whether chronic activation of mitochondrial fission in
astrocytes of the NTS would induce discernible changes in the liver architecture. Interestingly,
we also showed that animals expressing the constitutively active form of Drp1 in astrocytes
of the NTS have lower levels of circulating FA compared to GFAP:GFP controls. This was an
unexpected result but it would be intriguing to know if this would account for the increased
TG content in the liver, given that FA accumulate in the liver via a combination of plasma
uptake and de novo biosynthesis (Alves-Bezerra and Cohen, 2017). The use of isotope tracers
would be required to be able to differentiate between FA uptake from the circulation and
those synthesised locally within the liver (Umpleby, 2015). We also found that the activation
of mitochondrial fission in astrocytes of the NTS induced hyperinsulinemia in RC-fed rat,
showing that the effects of our treatment on insulin are not restricted to the DVC, in which
we previously showed to cause insulin insensitivity, but it is a systemic effect occurring at
similar levels to those observed in HFD-fed animals. Importantly, chronic hyperinsulinemia
can stimulate de novo lipogenesis in the liver, and impaired insulin clearance can cause
hepatic steatosis (Najjar and Perdomo, 2019). It would therefore be important to look at how
hyperinsulinemia and impaired insulin clearance are involved in the genesis of hepatic

steatosis.

6.9.3 Drpl and ER stress: a potential mechanism involved in hepatic dysfunction during
HFD

Drpl-dependent mitochondrial fission is associated with elevated ER stress in pancreatic 8
cells (Peng et al., 2011), whilst activation of Drp1 in the NTS of regular-chow fed rats induces
ER-stress in this brain region (Filippi et al., 2017). Moreover, HFD inhibits DVC-insulin
mediated decrease of HGP, and inhibition of Drp1 in the DVC negates HFD-induced ER stress
in this brain region, which ultimately restored DVC control on HGP (Filippi et al., 2017). Given
the effects of Drpl-dependent ER stress in the NTS on HGP, we speculated that Drpl-
dependent mitochondrial fission and ER stress in this brain region may underlie the effects
we observed on hepatic lipid metabolism. To answer this question, it would be worthwhile
examining what would happen if we inhibited ER-stress mediators in the NTS. Remarkably,

HFD and Drpl-overexpression (5637-A) in the NTS are associated with increased levels of INOS
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in this brain region (Patel et al., 2021). Importantly, iNOS is associated with insulin resistance
(Carvalho-Filho et al., 2005) and activation of ER- stress related proteins in the liver (Ling Yang
et al., 2015). Patel et al. (2021) used an shRNA (shiNOS) virus to knockdown iNOS, and the
authors demonstrated that the delivery of shiNOS to the NTS protected HFD-animals from
developing insulin resistance and decreased body weight and food intake. It would therefore
be appealing to see if acting on the expression of this ER-stress mediator in the NTS could also

affect hepatic functions, and in particular, lipid metabolism.

6.9.4 Conclusions

In conclusion, here we demonstrated that acute HFD is associated with increased TG content
and hepatic steatosis that was prevented by the inhibition of mitochondrial fission in
astrocytes of the NTS in a feeding-independent manner. The expression of genes associated
with hepatic steatosis and inflammation was also lower upon inhibition of mitochondrial
fission in astrocytes of the NTS, but this appeared to be dependent on lower food intake, as
suggested by similar changes occurring in the pair-fed control group. The activation of
mitochondrial fission in astrocytes of the NTS increased hepatic TG content without inducing
steatosis. Interestingly, mitochondrial dynamics in astrocytes of the NTS were associated with
systemic insulin levels, and in particular inhibition of mitochondrial fission in astrocytes of the
NTS protected HFD animals from hyperinsulinemia whilst an increase in mitochondrial fission
in astrocytes of the NTS induced hyperinsulinemia in regular chow-fed rats. However, whilst
inhibition of mitochondrial fission in astrocytes of the NTS also lower blood glucose level in
HFD-fed rats, the activation of mitochondrial fission in astrocytes in this brain region did not

affect blood glucose.

305



Chapter 7: General discussion
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7.1 Summary of findings

Our work demonstrated that the inhibition of HFD-induced, Drp1-dependent mitochondrial
fission in astrocytes of the NTS is associated with higher glucose uptake to the BAT; moreover,
it preserves noradrenergic innervation to the organ and BAT physiological cytoarchitecture in
a feeding-independent manner. Conversely, we showed that activation of Drpl-dependent
mitochondrial fission in astrocytes of the NTS is associated with lower BAT glucose uptake
and noradrenergic innervation without affecting BAT morphology. Further, activating Drp1-
dependent mitochondrial fission is astrocytes of the NTS also induced insulin insensitivity in
this brain region. We also found that whilst HFD promotes higher hepatic TG content and
induces steatosis, these effects were prevented by the inhibition of Drpl-dependent
mitochondrial fission in astrocytes of the NTS, whilst liver TG were higher than controls upon
activation of Drp1-dependent mitochondrial fission in astrocytes in this brain region in regular

chow-fed animals (Figure 7.1).
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Figure 7.1: Summary of findings. DVC=dorsovagal complex;, BBB= blood brain barrier; NTS= nucleus
tractus solitarius; AP=area postrema; DMX= dorsal motor nucleus of the vagus; CC= central canal;
HFD=High fat diet; BAT= brown adipose tissue; NE= noradrenaline; B3-AR= Beta 3 adrenergic receptor;
AC= adenylin cyclase; PKA= protein kinase A; cAMP=cycline adenosine monophosphate; p38 MAPK=;
PGC1A= peroxisome proliferator activated receptor gamma coactivator 1 alpha; PPARY= peroxisome
proliferator activated receptor gamma; CREB= cycline adenosine monophosphate response element
binding protein; UCP1= uncoupling protein 1, ETC= electron transport chain, ADP= adenosine
diphosphate; ATP= adenosine triphosphate; H+= hydrogen ion; GLUT1=glucose transport 1;
GLUT4=glucose transporter 4, CD36= cluster of differentiation 36; FFA= free fatty acids; G= glucose.
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7.2 Discussion

7.2.1 Effects on the BAT

The NTS is a key brainstem centre for the integration of metabolic cues and other
physiological information received from a range of peripheral organs, including vagal-relayed
signals from the gut, liver, and adipose tissues. Remarkably, three days of HFD are sufficient
to induce insulin resistance and promote Drpl-dependent mitochondrial fission in the NTS,
which in turn elevated ER stress and iNOS levels in this brain region (Filippi et al., 2017; Patel
et al.,, 2021). Moreover, Drpl-dependent mitochondrial fission induced weight gain,
hyperphagia, insulin resistance and elevated abdominal fat expansion in HFD-fed rats and this
effect was prevented by inhibiting Drp1 in all cells, and then specifically in astrocytes of the
NTS of HFD-fed animals (Patel et al., 2021), suggesting a critical role of mitochondrial

dynamics in the NTS to control metabolism.

Evidence has demonstrated that the NTS also participates in the regulation of energy
expenditure via activation of BAT (Cao et al., 2010; Morrison et al., 2014; Madden et al., 2017,
Conceigdo et al., 2017); moreover, the impact of mitochondrial dynamics in brain regions such
as the hypothalamus and the NTS in altering the progression of metabolic disorders, such as
obesity, is becoming apparent in rodents (Dietrich et al., 2013; Schneebergeret al., 2013; Toda
et al.,, 2016; Filippi et al., 2017; Patel et al.,, 2021). However, it is not known what role
mitochondrial dynamics in the NTS could play in the control of BAT activation. For this reason,
the first aim of our study was to understand the role of mitochondrial dynamics in the NTS in
the control of BAT thermogenesis, via dynamic 8FDG PET scans, to study BAT glucose uptake,
an indirect measurement of BAT thermogenic capacity. Our data demonstrated that 2-weeks
of HFD are sufficient to blunt BAT glucose uptake. However, this effect was not detectable at
thermoneutrality, and activation of BAT via IP injection of the 3 adrenergic agonist CL 316,
243 was required to appreciate differences in BAT activation between regular chow and HFD-
fed animals. With this stimulation, we showed that inhibiting mitochondrial fission in all cells
of the NTS and then specifically in astrocytes of HFD-fed animals was sufficient to induce
higher BAT glucose uptake compared to HFD control animals. We speculate that BAT

activation may be affected by the capacity of NTS astrocytes to maintain adequate glutamate
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levels within the NTS. Whilst the mechanism behind this is yet to be elucidated, excess
glutamate levels in the NTS could result in the activation of NTS neurons involved in the
inhibition of BAT sympathetic premotor neurons, and astrocytes could participate in this
process. Importantly, HFD leads to the increase of glutamatergic vagal discharge to the NTS
to inhibit BAT activation (Madden and Morrison, 2016), and our GFAP:K38-A HFD model
seems to indicate that in HFD, just stopping mitochondrial fission in the NTS reverses this

suppression of BAT activation.

Importantly, inhibiting mitochondrial fission in the NTS of HFD-fed rats prevents insulin
resistance in this brain region (Patel et al., 2021) and insulin sensing in astrocytes is critical for
BAT thermogenesis; in fact, BAT of IRKO®? mice exhibited lower levels of noradrenergic
terminals and lower levels of expression of SAR3, and displayed significantly lower energy
expenditure and basal body temperature than wildtype controls (Manaserh et al., 2020). As
the inhibition of mitochondrial fission in the NTS is associated with insulin sensitivity in HFD-
fed rats, here we speculate that the higher levels of BAT glucose uptake we observed when
we inhibited Drpl-dependent mitochondrial fission in all cells, and then specifically in
astrocytes of the NTS, may be due to preserved insulin sensitivity in astrocytes of the NTS.
However, more experiments would be needed to confirm whether this could be the potential
underlying mechanism linking mitochondrial dynamics in astrocytes of the NTS and BAT

glucose uptake.

Another potential mechanism could revolve around the modulation of glutamatergic
signalling, in which astrocytes play a vital role (Parpura and Verkhratsky, 2012). HFD is
associated with increased glutamatergic vagal discharge to the NTS, which suppresses BAT
activation (Madden and Morrison, 2016); glutamate, similarly to HFD, increases levels of iNOS
in the DVC (Clyburn et al., 2018) and iNOS mainly colocalize with astrocytes within the NTS
of rats (Patel et al., 2021). The inhibition of mitochondrial fission in these cells reduces iNOS
expression and prevents hyperphagia and insulin resistance within the NTS, as well as
reducing body weight gain and abdominal WAT mass compared to HFD control rats (Patel et
al., 2021). It could therefore be of interest to investigate the role of mitochondrial dynamics

in astrocytes of the NTS in relation to glutamate-dependent suppression of BAT activity.
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Importantly, in this work we also showed that a bidirectional relationship between
mitochondrial fission in the NTS and BAT glucose uptake exists; in fact, we found that the
activation of Drpl-dependent mitochondrial fission in the NTS of regular chow-fed rats is
associated with lower BAT glucose uptake in GFAP:S637-A RC compared to GFAP:GFP RC
controls. Importantly, we confirmed that animals with the constitutively active form of Drpl
targeting astrocytes within their NTS went on to develop insulin resistance in this brain region,
similarly to HFD control animals (Patel et al., 2021). This is a further indication that insulin

sensitivity in NTS astrocytes may be important in regulating BAT activation.

HFD is associated with profound changes in BAT morphology, encompassing alterations in
BAT cytoarchitecture so that it resembles that of white adipocytes. Importantly, it has been
shown that one day of HFD is sufficient to induce such effect in rodents (Kuipers, Held,
Panhuis, et al., 2019), which supports the notion that HFD acutely affects BAT morphology.
Here we show that 2-weeks of HFD are sufficient to lower TH innervation of BAT, a marker of
reduced noradrenergic discharge onto the organ and alter BAT morphology. Importantly,
these effects were prevented by inhibiting Drpl-dependent mitochondrial fission in
astrocytes of the NTS, independently of food intake. Similarly, activation of Drpl-dependent
mitochondrial fission in astrocytes of the NTS reduces noradrenergic discharge to BAT but
does not affect its morphology, suggesting that this is widely dependent on the presence of

HFD in our model.

7.2.2 Effects on the liver

The liver is a fundamental organ in the regulation of whole-body energy metabolism; this
organ is responsible for the execution of key physiological processes, including bile, proteins
and cholesterol production, regulation of blood amino acids level and blood clotting,

regulation of glucose metabolism, and bilirubin clearance, among others.

It is now well established that neuronal populations within the CNS project to the liver via
multisynaptic pathways (Stanley et al., 2010), and these comprise NPY and POMC neurons in
the brain stem and ARC, melanin-concentrating hormone (MCH) and orexin neurons in the

lateral hypothalamus and corticotropic releasing hormone and oxytocin (Stanley et al., 2010).
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POMC delivery in the NTS of rats using a recombinant adeno-associated viral vector showed
that these animals have a 21-fold increased expression of a-MSH in their NTS, which is
accompanied by a 26% decrease of hepatic TG content and a 35% and 34% decrease of serum
TG and NEFA, respectively (Li et al., 2007). This suggests that the NTS plays a role in the
regulation of hepatic lipid content. Further, recent work has shown that leptin receptors in
the DVC modulate liver lipid metabolism; the authors showed that bilateral infusions of leptin
in the DVC trigger vagal signalling to modulate hepatic lipid metabolism (Hackl et al., 2019).
Importantly, the anti-steatosis effects of leptin generated in the DVC required hepatic vagal
innervation (Hackl et al., 2019), suggesting the existence of brain-vagus-liver in control of
hepatic lipid content. Further, MBH infusions of oleic acid lowered hepatic VLDL-TG in vivo
to maintain lipid homeostasis (Yue et al., 2015); this mechanism was dependent upon protein
kinase C delta type PKC-6>Karp axis and NMDA-mediated neurotransmission in the DVC to

convey efferent signalling to the liver to lower hepatic VLDL-TG (Yue et al., 2015).

The alteration of ER functionality, including ER stress has been implicated in cerebral
metabolic disorders, including obesity (Ozcan et al., 2004).The hypothalamus has been well
characterised in the link between ER stress and overweight and obesity (Zhang et al., 2008;
Cakir et al., 2013). A 2015 study by Schneeberger et al. revealed the involvement of
mitochondrial protein Mfn2 in the regulation of cellular responses leading to ER-stress; in
particular the authors found that Mfn2KO in hypothalamic POMC neurons of mice led to
increased hepatic glucose production and hepatic gluconeogenesis which were dependent
upon ER stress in this neuronal population (Schneeberger et al., 2015). Similarly, Drp1-
dependent mitochondrial fission has been found to elevate ER stress in pancreatic B cells
(Peng et al., 2011), and molecular activation of Drp1 in the DVC of healthy and lean rats was
sufficient to induce ER stress in this brain region (Filippi et al.,, 2017). Furthermore, HFD
prevented DVC-insulin from decreasing HGP, and inhibition of Drpl negated HFD-induced
mitochondrial fission and ER stress in the DVC, resulting in restored HGP (Filippi et al., 2017).
Given this evidence, we put forward the hypothesis that Drpl-dependent mitochondrial

fission and ER stress in the DVC may also affect hepatic lipid metabolism.
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Our data showed that, in line with existing literature (Rosenstengel et al., 2011), acute HFD
was sufficient to induce signs of hepatic steatosis in the liver of rats and promote higher
hepatic TG content. Importantly, we demonstrated that upon inhibition of Drp1-dependent
mitochondrial fission in astrocytes of the NTS, we could prevent accumulation of TG in the
liver and associated alterations of the hepatic cytoarchitecture. When genes associated with
hepatic lipid metabolism were analysed, we found a marked decreased in genes associated
with hepatic steatosis and inflammatory response, but these seem to be feeding dependant
as they were also observed in the pair-fed GFAP:GFP HFD PF cohort. Nevertheless, the pair-
fed paradigm presents its limitations (Section 7.3), and it cannot be excluded that some of the
observed effects are dependent upon the study design itself, namely the potential for

prolonged periods of fasting.

Conversely, the activation of Drp1- dependent mitochondrial fission in astrocytes of the NTS
induced higher hepatic TG content in regular chow-fed rats, without affecting the liver

architecture, for which, it is possible that a high-fat intake from diet is required.

We also show that whilst GFAP:GFP HFD rats went on to develop hyperinsulinemia and had
high blood glucose levels, these effects were prevented in GFAP:K38-A HFD rats, in a feeding
dependent manner. GFAP:S637-A RC animals showed higher levels of serum insulin compared
to GFAP:GFP RC controls, but no alterations were observed in blood glucose levels. Moreover,
these animals showed a surprising reduction of circulating plasma FA of unclear cause. To
address this, it could be useful to use radiolabelled FA tracers to assess if these animals have
reduced circulating plasma FA secondary to an increase in FA uptake in relevant organs, such

as the adipose tissues or the liver.

Together these data demonstrate that mitochondrial dynamics in the NTS play an important

role in the pathogenesis of obesity, via central regulation of energy expenditure, hepatic lipid

storage and circulating insulin and glucose.
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7.3 How are we treating obesity and why we need new therapeutic targets?

Obesity incidence has tripled between 1975-2016 (WHO, 2017) and it is expected to rise.
Obesity represents a major health challenge as it substantially increases the incidence of a
range of comorbidities including T2DM, high blood pressure and vascular disease and
increased risk of certain type of cancers, including colorectal and stomach, breast and liver
cancers (National Institute of Health and Care Excellence, 2022). In the UK alone two thirds of
adults are either overweight or obese (Public Health England, 2017) and this translates to
substantial public expenditure, including £13.9 billions/year (9.8% NHS budget) for treatment
of obesity and related comorbidities and £27 billions/year costs to the wider economy as a
result of the incidence of overweight and obesity across the UK population (Public Health

England, 2017).

Despite the clear trajectory of the obesity epidemic, its impact on both healthcare systems
and wider economies worldwide, and the intense research effort that has been carried out in
the past few decades, we still have not achieved long-term treatments options for obesity.

The first line of treatment for overweight and obesity consists of intensive lifestyle
interventions, including restricted diet protocols, behavioural interventions, and increased
amounts of exercise, or more often, a combination of these. Importantly, a 5% decrease in
body weight, according to the “Look AHEAD” trial, is sufficient to reduce cardiovascular risk
by reducing arterial blood pressure and blood lipid profile (The Look AHEAD Research Group,
2013). A 5% decrease in body weight is also the cut off value to determine whether
pharmacological interventions are inducing a significant reduction in body weight;
Pharmacological interventions are often a second line of treatment if lifestyle changes alone
are not sufficient to reach target weight loss. In the UK, as of 2022 only three anti-obesity
medication have been tested in clinical trials and approved for treatment of obesity: Orlistat,
Liraglutide and Semaglutide (National Institute of Health and Care Excellence, 2022). The
Orlistat mechanism of action involves reversible inhibition of lipases in the gastric tract and
pancreas, limiting the digestion of dietary fats, namely the breaking down of TG into FA and
monoglycerides that can be absorbed (Guerciolini, 1997). Whilst useful to decrease dietary
fat absorption by approximately 30%, leading to decreased body weight, waist circumference

and cholesterol levels, Orilstat is associated with a range of side effects, including Gl
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disturbances, increased risk of acute kidney injury and osteoporosis, and it known to interact
with medications to manage diabetes, epilepsy and blood disorders (Bansal and Khalili, 2022).
Liraglutide and Semaglutide are derivatives of GLP1, which binds to activate GLP1 receptors
to increase glucose-dependent insulin secretion, suppress glucagon secretion and appetite
and delay gastric emptying, leading to a significant decrease in body weight compared to
placebo in people with obesity (O’Neil et al., 2018). Moreover, these medications induce only
mild to moderate gastrointestinal side effects, which are generally well tolerated (National
Institute of Health and Care Excellence, 2022). However, current guidance in the UK states
that pharmacological treatment should be withdrawn if it fails to lead to at least 5% weight
loss within the first three months of treatment (National Institute of Health and Care
Excellence, 2022). Moreover, long-term use (beyond 12 months) for weight maintenance is
dependent upon several factors including patients’ drug tolerance and compliance (National
Institute of Health and Care Excellence, 2022), which could lead in difficulties in maintaining

the weight loss achieved with these medications over the long term.

If all appropriate non-surgical methods fail to induce and maintain adequate and clinically
beneficial weight loss, the third and last line of action is bariatric surgery (gastric bypass and
gastric sleeve). However, this requires fitness for anaesthesia and surgery, and extremely
obese patients are at an increased risk of operative and post-operative complications
(Soleimanpour et al., 2017). Moreover, surgical intervention require long-term commitment
to follow ups and life-long life style changes to manage long-term risks and potential

complications (National Institute of Health and Care Excellence, 2022).

Considering the restricted options available for the long-term treatment of obesity, and their
variable success rate, it is critical to keep investigating basic mechanisms and potential
therapeutic targets to shift the paradigm of obesity treatments. In this context, brown
adipose tissue is of growing interest as a potential therapeutic target for obesity and HFD-
related metabolic disorders. It is now well established that the autonomic control of BAT and
its thermogenic processes is critical to maintain energy homeostasis; it then seems
reasonable to speculate that targeting the autonomic control of thermogenesis could
constitute a good therapeutic strategy for the treatment of obesity, especially after the

recognition of the importance of BAT in human adults (Watanabe et al., 2006; Cypess et al.,
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2009b; Saito et al., 2009a; Cypess et al., 2015b; Ahmed et al., 2021). In fact, studies have
shown that upon cold-induced stimulation of BAT, lean and healthy subjects could burn an
excess 25-400 kcal/day (Yoneshiro et al., 2011a; Muzik et al., 2013), and together with weight
loss, BAT activation could have a positive impact on classic signs of metabolic syndrome,
including insulin resistance, hyperglycaemia and increased concentration of circulating TG,
due to the ability of BAT to take up lipids and glucose from the circulation to fuel
thermogenesis (Bartelt et al., 2011a; Gunawardana and Piston, 2012; Chondronikola et al.,
2014b). Existing studies have demonstrated that targeting central pathways to BAT activation,
such as hypothalamic AMPK has beneficial effects on BAT thermogenesis, and the effect on
body weight of drugs such as liraglutide that we discussed above, are mediated via
hypothalamic AMPK signalling. However, our understanding of the central control of BAT
thermogenesis is still limited and given the growing impact of obesity worldwide there is a
great need than ever to explore alternative therapeutic targets for the treatment of obesity.
While the mechanisms involved in the regulation of NTS-mediated BAT activity and hepatic
lipids metabolism remain unknown, our findings reveal a pertinent central-modulation
approach of mitochondrial dynamics within the NTS that successfully modulate metabolism.
Our data and previous literature (Filippi et al., 2017; Patel et al., 2021) suggest that insulin
sensitivity within this region may be important for the control of metabolism, and it has also
been implicated in BAT thermogenesis (Manaserh et al., 2020). Therefore, strategies oriented
towards the restoration of insulin sensitivity within the DVC could be an efficient strategy to
maintain BAT functionality. Moreover, stimulation of BAT using 33 adrenergic agonists, such
as Mirabegron, which is characterised by lower side effects than typical B3 adrenergic

agonists could be a useful treatment to improve obesity-derived metabolic damage.

It is important to remark that whilst the metabolic benefits of inducing BAT activation are an
attractive target for the treatment of obesity there are concerns around its recruitment. For
example, it is particularly tedious to achieve selective BAT activation in humans, and evidence
shows that 33 adrenergic agonists may in fact require the activation of other 3 adrenergic
receptors subtypes in BAT (Blondin et al., 2020; Riis-Vestergaard et al., 2020). Further, chronic
adrenergic activation could cause tachycardia and hypertension and increase the risk of
adverse cardiovascular events in a target population that is already at higher risk of these

conditions (McNeill et al., 2021). Finally, it cannot be excluded that an increase in energy
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expenditure could induce compensatory hyperphagia, as observed in mice studies (Ravussin

et al., 2014).

7.4 Limitations

One of the major limitations of our study was the use of male rats only. Sex-differences in the
development of metabolic disorders, including obesity in rodents are known (Hong et al.,
2009; Mauvais-Jarvis, 2015; Casimiro et al., 2021). For example, a recent study has shown that
diet-induced hyperphagia tends to be greater in males than females, but the latter tend to
show an increased preference for HFD in a species-independent manner (Maric et al., 2022).
Sex differences in visceral fat expansion upon HFD have also been noted in mice, with females
showing a 5-fold increase in visceral fat compared to the 2-fold increase of males (Maric et
al., 2022). If time had allowed, we would have repeated the experiment presented in this
work on female rats to strengthen the validity of our results and ensure that these findings

are not sex specific.

Another limitation that applies in this study is that experiments to confirm the viral constructs
used to inhibit and activate mitochondrial fission in the experimental procedures were not
performed. This is for two main reasons: (1) for the tissues obtained from animals shown in
Patel et al. (2021) viral construct confirmation was done in vitro via quantification of
Mitotracker immunofluorescence and (2) the viruses used in new cohort in this study were
obtained from the same batch as the ones employed in Patel et al (2021). Further, the viral
constructs were confirmed to manipulate mitochondrial morphology in vivo in Filippi et al.
(2017) via electron microscopy. While it would have been against the 3Rs principle of
reduction to perform again the electron microscopy data showed by Filippi et al (2017),
reproducing the in vitro experiment using Mito tracker (Patel et al., 2021) would have

strengthened the results presented in this work.

Some considerations should also be done about the pair-feeding paradigm employed in
chapters 4 and 6. Pair-fed animals are food restricted and they are given a smaller amount of
food than that which they would habitually consume. Due to unavailability of automatic

feeding dispensers in the animal facility (yoke-feeders), the pair-fed rats were fed a single
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meal, prior to the night-phase, the same amount that the control group (GFAP:K38-A) had
consumed on the previous day. Whilst this was done according to the literature (Russell et
al., 2008; De Meijer et al., 2010), we often found that by the following morning, most of the
pair-fed rats had already consumed the amount of food given to them on the previous day.
Therefore, they were food-restricted until the following food allotment was provided. This
could have a significant impact on the study as it introduces variables related to intervals of
prolonged fasting which could affect the secretion of metabolic hormones (Drazen et al.,
2006; Korbonits et al., 2007; Ellacott et al., 2010; Kim et al., 2021) and gene expression in
tissues (Trayhurn et al., 1995; Li et al., 2006; Bideyan et al., 2021). Given these considerations
we accept that the experimental design could have an impact on our observed results, and

the experiment would benefit from the use of automated food dispensers if available.

Another important limitation of this study is the uncertainty around the comparability of
human and rodent BAT thermogenic function. For example, it is noted that BAT UCP1
homology is less than 80%, suggesting that functional differences between the two species
may exist (Hughes et al., 2009). Further, whilst mouse BAT is restricted to well-defined
anatomical locations and is homogenously made up of brown adipocytes, human BAT is more
disperse and composed by white, brown and brite adipocytes (Jespersen et al., 2013), and
their response to 3 adrenergic stimulation is also different (Liu et al., 2017). More studies

would be needed to delineate difference and similarities between rodent and human BAT.

Differences in the thermoregulatory mechanisms of rodents and humans are also a limitation
of this study. In fact, rodents present a higher metabolic rate than humans, a variable and
unstable core temperature, a large surface area: body mass ratio and a high rate of thermal
conductance which could affect the interpretability and translational value of our findings to
humans (Gordon, 2017). As this study investigated BAT, a major organ involved in
thermoregulation, it is important to take these differences into consideration. A recent study
by Hankenson et al. (2018) suggested that higher housing temperatures than the standard
21-22°C may be required to fully reproduce the human condition in rodents. However, some
characteristics of rodents, such as the elevated heat loss derived from high vascularisation of
the tail (Hankenson et al., 2018) cannot be accounted for. We should therefore be cautious

when thinking of the translational value of the findings of this study to human biology.
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Some limitations also emerge from the experimental approach we used to investigate BAT
recruitment. We used a histological approach to test noradrenergic innervation to the tissue,
and we assumed the availability of TH in the tissue as an indirect measurement of the
stimulation that BAT was receiving from the CNS. A better approach to this would have been
the use of SNA recording, which allows capturing the electrophysiological activity of BAT upon
stimulation with different agents and viral constructs. However, this experiment would have
required a significant financial investment that was not possible to fulfil the scope of this
work. Further, it would have required to extend the project and personal licences of the team
involved in the animal work to cover the use of paralysing agents, which are required to study
BAT SNA accurately. Lastly, as the final scope of this work investigated the significance of BAT
in the treatment of human obesity it would have been important to replicate these
experiments in a cohort of DIO rats, and if time would have allowed that would have been

the next step of this study.

7.5 Future directions

The data presented has demonstrated that inhibition of Drp-1 dependent mitochondrial
fission prevents HFD-induced blunting of noradrenergic BAT innervation, hypertrophy, and
glucose uptake as well as hepatic TG accumulation. This work demonstrated a novel
mechanism through which the NTS controls whole-body energy homeostasis, providing a
foundation for future research in this brain area. Here we showed that the inhibition of
mitochondrial dynamics in all cells and in astrocytes of the NTS associated with higher BAT
glucose uptake in HFD-fed animals, compared to controls. However, we have not established
whether this effect is dependent upon feeding; for this we would need to repeat the ¥FDG/CT
scan in a cohort of pair-fed animals. As previously discussed, however, this paradigm would
need improvements as alas, it is possible that intermittent fasting pattern could be a
consequence of the study design, potentially introducing variables that can mask the real

effect of the NTS treatment.

Previous studies within the Filippi group have shown the involvement of astrocytes in the

control of several aspects of metabolism, including feeding behaviour and insulin homeostasis
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(Patel et al., 2021), and here we demonstrated their involvement in BAT thermogenesis;
however, the molecular mechanisms behind astrocytic modulation of BAT are unknown. To
start answering this question it would be useful to set-up tracing studies; with ®FDG/CT scan
we could determine the average depth and width of BAT in adults rats, allowing a non-surgical
approach to retrograde tracing studies from the BAT to the NTS, which is ideal to prevent
accidental severing of sympathetic innervation to BAT, which could have substantial
consequences to BAT ability to perform thermogenesis (Fischer et al., 2019). The tracer wheat
germ agglutinin (WGA) is one of the most characterised wheat proteins, capable of binding to
N-acetylglucosamine and sialic acid, a plasma-membrane bound sugar, and be readily
transported in anterograde and retrograde directions with polysynaptic and some
transsynaptic transport properties, allowing extensive networks mapping (Levy et al., 2015).
However, as glial cells do not necessarily form synapses this approach could not be effective;
in this case other solutions may be considered, such us adeno-associated virus (AAV) targeting
using specific promoters, such as GFAP for astrocytes. To characterise neurons that are
functionally connected to BAT in the NTS, an AAV-Cre-WGA could be injected within the BAT
and an AAV-FLEx (loxP)-GFP within the NTS. This is because the FLEx (flip-excision) switch is a
potent genetic tool that allows the manipulation of gene expression in vivo by using site-
specific recombination (Sauer and Du, 1987). This tool exploits the orientation specificity of
site-specific recombinases, namely Cre and FLP, which when binding to a DNA target induce
a localised recombination event. Cre recombinase binds to Cre-loxP recombination sites
(loxP), which will invert the flanked DNA sequence (floxed) between the sites, changing its
orientation. In our case, cells infected with both AAV-Cre-WGA and AAV-loxP-GFP will express
GFP as a result of Cre-dependent DNA recombination, labelling cells within the NTS that are
functionally connected with the BAT; in situ hybridisation can then be used to characterise
neuronal and glia populations within the NTS. This technique allows the visualisation of single
RNA molecules in situ (Wang et al., 2012), allowing the identification and quantification of
cells connected to BAT. Once these cells are identified, the next logical step would be to prove
their functional connection with BAT, to this aim Cre can be expressed in populations of
interest within the NTS and either chemogenetically activated using Cre-dependent DREADD
(Zhu et al., 2016) or via optogenetics techniques- employing, for example- light-activated
cation channel channelrhodopsin-2 (Madisen et al., 2012). Moreover, to understand the

cellular mechanisms underlying BAT-modulation via manipulation of mitochondrial dynamics,
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it would be interesting to look at several mechanisms and signalling molecules related to Drp1l
activation in the NTS, including ER stress, insulin resistance and iNOS expression in astrocytes,
which previous studies have found to be elicited by HFD, and associated with hyperphagia,
higher body weight and adiposity, insulin resistance and alterations in HGP (Filippi et al., 2017;
Patel et al., 2021).

Finally, if time allowed it would have been interesting to explore BAT activation in an obese
rat model, to probe whether inhibition of Drpl-mediated mitochondrial fission in the NTS

could also reverse the effects of HFD on the BAT and liver.

Overall, the future work we have proposed would be critical to establish the cellular
populations in the NTS involved in BAT activation and thermogenesis. Further, this could
provide a better understanding of the molecular mechanisms that associate mitochondrial

dynamics in the NTS and BAT activation.

7.6 Final remarks

To conclude, this work has shown the role of Drpl-dependent mitochondrial fission in the
regulation of BAT glucose uptake and in the development of NTS insulin resistance and
systemic hyperinsulinemia and hyperglycaemia, with the latter being restricted to HFD-fed
animals. In addition to this, we determined, for the first time, that astrocytes play a critical
role in the development of these Drpl-dependent mechanisms. Finally, we demonstrated
that short-term HFD is sufficient to induce hepatic steatosis and the inhibition of
mitochondrial fission in astrocytes of the NTS is sufficient to prevent TG accumulation in the

liver.
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Home Office

PERSONAL LICENCE

Arianna Fozzato

A personal licence on its own does not authorise you to perform regulated procedures on protected
animals. You apply regulated procedures of the category or categories specified below to animals of
the species or groups specified below at places specified in authorised project licences subject to the
restrictions and provisions contained in the Act and the conditions and restrictions below.

You are required to keep a record of all regulated procedures that you have carried out, and to make
this record available to the Home Office upon request. If you cease to work at the establishment given
as the primary availability on your licence, or it ceases to be the place where you wish your licence to
be primarily available, you must notify the Home Office.

This licence shall be in force until it is revoked by the Home Office and shall be subject to periodic
review.
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Categories

* A. Minor / minimally invasive procedures not requiring sedation, analgesia or general
anaesthesia.

= B. Minor / minimally invasive procedures involving sedation, analgesia or brief general
anaesthesia. Plus surgical procedures conducted under brief non-recovery general anaesthesia

« C. Surgical procedures involving general anaesthesia. Plus - administration and maintenance of
balanced or prolonged general anaesthesia.

Additional conditions
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In exercising his or her responsibilities, the licence holder shall act at all times in a manner that is
consistent with the principles of replacement, reduction and refinement.

The licence holder is entrusted with primary responsibility for the welfare of the animals on which
he or she has performed regulated procedures; the licence holder must ensure that animals are
properly monitored and cared for.

The licence holder must not apply a regulated procedure to an animal if the procedure may cause
the animal severe pain, suffering or distress that is likely to be long-lasting and cannot be
ameliorated.

The licence holder must not apply a regulated procedure to an animal unless the holder has taken
precautions to prevent or reduce to the minimum consistent with the purposes of the procedure
any pain, suffering, distress or discomfort that may be caused to the animal.

Where the licence holder is applying a regulated procedure to an animal the holder must ensure
that any unnecessary pain, suffering, distress or lasting harm that is being caused to the animal is
stopped.

Where the licence holder is applying or has applied a regulated procedure which is causing the
animal severe pain, suffering or distress the holder must take steps to ameliorate that pain,
suffering or distress.

The licence holder shall ensure that where the holder applies a regulated procedure death as the
end-point of the procedure is avoided as far as possible and is replaced by an early and humane
endpoint.

In all circumstances where an animal which is being, or has been, subjected to a regulated
procedure is in severe pain, suffering or distress which is likely to be long-lasting and cannot be
ameliorated, the licence holder must ensure that the animal is immediately killed in accordance
with section 15A.

The licence holder may apply a regulated procedure without the use of general or local
anaesthesia only if the holder is satisfied that— (a) the procedure will not inflict serious injuries
capable of causing severe pain; and (b) the use of general or local anaesthesia would be more
traumatic to the animal than the procedure itself or would frustrate the purposes of the procedure.

When anaesthesia (whether general or local) is used, it shall be of sufficient depth to prevent the
animal from being aware of pain arising during the procedure.

If the licence holder applies a regulated procedure to an animal with the use of general or local
anaesthesia the holder must, unless it would frustrate the purpose of the procedure, use such
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20.
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analgesics or other pain-relieving methods as may be necessary to reduce any pain that the
animal may experience once the anaesthesia wears off.

The licence holder must use analgesia or another appropriate method to ensure that the pain,
suffering and distress caused by regulated procedures are kept to a minimum.

It is the responsibility of the personal licence holder to notify the project licence holder as soon as
possible when it appears either that the severity limit of any procedure listed in the project licence
or that the constraints upon adverse effects described in the project licence have been or are
likely to be exceeded.

The licence holder shall ensure that suitable arrangements exist for the care and welfare of
animals during any period when the personal licence holder is not in attendance.

The licence holder shall ensure that, whenever necessary, veterinary advice and treatment are
obtained for the animals in his or her care.

The licence holder shall ensure that all cages, pens or other enclosures are clearly labelled. The
labelling must be such as to enable Inspectors, named veterinary surgeons and named animal
care and welfare officers to identify the number of the project licence authorising the procedures,
the project licence protocol in which the animals are being used, the date the protocol was started,
and the responsible personal licence holder.

In order to ensure that regulated procedures are performed competently, the licence holder shall
not apply regulated procedures unless given the appropriate level of supervision by the project
licence holder or an experienced personal licence holder deputed by him/her for such time as may
be needed to achieve competence.

The licence holder is authorised to delegate to assistants, who do not themselves possess the
requisite personal licence authority but are under his or her control, the delegable tasks which
form an integral part of the regulated procedures the licence holder is authorised to perform by
this licence. The tasks must not require technical knowledge or skill, and delegation shall be in
accordance with any relevant guidance published by the Secretary of State under section 21.

The licence holder must take all reasonable steps to ensure appropriate personal and project
licence authorities exist before performing regulated procedures. The licence holder must be
aware of the nature of the authorities given by this licence and the project licence, and of the
conditions of issue attached to the licences.

The licence holder shall maintain a record of all animals on which procedures have been carried
out, including details of supervision and declarations of competence by the project licence holder
as appropriate. This record shall be retained for at least five years and shall, on request, be
submitted to the Secretary of State or made available to an Inspector.

The licence holder must give any necessary assistance to inspectors carrying out visits by virtue
of section 18(2A)(b) ; and to experts of the European Commission carrying out duties under Article
35 of the Animals Directive.
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request.
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9.2 Appendix: source of gPCR primers

Table 1

PRIMER SOURCE AUTHOR DOI
3684 Primer3 - -
RPLPO Literature Xiugin et al., 2020 10.3389/fnut.2020.589771
ACACA Literature Romero et al., 2007 | 10.1186/1743-7075-4-26
ACADL Primer3 - -
ADRB3 Literature Whittle et al., 2012 | 10.1016/j.cell.2012.02.066
CD36 Primer3 - -
CD68 Primer3 - -
CIDEA Primer3 - -
CRP Primer3 - -
DDIT3 Literature Williams and Lipkin, | 10.1128/JV1.00836-06

2006
DGAT 1 Literature Li et al.,, 2016 10.1016/j.bbrc.2016.09.160
DGAT 2 Primer3 - -
DNML1 Literature Lou et al., 2013 10.1007/s00204-012-0942-z
FAS Primer3 - -
INSR Primer3 - -
PNPLA2 Literature Turnbull et al., 2015 | 10.1371/journal.pone.0120136
HSL Primer3 - -
MFN2 Literature Ling etal., 2011 10.2337/db10-0331
NFK8 Literature Habibi et al., 2016 10.15171/apb.2016.015
PPARG Literature Cystyhakov et al., | 10.1111/jnc.13101

2015
PPARGCI1A Literature Ni et al., 2019 10.1016/j.nutres.2019.01.005
SLC2A1 Literature Zhang et al., 2012 10.1371/journal.pone.0042406
SLC2A4 Primer3 - -
TNFa Literature Salas et al., 2007 10.1186/1471-2164-8-292
UCP1 Primer3 - -
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