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Abstract 
The VGF gene (non-acronymic) was first implicated in energy homeostasis by 

VGF-/- null mice, which were lean, hypermetabolic and hyperactive, suggesting 

an anabolic role for VGF (Hahm et al., 1999). Furthermore, VGF-/- mice were 

resistant to obesity induced by diet and genetic manipulation (Hahm et al., 

2002). While VGF mRNA was reduced in response to short photoperiod, which 

is associated with reduced food intake and the utilisation of intra-abdominal 

fat stores in the Siberian hamster (Barrett et al., 2005; Ebling, 2014). However 

subsequent studies in Siberian hamsters and mice have suggested a catabolic 

role for the VGF derived peptide TLQP-21 (Bartolomucci et al., 2006; Jethwa et 

al., 2007). Thus the aim of this thesis was to further investigate the role of VGF 

in the regulation of energy homeostasis in the mouse and Siberian hamster.  

The studies presented in this thesis have shown that VGF derived peptide 

HHPD-41 can affect short term food intake in the Siberian hamsters, while over-

expressing VGF mRNA in the hypothalamus of both Siberian hamsters and mice 

reduced bodyweight. However, this reduction in body weight was associated 

with an increase in both food intake and energy expenditure. These effects of 

VGF overexpression were attenuated in disrupted models of energy regulation. 

Finally these studies identified novel regulators of the VGF gene in vitro to 

postulate a possible mechanism for the seasonal regulation of appetite in the 

Siberian hamster. Collectively, the studies described in this thesis demonstrate 

a role for VGF in the regulation of energy homeostasis and contribute to 

increasing our understanding of how the brain regulates food intake. 
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1.1 OBESITY – AN OVERVIEW 

 “At least 2.8 million adults die each year as a result of being overweight or 

obese”.  

 – World Health Organisation, 2008 

 

The World Health Organisation (WHO) defines overweight (body mass index 

(BMI) ≥25kg/m2) and obesity (BMI ≥30kg/m2) as abnormal or excessive fat 

accumulation that presents a risk to health. Obesity is a major public health 

problem associated with significant morbidity and mortality, attributed to the 

increased risk of a number of conditions, including, but not limited to, type II 

diabetes mellitus (T2DM) (44% of disease burden), ischaemic heart disease 

(23%) and certain cancers (between 7 and 41%). Obesity is thought to reduce 

life expectancy by an average of 9 years and is responsible for 9000 premature 

deaths each year in England (The Health Survey for England, 2005).  

 

The economic costs of treating the co-morbidities associated with obesity are 

vast. It is estimated that obesity costs the National Health Service (NHS) 

approximately £1 billion per year, with an additional £2.4 billion per year to the 

economy as a whole (The Foresight talking Obesity: Future Choices Project, 

2007).  

 

Obesity has reached epidemic proportions. Worldwide obesity has more than 

doubled since 1980. In 2008, 1.5 billion adults (20 and older) were overweight. 

Of these, 200 million men and nearly 300 million women were obese. Nearly 

43 million children under the age of 5 were overweight in 2010 (WHO 

Challenges, 2010). In England, the proportion of adults with a normal BMI 

decreased between 1993 and 2012 from 41% to 32% among men and 50% to 

41% among women. At the same time, the proportion of adults that were 

classified as overweight or obese increased from 58% to 67% among men and 
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from 49% to 57% among women. In 2012, 24% of men, 25% of women and 19% 

of children (aged 10-11) were classified as obese (Statistics on Obesity Physical 

Activity and Diet, 2014). By 2050 it is predicted that 60% of men and 50% of 

women could be obese (The Foresight talking Obesity: Future Choices Project, 

2007).  

 

Given the prevalence of obesity, and its danger, surprisingly little is known 

about its causes, and even less, its cures. Monogenic forms of obesity, in which 

there is a single identifiably genetic factor, are rare. The most prevalent is 

MC4R-linked obesity estimated to represent 2-3% of obesity cases (Mutch and 

Clement, 2006). 

 

Obesity, when not attributable to a single genetic factor is a multifactorial 

condition, in which scores of genes have been implicated (Frayling et al., 2007). 

Obesity may be one of the strongest genetically influenced traits we have 

(Willyard, 2014). However, genetics is unlikely to have influenced the 

increasing prevalence of obesity. This increase is a result of the environment; 

with some being more susceptible to the condition than others.  

 

Key to the remainder of obesity cases not attributable to a single identifiable 

genetic factor is the energy imbalance between calories consumed and calories 

expended (i.e. energy homeostasis). Globally, there has been: 

 An increased intake of energy-dense foods that are high in fat, salt and 

sugars but low in vitamins, minerals and other micronutrients; and 

 

 A decrease in physical activity due to the increasingly sedentary nature 

of many forms of work, changing modes of transportation and 

increasing urbanisation.  
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There have been significant upward trends in household expenditure on total 

fats and oils, butter, sugar and preserves, fruit juice and soft drinks, while 

overall purchases of fruit and vegetables reduced between 2009 and 2012. 

Also, 19% of men and 26% of women were classed as inactive in 2012 (Statistics 

on Obesity Physical Activity and Diet, 2014). However, obesity arises not simply 

from the passive accumulation of excess calories, stored as fat, but involves a 

re-calibration of the biologically defended level of body fat (Velloso and 

Schwartz, 2011).  

 

The pathophysiology of obesity is not well characterised. Major advances have 

been made to identify the physiological factors regulating energy homeostasis. 

Energy homeostasis may be considered the biological process(es) that 

promotes stability in the amount of energy stored as fat. Efforts are aimed at 

increasing our understanding of how the brain regulates food intake to identify 

potential therapeutic targets (Dietrich and Horvath, 2012). The hypothalamus 

is at the core of the central networks predisposed to regulate energy 

homeostasis by sensing the level and activity of both central and peripheral 

mediators and activating catabolic/anabolic pathways (Bartolomucci et al., 

2009).  

 

The work presented in this thesis aims to explore the role of a novel gene and 

its derived peptides in the regulation of food intake and energy expenditure, 

herein referred to as energy homeostasis, both of which are fundamental to 

the development of obesity.  
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1.2 THE CENTRAL CONTROL OF ENERGY HOMEOSTASIS 

Energy homeostasis is a complex physiological function co-ordinated at 

multiple levels and its regulation now receives increasing interest. At the centre 

of energy homeostasis is the hypothalamus, which was initially implicated in 

the control of food intake in the 19th century with the first clinical description, 

by Bernard Mohr, of hypothalamic-pituitary injury resulting in obesity (Williams 

and Elmquist, 2011). Various afferent signals from the periphery, communicate 

information about metabolic and nutritional status to the hypothalamus. The 

hypothalamus responds to these afferent signals by altering neurotransmitter 

systems, thereby generating efferent signals that alter appetite and energy 

expenditure (Lenard and Berthoud, 2008). While modification of energy intake 

is the traditional approach to the control of obesity, the importance of energy 

expenditure in the energy balance equation has become increasingly apparent 

over the past few years. 

 

1.2.1 The structure of the hypothalamus  

The hypothalamus, which lies in the ventral half of the diencephalons below 

the thalamus, contains multiple neural populations or nuclei. It surrounds the 

third ventricle immediately above the pituitary gland, and is connected by 

extensive afferent and efferent nerve fibres to the rest of the central nervous 

system (CNS) (Zhao et al., 2008a). In addition to the neural regulation of the 

autonomic nervous system, body temperature and appetite control, the 

hypothalamus functions as an endocrine gland. This endocrine role is closely 

linked to that of the pituitary gland (Elmquist, 2001). Various hypothalamic 

neurones secrete hormones into the hypothalamo-pituitary portal system 

which are then carried to their target cells in the anterior pituitary to regulate 

the release of anterior pituitary hormones (Morrison and Berthoud, 2007). 

 

In the mid-20th century numerous experiments identified the hypothalamus as 

an important region in the regulation of food intake (Anand and Brobeck, 1951; 
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Hetherington and Ranson, 1940). The inference that hypothalamic sites contain 

neural mechanisms affecting ingestive behaviour was based on numerous 

studies employing either lesioning or electrical stimulation of specific nuclei 

within the hypothalamus (Williams et al., 2001). It was demonstrated that 

experimental manipulations of the ventromedial nucleus (VMN), dorsomedial 

nucleus (DMN) and the paraventricular nucleus (PVN) disrupted daily food 

intake patterns and produced permanently enhanced appetite or hyperphagia. 

Whilst lesions of the lateral hypothalamic area (LHA) resulted in a reduction in 

food intake and weight loss (Kalra et al., 1999). This led to a two-centre theory 

of hunger, involving the LHA ‘hunger’ centre and a VMN ‘satiety’ centre 

(Schwartz et al., 2000). This has subsequently been expanded; discrete 

neuronal pathways are thought to generate integrated responses to changes 

in body fuel stores (Schwartz et al., 2000).  

 

Recently it has become apparent that several extra hypothalamic brain regions 

are also important in the control of food intake, for example, the nucleus 

tractus solitarius (NTS) and the area postrema in the brainstem (Flatt, 2001) 

(see Figure 1.2.1). Within the hypothalamus, however, other important 

structures include the PVN and the arcuate nucleus (ARC) (see Figure 1.2.1) 

(Gold, 1977). These hypothalamic areas, in particular the neurones localised 

within them (which are a target for peripheral factors), produce an array of 

both orexigenic (increase food intake) and anorexigenic (decrease food intake) 

peptides that constitute a major part of the neuronal network regulating 

energy homeostasis (Sahu, 2004). 
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Figure 1.2.1: Schematic of the rat brain displaying the major hypothalamic 

regions implicated in the regulation of food intake. The smaller figure at the 

top is a longitudinal view of the rat brain, with olfactory bulb at the anterior 

end (to the left) and the caudal hindbrain (to the right). Cross sections of the 

brain at two levels are shown beneath (indicated by black lines). The following 

nuclei are involved in regulating food intake; PVN, paraventricular nucleus; 

ARC, arcuate nucleus; VMN, ventromedial hypothalamus; DMN, dorsomedial 

hypothalamus; LHA, lateral hypothalamic area. Other brain structures include 

3V, third ventricle; ME, median eminence; OC, optic chiasm; CCX, cerebral 

cortex; CC, corpus callosum; HI hippocampus; SE, septum; TH, thalamus and 

AM, amygdala (adapted from Schwartz et al., 2000). 
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1.2.1.1  Arcuate nucleus (ARC)  

The ARC is situated around the base of the third ventricle and lies immediately 

above the median eminence, effectively outside of the blood brain barrier 

(BBB) (Broadwell et al., 1976). Therefore it is positioned to integrate a number 

of signals from the periphery (Hewson et al., 2002). The ARC is an elongated 

collection of neuronal cell bodies occupying nearly one-half of the length of the 

hypothalamus and is sub-divided into several functional domains. 

Neuropeptide Y (NPY) and agouti related protein (AgRP), both potent 

stimulators of food intake, are co-localised in a population of neurones in the 

medial ARC (see 1.1.3.5). Pro-opiomelanocortin (POMC; the precursor of alpha 

melanocortin stimulating hormone (MSH)) and cocaine amphetamine-

regulated transcript (CART), which induce an anorexic response, are co-

localised in a lateral subset of ARC neurones (Dhillo et al., 2002) (see 1.2.3.5).  

 

It has been established that the ARC is important in the regulation of energy 

homeostasis, indeed the first neuropeptides discovered to be involved are 

located in this nuclei (Sainsbury and Zhang, 2010). The neurones contained in 

the ARC are the major elements in the central control of feeding and 

metabolism. The major neuronal populations thought to mediate the 

integration of peripheral signals are thought to be the NPY/AgRP neurones and 

the POMC/CART neurones (Simpson et al., 2009). These neurones alter energy 

homeostasis and appetite, as well as neuroendocrine function (Leibowitz and 

Wortley, 2004). The ARC is considered the site of synthesis while the PVN is the 

site of action. These two neuronal populations have opposing effects on 

feeding. POMC expressing neurones are activated by anorexigenic stimuli and 

release αMSH, a derivative of POMC and an agonist of melanocortin-4-

receptors (MC4R). These receptors are expressed in neurones in various target 

nuclei which inhibit feeding behaviour (Millington, 2007). NPY/AgRP expressing 

neurones are activated by orexigenic stimuli. They inhibit both POMC-

expressing neurones and MC4R expressing neurones through the release of γ-

aminobutyric acid (GABA) and AgRP, resulting in the induction of feeding (Tong 
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et al., 2008). AgRP acts as a potent endogenous antagonist of MC4Rs, in 

opposition to αMSH. Projections from NPY/AgRP expressing neurones are 

mostly coupled to projections from POMC expressing neurones, so that MC4R 

expressing target neurones receive both positive and negative signals (Dietrich 

and Horvath, 2010). ARC containing cell bodies project to several other 

hypothalamic nuclei and also have extensively reciprocal connections with 

other hypothalamic regions, including the PVN, DMH, VMH, LHA and 

perifornical area.  

 

1.2.1.2 Paraventricular nucleus (PVN) 

The PVN is richly supplied by axons from the ARC NPY/AgRP and POMC/CART 

neurones (see Figure 1.2.3.5). Neurones within this region ‘fan out’ from either 

side of the roof of the 3V (see Figure 1.2.1) allowing hormones to be released 

into the circulation (Stanley et al., 2005). Therefore the PVN may be considered 

an integrating centre for many neural pathways which influence energy 

homeostasis, as stimulation inhibits food intake, while bilateral lesions of the 

PVN result in hyperphagia and subsequent obesity (Stanley et al., 2005). 

 

Consistent with these findings, neuropeptides synthesised in the neurones of 

the PVN reduce food intake and body weight when administered centrally. 

These include corticotrophin-releasing hormone (CRH), which causes anorexia 

and also activates the sympathetic nervous system in addition to its role as a 

major regulator of the hypothalamic-pituitary-adrenal axis (O’Connor, 2000). 

Similarly, thyrotropin-releasing hormone (TRH) reduces food intake, in addition 

to stimulating the thyroid axis (Schuhler et al., 2007). Furthermore, oxytocin 

reduces food intake in addition to regulating uterine function (Blevins and Ho, 

2013), while microinjections of all known orexigenic signals (see Table 1.2.2) 

into the PVN increase appetite and food intake (Kalra et al., 1999).  
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1.2.1.3 Dorsomedial nucleus (DMN) 

The DMN, which is located dorsally to the VMN (see Figure 1.2.1), has extensive 

and direct connections with other hypothalamic nuclei such as the PVN, the 

LHA and the brainstem (Simpson et al., 2009). It contains high levels of NPY 

immunoreactivity and injections of NPY as well as the orexigens, galanin and 

GABA, increase food intake (Kelly et al., 179; Kyrkouli et al., 1990; Stanley et al., 

1985). In contrast, dopamine signalling in the hypothalamus via neurones 

situated in the DMN and ARC inhibit food intake (Suzuki et al., 2012). 

Destruction of the DMN results in hyperphagia and obesity (Bernardis and 

Bellinger, 1987). 

 

1.2.1.4 Ventromedial nucleus (VMN) 

Chemical and physical lesioning of the VMN results in hyperphagia and obesity 

(Gillies et al., 1982), however there is no evidence for the production of 

appetite regulatory factors within the area itself. Electrical stimulation of the 

VMN suppressed food intake (Hetherington and Ranson, 1940). Direct 

microinjection of NPY and galanin, however, stimulates appetite while leptin 

and urocortin inhibit feeding; suggesting receptors are present within the VMN 

(Kelly et al., 179; Kyrkouli et al., 1990; Stanley et al., 1985), unless the observed 

effects of administration are a result of diffusion to neighbouring nuclei. Brain-

derived neurotrophic factor (BDNF) is highly expressed in the VMN, and 

administration results in the reduction of food intake and body weight 

(Pelleymounter et al., 1995). 

 

1.2.1.5 Lateral hypothalamic area (LHA) 

Stimulation of the LHA increases food intake, while bilateral lesioning of the 

LHA causes anorexia and weight loss (Anand and Brobeck, 1951). It contains 

subpopulations of neurones which express orexigenic peptides, such as orexin 

and melanocortin concentrating hormone (MCH), and NPY terminals.  
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The second-order neurone hypothesis for the LHA is supported by studies 

conducted with MCH, an orexigenic peptide located within this region of the 

hypothalamus (Schwartz et al., 2000). MCH synthesis is elevated by energy 

restriction and leptin deficiency, and knockout (KO) mice have reduced food 

intake and are excessively lean. The ‘hypocretins’ or ‘orexins’ (two groups’ 

simultaneous discovery, the latter is used throughout this thesis) also increase 

food intake and cause arousal when administered centrally. Targeted deletion 

results in narcolepsy, suggesting a role in the onset of sleep, as well as a 

potential role in the control of food intake (Tsujino and Sakurai, 2013).  

 

1.2.1.6 Perifornical area 

The perifornical area, which lies adjacent to the LHA, is also richly supplied by 

axons from the ARC NPY/AgRP and POMC/CART neurones. Stimulation of the 

perifornical area, like the LHA, results in increased food intake. NPY release in 

the perifornical area stimulates food intake (Dailey and Bartness, 2008). The 

aforementioned orexins are also expressed in the perifornical area (Fadel et al., 

2002).  

 

Much experimentation is required to test this model of second-order neurones 

in the regulation of energy homeostasis. Specific neuronal subsets have yet to 

be identified within the PVN and LHA. However, rather than being passive 

recipients of information from the arcuate nucleus, it is thought that neuronal 

traffic flows bidirectionally between the two hypothalamic sites (Orlando et al., 

2005).  

 

The number of hypothalamic areas involved in the regulation of food intake 

and therefore energy homeostasis is vast – it communicates with the periphery 

with regards the metabolic and nutritional status and responds accordingly, by 
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altering neurotransmitter systems. The studies presented in this thesis aim to 

explore the role of one such system. 

 

1.2.2 The hypothalamic regulation of food intake and energy expenditure 

Significant progress has been made over the past decade in elucidating the 

hypothalamic network regulating food intake and energy expenditure. The 

hypothalamic nuclei are complex and involve a number of well-known peptides 

as well as recently identified hypothalamic peptides (see Table 1.2.2). 
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Orexigenic neuropeptides Anorectic neuropeptides 

Agouti related protein (AgRP) Alpha-melanocortin stimulating 

hormone (αMSH) 

Endocannabinoids Amylin 

Galanin Calcitonin gene related peptide 

(CGRP) 

Ghrelin Cholecystokinin (CCK) 

Growth hormone release hormone 

(GHRH) 

Cocaine amphetamine regulated 

transcript (CART) 

 

Melanin concentrating hormone 

(MCH) 

Glucagon like peptide -1 and -2 (GLP-

1, -2) 

Neuropeptide Y (NPY) Insulin 

Noradrenaline Leptin 

Opioid peptides (β-endorphins) Neuromedin U (NMU) 

Neurotensin 

Oxyntomodulin 

Polypeptide YY (PYY) 

Serotonin 

Urocortin 

Table 1.2.2: Hypothalamic neuropeptides implicated in the control of food 

intake and energy homeostasis. Orexigenic hypothalamic neuropeptides 

increase food intake whilst anorectic hypothalamic neuropeptides decrease 

food intake. 

 

1.2.3 Peripheral Control of appetite 

Kennedy (1953) proposed that inhibitory signals generated in proportion to the 

body’s stores of fat act in the brain to reduce food intake i.e. when caloric 

restriction induces weight loss, levels of inhibitory signals are reduced and food 

intake increases, until the energy deficit is corrected. This elegant model, 
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however, did not explain how energy intake is controlled in the short term, 

during individual meals. Gibbs and Smith, (1973) proposed ‘satiety factors’, 

peptides secreted from the gastrointestinal (GI) tract, which informed the brain 

to terminate food intake.  

 

Exo- and endo-crine secretions are stimulated by visual, olfactory and gustatory 

stimuli, along with gut motility before food enters the mouth (Ahima and 

Antwi, 2008). The ingestion of food stimulates mechanoreceptors, for example 

gastric stretch and chemoreceptors, which results in the co-ordinated process 

of distension and propulsion to accommodate meals, and to ensure maximum 

digestion and subsequent absorption of nutrients. These signals are 

transmitted via the vagus nerve to the dorsal vagal complex in the medulla, 

terminating in the medial and dorsomedial parts of the NTS (Berthoud, 2008). 

Projections from this area of the brainstem innervate the paraventricular, 

dorsomedial and arcuate nuclei of the hypothalamus, LHA and AM. 

Furthermore, the NTS projects to the visceral sensory thalamus, which 

communicates with the sensory cortex and mediates the conscious perception 

of gastrointestinal fullness i.e. satiety (Ahima and Antwi, 2008). These 

processes have been investigated using surgical and chemical approaches, for 

example, gastric vagal stimulation induces satiety, while infusions of solutions 

rich in fat, carbohydrates and proteins into the proximal small intestine 

regulates subsequent meal size – an affect which in turn is blocked by the 

neurotoxin capsaicin being delivered to the vagus, or by surgical denervation 

(Schwartz, 2000; Smith et al., 1985; South and Ritter, 1988). A number of 

hormones are secreted by the GI tract which control feeding and access the 

brain partly through the area postrema, located at the tip of the fourth 

ventricle, situated above the NTS (Stanley et al., 2005). 
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1.2.3.1 Cholecystokinin (CCK) 

CCK decreases meal size (Kraly et al., 1978) and was the first gut-secreted 

peptide to be identified as a satiety factor (Liebling et al., 1975). Anatagonists 

of its receptor block the satiety effects associated with nutrient infusions into 

the gut and stimulate further feeding in fed animals (Bi et al., 2007).  

 

1.2.3.2 Glucagon-like peptide (GLP)-1 

GLP-1, in response to meals, is cleaved from proglucagon and released from 

the L-cells of the intestine. GLP-1, and its receptor agonist exendin-4, decrease 

food intake in rodents when injected peripherally (Baggio and Drucker, 2007; 

Murphy and Bloom, 2006). 

 

1.2.3.3 Peptide YY (PYY) 

PYY3-36 is co-secreted with GLP-1 (Batterham et al., 2002; Murphy and Bloom, 

2006). Initially it was thought to decrease food intake in rodents by inhibiting 

NPY/AgRP neurones within the hypothalamus, however, this has not been 

confirmed by others (Halatchev et al., 2005; Tschop et al 2000).  

 

These gut derived peptides are an attractive target for obesity treatment as 

they induce satiety and/or limit meal size. However, there are significant 

obstacles which have hampered their development as potential drugs. Firstly, 

their half-life is relatively short and stable analogues have eluded researchers 

(de Silva and Bloom, 2012). In the case of GLP-1 and CCK, which induce nausea, 

there are side effects which limit their therapeutic potential (Holst and Deacon, 

2013). Furthermore, the system is highly redundant – genetic manipulation of 

anorexigenic gut hormones rarely results in beneficial changes in feeding and 

subsequently body weight and/or metabolism (Diano et al., 2006; Scrocchi et 

al., 2000; Sun et al., 2006). The gut functions as a neuroendocrine organ that 

responds rapidly to food intake, and influences not only the size of meals by 

producing satiety factors but sends messages to the brain via the ingestive-
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vagus pathway, that modulate hypothalamic neurotransmitters and peptides 

(Ahlman and Nilsson, 2001).  

 

1.2.3.4 Adiposity signals: Insulin and leptin 

Insulin, a pancreatic hormone, enters the brain from the circulation, and 

reduces food intake. It was the first hormonal signal to be implicated in the 

control of energy homeostasis by the central nervous system (CNS) (Woods et 

al., 1979; Woods et al., 2006). The subsequent discovery that the hyperphagia 

and obesity in ob/ob mice, resulted from an autosomal recessive mutation in 

the gene encoding leptin, a hormone secreted by adipocytes, provided further 

evidence for the role of adiposity signals in energy homeostasis (Schwartz et 

al., 1999). Both insulin and leptin circulate at levels proportional to body fat 

content, and enter the CNS in proportion to their plasma level – their receptors 

are expressed in brain neurones involved in energy homeostasis (Havel, 2001). 

Administration of either of these peptides, directly into the brain, reduces food 

intake (Air et al., 2002).  

 

However, different mechanisms underlie the association of insulin and leptin 

with body fat. As body weight increases, insulin secretion undergoes similar 

increases in the basal state and in response to food intake. Failure of this 

system to respond results in hyperglycaemia and is likely to contribute to the 

development of T2DM (Yamada et al., 2006). The mechanism of leptin, 

however, is not completely understood – it may involve glucose flux through 

the hexosamine pathway. The rate of insulin-stimulated glucose utilisation in 

adipocytes is a key factor linking leptin secretion to body fat mass (Denroche 

et al., 2012).  

 

Leptin deficiency results in severe obesity and is therefore thought to have a 

more important role in the CNS control of energy homeostasis than insulin, a 
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deficiency in which does not result in obesity (Ahima, 2008). For example, in 

uncontrolled diabetes mellitus in both rats and humans, food intake is 

markedly increased, but levels of fat remain low, as does leptin (German et al., 

2010).  

 

Elevated levels of leptin within the plasma of obese humans suggested that 

resistance to the hormone was associated with the condition. It led to the 

suggestion that human obesity may be due to reduced leptin action in the brain 

and affected individuals are unlikely to respond to pharmacological 

intervention with leptin (Morton and Schwartz, 2011). Leptin resistance is well 

documented in mice, for example db/db mice, which have mutations within the 

leptin receptor gene. Whether dysfunction in the transport process or reduced 

receptor signalling leads to obesity remains to be determined (Morris and Rui, 

2009).  

 

1.2.3.5 Neuropeptides and adiposity signals 

In the CNS, several distinct hypothalamic neuropeptide pathways have 

emerged as candidates for the mediation of the adiposity signals, leptin and 

insulin (see Table 1.2.2).  

 

Neuropeptide Y (NPY)  

Direct injection of NPY into the hypothalamus or cerebral ventricles of rats 

stimulates food intake, while subsequently decreasing energy expenditure 

(Clark et al., 1984). Repeat administration of the neuropeptide results in weight 

gain and obesity (Stanley et al., 1989). Leptin inhibits ARC NPY expression, while 

NPY-/- ob/ob mice have reduced hyperphagia and obesity, indicating the 

requirement of NPY signalling for the obese phenotype (Stanley et al., 2005) 

(see Figure 1.2.3.5). NPY is expressed widely throughout the brain, with notably 

high expression in the ARC (Morris, 1989), where it is co-expressed with AgRP. 
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Systemic or direct delivery of insulin into the brain blocks the hyperphagic 

response to insulin-deficient diabetes in hypothalamic NPY synthesis and 

release (Kalra, 1997).  

 

Agouti related protein (AgRP) 

AgRP is expressed exclusively within the ARC, where it colocalises with NPY. 

When intracerebroventricular (ICV) infused, AgRP is an orexigenic peptide 

(Parker and Bloom, 2012) and acts as an endogenous antagonist of the MC3 

and MC4Rs.  

 

Melanocortins 

Neuronal synthesis of the melanocortins, namely αMSH and CRH, increases in 

response to increased adiposity signalling in the brain. The neuropeptides are 

cleaved from the POMC precursor molecule and exert their effects by binding 

to members of a family of melanocortin receptors, of which MC3- and MC4-

receptor genes are expressed primarily in the brain. αMSH has been 

demonstrated to be an anorectic peptide when delivered directly to the PVN, 

DMH and ARC, as well as the fourth ventricle (4V) (Kim et al., 2000; Zhang et 

al., 2005). There are two αMSH receptors within the brain MC3 and MC4; the 

latter is more widely expressed and is localised to the hypothalamus, where 

expression is particularly high in the aforementioned areas, the amygdala, 

thalamus, cortex, striatum, hippocampus and brainstem (Parker and Bloom, 

2012). As a result, the MC4 receptor is considered more important in relation 

to energy homeostasis. MC4R-/- mice are severely hyperphagic and, as a result, 

obese, indicating that signalling via the receptor limits food intake and body 

weight; while mutations in the MC4R gene have been linked to human obesity 

(Farooqi et al., 2000). A synthetic agonist of the MC3- and MC4-receptors 

suppresses food intake, whereas an antagonist has the opposite effect. The 

Agrp gene produces AgRP peptide which acts as an antagonist of the MC3 and 
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MC4 receptors (Dhillo et al., 2003). Its expression is up-regulated by fasting and 

leptin deficiency. AgRP when delivered via ICV infusion increases food hoarding 

and intake in Siberian hamsters, whilst its over-expression results in 

significantly increased food intake and body weight (Day and Bartness, 2003; 

Jethwa et al., 2010).  

 

Cocaine- and amphetamine-regulated transcript (CART) 

CART decreases food intake following ICV infusion, however, it has an 

orexigenic effect when injected into discrete hypothalamic nuclei (Dhillo et al., 

2002).  

 

Thyrotrophin-releaseing hormone (TRH) 

TRH decreases food intake, whilst increasing body temperature, activity and 

oxygen consumption in Siberian hamsters (Schuhler et al., 2007).  

 

Orexins 

Highly expressed in the LHA (Sakurai et al., 1998), much like MCH, orexins A 

and B are produced from the same precursor and are orexigenic when infused 

via ICV cannulation. However, the distribution of its receptors within the 

hypothalamus is different. OXR1 is highly expressed in the VMN, whereas OXR2 

is highly expressed in the PVN (Trivedi et al., 1998). Orexin KO mice are 

hypophagic (WIllie et al., 2001), but this may be a result of their profound 

narcolepsy (Chemelli et al., 1999).  

 

Secretions from the periphery, for example the pancreas, white adipose tissue 

(WAT) and the GI tract, are integrated by the CNS, mainly the hypothalamus, 

to regulate energy homeostasis (Woods and D’Alessio, 2008). The actions of 
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leptin are mediated via its receptor (LepR-b), which is expressed in several 

areas of the CNS including the hypothalamus. It has relatively high expression 

in the AgRP and POMC neurones of the ARC (Cheung et al., 1997; Cowley et al., 

2001; Konner et al., 2007; Lin et al., 2010). Upon binding to its receptor, Leptin 

activates an array of signalling cascades, mainly activating Janus kinase (JAK), 

which in turn phosphorylates the leptin receptor, activating STAT3 (Vaisse et 

al., 1996). Upon phosphorylation, STAT3 binds to pomc and agrp promoters, an 

affect which stimulates POMC and inhibits AgRP expression (Ernst et al., 2009; 

Mesaros et al., 2008). Deletion and over-expression studies of LepR in POMC 

or AgRP neurones results in changes in body weight, food intake and glucose 

homeostasis (Balthasar et al., 2004; Hill et al., 2010; Huo et al., 2009). 

Interestingly, these studies have demonstrated that deletion of the receptor 

within these neurones results in obesity, without changes in food intake or 

energy expenditure (see Figure 1.2.3.5) (Varela and Horvath, 2012).  
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Figure 1.2.3.5: The hypothalamus and leptin - their role in the regulation of 

energy homeostasis. Leptin, secreted by white adipose tissue (WAT), informs 

the hypothalamus of the energy status of the organism. When the LepR-b is 

activated in these neurones, they promote changes in hypothalamic 

neuropeptide expression, resulting in alterations in peripheral functions to 

restore energy homeostasis.  
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As yet no “magic bullet” has been found for the treatment of obesity. The 

discovery of leptin (Zhang et al., 1994), whilst revolutionising the 

understanding of body weight regulation, also raised expectations for a 

breakthrough therapeutic for obesity. And although the role of leptin is pivotal 

in energy regulation, as an anti-obesity treatment it has proven unsuccessful 

(overweight/obesity is associated with ‘leptin resistance’) (Heymsfield et al., 

1999). NPY provides a further example of discoveries made in the lab failing to 

transmit to the clinic. NPY stimulates feeding and weight gain, but knockout 

mice bred on a mixed genetic background are not affected in terms of food 

intake and body weight. NPY deficiency, it would seem, has no significant effect 

in mice fed a normal diet (Patel et al., 2006). Subsequent studies have tested 

agonists and antagonists of NPY receptor subtypes as anti-obesity agents, but 

results are equivocal and somewhat controversial (Feletou et al., 2006). 

Furthermore, dysregulation of NPY signalling has been linked to alterations in 

bone formation and alcohol consumption, as well as seizure susceptibility (Lin 

et al., 2004). More recent clinical studies have focused on combining long term 

adiposity and short term satiety endocrine signals (e.g. leptin and amylin, a 37 

amino acid peptide hormone co-secreted with insulin from pancreatic β-cells 

that activates CNS regions to regulate glucose and energy homeostasis), but 

with limited success (Roth et al., 2008). 

 

The number of genes involved in the regulation of nutrition and metabolism in 

general, and catabolic energy dissipating pathways in particular are vast and 

the identification of peptides associated with higher or lower risk of obesity is 

rising exponentially. The work presented in this thesis aims to explore the role 

of one such gene and its derived peptides.  
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1.3 ANIMAL MODELS UTILISED IN THE STUDY OF OBESITY 

The prevalence of obesity and the substantial costs of its management and 

associated co-morbidities, along with the relative failure to adopt healthier 

lifestyles, have resulted in the need to develop pharmacological interventions 

to reduce appetite. At present, there are no centrally-acting drugs fit for this 

purpose, after the withdrawal of sibutramine and rimonabant, a monoamine 

reuptake inhibitor and endocannabinoid receptor antagonist respectively 

(James et al., 2010; Rothman and Baumann, 2009). Therefore the need to 

understand the complex mechanisms behind energy homeostasis, in order to 

identify feasible drug targets, is huge. Currently this is skewed towards a few 

‘model’ species (Ebling, 2014). 

 

Martin et al., (2010) summated the limitations of mice and rats as experimental 

models for human conditions, stating most strains are sedentary, overweight, 

insulin resistant, hypertensive and prone to premature death. And whilst single 

gene mutations, either spontaneous or as a result of genetic manipulation (e.g. 

ob/ob and those in the melanocortin system) have identified mechanisms in 

energy homeostasis, relatively few cases of human obesity reflect these 

(Farooqi and O’Rahilly, 2006).  

 

Therefore, in these studies, we have utilised a nonstandard laboratory species 

that undergoes a natural seasonal cycle of altered appetite and body weight 

and one which reflects the human obese condition more accurately.  

 

1.3.1  The Siberian hamster 

Siberian hamsters (Phodopus sungorus), as an adaptation to survive winter, 

express profound seasonal cycles of energy metabolism, mainly through a 

gain/loss of intra-abdominal fat stores (Ebling, 2014). Its increasing popularity 

as a rodent model for understanding the long-term central control of caloric 
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intake and expenditure is due to its ease in maintenance in animal husbandry 

units, the exploitation of seasonal cycles which can be regulated by 

photoperiod, and most importantly for energy homeostasis studies, displays a 

striking seasonal change in body weight (see Figure 1.3.1) (Barrett et al., 2007).  

 

 

Figure 1.3.1: The Siberian hamster shown in long days (right) and short days 

(left). The dark pelage moults under decreasing photoperiod to produce a 

denser, light pelage. Photo courtesy of Gregory Demas, Indiana University.  

 

Under increasing photoperiod (long days (LD)), the Siberian hamster reaches 

its maximum body weight, but under decreasing photoperiod (short days (SD)), 

it enters a profound catabolic state, decreases its food intake and gradually 

loses bodyweight (between 25 and 35%), mainly through a loss of intra-

abdominal fat stores (Schuhler and Ebling, 2006). The catabolic state is 

associated with a decrease in both peripheral leptin concentrations and in 

leptin mRNA levels in WAT (Jethwa et al., 2007). 
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Homeostatic regulators of food intake and energy expenditure were initially 

postulated as responsible for the seasonal changes observed in the Siberian 

hamster (Adam et al., 2000; Archer et al., 2007). However, despite the 

destruction of the ARC, Siberian hamsters exposed to SD still displayed the 

characteristic reduction in food intake and body weight (Ebling et al., 1998).  

 

Subsequently Adam et al., (2000), Mercer et al., (2001) and Robson et al., 

(2002) reported conflicting results when comparing the differential gene 

expression in LD versus SD Siberian hamsters. The growth and reproductive 

axes are regulated by photoperiod in seasonal mammals. Adam et al. (2000), 

demonstrated that Siberian hamsters kept in LD from weaning displayed faster 

growth and body weight gain, increased adiposity and leptin gene expression 

in adipose tissue, and attained puberty earlier when compared to those 

transferred to SD. In the ARC, expression of the leptin receptor, POMC and 

MC3R genes increased dramatically in LD post weaning. However, this was not 

apparent in the group transferred to SD. Furthermore, CART gene expression 

was higher in SD when compared to LD (Adam et al., 2000). Mercer et al. 

(2001), demonstrated that Siberian hamsters transferred to SD resulted in 

reduced POMC and leptin receptor mRNA in the ARC, with elevated levels of 

CART. Gene expression of the MC3R was reduced in the ARC but elevated in 

the VMN compared with LD controls. The subsequent weight loss in an LD 

restricted food intake group resulted in a gene expression profile typical of 

negative energy balance (i.e. low CART mRNA and elevated leptin receptor 

mRNA). Robson et al. (2002) reported that photoperiod did not affect CART 

expression in Siberian hamsters, however, fasting produced a significant 

decrease in CART mRNA in the ARC of Siberian hamsters in both LD and SD. This 

inferred that known homeostatic regulators of energy homeostasis are unlikely 

to regulate seasonality in the Siberian hamster (Ebling and Barrett, 2008). 
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Several transcripts have subsequently been identified as altered between the 

obese/lean states of the Siberian hamster (see Table 1.3.1). Many of which 

have been shown to alter short term changes in food intake or body weight. 

For example, histamine 3 receptor antagonists decrease food intake for up to 

one hour (Jethwa et al., 2009), while inverse agonists prevent the nocturnal 

rise in body temperature, indicating additional effects on energy expenditure. 

TRH increases energy expenditure (Schuhler et al., 2007) via increased 

locomoter activity, body temperature and oxygen consumption in the Siberian 

hamster, while simultaneously decreasing food intake.  

 

Gene In response to SD Reference 

Deiodinase 2 (DIO-2) 

 

Decrease 

 

Herwig et al., (2009) 

 

DIO-3 

 

Increase Barrett el., (2007) 

 

VGF Increase Barrett et al., 2005 

 

TRHr-1 

 

Decrease Ebling et al., 2008 

 

H3r 

 

Decrease Barrett et al., (2006) 

Table 1.3.1: Effect of SD photoperiod on hypothalamic neuropeptide gene 

expression at the mRNA level. DIO, deiodinase -2 and -3, VGF, non-acronymic, 

TRHr-1, thyrotropin-releasing hormone receptor-1, H3r, Histamine 3 receptor.  

 

However more recent studies have shown that manipulation of hypothalamic 

thyroid hormone availability may play a key role in the seasonal changes in 
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energy homeostasis (Barrett and Ebling, 2008). Indeed it has been shown that 

Siberian hamsters in the long days have increased levels of the deiodinase 2 

(DIO2) enzyme, which is required for the activation of thyroxine (T4) into 

triiodothyronine (T3) increasing the availability of thyroid hormones, while 

Siberian hamsters maintained on short photoperiod have an increase in 

deiodinase 3 (DIO3) enzyme which converts T4 to reverse T3 (rT3) mRNA 

(Barrett et al., 2007; Herwig et al., 2009; Watanabe et al., 2004), thereby 

decreasing thyroid hormone availability.  

 

In further support of this, Barrett et al. (2007) reported that ICV infusion of T3 

into the hypothalamus of Siberian hamsters transferred to SD prevented the 

characteristic SD-induced reduction in food intake and body weight. Similarly, 

increasing T3 availability using silastic implants into the hypothalamus of 

Siberian hamsters exposed to SD for 10 weeks increased food intake, whole-

body fat mass and body weight (Murphy et al., 2012). 

 

1.3.2  The C57BL/6J Mouse 

In rodents, a number of autosomal recessive gene mutations that result in the 

obese phenotype have been described, including but not limited to the ob/ob 

and db/db mice (Tartaglia et al., 1995; Zhang et al., 1994). The products of these 

genes represent a hormone – receptor pair, namely leptin (see section 1.1.3.4). 

Mice unable to produce leptin (ob/ob) or to respond to the hormone (db/db) 

display hyperphagia and decreased energy expenditure, as well as 

hyperinsulinaemia, hyperlipidaemia, insulin resistance, glucose intolerance 

and diabetes (Lin et al., 2000). Therefore the efficacy of such models of obesity 

remains to be seen as there is currently no evidence that mutations within the 

genes are involved in the aetiology of common obesity in humans (Lin et al., 

2000).  
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However, leptin resistance has recently been described in a rodent model of 

obesity which may reflect more accurately the human condition, namely diet-

induced obese (DIO) C57Bl/6J mouse (Van Heek et al., 1997). The DIO C57BL/6J 

mouse is therefore used as a model of human obesity (Surwit et al., 1988).  

 

The increased susceptibility to develop diet-induced obesity in C57Bl/6 mice is 

associated with their failure to regulate hypothalamic POMC and NPY gene 

expression. Bergen et al. (1999) showed that resistance to DIO is associated 

with increased POMC mRNA and decreased NPY mRNA in the hypothalamus. 

An alternation in these neuropeptides is thought to not only promote the 

development, but also the maintenance of the obese state. Three strains of 

mice, namely C57Bl/6J, CBA and A/J, were fed either normal rodent chow or a 

high fat diet (HFD) for 14 weeks, after which hypothalamic gene expression was 

measured. In response to HFD, C57Bl/6J mice gained the greatest amount of 

weight and NPY and POMC mRNA did not significantly decrease and increase 

(respectively) in C57BL/6J mice. Compensatory changes in response to a HFD 

would suggest that other strains of mice are resistant to DIO but not in 

C57BL/6J mice which are susceptible to the condition (Bergen et al., 1999).  

 

Lin et al. (2000) reported that significant increases in body weight in C56Bl/6J 

mice fed a HFD was evident after 2 weeks post dietary switch and this 

continued throughout the duration of the study (19 weeks). However, 

significant changes in epididymal and perirenal fat depots were not significant 

until 8 weeks post HFD. Inguinal fat mass was not significantly altered until 19 

weeks feeding. Interestingly, energy intake in the HFD group paralleled that of 

the controls for 4 weeks, before a decrease in energy intake in the HFD group. 

However, by week 8, the HFD group began a gradual increase in energy intake, 

which increased further at 15 weeks, persisting to 19 weeks. Plasma leptin 

concentrations were significantly raised in the HFD group at 8, 15 and 19 weeks 

post HFD feeding. One week post transfer to HFD, mice retained the ability to 
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respond to exogenous leptin. However, by week 8, exogenous leptin did not 

affect body weight or cumulative energy intake. By 19 weeks, 0.1μg of leptin, 

infused by ICV cannulation, had no significant effect on body weight and 

cumulative energy intake in the HFD group. These results demonstrate that 

C57BL/6J mice develop obesity and progressive peripheral and central leptin 

resistance (Lin et al., 2000). They are therefore an excellent model for the study 

of the development of obesity, akin to that in humans.  
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1.4 VGF – A NEUROTROPHIN-INDUCED GENE 

Neurotrophins are a family of closely related proteins, first identified as survival 

factors for sympathetic and sensory neurones and subsequently implicated in 

survival, development and function of neurones in the central and peripheral 

nervous system (Skaper, 2010). VGF is a neurotrophin-induced gene, which 

encodes for a precursor polypeptide that is expressed in neuronal and 

neuroendocrine cells (Levi et al., 2004). The precursor polypeptide, pro-VGF, is 

stored in dense core vesicles, cleaved by prohormone convertases (PC), namely 

PC1/3 and PC2, which are typical of neuronal/endocrine tissues, and then 

released post depolarisation (Trani et al., 2002).  

 

VGF was first identified as VGF8a (Levi et al., 1985), NGF33.1 (Salton et al., 

1991) and a2 (Cho et al., 1989) on the basis of its rapid induction in PC12 cells 

by nerve growth factor (NGF) (Levi et al., 1985), its non-acronymic name being 

based on its selection from plate V of an NGF-induced PC12 cell cDNA library 

and should not be confused with vascular endothelial growth factor (VEGF). 

Subsequent studies demonstrated that VGF is similarly up-regulated by 

numerous neurotrophins including BDNF and neurotrophin-3 (NT-3) in 

neuronal targets such as cortical or hippocampal neurones (Bonni et al., 1995). 

Consistent with VGF being a gene that is activated selectively in response to 

neurotrophin treatment, VGF mRNA levels are only marginally increased by 

other growth factors, including epidermal growth factor (EGF), fibroblast 

growth factor (FGF), interleukin-6 (IL-6) and insulin, despite the capacity of 

these proteins to robustly induced transcription of other immediate early 

genes in the PC12 cell line (Hawley et al., 1992; Possenti et al., 1992; Salton, 

1991; Salton et al., 1991).  
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1.4.1 The transcriptional regulation of VGF 

Cloning of the rat cDNA and genomic sequences was followed by the isolation 

of the mouse and human homologues. The gene itself is highly conserved 

across mammalian species (see Figure 1.4.2 A) in respect to the coding region 

and the promoter and the flanking 5’ regulatory sequences (see Figure 1.4.1). 

VGF is a single copy gene, assigned to chromosome 7q22 in humans (Canu et 

al., 1997) and chromosome 5 in mice (Hahm et al., 1999), and has a relatively 

simple organisation. The entire protein sequence is encoded by a single exon 

(exon 3), while the 5’ untranslated region contains two small introns. This 

differs in the rat, where alternative splicing produces two distinct mature 

mRNAs – one of which includes the sequence of the second, 116-bp, exon 

(Hawley et al., 1992). The functional relevance of this is unknown; the splice 

donor and acceptor sites are conserved in the human gene, however only the 

shorter transcript has been detected (Canu et al., 1997). 

 

The vgf promoter is highly conserved; the human and mouse sequences display 

greater than 80% sequence identity over a length of 1Kb. This region contains 

a number of consensus motifs for the binding of transcriptional regulators (see 

Figure 1.4.1). A number of consensus motifs for the binding of transcriptional 

regulators have been identified 5’ to the transcription initiation site of VGF and 

include a CCAAT box, various specificity protein I (SP-1) and activating protein 

2 (AP-2) consensus binding sites and a putative silencer element similar to the 

one involved in tissue-specific expression of neuronal genes (Canu et al., 1997; 

Li et al., 1993; Salton, 1992).  

 

 

Luc and Wagner, (1997) subsequently identified two cis elements, namely V1 

and V2, within the -208 +55 fragment of the VGF promoter (sites in respect to 

the initiation of transcription) that are essential for NGF dependent gene 

activation. Their data also indicates that the V1 and V2 elements are required 
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for basal expression and for transcriptional activation in response to EGF and 

dibutyryl cyclic adenosine monophosphate MP (dbcAMP). The V1 region, 

mutation of which significantly impairs basal expression/promoter activity, 

contains the over-lapping specificity protein-1 (SP-1) and activating protein-2 

(AP-2) regions. V1 was shown to contain a cAMP response element (CRE), 

which binds cAMP response element binding protein (CREB), activating 

transcription factor -1 and -2 (ATF -1 and -2), as well as JunD- and JunB-related 

proteins, via electrophorectic mobility shift assay (EMSA) (Luc and Wagner, 

1997). This element is necessary for the Ras-mediated, NGF-dependent 

induction of the promoter. At position -76 (in respect to the transcriptional 

start site), the CRE is embedded within a 14bp palindromic sequence - 

mutations of which abolish NGF and cAMP responses (Hawley et al., 1992). It 

is likely that tuning VGF expression in response to neurotrophin requires the 

combinatorial action of several regulatory complexes which bind to distinct 

promoter motifs. For example, in addition to the CRE, the CCAAT box was 

shown to be important for NGF induction (D’Arcangelo et al., 1996), possibly in 

association with the activity of a large complex containing a CREB, mammalian 

achaete-scute homologue-1 (MASH-1) and p300 (Mandolesi et al., 2002). A 

consensus mRNA destabilisation sequence ATTTA is located 300-bp 

downstream of the stop codon and 100-bp upstream of the polyadenylation 

site (Salton et al., 1991). It has been postulated that this motif may be 

responsible for the observed reduction of VGF mRNA stability following NGF 

treatment (Baybis and Salton, 1992). Previously removal of the AP-2 binding 

site via site directed mutagenesis has been demonstrated to reduce retinoic 

acid (RA) mediated transcriptional activation of genes (Doerksen et al., 1996). 

 

 

Transgenic mice, which contained the lac z reporter gene driven by the vgf 

promoter, indicated that 200-bp of the promoter was sufficient to drive β-

galactosidase gene expression within the embryonic nervous system (Piccioli et 
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al., 1995). A genomic fragment extending from 800-bp 5’ to the transcriptional 

start site and including the first 700-bp of 5’-untranslated sequence was used 

to drive the expression of a reporter gene in transgenic mice. The transgene 

was shown to be expressed with a tissue-restricted pattern similar to that of 

the endogenous VGF gene (Picciolo et al., 1995). Interestingly, this region of 

the promoter contains the previously mentioned putative silencer element 

that is located 400-bp 5’ to the transcriptional start site.  

 

Molecular cloning and detailed characterisation of the human vgf promoter 

was initially performed in the PC12 cells line (Canu et al., 1997). Inspection of 

the human sequence revealed, upstream of the +1 transcriptional start site, a 

TATA box-like sequence, starting at -29 and a CCAAT box at -135. Further to 

this, Canu et al., (1997) described a CRE-binding protein element at -76, as well 

as several GC boxes, inverted GC motifs, numerous AP-2 and SP-1 sites, as well 

as several neurospecific elements, with the core motif CCAGGAG, common to 

genes encoding mouse neurofilament (Lewis and Cowan, 1986), rat GAP-43 

(Nedivi et al., 1992) and mouse synapsin II (Chin et al., 1994). Furthermore, they 

identified a silencer region, at -411, similar to the human and rat synapsin I (Li 

et al., 1993) and the human dopamine β-hydroxylase gene (Ishiguro et al., 

1993). In order to ascertain the promoter sequences required for neuronal 

specific expression, Canu et al., (1997) a series of progressive deletions were 

made to the human vgf promoter, which controlled chloramphenicol 

acetyltransferase (CAT) vector expression/activity. These constructs were 

transfected in the neuronal SK-N-BE cell line and the non-VGF expression cell 

line BOSC23. The results were expressed as percentages of transcriptional 

activity relative to RSV-CAT, which expressed the aforementioned gene in the 

front of a strong promoter. Deletion of the human vgf promoter region -2305 

to -573 resulted in a decrease in CAT activity in SK-N-BE cells, while reporter 

gene activity increased by 2.5 fold in the non-expressing cell line BOSC23. This 

increase in VGF promoter activity suggested the presence of a negative cis-

acting element within this site, which represses expression in non-specific cell 
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lines. A similar result was achieved for a further 5’ primer deletion, up to -204, 

with respect to the transcriptional start site. Reporter gene activity was 

reduced in the specific cell line, namely SK-N-BE, whilst increased in the non-

specific cell line, by 3 fold. To further investigate this region, Canu et al., (1997) 

cloned a 369-bp PCR fragment, respresentative of -573 to -204, upstream to 

the basal thymidine kinase promoter of herpes simplex virus. The construct 

displayed very low activity upon transfection in SN-K-BE cells, whereas there 

was no activity in the non-neuronal, non-specific BOSC23 cell line. This 

demonstrated that this fragment of the VGF promoter functions as an 

enhancer in neuronal cell-specific lines. In PC12 cells VGF is transcriptionally 

regulated by NGF and dbcAMP and to a lesser extent by TPA (Cho et al., 1989; 

Possenti et al., 1992), as well as depolarisation (Salton et al., 1991). Canu et al., 

(1997) demonstrated that transcriptional activity of their -2.3kb promoter 

construct was 3-fold higher in response to dbcAMP in cell lines that express 

VGF. Subsequent 5’ deletion analysis demonstrated that sequences upstream 

of -573 contributed to enhanced expression of the promoter in response to 

dbcAMP. Similarly treatment of the SK-N-BE cell lines with TPA resulted in a 3-

fold increase in promoter construct reporter gene expression. Again deletion 

analysis suggested that the responsive element was located upstream of -573.  

 

An E box located at -180 contributes to the cell-type pattern of restricted 

expression (Di Rocco et al., 1997) – mutation of this region results in VGF 

expression in non-neuronal cell lines and decreased expression in PC12 cells. 

This region interacts with the CRE element to form a multiprotein nuclear 

complex that includes HeLA E-box binding protein (HEB) (Di Rocco et al., 1997; 

Salton et al., 2000) and the transcriptional coactivator p300.  

 

It is likely that these elements, in combination with others (as yet identified), 

5’ to the transcriptional start site are responsible for the tissue-specific 

expression of the vgf gene. In vivo local administration of BDNF to the PVN 
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results in robust ectopic expression of the VGF gene (Eagleson et al., 2001). 

Tetrodotoxin-mediates blockade of retinal activity and cortical aspiration 

lesions results in a respective decrease and increase in VGF mRNA. VGF is 

regulated in the hypothalamus in response to feeding (Hahm et al., 1999, 2002; 

Saderi et al., 2014) and circadian rhythm (Hahm et al., 1999; Barrett et al., 

2005). VGF also responds to salt loading (Mahata et al., 1993), long term 

potentiation (Hevroni et al., 1998) and by seizure (Snyder et al., 1998).  

  



60 
 

                                                                  NRE Box 

CTCTGCGTCATCGCCCCCCACTCCCGGAACCTCTAACTGTCCAAGCCCCCAGCCCCAACCCCTCTGGGCAGGAG 

         TRE             TRE                 VDRE 

ATAGGTCACCAAGGTCAGATGGCTGAGAGGGTCCATCTCTGACGTTGCAATTCACCCCCCCCCCCGGTCAGG 

                   AP-1                             SP-1 

TTCAGACCTCCCCTTTAAGCGGTAGAGAGAAATGGAGTTGAGTCACCCTCTCCACCTGCTCAACCCCCTCCCCA 

                               

CCTGGTCTGCTCTCGCCCTCCAAATGTCCTTGGGTCAGGGGGTCGTGGGGGAGAGGGAGACAGGCTGAAGG 

 

GTGGGAGAGTTGGATTAAAAGGGGGCACAACAGGAACCCCCTAACAGCCACAGCAGAGCCCGCTGGCCAGA 

 

AGGACAGACACACCTTTTTTTCCCCAACCCCTTCAGACACGAACTGGTTTGAACAGACACGACCCAAAGGCAC 

 

ACACATCGTCAATCTTTCCCTTTTCTCTCTCGACTAGGACCCTTTCCAAGGTGATTACCCAAACCGCAAGATCCA 

 

CCCATCTGCGCTGACCCTGGGCGGGCATCCCGCACCGCAAATCCACCCCCTCCTCTCAGGTTCAAGTTGTCCTT 

 

GGGCGTGCTCCCTATAGACCATACTGTGGCGGAGTAGGGAGCCAGGCCCCTTCCCCTTTCAAACCCTTACCGT 

    RXR            CCAAT             Silencer 

CCCCCCATCCAGTACTGATCTTTTACTGGCGCCCAATTAGATGCTGGCGGTGCCCTCTTCCTATTCTGCTCAGC 

 

AACGCAGGCTCCGCGCCGCAAGTGCTTTGTAACCCACCCTCCCGCCTTCTGGTTCCTCTGTACCCACCCTTCCAT 

 

TCATTTTTACATTCATTCATTCATCCTTTTCTCCTCGTCCCTCCTTCATTCATTCATAGCCCCCTGCCCCGCCCGCC 

 

TCGACATTTCATTCATTCATTCATTCATTCATTTCCCGGAGCTCGGCTAGCGCACGCCCCTCTAGCCGAGGGCCC 

   E box           CCAAT 

TACTGCGCAGGTGCAGGCCGGGAGCGACGCTTATCCTCCAATCATTGGACTTTCACCGTCCACCAGACACCCG 

                CRE                  SP-1           AP-2  

CCCGCTTCCCCATGAATGAACATTGACGTCAATGGGGCGGGGCTATCCCACGTGACCCCGCGCGCTCCCCTTT 

TATA                    +1 

ATAAGGCAGAGGCGGCGCGGGCGCTGTCCAGCGTGCTGAAGCCGGAGCGAGAGCGCTGTTGCTGACCCAGC 
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Figure 1.4.1: The nucleotide sequence of the 5’ region of the mouse vgf gene. 

The transcriptional initiation site is indicated by +1. Transcription factor binding 

sites are boxed, their names indicated above. Through bioinformatic searches 

a possible T3 response element (TRE) and vitamin D response element (VDRE) 

were identified.  

 

1.4.2 The structure of the VGF polypeptide 

VGF is a 68kDa polypeptide (Salton et al., 2000). The vgf gene encodes a 

polypeptide comprising 615 (human) or 617 (mouse/rat) amino acids (see 

Figure 1.4.2 A), with a typical secretory leader sequence of 22 amino acids, 

which promotes translocation to the endoplasmic reticulum (ER) (Trani et al., 

2002). There are many lines of evidence which suggest that the VGF 

polypeptide is the precursor of several biologically active peptides which are 

released and play a role in intercellular communication (Bartolmucci et al., 

2006; Hahm et al., 1999; Jethwa et al., 2007). The gene contains a number of 

specific sequences which are highly conserved between the species and these 

represent potential cleavage sites for the convertases of the kexin/subtilisin-

like serine proteinase family (Trani et al., 2002). Western blot analyses of 

extracts of PC12 cells using a panel of C-terminal antisera detected a number 

of smaller VGF derived peptides. The most prominent VGF-derived peptides 

have apparent molecular masses of 20 (NAPP-129) and 10kDa (TLQP-62) 

respectively. Prohormone convertases (PCs), which are members of the 

subtilisin/kexin-like serine proteases (Steiner, 1998), have been shown to 

produce the VGF-derived peptides – NAPP-129 by the action of PC1/3 and PC2, 

TLQP-62 exclusively by PC1/3 (Trani et al., 2002). Rat, mouse and human 

sequences contain a minimal of 10 conserved regions of basic amino acid 

residues which represent potential PC cleavage sites. It is therefore proposed 

that the number of VGF derived peptide may be greater than first thought (see 

Figure 1.4.2 B).  
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Human               MKALRLSASALFC-LLLINGLGAAPPGRPEAQPPPLSSEHKEPVAGDAVPGPKDGSAPEV 59 
Mouse               MKTFTLPASVLFCFLLLIQGLGAAPPGRPDVFPPPLSSEHNGQVAEDAVSRPKDDGVPEV 60 
                    **:: *.**.*** ****:**********:. ********:  ** ***. ***...*** 
 
Human               RGARNSEPQDEGELFQGVDPRALAAVLLQALDRPASPP-APSGSQQGPEEEAAEALLTET 118 
Mouse               RAARNPEPQDQGELFQGVDPRALASVLLQALDRPASPPSVPGGSQQGTPEEAAEALLTES 120 
                    *.***.****:*************:************* .*.*****. **********: 
 
Human               VRSQTHSLPAPESPEP-AAPPRPQTPENGPEASDPSEELEALASLLQELRDFSPSSAKRQ 177 
Mouse               VRSQTHSLPAPEIQAPAVAPPRPQTQDRDPEEDDRSEELEALASLLQELRDFSPSNAKRQ 180 
                    ************   * .******* :..** .* ********************.**** 
 
Human               QETAAAETETRTHTLTRVNLESPGPERVWRASWGEFQARVPERAPLPPPAPSQFQARMPD 237 
Mouse               QETAAAETETRTHTLTRVNLESPGPERVWRASWGEFQARVPERAPLPPPVPSQFQARMSE 240 
                    *************************************************.********.: 
 
Human               SGPLPETHKFGEGVSSPKTHLGEALAPLSKAYQGVAAPFPKARRPESALLGGSEAGERLL 297 
Mouse               SAPLPETHQFGEGVSSPKTHLGETLTPLSKAYQSLGGPFPKVRRLEGSFLGGSEAGERLL 300 
                    *.******:**************:*:*******.:..****.** *.::*********** 
 
Human               QQGLAQVEAGRRQAEATRQAAAQEERLADLASDLLLQYLLQGGARQRGLGGRGLQEAAEE 357 
Mouse               QQGLAQVEAGRRQAEATRQAAAQEERLADLASDLLLQYLLQGGARQRDLGGRELQETQQE 360 
                    ***********************************************.**** ***: :* 
 
Human               RESAREEEEAEQERRGG-EERVGEEDEEAAEAEAEAEEAERARQNALLFAEEEDGEAGAE 416 
Mouse               RENEREEE-AEQERRGGGEDDVGEEDEEAAEAEAEAEEAERARQNALLFAEEEDGEAGAE 419 
                    **. **** ******** *: *************************************** 
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Human               DKRSQEETPGHRRKEAEGTEEGGEEEDD-EEMDPQTIDSLIELSTKLHLPADDVVSIIEE 475 
Mouse               DKRSQEEAPGHRRKDAEGAEEGGEEDDDDEEMDPQTIDSLIELSTKLHLPADDVVSIIEE 479 
                    *******:******:***:******:** ******************************* 
 
 
Human               VEEKRKRKKNAPPEPVPPPRAAPAPTHVRSPQPPPPAPAPARDELPDWNEVLPPWDREED 535 
Mouse               VEEKRKRKKNAPPEPVPPPRAAPAPTHVRSPQPPP--PAPARDELPDWNEVLPPWDREED 537 
                    ***********************************  *********************** 
 
Human               EVYPPGPYHPFPNYIRPRTLQPPSALRRRHYHHALPPSRHYPGREAQARRAQEEAEAEER 595 
Mouse               EVFPPGPYHPFPNYIRPRTLQPPASSRRRHFHHALPPARHHPDLEAQARRAQEEADAEER 597 
                    **:********************:: ****:******:**:*. ***********:**** 
 
Human               RLQEQEELENYIEHVLLRRP 615 
Mouse               RLQEQEELENYIEHVLLHRP 617 
                          *****************:** 

 

Figure 1.4.2 A: Pairwise sequence alignment of the human and mouse VGF protein sequence. Red, small hydrophobic, including aromatic, 

blue, acidic, Magenta, basic, Green, hydroxy. * indicates position which have a single, fully conserved residue. : indicates conservation 

between groups of strongly similar properties – scoring > 0.5 in the Gonnet PAM 250 matrix. . indicates conservation between groups of 

weakly similar properties – scoring < 0.5 in the Gonnect PAM 250 matrix. Sequence identity > 85%.  
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Figure 1.4.2 B: The vgf gene and its derived peptides. The VGF polypeptide is 

the precursor of several biologically active peptides which are released and 

play a role in intercellular communication. The gene contains a number of 

specific sequences which are highly conserved between the species and these 

represent potential cleavage sites for the convertases of the kexin/subtilisin-

like serine proteinase family, namely prohormone convertases -1/3 and -2. 
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1.4.3 VGF expression 

VGF mRNA is widely expressed throughout the nervous system, both in 

embryonic and adult tissues, but the highest expression of VGF has been 

detected in the ventromedial hypothalamus, in particular the ARC and in the 

suprachiasmatic nucleus (SCN) (van del Pol et al., 1989; Barrett et al., 2005). 

Immunohistochemical studies have shown that VGF immunoreactive peptides 

are also produced in peripheral tissues including the pituitary, adrenal, 

pancreas and GI tract (Snyder et al., 2003). 

 

1.4.3.1 VGF mRNA 

In the developing rat, VGF mRNA is expressed in distinct neurotrophin targets 

in the CNS and PNS during embryogenesis (Levi et al., 2004) – as early as 

embryonic day 11.5 (E11.5) in the dorsal root and sympathetic ganglia, neural 

crest cells migrating to enteric ganglia and in the primordial of the vagal (X) 

complex (Snyder et al., 1998). Subsequently, VGF mRNA is detected in the 

ventral spinal cord, cranial nuclei, basal forebrain, adrenal and pituitary (E13.5-

15.5). VGF expression expands beyond the CNS and has been noted in the 

oesophagus, stomach and pancreas (E17.5-19.5) (Levi et al., 2004). In rats at 

birth, VGF mRNA is expressed in neurones throughout the brain, and in 

peripheral endocrine and neuroendocrine tissues. Whilst in the adult rat, VGF 

mRNA is widely distributed from the olfactory system, cerebral cortex, 

hypothalamus and hippocampus, and in a number of the thalamic, septal, 

amygdaloid and brain stem nuclei (Levi et al., 2004).  

 

In the golden hamster, VGF mRNA levels are increased in response to light 

stimulation in the SCN (Wisor and Takahashi, 1997), which plays a central role 

in the regulation of circadian rhythms in mammals. This photic induction, 

however, does not occur in the PVN, despite expression of VGF in this area. 

Animals kept in constant darkness for 7 days were exposed to a 5 minute light 

pulse, resulting in a dramatic increase in VGF mRNA expression, which peaked 
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3 to 6 hours post exposure to the light. And whilst hybridisation, and therefore 

expression, was detected in the PVN, under the same experimental conditions, 

WIsor and Takahashi, (1997), were unable to detect an increase in gene 

expression.  

 

Hahm et al., (1999) reported that VGF mRNA distribution in the mouse 

hypothalamus was similar to that in the rat. In addition, VGF mRNA levels were 

regulated in the mouse by light in the SCN and by the circadian clock in the 

rostral SCN (but not in the caudal SCN) as previously observed in the golden 

hamster (Wisor and Takahashi, 1997). Furthermore, Hahm et al., 1999 reported 

that VGF mRNA was induced in the ARC of fasted mice.  

 

In leptin deficient ob/ob mice or leptin receptor db/db mice, hypothalamic VGF 

mRNA levels in the fed state resembled those of fasted wildtype mice, 

particularly in the ARC (Hahm et al., 2002). However, VGF does not appear to 

be an integral component of the leptin signalling pathway, as VGF-/- mice 

respond to leptin administration (Hahm et al., 2002).   

 

Snyder et al., (2003) reported the expression of VGF mRNA is detectable in the 

rat gastrointestinal and esophageal lumen, pancreas, adrenal and pituitary, as 

early as E15.5. Via in situ hybridisation Cocco et al., (2007) detected VGF mRNA 

in almost all pancreatic endocrine cells of the rat and, with less intensity of 

staining, in bovine islets – no staining was visible in swine pancreatic endocrine 

cells. VGF mRNA levels in both the PVN and SIN were up-regulated in response 

to water deprivation in rats (Toshinai and Nakazato, 2009).  
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1.4.3.2 Peptides 

VGF and its derived peptides are found in dense core vesicles and are released 

in response to depolarising signals from neuronal and neuroendocrine cells 

through the regulated secretary pathways (Benson and Salton, 1996; Laslop et 

al., 1994; Possenti et al., 1989). Antibodies raised to synthetic peptides 

corresponding to the C- or N-termini of potential, or actual, cleavage products 

have been utilised to study VGF derived peptide distribution. In animal tissues, 

VGF immunoreactivity was restricted to central and peripheral neurones (Ferri 

et al., 1992; van den Pol et al., 1989), as well as to endocrine cells of the 

pituitary, adrenal medulla, gut and pancreas (Ferri et al., 1992).  

 

The highest concentrations of VGF immunoreactivity have correspondingly 

been found in the medial hypothalamus, particularly in the ARC, in the SCN, 

and in the parvocellular and magnocellular cells of the PVN and the supraoptic 

nucleus (van den Pol et al., 1989). Immunostaining of serial 1µm rat SCN 

sections revealed co-localisation of VGF in cells which contain vasopressin (van 

del Pol et al., 1989). Weak immunoreactivity was also detected in the HI, AM, 

TH and CC (van den Pol et al., 1989). VGF immunoreactivity was also displayed 

in the female rat in the pars distalis, mainly with C-terminal antibodies (Ferri et 

al., 1995). This however disappeared in accordance with the estrous peak of 

luteinizing hormone (LH) secretion, along with an induction of VGF mRNA. 

Additionally, VGF-derived peptides are prominent in the adult spinal cord, in 

 and motorneurones of the ventral horn, and in the dorsal horn neurones 

as well as cells of the inner nuclear and ganglion cell layers of the retina (Zhao 

et al., 2008b). In the peripheral nervous system (PNS), both sympathetic ganglia 

and dorsal root ganglia of primary sensory neurones are important sites of 

localization of VGF-derived peptides (Snyder et al., 1998).  

 

Whilst hypothalamic neurones contained the highest immunoreactivity levels, 

VGF derived peptide immunoreactivity was also apparent in the PNS (Ferri et 
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al., 1992). This is comparable to the expression of NPY, ghrelin and CCK, all of 

which regulate feeding, and in some cases, gastrointestinal mobility (Wren et 

al., 2000; Wren et al., 2002). VGF peptide levels quantified by 

radioimmunoassay in BAT were down-regulated by high fat diet (Watson et al., 

2009).  

 

Using double label immunofluorescence, VGF was present in 94% of αMSH 

neurones in the retrichiasmatic area, 84% in the anterior portion of the ARC, 

69% in the mid ARC and 56% in the caudal ARC in fed rats (Hahm et al., 2002). 

Therefore in the fed state VGF and POMC gene expression was found to 

significantly overlap in the ARC. In response to fasting, a marked reduction in 

VGF in the tretochiasmatic area and lateral ARC in POMC-containing neurones 

was noted. Furthermore, increased VGF was observed in the medial part of the 

ARC. These increases corresponded to increases in NPY expression, a known 

potent stimulator of food intake (Hahm et al., 2002). 

 

In summation, VGF derived peptides are likely to be a response to an array of 

stimuli and conditions, with an additional complexity given the processing of 

the precursor. VGF is, however, localised and regulated in a manner benefiting 

a gene which controls energy homeostasis, and these studies have been 

undertaken to further determine its action. 

 

1.4.4 VGF-/- null mouse 

The function of VGF, and by extension, its derived peptides, was first assessed 

through the development of the VGF-/- mouse via homologous recombination 

(Hahm et al., 1999). At birth, the homozygous VGF-/- mice were 

indistinguishable from either their heterozygous, or even, wild-type 

littermates. No defects in development were detected in either the CNS or the 

PNS. However, in the weeks following birth, the VGF-/-mice were visibly smaller 
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than their littermates, and adults were found to weigh 50-70% less than wild-

type (see Figure 1.4.5). These initial observations led Hahm et al., (1999) to 

suggest that VGF may play a non-redundant role in the regulation of energy 

homeostasis and antagonism of the gene may constitute the basis for 

treatment of obesity.  

 

The reduction on body weight was thought to be a result of a significantly 

elevated basal metabolic rate, as measured by oxygen consumption and carbon 

dioxide production. Despite these significant increases, VGF-/- mice had 

reduced serum T4 thyroid hormone levels and thyroid-stimulating hormone 

(TSH). Core body temperature was normal, as was sympathetic activity as 

gauged by the measurement of heart rate and adrenal norepinephrine and 

epinephrine levels (Hahm et al., 1999). Peripheral fat stores, however, were 

significantly reduced in VGF-/- mice, as was total body fat, which represented a 

smaller fraction of total body composition. Faecal levels of fat were similar in 

controls and VGF-/- mice, suggesting that GI tract fat absorption was not 

altered. Expression of leptin, as measured by mRNA levels, was significantly 

reduced in the epididymal fat pad in VGF-/- mice, as were circulating leptin 

levels. Therefore a compensatory increase in food intake and/or energy 

expenditure would be expected. Ad libitum VGF-/- mice daily food intake was 

similar to that of normal littermates, which represented a significant increase 

in food intake per gram body weight in VGF-/- mice. In addition, VGF-/- mice 

were found to be hyperactive (Hahm et al., 1999). Fasting in normal mice 

results in decreased serum glucose and leptin (Ahima et al., 1996). In VGF-/- 

mice, mean serum insulin and glucose levels were 80 and 60% respectively of 

the levels found in wildtype mice, while mean corticosterone level was 

elevated; 140% of wildtype levels, all of which is consistence with the fasted 

state. In addition, VGF-/- mice fed ab libitum had high AgRP and NPY gene 

expression (600 and 800%, respectively) and a decrease in POMC mRNA levels 

similar to that observed following a 48 hour fast (Hahm et al., 1999). The mice 

consumed considerably more calories per gram body weight, however, this 
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increase in food intake was not sufficient to maintain wild-type body weight, 

as the VGF-/- mice utilised twice as much oxygen at rest and displayed increased 

locomotor activity (Hahm et al., 1999), suggesting that VGF-/- mice are resistant 

to DIO, as well as obesity induced by treatment with gold thioglucose (Hahm et 

al., 2002).  

 

Targeted deletion of the VGF gene did not affect hypothalamic anatomy and/or 

function. Quantitative neuronal counts in the PVN of VGF-/- and wildtype mice 

were similar, as was the overall distribution of neurones containing 

gonadotropin-releasing hormone, oxytocin, vasopressin, and POMC in specific 

hypothalamic regions. Function was assessed by circadian behaviour – 

heterozygous and homozygous VGF-/- mice could be entrained to a light: dark 

cycle and both maintained a circadian rhythm of wheel running activity in 

constant darkness. However, the circadian period length of the VGF-/- mice was 

shorter than wildtype littermates (Hahm et al., 1999).  

 

1.4.5 VGF and obesity 

The phenotype of the VGF-/- mouse suggested that the derived peptides 

regulated energy homeostasis. Hahm et al., (2002) reported that Vgf gene 

deletion blocked the development of obesity from select environmental and 

genetic causes and suggested that VGF functions in outflow pathways, 

downstream of the hypothalamic melanocortin receptors, regulating energy 

expenditure.  

 

VGF is required for the development of DIO – ablation of the vgf gene blocked 

the metabolic effects of HFD and resulted in a small but significant increase in 

fat pad weight in VGF-/- mice (Hahm et al., 2002). However, there were no 

significant changes in leptin mRNA within adipose tissues or circulating leptin 

levels. Furthermore, ablation of the vgf gene blocked gold thioglucose (which 
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is taken up by and is toxin to glucose-sensitive neurones in the periarcuate area 

of the VMN) but not monosodium glutamate (which damages the 

hypothalamus and the sympathetic nervous system) induced obesity (Hahm et 

al., 2002). None of the VGF-/- mice developed the obesity associated via 

hyperphagia following gold thioglucose treatment, despite the formation of 

characteristic hypothalamic lesions.  

 

However, targeted deletion of the VGF gene had no influence on the ability of 

monosodium glutamate (MSG) treatment of neonatal mice to increase body 

weight and develop obesity (Hahm et al., 2002). MSG treatment of postnatal 

animals results in a specific pattern of neural degeneration, primarily in the ARC 

(Ebling et al., 1998). The obesity which develops following monosodium 

glutamate is not a result of over-eating (Dolnikoff et al., 2001); but is instead 

associated with increased metabolic efficiency (Djazayery et al., 1978) and high 

levels of corticosterone (Tokuyama and Himms-Hagen, 1989). Furthermore, 

there are decreased glucose transporter protein-4 (GLUT4) (Morris et al., 1998) 

and uncoupling protein mRNA levels in brown adipose tissue (BAT) (Tsukahara 

et al., 1998) in MSG treated mice, both of which suggest an impairment of 

hypothalamic sympathetic output to BAT and therefore a disruption in 

thermogenesis. As VGF-/- fail to develop the obesity associated with MSG 

treatment it suggests these thermogenic pathways, which result in the VGF-/- 

phenotype, are blocked. 

 

Further experimentation with the VGF-/- mouse has shown that VGF is required 

for the development of obesity in the Ay/a agouti mouse, which have a mutation 

which blocks the function of αMSH. The mutation results in an over-expression 

of the agouti protein, which then has excess AgRP-like actions in the 

hypothalamus as it blocks melanocortin receptors (Hahm et al., 2002). Ablation 

of the vgf gene in these mice improved the obese phenotype. However, vgf 

gene ablation on ob/ob mice blocked the hyperphagia and increased body 
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weight due to leptin deficiency, but surprisingly did not prevent the 

development of increased adiposity or decreased body temperature (Hahm et 

al., 2002).  

 

Vgf ablation blocks the development of hyperinsulinemia and hyperglycemia 

that results from high-carbohydrate and high-fat diets, gold thioglucose lesions 

and genetic defects in the hypothalamic melanocortin pathway (Watson et al., 

2005). Firstly, levels of POMC mRNA, which encodes αMSH, were increased in 

VGF-/- mice fed a high calorie diet compared to those fed a regular chow, while 

NPY and AgRP mRNAs were decreased (Watson et al., 2005). VGF-/- mice fed a 

high fat, high carbohydrate diet had increased NPY and AgRP mRNA, and lower 

POMC, than similarly fed wildtype controls. The high calorie diet reversed the 

effect of targeted deletion of the vgf gene, however, the serum levels of leptin, 

insulin or T4 did not increase in VGF-/- mice. Watson et al., (2005) therefore 

proposed plasma glucose, which was increased, may be responsible for the diet 

induced changes in hypothalamic gene expression. Furthermore, glucose 

tolerance was altered in VGF-/- mice – plasma levels increased more slowly in 

VGF-/- mice and while VGF-/- mice appeared more sensitive to insulin injection, 

which subsequently led to a greater and more prolonged decrease in plasma 

glucose (Watson et al., 2005). However, deletion of the VGF gene did not affect 

the distribution of insulin and glucagon in pancreatic islets and lack of glycogen 

reserves prevented a normal counter-regulatory response to insulin induced 

hypoglycaemia in VGF-/- mice.  

 

Watson et al., (2009) demonstrated that homozygous VGF-/- mice on a C57Bl/6J 

background were hypermetabolic with similar locomoter activity levels to 

controls and proposed that mechanisms other than hyperactivity were 

responsible for their increased energy expenditure. Morphological analysis of 

BAT and WAT indicated decreased fat storage in both tissues and changes in 

gene expression were consistent with increased fatty acid oxidation and uptake 
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in BAT, increased lipolysis, decreased lipogenesis and brown adipocyte 

differentiation in WAT. Watson et al., (2009) suggested that increased 

sympathetic nervous system activity in VGF-/- mice may be associated with or 

responsible for alterations in energy homeostasis and fat storage. UCP-1 and -

2 protein levels were up-regulated in VGF-/- mice, as well as mitochondrial 

number and cristae density. Furthermore, VGF-/- mice were cold intolerant 

(Watson et al., 2009).  

  

 

Figure 1.4.5: The VGF-/- mouse (left) with a wildtype littermate (right). Size 

comparison of a typical 4-week old homozygous VGF-/- mouse (left) with a 

wild type littermate (right). VGF-/- are lean, hypermetabolic and hyperactive, 

relatively infertile, with markedly reduced leptin levels and fat stores. They 

also have altered POMC, NPY and AgRP expression (Hahm et al., 1999).  

 

1.4.6 Physiological roles of VGF and VGF derived peptides  

The lean, hypermetabolic and hyperactive phenotype of the VGF-/- mouse 

suggested that VGF and its derived peptides played a critical anabolic role in 

the regulation of energy homeostasis and in the normal animal may control 

energy storage by damping metabolic rate and/or activity (Hahm et al., 1999). 

However, subsequent studies have resulted in an opposing view for VGF and 

its derived peptides. Barrett et al., (2005), Bartolomucci et al., (2006) and 

Jethwa et al., (2007) suggest that VGF mRNA and its derived peptides exert a 
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catabolic affect. One possible explanation is that VGF derived peptides have 

opposing biological effects as was initially proposed for ghrelin and obestatin 

(Zhang et al., 2005). As receptors for the VGF derived peptides have yet to be 

described, and given its widespread expression throughout the body, it is 

possible that a global VGF-/- mouse may produce a confused net phenotype that 

masks the function of the gene and its derived peptides.  

 

1.4.6.1 VGF expression in states of altered energy balance 

In the ARC, there are two populations of neurones whose gene expression 

alters in response to fasting, where VGF is co-expressed; the POMC neurones 

in the lateral ARC and the NPY neurones in the medial ARC. In the fed state, 

VGF mRNA is co-localised with POMC and there is low expression in the NPY 

neurones. This is reversed in the fasted state (Hahm et al., 2002). VGF 

expression is induced by fasting in the mouse, rat and Siberian hamster, in the 

ARC, which also synthesise NPY, as well as AgRP, while decreased in the 

neurones which synthesise POMC, and the derived feeding peptide, αMSH 

(Hahm et al., 2002; Ross et al., 2005; Toshinai et al., 2010). Administration of 

leptin attenuates the increase in VGF mRNA in response to fasting in the mouse 

(Hahm et al., 2002). VGF mRNA levels in the ARC match those of the fasted wild 

type mouse in the leptin deficient ob/ob mouse, as well as in the leptin 

unresponsive db/db mouse. It is suggested that VGF is an enhancer of the 

metabolic state of the animal.  

 

1.4.6.2 VGF in response to season 

Barrett et al., (2005) observed that VGF mRNA is regulated in response to 

season in the Siberian hamster. VGF mRNA is significantly increased in the 

winter catabolic state in the dmpARC, a region of the hypothalamus where a 

number of genes related to retinoic acid, histaminergic and serotoninergic 

signalling (Barrett et al., 2005; Barrett et al., 2006; Ross et al., 2004) have been 

implicated in the change in body weight in response to season. Initial in situ 
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hybridisation analysis showed that the vgf gene had a widespread pattern of 

expression in the brain of the Siberian hamster, with a similar distribution 

pattern to that of the rat (Snyder and Salton, 1998) and mouse (Hahm et al., 

1999). When exposed to SD for 14 weeks, VGF mRNA was increased by 5-fold 

in the dmpARC of Siberian hamsters. However, expression of VGF in the 

reminder of the ARC was higher in LD when compared to SD. The results from 

this study strengthened the view that the dmpARC is an important integrating 

centre mediating photoperiodic response in the Siberian hamster (Barrett et 

al., 2005). This finding, however, was contrary to the findings and phenotype 

of the VGF-/- mouse, which is lean, hypermetabolic and hyperactive (Hahm et 

al., 1999). This may be as a result of global ablation of the VGF gene during the 

course of development and subsequently in the adult.  

 

1.4.6.3 The VGF derived peptide TLQP-21 

In Mice  

The VGF derived peptide TLQP-21 was identified by the Bartolomucci et al., 

(2006) in extracts of the rat brain by immunoprecipitation and microcapillary 

liquid chromatography tandem mass spectrometry, with subsequent database 

searching. Chronic ICV infusion of TLQP-21 (15µg/day for 14 days) in mice fed 

normal lab chow resulted in a small increase in resting energy expenditure and 

rectal temperature. These were paralleled by increased serum epinephrine and 

decreased norepinephrine, both of which were independent of locomotor 

activity and free tri-iodothyronine (T3) and T4 serum levels. BAT-

norepinephrine was increased by TLQP-21 treatment, while WAT-

norephinephrine was inversely correlated with relative WAT/body weight. 

TLQP-21 also increased adrenal gland weight, whereas corticosterone levels 

remained unaffected. Surprisingly, TLQP-21 did not affect food intake or body 

weight; however, WAT/body weight and circulating leptin were slightly 

reduced. The changes in metabolic parameters were mirrored by increased 

epinephrine content in BAT, and up-regulation of BAT β2-adrenergic receptor 

(AR) and UCP-1 mRNA and high expression of WAT peroxisome proliferator-
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activated receptor δ (PPAR-δ) and β3-AR. However, hypothalamic 

neuropeptide gene expression of AgRP, NPY, αMSH, POMC and CRH was 

unchanged by TLQP-21 treatment.  

 

In Mice switched to a High Fat Diet (HFD) 

In mice switched to a HFD for 14 days, treatment with TLQP-21 halted the 

expected increased body weight, associated with an increase in WAT, and 

attenuated the hormonal changes, which results from a HFD (Bartolmucci et 

al., 2006). Despite HFD and standard diet mice consuming similar amounts, 

expressed as kilocalories, and displaying similar levels of activity, TLQP-21 

treated mice displayed unaffected body weight and WAT weight. TLQP-21 

treated mice, subject to a HFD displayed attenuated rises in leptin and a 

normalisation of ghrelin. Subsequent biochemical and molecular analyses 

suggested that TLQP-21 stimulated autonomic activation of the adrenal 

medulla and adipose tissues (Jethwa and Ebling, 2008). These studies 

demonstrated that ICV infusion of TLQP-21 prevented the DIO expected from 

a HFD in mice. Somewhat surprising, however, was that on mice fed a normal 

lab chow, TLQP-21 increased energy expenditure, yet had no effect on either 

food intake or body weight. 

 

Bartolomucci et al., (2009), investigated the effect of chronic ICV infusion of 

TLQP-21 in male Swiss CD1 mice fed a HFD. These fast weight-gaining mice 

treated with TLQP-21 did not see the increases in body weight and epididymal 

WAT expected by a HFD, despite hyperphagia. Furthermore, TLQP-21 

normalised the increase in leptin and decrease in ghrelin, while increasing 

epinephrine and the epinephrine/norepinephrine ratio. Mice treated with 

TLQP-21 also displayed increased epididymal WAT β3-AR mRNA, PPAR-δ and 

hormone-senseing-lipase mRNA – all of which are catabolic markers.  

 



77 
 

The lean, hypermetabolic and hyperactive phenotype of the VGF-/- mouse lead 

to the prediction that VGF derived peptides were anabolic neuropeptides, 

however, chronic ICV infusion of TLQP-21 increased resting energy expenditure 

and rectal temperature, without affecting body weight or food intake. 

Hypothalamic neuropeptide gene expression was also unaffected by treatment 

with TLQP-21 and while the approach was limited, whole hypothalamic semi-

quantitative RT-PCR is not informative of regional gene expression, it is often 

enough to make an evaluation of changes in mRNA. TLQP-21 may act 

downstream of the hypothalamus, in the outflow pathways which project to 

the autonomic nervous system to peripheral metabolic tissues and is therefore 

able to regulate energy homeostasis. 

 

 In Siberian hamsters 

Jethwa et al. (2007) demonstrated that a single ICV infusion of TLQP-21 (5 and 

25 μg) dose dependently decreased food intake over a 24 hour investigative 

period at the onset of the dark phase. The effect occurred within 1 hour post 

infusion and a suppressive effect of the lowest dose was noted when the data 

for the entire 24 hour period was summated. As a result, ICV infusion of TLQP-

21 significantly decreased body weight 24 hours post infusion compared to 

saline controls. No sedation or hyperactivity was observed post infusion and 

despite the alterations in food intake, there was no significant difference in the 

proportion of time Siberian hamsters spent investigating the test meal in the 

first hour post infusion. Whilst the mean baseline oxygen consumption in male 

Siberian hamsters, in the light phase, was slightly higher post TLQP-21 infusion, 

results were not significant. There was no significant effect of TLQP-21 infusion 

on the frequency of meals throughout the 24 hr period, although there was the 

expected, significant effect of time, with the frequency of meals higher in the 

dark phase in both treatment and control groups than in the light phase. There 

was no significant difference in locomoter activity or oxygen consumption, 

except for the expected circadian changes with time, indicating that oxygen 

consumption decreased during the light phase as anticipated when the Siberian 
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hamsters are at rest. There was also no effect on respiratory exchange ratio 

(RER: defined as carbon dioxide production divided by oxygen consumption) 

(Chiang et al., 2010)  

 

Chronic infusion of TLQP-21 (5μg/day) resulted in a sustained decrease in food 

intake and body weight, a reflection of abdominal fat depots (Jethwa et al., 

2007). By day 6, food intake was reduced by 56% in the treatment group 

compared to controls. A pair-fed group, whose food intake was restricted to 

that of the TLQP-21 treatment group, lost similar amounts of weight. 

Therefore, as there was no significant effect of treatment on metabolic 

parameters, the reduction in body weight was assumed a direct effect of 

reduced food intake, rather than increased energy expenditure. The observed 

decrease in body weight in the treatment group was a result of decreased 

adiposity. At day 6, epididymal WAT and paired testes weights were 

significantly reduced in the TLQP-21 treatment group. However, there was no 

significant effect of TLQP-21 treatment on the weights of the pituitary or 

adrenal glands. Hypothalamic gene expression (NPY, AgRP, POMC and CART) 

were unaffected by the chronic ICV infusion of TLQP-21. However, the 

orexigenic neuropeptides were significantly increased in the pair-fed group. 

UCP-1 mRNA expression in BAT was significantly reduced in the TLQP-21 

treatment and pair-fed group. Intraperitoneal injection of TLQP-21 did not 

affect food intake, body weight, behaviour or oxygen consumption (Jethwa et 

al., 2007).   

 

There were no observable differences in oxygen consumption; therefore 

weight loss was attributed to a reduced caloric intake, rather than an increase 

in metabolic rate, as observed by Bartolomucci et al., (2006) in mice. In support 

of this Jethwa et al., (2007) detected a significant decrease in UCP-1 mRNA in 

both the TLQP-21 treated and the pair fed hamsters in BAT. It was suggested 

that this was a compensatory response to reduced caloric intake. Jethwa et al., 
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(2007) hypothesised that the primary role of TLQP-21, a VGF derived peptide, 

was therefore to induce satiety, rather than to increase energy expenditure in 

the Siberian hamster.  

 

In Rats 

Severini et al., (2009), examined the effects of TLQP-21 in vitro by measuring 

smooth muscle contraction in isolated preparations from the rat GI tract, and 

in vivo, by assessing gastric emptying in rats. TLQP-21 dose dependently 

induced smooth muscle contraction of rat longitudinal forestomach strips by 

release of prostaglandin (PG) E2 and PGF2a from the mucosal layer, an effect 

which was antagonised by indomethacin and selective inhibitors of either 

cyclooxygenase-1 or -2. Similarly, TLQP-21 induces contractions of gastric 

fundus strips (Bartolmucci et al., 2006). Interestingly, TLQP-62, AQEE-30 and 

LQEQ-19 failed to evoke contractions and TLQP-21 induced weak and not 

concentration dependent responses on oesophagus, gastric antrum and 

circular forestomach muscle strips, even at much higher concentrations.  

 

TLQP-21 infused via ICV cannulation significantly decreased gastric emptying 

by about 40%, an effect which was blocked by ICV infusion of indomethacin, 

suggesting that TLQP-21 acts within the brain stimulating PG release. The 

results demonstrate that this VGF derived peptide plays a central and local role 

in the regulation of rat gastric motor functions (Severini et al., 2009).  

 

1.4.6.4 The VGF derived peptides neuroendocrine regulatory peptides 

(NERP)-1 and NERP-2 

Neuroendocrine regulatory peptides (NERP)-1 and -2 are distinct regions of the 

neurosecretory protein VGF (see Figure 1.4.2 B) (Toshinai and Nakazato, 2009). 

Human NERP-1 consists of 26 amino acid residues, while NERP-2 comprises 38 

amino acids. The potential cleavage sites for PC are conserved across species. 

Radioimmunoassays using antibodies for the C terminal region of rat NERP-1 
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and -2 detected highly abundant species in the rat hypothalamus (Yamaguchi 

et al., 2007); the magnocellular neurones of the SON and PVN produces strong 

immunostaining of NERP-1 and -2, regions which produce the antidiuretic 

neuropeptide vasopressin and the reproductive neuropeptide oxytocin 

(Yamashita et al., 1983). Immunogold electromicroscopy revealed the 

colocalisation of NERPs and vasopressin in storage granules within the 

magnocellular neurones of both the human SON and PVN. Interestingly, NERP-

1 and -2 circulate in the human plasma (Toshinai and Nakazato, 2009). Water 

deprivation in rats increases VGF mRNA levels in both the SON and PVN, while 

salt loading also increased levels, along with vasopressin mRNA (Mahata et al., 

1993). Taken together, this data suggests that NERP-1 and -2 may be involved 

in the central control of body fluid balance. ICV infusion of hypertonic NaCl or 

angiotensin II increased plasma vasopressin in rats, however this was 

suppressed in a dose-dependent manner in ICV infusion of NERP-1 (NERP-2 had 

a similar, albeit weaker, effect) (Toshinai and Nakazato, 2009). ICV infusion of 

NERP-1 and -2 attenuated the increase in vasopressin as a result of water 

deprivation in rats, while immunoneutralisation via ICV infusion of anti-NERP-

1 and -2 IgG reversed this suppression.    

 

1.5 AIMS AND OBJECTIVES  

Previous studies implicated VGF and its derived peptides in the regulation of 

food intake and body weight (Barrett et al., 2005; Bartolomucci et al., 2006; 

Hahm et al., 1999; Jethwa et al., 2007). The phenotype of the VGF-/- mouse – 

lean, hypermetabolic and hyperactive – suggested an anabolic role for VGF and 

its derived peptides. However, Barrett et al., (2005) noted an increase in VGF 

mRNA in the dmpARC of Siberian hamsters switched to SD, a state which is 

largely catabolic, while Bartolomucci et al., (2006) suggested a role for TLQP-

21 in energy expenditure and Jethwa et al., (2007) suggested a role in the 

control of food intake and body weight. The primary aim of this thesis was to 

investigate the role and regulation of VGF, and its derived peptides, in the 

regulation of energy homeostasis, utilising the Siberian hamster as a model of 
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long-term central control of caloric intake and expenditure and the mouse 

C57BL/6J mouse as a model for studies of diet-induced obesity.  

 

1.5.1 Chapter 3 Objectives 

While the VGF-/- mouse presents a view that VGF acts as an anabolic signal 

(Hahm et al., 1999), data from subsequent studies utilising VGF derived 

peptides in mice and hamsters do not support this (Bartolomucci et al., 2006; 

Jethwa et al., 2007). The VGF derived peptide TLQP-21 was demonstrated to 

reduce food intake in Siberian hamsters (Jethwa et al., 2007), and increase 

energy expenditure in DIO mice (Bartolomucci et al., 2006). It has been 

postulated that TLQP-21 induces satiety in the Siberian hamsters, while it 

stimulates autonomic activation of the adrenal medulla and adipose tissues in 

the DIO mice. Despite the species differences the general consensus is that 

TLQP-21 exerts an overall catabolic action. One possible explanation between 

the differences observed in the functional in vivo studies and those in which all 

VGF production has been ablated may be due to the loss of multiple peptides 

from one large polypeptide which may have opposing effects. Indeed ghrelin 

and obestatin produced from the same pro-peptide have opposing roles (Zhang 

et al., 2005). Thus the aim of the studies presented in this chapter was to 

determine the effects of the VGF derived peptide HHPD-41 (which is produced 

following the cleavage of TLQP-21 from the larger polypeptide TLQP-62, the 

most abundant VGF derived species in the rat brain), on food intake, 

bodyweight and behaviour as well as utilising immunohistochemistry to 

determine sites of action of the two VGF derived peptides.  

 

1.5.2 Chapter 4 Objectives  

A possible explanation for the differences between the functional studies of 

VGF derived peptides (Bartolomucci et al., 2006; Jethwa et al., 2007) and the 

VGF-/- mouse (Hahm et al., 1999), maybe a consequence of global deletion of 

the targeted gene during the course of development and subsequently in the 



82 
 

adult. Alternatively, deletion of several encoded bioactive peptides, with 

opposing effects (as demonstrated in chapter 3), may account for the 

phenotype of the VGF-/- mouse. VGF is expressed and differentially processed 

in a number of neuronal and endocrine tissues, therefore extrapolating the 

findings from the VGF-/- mouse is fraught with difficulties; previous findings 

may not be associated with loss of function in the brain. Thus the aim of the 

studies was to determine the effects of VGF on energy homeostasis following 

chronic up-regulation of the gene (via a recombinant adeno-associated virus 

(rAVV)) in the hypothalamus of Siberian hamsters (in LD and SD) and mice (fed 

a normal and HFD). These studies also assessed the feasibility of a viral 2A 

peptide, an alternative to the internal ribosome entry site (IRES), within a 

nonstandard laboratory species.  

 

1.5.3 Chapter 5 Objectives 

Tissue-specific expression of the vgf gene is controlled by the elements outlined 

in section 1.4.1, in combination with as yet unidentified elements (Levi et al., 

2004). VGF mRNA expression is altered by photoperiod in Siberian hamsters, 

with increased levels observed in the SD in the dmpARC (Barrett et al., 2005). 

However, expression in the reminder of the ARC was higher in LD (Barrett et 

al., 2005; Jethwa et al., 2007). It has recently been postulated that 

hypothalamic thyroid hormone availability plays a key role in the seasonal 

regulation of appetite and bodyweight, since a reduction in the local availability 

of T3 in SD results in hypophagia and weight loss (Murphy et al., 2012). A 

heterodimer of thyroid hormone receptor (TR), retinoic acid receptor (RAR), is 

also significantly reduced in SD, along with components of its signalling 

pathway, namely cellular retinol binding protein 1 (CRBP-1) and cellular retinoic 

acid binding protein 2 (CRABP-2) (Ross et al., 2005). Furthermore retinaldhyde 

dehydrogenase-1 (RALDH-1), which is responsible for the local conversion of 

retinol to retinoic acid, is decreased in the ARC in response to SD in the rat 

(Shearer et al., 2012). Therefore, using the neuronal SH-SY5Y cell line as an in 

vitro model, the studies presented in this chapter investigated the effect of 
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retinoic acid (RA) and triiodothyronine (T3) on endogenous VGF expression and 

the VGF promoter as a mechanism for the observed decrease in VGF expression 

in SD in the hypothalamus as a possible mechanism for the seasonal regulation 

of appetite. Furthermore, having identified a vitamin D response element 

(VDRE) within the VGF promoter the studies investigated whether 1,25-

dihydroxyvitamin D3 (1,25D3), the active metabolite of vitamin D, alters 

endogenous VGF expression and promoter activity. Like T3, 1,25D3’s action is 

exerted by binding, preferentially as a heterodimer with the RXR, to the VDRE 

(Calle et al., 2008). Interestingly, Takeda et al., (1994) demonstrated the 

formation of a complex between VDRE, the active metabolite 1,25D3, RA and 

T3. 
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2 CHAPTER 2 – MATERIALS AND METHODS 
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2.1 INTRODUCTION 

Details of a specific method can be found in the relevant chapter, outlined in 

Table 2 below. 

Chapter 3 

ICV infusion of HHPD-41 

in the Siberian hamster 

Chapter 4 

Over-expression of VGF 

mRNA in the Siberian 

hamster and mouse 

Chapter 5 

A novel regulator of 

promoter and 

endogenous VGF in vitro 

Peptides 

 

Preparation of AAV The SH-SY5Y cell line 

Siberian hamsters 

 

Animals – C57Bl/6J 

Mice 

RNA Extraction 

ICV cannulation and 

infusion 

 

Viral infusion cDNA synthesis 

Palatable diet CLAMS PCR 

Behaviour 

 

Dissection Transfection 

c-Fos 

 

Cryostat Typhoon Trio + 

Statistics In situ hybridisation Development of a 

reporter and promoter 

construct 

 Statistics  

Table 2: The materials and methods of relevant chapters. 
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In chapter 4 the construct for over-expression was tested in the SH-SY5Y cell 

line. This cell line was characterised in chapter 5, where details can be found.  

 

Routine methods are reported below.  

 

2.2 NUCLEIC ACID EXTRACTIONS AND PROCEDURES 

2.2.1 Extraction of total genomic DNA 

Prior to extraction, all plastic and glassware was autoclaved to ensure sterility. 

All solutions were prepared in ribonuclease (RNase) and deoxyribonucleus 

(DNase) free water (molecular biology grade water, Sigma, UK). Total genomic 

DNA extraction was via the DNeasy Blood and Tissue Kit (QIAGEN, UK). Briefly, 

homogenised tissue was treated with proteinase K and incubated at 56oC 

overnight. Proprietary buffer and subsequently 100% ethanol (Fisher Scientific, 

UK) were added and the resultant precipitate was added to a spin column and 

centrifuged at 6000 x g for 1 minute. The flow-through was discarded, 

proprietary buffers were added to the spin column and centrifuged, firstly at 

6000 x g for 1 minute, and secondly at 20000 x g for 3 minutes. The bound DNA 

was eluted via centrifugation at 6000 x g for 1 minute and stored at -80oC.  

 

2.2.2 Phenol: Chloroform extraction 

To extracted or digested DNA/RNA, a 1/10 volume of 3M sodium acetate (pH 

5.5, Sigma, UK) was added. To this solution an equal volume of phenol (pH 8.0, 

Sigma, UK) was added. The mixture was vortexed and spun at 13000 x g for 5 

minutes. The supernatant was transferred, to which an equal volume of 

chloroform (Sigma, UK) and 4μl of isoamyalcohol (Sigma, UK) was added. This 

mixture was vortexed and spun at 13000 x g for 5 minutes. The supernatant 

was transferred and 3 volumes of 100% ethanol were added. The solution was 

spun at 13000 x g for 30 minutes, after which the supernatant was removed 

and discarded. The DNA/RNA pellet was washed with 0.5ml 70% ethanol, spun 
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at 13000 x g for 5 minutes. The supernatant was removed and the step 

repeated to remove residual liquid before air drying of the pellet for 15 minutes 

at room temperature. The pellet was resuspended in 10μl water. 

 

2.2.3 Removal of contaminating DNA 

Prior to experimentation, all extracted total RNAs were treated with RQ1 

DNase (Promega, UK) to remove contaminating genomic DNA. Total RNA (40μl 

as previously resuspended) was incubated with 1U DNase in 5μl of buffer 

comprising 400mM Tris-HCl (pH 8.0, Sigma, UK), 100mM MgSO4 (Sigma, UK) 

and 10mM CaCl2 (Sigma, UK) for 30 minutes at 37oC.  

 

2.2.4 DNA/RNA quality assessment and quantification 

The concentration of DNA/RNA in molecular biology grade water was 

determined spectrophotometrically using the Nanodrop system (Thermo 

Scientific, UK). Before measurements were taken the instrument was blanked 

using water as a standard. Measurements were taken at 260nm for nucleic acid 

and at 280nm for proteins. The ratio of these two measurements was 

calculated and a ratio of 1.8 – 2.0 nucleic acid to protein was deemed 

acceptable. DNA/RNA integrity was determined by agarose gel electrophoresis 

(see section 2.2.5).  

 

2.2.5 Agarose gel electrophoresis 

PCR amplicons, extracted DNA and RNA were routinely resolved by agarose gel 

electrophoresis. The percentage concentration of the agarose gel utilised was 

dependent on the size of the fragments resolved. 0.8% (w/v) agarose gels were 

used to resolved DNA and RNA extractions and larger PCR amplicons (≥ 1Kb). 

For smaller PCR fragments, 1.2% agarose gels were used. Agarose (Melford, 

UK) was prepared in 50ml TAE buffer (Thermo Scientific, UK), heating to boiling 

point in a laboratory microwave and stirred to ensure that the agarose had 

dissolved. Once the solution had cooled to around 50oC, the gel was poured 
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into a gel former (BioRad, UK) with the corresponding gel comb. The gels were 

then allowed to solidify at room temperature. Samples (generally 5µl) were 

combined with 1µl loading dye (Promega, UK) and loaded onto the gel. Samples 

were electrophoresed at 90 volts for 60 minutes, followed by staining in 

ethidium bromide (0.5µg/ml, Sigma, UK) for 30 minutes. Gels were visualised 

under a UV light source and images were captured using the GelDoc 2000 

(BioRad, UK) with associated software. DNA markers (DNA ladder 1Kb, 100bp 

as appropriate, Promega, UK) were included in all runs to delineate the size of 

DNA electrophoresed.  

 

2.3 CLONING 

2.3.1 PCR amplicon clean-up 

Where indicated, PCR amplicons were purified from contaminating reactants 

(primers, nucleotides and buffers) using GenElute column-based technology 

(Sigma, UK) prior to cloning. Briefly, PCR amplicons were bound to the silica 

spin column, washed in proprietary solution, and eluted in 50µl of molecular 

biology grade water. Products were used immediately.  

 

2.3.2 pGEM T-Easy Vector cloning of PCR amplicons 

Purified amplicons were cloned using the pGEM T-Easy vector system 

(Promega, UK). 5µl rapid ligation buffer, 1µl pGEM T-Easy vector, X ng amplicon 

(determined in section 2.3.3) and 3U of T4 ligase were mixed well and 

incubated at RT for 1 hour.  

 

2.3.3 Ligation 

The PCR amplicons were ligated at a molar ratio of 3:1 insert: vector to enhance 

the likely number of transformants. The amount of PCR product (X) to add was 

calculated as follows: 
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Insert (ng) = [Vector (ng) x Insert (Kb) / Vector (Kb)] x Insert / Vector molar 

ratio 

 

The calculated amounts of insert and vector were added to the appropriate 

volume of manufacturer’s buffer (Promega, UK) and 3U of DNA ligase 

(LigaFastTM Rapid DNA Ligation System, Proemga, UK)). The reaction was 

incubated at 15oC overnight.  

 

2.3.4 Transformation 

2.3.4.1 JM109 cells 

Following ligation, the solution of vector and insert was transformed into 

competent Escherichia coli (E.coli) JM109 cells (Promega, UK). Briefly, 

competent cells were thawed on ice, before the addition of 20ng per microlitre 

plasmid DNA. The reaction was maintained on ice before a 90 second heat-

shock at 42oC. 800μl of LB (Sigma, UK) was added to the cells, which were 

incubated at 37oC for 30 minutes. The cells were centrifuged, resuspended in 

200μl of LB and plated immediately on LB/agar plates containing the 

appropriate antibiotic (at 50μg/ml) and incubated for 37oC for 16 hours. 

 

2.3.4.2 SURE 2 Supercompetent cells 

Replicating eukaryotic DNA in prokaryotic cells can be problematic, as genes 

may contain inverted repeats or secondary structures, such as Z-DNA, which 

can be rearranged and/or deleted by E.coli DNA repair systems. The SURE 2 

Supercomptent cells (Agilent Technologies, UK) are deficient in the E.coli genes 

involved in the rearrangement and deletion of DNA. SURE 2 cells are 

kanamycin, tetracycline and chloramphenicol resistant and are grown in NZY+ 

broth containing the following supplements: 12.5ml of 1M MgCl2, 12.5ml 1M 

MgSO4 and 20ml 20% glucose. Transformation proceeded as per JM109 cells 

(METHOD 2.3.4.1), with the addition of 2μl β-ME (as per the manufacturer’s 
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instructions, supplied by Agilent Technologies, UK) and NZY+ medium replacing 

LB and appropriate antibiotic. A higher concentration of plasmid DNA (50ng per 

microlitre) was required.  

 

2.3.5 Plasmid miniPrep 

Plasmid mini-preparations were carried out using the GenElute Plasmid Mini-

Prep Kit (Sigma, UK). Plasmid DNA was eluted in 100μl of molecular grade 

water. All plasmid DNA was stored at -20oC. An overnight suspension culture 

(3ml LB + appropriate antibiotic) of E.coli was purified by centrifugation and 

subsequent resuspension for lysis, neutralisation and washing, before elution.   

 

2.3.6 Plasmid maxiPrep 

Plasmid maxi-preparations were carried out using the GenElute Plasmid Maxi-

Prep Kit (Sigma, UK). Plasmid DNA was eluted in 500μl of molecular grade 

water. All plasmid DNA was stored at -20oC. An overnight suspension culture 

(150ml of LB + appropriate antibiotic) of E.coli was purified by centrifugation 

and subsequent resuspension for lysis, neutralisation and washing, before 

elution.   

 

2.3.7 Glycerol stocks 

Starter cultures, those grown at 37oC for 6 hours in 3ml LB plus appropriate 

antibiotic, were combined with 3ml of 60% glycerol (Sigma, UK) of create a 

glycerol stock, which were stored at -80oC.  

 

2.3.8 Restriction enzyme digestion of DNA 

All restriction endonuclease (RE) digestion restrictions were carried out in 

accordance with the manufacturer’s instructions (New England Biolabs and/or 

Promega, UK). Purified plasmid DNA was added to a reaction mixture 

containing 1μl of manufacturer’s buffer, 1μg bovine serum albumen (BSA) (if 
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required), 0.5U RE and water to 10μl. Reactions were incubated at 37oC for 2 

hours, followed by a 15 minute enzyme inactivation step at 65oC.  

 

2.3.9 DNA sequencing 

Plasmid DNA was purified by mini- or maxi-prep (sections 2.3.5 and 2.3.6 

respectively), its concentration determined spectrophotometrically (via 

Nanodrop, section 2.2.4), diluted to 50ng/µl and submitted to Source 

BioScience, LifeSciences, UK, for bi-directional sequencing using the described 

oligonucleotide primers targeting the inserted sequence or utilising the T7 

promoter sequences within the vector. This latter method allowed for 

sequencing across the cloning boundary, ensuring the full insert sequence was 

present and in the correct orientation.  

 

2.4 SUBCLONING 

2.4.1 Alkaline phosphatase treatment 

Calf intestinal alkaline phosphatase (Promega, UK) catalyses the hydrolysis of 

5’-phopsphate groups from DNA and RNA. Post-RE digestion, plasmid DNA was 

treated with alkaline phosphatase to prevent recircularisation of linearised 

plasmid DNA without insert. Briefly, alkaline phosphatase was diluted in 

propriety reaction buffer to a final concentration of 0.01units/µl. Each 

picomole of DNA required 0.01U of alkaline phosphatase (1µg of 1000 bp DNA 

= 1.52pmol DNA = 3.03pmol of ends). Purified DNA was incubated with the 

aforementioned enzyme at 37oC for 30 minutes, after which another aliquot of 

diluted alkaline phosphatase was added and incubated at 37oC for 30 minutes. 

300µl of propriety stop buffer was then added to the reaction, which was 

subsequently purified (section 2.3.1).  

 

2.5 ANIMALS 

All animal procedures were carried out in accordance with the UK Animals 

(Scientific Procedures) Act 1986 (under Project License PPL 40/3068 193b, 
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Personal License PIL 40/9973). All animal procedures were approved by the 

University of Nottingham Local Ethical Review Committee. 

 

2.5.1 Siberian hamsters 

Experimental Siberian hamsters (Phodopus Sungorus) were obtained from an 

in house colony, maintained at the University of Nottingham Biomedical 

Services Unit (BMU) (Ebling, 1994). All animals were housed at 20 ± 2oC and 

40% humidity. Animals were fed ad libitum to a standard laboratory chow diet 

comprising 23% protein (3.17kj/g), 55% carbohydrate (7.59 kj/g), 22% fat 

(3.03kj/g) (Teklab no. 2019, Harlan Laboratories). Animals under long day (LD) 

conditions were housed in 16h light: 8h dark with lights off at 11:00 GMT, 

whereas those in short days (SD) conditions were exposed to 8h light: 16h dark 

with lights off maintained at 11:00 GMT. Body weight and food intake were 

measured three times a week. Pelage, on entry into SD, was measured once a 

week – scale 1-4 – where 4 represented a full summer LD brown coat and 1 

represented a full winter (SD) white coat (Duncan and Goldman 1984).  

 

2.5.2 C57BL/6J Mice 

Experimental C57BL/6J male mice (Mus musculus) were supplied by the 

University of Nottingham BMU. They were maintained in individual cages 

under a 12:12 hr light/dark cycle (lights on 07:00) and controlled temperature 

(21 ± 1oC) with ad libitum access to food and water. The diet was a standard 

lab chow consisting of 19% protein, 45% carbohydrate and 9% fat (2019S 

Teklad Global diet, Harlan Laboratories) unless otherwise stated. Body weight 

and food intake were measured three times a week. The high fat diet (HFD), 

which was fed ad libitum, was a standard high fat diet comprising 20% protein 

(3.53 kj/g), 35% carbohydrate (6.18 kj/g) and 45% fat (7.95 kj/g) (D12451, New 

Brunswick, New Jersey, USA).  
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3 Chapter 3 – THE VGF DERIVED PEPTIDES HHPD-41 AND 

TLQP-21 HAVE DIFFERENTIAL EFFECTS ON FOOD 

INTAKE IN SIBERIAN HAMSTERS.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



94 
 

3.1 THE ROLE OF VGF IN THE REGULATION OF ENERGY 

HOMEOSTASIS  

3.1.1 VGF null mouse 

VGF was first implicated in the regulation of energy homeostasis following the 

development of C57BL/6 VGF-/- mice, in which the VGF gene sequence was 

deleted via homologous recombination (Hahm et al., 1999). VGF-/- mice were 

lean, hypermetabolic (with increased oxygen consumption and carbon dioxide 

production, VO2 and VCO2 respectively) and hyperactive, and despite 

significantly increased food intake had relatively low bodyweight compared to 

wild-type littermates (Hahm et al., 1999) (for a detailed discussion see section 

1.4.4).  

 

This prompted the hypothesis that VGF, and its derived peptides, play a non-

redundant role in the regulation of energy homeostasis, that its derived 

peptides are anabolic and antagonism of the gene may constitute a basis for 

the treatment of obesity (Hahm et al., 1999). Furthermore, Hahm et al., (2002) 

reported that VGF-/- mice were resistant to the development of obesity from 

selected environmental factors and genetic (see section 1.4.5).  

 

3.2 VGF EXPRESSION IN ALTERED ENERGY BALANCE  

3.2.1  In response to fasting  

In neurones which synthesise NPY and AgRP in the ARC, VGF expression is 

induced by fasting in the mouse, rat and Siberian hamster, while decreased in 

the neurones which synthesise POMC, and the derived feeding peptide, αMSH 

(Hahm et al., 2002; Ross et al., 2005; Toshinai et al., 2010) (see section 1.4.6.1). 

Similarly, NPY is increased following a period of starvation, inducing 

hyperphagia; these increases however are attenuated by treatment with leptin 

(Stephens et al., 1995). In the mouse, the increase in VGF mRNA in response to 

fasting was attenuated by the administration of leptin (Hahm et al., 2002).  
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3.2.2  In response to season in the Siberian hamster 

In the Siberian hamster, VGF mRNA was significantly increased in the winter 

catabolic state in the dmpARC, a region of the hypothalamus where a number 

of genes related to retinoic acid, histaminergic and serotoninergic signalling 

(Barrett et al., 2005; Barrett et al., 2006; Ross et al., 2004) have been implicated 

in the change in body weight in response to season. However, expression of 

VGF across the remainder of the ARC was higher in LD (see section 1.4.6.2).  

 

3.3 VGF POLYPEPTIDE 

The VGF polypeptide is a 68kDa pro-peptide, selectively processed into 

multiple small peptides in a tissue specific manner in neuroendocrine and 

neuronal cells (Levi et al., 2004, see Figure 1.4.2 B) (for structure of the VGF 

polypeptide see section 1.3.2, for expression of the VGF derived peptides see 

section 1.4.3.2). VGF is localised and regulated in a manner benefiting a gene 

which controls energy homeostasis, and the studies presented in this chapter 

(and subsequent chapters) have been undertaken to further determine its 

action.  

 

3.3.1 Roles of VGF derived peptides 

3.3.1.1 TLQP-21 

The proposed anabolic role for VGF and its derived peptides was not, however, 

supported by subsequent studies. Experiments with TLQP-21, a VGF derived 

peptide, demonstrated an opposing role in the regulation of food intake and 

energy expenditure in the Siberian hamster and mouse respectively 

(Bartolomucci et al., 2006; Jethwa et al., 2007) (see 1.3.6.3 AND Table 3.3.1.1). 

In rats, ICV infusion of TLQP-21 was demonstrated to decrease gastric emptying 

(Severini et al., 2009). A result which indicates that VGF derived peptides plays 

a central role in the regulation of gastric motor functions (see 1.3.6.3).  
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VGF Method Effects on 

food 

intake 

Effects on 

body 

weight 

Effects on 

energy 

expenditure 

Effects on 

behaviour 

VGF VGF-/- mice 

(Hahm et al., 

1999)  

↑ (gram 

body 

weight) 

↓ ↑ VO2 

consumption 

and VCO2 

production 

Hyperactive 

 
 
 

TLQP-

21 

ICV infusion in 

mice 

(Bartolomucci 

et al., 2006) 

Unaffected Unaffected ↑ at rest Unaffected 

TLQP-

21 

ICV infusion 

in Siberian 

hamsters 

(Jethwa et al., 

2007) 

↓ ↓ Unaffected ↓meal size 

Table 3.3.1.1: The contrasting findings of VGF-/- mice (Hahm et al., 1999) and 

subsequent ICV infusion studies with the VGF derived peptide TLQP-21 in 

mice (Bartolomucci et al., 2006) and Siberian hamsters (Jethwa et al., 2007).  

 

3.3.1.2  Neuroendocrine regulatory peptide-1 and -2 (NERP-1 and -2) 

Neuroendocrine regulatory peptides (NERP) -1 and -2 are distinct regions of the 

neurosecretory protein VGF (Toshinai and Nakazato, 2009). They are a highly 

abundant species in the rat hypothalamus (Yamahuchi et al., 2007) and the 

magnocellular neurones of the SON and PVN. Furthermore, NERP-1 and -2 

circulate in the human plasma (Toshinai and Nakazato, 2009) (see 1.3.6.4). 

 

Therefore building upon the previous studies it was hypothesised that VGF 

derived peptides have opposing effects on energy homeostasis and possibly 

have alternative mechanisms of action. For example, TLQP-21 and HHPD-41 

(which comprise the larger, and most abundant, VGF derived peptide TLQP-62) 

may act upon different subsets of neurones (or receptors) within the 



97 
 

hypothalamus. Global blockade of VGF, as observed in the VGF-/- mouse, may 

obscure the particular actions of VGF derived peptides in specific brain areas 

or be detrimental to development. In order to investigate further the role of 

VGF and its derived peptides in the regulation of food intake, behaviour, and 

subsequently, body weight, we utilised the Siberian hamster (discussed in 

section 1.3.1) and HHPD-41, which is produced following the cleavage of TLQP-

21 from the larger polypeptide TLQP-62.  

 

3.4 AIMS AND OBJECTIVES  

While the VGF-/- mouse suggests that VGF acts as an anabolic signal (Hahm et 

al., 1999), data from subsequent studies utilising VGF derived peptides do not 

support this. Indeed the VGF derived peptide, TLQP-21, was reported to reduce 

food intake in Siberian hamsters (Jethwa et al., 2007), and increase energy 

expenditure in diet induced obese (DIO) mice (Bartolomucci et al., 2006), while 

decreasing gastric emptying in rats (Severini et al., 2009). It has been 

postulated that TLQP-21 induces satiety in the Siberian hamster, while it 

stimulates autonomic activation of the adrenal medulla and adipose tissues in 

the diet induce obese (DIO) mice (Bartolomucci et al., 2006; Jethwa et al., 

2007). Despite these differences in mechanisms between species, the general 

sense is that TLQP-21 exerts an overall catabolic action. One possible 

explanation for the differences observed between the in vivo peptide studies 

and those in which all VGF production has been ablated may be due to the loss 

of multiple peptides from one large polypeptide which may have opposing 

effects. Indeed ghrelin and obestatin are produced from the same pro-

polypeptide but have opposing roles (Zhang et al., 2005). Thus the aim of the 

studies presented in this chapter was to determine the effects of the VGF 

derived peptide HHPD-41 on food intake, bodyweight and behaviour as well as 

utilising immunohistochemistry to determine sites of action of the two VGF 

derived peptides.   
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3.5 MATERIALS AND METHODS 

3.5.1 Peptides  

TLQP-21 was synthesised on an Applied Biosystems (Foster City, USA) model 

433 synthesiser using FastMocTM protocols, according to manufacturer’s 

recommendations. All synthesis reagents were from Applied Biosystems or 

Novabiochem (Nottingham, UK). 5-carboxyfluorescein was coupled to the N-

terminus of the resin bound peptide with no changes to the synthesis protocol. 

Cleavage and deprotection reactions were performed in trifluoroacetic acid 

(Applied Bioscience, Foster City, USA)/tri-isopropyl saline (Sigma, UK)/water 

(Fischer Biosciences, UK) in a ratio of 95:2.5:2.5 (v/v) at room temperature for 

2 hours. The mouse amino acid sequence NH2-TLQPPASSRRRHFHHALPPAR-OH 

was used. HHPD-41 was similarly synthesised and supplied by Bio-Synthesis Inc. 

(Lewisville, USA) using the amino acid sequence NH2-

HHPDLEAQARRAQEEADAEERRLQEQEELENYIEHVLLHRP-OH according to the 

mouse sequence. 

 

3.5.2 Siberian hamsters 

Details of the UK Animals (Scientific Procedures) Act 1986, Project and Personal 

Licenses can be sound in section 2.5. Details of the experimental colony of 

Siberian hamsters can be found in section 2.5.1.  

 

3.5.3 ICV Cannulation and infusion 

Animal surgical procedures and handling were carried out as previously 

described (Jethwa et al., 2007; Schuhler et al., 2003; Schuhler et al., 2004; 

Stewart et al., 2003). Siberian hamsters were anaesthetised by an 

intraperitoneal (i.p.) injection of a mixture of ketamine (Vetalar 100mg/kg i.p., 

Forte Doge Animal Health Ltd, Southampton, UK) and medetomidine (Dormitor 

1mg/kg i.p., Pfizer Ltd, Kent, UK) in a ratio of 1:4. While anaesthetised (prior to 

commencement of surgery) Siberian hamsters received a subcutaneous (s.c) 

injection of carprofen (Rimadyl 50mg/kg s.c., Pfizer, Kent, UK) to maintain 
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analgesia. Animals were placed in a stereotaxic frame (David-Kopf Instruments, 

supplied by Clark electromedical Instruments, Reading, UK) with the incisor bar 

positioned level with the interaural line. Using the sutures confluence bregma 

as a landmark, a small hole was drilled on midline. The dura mater was pierced 

just lateral to the mid-sagittal sinus and a permanent 22-guage guide cannula 

(Plastic One VA, USA supplied by Bilaney Consultants Ltd, Sevenoaks, Kent, UK) 

was stereotactically implanted into the third ventricle 6.5mm below the 

surface of the dura after deflection of the superior midsagital sinus. Two 

stainless steel screws (Fastenright Ltd, Wolverhampton, UK) were inserted 

into the cranium and the cannula was fixed to this using Permacem Smartmix 

refill (Henry Schein, Kent, UK). An obturator was inserted into the guide cannula 

to maintain patency. After surgery, the hamsters received a s.c. injection of 

atipamezole (Antisedan 1mg/kg s.c., Pfizer, Kent UK) to reverse the anaesthesia 

and were rehydrated by an i.p. injection of 0.9% sodium chloride 

(0.5ml/hamster). The surgically-prepared hamsters were allowed a seven day 

recovery period during which they were handled on a daily basis and received 

daily s.c. injection of analgesia (Rimadyl 50mg/kg, s.c., Pfizer, Kent, UK) and had 

access to a palatable diet consisting of soaked Teklab diet (see section 2.5.1) 

supplemented with a sunflower seed. Hamsters were habituated to the 

experimental process by a control vehicle infusion (1 l of 0.9 % saline) prior to 

the onset of the study. Studies on the same set of animals were performed with 

a minimum of seven days between study days as a wash out period. 

 

All infusions (1 l total volume) were performed on conscious, free-moving 

hamsters. Substances were administered via a stainless steel injector (Plastic 

One VA, USA supplied by Bilaney Consultants Ltd, Kent, UK) placed in the 

cannula with the tip of the injector projecting 0.5mm below the cannula. The 

injector was connected by polyethylene tubing (inside diameter 0.1mm; 

outside diameter 0.5mm) to a 10µl Hamilton Syringe gas-tight syringe (VWR, 

Leicestershire, UK) set to dispense at a rate of 1 l/min. The tubing was filled 

with saline and a 1µl air bubble was drawn up to separate the saline and the 
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test substance. All substances were dissolved in 0.9% saline and administered 

in a volume of 1µl. The injection was given over 1 minute and the injector kept 

in position for a further 3 minutes to ensure diffusion. The cannula stylet was 

replaced immediately after withdrawal of the infusion cannula and the animals 

were returned to their home cages. 

 

3.5.4 Palatable diet 

Before infusion, lab chow was removed from the hopper and replaced by a pre-

weighed amount of palatable diet (soaked Teklab diet) inside the home cage. 

To estimate the reduction in weight of the test meal through water 

evaporation, three pre-weighed dishes also containing wet Teklab diet pellets 

were placed in control cages alongside the experimental hamster cages. The 

calculation of the food intake at any given time by each hamster included the 

deduction of the average evaporation of water of the three control cages. 

 

3.5.5 Determining the optimum working dose of HHPD-41  

Previously, ICV infusion of 5 and 25μg of TLQP-21 was shown to reduce food 

intake and body weight in Siberian hamsters (Jethwa et al., 2007). To determine 

the working dose for HHPD-41, male Siberian hamsters (n = 4) received either 

a single infusion of saline or the VGF-derived peptide HHPD-41 (5 or 25 μg) in a 

pseudorandom order so that each animal acted as its own control over the 

course of 4 weeks. Infusions were carried out shortly before light outs (1100 

h). Following the infusion, hamsters were observed in their home cages and 

offered a pre-weighed amount of the palatable diet. Food was re-weighed at 

1, 2, 4, 6 and 24 hour post-infusion, while body weight was measured 24 hours 

post infusion using a Fisher Scientific FP-300 series balance (Fisher Scientific 

Ltd, Leicester, UK). On each experimental occasion, the behaviour of each 

hamster was monitored in its home cage for 5 seconds in every minute for one 

hour after lights off. Behaviour was classified into 5 categories - feeding, 

locomotion, grooming, drinking and inactive (definitions are based on Halford 

et al., 1998) - in this study (Table 3.5.5). 
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Behaviour Description 

Feeding Observed to be investigating / eating 

the test meal of palatable chow  

Drinking hamster at / drinking from water bottle 

Grooming hamster grooming 

Locomotion ambulatory, climbing on cage bars, 

burrowing, rearing 

Inactive  hamster at rest /sleeping  

Table 3.5.5: The five behavioural categories of the Siberian hamster used in this 

study. Behaviour as defined by Halford et al., (1998), were scored, as described in 

3.5.5.  

 

3.5.6 The effects of ICV infusion of HHPD-41 on food intake, bodyweight 

and behaviour 

Once a working dose of HHPD-41 was established, a second group of Siberian 

hamsters (n = 8) received either a single infusion of saline, the VGF derived 

peptide HHPD-41 (5µg) or TLQP-21 (5µg) in a pseudorandom order, so that 

each animal acted as its own control over the course of 3 weeks. Food intake 

was monitored as previously described. 

 

3.5.7 Investigating the site of action of HHPA-41 and TLQP-21  

At the onset of the dark phase, Siberian hamsters were euthanized by injection 

of pentobarbital sodium (Euthantal; Rhone Merieux, UK) and transcardially 

perfused with 0.01M phosphate buffered saline (PBS) (pH 7.2), followed by 4% 

paraformaldehyde in 0.1M PBS (pH 7.2). The skull was removed and the frontal 

lobes lifted to reveal the optic chiasma. The optic chiasma nerves were cut and 

the whole brain was immediately removed and placed in 4% paraformaldehyde 

overnight and then washed and stored in to 0.01M PBS. The dorsal section of 

the brain was notched for the purposes of identification/orientation and the 

brain mounted on a platform using phosphazene base P4-t-optimal cutting 
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temperature (OCT) (Sigma, UK) with the optic nerve facing the blade. Twenty 

micrometer sections were cut using a freezing microtome from the optic 

nerve/chiasm through to the substantia nigra. Sections were stored in anti-

freeze at -20oC. For immunohistochemistry, free floating sections (20 μm thick) 

were immersed in blocking solution (1% wt/vol bovine serum albumin (BSA), 

0.2% Triton X in PBS) for 1 hour at room temperature. Sections were incubated 

overnight at 4oC with the primary antibody DCH-1 (1: 4000, buffer; 0.5 g BSA in 

50 ml PBS, 150 μl Triton X, 0.01% sodium azide). Sections were subsequently 

incubated with biotinylated anti-rabbit IgG antibody (0.5g BSA in 167ml PBS, 

167μl Triton X, 1:4000 antibody) for 1 hour at room temperature, followed by 

incubation with Avidin-Biotin (0.5 g BSA in 167 ml PBS, 167 μl Triton X, 1:4000 

antibody) for 1 hour at room temperature. The sections were washed twice 

with 0.01M PBS before reaction with 3,3’-diaminobenzidine (DAB) solution (10 

mg DAB in 20 ml PBS, 6.6 μl 30% H2O2) for 5 minutes at room temperature. The 

sections were washed twice in PBS before being mounted on slides, air dried, 

dehydrated with ethanol and histoclear before coverslipped with DPX (Sigma, 

UK). Brain sections were always stained in groups containing sections of each 

treatment, so that intra-assay variation would not cause systematic group 

differences. We investigated different hypothalamic nuclei identified on the 

basis of the stereotaxic mouse brain atlas: ARC, dmpARC, PVN, DMN and VMN. 

We selected these sites because their involvement in food intake has been 

established (Olsxewki et al., 2008). Pictures from slices were obtained by optic 

microscope then transferred to a PC for image capture, using the Image Pro 4 

software. 

 

3.5.8 Statistics 

GenStat (14th Edition, VSN International, London, UK) was used to determine 

the sample size for the in vivo experimentation. The software calculates the 

power (probability of detection) and the replication (sample size) required to 

detect an effect of treatment. In these studies, each animal acted as its own 

control to reduce the impact of inter-subject variability and to reduce the total 
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number of animals required to achieve the objective of the study. Power 

analyses are not considered suitable to assess group sizes for studies with a 

repeated measure design (Rosner, 2006). However, by assuming that the 

treatment groups were independent, and that HHPD-41 would produce a 

similar effect as TLQP-21, and if we desire a level of significance to be at least 

5% (p equal to or less than 0.05) and a power of 80%, using the software a 

minimum group size of 4 is required for the dose response study and 8 in the 

acute study.  

 

Descriptive statistics (means and standard error mean (SEM)) were generated 

using PRISM (Prism 6.0, GraphPad, San Diego, USA). Body weight and home 

cage food intake data were analysed using one way analysis of variance 

(ANOVA) with repeated measures and Bonferroni tests for post-hoc 

comparisons (Prism 6.0, GraphPad) unless otherwise stated. Data from the 

behavioural observations were compared using the non-parametric Kruskal-

Wallis test.  
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3.6 RESULTS 

3.6.1 Determining the optimum working dose of HHPD-41  

The ICV infusion of HHPD-41 at the onset of the dark phase dose-dependently 

increased food intake 1 hour post infusion [0-1 h; saline, 0.22 ± 0.06g; HHPD-

41 5µg, 1.03 ± 0.30g; HHPD-41 25µg, 1.28 ± 0.30g] (one way ANOVA F = 4.44, p 

< 0.05 vs. saline] (see Figure 3.6.1. A). However, this effect of increased food 

intake did not persist beyond this time point. There was a trend towards a 

suppressive effect of HHPD-41 at 6-24 hours (see Figure 3.6.1. E) [6-24h; saline, 

5.64 ± 1.83g; HHPD-41 5μg, 1.18 ± 0.82g; HHPD-41 25μg, 1.44 ± 0.24g] (one 

way ANOVA F = 2.91, p = 0.09). When the data for the entire 24 hour period 

post infusion was summated, a significant suppressive effect of HHPD-41 was 

apparent [0-24h; saline, 7.06 ± 2.27g; HHPD-41 5μg, 2.41 ± 1.21g; HHPD-41 

25μg, 4.03 ± 1.67g] (two way ANOVA repeated measures, interaction F = 3.50, 

p < 0.01) (see Figure 3.6.1. F). However, there was no effect on bodyweight 

over the 24 hour period (one way ANOVA F = 2.68, p = 0.11) (see Figure 3.6.1. 

F). 

 

The number of observations made for each defined behaviour was calculated 

and expressed as a percentage of the total number of observations in 1 hour 

post infusion of HHPD-41 or saline into the third ventricle. No sedation or 

hyperactivity was observed after ICV infusion of the VGF derived peptide 

HHPD-41 (5 or 25μg) when compared to saline controls. Despite the increase 

in food intake in the first hour after 5 and 25 μg HHPD-41 infusion, there was 

no significant difference in the proportion of time that the hamsters were 

observed to be investigating or eating the test meal. There were no adverse 

behaviours observed in any group (see Figure 3.6.1 H). 
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Figure 3.6.1: Effects of acute ICV infusion of the VGF derived peptide HHPD-

41 on food intake, body weight and behaviour. Ad libitum fed male Siberian 

hamsters received a single 1 μl ICV infusion of either saline or HHPD-41 (5 or 

25 μg) in a pseudorandom order so that each animal acted as its own control. 

Food intake was measured 0-1 h (A), 1-2 h (B), 2-4 h (C), 4-6 h (D), 6 -24 h (E) 

and 0-24 h (F) post infusion. Body weight was measured 24 hours post 

infusion (G). Behaviour was measured 1 hour post infusion (H), as defined by 

Halford et al., (1998). Bars are expressed as mean + SEM (n =4). Significance 

values are as indicated * p < 0.05, **p < 0.01. 
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3.6.2 The effects of ICV infusion of HHPD-41 on food intake and 

bodyweight 

The ICV infusion of HHPD-41, at the onset of the dark phase, significantly 

increased food intake 1 hour post infusion in Siberian hamsters [0-1h; saline, 

0.36 ± 0.07g; HHPD-41 5µg, 0.99 ± 0.22g p < 0.05 vs. saline; TLQP-21 5µg, 0.46 

± 0.12g p < ns vs. saline] (see Figure 3.6.2. A). However, this effect did not 

persist beyond this time point, where treated animals consistently ate less than 

saline treated animals (see Figure 3.6.2. B-D). There was a significant 

suppressive effect of HHPD-41 at 6-24 hours [6-24h; saline, 10.19 ± 1.92g; 

HHPD-41 5µg, 5.09 ± 1.15g; TLQP-21 5µg, 5.30 ± 1.05g] (one way ANOVA F = 

4.09, p < 0.05) (see Figure 3.6.2. E). When the data for the entire 24 hour period 

post infusion was aggregated, there was a significant suppressive effect of 

HHPD-41, was once more apparent [0-24h; saline, 13.58 ± 2.32g; HHPD-41 5µg, 

8.91 ± 1.03g; TLQP-21 5µg, 8.03 ± 0.80g] (one way ANOVA F = 7.78, p < 0.05) 

(see Figure 3.6.2. F). This was also true for TLQP-21 (one way ANOVA F = 8.45, 

p < 0.04) (see Figure 3.6.2. F). However, food intake from the hopper 24 hours 

post infusion in HHPD-41 treated Siberian hamsters was akin to that of controls 

(24-48 h; saline 3.99 ± 0.33 g; HHPD-41 3.48 ± 0.47 g; TLQP-21 3.75 ± 0.21 g; p 

= 0.48). The ICV infusion of HHPD-41 at the onset of the dark phase had no 

effect on body weight (one way ANOVA F = 2.68, p = 0.64) (see Figure 3.6.2. G).  
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Figure 3.6.2: Effects of acute ICV infusion of the VGF derived peptides HHPD-

41 and TLQP-21 on food intake. Ad libitum fed male Siberian hamsters received 

a single 1μl ICV infusion of either saline, HHPD-41 or TLQP-21 (5 μg) in a 

pseudorandom order so that each animal acted as its own control. Food intake 

was measured 0-1 h (A), 1-2 h (B), 2-4 h (C), 4-6 h (D), 6 -24 h (E) and 0-24 h (F) 

post infusion. Body weight was measured 24 hours post infusion (G). Bars are 

expressed as mean + SEM. Significance values are as indicated: *, p < 0.05 (n 

=8).  
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3.6.3 c-Fos 

Immunohistochemsitry for c-fos, a marker of neuronal activation, revealed 

HHPD-41 and TLQP-21 increased FOS immunoreactivity in the arcuate nucleus 

(ARC), paraventricular nucleus (PVN) (see Figure 3.6.3) and ventromedial 

hypothalamic nucleus (VMN) when compared to saline treated controls. 

Furthermore c-fos is increased in the area referred to as the dorsomedial 

posterior ARC (dmpARC) (Morgan et al., 2006). However, there was no 

discernible difference following infusion of HHPD-41 or TLQP-21.  
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Figure 3.6.3: Neuronal activation, indicated by c-fos expression, in the PVN of 

Siberian hamsters treated with saline (A), HHPD-41 (B) or TLQP-21 (C). 

Immunohistochemistry on perfused LD Siberian hamster brain sections with a 

c-Fos antibody (dark brown) in the region of the PVN. Expression was increased 

in Siberian hamsters treated with the VGF derived peptides HHPD-41 and TLQP-

21 versus saline control. However, no discernible difference in expression was 

observed following infusion of HHPD-41 or TLQP-21. Scale bars (100 and 20μm 

respectively).  
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3.7 DISCUSSION 

VGF was first implicated in the regulation of energy homeostasis through the 

target deletion of VGF gene in mice (Hahm et al., 1999). These mice were lean, 

hypermetabolic, hyperactive and had altered hypothalamic peptides in the 

arcuate nucleus, suggesting an anabolic role for VGF (Hahm et al., 1999). 

However studies following the administration of VGF derived peptides TLQP-

21 in mice and Siberian hamsters demonstrated a general catabolic effect 

(Bartolomucci et al., 2006; Jethwa et al., 2007) – TLQP-21 decreased food 

intake in Siberian hamsters and prevented DIO in mice by increasing resting 

energy expenditure. Thus to further characterise the role of VGF derived 

peptides in the regulation of energy homeostasis the studies in this chapter 

investigated the acute action of HHPD-41. This peptide is the product of 

cleavage of TLQP-62, the most abundant of the VGF derived peptides, which 

yields TLQP-21 and HHPD-41 (Bartolomucci et al., 2007). The principal findings 

of the studies presented in this chapter were that single infusions of HHPD-41 

in the Siberian hamster significantly increased food intake 0-1 hour post 

infusion in a dose dependent manner, whilst decreasing food intake overall 6-

24 hours post infusion. This, however, did not affect bodyweight and nor did it 

effect behaviour. There was observed increased c-Fos immunoreactivity in the 

arcuate nucleus (ARC), paraventricular nucleus (PVN), ventromedial nucleus 

(VMN) and dorsomedial posterior arcuate nucleus (dmpARC) following 

treatment with the VGF derived peptides HHPD-41 and TLQP-21. There was, 

however, no discernible difference between the activation of c-Fos in the 

aforementioned nuclei and peptide infusion.  

 

The initial (0-1hr) effects on food intake following HHPD-41 infusion opposed 

the effects of acute TLQP-21 infusion, which dose dependently decreased food 

intake (Jethwa et al., 2007). However, food intake was reduced 6-24hrs in 

Siberian hamsters post infusion of HHPD-41, akin to the reduction observed 

following TLQP-21 infusion. In the Jethwa et al., (2007), study chronic infusion 

of TLQP-21 produced a sustained and additive reduction in food intake (56% 
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compared to controls) so that body weight was reduced. Jethwa et al., (2007), 

reported that decreased food intake was not a reflection in a decrease in the 

number or frequency of meals but by a decrease in food intake per feeding 

bout, inferring a more rapid achievement of the state of satiation. A similar 

effect of HHPD-41 was observed in the studies reported in this chapter. The 

increased food intake induced by HHPD-41 was not a reflection of increased 

time spent investigating the test meal 1 hour post infusion. However, given that 

food intake during this initial period is increased, the studies presented in this 

chapter suggest that food intake per feeding bout was likely to be increased.  

 

The data presented in this chapter, along with data published by Toshinai et al., 

(2010), suggests the VGF derived peptides have opposing roles in food intake. 

Toshinai et al., (2010) demonstrated that in rats NERP-2, an N terminal VGF 

derived peptide, colocalises with the orexins, which stimulate feeding 

behaviour and enhance energy expenditure via stimulation of the sympathetic 

nerve, in the LHA. ICV infusion of NERP-2 increased food intake in rats. Much 

like HHPD-41, NERP-2 dose dependently increased food intake 1 hour post ICV 

infusion (Toshinai et al., 2010). Treatment with an anti-NERP-2 immunoglobulin 

G (IgG) decreased food intake (Toshinai et al., 2010). In addition, NERP-2 

increased body temperature, oxygen consumption and locomotor activity in 

rats, similar to the results of Bartolomucci et al., (2006) where ICV infusion of 

TLQP-21 increased resting energy expenditure and rectal temperature in mice. 

Furthermore, NERP-2 did not increase food intake or locomotor activity in 

orexin-deficient mice (Toshinai et al., 2010). Much like TLQP-21 in Siberian 

hamsters, injection of NERP-2 i.p. in rats did not affect food intake.  

 

Similar to HHPD-41 and NERP-2, NPY is an orexigenic neuropeptide, produced 

in the ARC of the hypothalamus. Applied centrally, NPY stimulates food intake 

in rats and mice (Clark et al., 1984; Morley et al., 1987). Furthermore, NPY gene 

expression increases with food deprivation in rats and in Siberian hamsters 
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(Bradey et al., 1990; Mercer et al., 2000), similar to VGF mRNA in the mouse 

and rat (Hahm et al., 1999; Toshinai et al., 2010). ICV infusion of NPY in Siberian 

hamsters significantly increases food intake 30 minutes post injection, an effect 

which does not persist beyond 2 hours post infusion (Boss-Williams and 

Bartness, 1996). A similar initial effect is seen in the HHPD-41 studies presented 

in this chapter. Similarly AgRP, an endogenous antagonist of the MC3/4R, is up-

regulated in response to fasting in the Siberian hamster (Mercer et al., 2000). 

Whilst ICV infusion of AgRP significantly increased food intake, 1 hour post 

infusion (Day and Bartness, 2004); a similar effect has been observed in rats 

and mice (Hagan et al., 2000; Marsh et al., 1999). The studies presented in this 

chapter identify HHPD-41 as a novel peptide involved in the hypothalamic 

regulation of food intake. 

  

The studies reported in this chapter also demonstrated infusion of HHPD-41 in 

the Siberian hamster did not affect body weight significantly. ICV infusion of 

TLQP-21 reduced body weight in the Siberian hamsters (Jethwa et al., 2007), 

while body weight gain was attenuated in mice fed a HFD receiving ICV 

infusions of TLQP-21 (Bartolomucci et al., 2006). The results presented in this 

chapter suggest that the initial increase in food intake (0-1hr) offsets the 

subsequent decrease (6-24hrs), and given that food intake is normalised 24-48 

hours post infusion, the changes are not substantial enough to bring out a 

significant change in body weight. Furthermore, infusion of the VGF derived 

peptide HHPD-41 does not significantly alter behaviour in the Siberian hamster 

1 hour post infusion, despite significant increases in food intake. A similar result 

was observed by Jethwa et al., (2007) following ICV infusion of TLQP-21; 

despite significantly reduced food intake, there was no significant difference in 

behaviour.  

  

The rapid and transient induction of the immediate early gene c-Fos in 

response to diverse pharmacological and physiological stimuli can be utilised 
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to produce high-resolution maps of cellular activation in the CNS (Sundquist & 

Nisenbaum 2005). Hahm et al., (1999), demonstrated an increase in VGF mRNA 

in the ARC of fasted mice. Whilst Toshinai et al., (2010) demonstrated that vgf 

mRNA levels are up-regulated in the rat LHA upon food deprivation; post-

feeding these levels return to a basal level of expression (Toshinai et al., 2010). 

The studies presented in this chapter demonstrated HHPD-41 and TLQP-21 

increased c-Fos immunoreactivity in the ARC, PVN, dmpARC and VMN in 

comparison to saline controls, areas of the brain whose involvement in food 

intake has been established (Olsxewki et al., 2009). However, there was no 

discernible difference following infusion of the two VGF derived peptides. From 

this, the results presented in this chapter infer that VGF and its derived 

peptides have similar sites of action within the brain. However, given their 

opposing initial (0-1hr) effect on food intake, this further supports the 

hypothesis that VGF derived peptides have different receptors/mechanisms of 

action within hypothalamic nuclei.  

 

Previously TLQP-21 has been shown to bind to adipocyte membranes in a 

saturable manner (Possenti et al., 2012), and atomic force microscopy of living 

cells revealed the existence of a single class of binding sites for TLQP-21 

(Cassina et al., 2013). Taken together, these results suggested a cell surface 

receptor for TLQP-21. Recently, however, two possible receptors have been 

identified for the VGF derived peptide TLQP-21. Chen et al., (2013) identified 

gC1qR as the receptor for TLQP-21. TLQP-21 activated rat macrophages 

through gC1qR, and activated macrophages caused mechanical 

hypersensitivity in rats. gC1qR protein was expressed by both brain and spinal 

cord derived microglia (Chen et al., 2013). This receptor is indispensable for 

adipogenesis and insulin signalling (Kim et al., 2009). Furthermore, obese mice 

fed on a high fat diet (HFD) showed increased density of TLQP-21 binding in 

adipose tissues (Cassina et al., 2013). However in their experimental model 

neither TLQP-62 not LQEQ-19 elicited a response, both of which had been 

previously implicated in pain processing (Moss et al., 2008 and Riedl et al., 
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2009). This further supports the hypothesis of different receptors for the VGF 

derived peptides. Hannedouche et al., (2013) reported the complement 

receptor C3AR1 as a receptor for TLQP-21. The measurement of a G protein-

coupled receptor (GPCR), namely the complement C3a receptor-1 (C3AR1), 

mediated activity for TLQP-21 in two different rodent cell lines (Hannedouche 

et al., 2013). C3AR1 was originally thought to be restricted to the innate 

immune response, its role limited to the complement cascade. However, it has 

subsequently been shown to have a role in cancer (Opstal-van Winden et al., 

2012), neurogenesis (Klos et al., 2009) and hormone release from the pituitary 

gland (Francis et al., 2003). However, C3AR1-/- mice are transiently resistant to 

diet-induced obesity and are protected against HFD-induced insulin resistance 

(Mamane et al., 2009). 

 

Adiponectin, an adipocyte-derived hormone, regulates glucose and lipid 

metabolism and binds to two different seven-transmembrane domain 

receptors, namely AdipoR1 and AdpioR2 (Bjursell et al., 2007). Knockout mouse 

models indicate that the receptors, whilst both involved in energy metabolism, 

have opposing effects – AdipoR1-/- display increased adiposity, reduced glucose 

tolerance, locomoter activity and energy expenditure, while AdipoR2-/- were 

lean and resistant to diet induced obesity, with increased locomotor activity 

and energy expenditure (Bjursell et al., 2007). Given the initial opposing roles 

of the VGF derived peptides in food intake in the Siberian hamster, and the 

recent data by Chen et al., (2013) and Hannedouche et al., (2013), which 

identify two different receptors for TLQP-21 which fail to respond to other VGF-

derived peptides, the studies of this chapter suggest a similar scenario. Taken 

with the results presented in this chapter, the VGF derived peptides, while 

possessing similar sites of action (albeit with opposing initial functions) possibly 

have different receptors. The proposed site-specific action of VGF derived 

peptides may also be time-specific. Saderi et al., (2014) reported that VGF 

expression in the ARC depends on the nutritional status of the animal. Food 

deprivation induces VGF expression in the NPY neurones, while VGF expression 
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is increased in POMC neurones in ad libitum fed and fasted-refed animals. 

However, there is no data available indicating the peptide ratio within these 

neurones under different feeding conditions. It is proposed that HHPD-41 

peptide expression is increased in the NPY/AgRP neurones of the ARC, initiating 

food intake. The VGF derived peptide HHPD-41 may be rapidly ‘turned over’ or 

has a relatively short half life.  

 

Tschop et al., (2001) implicated ghrelin in the regulation of food intake and 

energy homeostasis in mice and rats. Ghrelin increases pre-prandial and 

decreases post-prandial (Kolk et al., 2007), akin to VGF expression in the 

hypothalamus (Hahm et al., 1999; Saderi et al., 2014). The effects of gherlin are 

mediated by the hypothalamus; ghrelin attenuates leptin-induced reduction in 

food intake and subsequently body weight by inducing the expression of the 

orexigenic NPY and AgRP and inhibiting POMC neurones. Similar to ghrelin, 

HHPD-41 may play a role in meal initiation. The rapid increase in food intake 1 

hour post infusion of HHPD-41, which does not persist, is characteristic of an 

appetite-stimulatory signal. The ghrelin gene also encodes obestatin, which has 

opposing effects on food intake (Zhang et al., 2005). Asakawa et al., (2005) 

demonstrated that ghrelin stimulated gastric emptying in mice, a finding which 

was substantiated in humans (Paik et al., 2004). VGF also regulates gastric 

emptyting however, ICV infusion of TLQP-21 significantly decreased its rate in 

rats (Severini et al., 2009).  

 

The data presented in this chapter, in conjunction with the Toshinai et al., 

(2010) data further supports the hypothesis that VGF and its derived peptides 

have opposing actions on food intake. Furthermore it suggests that VGF is a 

modulator/amplifier of the metabolic state of the animal – NPY neurones, 

which are challenged by energy depletion, increase VGF gene expression, 

possibly favouring the orexigenic peptides NERP-2 and HHPD-41. While POMC 

neurones, which are active when the energy homeostasis is positive, increase 
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VGF gene expression (in ad libitum and re-fed animals), favouring the catabolic 

peptide TLQP-21. Deficiency in prohormone convertase 1/3, which plays a 

pivotal role in the activation of biologically inactive hormones and cleaves the 

VGF pro-peptide, has been linked to monogenic forms of obesity (Bandsma et 

al., 2013). Patients with the deficiency suffer from congential severe diarrhoea, 

association with malabsorption, which improves with age, at which point, 

hyperphagia and excessive weight gain (BMI > 97th percentile) becomes the 

predominant phenotype (Bandsma et al., 2013). However, given the battery of 

hormones prohormone convertases act upon, including GLP-1, it is impossible 

to attribute the effects of this complex phenotype to one hormonal deficiency.  

 

3.8 CONCLUSION 

The identification of HHPD-41 as a peptide involved in the hypothalamic 

regulation of feeding provides further insight into the neuronal network 

underlying the regulation of energy homeostasis. ICV infusion of the VGF 

derived peptide HHPD-41 at the onset of the dark phase dose-dependently 

increased food intake. This effect occurred within 1 hour post infusion 

compared to saline treated hamsters and was similar to ICV infusion of NERP-

2, an N terminal VGF derived peptide, in rats. However, this effect did not 

persist beyond this time point, where treated animals consistently ate 

significantly less than saline controls (6-24 hrs). Behaviour and body weight 

remained unchanged by HHPD-41 infusion. The differences between the 

observations in the VGF-/- mouse and the administration of TLQP-21 and HHPD-

41 appear to be a result of the opposing effects of the VGF derived peptides. 

Immunhistochemistry studies revealed that HHPD-41 and TLQP-21 increased c-

Fos activity in the Arc, PVN and VMN, as well as the dmpARC and DMN, areas 

of the brain implicated in the regulation of food intake. However, there is no 

discernible difference in the site of action following infusion of HHPD-41 or 

TLQP-21 from which we infer the VGF derived peptides TLQP-21 and HHPD-41 

have different receptors.  
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4 Chapter 4 – CENTRAL OVER-EXPRESSION OF VGF USING 

A RECOMBINANT ADENO-ASSOCIATED VIRUS 

INCREASES FOOD INTAKE AND ENERGY EXPENDITURE 

IN THE SIBERIAN HAMSTER AND MOUSE 
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4.1 INTRODUCTION 

Viruses represent a highly evolved natural vector for the transfer of foreign 

DNA into cells (Kay et al., 2001). Adeno-associated virus (AAV) is a human 

parovirus, initially discovered as a contaminant in an adenovirus preparation 

(Atchison and Hammon, 1965). It has emerged as an attractive vector system 

for gene therapy for its potential to persistently express the transgene 

following integration (Ren et al., 2010). Furthermore, AAV is a non-pathogenic 

virus able to transduce a variety of host cells and tissues (Gao et al., 2005). This 

is without severe immune responses (Mandel et al., 2006). The AAV capsid is 

responsible for cell binding, internalization and trafficking within the target 

tissue or cell (Van Vliet et al., 2008); AAV is classified on the basis of its viral 

capsid and there are several natural serotypes, pseudotyped vectors and 

chimeric capsids currently used in gene transfer studies. For example, AAV-1 

and -5 have high transduction efficiency in skeletal muscle, retina and 

pancreatic islets, as well as the liver (Chang et al., 2003; Chiorini et al., 1999; 

Loiler et al., 2003). However, of the serotypes, AAV-2 is the most studied (Wu 

et al., 2006). AAV-2 vectors have been delivered to many different organs, for 

example, the CNS, liver, lung and muscle by in vivo administration and have 

been shown to efficiently transduce non-dividing cells (Miao et al., 2000). rAAV-

2 has been shown to transduce neuronal tissues and cells in the rat (Zhang et 

al., 2009), SH-SY5Y cells and the mouse striatum (Ren et al., 2010). rAAV-2 is 

currently in use for the treatment of Parkinson’s disease and inherited diseases 

such as Batten’s and Canavan’s disease (Mingozzi and High, 2011). Clinical trials 

using rAAV for the treatment of cystic fibrosis and muscular dystrophy are 

currently on-going, with early evidence of gene transfer and expression of 

human clotting factor IX in haemophilia B patients (Patel et al., 2014).  

 

4.1.1 rAAV and energy homeostasis 

In order to study the role of neuropeptides in the regulation of energy 

homeostasis numerous studies have utilised rAAV expressing a gene of interest 

compared to controls injected with rAAV encoding enhanced green fluorescent 
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protein (eGFP). In separate experiments, rAAV over-expression of AgRP and 

NPY in the PVN and LHA increase food intake and body weight gain (see Table 

4.1.1). Furthermore, AAV-mediated transfer of the leptin receptor improves 

the obese phenotype of Koletsky (f/f) rats, which have a gene mutation in the 

leptin receptor (OB-Rb) (Keen-Rhinehart et al., 2005). rAAV-2 was utilised to 

knockdown the MC4R in the PVN in rats resulting in high fat diet induced 

hyperphagia and obesity (Garza et al., 2008). rAAV has been previously used to 

over-express the AgRP gene in Siberian hamsters, resulting in a significant 

increase in food take and body weight, in combination with a decrease in 

energy expenditure (Jethwa et al., 2010). The use of AAV is therefore an 

effective strategy for manipulating gene expression in nonstandard laboratory 

species where the generation of transgenic lines is not feasible (Lim et al., 2004; 

Ross et al., 2009). rAAV vectors transduce more cells than lentiviral (LV) vectors 

in the rodent hypothalamus and amygdala (de Backer et al., 2010).  

  



121 
 

 

 

 

 

 

Day 40/48 PVN-AgRP PVN-NPY LHA-AgRP LHA-NPY 

Body weight 

gain 

 

↑ 80% ↑ 67% ↑ 80% ↑ 127% 

% Fat ↑ ↑ ↑ ↑ 

Food Intake ↑ ↑ L ↑ ↑ L 

Meal size ↑ - ↑ ↑ 

Meal 

frequency 

↑ L - - - 

Body 

temperature 

↓ D ↓ D - ↓ D 

Locomoter 

activity 

↓ D ↓ D - ↓ D 

Table 4.1.1: Comparison of the feeding and metabolic parameters affected by 

over-expression of AgRP and NPY in the PVN and LHA respectively. ↑ 

increased by over-expression; ↓ decreased by over-expression. % increase in 

body weight compared to controls at the end of the experimental period 

(40/48 days). L light phase; D dark phase. Adapted from de Backer et al., 2011. 
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4.2  THE VIRAL 2A PEPTIDE; A SUITABLE ALTERNATIVE TO 

THE INTERNAL RIBOSOME ENTRY SITE (ires) 

The use of transgenic animals is increasing in biomedical research – over-

expression or silencing is accompanied by the expression of a co-transgene in 

the form of a reporter, often fluorescent in nature. Previous methods relied 

upon a mixture of AAV-transgene and AAV-GFP (Gardiner et al., 2005). The 

current method for bicistronic expression vectors utilises the internal 

ribosomal entry site (ires) (Boender et al., 2014). Isolated from the 

encephalomyocarditis virus (EMCV), the ires has been extensively used to link 

two genes transcribed from a single promoter within recombinant viral vectors 

(Martinez-Salas, 1999). Therefore the ires permits the production of multiple 

proteins from a single mRNA transcript (Jang et al., 1988). Their efficiency, 

however, varies in different tissues (Furler et al., 2001). Furthermore,  

 The expression of the cistron downstream of the ires sequence is often 

reduced and therefore expression of transgenes is not equivalent 

(Mizuguchi et al., 2000) 

 They are relatively large (up to 1.5Kb) (Hellen and Sarnow, 2001) and 

are therefore limiting in low insert capacity vectors  

 

Due to the relatively small size of the AAV genome, which is approximately 

4.7Kb, its use is limited to smaller gene sequences, as increases beyond this 

negatively affect packing and subsequently viral titre (Sun et al., 2003). 

However, a number of genes, including VGF, are larger than this hence, more 

recently, viral 2A peptides have emerged as an alternative to ires sequences in 

multicistronic vector strategies (Trichas et al., 2008). Indeed, similar to the ires, 

they were identified in picornaviruses (Martin et al., 2006). In such a virus, 

multiple proteins are derived from a large polyprotein encoded by a single open 

reading frame. Whilst dependent on their viral original, 2A peptides are 

relatively short (circa 20 amino acids) and contain the consensus motif Asp-

Val/Ile-Glu-X-Asn-Pro-Gly-Pro (Ibrahimi et al., 2009). The peptides act co-

translationally, by preventing the formation of a normal peptide bond between 
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the glycine and proline residue, resulting in ribosomal skipping (Donnelly et al., 

2001) and therefore cleavage of the polypeptide. Efficiency of the viral 2A 

peptide has been demonstrated by its insertion between two reporter genes 

(Ryan and Drew, 1994) and in a wide range of eukaryotic cells from yeast to 

mammals (de Felipe and Ryan, 2004). Subsequently the viral 2A peptide was 

demonstrated to function in the rat brain, in combination with rAAV without 

cytotoxic effects and across several generations, without attenuation of 

expression levels (Furler et al., 2001). The advantages of the viral 2A peptide 

are 3 fold: 

 They are relatively small  

 They are more reliable than the ires (Chan et al., 2011) 

 They lead to the expression of multiple cistrons at equimolar levels 

(Trichas et al., 2008) 

 

4.3 AIMS AND OBJECTIVE 

A possible explanation for the differences between the functional studies of 

VGF derived peptides (Bartolomucci et al., 2006; Jethwa et al., 2007) and the 

VGF-/- null mouse (Hahm et al., 1999), maybe a consequence of global deletion 

of the gene during the course of development and subsequently in the adult. 

Alternatively, deletion of several encoded bioactive peptides, with opposing 

effects (as demonstrated in chapter 3), may account for the phenotype of the 

VGF-/- null mouse. VGF is expressed and differentially processed in a number of 

neuronal and endocrine tissues, therefore extrapolating the findings from the 

VGF-/- null mouse is fraught with difficulties; previous findings may not be 

associated with loss of function in the brain. Thus the aim of these studies was 

to determine the effects of VGF on energy homeostasis following chronic over-

expression of the gene (via a rAAV) in the hypothalamus of Siberian hamsters 

(in LD and SD) and mice (fed a normal and HFD). The studies also assessed the 

feasibility of a viral 2A peptide within a nonstandard laboratory species.  
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4.4 METHODS 

4.4.1 Preparation of AAV 

The plasmid pAAV-CBA-AgRP-ires-eGFP was a kind gift from Dr Perry Barrett 

(University of Aberdeen, UK) from which viral particles were synthesised to 

over-express AgRP mRNA and enhanced green fluorescent protein (eGFP) in a 

previous study conducted by Jethwa et al. (2010). To construct the plasmid 

pAAV-CBA-VGF-2a-eGFP-WPRE, from which viral articles were synthesised to 

over-express VGF and eGFP, the full length mouse VGF cDNA was isolated and 

inserted into the pSC-B-AMP/KAN cloning vector (a kind gift from Dr Perry 

Barrett, StrataCloneTM Blunt PCR Cloning System, Agilent Technologies, UK). 

The CBA-CMV-IE promoter was chosen as it is a strong and constitutively active 

promoter (Kobelt et al., 2010) and had been utilised successfully for AgRP over-

expression in the hypothalamus of Siberian hamsters (Jethwa et al., 2010). 

Following restriction enzyme (RE) digestion to confirm presence of VGF cDNA 

and sequencing to confirm correct orientation of the cDNA sequence, the VGF 

cDNA sequence was amplified by PCR. In this reaction, however, the forward 

and reverse primers, designed to amplify the VGF cDNA sequence contained 

the following modifications: 

 A Kozak sequence was added to the forward primer to ensure the 

initiation of translation 

 A viral 2A sequence was added to the reverse primer  

 A point mutation was introduced in the reverse primer to remove the 

stop codon from the VGF cDNA. 

 Restriction enzyme (RE) sites were added to both primers, along with 3 

additional nucleotides, to aid recognition by the REs and for future 

subcloning.  

 

The Kozak sequence (5’-GCCGCCACCATGG-3’ underlined bases denote start 

codon) emerged as the consensus sequence for initiation of translation in 
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vertebrates (Kozak, 1987) and has subsequently been shown to significantly 

increase the desired expression from constructs (Olafsfottir et al., 2008). 

 

Viral 2A sequences have the benefit of ensuring a 1:1 ratio between transgene 

and reporter gene, in this case eGFP, and are considerably smaller than the 

internal ribosome entry site (ires) sequences (Trichas et al., 2008). Due to the 

packaging constraints of AAV, this would theoretically improve viral titre. By 

removing the stop codon from the VGF cDNA, transcription and subsequent 

translation would continue and not prematurely end. Given the large sequence 

(VGF cDNA was circa 2.2Kb) unique RE sites were added to the primers to aid 

the subsequent subcloning.  

 

The primer sequences were therefore as follows: 

Forward 

(5’ – 3’)  

CCCGGGAAGCTTACCATGAAAACCTTCACGTTGCCGGCATCC 

 

 

Reverse 

(5’ – 3’) 

 

GGGCCCTGGCCAGGTTCCGGAGCCACGAACTTCTCTCTGTTAAAGCA 

AGCAGGAGACGTGGAAGAAAACCCCGGTCCCGAGCACGTGCTGCTG 

CACCGCCCG 

 

The resultant PCR product, which was subject to agarose gel electrophoresis 

to confirm size and sequencing to ensure no point mutations had been 

introduced during the cloning, was subsequently digested and subcloned into 

pAAV-CBA-AgRP-ires-eGFP-WPRE, excising the AgRP-ires in the process. The 

resultant plasmid was designated pAAV-CBA-VGF-2a-eGFP-WPRE (see Figure 

4.4.1) after RE digestion and sequencing. 
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Figure 4.4.1: A schematic of the pAAV-CBA-VGF-2a-eGFP-WPRE. The 

backbone of the construct remained unchanged from that used to over-express 

AgRP in the hypothalamus of Siberian hamsters (Jethwa et al., 2010). The AgRP-

ires sequence was excised and replaced by VGF cDNA and a viral 2A peptide for 

the bicistronic expression of VGF and eGFP. ITR – internal tandem repeat, 

CMV\IE – cytomegalovirus intermediate early promoter, chicken β-actin 

promoter, VGF containing viral 2A sequence, eGFP – enhanced green 

fluorescent protein, WPRE – Woodchuck Hepatitis virus post-transcriptional 

regulatory element. 

 

From pAAV-CBA-VGF-2a-eGFP-WPRE, the rAAV vector was generated by 

VectorBiolabs, USA. Briefly, the AAV viral particles were produced through co-

transfecting HEK cells with pAAV-CBA-VGF-2a-eGFP-WPRE, plus two other 

“helper” plasmids. 48 hours post transfection, cell pellets were harvested, and 

viruses were released through three cycles of freeze/thaw, at -80oC and +37oC 

respectively. Viruses were purified through caesium chloride (CsCl)-gradient 

ultra-centrifugation, followed by desalting. Viral titer (GC/ml - genome 

copies/ml) was determined through real-time PCR. The titres obtained were 

7.2x1012 gc/ml for pAAV-CBA-VGF-2a-eGFP-WPRE and 1x1013 gc/ml for AAV-

GFP, which expresses GFP under the control of a CMV promoter. 

 

4.4.2 The SH-SY5Y cell line 

Details of the SH-SY5Y cell line, can be found in section 5.6.1.1 along with 

differentiation (see section 5.6.1.1) and transfection (5.6.1.11) protocols. 
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4.4.3 Typhoon Trio+  

Details of the Typhoon Trio+ can be found in section 5.6.1.12.  

 

4.4.4 ImageQuant 

Details of the ImageQuant software can be found in section 5.6.1.13.  

 

4.4.5 Animals 

Details of the UK Animals (Scientific Procedures) Act 1986 and Project and 

Personal Licenses can be found in section 2.5. 

 

4.4.5.1 Siberian hamsters 

Details of the experimental colony of Siberian hamsters can be found in section 

2.5.1.  

 

4.4.5.2 C57Bl/6J Mice 

Details of the experimental mice can be found in section 2.5.2. 

 

4.4.6 Viral infusion 

Anaesthesia was induced with 3.5% isofluorane in a N2O:O2 mixture and 

maintained during surgery with 1.7-2.0% isofluorane to ensure complete 

inhibition of hindpaw reflex, as well as the blink reflex. While anaesthetised 

(prior to commencement of surgery) animals received a subcutaneous (s.c) 

injection of carprofen (Rimadyl 50mg/kg) to maintain analgesia. Animals were 

placed in a stereotaxic frame (David-Kopf Instruments, supplied by Clark 

electromedical Instruments, Reading, UK) with the incisor bar positioned level 

with the interaural line. Using the sutures of confluence (bregma) as a 

landmark, a small hole was drilled on midline. The dura mater was pierced just 

lateral to the mid-sagittal sinus, which was deflected as a drawn glass capillary 
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microinjector (30μm tip diameter) was lowered into the correct location. Using 

a Nanolitre injection system (WPI, Stevenage, UK), 200nl of the viral vector was 

infused bilaterally directed towards the PVN (anteroposterior + 0.03, 

mediolaterial ±0.03, dorsoventral -0.58) over 2 minutes. After infusion, the 

glass microinjector was kept in place for an additional 5 minutes to allow for 

diffusion and prevention of backflow through the cannula track. The incision 

was sealed using Michel clips and glue. The surgically prepared animals were 

allowed to recover for seven days and regularly handled to habituate the 

animals and minimise stress later. Additionally animals received daily s.c. 

infusions of analgesia (Rimadyl Pfizer, Kent, UK 50mg/kg), were weighed and 

provided with a palatable diet consisting of soaked mash pellets. 

 

4.4.7 Comprehensive Laboratory Animal Monitoring System (CLAMS) 

Multiple respiratory and feeding behaviour parameters were measured using 

a Comprehensive Laboratory Animal Monitoring System (CLAMS, Linton 

Instrumentation, Linton, UK and Columbus Instruments, Columbus, OH, USA). 

This is an open-circuit calorimeter using eight mouse chambers, where the 

animals were individually housed with food hoppers (chow was ground down 

into a rough powder) in the centre of each cage and dropper style water 

bottles. Metabolic parameters measured included oxygen consumption (VO2) 

and carbon dioxide production (VCO2), such that the respiratory exchange ratio 

(RER) could be calculated. Feeding behaviour parameters measured included 

the timing and duration of feeding bouts, food intake for each bout (meal size) 

and total food intake per unit of time. Locomotor activity was also measured 

using two sets of infrared beams traversing each cage, which measured vertical 

and linear movement. The system was operated with an air intake of 0.6 

litre/minute for each chamber, and an extracted outflow of 0.4 litre/minute. 

All measurements were taken at an ambient temperature of 21-22oC. Animals 

were placed in the system for 48 hours. The first 24 hours allowed the animals 

to habituate; the latter 24 hours were used for subsequent analysis presented 

in this thesis. Measurements were recorded every minute over 9 minute 
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epochs (8 chambers and 1 reference measurement) and meal sizes were noted 

when in excess of 0.02g. All data was collected using the OxyMac Windows 

software v4.0 or v4.2 (Columbus Instruments, OH). Excessive moisture from the 

chambers was removed by calcium carbonate, which was contained within a 

muslin bag, placed below the grid flooring and therefore out of reach of the 

animals.  

 

4.4.8 Dissection 

Under terminal anaesthesia, administered via intraperitoneal (i.p.) injection of 

pentobarbital sodium (Euthatal, Rhone Merieux, Harlow, UK), blood was 

collected by cardiac puncture and stored in EDTA tubes. Samples were stored 

on ice until centrifugation at 30,000 rpm at 4oC for 10 minutes. Plasma was 

then collected and stored at -80oC. Tissues were collected at room 

temperature, weighed and immediately placed on a metal block in dry ice. 

Frozen tissue was stored at -80oC.  

 

4.4.9 Cryostat 

The ambient temperature within the cryostat was maintained at least -15oC. 

The sample for sectioning was placed in OCT to mount upon the stage, olfactory 

bulbs facing forward, cortex facing upwards. Thickness was set to 50μm to trim 

the sample, and sectioning began at the emergence of the optic nerve/chiasm 

and proceeded through to the substantia nigra at a thickness of 20μm. Every 5 

sections (i.e. 100μm), a 50μm section was taken. Slides were left to air dry and 

subsequently frozen at -20oC. 

 

4.4.10 In situ hybridisation 

In situ hybridisation allows for the precise localisation of a specific segment of 

nucleic acid within a histological section – detection is via a riboprobe. In the 

absence of a commercially available antibody for VGF, or one that detects its 

derived peptides, in situ hybridisation was utilised to ensure viral over-
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expression of the VGF gene. A riboprobe for eGFP was also generated as a 

control. This protocol was adapted from Sweetman et al., (2008).  

 

4.4.10.1 Generation of riboprobes 

Riboprobes were generated from the StrataClone Bunt PCR Cloning Vector pSC-

B-amp/kan, which contained the VGF cDNA. Utilising the T7 binding site, anti-

sense riboprobes were generated, along with anti-sense riboprobes for eGFP 

from SLAX13-eGFP (a kind gift from Dr Dylan Sweetman, University of 

Nottingham, UK).  

 

Briefly, 10μg of plasmid DNA was linearised with an appropriate RE (EcoRV or 

NcoI respectively) and buffer at 37oC overnight to ensure complete digestion 

(as described in section 2.3.8). Linearised DNA was purified using phenol: 

chloroform extraction (as described in section 2.2.2) and 1μg of purified DNA 

was transcribed using T7 RNA polymerase. The reaction contained digoxigenin-

(DIG)-11-deoxyuridine triphosphate (dUTP) as a nonradioactive label of DNA 

(ratio of 35% with UTP). This moiety can subsequently be detected. The 

reaction was subsequently purified using a G50 column and the riboprobes 

were diluted in hybridisation buffer and stored at -20oC. 

 

4.4.10.2 Detection of mRNA 

Sections were incubated in 4% paraformaldehyde (PFA) overnight at 4oC, 

before dehydration in 50% methanol/PBS-Tween20 (PBSTw) and 100% 

methanol. Sections were then stored at -20oC. Sections were subsequently 

rehydrated in a decreasing concentration of methanol/PBSTw (75, 50 and 25%) 

before washing in PBSTw.  

 

Sections were treated with proteinase K (10μg/ml) for 30 minutes at room 

temperature and rinsed twice in PBSTw before fixing in 4% PFA/0.1% 
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glutaldehyde for 20 minutes at room temperature. Sections were then washed 

in PBSTw for 5 minutes before pre-hybridisation, in 1:1 PBSTw: hybridisation 

(hyb) buffer and in hyb buffer. Sections were then incubated in fresh hyb buffer 

at 65oC for 6 hours. Sections were then placed in a humidity chamber with 

riboprobe (pre-warmed to 65oC) overnight at 65oC.  

 

Post hybridisation the sections were rinsed and subsequently washed in hyb 

buffer at 65oC for 10 minutes before washing twice in wash buffer at 65oC for 

30 minutes. Sections were then washed in 1:1 washing buffer: maleic acid 

buffer containing Tween-20 (MABT), before rinsing in MABT and washing twice 

in MABT at room temperature. 

 

The MABT was then replaced with MABT/2% Roche blocking agent for 1 hour 

at room temperature, before being replaced with blocking solution for 1 hour. 

Subsequently the blocking solution was replaced with blocking solution 

containing a 1:2000 dilution of anti-DIG-AP fragments and incubated overnight, 

with rocking, at 4oC. 

 

Sections were subsequently washed thrice in MABT for 1 hour, and then 

washed in MABT overnight at 4oC.  

 

For the colour reaction, sections were first incubated in 1-methyl-5-

thiotetrazole (NMTT) for 10 minutes at room temperature, which was 

subsequently replaced with NMTT with 9μl NBT and 7μl/ml indoxyl-nitroblue 

tetrazolium (BCIP). During the reaction, sections were protected from the light. 

The colour reaction proceeded until the section was stained, washed twice in 

5xTBSTw for 10 minutes at room temperature and washed overnight at 4oC in 
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5xTBSTw. The colour reaction was repeated the following day, to intensify 

signal and reduce background.  

 

4.4.11  Statistics 

GenStat (14th Edition, VSN International, London, UK) was used to determine 

the sample size for the in vivo experimentation. The software calculates the 

power (probability of detection) and the replication (sample size) required to 

detect an effect of treatment (see section 3.5.8). 

 

Descriptive statistics (means and standard error mean (SEM)) were generated 

using PRISM (Prism 6.0, GraphPad, San Diego, CA). Body weight and home cage 

food intake data were analysed using two-factor analysis of variance (ANOVA) 

with repeated measures and Bonferroni tests for post-hoc comparisons 

(GraphPad Prism, version 6.0, GraphPad Software Inc, San Diego, CA, USA). 

Two-way (time x group) ANOVA was also used to analyse data obtained from 

the CLAMS apparatus including values for oxygen consumption (VO2), carbon 

dioxide production (VCO2), heat, respiratory exchange ratio (RER) and 

locomotor activity. Meal frequency and food intake in the CLAMS were 

calculated in 4 hour epochs and similarly analysed. Data on organ weights at 

the end of the study were compared using Student’s unpaired T test. p < 0.05 

was considered statistically significant. 
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4.5 EXPERIMENTAL DESIGN 

4.5.1 Siberian hamsters 

4.5.1.1 Study 1: The effects of VGF over-expression in the hypothalamus of 

Siberian hamsters 

Male Siberian hamsters (n = 32) received either a bilateral infusion of AAV-GFP 

(n = 16) or AAV-VGF (n = 16) directed at the PVN and were placed in the CLAMS 

at 1, 2, 4, 8 and 12 weeks post viral infusion. Hamsters were culled 1, 2, 4 or 12 

weeks post infusion (n = 4 per treatment, therefore n = 8 per time point).  

 

4.5.1.2  Study 2: The effects of VGF over-expression in the hypothalamus of 

Siberian hamsters transferred to SD 

In a separate study, male Siberian hamsters (n = 12) received either a bilateral 

infusion of AAV-GFP (n = 6) or AAV-VGF (n = 5) directed at the PVN. Hamsters 

were maintained under LD for 12 weeks before transfer to SD for 20 weeks. 

Siberian hamsters were transferred to designated SD cabinets (8 hours light: 16 

hours dark, lights off at 11:00) and placed in the CLAMS 1, 2, 8, 12 and 20 weeks 

post transfer to SD. The CLAMS room was maintained at SD (8 hours light: 16 

hours dark, lights off at 11:00) akin to the SD cabinets. Hamsters were culled at 

the end of the study. 

 

4.5.2 Mice 

4.5.2.1 Study 3: The effects of VGF over-expression in the hypothalamus of 

mice 

Male mice (n = 32) received either a bilateral infusion of AAV-GFP (n = 16) or 

AAV-VGF (n = 16)  directed at the PVN and placed in the CLAMS at 1, 4, 8, 12 

and 16 weeks post infusion. Mice were culled at 1, 4, 8 or 16 weeks post 

infusion (n = 4 per treatment, therefore n = 8 per time point). 
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4.5.2.2 Study 4: The effects of VGF over-expression in the hypothalamus of 

the mice transferred to a HFD 

In a separate study, male mice (n = 12) received either a bilateral infusion of 

AAV-GFP (n = 5) or AAV-VGF (n = 6) directed at the PVN and were maintained 

on normal lab chow for 12 weeks before transfer to a high fat diet for 16 weeks. 

Mice were placed in the CLAMS at 1, 2, 8 and 16 weeks post transfer to HFD. 

Mice were culled at the end of the study.  
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4.6 RESULTS 

4.6.1 Construct expression in SH-SY5Y cells 

4.6.1.1 Transfection of the SH-SY5Y cell line with pAAV-CBA-VGF-2A-eGFP-

WPRE significantly increased eGFP expression 

In response to retinoic acid (RA) the SH-SY5Y cell line yielded a homogenous 

population of cells with a neuronal morphology (see section 5.7.1.2 Chapter 5). 

To test the viability of the bicistronic construct prior to viral packaging, the SH-

SY5Y cell line was transfected with pAAV-CBA-VGF-2a-eGFP-WPRE. GFP 

expression was widespread 72 hours post transfection (see Figure 4.6.1.1 A). 

Treatment of the transfected SH-SY5Y cells with 10μM RA induced 

differentiation (see Figure 5.7.1.2 Chapter 5), at which point GFP expression 

expanded beyond the cell body and extended to the axons/neurites (see Figure 

4.6.1.1 B). The increase in GFP expression was similar to that observed 

following transfection of the SH-SY5Y cell line with the control constructs, 

pZsGreen1-N1 (see section 5.6.1.11) and pCMVCBG992AmRFP (see section 

5.6.2.1), used for studies on the VGF promoter (see Figure 4.6.1.1 C and D). 
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A       B 

 

C       D 

 

Figure 4.6.1.1: eGFP expression in SH-SY5Y cells following transfection with 

pAAV-CBA-VGF-2A-eGFP-WPRE. SH-SY5Y cells were transfected with pAAV-

CBA-VGF-2A-eGFP-WPRE. The cells were visualised by Leica DF420C 

microscope 72 or 120 hours post transfection for eGFP expression. A – 72 hours 

post transfection and B – 120 hours post differentiation (192 hours post 

transfection). Treatment of transfected cells with retinoic acid (RA) resulted in 

neurite growth. These neuronal projections also expressed eGFP. C – SH-SY5Y 

cells transfected with pCMVCBG992AmRFP (i), pAAV-CBA-VGF-2A-eGFP-WPRE 

(ii) and pZsGreen1-N1 (iii). D – SH-SY5Y cells transfected with the pAAV-CBA-

VGF-2A-eGFP-WPRE construct displayed a similar percentage increase in GFP, 

compared to cells transfected with pCMVCBG992AmRFP and pZsGreen1-N1. 

Values are group mean + SEM (n =3). 
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4.6.1.2 Transfection of the SH-SY5Y cell line with pAAV-CBA-VGF-2a-eGFP-

WPRE significantly increased VGF mRNA 

The increase in eGFP was associated with an increase in VGF expression 

following transfection of pAAV-CBA-VGF-2A-eGFP-WPRE. There was a 

significant increase in VGF mRNA (20-fold) 72 hours post transfection, 

compared to controls transfected with pZsGreen1-N1 (see Figure 4.6.1.2).  

 

 

Figure 4.6.1.2: SH-SY5Y cells transfected with pAAV-CBA-VGF-2A-eGFP-WPRE 

results in significantly increased VGF mRNA expression. SH-SY5Y cells 

transfected with pAAV-CBA-VGF-2a-eGFP-WPRE demonstrate a 20-fold 

increase in VGF mRNA 72 hours post transfection when compared to 

transfected (pZsGreen1-N1) controls. Values are group mean + SEM. 

Significance values are indicated: *** p < 0.0001 vs. control (n = 3). 
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4.6.1.3 AAV-VGF infection of SH-SY5Y cells significantly increased eGFP 

expression 

eGFP expression was significantly increased in undifferentiated SH-SY5Y cells 

infected with AAV-CBA-VGF-2A-eGFP-WPRE (AAV-VGF) when compared to 

control cells transfected with pCMVCBG992AmRFP. This effect was dependent 

on the multiplicity of infection (MOI); as MOI increased, the level of GFP 

expression increased (see Figure 4.6.1.3).  

 

 

Figure 4.6.1.3: Increased MOI increases eGFP expression in SH-SY5Y cells. 

Undifferentiated SH-SY5Y cells were transfected with pCMVCBG992AmRFP or 

infected with AAV-VGF with an increasing MOI. 72 hours post 

transfection/infected, the cells were differentiated by treatment with 10μM RA 

for 120 hours (see section 5.7.1.2). Fluorescence was then quantified using the 

Typhoon Trio+ and associated software. Values are group mean + SEM. 

Significance values are as indicated: *** p < 0.001 vs. control (n =3).  
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4.6.2 Study 1: The effects of VGF over-expression in the hypothalamus of 

Siberian hamsters 

4.6.2.1 Over-expression of VGF mRNA significantly increased food intake, 

but bodyweight remained constant 

Infusion of AAV (control or treatment) into the hypothalamus resulted in a 

small transient decrease in body weight in both control and treated animals 

(see Figure 4.6.2.1 A). However by week 5 there was an increase in the body 

weights of the Siberian hamsters receiving the AAV-GFP vector, resulting in a 

significant divergence from the group treated with the AAV-VGF vector 

(treatment vs. time interaction F = 5.037, p < 0.0001). By 12 weeks post-

infusion, body weights had increased 12.6% relative to pre-surgical body 

weights in the AAV-GFP group, compared to an increase of just 1% in the AAV-

VGF treated group (unpaired T test, p < 0.05) (see Figure 4.6.2.1 A). 

 

Although body weights were lower in the AAV-VGF treated group (compared 

to controls) at the end of the study, this was not due to food intake, since there 

was a significant increase in daily food intake in the home cage in the AAV-VGF 

group (effect of treatment F = 14.90, p < 0.01), as well as an increase in food 

intake per gram body weight (effect of treatment F = 8.983, p < 0.05) (see Figure 

4.6.2.1 B and C respectively). There was also a significant increase in cumulative 

food intake (effect of treatment F = 3.624, p < 0.05) and cumulative food intake 

per gram body weight (treatment vs. time interaction F = 10.91, p < 0.0001) 

(see Figure 4.6.2.1 D and E). The change in daily food intake could be attributed 

to the increase in meal duration at 2 weeks post infusion in the AAV-VGF 

treated group compared to AAV-GFP controls (treatment vs. time interaction: 

F = 5.579, p < 0.001), as meal frequency was unaffected (see Figure 4.6.2.2). 

There was no difference in meal duration at weeks 4 (p > 0.05), but by 12 weeks 

post infusion a significant increase in meal duration was again observed (effect 

of treatment, F = 7.348, p < 0.05) (see Figure 4.6.2.1 F (i)). 
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Figure 4.6.2.1: Over-expression of VGF mRNA in the hypothalamus of Siberian 

hamsters significantly increased food intake, while body weight was 

significantly reduced. Body weight (A), daily food intake (B), daily food intake 

per gram body weight (C), cumulative food intake (D) and cumulative food 

intake per gram body weight (E) of adult male Siberian hamsters receiving 

bilateral injections of 200 nl of either AAV-GFP (as a control, open circles) or 

AAV-VGF (black squares) in the PVN at a concentration of 7.2x1012 gc/ml for 

AAV-VGF and 1x1013 gc/ml for AAV-GFP (n = 4 per group). Siberian hamsters 

were maintained under LD and placed in metabolic cages for 48 hrs at 1, 2, 4, 

8 and 12 weeks post viral infusion. Values are group mean ± SEM (n = 4). 

Significance values are as indicated: * p < 0.05, ** p < 0.01, **** p < 0.0001 (vs. 

control).   
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Figure 4.6.2.1 F: Over-expression of VGF mRNA in the hypothalamus of Siberian hamsters significantly affected feeding behaviour. 24 hr profiles 

for meal frequency (i), meal duration (ii) and food intake (iii) of Siberian hamsters in metabolic cages during long day exposure 1, 2, 4, and 12 

weeks post viral infusion. Week 8 data was not collected due to an instrument fault. Siberian hamsters received either the control AAV-GFP vector 

(open bars) or the AAV-VGF vector (black bars). Values are group mean ± SEM. Significance values are as indicated: * p < 0.05 vs. control (n = 4). 
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4.6.2.2 Over-expression of VGF mRNA significantly increased oxygen 

consumption 

Oxygen consumption was significantly increased at 1, 4, and 12 weeks post 

infusion (see Figure 4.6.2.2 A) in the AAV-VGF group compared to AAV-GFP 

control group (treatment vs. time interaction: week 1 F = 1.630, p < 0.05; week 

4; F (23, 138) = 1.598, p < 0.05; week 12; F = 2.573, p < 0.001). At 2 and 8 weeks 

the effect on oxygen consumption fails to reach significance although at both 

time points there was an observable increase (see Figure 4.6.2.2 A). Carbon 

dioxide production was significantly increased at 1 week post infusion 

(treatment vs. time interaction F = 1.845, p < 0.05) (see Figure 4.6.2.2 B). 

However there was no significant difference observed at any other time point. 

Respiratory exchange ratio (RER) did not change at any time point until 12 

weeks post infusion where it was increased in the AAV-VGF treated group 

(treatment vs. time interaction F = 1.910 p < 0.01) (see Figure 4.6.2.2 C). No 

change in activity was observed (see Figure 4.6.2.2 D). 
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144 
 

 

Figure 4.6.2.3: The metabolic parameters of Siberian hamsters over-

expressing VGF mRNA in the hypothalamus was significantly altered. 24 hour 

profiles for oxygen consumption (A) and carbon dioxide production (B) and RER 

(C) and activity (D) of Siberian hamsters in CLAMS during long day exposure 1, 

2, 4, 8 and 12 weeks post viral infusion. Siberian hamsters received either the 

control GFP vector (open circles) or the VGF-GFP vector (black squares). Solid 
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bar indicates the dark phase (8:16 light cycle). Values are group mean ± SEM (n 

=4). Significance values are as indicated: * p < 0.05 vs. control. 

  

4.6.2.3 Over-expression of VGF mRNA results in an increase in brown 

adipose tissue 

Despite the significant difference in body weight, there was no significant effect 

of AAV-VGF treatment on liver, epididymal or subcutaneous fat or 

gastrocnemius muscle weights. However, BAT weight was significantly 

increased in the AAV-VGF treated group (unpaired T-test, p < 0.05 vs. GFP 

controls). 

 

 Liver (mg 

per g 

BW) 

 

Epididymal 

fat pad  

(mg per g 

BW) 

Brown 

adipose 

tissue  

(mg per g 

BW) 

Subcutaneous 

fat  

(mg per g BW) 

Gastrocnemius 

muscle (mg 

per g BW) 

 

GFP  

(n = 4) 

 

 

36.1 ± 

1.90 

 

23.6 ± 1.61 

 

2.9 ± 

0.23 

 

24.4 ± 3.39 

 

1.3 ± 0.21 

 

VGF  

(n = 4) 

 

 

38.0 ± 

3.69 

 

22.8 ± 0.49 

 

4.6 ± 

0.42 * 

 

17.4 ± 3.48 

 

 

1.6 ± 0.21 

Table 4.6.2.4: Over-expression of VGF mRNA in the hypothalamus of Siberian 

hamsters, maintained in LD, resulted in significantly increased BAT weight. 

Mean (± SEM) mean wet tissue weight (mg per gram body weight) in Siberian 

hamsters administered with AAV-GFP or AAV-VGF bilaterally directed towards 

the PVN at the end of the study (week 12). * p < 0.05 vs. GFP (n = 4 per group).  
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4.6.3 Study 2: The effects of VGF over-expression in the hypothalamus of 

Siberian hamsters transferred to SD 

As expected the Siberian hamsters showed a clear progressive loss of body 

weight over the 20 weeks of SD exposure (effect of time: F = 7.433, p < 0.0001) 

(see Figure 4.6.3.1 A) and this loss of body weight was associated with a moult 

to a white winter pelage (see Table 4.6.3). The degree of loss of body weight in 

the responsive Siberian hamsters was similar in both groups (13.3 and 17.8% 

respectively) (see Table 4.6.3). At the end of the study there was a significant 

difference in the weight of the epididymal fat pads (GFP: 14.8 ± 0.9mg per g 

BW; VGF: 10.9 ± 0.7mg per g BW; p < 0.05 vs. GFP controls) (see Table 4.6.3). 

Three Siberian hamsters (two from the GFP group, one from the VGF group) 

failed to respond to photoperiod, which was characterised by maintenance of 

body weight, a failure to develop the winter coat and an increased paired testes 

weight at the end of the study. These animals were excluded from the analysis 

as they failed to respond to the SD photoperiod. 

 

 Body 

weight (g) 

 

Change in 

BW under 

SD (%) 

Pelage (1-

4) 

Paired testes 

weight (mg 

per BW) 

Epididymal 

fat pad (mg 

per BW) 

GFP (n 

=4) 

38.3 ± 

1.06 

13.34 ± 

2.43 

1.25 ± 

0.25 

6.76 ± 1.35 14.81 ± 0.9 

VGF (n 

=4) 

37.1 ± 

0.82 

17.79 ± 

2.58 

1 6.09 ± 0.71 10.9 ± 0.7* 

Table 4.6.3: Over-expression of VGF mRNA in the hypothalamus of Siberian 

hamsters, switched to short day (SD) photoperiod, resulted in a significant 

decrease in epididymal fat pad. Mean ± SEM changes in body weight after 

exposure to SD and mean wet tissue weights (and pelage scores) at the end of 

the study. * p < 0.05 vs. GFP treated group (n = 4 per group).  
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4.6.3.1 Over-expression of VGF mRNA in SD has no effect on body weight, 

however food intake was significantly increased 

Body weight was unaffected by treatment in the Siberian hamsters exposed to 

SD photoperiod (body weight, GFP: 38.3 ± 1.1; VGF: 37.1 ± 0.82g; p = n.s) (see 

Figure 4.6.3.1 A). Daily food intake and daily food intake per gram body weight 

were not significantly affected in the AAV-VGF treatment group (treatment vs. 

time interaction F = 0.8314, p = 0.67; and F = 0.9071, p = 0.58 respectively) (see 

Figure 4.5.3.1 B and C). However there was a trend for an increase in 

cumulative food intake (treatment vs, time interaction F = 1.557, p = 0.08) and 

a significant increase in cumulative food intake per gram body weight 

(treatment vs. time interaction F = 3.427, p < 0.0001) (see Figure 4.6.3.1 D and 

E). Again this could be attributed to an increase in meal duration in the AAV-

VGF treated group compared to AAV-GFP controls at 1 and 20 weeks post 

transfer to SD (treatment vs. time interaction 1 week: = 3.745, p < 0.05; 20 

weeks: F = 4.400, p < 0.02) (see Figure 4.6.3.1 F). There was no difference in 

meal frequency or food intake in CLAMS (p > 0.05). 
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Figure 4.6.3.1: Despite no differences in body weight of Siberian hamsters 

over-expressing VGF mRNA within the hypothalamus, cumulative food intake 

was significantly increased. Body weight (A), daily food intake (B), daily food 

intake per gram body weight (C), cumulative food intake (D) and cumulative 

food intake per gram body weight (E) of adult male Siberian hamsters receiving 

bilateral injections of 200nl of either AAV-GFP (as a control, open circles) or 

AAV-VGF (black squares) in the PVN at a concentration of 1x1013 gc/ml for AAV-

GFP and 7.2x1012 gc/ml for AAV-VGF (n = 4 per group). Siberian hamsters were 

maintained under SD. Values are group means (± SEM). Significance values are 

as indicated: **** p < 0.0001 vs. control. 
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Figure 4.6.3.1 F: Over-expression of VGF mRNA in the hypothalamus of Siberian hamsters significantly affected feeding behaviour. 

24 hour profiles for meal frequency (i), meal duration (ii) and food intake (iii) of Siberian hamsters in metabolic cages during short day 

exposure 1, 2, 8, 12 and 20 weeks post transfer to SD. Siberian hamsters received either the control GFP vector (open bars) or the VGF-

GFP vector (black bars). Values are group mean, (n = 4 per group; ± SEM). Significance values are as indicated: * p < 0.05. 
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4.6.3.2 Over-expression of VGF mRNA increased oxygen consumption and 

carbon dioxide production, RER was significantly increased  

There was an increase in both oxygen consumption and carbon dioxide 

production in the VGF group over the 20 weeks post transfer to SD (see Figure 

4.6.3.3), but this failed to reach significance. At 8 and 12 weeks post transfer, a 

significant increase in RER was observed in the AAV-VGF treated group 

compared to AAV-GFP controls (effect of treatment; 8 weeks: F = 1.756, p < 

0.05; 12 weeks: F = 5.644, p < 0.05) (see Figure 4.6.3.2).  
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Figure 4.6.3.2: The metabolic parameters of Siberian hamsters over-

expressing VGF mRNA in the hypothalamus was altered. 24 hour profiles for 

oxygen consumption (A), carbon dioxide production (B), RER (C) and activity (D) 

of Siberian hamsters in CLAMS 1, 2, 8, 12 and 20 weeks post transfer to short 

days (SD). Siberian hamsters received either the control GFP vector (open 

circles) or the VGF-GFP vector (black squares). Values are group mean (n = 4, ± 
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SEM). Solid bar indicates the dark phase (16:8 dark: light cycle). Significance 

values are as indicated: * p < 0.05 (vs. control).
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4.6.3.3 eGFP expression in the hypothalamus of Siberian hamsters was 

widespread  

Post-mortem analysis of eGFP by fluorescence microscopy revealed 

widespread expression of eGFP at the end of the study (approximately 32 

weeks post infusion) in the hypothalamus and along the cannula infusion tract. 

GFP expression was observed in all treated and control Siberian hamsters (see 

Figure 4.6.3.3 A). More specifically, eGFP expression was apparent along the 

third ventricle (3V), suprachiasmatic nucleus (SCN), LHA, the anterior 

hypothalamic nucleus, PVN, ARC, VMH and DMN as well as the dmpARC (see 

Figure 4.6.3.3 B).   
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Figure 4.6.3.3 A: eGFP expression in the hypothalamus of Siberian hamsters. 

Examples of the distribution of GFP within the hypothalamus of Siberian 

hamsters receiving the control vector (A) or the VGF over-expression vector (B).  
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Figure 4.6.3.3 B: eGFP expression in the PVN of Siberian hamsters. Examples 

of the widespread transfection of the cell soma in the region of the PVN. A – 

AAV-GFP, B – AAV-VGF. Scale bar = 50μm (Adapted from Morin and Wood, 

2001).  
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4.6.3.4 VGF mRNA expression was higher in Siberian hamsters receiving the 

over-expression vector 

To confirm the over-expression by the AAV-VGF vector, VGF mRNA was 

determined. All Siberian hamsters receiving the VGF vector demonstrated VGF 

expression that corresponded to the eGFP expression observed by 

fluorescence microscopy. Although VGF expression was observed in those 

receiving the control vector, the levels were very low (see Figure 4.6.3.4). 

Similar to the eGFP expression, VGF expression was apparent along the 3V, 

SCN, LHA, the anterior hypothalamic nucleus, PVN, ARC, VMH and DMN and 

dmpARC (see Figure 4.6.3.4).    
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Figure 4.6.3.4: Examples of the distribution of eGFP and VGF mRNA in the 

Siberian hamster following SD exposure. Corresponding in situ hybridisation 

of eGFP (A) and VGF (B) mRNA in Siberian hamsters infused with the AAV-VGF 

vector. The AAV-GFP infused control group demonstrated much lower levels of 

VGF mRNA (C). Expression of both vectors was highest in the arcuate nucleus, 

with additional expression in the PVN and LHA in Siberian hamsters receiving 

the AAV-VGF vector (adapted from Morin and Wood, 2001). 
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4.6.4 Study 3: The effects of VGF over-expression in the hypothalamus of 

the mouse 

4.6.4.1 Over-expression of VGF mRNA significantly affects food intake and 

body weight 

Infusion of AAV (GFP control or VGF treatment) into the hypothalamus of mice 

resulted in a small transient decrease in body weight (see Figure 4.6.4.1 A). 

However by week 6 there was a greater increase in the body weight of mice 

receiving the GFP vector, resulting in a significant divergence from the group 

treated with the VGF vector (treatment vs. time interaction F = 1.890, p < 0.05) 

(see Figure 4.6.4.1 A).  

 

Although body weight was lower in the AAV-VGF treated group (compared to 

controls) there was a trend towards an increase in daily food intake in the home 

cage (both total and per gram body weight) (treatment vs. time interaction F = 

1.541, p = 0.1 and F = 1.625, p = 0.08 respectively) (see Figure 4.6.4.1 B and C). 

As a result there was a significant increase in cumulative food intake (treatment 

vs. time interaction F = 3.442, p < 0.0001) and cumulative food intake per gram 

body weight (treatment vs. time interaction F = 3.340, p < 0.001) (see Figure 

4.6.4.1 D and E). Meal duration at 12 and 16 weeks post infusion tended to be 

increased in the AAV-VGF group compared to AAV-GFP treated controls 

(treatment vs. time interaction F = 2.354, p < 0.1 and F = 3.242, p < 0.05 

respectively), whereas meal frequency was unaffected (see Figure 4.6.4.1 F).  
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Figure 4.6.4.1: Despite significantly increased food intake in mice over-

expressing VGF mRNA within the hypothalamus, body weight was reduced. 

Body weight (A), daily food intake (B), daily food intake per gram body weight 

(C), cumulative food intake (D) and cumulative food intake per gram body 

weight (E) of adult male mice receiving bilateral injections of 200nl of either 

AAV-GFP (as a control, open circles) or AAV-VGF (black squares) at a 

concentration of 7.2x1012 gc/ml for AAV-VGF and 1x1013 gc/ml for AAV-GFP (n 

= 4 per group). Values are group means ± SEM. Significance values are as 

indicated: * p < 0.05, *** p < 0.001, **** p < 0.0001 (vs. control). 
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Figure 4.6.4.1 F: Over-expression of VGF mRNA in the hypothalamus of mice significantly affected feeding behaviour. 24 hr 

profiles for meal frequency (i), meal duration (ii) and food intake (iii) of mice in metabolic cages 1, 4, 8, 12 and 16 weeks post 

viral infusion. Mice received either the control GFP vector (open bars) or the AAV-VGF vector (black bars). Values are group 

mean ± SEM (n = 4 per group). Significance values are as indicated: * p < 0.05 (vs. control). 
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4.6.4.2 Over-expression of VGF mRNA significantly increased oxygen 

consumption  

Oxygen consumption was significantly increased in the dark phase 1 week post 

infusion in the AAV-VGF treated group compared to AAV-GFP controls 

(treatment vs. time interaction F = 1.983, p < 0.05) (see Figure 4.6.4.2 A). This 

was despite significantly reduced activity in the AAV-VGF treated group 

compared to controls (treatment vs. time interaction F = 1.796, p < 0.05) (see 

Figure 4.6.4.2 D). At 12 and 16 weeks, oxygen consumption was significantly 

increased in the AAV-VGF treated group for most of the 24 hour period 

(treatment vs. time interaction F = 2.275, p < 0.01; F = 0.2147, p < 0.05), but 

there were no significant differences at 4 and 8 weeks (see Figure 4.6.4.2 A). At 

16 weeks post infusion carbon dioxide production was significantly increased 

in the AAV-VGF treated group (treatment vs. time interaction F = 1.796, p < 

0.05). Similarly, there was a trend for an increase in carbon dioxide production 

(treatment vs. time interaction F = 1.648, p = 0.10; F = 0.7812, p = 0.10), 1 and 

12 weeks post infusion, but no differences at 4 and 8 weeks post infusion (see 

Figure 4.6.4.2 B). RER was significantly increased in the AAV-VGF treated group 

8 weeks post infusion (treatment vs. time interaction F = 2.790, p < 0.01). There 

was also a trend for an increase in RER in the AAV-VGF treated group at 1 and 

16 weeks post infusion (treatment vs. time interaction: F = 1.823, p = 0.07; F = 

1.242, p = 0.07), but no differences at 4 and 12 weeks (see Figure 4.6.4.2 C). 

Activity was unaffected at all other times points (see Figure 4.6.4.2 D). 
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Figure 4.6.4.2: The metabolic parameters of mice over-expressing VGF mRNA 

in the hypothalamus were significantly altered. 24 hr profiles for oxygen 

consumption (A), carbon dioxide production (B), RER (C) and activity (D) of mice 

in metabolic cages 1, 4, 8, 12 and 16 weeks post viral infusion. Mice received 

either the control GFP vector (open circles) or the VGF-GFP vector (black 

squares). Values are group means ± SEM, n = 4 per group. Solid bar indicates 
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the dark phase (12:12 light cycle). Significance values are as indicated: * p < 

0.05, ** p < 0.01 (vs. control). 

 

4.6.4.3 Over-expression of VGF mRNA significantly affected the epididymal 

fat weight  

Despite the lack of a positive effect on body weight, there was a significant 

effect on the mass per gram body weight of the epididymal fat pad between 

the groups. Initially (by week 4) the epididymal fat pad was significantly 

increased (unpaired T Test, p < 0.05) in the AAV-VGF treated mice (Table 4.6.4.3 

A). However, by week 16, the mice which received AAV-VGF, had significantly 

reduced epididymal fat mass (unpaired T Test, p < 0.05) (see Table 4.6.4.3 B).  

 

Table A – 

Week 4 

Liver (mg 

per g BW) 

Epididymal fat 

pad (mg per g 

BW) 

Brown 

adipose tissue 

(mg per g 

BW) 

Subcutaneous fat 

(mg per g BW) 

GFP (n = 4) 

 

38.2 ± 

3.40 

16.3 ± 3.12 3.3 ± 1.4 6.4 ± 0.98 

VGF (n = 4) 31.7 ± 

4.81 

25.3 ± 1.91 * 1.5 ± 0.32 5.5 ± 0.19 

 

Table B –  

Week 16 

Liver (mg 

per g BW) 

Epididymal fat 

pad (mg per g 

BW) 

Brown 

adipose tissue 

(mg per g 

BW) 

Subcutaneous fat 

(mg per g BW) 

GFP (n =4) 

 

32.9 ± 

2.94 

53.8 ± 4.8 6.6 ± 1.23 8.2 ± 2.79 

VGF (n =4) 35.9 ± 

2.85 

30.6 ± 9.02 * 6.0 ± 2.58 7.9 ± 0.18  

Table 4.6.4.3: Over-expression of VGF mRNA in the hypothalamus of mice 

resulted in differential fat mass. The significant increases in food intake in mice 



166 
 

which over-express VGF mRNA within the hypothalamus resulted in differential 

fat mass. Initially, there was a significant increase in epididymal fat pad weight 

in mice which over-expressed VGF mRNA within the hypothalamus (A). 

However, by 16 weeks post infusion, epididymal fat mass was significantly 

reduced in the VGF group. Group mean (± SEM) tissue weights at the end of 

the study, 16 weeks post viral infusion. All weights are wet mass per gram body 

weight. * p < 0.05 vs. GFP (n = 4 per group).  
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4.6.5 Study 4: The effects of VGF over-expression in the hypothalamus of 

mice transferred to a HFD 

4.6.5.1 Over-expression of VGF mRNA significantly increased body weight 

but food intake was unaffected 

As expected, the mice showed a clear and progressive increase in body weight 

over the 16 weeks of exposure to HFD. The degree of body weight gain in the 

mice was more significant in the AAV-VGF treated group (200% for VGF vs 177% 

for GFP, unpaired T test p < 0.01) (see Figure 4.6.5.1 A). Despite this effect on 

body weight, there was no significant effect on the mass per gram body weight 

for the liver or epididymal and subcutaneous fat. However, there was a trend 

towards increased BAT weight in the VGF group (GFP: 10.6 ± 1.65mg; VGF: 14.0 

± 1.41mg per g BW; p = 0.09).  

 

 Liver (mg 

per g BW) 

Epididymal fat 

pad (mg per g 

BW) 

Brown 

adipose tissue 

(mg per g 

BW) 

Subcutaneous fat 

(mg per g BW) 

GFP (n =5) 

 

55.0 ± 

4.99 

48.1 ± 5.79 10.6 ± 1.65 20.0 ± 5.01 

VGF (n =6) 56.71 ± 

4.65 

56.0 ± 4.52  14.0 ± 1.41 21.4 ± 3.43  

Table 4.6.5.1 – Despite the significant increase in body weight, VGF over-

expression had no significant affect on fat depots. Mean (± SEM) tissue weight 

at the end of the study, 16 weeks post transfer to HFD. All weights are wet mass 

per gram body weight.  

 

There was a significant increase in daily food intake and cumulative food intake 

in the AAV-VGF treated group (treatment vs. time interaction F = 3.623, p < 

0.0001 and F = 7.117, p < 0.0001) (see Figure 4.6.5.1 B and D). However, daily 

food intake per gram body weight and cumulative food intake per gram body 

weight were unaffected (treatment vs. time interaction F = 0.6545, p = 0.82 and 
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F = 0.28, p = 0.99 respectively) (see Figure 4.6.5.1 C and E), as were meal 

frequency, duration and food intake in the CLAMS (see Figure 4.6.5.1 F).  

 

 

Figure 4.6.5.1: The over-expression of VGF mRNA in the hypothalamus of mice 

fed a high fat diet (HFD) resulted in significantly increased body weight but 

unaltered food intake. Body weight (A), daily food intake (B), daily food intake 

per gram body weight (C), cumulative food intake (D) and cumulative food 

intake per gram body weight (E) of adult male mice receiving bilateral injections 

of 200 nl of either AAV-GFP (as a control, open circles) or AAV-VGF (black 

squares) at a concentration of 7.2x1012 gc/ml for AAV-VGF and 1x1013 gc/ml for 

AAV-GFP (n = 5/6 per group) fed a HFD. Values are group means (± SEM). ** p 

< 0.01, **** p < 0.0001 (vs.control). 

  

**** 
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Figure 4.6.5.1 F: Over-expression of VGF mRNA in the hypothalamus of mice significantly affected feeding behaviour. 24 hour 

profiles for meal duration (i), meal frequency (ii) and food intake (iii) of mice in metabolic cages 1, 4, 8 and 16 weeks post 

transfer to a HFD. Mice received either the control GFP vector (open bars) or the VGF vector (black bars). Values are group 

mean± SEM, n = 5/6 per group. 
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4.6.5.2 Over-expression of VGF mRNA significantly increased RER  

There was a trend towards increased oxygen consumption in the AAV-VGF 

treated group 1 week post transfer to HFD (treatment vs. time interaction F = 

1.676, p = 0.09). This was despite a trend towards decreased activity in the VGF 

group in week 1 (treatment vs. time interaction F = 1.445, p = 0.09). However, 

at 2, 8 and 16 weeks post transfer to a HFD there was no effect on oxygen 

consumption, carbon dioxide production or activity. There was, however, a 

significant increase in RER in the VGF group, 8 and 16 weeks post transfer to a 

HFD (week 8: effect of treatment F = 13.45, p < 0.01; week 16: treatment vs. 

time interaction F = 2.062, p < 0.01) (see Figure 4.6.5.3), but no differences at 

1 and 2 weeks.  
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Figure 4.6.5.2: The metabolic parameters of mice over-expressing VGF mRNA 

in the hypothalamus was significantly altered 8 weeks post exposure to HFD. 

24 hr profiles for oxygen consumption (A), carbon dioxide production (B), and 

RER (C) and activity (D) of mice in metabolic cages 1, 2, 8 and 16 weeks post 

transfer to HFD. Mice received either the control GFP vector (open circles) or 

the VGF vector (black squares). Values are group mean± SEM, n = 5/6 per 

group. Solid bar indicates the dark phase (12:12 light cycle).  

 

4.6.5.3 Hypothalamic expression of eGFP is similar to Siberian hamsters 

Post-mortem analysis of eGFP by fluorescence microscopy revealed 

widespread expression of eGFP in the hypothalamus and along the cannula 

infusion tract at the end of the study (approximately 28 weeks post infusion). 

eGFP expression was observed in all treated and control mice. More 

specifically, eGFP expression was apparent along the 3V, SCN, the LHA, the 

anterior hypothalamic nucleus, PVN, ARC, VMH and DMN.   

 

4.6.5.4 In situ hybridisation revealed similar expression to Siberian 

hamsters 

VGF mRNA was determined to confirm the over-expression by the VGF-eGFP 

vector. All mice receiving the VGF vector demonstrated VGF expression that 

corresponded to eGFP expression observed by fluorescence microscopy. 

Although VGF expression was observed in those receiving the control vector, 

the levels observed were very low. Similar to the eGFP expression, VGF mRNA 

expression was apparent along the 3V, SCN, LHA, the anterior hypothalamic 

nucleus, PVN, ARC, VMH and DMN, similar to the results in Siberian hamsters.  
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4.7 DISCUSSION 

To further elucidate the role of VGF in the hypothalamus of Siberian hamsters 

and mice, VGF mRNA and eGFP were over expressed using a rAAV vector 

utilising the viral 2A sequence for bicistronic gene expression. The over-

expression of VGF in the hypothalamus resulted in reduced body weight gain. 

Surprisingly, this reduction in body weight was associated with increased food 

intake and energy expenditure. These effects were attenuated in disrupted 

models of energy regulation; food intake and energy expenditure were more 

akin to control Siberian hamsters post transfer SD and mice fed a HFD. The 

studies presented in this chapter support the notion that global ablation of the 

VGF gene during the course of development resulted in an errant phenotype. 

Previous studies have demonstrated that chronic infusion of AgRP increased 

food intake and decreased oxygen consumption and the capacity of BAT to 

expend energy (Small et al., 2003), while over-expression resulted in 

singifcantly increased food intake, body weight and reduced energy 

expenditure (see Table 4.1; de Backer et al., 2011). The studies presented in 

this chapter are more analgous to CART, which has orexigenic and anorectic 

effects (Dhillo et al., 2002; Kristensen et al., 1998) dependent upon its site of 

hypothalamic injection (Murphy, 2006). Similarly to VGF over-expression, the 

over-expression of CART in the ARC of rats resulted in increased cumulative 

food intake (Kong et al., 2003) a result of increased thermogenic response in 

BAT. 

 

The studies presented in this chapter demonstrate, for the first time, the 

effectiveness of the viral 2A sequence in vivo in a non-standard laboratory 

species. The results indicated no adverse effects of the viral 2A peptide and 

that the 2A peptide mediates co-translational ‘cleavage’ in the hypothalamus 

in Siberian hamsters akin to that in other animal models (Trichas et al., 2008). 

These studies further established the viral 2A peptide as a viable alternative to 

ires sequences for bicistronic gene expression. It is also clear that gene 

transfection using a rAAV vector is a highly effective technique for manipulating 
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gene function in vivo, specifically in the hypothalamus of standard and 

nonstandard laboratory species, and can have profound effects on both 

physiology and behaviour. rAAV was previously shown to be a highly effective 

vector for gene transfection by Jethwa et al., (2010), where the over-expression 

of AgRP in Siberian hamsters resulted in a substantial and prolonged increase 

in body weight, as a result of increased food intake. The results presented in 

this chapter have further substantiated it as a viable option for over-expression 

studies. A previous limiting factor of AAV was the size of ‘foreign’ DNA which 

could effectively be packaged – the AAV genome is 4.7Kb - and any construct 

greater than this subsequently reduced viral titre, affecting over-expression of 

the transgene (Grieger and Samulski, 2005). However, other larger vectors, 

such as lentivirsuses (LVs), do not transduce the hypothalamus adequately (de 

Backer et al., 2010). The implementation of the viral 2A peptide (circa 60 bases) 

is favourable given the size of the ires alternative (up to 1.5Kb) as a way of 

reducing vector size and therefore improving efficiency of transfection and 

subsequently viral titre. Furthermore, the viral 2A peptide is more reliable than 

the ires (as demonstrated recently by Payne et al., 2013). 

 

Thus the studies reported in this chapter were able to use rAAV as a 

transfection system which consisted of the large VGF gene and eGFP for 

visualisation. The studies conducted in this chapter demonstrate that over-

expression of VGF mRNA produces a complex, yet similar, phenotype in 

Siberian hamsters and mice. In the Siberian hamster in LD, over-expression of 

VGF mRNA resulted in a reduction in body weight (compared to GFP controls), 

possibly due to the increase in oxygen consumption and energy expenditure, 

which was independent of activity, and despite a significant increase in daily 

food intake (total and per gram body weight) and cumulative food intake (total 

and per gram body weight) (all in the home cage). The change in food intake 

was potentially a consequence of increased meal duration as demonstrated in 

the CLAMS. The hypothesis therefore is that the changes in body weight are 

dependent upon the increased energy expenditure observed in the VGF 
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treated group, but independent of activity, while the increases in food intake 

may be a compensatory mechanism to limit weight loss. The studies in mice 

demonstrated that over-expression of VGF mRNA in the hypothalamus 

resulted in similar effects as those observed in Siberian hamsters. Body weight 

was significantly reduced in the VGF treated group (compared to controls), 

possibly due to an increase in oxygen consumption and energy expenditure 

independent of activity, and despite a trend towards increased daily food 

intake (total and per gram body weight) and a significant increase in cumulative 

food intake (total and per gram body weight). Once again, the change in food 

intake was a likely consequence of increased meal duration demonstrated in 

CLAMS. However, over-expression of VGF mRNA has differing effects on the fat 

pads of Siberian hamsters and mice. In the Siberian hamster, BAT weight was 

significantly increased, while in the mouse, epididymal fat mass in the VGF 

treated group was significantly reduced (after an initial increase).  

 

Over-expression of VGF mRNA in the hypothalamus did not prevent the 

transition to the seasonal catabolic state of Siberian hamsters transferred to 

short day photoperiod, despite a trend for an increase in cumulative food 

intake (total) and significantly increased cumulative food intake (per gram body 

weight). However, the epididymal fat pad (per gram body weight) was 

significantly reduced in the VGF treated group. In mice transferred to a HFD, 

body weight was significantly increased in the VGF treated group; whilst there 

was no effect on daily or cumulative food intake (per gram body weight). Daily 

and cumulative food intake (total), however, where significantly increased. 

Whilst there was a trend towards an increase in BAT weight (per gram body 

weight) in the VGF treated group.  

 

4.7.1 The timecourse studies in the Siberian hamster and C57Bl/6J mouse 

The increase in food intake may reflect a number of different responses to 

increased VGF mRNA. The increases in food intake (as observed in the home 
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cage) may be a result of the observed increases in metabolic parameters in 

CLAMS, which are independent of activity and therefore an autonomic 

response designed to maintain energy stores. Alternatively, energy 

expenditure may increase as a consequence of increased food intake, a process 

known as diet-induced thermogenesis (Westerterp, 2004). In the Siberian 

hamster, increases in food intake are parallel with increases in energy 

expenditure. While in the mouse increases in food intake are apparent before 

the increases in energy expenditure. This results in an initial significant increase 

in epididymal fat (per gram body weight) before a long term reduction was 

apparent (Table 4.6.4.3).  

 

In response to cold exposure, mice increase metabolic rate and activate BAT 

(Ravussin et al., 2014). Watson et al., (2009) demonstrated that VGF-/- mice 

display reduced accumulation of fat, along with an up-regulation of uncoupling 

proteins (UCPs) in BAT. However, despite this up-regulation, VGF-/- mice were 

cold intolerant. BAT contains an abundance of mitochondria, which uniquely 

express UCP-1 which dissipates the proton gradient of the inner mitochondrial 

membrane that is formed as a result of oxidative phosphorylation, resulting in 

heat production (Schulz and Tseng, 2013). This process is known as non-

shivering/adaptive thermogenesis. In the mouse, the absence of UCP-1 was 

associated with increased body weight (Feldmann et al., 2009; Lowell et al., 

1993), while surgical denervation or excision of BAT in mice resulted in 

increased body weight (Dulloo and Miller, 1984). BAT metabolism is 

accompanied by specific cerebral activation, including the thalamus (Orava et 

al., 2014). Furthermore, BAT has a rich sympathetic nerve and vascular supply 

(Rosenbaum and Leibel, 2010); its activation is dependent on thyroid hormone 

receptors (TRs) (Alkemade, 2010) and adrenoreceptors (Chernogubova et al., 

2005). Recent studies have suggested a role for BAT in humans (Cypess et al., 

2009; Ouellet et al., 2012); functional BAT’s metabolic activity was reduced in 

the obese (Nedergaard et al., 2007), while activation of BAT increased whole-

body energy expenditure; a direct consequence of increased oxidation of 
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glucose and fatty acids (Bartelt et al., 2011; Cannon and Nedergaard, 2004). 

The increased energy expenditure in Siberian hamsters and mice as a result of 

over-expression of VGF was not a consequence of increased locomoter activity. 

Over-expression did, however, result in significantly increased BAT weight in 

the Siberian hamster. Despite significantly increased food intake, there was no 

significant effect on the epididymal or subcutaneous fat pads. When rodents 

are placed in a cold environment, their body temperature is acutely defended 

by shivering thermogenesis via muscle contractions (van der Lans et al., 2013). 

Prolonged exposure results in a decrease in shivering, however energy 

expenditure remains elevated; in rodents this was attributed to increased BAT 

(Nedergaard et al., 2001). A recent study (van der Lans et al., 2013) 

demonstrated a similar finding in humans. These studies suggest (as a working 

hypothesis) that the over-expression of VGF in the hypothalamus of Siberian 

hamsters activates BAT, the result of which is an increase in food intake to 

maintain body weight. Kong et al., (2003) demonstrated the over-expression of 

CART in the ARC of rats resulted in increased cumulative food intake due to an 

increased thermogenic response in BAT; a similar phenotype of that of the 

Siberian hamster presented in this chapter.  

 

However, the over-expression of VGF mRNA in mice did not significantly affect 

BAT. Indeed, increases in food intake were seen before increases in energy 

expenditure in the mouse, so that epididymal fat was significantly increased at 

4 weeks post infusion in the studies reported in this chapter. Previous studies 

have demonstrated an increased in epididymal fat pad weight in response to 

increased food intake (Sousa-Ferreira et al., 2011). Long term over-expression 

of VGF mRNA, however, resulted in a significantly increase in energy 

expenditure and a significant reduction in epididymal fat. Previous studies have 

demonstrated a reduction in epididymal fat pad weight as a consequence of 

increased metabolic rate (Adams et al., 2006). An increase in BAT would result 

in a more metabolically active animal; similarly, a reduction in epididymal fat is 

associated with metabolic recovery (Takada et al., 2008). The mechanistic 
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difference of increased energy expenditure was akin to the catabolic difference 

exerted by the TLQP-21 peptide in mice (Bartolomucci et al., 2006) and Siberian 

hamsters (Jethwa et al., 2007). ICV TLQP-21 infusion in Siberian hamsters did 

not affect oxygen consumption, carbon dioxide production, RER or activity 

(Jethwa et al., 2007). TLQP-21 did, however, have a profound catabolic effect 

reducing food intake and meal size (Jethwa et al., 2007). TLQP-21 infusion in 

mice increased resting energy expenditure (Bartolomucci et al., 2006).  

 

In support of this mechanistic difference, the increased energy expenditure 

displayed by mice as a result of ICV infusion of TLQP-21, was not accompanied 

by increased gene expression of β3-AR or UCP-1 in BAT (Bartolomucci et al., 

2006). Therefore it was inferred that activation of BAT thermogenesis was not 

the primary mediator of the effects observed. However, an increase in UCP-1 

gene expression was observed in WAT, as well as β3-AR and PPAR-δ gene 

expression (Bartolomucci et al., 2007). This ‘beige-ing’ of WAT, to become more 

BAT-like, could be responsible for alterations in energy expenditure. 

Furthermore, NERP-2, an N terminal VGF derivied peptide, was shown to 

colocalise with the orexins, a family of neuropeptides that induce feeding 

behaviour and increase energy expenditure via stimulation of sympathetic 

nerve activity in the LHA. Indeed, ICV infusion of NERP-2 increases food intake 

and energy expenditure in rats via the orexin system (Toshnai et al., 2010). 

Mice which over-express orexin are resistant to diet induced obesity as a result 

of increased energy expenditure despite significantly increased daily food 

intake (Funato et al., 2009).  

 

VGF mRNA co-localised with POMC in the fed state, and NPY in the fasted state 

(Hahm et al., 2002; Saderi et al., 2014). This is a remarkable characteristic – NPY 

neurones which are challenged by energy depletion, express VGF during 

fasting, while POMC neurones, which are active when energy balance is 

positive, express VGF in ab libitum fed animals, as well as those refed following 
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a fast. The recently published Saderi et al., (2014) data suggested that VGF was 

expressed within the NPY/POMC neurones of the hypothalamus in response to 

metabolic condition and whichever the more active neurones, the higher level 

of VGF. A similar analogy can be drawn from the response of VGF following salt 

loading in the PVN (Mahata et al., 1993) and light stimulation in the SCN (Wisor 

and Takahashi, 1997). Here over-expression of VGF mRNA in the Siberian 

hamster and mouse resulted in increased food intake. As VGF is expressed 

under all conditions in the POMC neurones (Saderi et al., 2014) – increases in 

expression may be less consequential. It is therefore postulated this may 

account for the increased food intake demonstrated by the Siberian hamsters 

and mice respectively. These studies may highlight the inherent evolutionary 

bias towards increased food intake in the energy homeostasis system. The 

ability to defend body fat in times of food deprivation is greater than the need 

to protect against weight gain (Schwartz et al., 2003).  

  

The findings of the studies presented in this chapter and those of Bartolomucci 

et al., 2006 and Jethwa et al., 2007, which utilised the VGF derived peptide 

TLQP-21, however, are in stark contrast with the VGF-/- mouse, which was 

hypermetabolic and hyperactive (Hahm et al., 1999). The complex phenotype 

produced by the VGF-/- (Hahm et al., 1999) is a likely consequence of global 

ablation of the gene and its derived peptides during development, as well as in 

the adult. Hahm et al., (1999) postulated that an increase in VGF expression in 

the hypothalamus of mice would increase food intake and body weight, while 

energy expenditure would decrease, resulting in an obese phenotype. These 

studies demonstrate while over-expression of VGF mRNA in the hypothalamus 

of mice increased food intake, body weight is reduced as a result of increased 

energy expenditure.   



180 
 

 

4.7.2 VGF over-expression in disrupted models of energy homeostasis 

In the SD study, daily food intake (total and per gram body weight) and energy 

expenditure were unaffected by the over-expression of VGF mRNA – its effects 

were therefore reduced in SD. There was, however, a trend for an increase in 

cumulative food intake (total) and a significant increase in cumulative food 

intake (per gram bodyweight). Despite these increases the long term seasonal 

regulation of body weight persisted in the Siberian hamster. The 20 week 

exposure to SD resulted in a reduction in body weight, the development of the 

white winter pelage and a reduction in paired testes weight. The degree of 

body weight loss, in response to photoperiod, was similar between the VGF 

treated and GFP control groups; weight loss was unaffected by treatment. This 

further supports the hypothesis that the response to photoperiod is a distinct 

neuroendocrine process (Jethwa and Ebling, 2008). Three Siberian hamsters 

failed to respond to SD, however, this was not associated with treatment as 

two of the Siberian hamsters which failed to respond received the GFP vector. 

A failure to respond to SD has been noted in Siberian hamsters in our colony 

(Jethwa et al., 2010) and in others (Freeman and Goldman, 1997).  

 

Previous research has demonstrated the reduction in body weight is a 

reflection of reduced caloric intake (Knopper and Boily, 2000), while other 

groups hypothesise increased energy expenditure is response for the 

development of the SD phenotype (Wade and Bartness, 1984). Warner et al., 

(2010), demonstrated an initial, transient increase in oxygen consumption, 

heat production and locomotor activity in response to SD, with a subsequent 

decrease in caloric intake. This supports their hypothesis that energy 

expenditure underlies the initial phase of weight loss in the Siberian hamster in 

response to SD photoperiod. These studies demonstrated that VGF mRNA 

significantly increased food intake. In a similar study, conducted by Jethwa et 

al., (2010), over-expression of AgRP increased food intake and decreased 

energy expenditure in the Siberian hamster, effects which did not block the 
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seasonal catabolic response. Furthermore, several studies have failed to 

identify gene expression changes in the major homeostatic genes in the 

hypothalamus, namely NPY, AgRP, POMC, CART, orexin and thyrotropin-

releasing hormone (Ebling et al., 1998; Mercer et al., 1995; Mercer et al., 2000, 

Rousseau et al., 2002). Taken in combination with the findings presented in this 

chapter these studies provide further evidence indicating that seasonal cycles 

of weight loss are not simply effected by a readjustment of the homeostatic 

mechanisms. 

 

Barrett et al., 2005 demonstrated an up-regulation of VGF mRNA in the 

dmpARC, a major site of gene expression change in response to photoperiod, 

in Siberian hamsters. However, expression across the remainder of the ARC, is 

lower in SD (Barret et al., 2005). As an adaptation to survive winter, the Siberian 

hamster undergoes physiological and behavioural adaptations, including the 

increased capacity for thermogenesis. Furthermore, the thermogenic capacity 

of BAT is increased in the Syrian hamster exposed to SD (McElroy et al., 1986) 

– interscapular BAT pads from SD hamsters were 53% heavier and contained 

comparably more protein and DNA. Demas et al., (2002) demonstrated that 

there was an increase in UCP-1 and PPAR-γ in Siberian hamsters in SD, as well 

as an increase in lipid mobilisation and utilisation, suggesting BAT is more 

active. This may explain why the effects of VGF mRNA over-expression are 

attenuated in SD. Indeed, BAT is no longer significantly increased. However 

epididymal fat was significantly reduced – a possible consequence of initial 

ncreases in energy expenditure.  

 

A recent study of prohormone convertases 1 (PC1/3) and 2 (PC2) gene 

expression in the hypothalamus of Siberian hamsters found that SD induced 

PC2 within the ARC. The results indicate that a major part of neuroendocrine 

body weight control in seasonal adaptation may be affected by post-

translational processing mediated by these enzymes (Helwig et al., 2006). 
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Furthermore, starvation in rats results in decreased PC1 and PC2 gene and 

protein expression in the PVN, which is reversed by exogenous leptin 

administration (Sanchez et al., 2004). The VGF pro-polypeptide undergoes 

endoproteolytic processing by the PCs – alterations in their expression may 

favour one or more of the VGF derived peptides, which may result in alterations 

in food intake and/or energy expenditure. The studies presented in chapter 3 

demonstrated the initial opposing roles of the VGF derived peptides, HHPD-41 

and TLQP-21 following ICV infusion. Bartolomucci et al., (2006) and Toshinai et 

al., (2010) have shown that TLQP-21 increases resting energy expenditure in 

mice and NERP-2 increases food intake and energy expenditure in rats, 

respectively. It is therefore possible that the panel of VGF derived peptides 

alters with photoperiod, producing differential effects.  

 

The post mortem analysis of fluorescence emitted by eGFP and of in situ 

hybridisation for VGF mRNA performed 32 weeks post infusion of viral vectors 

revealed a high number of cells, over a large area of the brain, expressed the 

vectors. Despite the bilateral infusion of 200nl and a micropipette tip of 30μm, 

it was apparent that cells up to 300-400μm expressed the vector. Cells more 

dorsal in the brain adjacent to the tract of the micropipette also expressed the 

vectors. Higher lateral expression was noted in some of the animals, a 

reflection of a technical issue with the infusion of viral vectors at low volumes 

through small diameters. Nevertheless, the widespread expression of GFP (and 

VGF mRNA as confirmed by in situ hybridisation), induced a significant increase 

in food intake and energy expenditure in Siberian hamsters. The strategy was 

to target the infusion of the vector at the ARC because it was a demonstrated 

site of expression within the hypothalamus. The studies presented in this 

chapter have demonstrated an increase in VGF mRNA in the ARC, dmpARC, 

PVN, the LHA, VMN, DMN and the area surrounding the third ventricle, as well 

as along the infusion tract.  
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Similar to the findings in Siberian hamsters transferred to SD, C57Bl/6J mice fed 

a HFD develop obesity. The over-expression of VGF mRNA resulted in 

significantly increased body weight. As a result, daily and cumulative food 

intakes (total) were significantly increased. However, the previously observed 

increases in daily and cumulative food intakes per gram body weight were no 

longer apparent. This is a possible effect of the increased palatability of the 

HFD. At the latter time points, RER was significantly increased in mice which 

over-expressed VGF mRNA, however this may have been a consequence of 

their increased body weight compared to controls. There was no significant 

effect on tissue weights, however there was a trend for an increase in BAT in 

the VGF group.  

 

Recent studies have found that mice fed a HFD increased norepinephrine-

induced thermogenesis, an effect which was not observed in UCP-1-/- mice 

(Feldmann et al., 2009). If the working hypothesis is true (VGF activates BAT) 

the capacity for increased thermogenesis will be reduced as a result of 

exposure to HFD, similar to the Siberian hamsters in SD. This hypothesis is 

further supported by Watson et al., (2009) who demonstrated VGF-/- mice were 

cold intolerant. It has been previously demonstrated that VGF mRNA increases 

in the hypothalamus in response to fasting and these increases are normalised 

by leptin delivery (Hahm et al., 1999). Lin et al., 2010 demonstrated mice 

switched to a HFD maintain energy intake for 4 weeks, parallel to controls fed 

a standard diet. By week 8, the HFD group began a gradual increase in energy 

intake, which increased further at 15 weeks. This corresponded to the ability of 

mice to respond to leptin; 1 week post transfer to a HFD, the mice retained the 

ability to respond to exogenous leptin delivery. However, by week 8, 

exogenous leptin did not affect food intake or body weight. By week 19, ICV 

infusion of 0.1μg leptin demonstrated no significant effect on food intake or 

body weight on mice fed a HFD (Lin et al., 2010). It is therefore possible that 

mice fed a HFD lose the ability to respond to VGF due to alternations in the 

leptin signalling pathway.  
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Similar to the Siberian hamster study, the post mortem analysis of fluorescence 

emitted by eGFP and of immunoreactivity performed 32 weeks post infusion of 

viral vectors revealed a high number of cells, over a large area of the brain, 

expressed the vectors in mice. 

 

4.8 CONCLUSION 

In conclusion, the over-expression of VGF in the hypothalamus produced a 

reduced body weight phenotype, as significant increases in food intake are off-

set by significant increases in energy expenditure. However, when energy 

homestasis is challenged by photoperiod or diet, the effects of VGF mRNA over-

expression are diminished, possibly due to alterations in BAT activity. This 

supports the hypothesis that the VGF gene has opposing effects on energy 

homeostasis and that global ablation of the VGF gene during the course of 

development resulted in an errant phenotype. 
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5 Chapter 5 – THYROID HORMONE (T3), IN VITRO, 

REPRESSES VGF ENDOGENOUS EXPRESSION AND 

PROMOTER ACTIVITY; A NOVEL, POSSIBLE MECHANISM 

FOR THE SEASONAL REGULATION OF APPETITE 
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5.1 THE HYPOTHALAMUS-PITUITARY-THYROID (HPT) AXIS 

The hypothalamic-pituitary-thyroid (HPT) axis is paramount in the control of 

metabolic processes in vertebrate organisms (Costa-e-Sousa and Hollenberg, 

2012). The HPT axis is regulated by the secretion of thyrotropin-releasing 

hormone (TRH), a tripeptide produced by the PVN (Lechan and Fekete. 2004), 

which travels across the ME to stimulate the release of thyroid-stimulating 

hormone (TSH) from the anterior pituitary into the circulation (Bianco and Kim, 

2006). TSH stimulates the release of thyroid hormones (THs) from the thyroid 

gland. Although there is evidence for the non-genomic actions of TH (Davis et 

al., 2008), many of the effects of TH are mediated by the genomic pathway 

which requires the activation of thyroid hormone receptors (TRs) (Senese et al., 

2014). TRs belong to a nuclear receptor (NR) superfamily, which include 

retinoic acid (RAR) and vitamin D (VDR) receptors, as well as peroxisomal 

proliferator receptors (PPARs) (Yen et al., 2006), and regulate energy 

homeostasis (Barker, 1951; Silva, 1995). The biologically active form of TH, 

3,5,3’-triiodothyronine (T3), stimulates basal metabolic rate (Decherf et al., 

2010), energy expenditure in peripheral tissues (Kim, 2008) and energy 

homeostasis in the brain (Herwig et al., 2009). Lopez et al., (2010), 

demonstrated increases in metabolic rate induced by TH involved the inhibition 

of AMP-activated protein kinase (AMPK) in the hypothalamus, resulting in heat 

production in BAT via the sympathetic nervous system. In support of this, in 

humans, hyperthyroidism results in increased catabolism and therefore weight 

loss, while hypothyroidism results in weight gain (Silva, 1995). Along with its 

precursor, thyroxine (T4), THs influence gene expression in virtually every 

vertebrate tissue via TRs with specific target gene promoters, enhancing or 

repressing transcription (Bianco and Kim, 2006).  

 

The activation and deactivation of the THs is via the iodothyronine deiodinases, 

of which there are three types – these enzymes regulate TH via the removal of 

specific moieties from the precursor molecule, T4 (Bianco and Kim, 2006). The 

enzymatic conversion of T4 into the biologically active T3 is governed by 
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deiodinase 2 (DIO2). Whereas deiodinase 3 (DIO3) converts T4 to the inactive 

reverse T3 and thereby converts T3 to an inactive form (Ebling, 2014). DIO1 

activates or inactivates T4 on an equimolar basis (Bianco and Kim, 2006) as it 

can function as an outer or inner ring deiodinase (Maia et al., 2011). In the 

Siberian hamster, there is high gene expression of DIO2 in LD and relatively low 

DIO3 expression. Exposure of Siberian hamsters to SD reverses gene expression 

– DIO2 is reduced, while DIO3 is up-regulated (Barrett et al., 2007; Watanabe 

et al., 2004). These patterns of expression have also been noted in 

photoperiodic species of rat (Ross et al., 2011) and mice (Ono et al., 2008). The 

availability of T3 to the hypothalamus in the Siberian hamster is therefore 

controlled by the expression of DIO2 and DIO3 within cells which line the third 

ventricle (tanycytes) (Herwig et al., 2013). It has been postulated that more 

than 75% of nuclear T3 in the brain is derived from this conversion – therefore 

the expression and activity of these enzymes is key to determining availability 

within the hypothalamus (Hazlerigg and Loudon, 2008). The enzymatic profiles 

suggest that T3 availability is reduced in response to SD photoperiod.  

 

In a study conducted by Barrett et al., (2007), where Siberian hamsters 

maintained in LD were microimplanted with 10μg of T3, estimated to release 

100pg of T3 per day, the changes associated with exposure to SD (reduction in 

food intake, decreased body weight as a result of decreases in intra-abdominal 

fat depots and testicular regression) were completely prevented. Furthermore, 

systemic administration of T3 blocked testicular regression in Siberian 

hamsters (Freeman et al., 2007). Siberian hamsters maintained in SD, which 

received intrahypothalamic T3 implants, underwent an anabolic response, akin 

to control animals transferred to LD (Murphy et al., 2012). Furthermore, 

Siberian hamsters with the intrahypothalamic T3 implants did not display 

torpor bouts in SD (Murphy et al., 2012). T3 acts on the hypothalamic neurones 

of the ARC and PVN as a short-term signal of energy deficit imposed by 

starvation (Boelen et al., 2008; Coppola et al., 2007; Fekete and Lechan, 2007; 

Lechan and Fekete, 2006). These studies demonstrate the important role of 
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thyroid hormone availability in the regulation of seasonal energy metabolism 

in the Siberian hamster (Ebling, 2014). VGF mRNA expression is greater in the 

dorsomedial posterior arcuate nucleus (dmpARC) in Siberian hamsters in 

response to short photoperiod (Barrett et al., 2005) however expression across 

the remainder of the ARC is greater in LD (Jethwa et al., 2007). It has been 

hypothesized that hypothalamic thyroid hormone availability plays a key role 

in the seasonal regulation of appetite and body weight, since a reduction in 

local availability of T3, implicated by the changes in gene expression of the DIO 

enzymes, in SD results in hypophagia and weight loss (Murphy et al., 2012).  

 

5.2 THYROID HORMONE RECEPTOR (TR) 

TH receptors (TRs) are transcription factors, which are ligand-regulated, 

binding TH, as well as specific DNA-sequences known as thyroid hormone 

response elements (TREs), which are located within the promoter regions of 

target genes (Yen et al., 2006). Similar to other NRs, TRs contain two ‘zinc 

finger’ motifs and a carboxy-terminal ligand binding domain, functionally 

important for heterodimerisation with the retinoid X receptor (RXR) (Yen et al., 

2006). The ligand binding domain’s structure indicates upon binding, ligands 

induce a conformational structural change which favours the dissociation of 

suppressors and the recruitment of activators (Cheung et al., 2010). A subset 

of NRs, which includes TR and RAR, regulate transcription in the presence or 

absence of ligand binding (Glass and Rosenfeld, 2000). TRs are derived from 

two genes on different chromosomes (Cheung, 2000) – TRα and TRβ. TRα 

produces two proteins, TRα-1 and c-erbAα-2, the latter of which is unable to 

bind TH and therefore prevents TR-mediated transcription. TRβ also produces 

two proteins, TRβ-1 and TRβ-2 (Yen et al., 2006), which bind T3 with high 

affinity and mediate TH-regulated transcription. Glass (1994), proposed that 

the ability of TRs to bind to, and therefore regulate transcription of, a number 

of DNA sequences is a consequence of their likely heterodimerisation with 

RXRs, which have the ability to heterodimerise with other NRs, for example 

VDRs. Furthermore, heterodimerisation increases binding of TRs to TREs, the 
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responsiveness of TR to T3 and the transcriptional activation (Zhang and Kahl, 

1993).  

 

5.3 THYROID HORMONE RESPONSE ELEMENT (TRE) 

The consensus TRE sequence as proposed by Wu et al., (2000) is AGGTCA, often 

arranged as directed repeats (Brent et al., 1992). de Luca (1991) identified the 

TRE, AP-1 and vitamin D response element (VDRE) as working in combination 

with the retinoic acid response element (RARE). TRs were previously found and 

characterised in the SH-SY5Y cell line (Goya and Timiras, 1991).  

 

TREs can positively or negatively regulate transcription (Decherf et al., 2013); 3 

separate TRE half sites have been identified in the Trh promoter, which act in 

combination repressing gene expression (Satoh et al., 1996). Energy 

homeostasis requires the co-ordination of activity of distinct hypothalamic 

nuclei, which dictate food intake and energy expenditure. αMSH and its 

receptor MC4R is a key component of these processes (Gauthier et al., 2001) – 

mutations in the human receptor are associated with obesity and mice lacking 

the MC4R gene are also obese. Furthermore, adeno-associated virus-mediated 

knockdown of the MC4R in the PVN of the hypothalamus promotes high-fat 

diet-induced hyperphagia and obesity (Garza et al., 2008). Another component 

of these processes is T3, a determinant of metabolic rate (Silva, 1995). 

Mutation of the TRE within the promoter region of MC4R increases promoter 

activity and results in the loss of T3 dependent repression of gene expression. 

The sequence occurs in the proximal region of the promoter, in close proximity 

to a CAAT box (Lubrano-Berthelier et al., 2003), evidence for a role for TRs in 

the transcriptional machinery/regulation of the MC4R gene by T3 (Decherf et 

al., 2010). Increased T3 reduces hypothalamic sensitivity to AgRP signalling and 

other MC4R ligands (Decherf et al., 2010), while repression of the MC4R would 

stimulate orexigenic pathways through NPY signalling (Coppola et al., 2007; 

Ishii et al., 2003). Furthermore, MC4R mRNA levels in the ARC and VMH of 
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Siberian hamsters are significantly affected by photoperiod – expression in LD 

is lower than that in SD (Ellis et al., 2008), where DIO2 expression is higher, 

reducing the hypothalamic availability of T3, reducing gene suppression.  

 

5.4  VITAMIN D (1,25-DIHYDROXYVITAMIN D3 (1,25D3)) 

Vitamin D and its activated metabolite 1,25-dihydroxyvitamin D3 (1,25D3) is 

essential for normal insulin secretion from the rat pancreas (Kadowaki and 

Normal, 1984); deficiency in vitamin D results in the inhibition of pancreatic 

secretion of insulin (Norman et al., 1980). Replacement therapy with the active 

metabolite 1,25D3 reverses impaired glucose tolerance. 1,25D3 exerts its 

effects as a ligand for the VDR (Nuclear Receptors Nomenclature Committee); 

a nuclear hormone receptor that regulates gene expression as a vitamin D 

dependent transcription factor. Like T3, its action is exerted by binding, 

preferentially as a heterodimer with the RXR, to a specific sequence – the 

vitamin D response element (VDRE) (Calle et al., 2008). The VDRE consists of 

two direct and imperfect repeats of six nucleotides separated by three 

nucleotides (Calle et al., 2008). Whilst the VDR occupies the 3’ site, RXR binds 

to the 5’ site (Haussler et al., 1998). There are two consensus VDRE sequences 

5’GGGTCANNGGGGGCA3’ (Maestro et al., 2003) and 

5’PuGGTCANNPuPuTTCA3’(Colnot et al., 1995). Interestingly, Takeda et al., 

(1994) demonstrated the formation of a complex between VDRE, the active 

metabolite 1,25D3, RA and T3.  

 

5.5  AIMS AND OBJECTIVES 

Tissue-specific expression of the vgf gene is controlled by the elements outlined 

in section 1.4.1, in combination with as yet unidentified elements (Levi et al., 

2004). VGF mRNA expression is altered by photoperiod in Siberian hamsters, 

with increased levels observed in the SD in the dmpARC (Barrett et al., 2005). 

However, expression in the reminder of the ARC was higher in LD (Barrett et 

al., 2005; Jethwa et al., 2007). It has recently been postulated that 
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hypothalamic thyroid hormone availability plays a key role in the seasonal 

regulation of appetite and bodyweight, since a reduction in the local availability 

of T3 in SD results in hypophagia and weight loss (Murphy et al., 2012). A 

heterodimer of TR, RAR, is also significantly reduced in SD, along with 

components of its signalling pathway, namely cellular retinol binding protein 1 

(CRBP-1) and cellular retinoic acid binding protein 2 (CRABP-2) (Ross et al., 

2005). Furthermore RALDH-1, which is responsible for the local conversion of 

retinol to retinoic acid, is decreased in the ARC in response to SD in the rat 

(Shearer et al., 2012). Therefore, using the SH-SY5Y cell line as an in vitro model, 

the studies presented in this chapter investigated the effect of T3 on 

endogenous VGF expression and the VGF promoter as a mechanism for the 

observed decrease in VGF expression in SD in the hypothalamus as a possible 

mechanism for the seasonal regulation of appetite. Having identified a VDRE 

within the VGF promoter the studies also investigated whether 1,25D3, the 

active metabolite of vitamin D, alters VGF expression.  
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5.6 MATERIALS AND METHODS 

5.6.1  Cell Culture 

5.6.1.1 The SH-SY5Y cell line 

The SH-SY5Y cell line is a thrice cloned subline of the neuroblastoma cell line 

SK-N-SH established in 1970 from a metastatic bone tumour (Biebdler et al., 

1973; Hattangady and Rajadhysksha, 2009). The SK-N-SH cell line is comprised 

of two morphologically and biochemically distinct phenotypes: neuroblastic (N- 

type), which can undergo differentiation, and substrate adherent (S-type) (Ross 

et al., 1983). Whilst the SH-SY5Y cell line contains a low proportion of S-type 

cells, upon differentiation this subtype does not undergo differentiation 

(Encinas et al., 2000) and continues to proliferate outgrowing the N-type cells, 

which stop proliferating in the presence of a differentiation reagent. Therefore 

long term treatments with differentiation media does not result in 

homogeneously neuronal cell populations (Encinas et al., 2000). Previous 

reports have indicated that NGF treatment of the SH-SY5Y cell line results in a 

change in the proliferation (LoPresti et al., 1992; Simpson et al., 2001) and 

differentiation properties (Lavenius et al., 1995; Poluha et al., 1995) of the 

neuroblastoma cells. While sequential exposure to retinoic acid and 

neurotrophins yields a homogenous population of differentiated cells (Encinas 

et al., 2000). Therefore this cell line is suitable for the experiments in this 

chapter. The PC12 cell line was considered unsuitable as NGF is commonly used 

to differentiate this cell line, which results in the induction of VGF. The human 

neuroblastoma cell line SH-SY5Y cell line (a kind gift from Dr Perry Barrett, 

University of Aberdeen, UK) was cultured in Dubecco’s modified Eagle’s 

medium/nutrient mixture F-12 Ham (Sigma, UK), supplemented with 10% fetal 

bovine serum (Sigma, UK) and 100units/litre penicillin and 100mg/litre 

streptomycin (Sigma, UK). Cells were routinely split 1:3 with 0.05% trypsin 

(Sigma, UK), twice a week and were incubated at 37oC, 5% CO2. The cells were 

cultured for a maximum of 20 passages. 

 



193 
 

5.6.1.2 Differentiation 

NGF is routinely used to differentiate the PC12 cell line and induce VGF gene 

expression (Canu et al., 1997; Das et al., 2004). However, the differentiation 

medium required for the SH-SY5Y cell line has not been readily defined. 

Previous studies had demonstrated differentiation of the SH-SY5Y cell line with 

retinoic acid (RA) (Cheung et al., 2009; Pahlman et al., 1984), phorbol esters 

such as 12-O-tetradecanoyl-phorbol-13-acetate (TPA) (Pahlman et al., 1983; 

Palhman et al., 1981) and growth factors, namely IGF-1 and BDNF (Encinas et 

al., 2000; Ivankovic-Diki et al., 2000; Kim et al., 1997). To induce differentiation, 

cells were treated with 10µM all-trans-RA (Sigma, UK). The medium was 

changed every 48 hours. After 5 days, medium was withdrawn and replaced 

with medium containing NGF (50ng/ml, Promega, UK). Cell cultures were then 

maintained for a further 5 days. The length of the neurites, a marker of 

differentiation, was calculated using ImagePro software, which was calibrated 

using a haemocytometer, and a differentiated cell was defined as a cell with a 

neurite length greater than the length of the cell body. Differentiation was also 

associated with increased growth associated protein-43 (GAP43), involved in 

neurite formation, regeneration and plasticity; microtubule-associated 

protein-2 (Map2), which stabilises microtubules; and Tau, which also stabilises 

neuronal microtubules. 

  

5.6.1.3 Adhesion 

Ivankovic-Dikic et al., (2000) demonstrated that adhesion and expression of 

several growth factor receptors was required in order for the SH-SY5Y cell line 

to differentiate. In order to determine which matrix would support neurite 

outgrowth, SH-SY5Y cells were plated in uncoated 6 well plates (plastic, control) 

or plates coated with 10μg/ml collagen (Sigma, UK) or 0.01% poly-L-lysine 

(Sigma, UK). Pictures were taken 24, 48, 72, 96 and 120 hours post 

differentiation to determine neurite length.  
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5.6.1.4 Endogenous expression 

For the measurement of endogenous VGF gene expression, cells were seeded 

in a 6-well plate, at a density of 5x104 cells per well and cultured 24 hours 

before experimentation. Cells were treated with 10μM RA (Sigma, UK), 

50ng/ml NGF, 10nM T3 (Sigma, UK) and 10nM 1,25D3 (Sigma, UK) diluted as 

per manufacturer’s instructions.  

 

5.6.1.5  RNA extraction 

RNA was extracted from cells using the Roche High Pure Isolation Kit (Roche 

Life Science, UK). Briefly, cells were resuspended in 200μl RNase free PBS. 400μl 

of lysis-binding buffer was added to the cell suspension and vortexed for 15 

seconds. The sample was added to the upper reservoir of the filter tube and 

centrifuged at 8000 x g for 15 seconds. The flow-through liquid was discarded 

and a 1/10 dilution of DNase I/incubation buffer was added to the reservoir 

and incubated at room temperature for 15 minutes. After three subsequent 

wash and centrifugation steps with buffers I and II at 8000 x g for 15 seconds, 

RNA was eluted from the column in a volume of 50μl via centrifugation at 8000 

x g for 1 minute. RNA was stored at -80oC.  

 

5.6.1.6 Generation of first strand complimentary DNA 

First strand complimentary DNA (cDNA) was obtained from total RNA by means 

of reverse transcriptase (Transcriptor Frist Strand cDNA Synthesis Kit, Roche, 

UK) using random primers. Briefly, 1μg total RNA was combined with 60μM 

random hexamer primers. The template-primer mixture was denatured for 10 

minutes at 65oC. The remaining components of the reaction were then added 

following cooling on ice: 4μl reaction buffer, 0.5μl protector RNase inhibitor (20 

U), 2μl deoxynucleotide mix (1mM each) and 0.5μl transcriptor reverse 

transcriptase (10 U). The reagents are mixed and the reaction incubated for 10 

mins at 25oC, 30 minutes at 55oC, 5 minutes at 85oC, then cooled at 4oC. The 

cDNA was stored at -20oC.  
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5.6.1.7 Oligonucleotide primer design 

Primers were designed from database sequences. Sequence data was input 

into Primer3 in FASTA format and primers were designed using the default 

criteria (Primer size; 18-27bp, Melting temperature 55-62oC, Amplicon size 50-

150bp) and obtained from Sigma, UK. Primer tube was centrifuged prior to 

opening to prevent loss of pellet. All primers were high-purity salt free and 

synthesised at a concentration of 0.01µM. All oligonucleotide primer pairs 

were assessed by endpoint PCR to ensure a single amplicon of the expected 

size was produced. The primer sequences were therefore as follows: 

 

 

 

Β-actin 

Forward 

(5’ – 3’)  

A A G T C C C T T G C C A T C C T A A A A   

 

Reverse 

(5’ – 3’) 

 

A T G C T A T C A C C T C C C C T G T G  
 

 

 

 

Β-tubulin 

 

Forward 

(5’ – 3’)  

 

C C C T C T G T G T A G T G G C C T T T    

 

Reverse 

(5’ – 3’) 

 

C C A G A C A A C T T T G T A T T T G G T C A 
 

 

 

 

VGF 

 

Forward 

(5’ – 3’)  

 

G A C C C T C C T C T C C A C C T C T C    

 

Reverse 

(5’ – 3’) 

 

A C C G G C T C T T T A T G C T C A G A  
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GAP-43 

 

Forward 

(5’ – 3’)  

 

A G T G A G C A G C G A G C A G A A 

 

Reverse 

(5’ – 3’) 

 

G T T G C G G C C T A T G A G C T T  

 

 

 

Map-2 

 

Forward 

(5’ – 3’)  

 

CAT G G G T C A C A G G G C A C C T A T T C 

 

Reverse 

(5’ – 3’) 

 

G G T G G A G A A G G A G G C A G A T T A G C T G 

 

 

 

Tau 

 

Forward 

(5’ – 3’)  

 

G C G G C A G T G T G C A T A T A G T C T A C A 

 

Reverse 

(5’ – 3’) 

 

G G A A G G T C A G C T T G T G G G T T T C A A 

 

 

 

Cyclophilin A 

 

Forward 

(5’ – 3’)  

 

T C C T G C T T T C A A G A A T T A T T C C 

 

Reverse 

(5’ – 3’) 

 

A T T C G A G T T G T C A C A G T C A G C 

 

5.6.1.8 Polymerase chain reaction 

The polymerase chain reaction (PCR) allows for the amplification of a target 

sequence specific to a gene of interest. The technique can be utilised to obtain 

semi-quantitative (End-Point) or quantitative gene expression data. For each 

PCR cycle, cDNA strands were denatured at 94oC. The temperature was 

subsequently reduced to 55 – 65oC to allow for primer annealing. Subsequently 



197 
 

the temperature of the reaction was raised to 72oC to allow for the extension 

of the primer to form the desired amplicon. This was repeated for a maximum 

of 35 cycles (for End-Point PCR). 

 

5.6.1.9 Quantitative PCR 

This technique permits the relative quantification of specific DNA or RNA 

sequences from samples and therefore allows for the assessment of gene 

expression. The reaction is performed with SYBR green optimised for the 

LightCycler 480 (Roche Life Science, UK). SYBR green is a dye which fluoresces 

only when bound to double stranded DNA (dsDNA). This fluorescence is 

proportional to the amount of the target sequence, which permits the 

quantification of PCR products. Reactions were performed in triplicate using 

5μl cDNA in SYBR Master Mix 1 (Roche, UK), with a final concentration of 

0.25μM primers, in a total volume of 15μl. Cycling parameters were an initial 

95oC for 5 minutes, followed by 40 cycles of 95oC/10 seconds, 55oC/10 seconds 

and 72oC/30 seconds. All reactions were run on a 384 well plate on the 

aforementioned instrument as per manufacturer’s instructions. Quantitative 

data was generated by comparing samples to a series of known dilutions of 

pooled cDNA.  

 

5.6.1.10 Data normalisation 

Quantitative PCR data was normalised by the use of internal reference genes. 

Ct values were normalised to the housekeeping gene, cyclophilin A, chosen as 

it was the most stable reference gene under the experimental conditions. Β-

actin and β-tubulin were also considered, however, their expression, whilst 

stable in undifferentiated cells, was increased in response to treatment with 

RA.  
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5.6.1.11 Transfection 

Under standard conditions mammalian cells will take up and express DNA with 

low efficiency due to the largely impenetrable lipid bilayer of the cell 

membrane, which inhibits the entry of charged molecules. Transfection allows 

the delivery of DNA (RNA, proteins and macromolecules) into eukaryotic cells 

and can be utilised to study gene regulation (as well as protein expression and 

function). FuGENE HD transfection reagent (Roche Life Science, UK) is a “next 

generation” transfection reagent which is free of animal- or human-derived 

components, stable at room temperature, and sterile (0.1μm) filtered. It offers 

“excellent” transfection efficiency for many cell lines that are not transfected 

well by other reagents such as HeLa, PC-3 and SH-SY5Y. Briefly, cells were 

plated in 24 well plates the day before transfection. On the day of transfection, 

media was removed and replaced with low serum media, without antibiotics, 

as these were found to impede the transfection. 16μg plasmid DNA was added 

to 800μl OptiMEM I reduced serum media (transfection media, Sigma, UK), to 

give a concentration of 20μg/ml. 6μl of transfection reagent was added to 

100μl of transfection media (which contained 2μg/100μl DNA) and mixed by 

pipetting. 10μl was added to the cells after 15 minutes incubation at room 

temperature. The cells were subsequently incubated for 72 hours prior to 

assessment of transfection efficiency using the Typhoon Trio+ Imaging Suite 

(GE Healthcare Life Sciences, UK) and subsequent experimentation. A positive 

control, pZsGreen1-N1 (Clontech, USA) in which ZsGreen1 was expressed 

under the control of a CMV promoter, and a negative control, in which mRFP 

was expressed in a promoterless vector, were performed alongside each 

transfection in the SH-SY5Y cell line.  

 

5.6.1.12 Typhoon Trio+  

The Typhoon Trio+ instrument is a variable-mode imager that produces digital 

images of radioactive, fluorescent or chemiluminescent samples. Briefly, a 

fluorescent/chemiluminescent sample is placed onto the glass plate of the 

instrument. Using the associated scanner control software, parameters 
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(excitation/emission filter, sensitivity, focal plane) are selected which are 

appropriate for the sample type. The sample containing the fluorophore emits 

light in the following way: when the green laser (532nm) or the red laser 

(633nm) illuminates each one-pixel section of a fluorescent sample, the 

fluorochrome emits light with a characteristic spectrum. The optical system 

collects the emitted light and directs it through the selected emission filter. 

Each filter allows only the emitted light within the filter’s bandwidth to pass 

through the designated photomultiplier tube (PMT). The PMT converts the light 

to an electric current, which varies with the intensity of the light collected by 

the PMT.  

 

5.6.1.13 ImageQuant 

The ImageQuant software (GE Life Sciences, UK) was used to convert the analog 

signal to a digital file – mapping the information to the appropriate pixel 

location on the monitor to produce an accurate image of the original sample. 

The software was used to quantify the variations in the signal as the level of 

signal is proportional to the amount of fluorescence present in the sample.  

 

5.6.1.14 Statistics 

All data is reported as means ± standard error of the mean (SEM), while 

comparisons between multiple groups were performed using analysis of 

variance (ANOVA). Significance was accepted as p < 0.05. All statistical analyses 

were performed using GraphPad Prism 6.0.  
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5.6.2 Cloning 

5.6.2.1  Development of a reporter construct 

pZsGreen1-1 (Clontech Laboratories, USA) is a promoterless vector that can be 

used to monitor transcription from different promoters and enhancers inserted 

into the multiple cloning site (MCS). However, to test the feasibility of the viral 

2A sequence, we excised the ZsGreen1 gene from the aforementioned 

mammalian expression vector and added the CBG99 luciferase and mRFP from 

pCR2CBG992AMRFP. Briefly, both plasmids were digested with BamHI and NotI 

and purified via gel extraction (QIAquick gel extraction, QIAGEN, UK). The 

purified pZsGreen1-1 backbone was then treated with alkaline phosphatase, 

ligated overnight with the luciferase and fluorescent genes from 

pCR2CBG992AMRFP and transformed into JM109 cells (Promega, UK). Cultures 

were then grown overnight, before plating and colony selection. Purified 

plasmids were subject to restriction enzyme (RE) digestion and sequencing 

(performed by Source BioScience, UK) to confirm identity. The new reporter 

construct was designated pCBG992AmRFP. Subsequently a CMV promoter, 

from pLenti6.4-CMV-C/EBPPA (a kind gift from Prof Michael Lomax, University 

of Nottingham, UK) was added to the MCS of the pCBG992AmRFP vector to 

assess function. The aforementioned plasmid was digested, using the 

previously described strategy, with the REs SalI and SpeI (NEB, UK) and the CMV 

was added to the new vector utilising the XhoI and SpeI sites in the MCS. This 

construct was designated pCMVCBG992AmRFP.   

 

5.6.2.2  Development of the promoter constructs 

The plasmid designated pVGFCBG992AmRFP (see Figure 5.6.2.2) was 

constructed consisting of the sequence of the mouse VGF promoter from -1159 

to +51, cloned into pCBG992AmRFP between NcoI and SacI. The mouse VGF 

promoter was isolated from genomic DNA, amplified by PCR and inserted into 

the pGEM-T Easy vector (Promega, UK) for subcloning. The primer sequences 

were therefore as follows: 
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VGF 

Forward 

(5’ – 3’)  

A A G G G T G T G G G A G A G T T G G  

 

Reverse 

(5’ – 3’) 

 

G A G G G A T G G A C A G C G G A G 
 

 

Briefly, 50ng of the pGEM-T Easy vector was incubated with the PCR product 

and 3 Weiss units of T4 DNA Ligase (Promega, UK), overnight at 4oC. Post clean-

up (using the QIAquick PCR purification kit, QIAGEN, UK), the ligated vector was 

transformed, grown, purified and subjected to RE digestion and sequencing to 

confirm presence of insert. The pGEM-T Easy vector was digested with SpeI and 

SacI (NEB, UK) to liberate the VGF promoter fragment and inserted into the 

reporter construct. Subsequently a 5’ deletion of the mouse VGF promoter was 

produced using the unique site BglII in the reporter construct, upstream of the 

insert, and MboI, a RE site contained within the promoter (NEB, UK). The 

digested plasmid was treated with T4 Ligase (see section 2.3.3). Following 

growth and purification (see section 2.3.5), agarose gel electrophoresis and 

sequencing demonstrated the successful deletion of the 5’ promoter region (-

1159 to -632). The truncated mouse VGF promoter contained within the vector 

represented the region -631 to +51 and lacked the postulated TRE.  

  



202 
 

 

 

 

 

 

 

Figure 5.6.2.2: Plasmid map of pVGFCBG992AmRFP containing 1Kb of the 

VGF promoter. The SV40 polyadenylation signal downstream of the reporter 

genes (CBG99; click beetle luciferase and mRFP; monomeric red fluorescent 

protein) directs processing of the 3’ end of the CBG2AmRFP mRNA. The vector 

backbone contains an SV40 origin of replication for propagation in E.coli and 

an f1 origin for single-stranded DNA production. Kanr/Neor denote antibiotic 

resistant genes driven by an SV40 early promoter. The Herpes simplex virus 

thymidine kinase (HSV TK) gene provides a polyadenylation signal. Adapted 

from pZsGreen1-1, Clontech Laboratories, USA. 
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5.7 RESULTS 

5.7.1 Characterisation of the SH-SY5Y cell line  

5.7.1.1 Nerve growth factor (NGF) treatment of the SH-SY5Y cell line 

increased proliferation 

Treatment of the SH-SY5Y cell line with NGF resulted in increased cell 

proliferation (see Figure 5.7.1.1). After 48 hours treatment with NGF, cell 

number was significantly increased (one way ANOVA F (1.821, 3.641) = 81.73, 

p = 0.001 vs. control) at concentrations equal to or greater than 50ng/ml. There 

were no significant differences between the higher concentrations of NGF. 

There was no effect of treatment on cellular morphology; neurite outgrowth, a 

marker of neuronal differentiation, remained stable. 

 

 

Figure 5.7.1.1: Treatment of the SH-SY5Y cell line with NGF increased cell 

proliferation. SH-SY5Y cells were treated with 10-100ng/ml NGF and cell 

number was measured 48 hours later. Low concentrations of NGF (≤ 25ng/ml) 

had no effect on cell number, but higher concentrations of NGF (≥ 50ng/ml) 

significantly increased proliferation in the SH-SY5Y cell line. However there was 

no dose response effect, as there was no significant difference between the 

higher doses of NGF treatment. All values are mean + SEM (n = 6, * p < 0.05, ** 

p < 0.01 vs control).  
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5.7.1.2 Retinoic acid (RA) treatment of the SH-SY5Y cell line reduces 

proliferation and increased differentiation 

In contrast to the effects of NGF, treatment of the SH-SY5Y cell line with RA for 

120 hours reduced cell proliferation (see Figure 5.7.1.2), but only at 

concentrations equal to or greater than 10μM (F (1.231, 2.462) = 260.0, p = 

0.001 vs. control). The reduction in cell proliferation was associated with 

increased differentiation of the SH-SY5Y cell line. Cellular morphology was 

significantly altered in response to treatment with 10μM RA, with neurite 

outgrowth, a marker of neuronal differentiation, being significantly increased 

(F (3, 16) = 282.7, p < 0.0001 vs. control) after 2.5 and 5 days of treatment. 

 

Figure 5.7.1.2: Treatment of the SH-SY5Y cell line with RA reduced cell 

proliferation and increased differentiation. A) RA treatment of the SH-SY5Y 

cell line significantly decreased cell proliferation at concentrations equal to or 

greater than 10μM (F (1.231, 2.462 = 260.0, p = 0.001). B) 10μM RA treatment 

significantly increased differentiation, increasing neurite outgrowth 2.5 and 5 

(but not 1) days post addition to the culture medium (F (3, 16) = 282.7, p < 

0.0001). All values are mean + SEM (n = 6, * p < 0.05, ** p < 0.01, **** p < 

0.0001 vs control).  
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5.7.1.3 Long term treatment of the SH-SY5Y cell line with RA resulted in a 

heterogeneous population of neuronal cells  

The SH-SY5Y cell line consisted of two morphologically and biochemically 

distinct phenotypes; the N-type and S-type (see Figure 5.7.1.3 A arrows). The 

S-type does not undergo differentiation in response to RA and therefore 

continued to proliferate (see Figure 5.7.1.3 B) 

  

Figure 5.7.1.3: Long term treatment of the SH-SY5Y cell line with RA resulted 

in a heterogeneous population of neuronal cells. A) The proliferation of S-type 

cells (arrows) in the presence of RA. B) Whilst long term treatment of the SH-

SY5Y cell line with RA results in a significant reduction in cell number, continued 

exposure (post 5 days) results in the proliferation of S-type cells and therefore 

an increased cell number, representing a heterogeneous culture. All values are 

mean ± SEM (n = 6, * p < 0.05, ** p < 0.01 for comparisons between control 

and treatment, # p < 0.05, ## p < 0.01 for comparisons between RA and NGF). 

 

5.7.1.4 Exposure of the SH-SY5Y cell line to RA and subsequently NGF 

resulted in a homogenous population of neuronal cells 

Long term exposure of the SH-SY5Y cell line to RA results in a heterogenous 

population of cells with distinct phenotypes (see Figure 5.7.1.3 A). Treatment 
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of the RA-differentiated cells with NGF reduced the number of S-type cells, 

resulting in a more homogenous population of N-type cells (see Figure 5.7.1.4 

A). Moreover, treatment with NGF increased the neuronal morphology of the 

N-type cells as neurite outgrowth was significantly increased in response to 

NGF (p < 0.05, Figure 5.7.1.4 B). Under these conditions, cultures could be 

maintained for up to 20 days without displaying signs of cell death or reversion 

from the neuronal phenotype.  
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Figure 5.7.1.4: Treatment of the SH-SY5Y cell line with RA and NGF resulted 

in a more homogenous population of N-type cells. Treatment of the SH-SY5Y 

cell line with 10μM RA for 5 days and subsequently 50ng/ml NGF for 5 days 

resulted in A) reduced cellular proliferation and B) enhanced differentiation. 

All values are mean SEM (n = 6), * p < 0.05, ** p < 0.01 for comparisons 

between control and treatment, # p < 0.05, ## p < 0.01, for comparisons 

between RA and RA and NGF). For neurite length: n = 6 fields of view per well, 

treatment n = 3.  
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5.7.1.5 Collagen increased neurite outgrowth in the SH-SY5Y cell line 

Coating of the culture wells with either poly-l-lysine or collagen significantly 

increased RA-induced neurite outgrowth in the SH-SY5Y cell line (p < 0.0001, 

Figure 5.7.1.5). Neurite outgrowth was significantly greater in collagen coated 

wells compared to those coated in poly-l-lysine (p < 0.001). 

 

 

Figure 5.7.1.5: The effect of extracellular matrices on neurite outgrowth in the 

differentiated SH-SY5Y cell line. Adhesion of the SH-SY5Y cell line to plastic, 

poly-l-lysine or collagen resulted in neurite outgrowth. Neurite length was 

significantly greater in wells coated with poly-l-lysine and collagen (p < 0.0001 

vs. control), 5 days post treatment with differentiation media. All values are 

mean + SEM (n = 6 fields of view per well, treatment n = 3, *** p < 0.001, **** 

p < 0.0001). 
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5.7.1.6 RA treatment of the SH-SY5Y cell line increased neuronal markers of 

differentiation 

RA treatment of the SH-SY5Y cell line for 5 days significantly increased (all p < 

0.05) the expression of the neuronal markers of differentiation (see Figure 

5.7.1.6).  

 

Figure 5.7.1.6: RA treatment of the SH-SY5Y cell line increased neuronal 

markers of differentiation. In response to RA, the SH-SY5Y cell line 

differentiates – this is associated with a significant increase in Map2, Tau and 

Gap43, markers of neuronal differentiation. Expression of each mRNA was 

quantified by RT-PCR, normalised to cyclophilin A mRNA and then compared to 

the normalised expression in undifferentiated cells. All values are mean + SEM 

(n = 6, * p < 0.05, ** p < 0.01 for comparisons between control and treatment). 

 

Therefore, having established a rapid and simple procedure to obtain a 

homogenous neuronal like population of cells from the SH-SY5Y cell line, we 

sought to further define the response of endogenous VGF expression to RA and 

NGF.  
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5.7.2 The response of endogenous VGF expression to RA, NGF, T3 and 

1,25D3 treatment of the SH-SY5Y cell line 

5.7.2.1 RA and NGF treatment of undifferentiated SH-SY5Y cells significantly 

increased endogenous VGF expression 

Treatment of the SH-SY5Y cell line with 10μM RA for 24 and 48 hours 

significantly increased VGF mRNA (p < 0.05), 2- and 4-fold respectively. Over 

the same time period, VGF mRNA expression was significantly increased 5- and 

3-fold (p < 0.01 and p < 0.05 respectively) in response to treatment with 

50ng/ml NGF (see Figure 5.7.2.1). Treatment of differentiated SH-SY5Y cells 

produced a similar result (see section 5.7.2.2).  

 

 

Figure 5.7.2.1: Endogenous VGF mRNA expression in undifferentiated SH-

SY5Y cells was increased by treatment with NGF and RA. VGF mRNA levels 

were quantified by RT-PCR, normalised to cyclophilin A mRNA and then 

compared to the normalised expression in control cells. Both 50ng/ml NGF and 

10μM RA increased VGF mRNA after 24 and 48 hours of treatment in 

undifferentiated SH-SY5Y cells. All values are mean + SEM (n = 6, * p < 0.05, ** 

p < 0.01 for comparisons between control and treatment). 
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5.7.2.2 T3 treatment of undifferentiated and differentiated SH-SY5Y cells 

significantly reduced endogenous VGF expression 

In contrast to the previously observed stimulatory effects of NGF and RA on 

VGF mRNA expression in undifferentiated SH-SY5Y cells (see Figure 5.6.2.1), 

treatment of undifferentiated SH-SY5Y cells with 10nM T3 for 24 hours resulted 

in a 4-fold reduction in VGF mRNA (p < 0.01, Figure 5.7.2.2 A). Similar effects 

were seen in differentiated SH-SY5Y cells (see Figure 5.7.2.2 B), with 

endogenous VGF expression being significantly increased in response to 10μM 

RA and 50ng/ml NGF (2- and 10-fold, p < 0.05 and p < 0.01 vs. control 

respectively), whereas 10nM T3 reduced VGF mRNA expression 7-fold (p < 

0.01, Figure 5.7.2.2 B). 

 

5.7.2.3 1,25D3 treatment of undifferentiated and differentiated SH-SY5Y 

cells significantly increased endogenous VGF expression 

In contrast to the previously observed repressive effect of T3 on VGF mRNA 

expression, treatment of the SH-SY5Y cell line with 10nM 1,25D3 for 24 hours 

significantly increased VGF mRNA (p < 0.05, Figure 5.7.2.2 A) 2.5-fold. Similar 

effects were seen in differentiated SH-SY5Y cells, with endogenous VGF 

expression being significantly increased by 10nM 1,25D3 treatment (p < 0.05, 

Figure 5.7.2.2 B).  
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A 

 

B 

 

Figure 5.7.2.2: Treatment of undifferentiated and differentiated SH-SY5Y cells 

with T3 reduced while 1,25D3 increased endogenous VGF expression. VGF 

mRNA levels were quantified by RT-PCR and normalised to cyclophilin A mRNA 

and then compared to the normalised expression in control cells. A) Treatment 

of undifferentiated SH-SY5Y cells with 10nM T3 resulted in a significant 

reduction in VGF mRNA, while treatment with 10nM 1,25D3 significantly 

increased VGF mRNA expression. B) Treatment of differentiated SH-SY5Y cells 

with 10nM T3 and 1,25D3 produced a similar result; however the fold change 

in response to NGF and T3 was greater in differentiated cells. All values are 

mean ± SEM (n = 6, * p < 0.05, ** p < 0.01 for comparisons between control 

and treatment). 
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5.7.3  The response of the VGF promoter to RA, NGF, T3 and 1,25D3 

treatment. 

Transfection, using FugeneHD, of the SH-SY5Y cell line with a mammalian 

expression vector containing 1Kb and 0.5Kb (see Figure 5.7.3 A) of the vgf 

promoter demonstrated higher promoter activity than the promoterless 

negative control following 72 hours incubation (see Figure 5.7.3 B). However, 

there was no significant difference in promoter activities when comparing the 

1Kb and 0.5Kb VGF promoter constructs.  

 

Figure 5.7.3: The VGF promoter constructs and their promoter activities. The 

VGF promoter (1Kb) was cloned into a mammalian expression vector, based on 

the backbone of pZsGreen1-1 (Clontech), in which the reporter gene was 

substituted for an mRFP. A subsequent truncated construct (0.5Kb), which 

lacked the potential TRE and VDRE, was generated via 5’ deletion. Promoter 

activity (fluorescence) was significantly increased in cells transfected with the 

1Kb and 0.5Kb VGF promoter constructs, but there was no significant 

difference between them. Promoter activities are shown relative to the 

positive control (100%), containing a CMV promoter. All values are mean + SEM 

(n = 6, **** p < 0.0001 for comparisons between control and treatment). 
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5.7.3.1 RA and NGF treatment of undifferentiated and differentiated SH-SY5Y 

cells significantly increased reporter gene expression 

At 72 hours post transfection with the 1Kb VGF promoter construct, 

undifferentiated SH-SY5Y cells were treated with 50ng/ml NGF, which resulted 

in a rapid and significant increase in VGF promoter activity. However, this 

increase was transient and there was a subsequent reduction in the promoter 

activity in response to NGF treatment after 48 hours (two way ANOVA repeated 

measures treatment vs time interaction F = 27.94, p < 0.0001). Treatment with 

10μM RA also resulted in a significant increase in VGF promoter activity, but 

this was a much slower effect. Initial VGF promoter activity remained constant, 

until 6 hours post treatment, when promoter activity increased and continued 

to increase at 24 and 48 hours (treatment vs time interaction F (12, 36) = 30.91, 

p < 0.001). A similar effect of RA (treatment vs. time interaction F = 30.91, p < 

0.0001) and NGF (treatment vs. time interaction F = 36.78, p < 0.0001) 

treatment on VGF (1Kb) promoter activity was observed in differentiated SH-

SY5Y cells. 
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Figure 5.7.3.1: RA and NGF treatment of undifferentiated and differentiated 

SH-SY5Y cells increased VGF promoter activity. A) Undifferentiated SH-SY5Y 

cells were transfected with a reporter construct containing 1Kb of the vgf 

promoter. 72 hours post transfection, 50ng/ml NGF rapidly induced reporter 

gene expression, which was maintained for 24 hours, but there was a 

subsequent reduction at 48 hours (interaction, p < 0.0001). 10μM RA treatment 

of cells resulted in a slower, yet significant, increase in VGF promoter activity, 

starting 6 hours post treatment (interaction, p < 0.001). B) Undifferentiated 

cells were transfected as previously described in A. 72 hours post transfection, 

cells were differentiated with 10μM RA for 5 days. Differentiated transfected 

cells were then treated with 10μM RA or 50ng/ml NGF for 48 hours. Treatment 

of differentiated SH-SY5Y cells with NGF (p < 0.0001) and RA (p < 0.0001) 

produced a similar effect. Promoter activities are shown relative to the positive 

control (100%), containing a CMV promoter. All values are mean ± SEM (n = 6). 
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5.7.3.2 T3 reduced vgf promoter activity in undifferentiated and 

differentiated SH-SY5Y cells 

Undifferentiated SH-SY5Y cells were transfected with a reporter construct 

containing either the 1Kb of the vgf promoter, which contains the postulated 

TRE, or 0.5Kb of the vgf promoter, which lacks the postulated TRE. 72 hours 

post transfection, the undifferentiated cells were treated with 10nM T3, which 

significantly reduced the 1Kb VGF promoter activity, particularly after 6 and 

24hrs treatment (treatment vs. time interaction F = 86.13, p < 0.0001; Figure 

5.6.3.2 A). In contrast, 10nM T3 had no effect on the 0.5Kb vgf promoter 

activity. Similar effects of T3 treatment on the 1Kb (treatment vs. time 

interaction F = 201.7, p < 0.0001) and 0.5Kb VGF promoter activities were also 

observed in differentiated SH-SY5Y cells (see Figure 5.7.3.2 B).  
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Figure 5.7.3.2: T3 reduces vgf promoter activity in undifferentiated and 

differentiated SH-SY5Y cells. A) Undifferentiated SH-SY5Y cells were 

transfected with a reporter construct containing 1Kb or 0.5Kb of the vgf 

promoter (containing or lacking the postulated TRE respectively). 72 hours post 

transfection, undifferentiated cells were treated with 10nM T3, which 

significantly reduced reporter gene expression (p < 0.001). Removal of the TRE, 

via 5’ deletion, however, blocked the effect of T3. B) Undifferentiated cells 

were transfected as previously described in A. 72 hours post transfection, cells 

were differentiated with 10μM RA for 5 days. Differentiated transfected cells 

were then treated with 10nM T3 for 48 hours. Treatment of differentiated SH-

SY5Y cells with T3 showed similar effects. Promoter activities are shown 

relative to the positive control (100%), containing a CMV promoter. All values 

are mean ± SEM (n = 6). 
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5.7.3.3 1,25 D3 increased vgf promoter activity in undifferentiated and 

differentiated SH-SY5Y cells 

Undifferentiated SH-SY5Y cells were transfected with a reporter construct 

containing either the 1Kb of the vgf promoter, which contains the postulated 

VDR, or 0.5Kb of the vgf promoter, which lacks the postulated VDRE. 72 hours 

post transfection, the undifferentiated cells were treated with 10nM 1,25D3, 

which significantly increased the 1Kb VGF promoter activity, particularly after 

2 and 6hrs treatment (treatment vs time interaction F = 14.28, p < 0.0001; 

Figure 5.6.3.3 A). In contrast, 10nM 1,25D3 had no effect on the 0.5Kb vgf 

promoter activity. Similar effects of 1,25D3 treatment on the 1Kb (treatment 

vs. time interaction F = 14.28, p < 0.0001) and 0.5Kb VGF promoter activities 

were also observed in differentiated SH-SY5Y cells (see Figure 5.7.3.3 B).  
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Figure 5.7.3.3: 1,25D3 increased vgf promoter activity in undifferentiated and 

differentiated SH-SY5Y cells. A) Undifferentiated SH-SY5Y cells were 

transfected with a reporter construct containing 1Kb or 0.5Kb of the vgf 

promoter (containing or lacking the postulated VDR respectively). 72 hours 

post transfection, undifferentiated cells were treated with 10nM 1,25D3, which 

significantly reduced reporter gene expression (p < 0.001). Removal of the VDR, 

via 5’ deletion, however, blocked the effect of 1,25D3. B) Undifferentiated cells 

were transfected as previously described in A. 72 hours post transfection, cells 

were differentiated with 10μM RA for 5 days. Differentiated transfected cells 

were then treated with 10nM 1,25D3 for 48 hours. Treatment of differentiated 

SH-SY5Y cells with vitamin D showed similar effects. Promoter activities are 

shown relative to the positive control (100%), containing a CMV promoter. All 

values are mean ± SEM (n = 6). 
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5.8 DISCUSSION 

Tissue-specific expression of the vgf gene has been previously described (Canu 

et al., 1997), however unidentified elements remained (Levi et al., 2004). VGF 

mRNA expression was reduced in the ARC in response to SD (Barrett et al., 

2005). RAR, was also significantly reduced in SD, along with components of its 

signalling pathway, namely cellular retinol binding protein 1 (CRBP-1) and 

cellular retinoic acid binding protein 2 (CRABP-2) (Ross et al., 2005). 

Furthermore RALDH-1, which is responsible for the local conversion of retinol 

to retinoic acid, was decreased in the ARC in response to SD in the rat (Shearer 

et al., 2012). Therefore, using the SH-SY5Y cell line as an in vitro model, the 

studies presented in this chapter demonstrated, for the first time, RA increased 

endogenous VGF mRNA expression and promoter activity. Furthermore a 

possible TRE was identified within the vgf promoter. T3 treatment of the SH-

SY5Y reduced endogenous VGF mRNA expression and promoter activity. 

Removal of the possible TRE from the promoter construct resulted in the loss 

of T3 dependent repression. These studies propose a possible mechanism for 

the seasonal regulation of appetite in the Siberian hamster.  

 

The previously used PC12 cell line was considered unsuitable for the studies 

reported in this chapter as NGF is commonly used to differentiate this cell line, 

which results in the induction of VGF mRNA (Possenti et al., 1992; Salton et al., 

1991). Therefore the first objective was to optimise a method to differentiate 

the SH-SY5Y cell line into a neuronal model – the differentiation process was 

required to mimic the intracellular environment of a neuronal cell. During this 

process of differentiation, the SH-SY5Y cell line stops proliferating, extends long 

neurites and expresses neuronal specific markers, such as GAP43, Map2 and 

Tau. Post-differentiation, the SH-SY5Y cell line resembles dopaminergic 

neurones and can be utilised as a model for neurite outgrowth (Xie et al., 2010). 

Previous groups have utilised phorbol esters such as 12-O-tetradecanoyl-

phorbol-13-acetate (TPA) (Pahlman et al., 1983; Palhman et al., 1981) and 

growth factors, namely IGF-1 and BDNF (Ivankovic-Diki et al., 2000; Kim et al., 
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1997) to differentiate the SH-SY5Y cell line. However, short term treatment of 

the SH-SY5Y cell line with RA results in a homogenous population of cells with 

neuronal morphology (Encinas et al., 2000; Dwane et al., 2013).  

 

De et al., (2005) had previously shown an increase in differentiation in SH-SY5Y 

cells following NGF treatment, but the studies presented in this chapter 

demonstrated that NGF increased cell proliferation. De et al., (2005) utilised a 

sub-cloned, positively selected cell line, possibly accounting for the differing 

results. The studies presented in this chapter demonstrated, in response to RA, 

the SH-SY5Y cell body expanded. The cells then developed numerous long 

neurite processes, greater than the length of the cell body. These processes 

elongated in a time and RA-dependent manner. RA was not considered 

cytotoxic, as cell viability did not decrease in response to treatment, and cell 

numbers did not decrease below starting levels. Previous reports have 

demonstrated that SH-SY5Y cells are more resistant to cytotoxic compounds in 

response to RA pre-treatment (Simpson et al., 2001; Tieu et al., 1999).  

 

However, chronic long term exposure of the SH-SY5Y cell line to RA resulted in 

a heterogeneous population of cells, consisting of the differentiated 

neuroplastic (N-type) cells and proliferative substrate adherent (S-type) cells. 

The S-type cells do not undergo differentiation in response to RA, but 

continued to proliferate and outgrow the differentiated N-type cells. Previous 

reports had identified BDNF as enhancing the effects of differentiation post 

treatment with RA (Arcangeli et al., 1999), while Edsio et al., (2003) found a 

similar effect with NGF. The studies in this chapter demonstrated that 

treatment of SH-SY5Y cells with NGF post differentiation with RA, resulted in 

the cessation of proliferation of S-type cells and an enhancement of 

differentiation of the N-type cells, as measured by the extension of neurites, 

which significantly increased in length. As long as NGF was supplemented every 
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48 hours, these cultures could be maintained for 20 days without showing any 

signs of cell death or reversion from the neuronal phenotype.   

 

Coating the cell culture plates with poly-l-lysine or collagen prevented the loss 

of N-type cells and resulted in a more homogenous population of cells, as well 

as inducing greater neurite outgrowth. Indeed Dwane et al., (2013) recently 

showed that that laminin induces the longest and highest number of neurites 

in SH-SY5Y cells, in comparison to collagen and fibronectin. It is perhaps not 

surprising that laminin induces greater neurite outgrowth as it is a major 

glycoprotein present in the extracellular matrix in the developing brain. 

However, initial experiments with the SH-SY5Y cell line by Dwane et al. (2013), 

in which laminin was chosen as the matrix for cell adhesion, were not continued 

beyond 72 hours. The studies presented in this chapter demonstrated that 

neurite outgrowth continues beyond this time point and is enhanced by the 

addition of NGF.  

 

To further establish that treatment of the SH-SY5Y cell line with RA resulted in 

differentiation, the mRNA expression levels of some well known differentiation 

markers were determined. Differentiated SH-SY5Y cells express higher levels of 

neuronal specific markers, including Gap43 (Meiri et al., 1986), Tau (Cuende et 

al., 2008) and Map2 (Li et al., 2000; Pan et al., 2005; Sharma et al., 1999). In the 

studies presented in this chapter differentiation, as determined by the 

extension of long neurites, was associated with a significant increase in the 

mRNA expression of all three gene markers. Indeed this response was a time 

dependent process following exposure to RA. While the studies presented in 

this chapter observed an increase in Gap43 5 days post treatment, similar to 

the findings of Cuende et al., (2008), Dwane et al. (2013) reported that RA 

treatment of the SH-SY5Y cell line for 72 hours did not increase Gap43 at the 

protein level. Studies described in this chapter demonstrated a significant 

increase in Map2 mRNA, observed 2 days post treatment of SH-SY5Y cells with 
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10μM RA. While significant increases in Tau were only observed 5 days post 

treatment with RA. These studies therefore suggest Map2 as an early marker 

of differentiation in the SH-SY5Y cell line, while Gap43 and Tau are suitable late 

markers.  

 

The selection and validation of candidate housekeeping genes is important in 

gene expression analysis as the technique of RT-PCR has been integral to 

biological research. Therefore the need for stably expressed housekeeping 

genes is crucial for reliable and repeatable results; these genes need to be 

carefully evaluated. Β-actin and β-tubulin were initially considered, as their 

expression was stable in undifferentiated SH-SY5Y cells. However, the 

differentiation process resulted in an increase in both β-actin and β-tubulin 

mRNA levels. Therefore cyclophilin A was chosen as the reference gene as it 

was the most stable gene under the experimental conditions. Data 

normalisation requires an internal control gene, uniformly expressed during 

change in environmental/experimental conditions in a given system – these 

studies identified cyclophilin A as a potential candidate, as well as excluding 

two more commonly used reference genes. 

 

This protocol will be useful for research groups that are studying neuronal 

protein-protein interactions, as well as promoter studies, but are unable to 

utilise/manipulate primary hippocampal neurones. There is a need for an in 

vitro model, which is akin to mature neurones in vivo; an ideal solution would 

be the use of primary cell cultures, from human neuronal crest stem cells; 

however their use is fraught with ethical concerns and culturing issues (Delfino-

Machin et al., 2007). Hence immortalised cell lines are a current suitable 

alternative. Having characterised the SH-SY5Y cell line, the studies presented 

in this chapter validated the model utilising NGF, a known inducer of VGF (Canu 

et al., 1997; Levi et al., 1985). 
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5.8.1 NGF, RA and 1,25D3: Transcriptional activators of the VGF gene and 

promoter 

Levi et al. (1985) demonstrated VGF mRNA was rapidly induced, to the maximal 

level, 5 hours after the addition of 250ng/ml NGF to PC12 cultures. The studies 

conducted in this chapter further characterised the response of VGF mRNA to 

NGF in the SH-SY5Y model. Endogenous VGF gene expression was significantly 

increased 24 and 48 hours post treatment of the SH-SY5Y cell line with 50ng/ml 

NGF. Previous studies, utilising the rat promoter, had demonstrated regulatory 

elements between -600 and +40 (in relation to the transcriptional start site) 

responsible for the induction of the gene by NGF (Possenti et al., 1992). The 

studies reported in this chapter, utilising 1Kb of the vgf promoter, 

demonstrated a rapid (+ 1 hour) increase in promoter activity in response to 

treatment with NGF in both undifferentiated and differentiated SH-SY5Y cells. 

These maximal levels of promoter activity were maintained for 24 hours in 

agreement with previous studies (Levi et al., 1985; Canu et al., 1997).  

 

In the studies presented in this chapter, VGF expression increased in response 

to RA, – the maximum fold induction was observed 48 hours post treatment. 

VGF mRNA expression was increased in response to SD in the dmpARC of the 

Siberian hamster (Barrett et al., 2005). However, expression of VGF mRNA is 

lower in SD (in comparison to LD) across the remainder of the ARC (Barrett et 

al., 2005). Components of the retinoic acid signalling pathway – CRBP-1, 

CRABP-2, RAR and RXR – are all reduced in response to SD in the Siberian 

hamster (Barrett et al., 2006; Ross et al., 2005). Furthermore, in the 

photoperiod responsive rat, expression of RALDH-1, which converts retinol to 

RA, is also reduced in the ARC in SD (Shearer et al., 2010) (see Figure 5.8.2). 

This is presented as a possible mechanism for the reduction in VGF expression 

in the ARC in response to SD in the Siberian hamster. 
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Previous studies have demonstrated RA induced increases in VGF protein 

expression in SK-N-BE cells 72 hours post treatment (Cerchia et al., 2006). RA 

has been demonstrated to induce neurogenesis by activating both RAR and 

PPARβ/δ (Yu et al., 2010). Recently, VGF and its derived peptides have also 

been implicated in neurogenesis (Thakker-Varia et al., 2014). Thakker-Varia et 

al., (2014) demonstrated that TLQP-62 enhanced adult hippocampal 

neurogenesis via generation of early progenitor cells. TLQP-62 significantly 

increased the number of neural progenitor cells while reducing the number of 

differentiated Type 3 cells. This effect was confirmed in vitro where a 

scrambled version of the TLQP-62 peptide had no effect.  

 

The studies presented in this chapter also generated data which suggested 

treatment of the SH-SY5Y cell line with 1,25D3 resulted in a significant increase 

in endogenous VGF mRNA expression (at levels similar to RA). Furthermore, 

VGF promoter activity increases in response to treatment of undifferentiated 

and differentiated cells with 1,25D3. Interestingly, 1,25D3 demonstrated 

neuroprotective qualities in vitro (Brewer et al., 2001; Oermann et al., 2004; 

Wang et al., 2004), while treatment of the SH-SY5Y cell line with 1,25D3 halted 

proliferation (previously observed by Celli et al., 1999), akin to the effects of 

RA. However, long term incubation with 1,25D3 only resulted in a slight trend 

towards differentiation (Celli et al., 1999). More recently, Agholme et al., 

(2010) proposed pre-treatment with RA, followed by extracellular matrix gel 

adhesion, in combination with BDNF, neuregulin β1, NGF and 1,25D3, resulted 

in differentiated SH-SY5Y cells with unambiguous resemblance to adult 

neurones. The results presented in this chapter, in combination with those 

from Esposito et al., (2008), who suggest receptor tyrosine kinase (RET) 

activation is a critical step in differentiation, Korecka et al., 2013, who suggest 

RA induces RET expression In SH-SY5Y cells, and Cerchia et al., (2006), who 

suggest inhibition of RET in SK-N-BE cells ablates increases in VGF expression, 

support differentiation-induced expression of the VGF gene.  
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Furthermore, Maestro et al., (2003) reported a functional VDRE in the human 

insulin receptor gene promoter, which was induced by 1,25D3 in transfected 

U-937 human cells. The fold induction by 1,25D3 treatment (approximately 1.8 

and 1.6 respectively) was akin to the effect of 1,25D3 treatment of the SH-SY5Y 

cell line on the vgf promoter and endogenous gene expression. Similar to the 

vgf promoter, the VDRE in the human insulin receptor promoter is flanked by 

AP-1 and AP-2 sites (Calle et al., 2008). Furthermore, nuclear receptor sites for 

vitamin D are found in the midbrain and hindbrain of Siberian hamsters 

(Stumpf et al., 1992); VDR distribution suggested a role for vitamin D in the 

regulation of neuroendocrine and metabolic functions. Indeed, Earthman et al., 

2012 proposed a link between obesity and low circulating 25-hydroxyvitamin D 

concentrations.  

 

5.8.2 T3: A transcriptional repressor of the VGF gene and promoter 

T3 represses the MC4R gene via a TRE; while mutation of this sequence 

abolished the T3 dependent repression (Decherf et al., 2010). Treatment of the 

SH-SY5Y cell line with 10nM T3 resulted in decreased endogenous VGF gene 

expression, as well as promoter activity. Repression of promoter activity was 

nullified via removal of the potential TRE from the promoter construct. TREs 

have previously been shown to function in combination with RAR/RXR (de Luca, 

1991). Cheung et al. (2010) demonstrated that heterodimerisation of the TR 

with the RXR favours the dissociation of suppressors and the recruitment of 

activators. Therefore it is hypothesised the inability of TR to heterodimerise 

with RXR results in the repression of VGF in SD (see Figure 5.8.2).  
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Figure 5.8.2: Schematic of the proposed role of T3 and RA in the 

hypothalamus of Siberian hamsters as a possible mechanism for the seasonal 

regulation of appetite. Components of the retinoic acid signalling pathway – 

CRBP-1, CRABP-2, RAR and RXR – are all reduced in response to SD in the 

Siberian hamster (Barrett et al., 2006; Ross et al., 2005), while RALDH-1 is 

reduced in SD in the rat (Shearer et al., 2012). The studies presented in this 

chapter demonstrate the increased endogenous expression of VGF and 

promoter activity in response to treatment of the SH-SY5Y cell line. T3 reduced 

both endogenous expression of VGF and promoter activity, an effect which was 

nullified by removal of the TRE from the promoter construct. Cheung et al., 

demonostrated the heterodimerisation of the TR with the RXR favours the 

dissociation of suppressors and the recruitment of activators. The reduction of 

RA in SD results in the T3 repression of VGF mRNA in the ARC. Adapted from 

Ebling, 2014.  
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There are two further potential mechanisms for the repression of the VGF gene 

by T3: 

1. Silva and Aranda, (2004) demonstrated that T3 inhibited the ras-

induced proliferation in neuroblastoma cells and blocked the induction 

of cyclin D1 expression via the repression of the cyclic AMP response 

element binding protein (CREB). CREB is a key constituent of the VGF 

promoter. The cyclic AMP response element (CRE) of the vgf promoter 

is embedded in a 14-bp palindromic sequence – mutations within the 

CRE sequence abolish NGF and cAMP response (Hawley et al., 1992), 

while disruption of the palindromic sequence abolishes induction by 

NGF (Possenti et al., 1992). It was hypothesised by Levi et al., (2004) 

that VGF expression, in a cell specific manner, requires the 

combinatorial action of several regulatory complexes, which bind to 

distinct promoter motifs. This was demonstrated, in relation to the CRE, 

by D’Arcangelo et al., (1996) where the CCAAT box was shown to be 

important for the induction of the gene by NGF.  

 

2. In the Siberian hamster in LD, there is a reduction in leptin-induced 

phosphorylation of signal transducer and activator of transcription-3 

(STAT-3) (Tups et al., 2012). Leptin in the hypothalamus binds to its 

receptor, the ObRb, and activates janus kinase (JAK)-2 tyrosine kinase, 

resulting in the phosphorylation (activation) of the transcription factor 

STAT-3 (Benomar et al., 2009). STAT-3 has been shown to control the 

expression of anorectic and orexigenic neuropeptides (Ahima et al., 

2000; Friedman and Halaas, 1998). STAT-3 has also been shown to 

interact with the CCAAT/enhancer binding protein beta (C/EBP-beta), a 

binding site (CCAAT box) for which is found in the VGF promoter (Li et 

al., 1993). The CCAAT box, when mutated, abolishes NGF induction of 

VGF (D’Arcangelo et al., 1996). T3 decreased STAT-3 phosphorylation in 

embroyonic neural stem cells (Chen et al., 2012). The studies presented 

in this chapter propose the binding of T3 to its receptor and 
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subsequently the identified potential TRE reduces VGF endogenous 

expression and VGF promoter activity in the SH-SY5Y cell line. However, 

another possible mode of action is via repressing the transcriptional 

activation of transcription factors such as the STAT-3 C/EBP-beta 

complex.  

 

In addition hypothyroidism, associated with low levels of T3, stimulates PC-1 

and -2 mRNA in the rat hypothalamus and cerebral cortex (Shen et al., 2004). 

Furthermore, Helwig et al., (2006) demonstrated gene expression of PC-2 was 

significantly higher in SD in the ARC of Siberian hamsters. Subsequently Shen 

et al., (2005) demonstrated hyperthyroidism suppresses PC-1 and -2 mRNA. 

These enzymes are responsible for the processing of the pro-VGF polypeptide 

(Levi et al., 2004). Therefore it is possible that while VGF mRNA expression is 

reduced in SD, VGF derived peptides are more abundant in SD. However, this 

hypothesis does not account for the increase in VGF mRNA in the dmpARC of 

Siberian hamsters (Barrett et al., 2005). The dmpARC has been proposed as an 

important integrating centre mediating photoperiodic response, as it is the 

most responsive of the brain nuclei outside the SCN (Barrett et al., 2005). 

Considering the published results (Bartolomucci et al., 2006; Jethwa et al., 

2007; Toshinai et al., 2010; Saderi et al., 2014), VGF and its derived peptides 

may be differentially expressed in brain nuclei in response to photoperiod as 

well as energy homeostasis. 
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5.9 CONCLUSION 

The SH-SY5Y cell line for the study of neuronal VGF gene expression in vitro 

has been validated by the studies reported in this chapter and the response of 

VGF to NGF and RA has been further characterised. Treatment of the SH-SY5Y 

cell line with T3 causes a reduction in both endogenous VGF expression and 

VGF promoter activity, with the effect on promoter activity being lost when a 

postulated TRE within the VGF promoter was removed. These studies propose 

possible mechanisms whereby T3 and VGF may interact in the seasonal 

regulation of appetite. Further work is required in vivo to substantiate this 

proposed mechanism.    
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6 Chapter 6 – GENERAL DISCUSSION 
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6.1 SUMMARY 

The primary aim of this thesis was to investigate the role and regulation of VGF 

and its derived peptides in the regulation of energy homeostasis. Previous 

studies suggested an anabolic role for VGF and its derived peptides; VGF-/- mice 

were lean, hypermetabolic and hyperactive, with increased food intake per 

gram body weight (Hahm et al., 1999; Hahm et al., 2002). However, this 

proposed anabolic role for VGF was not supported by subsequent studies 

where TLQP-21 increased energy expenditure in mice and reduced food intake 

in Siberian hamsters (Bartolomucci et al., 2006; Jethwa et al., 2007). Two 

hypotheses were proposed; i) global ablation of the VGF gene during the course 

of development resulted in an errant phenotype and ii) VGF derived peptides 

have opposing roles in the regulation of food intake and energy expenditure.  

 

The studies presented in chapter 3 of this thesis established the initial opposing 

and time-dependent effects of the VGF derived peptide, HHPD-41, on food 

intake in the Siberian hamster. The response to ICV infusion of HHPD-41 was a 

significant and dose dependent increase in food intake (0-1hr), opposing the 

actions of TLQP-21, which reduced food intake (Jethwa et al., 2007). This, 

however, was followed by a reduction in food intake (6-24hrs); a similar effect 

was observed following the ICV infusion of TLQP-21 (see Figure 3.6.2 and 

Jethwa et al., 2007). Subsequently, in chapter 4, the role of VGF in the 

regulation of energy balance was further elucidated. Hypothalamic over-

expression of VGF mRNA reduced body weight in both the C57Bl/6J mouse and 

Siberian hamster. Surprisingly, this decrease in body weight was associated 

with an increase in both food intake and energy expenditure. These effects (on 

food intake and energy expenditure) were attenuated in disrupted models of 

energy regulation; food intake and energy expenditure were akin to control 

Siberian hamsters transferred to SD and in mice fed a HFD. Interestingly, the 

effects of over-expression do not mirror the peptide studies; a possible result 

of over-expression of multiple bioactive VGF derived peptides in a non-

regulated fashion. Saderi et al., (2014) recently demonstrated expression on 
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VGF in AgRP/NPY and POMC neurones, which altered in response to the 

metabolic state of the animal. In addition, for the first time these studies 

demonstrated the effectiveness of the viral 2A peptide in vivo in non-standard 

laboratory animals. These studies established the viral 2A peptide as an 

alternative to the ires sequence currently utilised in bicistronic vector 

strategies and rAAV as a highly effective technique for manipulating gene 

function in vivo. Finally, the studies in chapter 5 investigated the regulation of 

the VGF gene promoter.. Previous studies identified VGF mRNA was reduced in 

the ARC and hypothalamus in Siberian hamsters transferred to SD (Barrett et 

al., 2005), while SD is associated with a reduction in food intake and intra-

abdominal fat. The studies in chapter 4 demonstrated that over-expression of 

VGF mRNA significantly increased food intake in LD and SD. It was found that 

treatment of the SH-SY5Y cell line with RA increased endogenous VGF gene 

expression and promoter activity. Interestingly, the components of the RA 

signalling pathway were reduced in response to SD in the Siberian hamster 

(Barrett et al., 2006; Ross et al., 2005) and rat (Shearer et al., 2010). 

Furthermore, a possible TRE was identified in the promoter region of the VGF 

gene. Treatment of the SH-SY5Y cell line with T3 reduced endogenous VGF gene 

expression and promoter activity. Removal of the possible TRE from the 

promoter construct nullified the effect of T3 treatment on vgf promoter 

activity.  

 

6.1.1 The ICV infusion of HHPD-41 demonstrated an initial opposing role 

of VGF derived peptides in food intake 

For the first time these studies observed effects of ICV infusion of HHPD-41 

demonstrating it is a novel member of a growing list of neuropeptides in the 

hypothalamus which regulate feeding and energy expenditure. This finding 

further supports the role of the VGF gene in the regulation of food intake. Its 

short term effect (0-1hr) of significantly increased food intake is akin to ICV 

infusion of NPY in the Siberian hamster (Boss-Williams and Bartness, 1996), 

which also increased cumulative food intake 0-2hrs post administration.  
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However, the longer-term effect 6-24 hours was a significant reduction in food 

intake, a similar effect to TLQP-21 (see figure 3.6.2 and Jethwa et al., 2007). 

Therefore these studies suggest HHPD-41 is a short term stimulator of food 

intake in the Siberian hamster, similar to NPY. Toshinai et al., (2010) 

demonstrated a similar short term effect of ICV infusion of NERP-2, a N-

terminal VGF derived peptide, on food intake in the rat. This effect was 

mediated by the orexin system (Toshinai et al., 2010). Interestingly, NERP-2 

initially increased body temperature and oxygen consumption in anesthetised 

rats, as well as locomotor activity in a separate study (Toshinai et al., 2010). 

This duality of increased food intake and energy expenditure is not limited to 

VGF; derivatives of CART also have opposing effects on food intake with parallel 

changes in energy expenditure (see section 6.1.2). 

 

However despite the initial short-term (0-1hr) opposing effects on food intake, 

the longer-term effect (6-24hrs) of ICV infusion of HHPD-41 was a reduction in 

food intake, similar to TLQP-21 treatment. Whether these inhibitory effects on 

food intake would be additive, suggesting different receptors/mechanisms, or 

via similar mechanisms (and therefore not additive) is still to be established. 

These studies identify HHPD-41 as a novel peptide involved in the hypothalamic 

regulation of food intake and provide important information with regards the 

neuronal network which underlies the regulation of energy homeostasis.  

 

6.1.2 The over-expression of VGF mRNA in the hypothalamus of Siberian 

hamsters and mice demonstrates a function beyond food intake  

Having established the roles of VGF derived peptides in food intake, the studies 

in chapter 4 demonstrated that hypothalamic over-expression of VGF mRNA 

resulted in a reduction in body weight, associated with increased food intake 

and energy expenditure. In the Siberian hamster these effects were associated 

with an increase in BAT weight. Previously surgical denervation or excision of 



236 
 

BAT in mice had been shown to decrease oxygen consumption and increase 

body weight (Dulloo and Miller, 1984).  

 

In the mouse, long term hypothalamic over-expression of VGF mRNA had no 

effect on BAT weight, but reduced epididymal fat. Previous studies have 

demonstrated a reduction in epididymal fat as a consequence of increased 

metabolic rate (Adams et al., 2006). Bartolomucci et al., (2006) demonstrated 

ICV infusion of TLQP-21 increased resting energy expenditure in mice. There 

was also an increase in epinephrine and an up-regulation of BAT β2-AR and 

WAT PPAR-δ, β3-AR and UCP-1, which were independent of activity and TH 

status. Furthermore, ICV infusion of NERP-2 significantly increased oxygen 

consumption in the rat (Toshinai et al., 2010). WAT is similarly innervated to 

BAT (Vaughan et al., 2014)) and long term the changes in gene expression 

demonstrated by Bartolomucci et al., (2006) following ICV infusion of TLQP-21 

would be expected to result in a decrease in WAT weight, whilst the increase 

in UCP-1 would appear to imply ‘beiging’ of the tissue (i.e. increased numbers 

of brown adipocytes and/or mitochondria), resulting in a more metabolically 

active animal (see Figure 4.6.4.2 A which demonstrates an increase in oxygen 

consumption over the course of the study). The results, despite being in 

different species, are therefore largely consistent, although the proposed 

mechanism of action differs. This is similar to the TLQP-21 studies conducted in 

mice and Siberian hamsters, while the overall effect of ICV infusion of the VGF 

derived peptide is catabolic, energy expenditure is increased in the mouse, 

while food intake is reduced in the Siberian hamster.  
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Figure 6.1.2: A possible mechanism for the activation of BAT by VGF. Increased 

hypothalamic VGF possibly results in the activation of the SNS and subsequent 

norepinephrine release. Indeed, VGF-/- demonstrate increased adrenal 

norepinephrine and epinephrine content – a possible compensatory 

mechanism for the global deletion of the gene throughout development 

(Fargali et al., 2014), while ICV infusion TLQP-21 up-regulates β-AR and UCP-1 

in adipose tissue (Bartolomucci et al., 2006). Norepinephrine binds to the β3-

adrenoreceptor (β3-AR) resulting in an increase in cAMP levels, which rapidly 

activate protein kinase A (PKA). Activation of UCP-1 results in increased fatty 

acid oxidation within the mitochondria of BAT (Lopez et al., 2013). PGC1-α is a 

powerful co-transcriptional activator for nuclear hormone receptor induced 

transcription of genes involved in thermogenesis, resulting in mitochondrial 

biogenesis and the recruitment of brown adipocytes in WAT depots (Crowley 

et al., 2002; Lee et al., 2014). 

 

Similar to VGF, CART is widely distributed throughout the periphery and CNS, 

particularly the hypothalamus, and has a number of opposing roles (Murphy, 

2006). CART co-localises with orexigenic and anorectic neurotransmitters in the 

hypothalamus, similar to VGF (Saderi et al., 2014). ICV infusion of CART55-102 

reduced food intake in rats fed normal chow (similar to TLQP-21 in the Siberian 

hamster), including in a second group fasted for 24 hours (Kristensen et al., 
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1998). However, this reduction in food intake was associated with an increase 

in lipid oxidation, a decrease in fat storage (effects similar to the gene 

expression changes in the TLQP-21 treated mice (Bartolomucci et al., 2006)) 

and body weight gain in rats (Rohner-Jeanrenaud et al., 2002). ICV 

administration of CART reduces gastric motility, emptying and secretion 

(Asakawa et al., 2001) and Severini et al., (2009) demonstrated that ICV 

infusion of TLQP-21 in the rat reduced gastric emptying by 40%. Counter 

intuitively, CART-/- mice were normal in comparison to wild type littermates 

(Bannon et al., 2000). Although when transferred to a HFD, CART-/- mice 

displayed increased food intake, body weight and fat mass. Similarly the 

phenotype of the VGF-/- mouse closely matches the phenotype of TLQP-21 

treated mice; a possible result of the global deletion of VGF throughout 

development and deletion of several opposing bioactive peptides.  

 

Conversely to its anorectic effects, CART stimulates the release of AgRP and 

NPY from ex-vivo hypothalamic explants (Dhillo et al., 2002). Furthermore, 

Abbott et al., (2001) demonstrated that injection of CART55-102 into distinct 

hypothalamic areas (including the PVN, VMN, DMN and ARC) increased food 

intake (similar to HHPD-41). Murphy (2006), proposed that these 

consequences are less contradictory if CARTs role is to increase food intake and 

heat production. Chronic delivery of CART into the ARC of rats increases food 

intake and BAT UCP-1 expression – a similar effect to the over-expression of 

VGF in the Siberian hamster. Over-expression of CART in the ARC also increased 

food intake, however these animals demonstrated greater weight loss in 

response to a 24 hour fast, suggesting increased energy expenditure (Kong et 

al., 2000). Indeed, ICV infusion of CART into the PVN up-regulates UCP-1 

expression in BAT and both UCP-2 and UCP-3 expression in WAT and muscle 

(Wang et al., 2000). Again this is a similar effect to VGF over-expression in the 

mouse. Furthermore, the over-expression of CART in the ARC of rats resulted 

in increased cumulative food intake due to an increased thermogenic response 
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in BAT (Kong et al., 2003). The VGF over-expression studies in the Siberian 

hamster and mouse also displayed a similar phenotype.  

 

6.1.3 VGF over-expression in disrupted models of energy homeostasis 

Over-expression of VGF mRNA in Siberian hamsters switched to SD maintain 

significantly increased food intake, however this response was attenuated by 

switching to SD. Daily food intake and daily food intake per gram bodyweight 

were no longer significantly increased, although cumulative food intake (per 

gram body weight) was significantly increased. The Siberian hamster in SD has 

an increased capacity for thermogenesis (Barrett et al., 2005). Furthermore, 

the thermogenic capacity of BAT is increased in the Syrian hamster exposed to 

SD (McElroy et al., 1986), while Demas et al., (2002) demonstrated an increase 

in UCP-1 and PPAR-γ in Siberian hamsters in SD. Taken together these studies 

suggest BAT was more active in SD. This might then explain why the effects of 

over-expression of VGF mRNA are attenuated in SD. Similarly, mice increase 

norephinephrine induced thermogenesis in response to HFD, an effect which 

was not observed in UCP-1-/- mice (Feldman et al., 2009). Akin to the Siberian 

hamster transferred to SD, mice transferred to a high fat diet increase BAT 

activity. This might explain why the effects of over-expression of VGF mRNA 

were attenuated by the HFD. Over-expression of VGF mRNA increased energy 

expenditure in the Siberian hamster in LD and mice fed a normal diet. The 

capacity for further increases in energy expenditure in response to a challenge 

(SD in the Siberian hamster; HFD in the mouse) is reduced by the over-

expression of VGF mRNA, whose energy expenditure is already increased. 

Subsequently body weight gain was significantly increased in the mouse VGF 

treated group. The hypothesis that hypothalamic VGF increases BAT activation 

is further supported by the Watson et al., (2009) study which demonstrated 

VGF-/- mice were cold intolerant.  
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There is, however, an alternative hypothesis for the attenuated effect of VGF 

over-expression in response to SD in the Siberian hamster and HFD in the 

mouse. In response to SD, PC1/3 and PC2 gene expression in the hypothalamus 

of Siberian hamsters has been shown to be increased within the ARC (Helwig 

et al., 2006). These enzymes produce the VGF derived peptides from the pro-

polypeptide, as well as a number of other neuropeptides from their parent 

polypeptides. It is therefore possible that the panel of VGF derived peptides 

produced as a result of over-expression of the gene changes in response to 

photoperiod. Similarly, leptin regulates the hypothalamic expression of PC1 

and PC2 expression in the mouse, increasing PC1 and PC2 promoter activity and 

protein expression in hypothalamic neurones. Secondly, fasted rats, which 

have low leptin levels, have decreased PC1 and PC2 gene and protein 

expression in the PVN. These levels are restored by exogenous administration 

of leptin to fasted rats (Sanchez et al., 2004). In response to HFD, C57Bl/6J mice 

become leptin resistant (Lin et al., 2000), therefore the panel of peptides 

produced from the VGF pro-polypeptide may change. Indeed, Chakraborty et 

al., (2006) demonstrated a change in VGF derived peptides in response to HFD.  

 

Over-expression of VGF mRNA, however, did not mirror the results from 

peptide studies conducted in chapter 3 of this thesis or those performed by 

Bartolumucci et al. (2006) and Jethwa et al. (2007). Given that VGF mRNA is up-

regulated in response to fasting in the mouse (Hahm et al., 1999) and the 

metabolic responses proposed by Saderi et al., (2014), the fact that the over-

expression was constant and long-term may account for this unusual 

phenotype. Furthermore, the production of multiple bioactive peptides, with 

opposing activities, may offer another explanation for the phenotype of 

Siberian hamsters and mice which over-express VGF mRNA. A similar paradox, 

in addition to the one outlined for CART, is found in POMC studies. Its derivates, 

namely αMSH and β-endorphin, reduce and increase food intake respectively 

(Raffin-Sanson et al., 2003). POMC-/- mice are obese (Yaswen et al., 1999) and 

ICV infusion of β-endorphin increased food intake, as did selective deletion of 
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the β-endorphin coding sequence from the mouse POMC gene (Appleyard et 

al., 2003).  

 

6.1.4 Thyroid hormone represses endogenous VGF expression and 

promoter activity in vitro 

Having demonstrated a novel role for VGF within the hypothalamus in 

regulating energy expenditure, the studies in chapter 5 identified novel 

regulators of the gene in vitro. VGF gene expression is reduced in the ARC in 

response to SD (Barrett et al., 2006), as are the components of the RA signalling 

pathway (Barrett et al., 2006; Ross et al., 2005). In vitro RA treatment of the 

SH-SY5Y cell line increased endogenous VGF expression and promoter activity. 

Given that over-expression of VGF mRNA in the Siberian hamster significantly 

increases food intake, it is proposed that the reduction in RA and subsequently 

VGF is a possible mechanism for the seasonal regulation of appetite in the 

Siberian hamster. Furthermore a possible TRE was identified within the vgf 

promoter. T3 treatment of the SH-SY5Y cell line repressed endogenous VGF 

expression and promoter activity. Removal of the potential TRE from the vgf 

promoter construct nullified the effects of T3. TREs have been previously 

shown to function in combination with RAR/RXR (de Luca et al., 1991); 

heterodimerisation favours the recruitment of activators, while 

homodimerisation favours suppressors of transcriptional activity (Cheung et 

al., 2010). Inferred from these observations is a possible mechanism for the 

seasonal regulation of appetite in the Siberian hamster (see Figure 5.7.3). 

Therefore it is hypothesised the inability of TR to heterodimerise with RAR/RXR 

results in the repression of the VGF gene in SD; a possible mechanism for the 

seasonal regulation of appetite. In addition, these studies also identified a 

possible VDRE and demonstrated increased endogenous VGF expression and 

promoter activity in response to treatment of the cell line with 1,25D3. Vitamin 

D was recently implicated in the regulation of energy metabolism and 

adipocyte biology in vivo (Wong et al., 2009).  
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6.2 MAIN IMPLICATIONS, LIMITATIONS AND FUTURE WORK 

While no experimental model is perfect, the number of transgenic and 

knockout models has enhanced our understanding of the complex aetiology of 

obesity, which involves genetic, metabolic, behavioural and environmental 

factors. Indeed these models have improved our knowledge of the 

physiological and molecular mechanisms affecting energy homeostasis. The 

data presented within this thesis raises important questions with respect to our 

understanding of the regulation of energy homeostasis and therefore have 

potential implications for the design of pharmaceuticals for the treatment of 

obesity. 

 

These studies demonstrate further scientific work is warranted. A physiological 

assessment of the VGF derived peptides in response to starvation, refeeding 

and high fat diet, along with photoperiod in the Siberian hamster may further 

eludicate the data obtained to date. Utilising liquid chromatography and mass 

spectrometry, as opposed to antibodies which do not detect specific VGF 

derived peptides, may be advantageous and informative. Whilst HHPD-41 and 

TLQP-21 are produced by the proteolytic cleavage of TLQP-62, the most 

abundant of the VGF derived peptides in the rat hypothalamus (Bartolomucci 

et al., 2007), HHPD-41 may itself by cleaved to produce AQEE-30. AQEE-30 

evoked dose-dependent thermal hyperalgesia (Riedl et al., 2009) and penile 

erection in rats (Succu et al., 2004).  

 

Similarly, the inability to confirm the different peptides produced by over-

expression of VGF mRNA is a limitation of these studies. No VGF derived 

peptide specific antibody is currently available; antisera are limited to C or N 

terminal sequences (Brancia et al., 2010), which bind to a number of different 

peptides and therefore lack the required specificity. More generally, however, 

the technique relies upon obtaining large blocks of tissue, which may not reveal 
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the differences in small populations of cells. Further detailed studies are 

required before a definitive conclusion can be reached. 

 

Over-expression of VGF mRNA in the hypothalamus, rather than specific nuclei 

within the hypothalamus, may obscure the intricacies of VGF’s function, similar 

to the VGF-/- mouse. The total ablation of a gene in all tissues in a global 

knockout model is often disadvantageous; knockout models are often lethal. 

They may also result in a permanent and/or compensatory change during 

development. For example, the ICV administration of the CART peptide 

resulted in reduced food intake in rats, and an antibody against CART increased 

food intake (Kristensen et al., 1998). However, the over-expression of CART in 

the ARC of rats resulted in increased cumulative food intake due to an 

increased thermogenic response in BAT (Kong et al., 2003). A further example 

of this is NPY, a potent stimulator of food intake, but NPY-/- mice have a normal 

phenotype (Erickson et al., 1997). Therefore, over-expression or knockdown of 

the VGF gene within specific subsets of hypothalamic neurones utilising Cre 

recombinase technology or optogenetics would be a better strategy to 

investigate the role of VGF (Saper, 2010).  

 

Studies conducted at thermoneutraility in the Siberian hamster and mouse may 

further elucidate the role of VGF in thermogenesis; Feldmann et al., (2009) 

demonstrated UCP-1 ablation was sufficient to induce obesity in mice exempt 

from thermal stress. To defend body temperature, mice increase their 

metabolism and food intake (Golozobova et al., 2004). This effect may obscure 

the effects of VGF over-expression and account for the differing mechanism of 

action when compared to the Siberian hamster. In response to a cold 

environment, mice increase UCP-1 expression and heat production in BAT 

(Shabalina et al., 2010). Again the effects of VGF over-expression in mice held 

at 4oC may be obscured. Alternatively a short term fast, which decreases BAT 

turnover (Matamala et al., 1996) may not occur in mice which over-express VGF 
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mRNA. These studies would further support the role of VGF in energy 

expenditure. Denervation of BAT and WAT in Siberian hamsters and mice 

respectively, which over-express VGF mRNA may also demonstrate its role in 

energy expenditure. 

 

A chronic ICV infusion study of HHPD-41 (similar to TLQP-21 study conducted 

by Jethwa et al., 2007) may demonstrate a role in the regulation of body 

weight. The reduction in food intake 6-24hrs following acute ICV infusion of 

HHPD-41 would suggest a reduction in body weight following chronic (daily) 

infusion of the VGF derived peptide. Similarly, the effects of ICV infusion in SD 

would further elucidate its role in food intake. Furthermore, a study in mice 

and rats akin to the Bartolomucci et al., (2006) and Toshinai et al., (2010) would 

further substantiate its role in food intake. Further experimentation is required 

to assess whether the initial increase in food intake, and subsequent decrease, 

is the only effect of HHPD-41 administration. Boss-Williams and Bartness 

(1996) and Day and Bartness (2003) noted an increase in food hoarding in the 

Siberian hamster in response to treatment with NPY and AgRP respectively. 

Furthermore, Severini et al., (2009) demonstrated that TLQP-21 reduced 

gastric motility in rats post ICV infusion. This, however, could not be accurately 

assessed in the chosen model of the Siberian hamster as the species has the 

ability to store food within their cheek pouches (Warner et al., 2010).  

 

Recently, two possible receptors have been identified for the VGF derived 

peptide TLQP-21 (see Chapter 3.7 DISCUSSION) (Chen et al., 2013; 

Hannedouche et al., 2013). However, the Chen et al., (2013) model did not elicit 

a response to TLQP-62, suggesting there might be multiple receptors for this 

and other VGF derived peptides. Given the outlined changes in the proteolytic 

enzymes which act upon the VGF pro-polypeptide and the Saderi et al., (2014) 

data which demonstrated VGF mRNA expression in both AgRP/NPY and POMC 

neurones, further work to identify the receptors involved is required.  
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The endogenous expression of the VGF gene and promoter analysis yielded 

interesting and novel data, including some potential regulatory factors and a 

possible mechanism for VGFs role in the response to SD. However, isolation of 

the Siberian hamster VGF promoter and gene is required to confirm this initial 

work with the mouse promoter. Electrophorectic mobility shift assays (EMSAs), 

in order to determine the presence of the possible TRE and VDRE interactions 

with their respective receptors are required. Furthermore these EMSAs could 

determine the proposed interaction with RA as a possible mechanism for the 

seasonal regulation of appetite in the Siberian hamster. Importantly, this 

validated promoter system could be utilised to screen for other potential 

regulators of the VGF gene and neuronal genes in general.  

 

6.3 CLOSING REMARKS 

At present there are no approved drugs that reduce appetite and manage 

weight which acts centrally. Indeed those who did such as sibutramine and 

rimonabant where withdrawn due to severe side effects (Ebling, 2014). The 

data reported in this thesis enhances our understanding of the role of VGF in 

regulating food intake and energy expenditure, and therefore energy 

homeostasis. However, further work is still required to identify feasible drug 

targets, given the prevalence and co-morbidities of obesity.  
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Appendix 1 – Buffers and Solutions 
 

10mM PBS 

Dissolve 8g NaCl, 0.2g KCl and 1.44g Na2HPO4 and 0.24g KH2PO4 in 1000ml 

water; adjust to pH 7.6 with dilute HCl. 

 

1M CaCl2 

Dissolve 110.99g of anhydrous CaCl2 in 800ml deionised water, adjust volume 

to 1000ml with water.  

 

1M MgCl2 

Dissolve 203.30g of MgCl2.6H20 in 800ml water, adjust volume to 1000ml with 

water.  

 

1M MgSO4 

Dissolve 120.37g of MgSO4 in 800ml water, adjust volume to 1000ml with 

water.  

 

2M NaOH 

Dissolve 80g in 800ml water, adjust volume to 1000ml with water.  

 

2M Tris-HCl 

Dissolve 96.91g of Tris-HCl in 250ml water, adjust pH to 7.5 and volume to 

400ml with water. 

 

3M Sodium acetate 

Dissolve 24.61g of sodium acetate in 100ml water.  
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1N NaOH 

Dissolve 40g in 900ml water, adjust volume to 1000ml. 

 

1,25D3 

Dilute in cell culture medium from 10μM stock solutions, prepared in ethanol. 

 

5xTBST 

Dissolve 50g NaCl, 1g KCl and 125ml Tris (pH 7.5) in 800ml water, adjust 

volume to 950ml. Autoclave then add 50ml Tween-20 (final concentration 

5%).  

 

Agarose 

Dissolve agarose (weight as appropriate for % gel) in TAE buffer (volume as 

appropriate for % gel).  

 

BCIP 

5-bromo-4-chloro-3-indolyl-phosphate, 4-toluidine, stock at 50mg/ml in 

dimethylformamide. 

 

Blocking solution 

1 x MABT (see below) with 20% goat serum and 2% Roche blocking reagent. 

 

Diethyl-pyrocarbonate-PBS 

1 x PBS with diethyl-pyrocarbonate (DEPC) added to 0.1% 

 

Ethidium bromide 

Add 50μl of 10mg/ml ethidium bromide to 1000ml water 
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Glucose 

Dissolve 20g of glucose in 100ml water. 

 

Glycerol  

Mix 60ml of glycerol with 100ml water 

 

Hybridisation buffer (hyb) 

25ml formamide, 3.25ml SSC, 0.5ml EDTA (0.5M pH 8), 125μl yeast RNA 

(20mg/ml), 1ml Tween-20 (10%), 2.5ml CHAPS (10%), 100μl heparin 

(50mg/ml) and 17.5ml water. 

  

LB 

Dissolve 10g sodium chloride, 10g tryptone and 5g yeast extract in 1000ml 

water. Autoclave. Add antibiotic, once cooled, as appropriate. 

 

LB agar 

Dissolve 10g sodium chloride, 10g tryptone, 5g yeast extract and 15g bacto-

agar in 1000ml water. Add antibiotic, once cooled, as appropriate.  

 

MABT 

100mM maleic acid, 150mM NaCl, 0.1% Tween-20, pH to 7.5 with NaOH 

 

NBT 

4-nitro blue tetrazolium chloride at 75mg/ml in 70% dimethylformamide 

 

NGF 
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Dissolve in RPMI medium, supplemented with 100μg/ml BSA.  

 

NMTT 

1ml 5M NaCl, 2.5ml Tris (2M pH 9.5), 1.25ml MgCl2 (2M), 5ml Tween-20 (10%) 

and 40.25ml water 

 

NZY + broth 

Dissolve 10g NZ amine, 5g yeast, 5g sodium chloride in 1000ml water, pH 

adjusted to 7.5 using 2M NaOH 

 

PBSTw 

PBS with 0.1% Tween-20 

 

PFA 

Add 40g PFA to 800ml PBS (at 60oC), add 1N NaOH until a clear solution 

forms. Cool and filter solution, adjust volume to 1000ml with PBS. Recheck 

pH, adjust with dilute HCl to 6.9. 

 

RA 

A 3mg/ml solution was prepared in DMSO and stored at -20oC (light-

protected). RA was diluted with RPMI as required.  

 

T3 

Dissolve 1mg of T3 in 1ml 1N NaOH, add to 49ml RPMI for a 20μg/ml stock 

solution. Dilute as appropriate in culture medium.  

 

TAE 
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Tris-acetate-ethylenediamine tetraacetic acid buffer comprised a final 

concentration of 40mM Tris-HCl, 1mM EDTA (pH 8.0) and 1.142 ml glacial 

acetic acid in 1000ml water.  

 

Washing buffer 

25ml formamide, 2.5ml SSC and 0.5ml Tween-20.  
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