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Abstract 

A complex system exists to monitor the body’s energy status and regulate food 

intake and energy expenditure to maintain a constant body weight. However, this 

homeostatic system is not the sole system regulating appetite. The hedonic system 

comprised of the mesolimbic reward pathway influences motivation to eat and acts 

alongside the homeostatic system to control feeding behaviours. It is often assumed 

that the hedonic system promotes the consumption of palatable, energy-dense 

foods and this can disrupt homeostatic mechanisms regulating food intake, resulting 

in energy overconsumption and weight gain in the long term. Yet, it is unclear to 

what extent the homeostatic system can defend body weight in an environment rich 

in palatable, energy-dense foods.  

I hypothesised that the homeostatic system compensates for the energy in palatable 

foods by reducing subsequent energy consumption, defined as homeostatic caloric 

compensation. I investigated homeostatic caloric compensation in a rat model of 

restricted palatable, high-sugar food access. Rats were schedule-fed moderate 

amounts of sweetened condensed milk (SCM) daily in addition to ad lib bland diet 

access. Both male and female rats calorically compensated for the energy 

consumed from moderate amounts of SCM through a robust and accurate reduction 

in energy consumed from bland diet, resulting in no short-term changes in body 

weight gain. However, homeostatic responses were limited as male rats were 

unable to fully calorically compensate for the scheduled-feeding of large amounts of 

SCM, an apparent loss of homeostatic control. It was not investigated whether 

female rats are also unable to fully calorically compensate for large amounts of 

SCM. It is possible that male rats consume these large amounts of SCM due to 

hedonic drive but continue to eat bland diet to acquire nutrients that are not present 

in SCM. To determine whether male rats defend bland diet consumption due to 

nutrient requirements, rats were schedule-fed large amounts of SCM enriched with 

protein or fibre. However, male rats did not fully calorically compensate for the 

energy in large amounts of SCM when enriched with protein or fibre. Overall, these 

findings demonstrate that the homeostatic system is able to respond to the hedonic 

consumption of palatable food through caloric compensatory mechanisms to defend 

body weight. However, it appears that the homeostatic system is unable to 

effectively respond to excessive hedonic palatable food consumption through caloric 

compensation alone.  



To shed light on what homeostatic mechanisms may underlie this compensatory 

behaviour, I used expression of the immediate early gene c-Fos to investigate 

neuronal activity following the scheduled-feeding of moderate amounts of SCM in 

male rats. c-Fos expression was increased in the ventral tegmental area of the 

mesolimbic reward pathway and in the lateral hypothalamus. The lateral 

hypothalamus has been proposed to act as an interface between homeostatic and 

hedonic systems. Therefore, in response to the hedonic consumption of palatable 

food, the homeostatic system and reward pathway may interact. Additionally, c-Fos 

expression was increased in satiety mediating brain regions of the homeostatic 

system, including the nucleus of the solitary tract and dorsomedial hypothalamus. 

This suggests that the homeostatic system may compensate for the energy in the 

palatable food by reducing subsequent food intake through inducing satiety. 

Furthermore, following the consumption of SCM, c-Fos expression was increased in 

magnocellular oxytocin neurons of the hypothalamic supraoptic and paraventricular 

nucleus. I demonstrated that the oxytocin system was activated by gut-brain 

signalling potentially involving the nucleus of the solitary tract. Therefore, the 

oxytocin system may be involved in homeostatic compensatory mechanisms 

triggered in response to the hedonic consumption of SCM, as part of a pathway 

mediating satiety.     

Moreover, I showed that c-Fos expression was also increased in the hypothalamic 

supramammillary nucleus (SuM) following the consumption of SCM. It has been 

previously shown that the SuM is involved in reward-related motivated behaviours 

and was recently implicated in the motivation to acquire and consume palatable food 

rewards. I also demonstrated that c-Fos expression in the SuM might be specific to 

the motivated consumption of palatable food, consistent with the SuM being 

involved in reward-related motivated behaviours. Furthermore, there is additional 

evidence from these studies that the SuM may functionally communicate with brain 

regions in the homeostatic and hedonic systems, including the lateral hypothalamus, 

dorsomedial hypothalamus and ventral tegmental area. Finally, I explored whether 

the gut-secreted orexigenic hormone ghrelin activates the SuM, as ghrelin may act 

at the SuM to influence feeding motivation. However, systemic ghrelin administration 

did not influence SuM c-Fos expression. As the SuM is activated following the 

consumption of SCM and may act as an interface between the homeostatic and 

hedonic systems, it is possible that the SuM could be a key component in the 

regulation of hedonic feeding.  



 

  

 

Using a rat model, I have shown that homeostatic compensatory mechanisms are 

triggered in response to the hedonic consumption of palatable, high-sugar food to 

regulate energy intake. This response is likely to involve homeostatic satiety 

mechanisms and interactions between multiple brain regions involved in the 

homeostatic and hedonic control of food intake. Overall, these findings shed light on 

how the homeostatic system responds to hedonic energy consumption and 

highlights specific brain regions that may be involved in hedonic feeding or 

homeostatic compensatory responses.  

  



Lay Abstract 

The world’s eating habits are changing. We are eating more processed foods, meat, 

fat, sugar and salt than ever before and as a result our waistlines are also changing. 

Obesity and weight-related conditions are now a leading cause of premature death 

all over the world. Therefore, it is essential that we investigate further into why we 

eat what we eat and understand the impact that eating certain foods has on our 

brain and bodies. Assertions are often made about how certain foods or lifestyle 

choices are responsible for weight gain and obesity. However, more often than not 

these assumptions are made without any evidence. Furthermore, obesity is 

frequently misunderstood as a case of simply eating too much food. In reality, the 

development and maintenance of obesity is highly complex and dependent on a 

range of genetic and lifestyle factors that influence the way our body responds to 

food and drive our food choices. An example of a common assumption that is 

backed by little scientific evidence is that frequently eating tasty, fat-, sugar- and 

calorie-laden snack foods in addition to meals causes people to gain weight. 

Therefore, in this thesis, a rat model was used to investigate what effect regularly 

eating tasty, sugary snacks in addition to normal meals has on weight gain. I have 

shown that rats eating a moderately sized daily portion of sweetened condensed 

milk eat less of other foods to compensate for calories in the sweetened condensed 

milk. As a result of this compensation, rats did not gain weight. In contrast to this, 

rats that ate large portions of sweetened condensed milk daily ate less of other 

foods, but this reduction was not big enough to compensate for all calories in the 

large portion of sweetened condensed milk. As a result, rats ate more calories on a 

daily basis than they would normally. In the long-term this increase in daily calorie 

intake could lead to weight gain.  

We do not consciously control appetite; our brains subconsciously control when we 

need to eat. In the brain, there are key areas that work together to regulate how 

much food we consume to maintain our weight - ‘the homeostatic system’. There are 

also brain areas that motivate us to eat and areas responsible for the pleasure we 

feel when eating tasty, high-calorie foods - ‘the reward system’. It is also understood 

that the reward system drives the consumption of certain rewarding foods by 

increasing motivation to eat them even when the homeostatic system signals that 

you are not hungry. To investigate how the brain responds to the consumption of 

tasty, sugary food, a similar rat model was used to measure which brain areas of the 



 

  

 

reward and homeostatic systems are switched on after eating sweetened 

condensed milk. I have shown that multiple brain areas are switched on, including 

areas in the reward system involved in increasing motivation to eat food. A particular 

region, the supramammillary nucleus, which is involved in increasing motivation for 

other rewards including drugs, was also switched on after eating sweetened 

condensed milk. Therefore, the supramammillary nucleus may work alongside the 

reward system to increase the motivation to eat tasty, sugary foods. Additionally, 

brain regions in the homeostatic system that turn hunger off were switched on after 

eating sweetened condensed milk. A specific population of nerve cells in the brain 

that produce and release the hormone oxytocin were also switched on after eating 

sweetened condensed milk. Oxytocin is known to play an important role in childbirth 

and breastfeeding. However, it has emerged that oxytocin may also have a role in 

the feeling of being full after eating food as part of the homeostatic system. 

Therefore, oxytocin may be released from the brain after eating tasty, sugary foods 

to prevent us from eating more calories than we need.  

Overall, these findings demonstrate that brain regions other than those in the 

classical reward system may drive us to eat tasty, sugary snack foods through 

increasing motivation to eat them. However, regularly eating a moderate amount of 

these foods in addition to meals may not cause weight gain as the brain may 

prevent us from eating more calories than we need.  
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 General Introduction 1 

1 General Introduction 

In the late 1960s, G.R. Hervey observed that a person’s body weight tends to 

remain relatively stable over the long term, despite changes in daily energy 

consumption and physical activity (see Hervey 1969). This triggered the idea that 

there must be an adaptable, fine-tuned system controlling energy balance to 

maintain a stable body weight. Evidence from early studies in both rats and human 

subjects demonstrates that energy intake is tightly regulated to defend body weight. 

In response to increasing or decreasing food energy density, rats accurately alter 

the amount of food eaten to maintain a constant energy intake (Adolph 1947). In 

addition, rats that gained weight through excessive energy consumption via force-

feeding, return to their original weight through a voluntary reduction in food intake 

once force-feeding has stopped (Cohn and Joseph 1962). Furthermore, human 

subjects who gain weight experimentally through excess energy consumption, also 

return to their starting weight by reducing voluntary food intake (see Sims and 

Horton 1968). In the early 1950s, multiple theories were proposed to explain how 

appetite is controlled. J. Mayer proposed that there are glucose sensitive sites within 

the brain that regulate food intake to maintain a constant blood glucose 

concentration (see Mayer 1953). In contrast, G.C. Kennedy hypothesised that body 

fat secretes a signal that regulates appetite centrally through the hypothalamus to 

maintain an optimal amount of body fat i.e. a ‘set-point’ (Kennedy 1953). This signal 

was later discovered to be leptin (Zhang, Proenca et al. 1994, Maffei, Halaas et al. 

1995). Currently, there is a great deal of evidence for a complex system within the 

brain that monitors the body’s energy status and regulates food intake and energy 

expenditure to maintain a constant body weight - 'the homeostatic system' (see 

Schneeberger, Gomis et al. 2014). It is understood that the homeostatic system 

does not influence feeding alone. The hedonic system influences motivation and can 

override the homeostatic system by increasing motivation to eat certain foods (see 

Alonso-Alonso, Woods et al. 2015). These two systems act along side one another 

to control feeding behaviour (see Lutter and Nestler 2009).  

Research into the homeostatic and hedonic systems has advanced considerably. 

Neurons in multiple brain regions have been identified which respond to peripheral 

satiation, hunger and/or adiposity signals, where changes in activity influence 

feeding behaviour and/or energy expenditure. Despite this, the homeostatic and 

hedonic systems as a whole are still not fully understood. It remains unclear exactly 
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what triggers the release of many peripheral appetite-associated signals, how and 

where these signals act centrally, how neuronal populations in identified brain 

regions interact and communicate to integrate information and how this information 

is translated into behaviour. It is also not clear whether all aspects of the 

homeostatic and hedonic systems have been identified. Therefore, it is possible that 

there are other unidentified peripheral signals, brain regions or neural populations 

that are also involved in the homeostatic and hedonic control of feeding. 

Furthermore, it is not well understood to what extent the homeostatic system can 

defend body weight or whether this system responds differently or becomes 

maladaptive in response to the hedonic consumption of energy-dense foods or diets 

containing different macronutrients. Additionally, it is not fully understood how the 

homeostatic and hedonic systems interact with reward-driven food consumption. 

Moreover, many components of the homeostatic and hedonic systems have been 

studied in artificial isolated settings. Consequently, there is a need for more 

integrative, realistic approaches to be utilised when studying these systems.  

 

1.1 Thesis Aims 

 

1. To investigate homeostatic behavioural responses to the regular 

consumption of a palatable, high-sugar food, with a focus on the limits of 

homoeostatic energy intake control. 

 

2. To investigate the activity of brain regions associated with the homoeostatic 

and hedonic control of food intake following the consumption of a palatable, 

high-sugar food.  

 

3. To investigate the activity of brain regions associated with reward-related 

motivated behaviours following the consumption of palatable, high-sugar 

food and the interaction of these regions with the homeostatic and hedonic 

systems.  
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1.2 The Regulation of Food Intake 

1.2.1 Homeostatic Control of Food Intake 

The homeostatic system monitors the body’s energy status and regulates food 

intake and energy expenditure to maintain a constant body weight. In response to 

various stimuli, including energy store status or food ingestion, signals are released 

from peripheral tissues that converge at the brain. The brain then integrates these 

signals to regulate feeding behaviours through a complex network of connections 

and interactions, within and between hypothalamic, brainstem and higher cortical 

areas (see Wynne, Stanley et al. 2005). 

 

1.2.1.1 Peripheral Signals Controlling Appetite 

Many centrally acting hormones are secreted from peripheral sites, including the gut 

or adipose tissue. Some of these hormones influence feeding behaviour and energy 

expenditure through indirect or direct actions on specific neural populations in the 

hypothalamus and/or caudal brainstem (Figure 1.1). There are a vast number of 

hormones that have been identified to be involved in appetite control, but much 

research to date has focused on anorexigenic signals, including cholecystokinin 

(CCK), glucagon-like peptide-1 (GLP-1), leptin and insulin. To date, ghrelin has 

been identified as the only orexigenic hormone (see Williams and Elmquist 2012).  

1.2.1.1.1 CCK  

One of the best-studied anorexigenic hormones is CCK. CCK is secreted into the 

circulation from I cells predominantly located in the duodenum of the small intestine 

(see Dockray 2012). The ingestion of protein, fat and/or carbohydrates increases 

CCK secretion in rats (Douglas, Woutersen et al. 1988). Systemically administered 

CCK decreases food intake (Gibbs, Young et al. 1997) and increases c-Fos 

expression in the nucleus of the solitary tract (NTS) of the caudal brainstem in rats 

(Monnikes, Lauer et al. 1997). This suggests that CCK influences appetite centrally. 

However, CCK does not cross the blood-brain barrier. CCK receptors are expressed 

on vagal nerve afferents (Moriarty, Dimaline et al. 1997). Therefore, it is thought that 

vagal nerve afferents that innervate the gut are activated by CCK, which influences 

the activity of NTS neurons (see Dockray 2012). Peripheral administration of CCK 
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increases plasma oxytocin concentrations in rats (Verbalis, McCann et al. 1986), 

presumably through secretion from supraoptic nucleus (SON) and paraventricular 

nucleus (PVN) oxytocin axon terminals in the posterior pituitary gland (see Section 

1.3.2.2.2). Oxytocin is implicated in mediating satiety (see Sabatier, Leng et al. 

2013; see Section 1.3). Therefore, CCK may induce its anorexigenic effects by 

regulating oxytocin secretion following food consumption. 

CCK secreted from the gut is also involved in the control of gastric motility through 

activation of the vago-vagal reflex and inhibition of gastric emptying (see Dockray 

2012). It is not known whether decreasing gastric motility contributes to the 

anorexigenic effects of CCK.  

In addition, neurons in multiple appetite-associated brain regions express CCK, 

including the NTS (see Section 1.2.1.2.2), PVN (see Section 1.2.1.2.3) and 

dorsomedial hypothalamus (see Section 1.2.1.2.6; Vanderhaeghen, Lotstra et al. 

1980). The CCK receptor is also expressed in multiple appetite-associated brain 

regions, including the PVN, SON and lateral hypothalamus (see Section 1.2.1.2.5; 

Honda, Wada et al. 1993). Furthermore, centrally administered CCK decreases food 

intake in rats (Schick, Yaksh et al. 1986). This suggests that centrally expressed 

CCK may also be anorexigenic. A CCK-expressing projection from the NTS to the 

PVN has been implicated in the regulation of food intake, where stimulation is 

sufficient to reduce feeding in mice (D'Agostino, Lyons et al. 2016; see Section 

1.2.1.2.2). The function of centrally expressed CCK in other appetite-associated 

brain regions, including the dorsomedial hypothalamus, remains unclear.   

1.2.1.1.2 GLP-1 

GLP-1 is rapidly secreted into the circulation from enteroendocrine L cells primarily 

located in the small and large intestine in response to fat, carbohydrates and/or 

protein passing through the gut (see Karhunen, Juvonen et al. 2008). Systemic 

administration of GLP-1 dose dependently decreases food intake in rats (Chelikani, 

Haver et al. 2005) and increases c-Fos expression in the NTS in mice (Larsen, 

Tang-Christensen et al. 1997), suggesting that GLP-1 influences appetite centrally. 

In rats, peripherally administered fluorescently labelled GLP-1 analogues can enter 

the brain via diffusion across the blood-brain barrier (Kastin, Akerstrom et al. 2002), 

implying that GLP-1 may diffuse across the blood-brain barrier and directly induce 

its central effects. However, circulating GLP-1 is degraded rapidly and has a half-life 

of less than 2 min (Kieffer, McIntosh et al. 1995). Therefore, it is questionable 
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whether intact GLP-1 would reach the blood-brain barrier. Moreover, GLP-1 

receptors are expressed on vagal afferents (Nakagawa, Satake et al. 2004). It is 

thought that peripherally circulating GLP-1 stimulates vagal nerve afferents that 

innervate the gut, which influences the activity of neurons in the NTS (see 

Katsurada and Yada 2016). It remains unclear whether GLP-1 acts at the brain 

directly by crossing the blood-brain barrier and/or indirectly via the vagal nerve.   

Secretion of GLP-1 from the gut is crucial in glucose metabolism as it stimulates 

pancreatic β-cells to synthesise and secrete insulin to counteract increases in blood 

glucose. GLP-1 also inhibits glucagon release from the pancreas to control blood 

glucose (see Woods, Lutz et al. 2006). Insulin also acts as an anorexigen (see 

Section 1.2.1.1.6; see Woods, Lutz et al. 2006). Therefore, the actions of GLP-1 on 

appetite may be partly mediated by insulin.  

GLP-1 is also involved in the control of gastric motility, where it acts at vagal 

afferents to inhibit gastric emptying (Imeryuz, Yegen et al. 1997). It is not known 

whether decreasing gastric motility contributes to the anorexigenic effects of GLP-1.  

GLP-1 is also expressed by neurons in multiple appetite-associated brain regions, 

including the NTS, PVN and dorsomedial hypothalamus (Gu, Roland et al. 2013). 

The GLP-1 receptor is expressed in appetite-associated brain regions including the 

arcuate nucleus, SON and PVN (Merchenthaler, Lane et al. 1999). Activation of 

GLP-1 expressing cells in the NTS that project to the PVN, nucleus accumbens or 

ventral tegmental area reduces food intake (see Section 1.2.1.2.2). In addition, the 

central administration of GLP-1 reduces food intake (Turton, O'Shea et al. 1996), 

suggesting that central GLP-1 may also be anorexigenic. Centrally administered 

GLP-1 induces c-Fos expression in the SON and PVN (Larsen, Tang-Christensen et 

al. 1997) and increases circulating oxytocin concentrations in rats (Bojanowska and 

Stempniak 2000), presumably through secretion from the posterior pituitary gland 

(see Section 1.3.2.2.4). As oxytocin is implicated in mediating satiety (see Sabatier, 

Leng et al. 2013; see Section 1.3), GLP-1 may induce its anorexigenic effects by 

regulating oxytocin secretion.  
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1.2.1.1.3 Leptin 

Leptin is secreted by adipocytes into the circulation in proportion to body fat mass 

(Maffei, Halaas et al. 1995) and acts as a signal for energy store status (see Park 

and Ahima 2015). In rats, leptin is secreted into the circulation in a diurnal pattern 

where it peaks during the dark phase (Bodosi, Gardi et al. 2004). Leptin secretion 

can also be influenced by changes in feeding pattern. In rats, restricting the feeding 

of bland diet to the light phase reverses the normal diurnal pattern of leptin secretion 

resulting in circulating leptin concentrations peaking in the light phase (Bodosi, Gardi 

et al. 2004). Chronic systemically administered leptin decreases food intake and 

body weight in mice (Halaas, Gajiwala et al. 1995). Mice with mutations in the leptin 

gene (ob/ob) or the leptin receptor gene (db/db) are hyperphagic and develop 

obesity (see Bray and York 1979). Peripheral leptin administration induces c-Fos 

expression in the PVN, ventromedial hypothalamus and dorsomedial hypothalamus 

in rats (Elmquist, Ahima et al. 1997), demonstrating that leptin induces its 

anorexigenic effects centrally. Peripherally administered fluorescently labelled leptin 

can enter the brain (Banks, Kastin et al. 1996), possibly in a transporter-mediated 

manner (see Rivest 2002). Leptin receptors are expressed in multiple appetite-

associated brain regions, including the arcuate nucleus, lateral hypothalamus, 

ventromedial hypothalamus and dorsomedial hypothalamus (Elmquist, Bjorbaek et 

al. 1998). The actions of leptin on neurons in the arcuate nucleus are well 

characterised (see Section 1.2.1.2.1). However, the role of leptin acting at other 

brain regions, for example the dorsomedial hypothalamus (see Section 1.2.1.2.6), is 

not so well understood. Furthermore, evidence suggests that leptin acts on the 

mesolimbic reward pathway to decrease feeding motivation (see DiLeone 2009; see 

Section 1.2.3), consistent with its anorexigenic actions. 

Leptin also influences energy expenditure. Peripheral administration of leptin 

increases respiration and brown adipose tissue thermogenesis in rats (Scarpace, 

Matheny et al. 1997). Furthermore, oxygen consumption is decreased in lepin 

deficient mice (ob/ob), which can be rescued with systemic administration of leptin 

(Hwa, Fawzi et al. 1997). 

1.2.1.1.4 Ghrelin 

Ghrelin is secreted into the circulation from oxyntic cells of the stomach and 

duodenum. The exact mechanism of ghrelin secretion is not clear, but may be 
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regulated by multiple stimuli, including nutrients, the amount of food in the stomach 

and/or other appetite-associated hormones (see Al Massadi, Lear et al. 2014). In 

rats, circulating ghrelin concentrations are increased during fasting and are reduced 

with the ingestion of food (Tschop, Smiley et al. 2000), suggesting a role for ghrelin 

in meal initiation. The concentration of circulating ghrelin also increases before 

scheduled-feeding in rats (Merkestein, Brans et al. 2012), implying that ghrelin may 

be involved in the anticipatory response to food ingestion. Peripheral administration 

of ghrelin increases food intake and induces c-Fos expression in multiple appetite-

associated brain regions, including the arcuate nucleus and PVN (Ruter, Kobelt et 

al. 2003), demonstrating that ghrelin has central effects. There are multiple theories 

to explain how ghrelin can enter the brain, for example, through specialised ghrelin 

transporters or ghrelin entering at sites where the blood-brain barrier is ‘leaky’ (see 

Fry and Ferguson 2010). Following the peripheral administration of a fluorescently 

tagged ghrelin analogue in mice, fluorescence is detected in the median eminence 

and arcuate nucleus (Schaeffer, Langlet et al. 2013), suggesting that circulating 

ghrelin can enter the brain. Ghrelin receptors are expressed in multiple appetite-

associated brain regions, including the arcuate nucleus and ventromedial 

hypothalamus (Zigman, Jones et al. 2006). The action of ghrelin on neurons in the 

arcuate nucleus is well characterised (see Section 1.2.1.2.1). However, the role of 

ghrelin acting at other brain regions, for example the ventromedial hypothalamus, is 

not so well understood. Furthermore, evidence suggests that ghrelin acts on the 

mesolimbic reward pathway to increase feeding motivation (see Dickson, Egecioglu 

et al. 2011; see Section 1.2.3), consistent with its orexigenic actions.  

There is also evidence that ghrelin can influence energy expenditure. Genetic 

deletion (i.e. ‘knockout’) of the ghrelin gene or the ghrelin receptor gene in mice 

increases energy expenditure (calculated from oxygen consumption and carbon 

dioxide production) and core body temperature (Pfluger, Kirchner et al. 2008). 

Moreover, ghrelin may be involved in glucose metabolism. Independent to 

influencing food intake, daily ghrelin administration increases circulating glucose 

concentrations in rats with ad lib bland diet access (Barazzoni, Bosutti et al. 2005) 

and mice fed on a high-fat diet (Asakawa, Inui et al. 2003). Furthermore, ghrelin 

receptor knockout mice have increased insulin sensitivity (Longo, 

Charoenthongtrakul et al. 2008). Overall, evidence suggests that ghrelin decreases 
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insulin sensitivity and might supress glucose induced insulin secretion (see Delhanty 

and van der Lely 2011). 

1.2.1.1.5 Glucose  

Glucose is absorbed from food in the gut into the blood. Blood glucose is tightly 

regulated; in response to raised blood glucose, pancreatic β-cells secrete insulin, 

which stores excess glucose as glycogen in the liver. In response to low blood 

glucose, pancreatic α-cells secrete glucagon, which coverts glycogen stores to 

glucose (see Triplitt 2012). Furthermore, glucose homeostasis may involve the 

integration of information from central glucose sensors in addition to peripheral 

glucose sensors (for example pancreatic β-cells; see Chan and Sherwin 2013). In 

rats, an intracarotid glucose injection induces c-Fos expression in the arcuate 

nucleus, ventromedial hypothalamus and PVN (Guillod-Maximin, Lorsignol et al. 

2004). Neurons that are excited by high glucose concentrations or inhibited by low 

glucose concentrations have been identified in multiple brain regions, including the 

arcuate nucleus (see Section 1.2.1.2.1) and the ventromedial hypothalamus (see 

Section 1.2.1.2.4; see Thorens 2012). Both the arcuate nucleus and ventromedial 

hypothalamus are involved in the homeostatic control of feeding and may integrate 

information from both circulating glucose concentrations and appetite-associated 

signals to influence feeding behaviour. Central administration of glucose decreases 

feeding and central administration of 2-deoxy-D-glucose (inhibits intracellular 

glucose metabolism, mimicking hypoglycaemia locally) increases feeding in fasted 

mice (Bady, Marty et al. 2006), demonstrating that central glucose sensors may be 

involved in glucose homeostasis through the regulation of appetite.  

1.2.1.1.6 Insulin 

In addition to insulin being secreted for glucose metabolism (see Section 1.2.1.1.5), 

insulin is also secreted in proportion to body fat mass, suggesting that insulin may 

act as a signal for energy store status, similar to leptin (see Woods, Lutz et al. 

2006). It is likely that circulating insulin indirectly influences appetite through 

reducing blood glucose. However, insulin may also have central actions on appetite. 

In rats, central administration of insulin reduces food intake when administered 

acutely (Air, Benoit et al. 2002) or chronically (McGowan, Andrews et al. 1993). 

Insulin is able to cross the blood-brain barrier via a receptor-mediated mechanism 

(see Banks, Owen et al. 2012). Insulin receptors are found in many appetite-
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associated brain regions, including the arcuate nucleus and PVN (Hill, Lesniak et al. 

1986). Neural insulin receptor knockout mice are hyperphagic and develop obesity 

(Bruning, Gautam et al. 2000), suggesting that insulin acting centrally at its receptor 

may be important in regulating feeding. The action of insulin on neurons in the 

arcuate nucleus is well characterised (see Section 1.2.1.2.1; see Varela and 

Horvath 2012). However, the role of insulin acting at other brain regions, including 

the ventromedial hypothalamus, is not well understood (see Section 1.2.1.2.4).  
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Figure 1.1 - Peripheral signals converging at the arcuate nucleus of the hypothalamus and the NTS in the 
caudal brainstem to regulate appetite and energy expenditure. Multiple signals are secreted from the 

gastrointestinal tract and adipose tissue into the circulation, and act at the brain to signal peripheral information 

related to feeding or energy store status. Those with a positive or negative influence over feeding behaviour are 

marked with a + or – respectively. Circulating ghrelin, leptin and insulin directly influence the activity of neurons in 
the arcuate nucleus. The influence of blood glucose on the activity of neurons in the arcuate nucleus and other 

regions is dependent on the concentration. Circulating leptin also directly influences the activity of neurons in the 

NTS. CCK and GLP-1 secreted from the gut, influence the activity of NTS neurons via the vagus nerve. Neurons 
in the arcuate nucleus and NTS are considered to be ‘first-order neurons’ as many peripheral signals directly 

regulate their activity. The arcuate nucleus and NTS neurons integrate peripheral information and communicate 

this to neurons in target brain regions or ‘second-order neurons’, including those in the paraventricular nucleus, 

to regulate appetite and energy expenditure. AgRP, agouti related peptide; CCK, cholecystokinin; GLP-1, 
glucagon-like peptide 1; POMC, pro-opiomelanocortin.  
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1.2.1.2 Neural Control of Appetite 

The hypothalamic arcuate nucleus and NTS in the caudal brainstem directly 

respond to peripheral energy-status signals, integrate this information and 

communicate with many other brain regions to regulate appetite and energy 

expenditure (Figure 1.1). These brain regions include the PVN, lateral 

hypothalamus, ventromedial hypothalamus and dorsomedial hypothalamus. These 

regions are highly interconnected via direct projections and communication between 

many of these regions strongly influences feeding behaviour (Figure 1.2; see 

Schneeberger, Gomis et al. 2014).  

1.2.1.2.1 Arcuate Nucleus 

The arcuate nucleus is the best-studied brain region with respect to feeding control. 

Arcuate nucleus neurons co-expressing pro-opiomelanocortin (POMC) and cocaine- 

and amphetamine-regulated transcript (CART) are anorexigenic (see Millington 

2007). In contrast, neurons co-expressing agouti related peptide (AgRP), 

neuropeptide Y (NPY) and GABA are orexigenic (see Stutz, Morrison et al. 2005). 

Selectively increasing the firing rate of POMC- or AgRP-expressing neurons through 

the specific expression of light-sensitive ion channels (‘optogenetic stimulation’) 

reduces or increases feeding respectively in mice (Aponte, Atasoy et al. 2011). 

Peripheral signals, including insulin and leptin, are transported into the cerebrospinal 

fluid in the 3rd ventricle from blood in the choroid plexuses via transporter-mediated 

mechanisms (see Rodriguez, Blazquez et al. 2010). These signals are thought to 

enter the arcuate nucleus (located next to the 3rd ventricle) from the cerebrospinal 

fluid. In addition, tanycytes that line the walls of the 3rd ventricle are in contact with 

the cerebrospinal fluid and send processes within the arcuate nucleus. It has been 

suggested that tanycytes may respond to peripheral signals in the cerebrospinal 

fluid and communicate with neurons in the arcuate nucleus (see Bolborea and Dale 

2013). As neurons within the arcuate nucleus respond to peripheral feeding-

associated signals, they are considered to be ‘first-order’ neurons and other brain 

regions that receive direct projections from the arcuate nucleus contain ‘second-

order’ neurons in the control of appetite.  

Arcuate nucleus neurons express a wide variety of receptors, including those for the 

peripheral signals leptin (Zigman, Jones et al. 2006), insulin (Unger, McNeill et al. 

1989) and ghrelin (Willesen, Kristensen et al. 1999). Leptin increases the electrical 
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activity of POMC-expressing neurons (Cowley, Smart et al. 2001) and decreases 

the electrical activity of AgRP-expressing neurons (van den Top, Lee et al. 2004) in 

vitro. Knockout of the leptin receptor gene specifically in AgRP and POMC-

expressing neurons increases body weight and adiposity in mice (van de Wall, 

Leshan et al. 2008), demonstrating the importance of these neurons with respect to 

the anorexigenic action of leptin (see Section 1.2.1.1.3). Insulin has an inhibitory 

effect on the electrical activity of both POMC (Hill, Elias et al. 2010) and AgRP 

(Konner, Janoschek et al. 2007) expressing neurons in vitro. Studies knocking out 

the insulin receptor on POMC and/or AgRP neurons have shown that the influence 

of insulin on these neurons may regulate peripheral glucose homeostasis (see 

Varela and Horvath 2012), rather than mediating the potential anorexigenic effect of 

central insulin (see Section 1.2.1.1.6). Ghrelin increases the electrical activity of 

AgRP-expressing neurons and decreases the electrical activity of POMC-expressing 

neurons in vitro (Cowley, Smith et al. 2003). The majority of arcuate nucleus NPY 

neurons express the ghrelin receptor and only a small proportion of POMC neurons 

express the ghrelin receptor (Willesen, Kristensen et al. 1999). Therefore, it is 

thought that ghrelin decreases the activity of POMC neurons predominantly through 

increasing the release of GABA from AgRP/NPY neurons, which has been shown to 

inhibit the firing of POMC neurons (Atasoy, Betley et al. 2012). In AgRP and NPY 

double knockout mice, the orexigenic response to peripherally administered ghrelin 

was attenuated (Chen, Trumbauer et al. 2004). In addition, the AgRP neuron 

specific deletion of the vesicular GABA transporter attenuates ghrelin-induced 

hyperphagia in mice (Tong, Ye et al. 2008), demonstrating that AgRP/NPY/GABA 

neurons mediate the orexigenic effects of ghrelin (see Section 1.2.1.1.4).  

POMC-expressing neurons are thought to secrete alpha-melanocyte stimulating 

hormone (α-MSH), a bioactive product of POMC. α-MSH is a melanocortin receptor 

agonist and the melanocortin 3 and 4 receptor is expressed within the brain (see 

Krashes, Lowell et al. 2016). Arcuate nucleus POMC-expressing neurons project to 

multiple regions, including the ventromedial hypothalamus, lateral hypothalamus, 

dorsomedial hypothalamus, PVN and SON (Wang, He et al. 2015), all of which 

express the melanocortin 4 receptor (Gelez, Poirier et al. 2010). The ventromedial 

hypothalamus, lateral hypothalamus and PVN also express the melanocortin 3 

receptor (Roselli-Rehfuss, Mountjoy et al. 1993). Melanocortin 4 receptor knockout 

mice are hyperphagic and obese (Huszar, Lynch et al. 1997), and do not show 

melanocortin-induced hypophagia (Marsh, Hollopeter et al. 1999), suggesting that α-
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MSH signalling through the melanocortin 4 receptor reduces feeding. Selective 

ablation of arcuate POMC neurons decreases oxygen consumption (Zhan, Zhou et 

al. 2013), suggesting that the activity of POMC neurons influences energy 

expenditure. The role of CART in the regulation of appetite is not so well understood 

as its receptor is yet to be discovered. However, there is evidence that CART may 

inhibit feeding (similar to α-MSH) as central administration of CART reduces food 

intake in rats (Lambert, Couceyro et al. 1998).  

NPY/AgRP neurons release AgRP, NPY and GABA, and project to numerous 

regions, including the lateral hypothalamus, dorsomedial hypothalamus and PVN 

(Wang, He et al. 2015), that express the NPY receptor (Kishi, Aschkenasi et al. 

2005). AgRP acts as an inverse agonist for the melanocortin 3 and 4 receptor 

(Nijenhuis, Oosterom et al. 2001). Selective ablation of AgRP/NPY-expressing 

neurons in the arcuate nucleus reduces feeding and body weight in mice (Gropp, 

Shanabrough et al. 2005), demonstrating that these neurons are essential for 

feeding to maintain body weight. Specific activation of AgRP-expressing neurons 

using DREADD (designer receptors exclusively activated by designer drugs) 

technology decreases oxygen consumption (Krashes, Koda et al. 2011), 

demonstrating that the activity of these neurons influences energy expenditure.  

The activity of both POMC/CART and AgRP/NPY neurons may also be regulated by 

changes in blood glucose. Application of glucose inhibits the firing of AgRP- 

expressing neurons in vitro (Claret, Smith et al. 2007). However, there is conflicting 

evidence for the effect of glucose on the electrical activity of POMC-expressing 

neurons, where application of glucose has been show to increase the firing rate 

(Ibrahim, Bosch et al. 2003) or inhibit firing (Claret, Smith et al. 2007) in vitro. It has 

been suggested that this discrepancy is due to sub-populations of POMC neurons 

responding differently to increasing glucose concentrations (see Burdakov, Luckman 

et al. 2005).  

The arcuate nucleus also contains a population of dopamine neurons, which are 

regulated by arcuate nucleus kisspeptin-secreting neurons and influence the 

secretion of prolactin from the anterior pituitary gland (Szawka, Ribeiro et al. 2010). 

Prolactin is thought to be responsible for hyperphagia during lactation, as 

peripherally or centrally administered prolactin increases food intake in female rats 

(Noel and Woodside 1993). It has been estimated that 94 % of arcuate nucleus 

tyrosine hydroxylase (TH; rate limiting enzyme in catecholamine synthesis) 
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expressing cells are dopaminergic (Zhang and van den Pol 2015). There is now 

evidence that arcuate nucleus TH-expressing cells, which are presumed to be 

dopaminergic, influence feeding independent of regulating prolactin secretion. 

Optogenetic simulation of arcuate nucleus TH neurons increases food intake in both 

male and female mice (Zhang and van den Pol 2016). In addition, stimulation of TH 

cells inhibits or increases the firing of POMC- or AgRP-expressing cells respectively 

in vitro (Zhang and van den Pol 2016). TH arcuate nucleus neurons also project to 

the PVN and upon stimulation inhibit the firing of PVN cells in vitro (Zhang and van 

den Pol 2016). Furthermore, these TH cells are activated by the direct application of 

ghrelin in vitro (Zhang and van den Pol 2016). This suggests that in addition to 

influencing appetite via regulation of prolactin secretion, TH-expressing arcuate 

nucleus neurons communicate with other hypothalamic circuits and peripheral 

signals involved in regulating appetite to influence feeding behaviour.  

1.2.1.2.2 NTS  

The NTS is located in the caudal brainstem near to the area postrema and the 4th 

ventricle. The area postrema is a circumventricular organ not protected by the 

blood-brain barrier and contains cells specialised for the transport of large molecules 

(see Rodriguez, Blazquez et al. 2010). As a result of its proximity to the area 

postrema, neurons in the NTS may be able to directly respond to circulating energy 

balance signals. Consequently, neurons within the NTS may also be considered to 

be ‘first-order’ neurons in the control of appetite.  

Neurons in the NTS express receptors for both orexigenic and anorexigenic 

peripheral signals including ghrelin (Zigman, Jones et al. 2006) and leptin (Elmquist, 

Bjorbaek et al. 1998). In rats, peripheral administration of ghrelin increases c-Fos 

expression in the NTS (Takayama, Johno et al. 2007). In addition, administration of 

ghrelin directly into the NTS increases food intake in rats (Faulconbridge, Cummings 

et al. 2003), demonstrating that ghrelin also acts at the NTS to mediate its 

orexigenic effects (see Section 1.2.1.1.4). Direct infusion of leptin into the brainstem 

decreases food intake in rats (Grill, Schwartz et al. 2002) and knock down of the 

leptin receptor specifically in the NTS increases food intake and body weight in mice 

(Hayes, Skibicka et al. 2010). This shows that leptin also acts at the NTS to induce 

its anorexigenic effects (see Section 1.2.1.1.3).  

The NTS receives projections from the vagus nerve and integrates peripheral 

information from the gastrointestinal tract (see Berthoud 2008). The activity of NTS 
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neurons is indirectly influenced by peripheral energy status signals, including gut-

secreted CCK and GLP-1, through the vagus nerve (see Sections 1.2.1.1.1 and 

1.2.1.1.2). Systemic administration of CCK or GLP-1 induces c-Fos expression in 

the NTS (Larsen, Tang-Christensen et al. 1997, Monnikes, Lauer et al. 1997) and 

reduces food intake (Gibbs, Young et al. 1997, Chelikani, Haver et al. 2005), 

suggesting that CCK and GLP-1 mediate their anorexigenic effects through the 

NTS.  

The NTS contains numerous neural populations including NPY, CCK, GLP-1 and 

TH (Garfield, Patterson et al. 2012). There is evidence that the NTS also contains a 

population of POMC-expressing neurons. Specific DREADD-mediated stimulation of 

NTS POMC-expressing neurons inhibits food intake in mice (Zhan, Zhou et al. 

2013), suggesting that this population has similar anorexigenic functions to arcuate 

nucleus POMC neurons. Furthermore, there is evidence that POMC NTS neurons 

are involved in the initial integration of anorexigenic signals, mediating short-term 

satiety, in contrast to arcuate nucleus POMC neurons that may mediate long-term 

satiety (Zhan, Zhou et al. 2013). NTS POMC neurons receive sparse projections 

from other appetite-associated nuclei, including the lateral hypothalamus, 

dorsomedial hypothalamus and PVN (Wang, He et al. 2015). These neurons also 

have strong reciprocal connections with multiple brainstem nuclei, including the 

parabrachial nucleus (Wang, He et al. 2015); a region implicated the regulation of 

appetite through interactions with the arcuate nucleus (Wu, Clark et al. 2012).  

Subsets of NTS GLP-1 (Katsurada, Maejima et al. 2014) or CCK (D'Agostino, Lyons 

et al. 2016) -expressing neurons project to the PVN. Food intake is increased 

following the direct administration of a GLP-1 antagonist into the PVN of rats 

(Katsurada, Maejima et al. 2014) and food intake is supressed following optogenetic 

stimulation of CCK-expressing projections from the NTS in mice (D'Agostino, Lyons 

et al. 2016), suggesting that the NTS may partially induce its anorexigenic effects 

through the PVN. In addition, NTS GLP-1 neurons project to the nucleus accumbens 

and ventral tegmental area of the reward system (Alhadeff, Rupprecht et al. 2012), 

where activation of GLP-1 receptors in the ventral tegmental area and nucleus 

accumbens core decreases bland and palatable food intake in rats (Alhadeff, 

Rupprecht et al. 2012). This suggests that the NTS may also induce its anorexigenic 

effects by communicating with the reward system to dampen the reward value of 

food. Furthermore, there is evidence for a noradrenergic projection from the NTS to 
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the SON and PVN where it may regulate the activity of oxytocin neurons and 

oxytocin is implicated in mediating satiety (see Section 1.3).  

The NTS is also involved in the vago-vagal reflex. The NTS integrates information 

from the vagus nerve and the PVN, and signals to the dorsal motor nucleus of the 

vagus to influence gastric function (see Travagli, Hermann et al. 2006; see Section 

1.2.3.3.1).  

1.2.1.2.3 PVN 

The PVN is a highly heterogeneous nucleus. Neuronal populations include those 

expressing pituitary adenylate cyclase-activating polypeptide (PACAP; Masuo, 

Suzuki et al. 1993), CCK (Innis, Correa et al. 1979), corticotrophin-releasing 

hormone, thyroid releasing hormone, oxytocin or vasopressin (Simmons and 

Swanson 2009).  

The PVN receives POMC- and AgRP/NPY-expressing projections from the arcuate 

nucleus and a POMC-expressing projection from the NTS (Wang, He et al. 2015). 

The PVN expresses the NPY receptor (Kishi, Aschkenasi et al. 2005) and the 

melanocortin 3 and 4 receptor (Roselli-Rehfuss, Mountjoy et al. 1993, Gelez, Poirier 

et al. 2010). Optogenetic stimulation of NPY-expressing fibres in the PVN induces 

feeding in mice, which can be attenuated with the direct administration of an NPY 

receptor antagonist (Atasoy, Betley et al. 2012). It is not yet known whether the 

activity of POMC-expressing projections to the PVN is functionally relevant for 

regulating feeding behaviour. However, the direct infusion of a melanocortin 4 

receptor agonist into the PVN decreases feeding and the infusion of a melanocortin 

4 receptor antagonist increases feeding in rats (Giraudo, Billington et al. 1998), 

suggesting that POMC neurons may partially induce its anorexigenic effects through 

the PVN. The PVN also receives an oxytocin receptor-expressing projection from 

the arcuate nucleus and optogenetic stimulation of oxytocin receptor-expressing 

fibres in the PVN decreases food intake in fasted mice (Fenselau, Campbell et al. 

2017). 

In addition, the PVN receives GABAergic projections from the lateral hypothalamus 

and optogenetic stimulation of this projection promotes feeding in mice (Wu, Kim et 

al. 2015), suggesting that the lateral hypothalamus may influence appetite through 

the PVN. The PVN also receives GLP-1 (Katsurada, Maejima et al. 2014) and CCK 

(D'Agostino, Lyons et al. 2016) -expressing projections from the NTS. Administration 
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of a GLP-1 antagonist directly into the PVN increases feeding in rats (Katsurada, 

Maejima et al. 2014). Optogenetic stimulation of CCK-expressing projections to the 

PVN from the NTS reduces feeding in mice (D'Agostino, Lyons et al. 2016), 

suggesting that the NTS may influence appetite through the PVN.  

The PVN contains a population of corticotrophin-releasing hormone-expressing 

neurons (Simmons and Swanson 2009). Corticotrophin-releasing hormone is part of 

the hypothalamic-pituitary-adrenal stress axis, which regulates the secretion of 

cortisol from the adrenal cortex (see Smith and Vale 2006). Stress is known to 

impact feeding behaviours through alterations in the hypothalamic-pituitary-adrenal 

stress axis (see Yau and Potenza 2013). Central administration of corticotrophin-

releasing hormone decreases food intake and increases brown adipose tissue 

thermogenesis in rats (Arase, York et al. 1988), demonstrating that corticotrophin-

releasing hormone can influence feeding and energy expenditure. The 

corticotrophin-releasing hormone receptor is expressed in multiple brain regions 

associated with the control of appetite, including the lateral hypothalamus, 

ventromedial hypothalamus and the dorsomedial hypothalamus (Chalmers, 

Lovenberg et al. 1995). However, the mechanism underlying the anorexigenic action 

of corticotrophin-releasing hormone remains unknown.  

The PVN also contains a population of thyroid releasing hormone-expressing 

neurons (Simmons and Swanson 2009). Thyroid releasing hormone regulates the 

thyroid gland through stimulating the secretion of thyroid stimulating hormone from 

the anterior pituitary gland (see Zoeller, Tan et al. 2007). Thyroid dysfunction is 

known to have profound effects on appetite and body weight, potentially through the 

actions of thyroid releasing hormone on hypothalamic appetite controlling circuits 

(see Amin, Dhillo et al. 2011). Direct administration of thyroid releasing hormone into 

the hypothalamus decreases food intake in rats (Suzuki, Kohno et al. 1982). Thyroid 

releasing hormone cells in the PVN project to the arcuate nucleus (Krashes, Shah et 

al. 2014), which expresses the thyroid releasing hormone receptor (Heuer, Schafer 

et al. 2000). DREADD-mediated stimulation of PVN thyroid releasing hormone-

expressing projections to the arcuate nucleus induces c-Fos expression in AgRP 

neurons and promotes feeding in mice (Krashes, Shah et al. 2014). In the rat PVN, 

α-MSH and CART-expressing fibres come in close proximity to thyroid releasing 

hormone-expressing neurons (Fekete, Mihaly et al. 2000). This suggests a 
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reciprocal interaction between PVN thyroid releasing hormone and appetite 

controlling arcuate nucleus neurons.  

PVN PACAP cells project to the arcuate nucleus (Krashes, Shah et al. 2014). 

DREADD-mediated stimulation of PVN PACAP-expressing projections induces c-

Fos expression in AgRP arcuate nucleus neurons and triggers feeding in mice 

(Krashes, Shah et al. 2014), demonstrating that there is a reciprocal interaction 

between the PVN and the arcuate nucleus.  

The PVN contains magnocellular oxytocin neurons and oxytocin secretion from 

these neurons may be involved in mediating satiety (see Sabatier, Leng et al. 2013; 

see Section 1.3). PVN parvocellular oxytocin neurons project to the NTS and the 

dorsal motor nucleus of the vagus to regulate gastric function (see Travagli, 

Hermann et al. 2006; see Section 1.3.2.3.1).  

1.2.1.2.4 Ventromedial Hypothalamus 

The ventromedial hypothalamus is considered important in the integration of both 

orexigenic and anorexigenic signals, and in the regulation of blood glucose.  

The ventromedial hypothalamus expresses a multitude of different peptide-

expressing neural populations, including PACAP and steroidogenic factor-1 (Hawke, 

Ivanov et al. 2009). The precise function of the different neuronal populations in the 

ventromedial hypothalamus is not yet known. A number of orexigenic and 

anorexigenic appetite-related peripherally and centrally released signals have been 

shown to regulate the activity of ventromedial hypothalamus neurons. The electrical 

activity of ventromedial hypothalamus neurons is decreased by direct administration 

of NPY in vitro (Chee, Myers et al. 2010) and peripheral administration of CCK in 

vivo (Sabatier and Leng 2010). Direct administration of leptin increases the electrical 

activity of ventromedial hypothalamus neurons in vitro (Dhillon, Zigman et al. 2006). 

Furthermore, leptin may partially mediate its anorexigenic functions through the 

ventromedial hypothalamus as blocking PACAP neuron signalling (through a 

PACAP receptor antagonist) attenuated leptin-induced hypophagia (Hawke, Ivanov 

et al. 2009). In addition, ventromedial hypothalamus neurons densely express the 

oxytocin receptor (Ostrowski 1998), suggesting that it may be an important target for 

centrally-secreted oxytocin which is hypothesised to be involved in satiety (see 

Section 1.3.2.3.2; see Sabatier, Rowe et al. 2007).  
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The ventromedial hypothalamus receives projections from arcuate nucleus POMC 

and AgRP neurons (Wang, He et al. 2015) and expresses the melanocortin 3 and 4 

receptor (Roselli-Rehfuss, Mountjoy et al. 1993, Gelez, Poirier et al. 2010). 

Moreover, there are reciprocal projections between cells in the ventromedial 

hypothalamus and other appetite-associated brain regions including the dorsomedial 

hypothalamus and PVN (Shimogawa, Sakuma et al. 2015).  

Sub-populations of ventromedial hypothalamus neurons are glucose sensitive (see 

Routh 2010). The electrical activity of ventromedial hypothalamus neurons 

increases (glucose-excited) or decreases (glucose-inhibited) with rising glucose 

concentrations in vitro (Song, Levin et al. 2001). Glucose sensitive ventromedial 

hypothalamus neurons contain glucose sensing components, including the rate-

limiting enzyme in glycolysis, glucokinase (Lynch, Tompkins et al. 2000). The 

mechanism by which glucose-inhibited neurons respond to glucose is not well 

understood (see Chan and Sherwin 2013). However, glucose-excited neurons have 

been well characterised. The firing of these cells is dependent on the amount of ATP 

generated from intracellular glycolysis, where cells continue to fire with rising 

glucose concentrations and firing is inhibited with low glucose concentrations (see 

Chan and Sherwin 2013). In addition, the electrical activity of glucose-excited 

ventromedial hypothalamus neurons is inhibited by leptin (Spanswick, Smith et al. 

1997) or insulin (Spanswick, Smith et al. 2000) in vitro. These glucose-excited cells 

are thought to be involved in the counter-regulatory glucose response by inducing 

the release of hormones, including glucagon, to restore blood glucose 

concentrations (see Routh 2010). Infusion of glucose directly into the ventromedial 

hypothalamus inhibits the secretion of glucagon in response to insulin-induced 

hypoglycaemia in rats (Borg, Sherwin et al. 1997).  

1.2.1.2.5 Lateral Hypothalamus 

The lateral hypothalamus contains two main orexigenic peptide-expressing neural 

populations: orexin and melanin-concentrating hormone (Broberger, De Lecea et al. 

1998). Central administration of orexin (Dube, Kalra et al. 1999) or melanin-

concentrating hormone (Della-Zuana, Presse et al. 2002) increases feeding in rats.  

The lateral hypothalamus receives projections from arcuate nucleus POMC and 

AgRP neurons (Wang, He et al. 2015). AgRP-expressing fibres come in close 

proximity to both orexin and melanin-concentrating hormone-expressing neurons in 
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the lateral hypothalamus (Broberger, De Lecea et al. 1998). The lateral 

hypothalamus expresses the melanocortin 3 and 4 receptor (Roselli-Rehfuss, 

Mountjoy et al. 1993, Gelez, Poirier et al. 2010). Furthermore, optogenetic 

stimulation of AgRP-expressing fibres in the lateral hypothalamus induces feeding 

behaviour in mice (Betley, Cao et al. 2013), suggesting that AgRP may act in the 

lateral hypothalamus to promote feeding. The lateral hypothalamus also receives 

projections from other regions involved in the control of appetite including the PVN 

and ventromedial hypothalamus (Cavdar, Onat et al. 2001).  

The lateral hypothalamus projects to the PVN (Betley, Cao et al. 2013). These 

projections express the vesicular GABA transporter Vgat and are presumed to be 

GABAergic (Wu, Kim et al. 2015). Optogenetic stimulation of Vgat-expressing lateral 

hypothalamus projections in the PVN promotes feeding in mice (Wu, Kim et al. 

2015). Whether these projections also express orexin and/or melanin-concentrating 

hormone is not known. The PVN expresses the receptor for orexin (Marcus, 

Aschkenasi et al. 2001) and melanin-concentrating hormone (Saito, Cheng et al. 

2001), and the direct administration of orexin or melanin-concentrating hormone into 

the PVN induces feeding in rats (Dube, Kalra et al. 1999, Abbott, Kennedy et al. 

2003). This suggests that orexin and melanin-concentrating hormone potentially 

from lateral hypothalamus projections may act at the PVN to influence feeding.  

The lateral hypothalamus also projects to the arcuate nucleus (Wang, He et al. 

2015), which expresses receptors for orexin (Marcus, Aschkenasi et al. 2001) and 

melanin-concentrating hormone (Saito, Cheng et al. 2001). Central administration of 

orexin increases arcuate nucleus c-Fos expression (Edwards, Abusnana et al. 

1999). In the arcuate nucleus, orexin expressing fibres come in close proximity to 

both POMC and AgRP neurons (Horvath, Diano et al. 1999). Furthermore, the direct 

infusion of melanin-concentrating hormone into the arcuate nucleus increases 

feeding in rats (Abbott, Kennedy et al. 2003). Therefore, orexin and melanin-

concentrating hormone potentially secreted from lateral hypothalamus projections 

may act at the arcuate nucleus to influence feeding.  

The lateral hypothalamus also reciprocally acts with the reward system to regulate 

food intake. Dopamine receptor-expressing neurons in the nucleus accumbens 

project to the lateral hypothalamus (O'Connor, Kremer et al. 2015). Optogenetic 

stimulation of dopamine receptor-expressing fibres in the lateral hypothalamus 

attenuates feeding in fasted mice (O'Connor, Kremer et al. 2015). Cells in the lateral 
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hypothalamus, including those expressing orexin (Fadel and Deutch 2002), send 

projections to the ventral tegmental area (Hahn and Swanson 2012), which contains 

the orexin receptor (Marcus, Aschkenasi et al. 2001). Optogenetic stimulation of 

Vgat-expressing projections from the lateral hypothalamus in the ventral tegmental 

area increases feeding in mice (Nieh, Matthews et al. 2015). Whether these 

projections also express orexin is not known. It is possible that the lateral 

hypothalamus may act as an interface between the homeostatic and hedonic 

systems in the control of appetite (see Stuber and Wise 2016).  

1.2.1.2.6 Dorsomedial Hypothalamus  

The dorsomedial hypothalamus contains multiple neural populations, including those 

expressing orexin (Nambu, Sakurai et al. 1999), CCK (Innis, Correa et al. 1979) and 

NPY (Chronwall, DiMaggio et al. 1985). Overexpression of NPY in the dorsomedial 

hypothalamus increases feeding and body weight in rats (Yang, Scott et al. 2009). 

Dorsomedial hypothalamus NPY neurons express CCK receptors and the direct 

infusion of CCK into the dorsomedial hypothalamus decreases food intake in rats 

(Bi, Scott et al. 2004), suggesting that the dorsomedial hypothalamus is a target for 

centrally acting CCK.  

In addition, cells in the dorsomedial hypothalamus express the melanocortin 4 

receptor (Gelez, Poirier et al. 2010) and receive POMC- and AgRP-expressing 

projections from the arcuate nucleus (Wang, He et al. 2015). Direct administration of 

AgRP into the dorsomedial hypothalamus increases food intake and α-MSH 

decreases food intake (Kim, Rossi et al. 2000), suggesting that the dorsomedial 

hypothalamus may integrate both orexigenic and anorexigenic signals from the 

arcuate nucleus.  

Furthermore, neurons in the dorsomedial hypothalamus express the leptin receptor 

(Elmquist, Bjorbaek et al. 1998). Direct DREADD-mediated activation of leptin 

receptor-expressing cells in the dorsomedial hypothalamus has no effect on food 

intake but significantly increases brown fat thermogenesis, increases total energy 

expenditure and decreases body weight in mice (Rezai-Zadeh, Yu et al. 2014). This 

suggests that leptin may induce its effects on energy expenditure through the 

dorsomedial hypothalamus (see Section 1.2.1.1.3).  

Neurons of the dorsomedial hypothalamus have reciprocal projections with multiple 

hypothalamic areas, including the lateral hypothalamus, ventromedial hypothalamus 
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and PVN (Thompson and Swanson 1998), demonstrating that the dorsomedial 

hypothalamus is highly connected with multiple appetite-controlling brain regions.  
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Figure 1.2 - Connectivity between brain regions involved in the homeostatic and hedonic control of food 
intake. Projections marked with + or – induce or attenuate feeding behaviour respectively upon optogenetic or 
DREADD mediated stimulation. Arcuate nucleus POMC and AgRP neurons directly project to multiple 

hypothalamic brain regions, including the paraventricular nucleus, lateral hypothalamus, dorsomedial 

hypothalamus and ventromedial hypothalamus. These regions are highly interconnected via direct projections. 
The paraventricular nucleus is also directly connected to extra-hypothalamic regions involved in appetite control, 

including the NTS. The lateral hypothalamus and NTS also have direct connections with brain regions involved in 

the hedonic control of food intake, including the nucleus accumbens in the striatum and the ventral tegmental 

area in the substantia nigra. Changes in the electrical activity of projections between many of these regions are 
sufficient to influence feeding behaviours. AgRP, agouti related peptide; CCK, cholecystokinin; DA, dopamine; 

DA R, dopamine receptor; GLP-1, glucagon-like peptide 1; NA, noradrenaline; OT, oxytocin; OTR, oxytocin 

receptor; PACAP, pituitary adenylate cyclase-activating polypeptide; POMC, pro-opiomelanocortin; TRH, thyroid 
releasing hormone.  
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1.2.2 Hedonic Control of Food Intake 

Food consumption is naturally rewarding and this is essential for normal feeding. 

However, it is understood that the hedonic system can override the homeostatic 

system by increasing desire to consume foods that are highly palatable and energy 

dense (see Erlanson-Albertsson 2005). Brain regions involved in the hedonic control 

of food intake are the same as those involved in reward associated with substances 

of abuse (see Alonso-Alonso, Woods et al. 2015). A dopaminergic pathway in the 

midbrain has been identified as a neural substrate for food reward. Transgenic mice 

lacking the ability to synthesise dopamine are hypophagic and die of starvation, and 

feeding can be rescued by restoring the local production of dopamine in regions of 

the reward system (Szczypka, Kwok et al. 2001). This demonstrates how dopamine 

signalling plays a crucial role in motivation to eat. The majority of studies with 

respect to food reward focus on the role of the dopaminergic reward pathway. 

However, it is worth noting that there are other neurotransmitters, including opiates 

and serotonin, which are also involved in reward-associated feeding behaviours 

alongside dopamine (see de Macedo, de Freitas et al. 2016).  

1.2.2.1 The Dopaminergic Reward Pathway 

The dopaminergic reward pathway is comprised of three main regions: the ventral 

tegmental area in the substantia nigra, the nucleus accumbens in the striatum and 

the prefrontal cortex. Dopamine neurons arise from the ventral tegmental area and 

project to various regions including the amygdala, prefrontal cortex and nucleus 

accumbens (Swanson 1982). The ventral tegmental area also contains GABAergic 

and glutamatergic neurons (Nair-Roberts, Chatelain-Badie et al. 2008). The nucleus 

accumbens densely expresses the dopamine receptor (Weiner, Levey et al. 1991) 

and dopamine released from ventral tegmental area projections acts at the nucleus 

accumbens. Optogenetic stimulation of nucleus accumbens dopamine receptor 

expressing neurons increases motivation in mice (Soares-Cunha, Coimbra et al. 

2016). The nucleus accumbens projects to multiple output regions including the 

parabrachial nucleus and the prefrontal cortex (Usuda, Tanaka et al. 1998).  

It is not fully understood what information is encoded by the activity of dopamine 

neurons in the reward system and how the activity of this pathway translates to 

behaviour. Evidence suggests that the initial receipt of a reward activates dopamine 

neurons in the ventral tegmental area (see Schultz, Dayan et al. 1997). Following 
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association of cues with the reward, these dopamine neurons are then activated in 

response to reward-associated cues (see Schultz, Dayan et al. 1997). Interestingly, 

dopamine neurons are activated whether the reward is received or not (Montague, 

Dayan et al. 1996), suggesting that the dopamine system is activated in response to 

reward-associated cues even in the absence of reward. It is thought that the 

dopaminergic reward system mediates cue-triggered motivation for rewards, i.e. 

motivation to acquire the reward in the prospect of reward, and this is independent 

of reward learning and the pleasurable aspects of reward (see Berridge and 

Robinson 1998). This is termed ‘incentive salience’. Furthermore, it has been shown 

that following a conditioned stimulus, if the reward is not received, the electrical 

activity of dopamine neurons decreases at the exact time when the reward is 

anticipated (see Schultz, Dayan et al. 1997). This suggests that dopamine neurons 

may also encode information about reward expectation and discrepancies between 

predicted reward and actual reward experienced. This is termed ‘reward prediction 

error’ (see Colombo 2014).  

1.2.2.2 Food Reward 

Animals are highly motivated to consume palatable foods, especially those high in 

sugar and fat, and unlimited access to these foods often leads to overconsumption 

(see Pandit, Mercer et al. 2012). There is evidence that the activity of neurons in the 

dopaminergic reward system influences motivated feeding behaviours associated 

with palatable foods. The concentration of dopamine in the nucleus accumbens in 

vivo increases with the motivated consumption of a palatable food reward in rats 

(Hernandez and Hoebel 1988). Furthermore, optogenetic stimulation of inhibitory 

GABAergic ventral tegmental area neurons reduces the activity of neighbouring 

dopaminergic ventral tegmental area neurons in vitro, reduces nucleus accumbens 

dopamine concentration in vivo and reduces motivation to acquire palatable food in 

mice (van Zessen, Phillips et al. 2012).  

How food consumption influences the activity of the reward system remains unclear. 

Sweet taste receptor knockout mice form a preference for solutions containing 

sucrose but not for equally sweet non-caloric sucralose containing solutions (de 

Araujo, Oliveira-Maia et al. 2008). Furthermore, the consumption of sucrose solution 

in these taste receptor knockout mice increases the dopamine concentration in the 

nucleus accumbens and the electrical activity of nucleus accumbens cells in vivo in 

comparison to the consumption of sucralose solutions (de Araujo, Oliveira-Maia et 
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al. 2008). This demonstrates that the energy or nutrient content of food may be 

rewarding independent to gustatory signalling and gut-brain pathways are likely to 

exist which communicate post-ingestive information to the reward system.  

 

1.2.3 Interactions between Homeostatic and Hedonic Pathways 

Brain regions involved in the hedonic and homeostatic control of food intake 

communicate with one another and work simultaneously to regulate feeding 

behaviour. These systems are interconnected via direct neural projections and 

peripheral signals (see Lutter and Nestler 2009). Peripheral signals associated with 

regulating feeding behaviour through homeostatic mechanisms, for example leptin 

(see DiLeone 2009) and ghrelin (see Dickson, Egecioglu et al. 2011), can act on 

dopaminergic neurons in the reward pathway and consequently alter feeding 

motivation. The majority of dopamine neurons in the ventral tegmental area express 

the leptin receptor (Figlewicz, Evans et al. 2003) and the direct administration of 

leptin decreases food intake (Hommel, Trinko et al. 2006) and reverses the 

formation of a place preference conditioned with the consumption of palatable, 

energy dense foods in rats (Figlewicz, Bennett et al. 2004). This suggests that leptin 

acts on the reward system to dampen the reward value of food and decrease 

feeding motivation. Furthermore, approximately 60 % of ventral tegmental area 

dopamine neurons express the ghrelin receptor and the direct administration of 

ghrelin increases food intake (Abizaid, Liu et al. 2006) and motivation to acquire and 

consume a palatable sucrose reward in rats (Skibicka, Hansson et al. 2011). This 

demonstrates that ghrelin acts on the reward system to increase feeding motivation.  

In addition, the dopaminergic reward system is directly connected with homeostatic 

brain regions. Both the ventral tegmental area and nucleus accumbens receive 

projections from the lateral hypothalamus and NTS (see Sections 1.2.1.2.2 and 

1.2.1.2.5). Dopamine receptor-expressing neurons in the nucleus accumbens 

project to the lateral hypothalamus and optogenetic stimulation of dopamine 

receptor-expressing fibres in the lateral hypothalamus attenuates feeding in fasted 

mice (O'Connor, Kremer et al. 2015). This demonstrates that brain regions within 

the homeostatic and hedonic systems directly communicate to regulate feeding 

behaviours.  
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1.3 Oxytocin and the Regulation of Food Intake 

Oxytocin is classically involved in parturition, lactation and maternal and social 

behaviours (see Gimpl and Fahrenholz 2001). There is growing evidence that 

oxytocin is also involved in the homeostatic and hedonic control of food intake by 

mediating satiety and influencing macronutrient specific food preference. 

 

1.3.1 The Oxytocin System  

Oxytocin neurons are located in the SON and PVN of the hypothalamus. The SON 

and PVN both contain magnocellular neurons that project to the posterior pituitary 

gland and secrete oxytocin into the circulation. Magnocellular oxytocin neurons also 

secrete oxytocin from their dendrites in an activity independent manner (see 

Sabatier, Rowe et al. 2007). Oxytocin receptors are expressed in various brain 

regions, including the ventromedial hypothalamus, arcuate nucleus and ventral 

tegmental area (Ostrowski 1998), suggesting that centrally released oxytocin acts at 

multiple and diverse brain targets via volume transmission. The PVN also contains 

parvocellular oxytocin neurons that project within the brain (see Section 1.3.2.3.1).  

 

1.3.2 Oxytocin and the Control of Food Intake 

1.3.2.1 Oxytocin and Feeding Behaviour 

Both central and peripheral oxytocin administration dose-dependently reduces 

voluntary food intake in rats (Arletti, Benelli et al. 1990). The anorexigenic effects of 

centrally administered oxytocin can be reversed with the central administration of an 

oxytocin receptor antagonist (Olson, Drutarosky et al. 1991), suggesting that this 

anorexigenic effect relies on oxytocin acting at its receptor in the brain.  

Oxytocin knockout mice show no differences in food intake and body weight in 

comparison to wild-type mice (Mantella, Rinaman et al. 2003). Oxytocin receptor 

knockout mice also show no differences in food consumption in comparison to wild-

type mice (Takayanagi, Kasahara et al. 2008). However, oxytocin receptor knockout 

mice have increased body weight, increased fat mass and reduced brown fat 

thermogenesis in comparison to wild-type animals (Takayanagi, Kasahara et al. 
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2008). This suggests that decreased energy expenditure underlies weight gain in 

these animals and implicates oxytocin in the control of energy expenditure. 

Furthermore, mice expressing genetic mutations associated with decreased 

hypothalamic oxytocin expression, including homozygous Sim1 knockout mice 

(Kublaoui, Gemelli et al. 2008) and Maged1 knockout mice (Dombret, Nguyen et al. 

2012), are hyperphagic. Hyperphagia in Sim1 knockout mice can be reversed with 

the central administration of oxytocin (Kublaoui, Gemelli et al. 2008). These studies 

provide further evidence that oxytocin is involved in energy balance. However, 

robust compensatory mechanisms may be triggered in the absence of oxytocin 

and/or oxytocin receptor signalling.  

1.3.2.2 Regulation of Oxytocin Neuron Activity by Feeding and 

Associated Stimuli 

Evidence suggests that the activity of oxytocin neurons may be regulated by feeding 

itself and by numerous appetite- and feeding-associated signals, including CCK, α-

MSH, GLP-1, glucose and insulin (Figure 1.3). Furthermore, oxytocin neurons may 

be regulated by gastric distention and changes in plasma osmolarity (Figure 1.3).  

1.3.2.2.1 Feeding  

In rats, c-Fos expression in SON oxytocin cells increases following re-feeding of 

standard laboratory diet (i.e. ‘bland’ food) after fasting and continues to increase 

during re-feeding (Johnstone, Fong et al. 2006), suggesting that more cells are 

activated with increasing amounts of bland food eaten - consistent with oxytocin's 

proposed role in satiety. PVN c-Fos expression also increases with re-feeding bland 

food after fasting (Johnstone, Fong et al. 2006). However, c-Fos expression in PVN 

magnocellular and parvocellular oxytocin cells was not quantified in that study. 

Therefore, it is not known whether food consumption following fasting increases the 

activity of magnocellular or parvocellular oxytocin neurons in the PVN. Following an 

overnight fast, c-Fos expression in oxytocin neurons of the PVN was higher in mice 

re-fed a sucrose solution to those re-fed a high-fat intralipid solution (Olszewski, 

Klockars et al. 2010), suggesting that the activity of oxytocin neurons may be 

differentially influenced by the consumption of foods containing different 

macronutrients when fasted. 

Furthermore, food consumption may induce peripheral oxytocin release. Following 

the onset of feeding in food-restricted rats, plasma oxytocin increases (Verbalis, 
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McCann et al. 1986). In addition, plasma oxytocin also increases in response to 

intragastric infusion of mother’s milk in 10-day-old rat pups (Nelson, Alberts et al. 

1998). This suggests that oxytocin may be involved in the physiological response to 

food consumption. It is not known whether oxytocin is secreted centrally from the 

dendrites of magnocellular oxytocin neurons in response to food consumption or 

whether the activity of oxytocin neurons and/or oxytocin secretion is influenced by 

the ingestion of foods differing in energy density, palatability and/or macronutrient 

composition.  

1.3.2.2.2 CCK 

CCK is secreted from the gut into the circulation in response to food ingestion and 

influences the activity of neurons in the NTS via the vagus nerve (see Section 

1.2.1.1.1). The CCK2 receptor is expressed in both the SON and PVN (Honda, 

Wada et al. 1993). In rats, peripherally administered CCK increases c-Fos 

expression in the SON and PVN (Caquineau, Douglas et al. 2010) and increases 

the electrical activity of SON oxytocin neurons in vivo (Renaud, Tang et al. 1987). 

Furthermore, systemic administration of CCK increases plasma oxytocin 

concentrations in rats (Verbalis, McCann et al. 1986). This suggests that circulating 

CCK is able to regulate the electrical activity of oxytocin neurons and the peripheral 

secretion of oxytocin from nerve terminals in the posterior pituitary. It is not known 

whether peripheral or central CCK induces dendritic oxytocin release from 

magnocellular oxytocin neurons. 

Peripherally administered CCK increases c-Fos expression in the NTS (Caquineau, 

Douglas et al. 2010) and increases noradrenaline concentrations in the SON and 

PVN in vivo (Kendrick, Leng et al. 1991). TH-expressing cells in the NTS project to 

the SON and these cells express c-Fos in response to the peripheral administration 

of CCK (Onaka, Luckman et al. 1995). Pharmacological lesioning of these TH-

expressing cells projecting to the hypothalamus prevents c-Fos from being 

expressed in SON cells in response to the peripheral administration of CCK (Onaka, 

Luckman et al. 1995). This suggests that CCK acting on the vagus nerve activates 

NTS noradrenergic neurons that project directly to cells in the SON (and possibly 

the PVN), regulating their activity. It remains unknown whether CCK secreted in 

response to food ingestion influences the activity of oxytocin neurons and oxytocin 

secretion.  
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1.3.2.2.3 α-MSH 

POMC neurons in the arcuate nucleus are thought to release α-MSH, which acts at 

the melanocortin receptor to induce its anorexigenic effects (see Section 1.2.1.2.1). 

POMC neurons project to both the SON and PVN (Wang, He et al. 2015), which 

express the melanocortin 4 receptor (Mountjoy, Mortrud et al. 1994). Central 

administration of α-MSH or a melanocortin 4 receptor agonist inhibits the firing of 

SON oxytocin cells and reduces plasma oxytocin concentrations in vivo (Sabatier, 

Caquineau et al. 2003), demonstrating that α-MSH inhibits oxytocin release from the 

posterior pituitary gland. This inhibitory effect of direct α-MSH application on the 

electrical activity of SON oxytocin cells is attenuated by a CB1 cannabinoid receptor 

antagonist in vivo (Sabatier and Leng 2006). Stimulation of the vascular organ of 

lamina terminalis increases the electrical activity of SON oxytocin neurons and this 

excitatory influence is attenuated by the direct application of a CB1 cannabinoid 

receptor antagonist or α-MSH to the SON in vivo (Sabatier and Leng 2006). This 

suggests that α-MSH promotes oxytocin neurons to release endocannabinoids 

which presynaptically supress excitatory inputs to oxytocin neurons, suppressing 

their activity and the secretion of oxytocin from nerve terminals in the posterior 

pituitary gland.  

Dendritic oxytocin release can be triggered by changes in intracellular calcium 

concentration (Ludwig, Sabatier et al. 2002). The direct application of α-MSH or a 

melanocortin 4 receptor agonist increases the intracellular calcium concentration in 

isolated SON oxytocin neurons in vitro (Sabatier, Caquineau et al. 2003). 

Furthermore, the direct application of α-MSH or a melanocortin 4 receptor agonist 

increases oxytocin secretion from isolated SON oxytocin neurons in vitro and 

secretion is reduced with the direct application of a melanocortin 4 receptor 

antagonist (Sabatier, Caquineau et al. 2003). This demonstrates that α-MSH acts at 

the melanocortin 4 receptor on SON oxytocin neurons, mobilises calcium from 

intracellular stores and promotes the dendritic secretion of oxytocin. Therefore, α-

MSH promotes central dendritic oxytocin release but inhibits peripheral oxytocin 

release from the posterior pituitary gland. It is not known if melanocortin signalling is 

involved in influencing oxytocin neuron activity and oxytocin secretion in response to 

food consumption.  
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1.3.2.2.4 GLP-1 

GLP-1 is released from the gut into the circulation in response to food ingestion and 

influences the activity of neurons in the NTS via the vagus nerve (see Section 

1.2.1.1.2). It is thought that GLP-1 activates noradrenergic NTS neurons that project 

to the SON and PVN to influence oxytocin neuron activity, similar to CCK (see 

Section 1.3.2.2.2). In addition, GLP-1 may cross the blood-brain barrier and act 

centrally (Kastin, Akerstrom et al. 2002). The SON and PVN express the GLP-1 

receptor (Merchenthaler, Lane et al. 1999). Peripheral or central administration of 

GLP-1 increases c-Fos expression in the SON and PVN (Larsen, Tang-Christensen 

et al. 1997, Saito, So et al. 2016) and increases plasma oxytocin concentrations in 

rats (Bojanowska and Stempniak 2000). It is not known if GLP-1 induces oxytocin 

secretion from the dendrites of magnocellular oxytocin neurons.  

Similarly to oxytocin, central administration of GLP-1 reduces food intake, which is 

prevented when GLP-1 is administered alongside a GLP-1 receptor antagonist in 

rats (Rinaman and Rothe 2002). In addition, central administration of a GLP-1 

receptor antagonist blocks the anorexigenic effect of centrally administered oxytocin 

(Rinaman and Rothe 2002), suggesting that the anorexigenic effects of oxytocin 

may be dependent on centrally expressed GLP-1 receptors. However, this effect 

does not appear to be reciprocal, central administration of an oxytocin receptor 

antagonist has no effect on the anorexigenic effects of centrally administered GLP-1 

(Rinaman and Rothe 2002), suggesting that GLP-1 induces its anorexigenic effects 

independent of centrally expressed oxytocin receptors. Overall the interaction 

between oxytocin and GLP-1 in the regulation of feeding remains unclear. Whether 

GLP-1 released in response to the ingestion of food influences the activity of 

oxytocin neurons and oxytocin secretion is not known.   

1.3.2.2.5 Glucose and Insulin 

Oxytocin neurons may be glucose sensitive. Neurons in the SON express 

glucokinase (Song, Levin et al. 2014), the rate limiting enzyme in glycolysis and a 

key component in glucose sensing cells. In rats, intracarotid glucose injection 

induces c-Fos expression in the PVN, but not the SON (Levin, Govek et al. 1998). 

However, the direct application of glucose has no effect on the electrical activity of 

SON neurons in vitro (Mason 1980). Furthermore, the application of glucose to in 

vitro explants (containing the SON and pituitary) has no effect on the oxytocin 
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concentration in the perifusate (Song, Levin et al. 2014). However, when insulin is 

applied to in vitro explants containing the SON, the oxytocin concentration in the 

perifusate increases and this is further potentiated by the co-application of glucose 

(Song, Levin et al. 2014). In addition, the direct application of a glucokinase inhibitor 

prevents oxytocin release from ex vivo explants in response to glucose and insulin 

application (Song, Levin et al. 2014). Therefore, the secretion of oxytocin from SON 

neurons in response to glucose may be dependent on the presence of insulin and 

glucokinase. In addition, insulin alone may have a direct effect on the activity of 

oxytocin neurons. The SON and PVN express the insulin receptor (Unger, McNeill et 

al. 1989) and systemic administration of insulin induces c-Fos expression in PVN 

oxytocin neurons in rats (Griffond, Deray et al. 1994). It is not known whether 

increases in circulating glucose and/or insulin concentrations in response to food 

consumption influence the activity of oxytocin neurons and oxytocin secretion.  

1.3.2.2.6 Gastric Distention 

In rats, inflation of a gastric balloon induces c-Fos expression in the SON and PVN 

(Mazda, Yamamoto et al. 2004). In addition, inflation of the stomach with air induces 

c-Fos expression in both magnocellular and parvocellular regions of the PVN 

(Olson, Freilino et al. 1993). Furthermore, inflation of the stomach with a gastric 

balloon in anaesthetised rats increases the electrical activity of SON oxytocin 

neurons (Renaud, Tang et al. 1987). Vagotomy attenuates the excitatory response 

of SON oxytocin cells to gastric distention (Renaud, Tang et al. 1987) and inflation 

of a gastric balloon increases c-Fos expression in the NTS (Mazda, Yamamoto et al. 

2004). This suggests that gastric distention influences the activity of oxytocin 

neurons through mechanisms involving the vagus nerve and NTS. It is not known 

whether gastric distention alone stimulates the secretion of oxytocin and if gastric 

distention in response to food consumption influences the activity of oxytocin 

neurons.  

1.3.2.2.7 Osmotic Stimuli  

In rodents, oxytocin is involved in the control of salt and water balance. In rats, 

systemic administration of oxytocin promotes sodium excretion from the kidney, 

which is inhibited by the administration of an oxytocin receptor antagonist (Verbalis, 

Mangione et al. 1991). Changes in plasma osmolarity influence the activity of 

oxytocin neurons in rodents. Peripheral infusion of hypertonic saline increases c-Fos 
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expression in SON and PVN oxytocin neurons (Giovannelli, Shiromani et al. 1990) 

and increases the electrical activity of SON and PVN oxytocin neurons in vivo 

(Brimble, Dyball et al. 1978). In addition, peripheral infusion of hypertonic saline 

increases plasma oxytocin concentrations in rats (Ludwig, Callahan et al. 1994). 

This demonstrates that increased plasma osmolarity activates oxytocin neurons, 

and oxytocin is released into the circulation to promote renal sodium excretion.  

Furthermore, lesioning the subfornical organ and vascular organ of lamina terminalis 

dampens the excitatory response of oxytocin neurons to systemic administration of 

hypertonic saline in vivo (Leng, Blackburn et al. 1989), suggesting that these 

osmosensitive regions may influence the regulation of oxytocin neuron activity with 

changes in osmolarity. It is not known if changes in plasma osmolarity induced by 

food consumption influences the activity of oxytocin neurons and oxytocin secretion 

in rats.  
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Figure 1.3 - The potential regulation of oxytocin neurons in the SON and PVN by appetite- and feeding-
associated signals. Arcuate nucleus POMC neurons project to the SON and PVN. The direct administration of 

α-MSH inhibits the electrical activity of magnocellular oxytocin neurons in the SON and induces central oxytocin 

release from dendrites in an activity-independent manner. Increased plasma osmolarity increases the electrical 
activity of oxytocin neurons in the SON and PVN, and induces peripheral oxytocin release from terminals in the 

posterior pituitary gland. Oxytocin neurons are thought to be glucose sensing. The direct application of glucose 

and insulin to the SON increases oxytocin secretion in vitro. Peripheral administration of the gut secreted 
hormones CCK and GLP-1 increases oxytocin secretion from the posterior pituitary. Evidence suggests that CCK 

and GLP-1 act at the vagus nerve to influence the activity of noradrenergic neurons in the NTS that directly 

project to the SON and PVN. Gastric distention increases the electrical activity of SON oxytocin neurons, through 

a pathway involving the vagus nerve and NTS. α-MSH, alpha-melanocyte stimulating hormone; CCK, 
cholecystokinin; GLP-1, glucagon-like peptide 1; Magno, magnocellular oxytocin neurons NA, noradrenaline; OC, 

optic chiasm; Parvo, parvocellular oxytocin neurons; PVN, paraventricular nucleus; SON, supraoptic nucleus.  
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1.3.2.3 Targets of Central Oxytocin  

Centrally released oxytocin from parvocellular PVN neurons regulates gastric 

emptying via the NTS and dorsal motor nucleus of the vagus. However, the targets 

of dendritically released oxytocin from magnocellular neurons remain unknown. The 

ventromedial hypothalamus has been identified as a candidate target for centrally 

released oxytocin with respect to feeding behaviour (see Sabatier, Rowe et al. 

2007).   

1.3.2.3.1 Parvocellular Oxytocin Release and the Gastrointestinal 

Vago-vagal Reflex 

Centrally projecting parvocellular oxytocin neurons of the PVN are able to regulate 

gastric emptying through the NTS and dorsal motor nucleus of the vagus. Digestion-

related information from the gastrointestinal tract is relayed to the NTS via the vagal 

nerve. The NTS integrates this information and sends afferents to the dorsal motor 

nucleus of the vagus in order to regulate gastric function (see Travagli, Hermann et 

al. 2006). Many parvocellular oxytocin neurons project to both the NTS and dorsal 

motor nucleus of the vagus (Swanson and Kuypers 1980), which express the 

oxytocin receptor (Ostrowski 1998). Electrical stimulation of the PVN or the direct 

infusion of oxytocin in the dorsal motor nucleus of the vagus inhibits gastric motility, 

which can be attenuated with the direct administration of an oxytocin antagonist in 

rats (Rogers and Hermann 1987). This demonstrates that the activation of PVN 

parvocellular oxytocin neurons projecting to the dorsal motor nucleus of the vagus 

inhibits gastric motility via oxytocin secretion. In addition, parvocellular oxytocin 

neurons may indirectly impact gastric motility through projections to the NTS. It is 

not known whether the effect of oxytocin on gastric emptying contributes to its 

satiating effects.  

1.3.2.3.2 Dendritically Released Oxytocin and the Ventromedial 

Hypothalamus 

It is hypothesised that the satiating effects of oxytocin are mediated through 

centrally released oxytocin from the dendrites of magnocellular neurons (see 

Olszewski, Klockars et al. 2016). One potential target of centrally released oxytocin 

is the ventromedial hypothalamus (see Sabatier, Rowe et al. 2007; see Section 

1.2.1.2.4). The ventromedial hypothalamus densely expresses the oxytocin receptor 
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(Ostrowski 1998) but has no oxytocin expressing fibres, suggesting that oxytocin 

may act at the ventromedial hypothalamus through volume transmission. Central 

administration of oxytocin into the 3rd ventricle of rats increases the electrical activity 

of a sub-population of ventromedial hypothalamus neurons in vivo (Sabatier, Leng et 

al. 2013). In addition, the direct infusion of oxytocin into the ventromedial 

hypothalamus reduces food intake in both satiated and fasted rats (Noble, Billington 

et al. 2014). This suggests that centrally released oxytocin may act at oxytocin 

receptors on ventromedial hypothalamus neurons to increase their electrical activity 

and influence feeding behaviour. It is not known whether centrally released oxytocin 

from the dendrites of magnocellular neurons activates oxytocin receptors in the 

ventromedial hypothalamus via volume transmission.   

 

1.3.3 The Influence of Oxytocin on the Hedonic Control of Food 
Intake 

Oxytocin receptors are expressed in both the nucleus accumbens and ventral 

tegmental area (Ostrowski 1998). Therefore, centrally released oxytocin may directly 

act on the mesolimbic dopamine system. Oxytocin may interact with the reward 

system to decrease motivation for food, consistent with the inhibitory effects of 

oxytocin on appetite. Direct infusion of oxytocin into the nucleus accumbens induces 

c-Fos expression in the nucleus accumbens and reduces bland food intake in fasted 

rats (Herisson, Waas et al. 2016). In rats given ad lib standard diet access, the 

consumption of palatable sucrose and saccharin solutions is also reduced after 

oxytocin infusion into the nucleus accumbens (Herisson, Waas et al. 2016). 

Furthermore, co-administration of oxytocin with an oxytocin receptor antagonist into 

the nucleus accumbens prevents this reduction of bland food, sucrose and 

saccharin solution intake (Herisson, Waas et al. 2016). The direct infusion of 

oxytocin into the ventral tegmental area also reduces the consumption of a palatable 

sucrose solution in rats, which is prevented by the co-infusion of an oxytocin 

receptor antagonist (Mullis, Kay et al. 2013). Furthermore, indirect inhibition of the 

PVN through optogenetic stimulation of arcuate nucleus GABAergic inputs 

increases the motivation of satiated rats to acquire a sucrose reward (Atasoy, Betley 

et al. 2012). Overall, evidence suggests that centrally released oxytocin may act at 



 

 General Introduction 37 

multiple reward-related brain regions to reduce motivation to consume rewarding 

foods.  

Moreover, oxytocin may be involved in reward-driven macronutrient preference. 

Oxytocin knockout mice show an enhanced preference for palatable sucrose 

(Amico, Vollmer et al. 2005) or saccharin (Billings, Spero et al. 2006) solutions in 

comparison to wild-type mice. In addition, oxytocin knockout mice with a heightened 

preference for sucrose also show a heightened preference for isocaloric 

carbohydrate-containing solutions irrespective of palatability (Sclafani, Rinaman et 

al. 2007). However, oxytocin knockout mice do not show differences in preference 

for palatable fat-containing solutions in comparison to wild-type mice (Miedlar, 

Rinaman et al. 2007). Furthermore, in wild-type fasted mice, hypothalamic oxytocin 

gene expression is higher with the scheduled feeding of a high-sugar diet compared 

to a diet low in sugar (Olszewski, Shaw et al. 2009). Together, these studies 

suggest that centrally released oxytocin may act on the reward system to influence 

the consumption of palatable, carbohydrate-containing (especially sucrose-

containing) foods.  
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1.4 The Supramammillary Nucleus, Reward and Potential 
Involvement in Reward-related Motivated Feeding 

The supramammillary nucleus (SuM) of the caudal hypothalamus has been 

functionally implicated in the control of hippocampal theta rhythms, anxiety and 

memory (see Pan and McNaughton 2004). The SuM has also been associated with 

reward-related motivated behaviours, particularly drug reward (see Ikemoto and 

Bonci 2014). 

 

1.4.1 Anatomy of the SuM 

1.4.1.1 Structure 

The SuM is located dorsal to the mammillary bodies and ventral to the posterior 

hypothalamic area in the caudal hypothalamus. The SuM is subdivided into two 

regions based on cell density: the medial SuM (SuMM) contains cells that are small 

to medium in size and densely packed, and the lateral SuM (SuML) contains cells 

that are medium to large in size and that are less densely packed (see Pan and 

McNaughton 2004).  

1.4.1.2 Cell Types 

Table 1.1 gives an overview of immunohistochemical studies identifying different 

neural populations in the rat SuM. The SuM contains TH- (Swanson 1982, Gonzalo-

Ruiz, Alonso et al. 1992), calretinin- (Borhegyi and Leranth 1997), CCK-, substance 

P- and vasoactive intestinal peptide- expressing neurons (Seroogy, Tsuruo et al. 

1988, Lantos, Gorcs et al. 1995). Substance P- and TH-expressing neurons are 

most densely expressed in the SuMM (Seroogy, Tsuruo et al. 1988, Gonzalo-Ruiz, 

Alonso et al. 1992, Borhegyi and Leranth 1997). In contrast, the calretinin-, CCK- 

and vasoactive intestinal peptide-expressing neurons are evenly distributed 

throughout the SuMM and SuML (Seroogy, Tsuruo et al. 1988, Lantos, Gorcs et al. 

1995, Borhegyi and Leranth 1997). The population of SuM TH-expressing neurons 

are commonly assumed to be dopaminergic (Swanson 1982, Gonzalo-Ruiz, Alonso 

et al. 1992). However, it remains unknown whether they express dopamine and/or 

noradrenaline.  
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Method Cell Types Fibers Reference 

Immunohistochemistry in 
male and female Wistar 
rats 

40 µm thick sections 

- Oxytocin fibers 

Females: 25.3±3.1 fibers/mm2 

Males: 33.9±8.7 fibers/mm2 

(Cumbers, 
Chung et al. 
2007) 

Immunohistochemistry in 
male Wistar rats 

20 µm thick sections 

- Orexin fibers 

High fiber density 

(No quantification) 

(Peyron, 
Tighe et al. 
1998) 

Immunohistochemistry in 
colchicine-treated male 
and female Sprague-
Dawley rats 

60 µm thick sections 

Calretinin (~88% of all 
SuM cells) 

Substance P (~3% of all 
SuM cells) 

- (Borhegyi 
and Leranth 
1997) 

Immunohistochemistry in 
colchicine-treated male 
Wistar-Kyoto rats 

50 µm thick sections 

CCK (10-15 cells/section) 

Substance P (5-10 
cells/section) 

VIP, Neurotensin, TRH 
and CRF (1-4 
cells/section) 

 

High density of Substance P 
and Neurotensin fibers 

Moderate density of NPY, 
CCK, Galanin and CGRP 
fibers 

Low density of VIP and 
vasopressin fibers 

(No quantification) 

(Lantos, 
Gorcs et al. 
1995) 

Immunohistochemistry in 
male albino (presumably 
Sprague-Dawley) rats 

40 µm thick sections 

TH 

(No quantification) 

High density of TH fibers  

(No quantification) 

(Gonzalo-
Ruiz, Alonso 
et al. 1992) 

Immunohistochemistry in 
colchicine-treated male 
Sprague-Dawley rats 

14 µm thick sections 

TH 

CCK 

VIP 

Substance P 

(No quantification) 

High density of TH fibers 

Moderate density of CCK 
fibers 

Low density of VIP fibers 

(No quantification) 

(Seroogy, 
Tsuruo et al. 
1988) 

Immunohistochemistry in 
male colchicine-treated 
Sprague-Dawley rats 

30 µm thick sections 

VIP 

CCK 

(No quantification) 

- (Haglund, 
Swanson et 
al. 1984) 

Immunohistochemistry in 
male albino (presumably 
Sprague-Dawley) rats 

30 µm thick sections 

TH  

(No quantification) 

- (Swanson 
1982) 

 

Table 1.1 - Summary of previous literature describing immunohistochemical identification of neuronal 
cell types and fibers in the rat SuM. Table includes key experimental methods and details of 
immunohistochemical quantification. CCK, cholecystokinin; CGRP, calcitonin gene related peptide; CRF, 

corticotrophin releasing factor; NPY, neuropeptide Y; TH, tyrosine hydroxylase; TRH, thyrotropin releasing 

hormone; VIP, vasoactive intestinal peptide.  
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1.4.1.3 Connectivity 

Consistent with its recognised neurobiological roles, the SuM projects to the 

hippocampus and other areas involved in the control of hippocampal theta rhythms 

including the medial and lateral septum (Swanson 1982). The SuM also shows a 

strong connectivity with regions involved in emotion and memory including the 

amygdala, locus coeruleus, limbic and entorhinal cortices (Swanson 1982). 

Approximately 40 % of TH-expressing SuMM neurons project to the lateral septum 

and 10 % project to the locus coeruleus (Swanson 1982). It is not known where the 

remaining 50 % of TH-expressing neurons project. A small proportion of CCK- and 

vasoactive intestinal peptide-expressing SuML neurons (~5 % and 5-10 % 

respectively) project to the dorsal hippocampus and entorhinal cortex (Haglund, 

Swanson et al. 1984). It is not known where the majority of SuM CCK-, vasoactive 

intestinal peptide- and substance P-expressing neurons project. 

The major projections to the SuM include those from the medial septal nucleus, the 

nuclei of the diagonal band of Broca and the infralimbic cortex (Gonzalo-Ruiz, Morte 

et al. 1999), consistent with the role of the SuM in regulating hippocampal theta 

rhythms and emotion. 

 

1.4.2 The SuM and Reward-associated Motivated Behaviours 

The SuM has been implicated in mediating reinforcement and reward-related 

motivated behaviours alongside the dopaminergic reward system (see Ikemoto and 

Bonci 2014). Functional connectivity between the SuM and the reward pathway has 

been demonstrated. However, how the SuM and the reward system interact remains 

unknown.  

1.4.2.1 SuM Function in Motivated Behaviours 

Intracranial drug self-administration studies have shown that rats quickly learn and 

become highly motivated to self-administer the nicotinic acetylcholine receptor 

agonist nicotine (Ikemoto, Qin et al. 2006), the excitatory glutamate receptor agonist 

AMPA (Ikemoto, Witkin et al. 2004) or the GABAA receptor antagonist picrotoxin 

(Ikemoto 2005) directly into the SuM. These substances are likely to increase the 

neural activity of the SuM, suggesting that activation of the SuM is rewarding. AMPA 
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administration directly into the SuM also induces a conditioned place preference, 

supporting the idea that activation of the SuM is rewarding (Ikemoto, Witkin et al. 

2004). Co-administration of nicotine (Ikemoto, Qin et al. 2006) or AMPA (Ikemoto, 

Witkin et al. 2004) with their corresponding receptor antagonists or picrotoxin with a 

GABAA receptor agonist (Ikemoto 2005) directly into the SuM attenuates motivated 

self-administration. Therefore, these substances are specifically acting at the level of 

receptors in the SuM.  

In addition, it appears that these reinforcing responses are mediated specifically 

through the SuM as rats were not motivated to self-administer substances into 

neighbouring structures. Nicotine (Ikemoto, Qin et al. 2006), AMPA (Ikemoto, Witkin 

et al. 2004) or picrotoxin (Ikemoto 2005) were not self-administered into the medial 

mammillary nucleus, which is located directly below the SuM. Despite nicotine being 

self-administered into the ventral tegmental area (Ikemoto, Qin et al. 2006), AMPA 

was not self-administered into the ventral tegmental area (Ikemoto, Witkin et al. 

2004) and picrotoxin was self-administered into the ventral tegmental area but 

animals were less responsive to infusions in this region compared to the SuM 

(Ikemoto 2005).  

Pre-treatment with a systemic dopamine D1 receptor antagonist attenuates 

motivated self-administration of picrotoxin (Ikemoto 2005) or AMPA (Ikemoto, Witkin 

et al. 2004) into the SuM as the session progresses. This suggests that 

reinforcement for administering substances directly into the SuM is dependent on 

dopamine signalling. Direct AMPA administration into the SuM increases 

extracellular dopamine concentrations in the nucleus accumbens (Ikemoto, Witkin et 

al. 2004), suggesting that activation of the SuM alone is sufficient to recruit and 

stimulate the dopaminergic reward pathway.  

1.4.2.2 SuM Connectivity with the Mesolimbic Reward System 

There is evidence for the SuM being functionally connected to the mesolimbic 

reward pathway. Direct administration of the GABAA receptor antagonist picrotoxin 

into the SuM induces c-Fos expression in the SuM itself (Shin and Ikemoto 2010), 

implying that SuM activity is increased through lifting tonic inhibition mediated by 

GABAA receptors. Direct administration of picrotoxin into the SuM also induces c-

Fos expression in the nucleus accumbens and ventral tegmental area of the reward 
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pathway (Shin and Ikemoto 2010). This implies that activating the SuM increases 

the activity of neurons in the reward pathway. 

There appears to be a reciprocal functional connectivity between the SuM and the 

ventral tegmental area. Direct administration of excitatory AMPA into the SuM 

increases extracellular dopamine concentration in the nucleus accumbens (Ikemoto, 

Witkin et al. 2004). Direct administration of the excitatory cholinergic agonist 

carbachol into the ventral tegmental area also induces increased dopamine 

concentration in the nucleus accumbens (Westerink, Kwint et al. 1996) and induces 

c-Fos expression in the SuM (Ikemoto, Witkin et al. 2003).  

It is unclear how the SuM and the reward system interact. There is contradictory 

evidence for a SuM-nucleus accumbens projection, where some report that the SuM 

projects to the nucleus accumbens (Vertes 1992) and others report that it does not 

(Swanson 1982). In addition, it has been suggested that SuM TH-expressing 

neurons are an extension of ventral tegmental area dopaminergic neurons 

(Swanson 1982). In response to a conditioned stimulus (tone associated with 

access to palatable solution in fluid restricted rats), pharmacologically identified 

dopaminergic neurons in the ventral tegmental area and SuM have similar firing 

patterns (Pan, Schmidt et al. 2005). However, the idea that SuM TH-expressing 

neurons are an extension of ventral tegmental area dopaminergic neurons has been 

questioned due to the differences in size between A10 dopamine and TH-

expressing SuM neurons, where SuM cells are significantly smaller (Shepard, 

Mihailoff et al. 1988). Therefore, it is not known whether TH-expressing neurons in 

the SuM are in fact an extension of ventral tegmental area dopamine neurons. 

There is currently no reliable evidence for a SuM-ventral tegmental area projection. 

However, the SuM receives input from structures that directly receive projections 

from the ventral tegmental area, including the nuclei of the diagonal band of Broca 

and the infralimbic cortex (Swanson 1982). Therefore, the ventral tegmental area 

may indirectly influence SuM activity. It remains to be determined how neurons in 

the SuM interact with the reward system. 
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1.4.3 The SuM and Food-associated Motivated Behaviours  

Alongside the reward system, the SuM is implicated in reinforcement and reward-

related motivated behaviours. In addition, the reward system is involved in the 

motivated consumption of food (see Section 1.2.2), but there is little evidence for the 

SuM being involved in the regulation of appetite or food reward-associated 

behaviours.  

1.4.3.1 The SuM and Food-associated Motivated Behaviours 

The direct infusion of a GLP-1-oestrogen conjugate directly into the SuM of rats 

significantly decreases 24 hr bland diet consumption and body weight in comparison 

to infusion of oestrogen or GLP-1 alone (Vogel, Wolf et al. 2016). In addition, 

infusion of the GLP-1-oestrogen conjugate into the SuM decreases the number of 

lever presses to earn a sucrose reward, which was not seen when infused directly 

into the neighbouring ventral tegmental area (Vogel, Wolf et al. 2016). The SuM 

contains receptors for both oestrogen (Shughrue, Lane et al. 1997) and GLP-1 

(Cork, Richards et al. 2015). Therefore, activation of SuM GLP-1 and oestrogen 

receptors may reduce the motivation to acquire and eat both ‘bland' and palatable 

foods. This study provides the first evidence for the SuM influencing feeding 

behaviour. However, it is not known whether changes in SuM activity effect feeding 

behaviour and motivated food consumption.  

Furthermore, the SuM has been studied in relation to various food-related stimuli. 24 

hr food-restriction increases SuM c-Fos expression in rats (Li and Rowland 1993). In 

addition, the SuM appears to be more sensitive in its response to 24 hr food-

restriction in mice with a mutation in the leptin gene (ob/ob), shown by higher SuM 

c-Fos expression in comparison to food-restricted wild-type mice (Huang and Wang 

1998). Centrally administered fluorescently tagged ghrelin binds in the SuM (Cabral, 

Fernandez et al. 2013), suggesting that the activity of SuM neurons could be 

sensitive to the physiological response to hunger.  

1.4.3.2 SuM Connectivity with the Homeostatic System 

There is some evidence for the SuM being functionally connected to multiple brain 

regions involved in the homeostatic control of food intake (Figure 1.4). The SuM 

receives projections from the arcuate nucleus (Wang, He et al. 2015), the 

ventromedial hypothalamus (Shimogawa, Sakuma et al. 2015) and the lateral 



44 General Introduction 

hypothalamus (Hayakawa, Ito et al. 1993). In addition, the SuM is innervated with 

oxytocin-containing fibres (Cumbers, Chung et al. 2007), whether these fibres 

originate from the SON and/or PVN is not known. Furthermore, the SuM sends 

projections to the dorsomedial hypothalamus (Thompson and Swanson 1998).  

The homeostatic system may communicate with the SuM through peripherally or 

centrally released signals (Figure 1.4). The SuM expresses a variety of receptors for 

appetite-associated peptides including CCK (Zarbin, Innis et al. 1983), GLP-1 (Cork, 

Richards et al. 2015), NPY (Ohkubo, Niwa et al. 1990), orexin (Marcus, Aschkenasi 

et al. 2001) and oestrogen (Shughrue, Lane et al. 1997). The SuM also expresses 

the melanocortin 3 receptor (Roselli-Rehfuss, Mountjoy et al. 1993). In addition, 

there is evidence that the SuM is a target for oxytocin action, as oxytocin binds in 

the SuM in vitro (Kremarik, Freund-Mercier et al. 1995). Furthermore, SuM neurons 

are sensitive to the direct application of oxytocin in vitro and this response is 

abolished with the direct application of an oxytocin receptor antagonist (Cumbers, 

Chung et al. 2007). Moreover, systemic administration of insulin induces c-Fos 

expression in the SuM (Li and Rowland 1993). However, it is not known whether the 

SuM contains insulin receptors.  

There is evidence for reciprocal functional connectivity between the SuM and other 

hypothalamic regions. Direct administration of picrotoxin into the SuM increases c-

Fos expression in the SuM itself and induces c-Fos expression in the dorsomedial 

hypothalamus and lateral hypothalamus (Shin and Ikemoto 2010). This suggests 

that activation of the SuM has an excitatory influence on other hypothalamic regions. 

Furthermore, non-specific electrical or pharmacological stimulation of the medial 

hypothalamus (around the 3rd ventricle, PVN, ventromedial hypothalamus, and 

dorsomedial hypothalamus) induces c-Fos expression in the SuM (Silveira, Sandner 

et al. 1995). This implies that activation of medial hypothalamic regions increases 

the activity of SuM neurons.  

The complete connectivity of the SuM with brain regions involved in the homeostatic 

control of food intake and the responsiveness of SuM neurons to peripheral and 

central appetite-associated signals is not known. Furthermore, whether the identified 

connections of the SuM are functionally relevant with respect to feeding behaviour 

also remains unknown.  
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Figure 1.4 - Interactions between the SuM and the homeostatic and hedonic systems controlling appetite. 
Tracing studies have shown that the SuM receives direct projections from the lateral hypothalamus, ventromedial 

hypothalamus and arcuate nucleus, brain regions involved in the homeostatic control of food intake. Cells of the 
SuM project to the dorsomedial hypothalamus, a region also involved in the homeostatic control of food intake. 

Additionally, there is evidence that the SuM is functionally connected to the ventral tegmental area and nucleus 

accumbens of the mesolimbic reward system. How the SuM and the reward system communicate is not known. It 
has been previously demonstrated that the activity of cells in the SuM can be positively influenced by oxytocin or 

insulin. Additionally, the SuM expresses receptors for various appetite-associated signals, including CCK, NPY 

and orexin, suggesting that these signals may also influence the activity of cells in the SuM. Furthermore, 

peripheral ghrelin has been shown to bind in the SuM, suggesting that ghrelin may also act at the SuM. α-MSH, 
alpha melanocyte stimulating hormone; CCK, cholecystokinin; NPY, neuropeptide Y; SuM, supramammillary 

nucleus. 
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2 General Methods 

All reagents were sourced from Sigma-Aldridge UK unless otherwise stated. 

 

2.1 Animals 

Male and female Sprague-Dawley rats aged between 8 and 12 weeks old were 

used. Rats were either bred in-house or sourced from Charles River Laboratories, 

UK.   

 

2.1.1 Housing Conditions  

Before experimental procedures, all animals were group housed. Where necessary, 

rats were singly housed at least 1 week before the start of experimental procedures 

(cage dimensions, 18 x 23 x 38 cm). Throughout all experiments rats were housed 

in a 12-hour dark light cycle (lights on between 07.00 and 19.00) and temperature 

controlled environment (18-20 °C). Prior to experiments, rats were given ad lib 

access to a standard ‘bland’ maintenance diet and water (see Section 2.2.1.1).  

 

2.1.2 Ethics  

All experimental procedures were approved by a local ethical committee and carried 

out under UK Home Office regulations by trained personal licence holders. 
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2.2 Diet and Scheduled-feeding Protocols 

2.2.1 Bland Diet and Scheduled-Feeding of Bland Diet 

2.2.1.1 Bland Diet 

All animals were maintained on a standard bland pelleted maintenance diet (RM1 

diet; Special Diet Services, UK). 1 g of bland diet contained 3.28 kcal, 0.1292 g of 

protein, 0.1705 g of fibre, 0.6173 g of carbohydrate, 0.0405 g of sugar and 0.0247 g 

fat. 

2.2.1.2 Bland Diet Measurements 

For each rat, bland food and water bottles were weighed at the same time each day 

(between 09.00 and 10.00). Any food fallen into the cage was accounted for. 24 hr 

bland food and water intake was then calculated using the previous days 

measurements. The calorie content of bland food eaten was then calculated from 

the energy density (3.28 kcal/g). Water bottle leakage and evaporation was 

controlled for by measuring changes in the weight of a full bottle inverted in an 

empty cage. For determining daily water intake, it was assumed that 1 g has a 

volume of 1 ml. 

2.2.1.3 Ad lib Feeding of Bland Diet 

Rats were given access to an excess of bland diet for 24 hr per day that was 

provided in a hopper suspended at the front of the cage. Throughout all experiments 

rats were given ad lib bland food access, unless otherwise stated. Rats were also 

given ad lib access to water at all times.  

2.2.1.4 Scheduled-Feeding of Bland Diet 

Animals undergoing bland diet scheduled-feeding had all bland food removed from 

the food hopper at 17.00. The following day, rats received 3 hr of bland food access 

(from 13.00-16.00 or 14.00-17.00) before the food was removed from the cage once 

more. This was repeated each day at the same time. Bland food was weighed 

before and after access to determine how much had been eaten. In addition, the 

rats were weighed daily and body weight loss was calculated from the rats’ weights 

on the first day of scheduled-feeding. It was ensured that rats did not lose more than 

15 % of their original body weight, as this can have detrimental effects on health. If 
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rats lost more than 15 % of their body weight, a single bland diet pellet was left in 

the food hopper after food access was removed to increase food consumption and 

prevent further weight loss. At all times rats had ad lib access to water.  

 

2.2.2 Palatable Food and Scheduled-feeding of Palatable Food 

2.2.2.1 Palatable Food (Sweetened Condensed Milk) 

The palatable food used in experiments was 50 % v/v sweetened condensed milk 

(SCM; Carnation®, Nestlé®) diluted with water. 1 g of 50 % SCM contained 1.895 

kcal, 0.037 g protein, 0 g fibre, 0.28 g carbohydrate, 0.28 g sugar and 0.04g fat.  

SCM was given as it is highly palatable and has a relatively high energy density 

(1.895 kcal/g) so small volumes can be presented containing a moderate amount of 

calories. In addition, SCM is a ‘real food’, therefore it contains multiple nutritional 

components, for example sugar and fat, and not just a single nutrient like commonly 

used sucrose solutions.  

2.2.2.2 Scheduled-feeding of Palatable Food 

Directly before SCM access, bland food and water was removed from each cage to 

act as a cue. SCM was presented in shallow, heavy glass bowls (144 g, 75 mm 

external diameter, 25 mm high; Ikea, UK) at the front of the cage. Rats were 

habituated to an empty bowl for two days before SCM access started. SCM access 

was given for a restricted period of 15 or 30 min, 1 or 3 times per day and the total 

daily volume of SCM presented ranged from 5-30 ml depending on the protocol. 

SCM access was given during the light period between 10.00 and 16.00.   

2.2.2.3 Palatable Food Measurements 

SCM in the bowl was weighed before and after access and the calorie content of 

SCM eaten was calculated from the energy density (1.895 kcal/g). Any uneaten 

SCM was removed from cages and taken into account in energy consumption 

calculations.  
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2.3 Anaesthesia and Analgesia 

2.3.1 Assessment of Anaesthesia 

Depth of anaesthesia was verified by the absence of withdrawal reflexes (toe pinch 

and eye blink) and respiratory pattern. During deep anaesthesia, the respiratory rate 

per minute should be ~60 % of when conscious and the breathing pattern should be 

regular. If the respiratory rate drops lower than ~50 % of when conscious, this is 

indicative of the onset of respiratory depression.   

 

2.3.2 Anaesthesia Induction using Isoflurane 

Rats were placed in a chamber containing ~5 % gaseous isoflurane. Depth of 

anaesthesia was assessed by monitoring respiratory rate (see Section 2.3.1). Once 

rats were deeply anaesthetised, they were removed from the chamber. 

 

2.3.3 Non-recovery Pentobarbital Sodium Anaesthesia 

Commonly used non-recovery anaesthesia protocols, for example bolus 

intraperitoneal (IP) urethane, induce c-Fos expression in multiple brain regions, 

including the SON and PVN through inducing an osmotic response (Takayama, 

Suzuki et al. 1994). However, the short-lasting barbiturate pentobarbital sodium 

does not act as an osmotic stimulus and induce c-Fos expression in these brain 

regions. A protocol was devised and optimised for using pentobarbital sodium for 

long lasting, non-recovery anaesthesia.    

Anaesthesia was induced by inhalation of isoflurane (see Section 2.3.2) followed by 

an IP injection of pentobarbital sodium (60 mg/kg). Maintenance of deep 

anaesthesia was achieved with the continuous intravenous (IV) infusion of 

pentobarbital sodium (18.6 mg/kg/hr) alongside 0.9 % w/v saline (10 ml/kg/hr) 

through a femoral vein cannula (see Section 2.4.2.2). Anaesthesia maintenance was 

maintained IV to prevent c-Fos expression induced by a surgical stress response 

that may be induced by multiple IP injections (Stenberg, Ovlisen et al. 2005). Water 

deprivation also induces c-Fos expression in the osmosensitive SON and PVN 
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(Morien, Garrard et al. 1999). Therefore, saline was infused alongside the 

anaesthetic to ensure that animals remain hydrated throughout the experiment.  

Assessment of depth of anaesthesia was essential when using pentobarbital sodium 

as it’s effects are short-lasting and the dose required for surgical anaesthesia is 

close to the dose that causes respiratory failure (see Section 2.3.1).  

 

2.3.4 Overdose of Pentobarbital Sodium Anaesthesia 

If animals were not already anaesthetised using sodium pentobarbital, anaesthesia 

was induced by inhalation of isoflurane (see Section 2.3.2). An overdose of 

pentobarbital sodium (1142 mg/kg) was administered IP or IV if the rat was fitted 

with a femoral vein cannula.  

 

2.3.5 Recovery Isoflurane Anaesthesia  

Isoflurane anaesthesia was induced by inhalation of a mixture of oxygen and 

isoflurane (5%). Deep anaesthesia was maintained by inhalation of a mixture of 

oxygen and isoflurane (1-2.5%). Depth of isoflurane anaesthesia was assessed by 

monitoring withdrawal reflexes and respiration (see Section 2.3.1). During 

anaesthesia and initial recovery rats were kept warm using a heat mat. Following 

surgery, rats were allowed to recover from the anaesthesia in a clean cage without 

bedding where they were closely monitored for 30 min before being returned back to 

their home cage.  

 

2.3.6 Buprenorphine Analgesia  

Buprenorphine is a long lasting (6-8 hr), partial opioid agonist used to provide relief 

for moderate pain. 0.05 mg/kg Buprenorphine was administered via subcutaneous 

injection at the scruff of the neck. Buprenorphine was administered following 

induction of isoflurane anaesthesia and before surgical procedures to ensure that 

analgesia was effective once the animal wakes and throughout recovery. 
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2.4 Surgical Procedures 

2.4.1 Tracheotomy  

Tracheotomy tubes were made using stiff plastic tubing of (4 cm long, external 

diameter 2 mm, bore 1.5 mm). One end was tapered slightly and ~2.5 cm from the 

tapered end the tube was bent to a ~120° angle using heat.  

The rats were positioned on their back and a ~2 cm incision was made along the 

plane of the trachea using a scalpel. The trachea was exposed using blunt 

dissection and lifted with fine forceps. A knot was tied loosely near the bottom of the 

exposed section of trachea using thick suture (0.65 mm diameter; 18020-03, Fine 

Science Tools). Using a scalpel, a small incision was made between the rings of 

cartilage near the top of the exposed trachea. The plastic tubing was inserted 

through the incision, tapered end first and guided down into the trachea so that half 

of the tubing remained externalised. The tubing was secured in the trachea by tying 

the knot and the incision carefully closed around the tubing using metal wound clips.  

 

2.4.2 Intravenous Cannulation 

2.4.2.1 Cannulae Preparation 

Cannulae were made using tubing of ~15 cm in length with one end tapered slightly 

(diameter 1 mm, bore 0.5 mm; AlteSil high strength tubing, 01-93-1403, Altec, UK). 

Blunted 23-gauge needles were inserted into the non-tapered end of the cannula 

allowing a syringe to be attached and the cannula filled with an appropriate solution.  

2.4.2.2 Non-Recovery Femoral Vein Cannulation 

Femoral vein cannulae were used for the continuous infusion of pentobarbital 

sodium anaesthesia. Syringes containing pentobarbital sodium in saline (see 

Section 2.3.3) were attached to the cannulae and the cannulae filled.  

Anaesthetised rats were positioned on their back and the left leg was secured to the 

bench surface with tape. To access the femoral vein, a ~1.5 cm vertical incision was 

made in the inside hollow of the secured leg using sharp scissors. Blunt dissection 

was used to expose the femoral vein and artery. Under a dissecting microscope, 
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membranes coating the vessels were carefully removed and the vein carefully 

separated from the artery using fine forceps. Using fine suture (0.12 mm diameter; 

18020-50, Fine Science Tools) a double knot was tied around the bottom of the 

exposed vein to occlude it. The vein was then lifted and held taught using the 

excess suture from the knot. Another knot was prepared at the top of the vein but 

not tied. To prevent blood loss, the top of the vein was clamped using a small artery 

clamp. Under a dissecting microscope, a cut was made in the wall of the vein using 

small sharp spring scissors. The cannula was eased into the vein and held in place 

while the artery clamp was removed before being guided further up the vein until 

resistance was felt. The cannula was secured in place using the prepared knot 

before checking whether the cannula was patent. The incision was then carefully 

closed around the cannula using metal wound clips.  

2.4.2.3 Non-Recovery Jugular Vein Cannulation  

Carried out by Dr Nancy Sabatier (Centre for Integrative Physiology, University of 

Edinburgh) 

Jugular vein cannulae were used for collecting blood samples. Syringes containing 

heparinised saline (50 U/ml) were attached to the cannulae and the cannulae filled.  

Anaesthetised rats were positioned on their back. To access the jugular vein, a ~2 

cm vertical incision was made in the hollow of the rats right forelimb using sharp 

scissors. Blunt dissection was used to expose the jugular vein. Under a dissecting 

microscope, the membranes covering the vein were carefully removed using fine 

forceps. Using fine suture, a knot was tied at the top of the exposed vein to cut off 

the blood supply and the excess suture was used to lift and hold the vein taught. A 

knot was prepared at the bottom of the exposed vein before the bottom was 

clamped using a fine artery clamp. Under a dissecting microscope, a cut was made 

in the wall of the vein using small sharp spring scissors. The cannula was eased into 

the vein and held in place while the artery clamp was removed before being guided 

further down the vein until resistance was felt. The cannula was secured using the 

prepared knot. The cannulae were then tested for patency, making sure that as little 

heparinised saline as possible was infused into the blood.   

2.4.2.4 Recovery Jugular Vein Cannulation  

Indwelling jugular vein cannulae were used for administering conscious rats with 

substances IV. Surgery was carried out under aseptic conditions. Syringes 
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containing sterile heparinised saline (50 U/ml) were attached to the sterilised 

cannulae and the cannulae filled.  

Following induction of isoflurane anaesthesia (see Section 2.3.5), surgical areas 

were shaved and cleaned using Vetadine Iodine Animal Wash. Rats were positioned 

on their back and a ~1 cm vertical incision was made in the hollow of the rats right 

forelimb using a scalpel. A ~1 cm horizontal incision was also made in the skin at 

the back of the neck. Using a large blunt haemostat, the cannulae were tunnelled 

under the skin from the incision in the back of the neck, through the incision above 

the forelimb. The jugular vein was cannulated as described in Section 2.4.2.3. The 

incision above the forelimb was then closed using subcutaneous sutures. 

Subcutaneous sutures were used to prevent rats from scratching and pulling the 

sutures out. A ~1 cm loop was made in the cannula coming out from the neck 

incision and placed under the skin at the back of the neck. The neck incision was 

then closed using mattress sutures, and the cannulae secured in place with a drop 

of VetbondTM tissue adhesive. A piece of strong waterproof fabric tape (2 cm x 1 cm; 

Tesa® Extra Power tape) was attached and folded around the cannulae near to the 

neck and simple interrupted sutures were used to secure the tape to the neck. The 

cannulae were trimmed and capped with a cannulae blocker. Cannulae blockers 

were made from blunted 23-gauge needles removed from the luer filled with 

insoluble silicone sealant (King British Aquarium Sealant). The capped end of the 

cannulae was secured to the tape with an additional piece of tape (1 cm x 0.5 cm). 

The incisions were cleaned once more with Vetadine before the rats were allowed to 

recover.  

 

2.5 Blood Sampling 

2.5.1 Blood Collection via Tail Artery Nick  

For 2 to 3 days before blood was collected via tail nick, rats were habituated to 

gentile restraint in a towel. For blood sampling, rats were restrained in a towel with 

the tail exposed. The tail was submerged in warm water for approximately 1 min to 

induce vasodilation of the tail artery and the tail massaged to ensure optimal blood 

flow. Using a scalpel blade, a horizontal central incision was made half way up the 

tail. The depth of the incision was approximately a third of the tail width. 
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Approximately 200 µl of blood was collected into a capillary blood tube containing 

EDTA (Microvette® CB 300 K2E, Sarstedt) and chilled on ice. After blood collection, 

the incision was left to clot and the rats closely monitored for at least 2 hr.   

 

2.5.2 Blood Collection via Jugular Vein Cannula  

Carried out by Dr Nancy Sabatier (Centre for Integrative Physiology, University of 

Edinburgh) 

For details on jugular vein cannulation see Section 2.4.2.3. The cannula in the 

jugular vein was filled with heparinised saline (50 U/ml) as was the syringe attached. 

Firstly, the cannula was flushed with a very small volume of heparinised saline 

before the syringe plunger was slowly retracted. Once blood reached the syringe, 

the syringe was swapped for an empty syringe and approximately 200 µl of blood 

was collected. The blood was quickly transferred to an EDTA coated tube 

(Microvette® CB 300 K2E, Sarstedt) and chilled on ice. Finally, the syringe 

containing heparinised saline was re-attached to the cannula and the cannula re-

filled with heparinised saline.  

 

2.5.3 Plasma Preparation 

Blood collected into EDTA coated tubes (Microvette® CB 300 K2E, Sarstedt) was 

chilled on ice for ~2-5 min. Samples were then centrifuged in the same tubes at 

14000 RPM for 10 min at room temperature. Plasma was separated from the pellet, 

collected into aliquots and flash frozen on dry ice. Samples were stored at -80 °C 

until analysis.  
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2.6 Brain Preparation, Immunohistochemistry and c-Fos 
Quantification 

2.6.1 Transcardial Perfusion 

Before perfusion, a blunted 21-gauge needle was attached to the tube of an infusion 

pump filled with ice-cold heparinised saline (see Table 2.1).  

Rats were given an overdose of pentobarbital sodium (see Section 2.3.4) to supress 

respiratory function. Once breathing had stopped but the heart still beating, the 

thorax was opened and the ribs clamped back to expose the heart. The blunted 

needle attached to the infusion pump was inserted into the left ventricle of the heart 

and an incision was made in the right atrium of the heart. Ice-cold heparinised saline 

was then pumped through the heart and circulation. Once the majority of blood was 

cleared from the circulation (~ 5 min), ice-cold 4 % w/v paraformaldehyde (see 

Table 2.1) was infused. After 20-30 min of paraformaldehyde infusion, the animals 

were fully fixed (assessed by stiffness of the limbs).  

 

2.6.2 Brain Cryo-protection and Sectioning 

Following transcardial perfusion-fixation, the brains were removed and incubated 

overnight at 4 °C in a post-fix solution of sucrose and paraformaldehyde (see Table 

2.1). Brains were then transferred to a sucrose solution (see Table 2.1) and 

incubated for 7 days at 4 °C. The brains were removed from the sucrose solution 

and excess solution removed from the brain surface using filter paper. Using a sharp 

blade, blocks of brain tissue containing the regions of interest were removed, 

protected in aluminium foil and flash frozen in powdered dry ice. Brain blocks were 

then stored at -80 °C until sectioned. Frozen tissue blocks were sectioned in the 

coronal plane at 44 µm on a freezing microtome maintained between -25 and -18 °C 

depending on the brain block size. Brain sections were collected in a series of 3 

vials containing cryoprotectant (see Table 2.1) so that each vial contained a series 

of sections separated by intervals of 132 µm. Vials containing brain sections were 

stored at 4 °C. 
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2.6.3 Immunohistochemistry 

2.6.3.1 c-Fos Immunohistochemistry 

For each brain region of interest, a single vial of brain sections underwent c-Fos 

immunohistochemistry per animal. The free-floating sections underwent four 15 min 

washes in phosphate buffered triton (PBT; see Table 2.1) on a shaker to remove 

any paraformaldehyde or cryoprotectant on the sections. In addition, the detergent 

Triton-X100 solubilises neuronal membranes. Brain sections were then incubated in 

a hydrogen peroxide solution (see Table 2.1) for 20 min at room temperature on a 

shaker. The hydrogen peroxide reacts with endogenous peroxidase enzymes 

present in the brain tissue, blocking its activity and reducing any false positives. 

Following four 15 min washes in PBT, sections were incubated with blocking 

solution (see Table 2.1) for 1 hr at room temperature on a shaker. The blocking 

solution binds and blocks non-specific secondary antibody binding sites, preventing 

non-specific secondary antibody binding. Following blocking, sections were 

incubated with anti-c-Fos rabbit primary antibody (226 003, Synaptic Systems) at 

concentration of 1:100,000, in carrier solution (see Table 2.1) for 1 hr at room 

temperature on a shaker, then 40 hr at 4 °C also on a shaker. After eight 5 min 

washes in PBT to wash off the primary antibody, sections were incubated with 

biotinylated horse anti-rabbit IgG secondary antibody (BA-1100, Vector 

Laboratories) at a concentration of 1:500, in carrier solution (see Table 2.1) for 1 hr 

at room temperature on a shaker. Following three 5 min washes in PBT, sections 

were incubated in an avidin-biotin complex (ABC; PK-6100, Vector Laboratories, 

VECTASTAIN Elite ABC Kit (Standard*); see Table 2.1) for 1 hr at room 

temperature on a shaker. The ABC complex exploits the very high affinity of avidin 

for biotin. The avidin forms complexes with horseradish peroxidase, which is 

targeted by avidin to the biotinylated secondary antibody, and acts as a reporter. 

After two 10 min washes in 0.1 M phosphate buffer (PB; see Table 2.1) and a single 

5 min wash in 0.05 M Tris buffer (see Table 2.1), sections were incubated in a 

diaminobenzidine tetrachloride (DAB), nickel and hydrogen peroxide solution (see 

Table 2.1) for 6 min. In the presence of hydrogen peroxide, DAB is oxidized by 

horseradish peroxidase resulting in a colour change, allowing visualization of the 

secondary antibody. Nickel is added to colour the reaction dark purple. Washing the 

sections for 5 min in 0.05 M Tris buffer terminated the reaction. Finally sections were 

washed in 0.1 M PB three times for 5 min each.  
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For details of c-Fos immunohistochemistry controls see Section 2.6.3.3.   

2.6.3.2 Double Immunohistochemistry 

For double immunohistochemistry a vial of brain sections underwent c-Fos 

immunohistochemistry before the staining protocol was repeated for oxytocin or TH 

immunohistochemistry (see Section 2.6.3.1). An anti-oxytocin mouse primary 

antibody (PS 38, supplied by H. Gainer) or an anti-TH mouse primary antibody 

(MAB318, Merck Millipore) was used at a concentration of 1:5,000 and 1:20,000 

respectively. The secondary antibody used was a biotinylated horse anti-mouse IgG 

antibody (BA2000, Vector Laboratories) at a concentration of 1:500. When 

developing the oxytocin- and TH-like immunoreactivity, sections were incubated in a 

DAB, hydrogen peroxide solution without nickel (see Table 2.1) to create a brown 

colour change instead of dark purple. 

For details of oxytocin and TH immunohistochemistry controls see Section 2.6.3.3. 

2.6.3.3 Immunohistochemistry Controls 

For each primary antibody used, positive and negative controls were carried out to 

determine the specificity of antibody binding. Negative controls were also carried out 

to assess the specificity of secondary antibody binding.  

2.6.3.3.1 Anti c-Fos Antibody 

Brain sections known to express c-Fos were used to assess the specificity of the 

primary anti-c-Fos antibody (226 003, Synaptic Systems). Rats were subjected to a 

salt challenge (IP injection of 3.5 M sodium chloride 600 µl/kg and perfused-fixed 90 

min later) to induce c-Fos expression in hypothalamic regions, particularly the SON 

and PVN. Brain sections from these animals were used to run positive, negative and 

pre-absorption controls for the anti-c-Fos antibody. Brain sections were ran through 

c-Fos immunohistochemistry (see Section 2.6.3.1) where they were incubated with 

(1) rabbit anti-c-Fos primary antibody at the normal concentration of 1:100,000 

(positive control), (2) pre-immunised rabbit serum at the same protein concentration 

as the anti-c-Fos antibody (1:100,000; negative control) or (3) pre-absorbed anti-c-

Fos antibody with an excess of purified c-Fos peptide (pre-absorption control; 226-

0P, Synaptic Systems; 10:1 ratio of control c-Fos peptide to c-Fos primary antibody 

incubated overnight at 4 °C).  
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Positive control sections showed dense c-Fos-like immunoreactivity in the SON, 

PVN (Figure 2.1A) and moderate c-Fos-like immunoreactivity in the lateral 

hypothalamus, arcuate nucleus, ventromedial hypothalamus, dorsomedial 

hypothalamus, supramammillary nucleus, ventral tegmental area and NTS. c-Fos-

like immunoreactivity was exclusively restricted to the cell nuclei where the c-Fos 

protein is expressed.  

Negative and pre-absorption control sections had no c-Fos-like immunoreactivity in 

the SON, PVN (Figure 2.1B & C), lateral hypothalamus, arcuate nucleus, 

ventromedial hypothalamus, dorsomedial hypothalamus, supramammillary nucleus, 

ventral tegmental area or NTS. The pre-immunised rabbit serum contains the same 

proteins as the rabbit c-Fos antibody but without the antibody itself. Incubation with 

pre-immunised rabbit serum did not induce c-Fos-like immunoreactivity implying that 

the antibodies raised against c-Fos are specifically responsible for producing c-Fos-

like immunoreactivity. Pre-incubation of the primary c-Fos antibody with purified 

antigen prevented the antibody from binding to the c-Fos antigen within the brain 

sections, blocking c-Fos-like immunoreactivity from developing. This implies that the 

c-Fos antibody specifically binds to the c-Fos antigen.  

2.6.3.3.2 Anti Oxytocin Antibody 

Positive anatomical controls were used to assess the specificity of the primary anti-

oxytocin antibody (PS 38, supplied by H. Gainer). Sections were processed for 

oxytocin-like immunoreactivity and incubated with the primary oxytocin antibody at 

the usual concentration (1:5,000; see Section 2.6.3.2). Oxytocin-like 

immunoreactivity was detected in the SON and PVN (Figure 2.2A) - brain regions 

known to express oxytocin. In addition, oxytocin-like immunoreactivity was localised 

to the cytoplasm of cells, where oxytocin is expressed. A negative control was 

carried out which substituted the mouse primary oxytocin antibody with the same 

protein concentration of pre-immunised mouse serum (1:5,000). No oxytocin-like 

immunoreactivity in the SON or PVN was detected (Figure 2.2B), showing that the 

primary antibody is responsible for producing oxytocin-like immunoreactivity and not 

other proteins in the mouse serum.  

2.6.3.3.3 Anti Tyrosine Hydroxylase Antibody 

Positive anatomical controls were used to assess the specificity of the primary anti-

TH antibody (MAB318, Merck Millipore). Sections were processed for TH-like 
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immunoreactivity and incubated with the primary TH antibody at the usual 

concentration (1:20,000; see Section 2.6.3.2). TH-like immunoreactivity was 

detected in the arcuate nucleus, ventral tegmental area and NTS (Figure 2.2C) - 

brain regions known to express TH. In addition, TH-like immunoreactivity was 

localised to the cytoplasm of cells, where TH is expressed. A negative control was 

carried out that substituted the mouse primary TH antibody with the same protein 

concentration of pre-immunised mouse serum (1:20,000). TH-like immunoreactivity 

was not detected in the arcuate nucleus, ventral tegmental area or NTS (Figure 

2.2D), implying that the primary antibody is responsible for producing TH-like 

immunoreactivity and not other proteins in the mouse serum.  

2.6.3.3.4 Anti Rabbit and Anti Mouse Secondary Antibodies 

Negative controls were used to determine the specificity of the secondary antibodies 

(horse anti-rabbit IgG secondary antibody: BA-1100, Vector Laboratories; horse 

anti-mouse IgG secondary antibody: BA2000, Vector Laboratories). Brain sections 

underwent c-Fos, oxytocin or TH immunohistochemistry without incubation with 

primary antibodies. No c-Fos-, oxytocin- or TH-like immunoreactivity was detected 

indicating that there is no non-specific binding of the secondary antibodies.  

 

2.6.4 Mounting and Applying Coverslips  

Sections were mounted onto gelatin-coated glass microscope slides and left to air-

dry overnight at room temperature. Dry mounted sections were dehydrated in 

increasing concentrations of ethanol (70 % v/v, 90 % v/v and 95 % v/v for 5 min 

each followed by 100 % v/v for 20 min) and 100 % v/v xylene for 20 min before 

glass cover slips were applied using DPX mounting medium. Slides were left to dry 

for 48 hr before microscopy. 

 

2.6.5 Microscopy  

Sections were viewed and imaged using a Leica DMR reflected light microscope. 

Images for semi-manual counting were taken with a 10x objective. 
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2.6.6 c-Fos Quantification  

2.6.6.1 Blinding 

All brains were randomly allocated a number after sectioning allowing 

immunohistochemistry procedures and c-Fos quantification to be carried out under 

blinded conditions.  

2.6.6.2 Quantifying c-Fos Positive Nuclei 

Semi-manual counting was used to quantify the number of c-Fos positive nuclei per 

brain section for each brain region. Brain regions of interest were identified using a 

rat brain atlas (Paxinos and Watson 2005). Using ImageJ 6.4 software, region of 

interest borders were drawn onto the images to define regions to be counted. The 

counting area was measured to ensure that the same area was being counted 

between experimental groups. See Table 2.2 for the bregma points and number of 

brain sections counted for each brain region of interest. The SON, PVN, lateral 

hypothalamus, arcuate nucleus, ventromedial hypothalamus, dorsomedial 

hypothalamus and ventral tegmental area are bilateral therefore both nuclei were 

counted and c-Fos counts/percentage of cells expressing c-Fos positive nuclei are 

given per brain section not per brain region. A nucleus was considered to be c-Fos 

positive when it appeared dark purple or black with a defined border (Figure 2.3A). 

For each brain region, the average number of c-Fos positive nuclei per brain section 

was calculated for each animal before un-blinding and experimental group averages 

were taken.  

2.6.6.3 Quantifying Oxytocin/TH Cells Expressing c-Fos 

2.6.6.3.1 Number of Cells Expressing c-Fos 

To determine the number of oxytocin or TH-immunoreactive cells expressing c-Fos, 

semi-manual counting using Image J 6.4 software was used. When a defined c-Fos 

positive nucleus was surrounded by a defined brown evenly stained cell body, the 

oxytocin/TH cell was considered to express c-Fos (Figure 2.3B). For each brain 

region, the mean number of oxytocin/TH-immunoreactive cells expressing c-Fos 

positive nuclei per section was calculated per rat. Once blinding was lifted, 

experimental group averages were taken.  
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2.6.6.3.2 Percentage of Cells Expressing c-Fos 

Manual counting was used to determine the percentage of oxytocin or TH-

immunoreactive cells expressing c-Fos positive nuclei. Each cell was assessed 

using a light microscope to determine whether it (1) contained a c-Fos positive 

nucleus (Figure 2.3B), (2) contained a c-Fos negative nucleus (Figure 2.3C) or (3) 

could not be determined as either (Figure 2.3D). Cells that can not be identified as 

c-Fos positive or negative often appear as faint or strongly stained brown cells 

where the nucleus is not clearly visible and/or the cell has an uncharacteristic 

shape. The number of cells that could not be determined as c-Fos positive or c-Fos 

negative varied between brain regions. However, these cells accounted for 

approximately 40-50 % of oxytocin/TH cells. Cells that could not be determined as c-

Fos positive or c-Fos negative were excluded from analysis. The percentage of cells 

expressing c-Fos positive nuclei was then determined from the total number of cells 

per section with c-Fos positive and negative nuclei (% cells c-Fos+ = (number of 

cells c-Fos+ / (number of cells c-Fos+ + number of cells c-Fos-)) x 100). For each 

brain region, two or three brain sections were analysed per animal. For each brain 

region, the average percentage of oxytocin/TH-immunoreactive cells expressing c-

Fos positive nuclei per section was calculated for each rat. Once blinding was lifted, 

experimental group averages were taken.  

Determining the percentage of oxytocin/TH cells expressing c-Fos positive nuclei in 

addition to the absolute number of cells expressing c-Fos is essential. Cells in which 

the nucleus is not visible cannot be determined as c-Fos positive or c-Fos negative. 

Therefore, absolute counts of cells expressing c-Fos positive nuclei/section do not 

give a true representation of c-Fos expression in cells. This can only be done by 

presenting cells with c-Fos positive nuclei as a percentage of cells that can be 

determined as c-Fos positive or negative. In addition, the number of oxytocin/TH 

cells with visible nuclei varies slightly between sections due to sectioning differences 

between brains. Therefore, determining the percentage of these cells expressing c-

Fos positive nuclei is essential to make the data between brains comparable.  

When quantifying the percentage of oxytocin cells expressing c-Fos in the 

magnocellular and parvocellular PVN, the percentage of magnocellular and 

parvocellular cells expressing c-Fos positive nuclei was calculated from the total 

number of magnocellular or parvocellular cells with c-Fos positive and negative 
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nuclei. The same method was carried out when quantifying the percentage of TH 

cells with c-Fos positive nuclei in the SuMM and SuML.  

2.6.6.4 Quantifying c-Fos Expression in Non-oxytocin or TH Cells 

Semi-manual counting using ImageJ 6.4 was used to quantify the number of c-Fos 

positive nuclei in non-oxytocin or TH cells per brain section. When a defined black 

nucleus did not co-localise in brown cytoplasmic staining, it was considered to be in 

a non-oxytocin or non-TH cell (see Figure 2.3E).  
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Name of Solution Composition  

0.1 M Phosphate Buffer (PB) 1.15% w/v disodium hydrogen orthophosphate and 
0.272% w/v sodium dihydrogen orthophosphate pH 7.4 

Heparinised Saline 0.9% v/w sodium chloride and 0.012% w/v heparin 

Paraformaldehyde 4% w/v paraformaldehyde in 0.1 M PB 

Post-fix 15 % w/v sucrose in 4 % w/v paraformaldehyde in 0.1 M 
PB 

Sucrose 30 % w/v sucrose in 0.1 M PB 

Cryoprotectant 20 % v/v glycerol, 30 % v/v ethylene glycol and 50 % v/v 
phosphate buffered saline (0.09% v/w sodium chloride 
in 0.1M PB)  

Phosphate Buffered Triton (PBT) 0.3% v/v Triton-X100 in 0.1M PB pH 7.4 

Hydrogen Peroxide 0.3% v/v hydrogen peroxide in PBT 

Blocking Solution 3% v/v normal horse serum in PBT 

Carrier Solution 3% v/v normal horse serum in PBT 

Avidin-biotin Complex 0.02% v/v avidin and 0.02% peroxidase enzyme in PBT 

0.05 M Tris Buffer 6.1% Trizma base in distilled water and adjusted to pH 
7.6 with hydrochloric acid 

Diaminobenzidine tetrachloride 
nickel and hydrogen peroxide 
solution (DAB) 

0.025% w/v diaminobenzidine tetrachloride, 0.08% 
ammonium chloride, 2.5% w/v nickel sulphate and 
0.015% v/v hydrogen peroxide in 0.05 M Tris buffer 

 

Table 2.1 – Solutions used for perfusion-fixation, cryo-protection, sectioning and immunohistochemistry. 
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Figure 2.1 - Representative images of positive, negative and pre-absorption controls for the c-Fos 
primary antibody. A: Representative images of the SON (top panel) and PVN (bottom panel) of positive control 

rat brain sections incubated with the c-Fos primary rabbit antibody. B: Representative images of the SON (top 

panel) and PVN (bottom panel) of negative control rat brain sections incubated with pre-immunized rabbit serum. 

C: Representative images of the SON (top panel) and PVN (bottom panel) of pre-absorption control rat brain 
sections incubated with c-Fos primary antibody pre-absorbed with purified c-Fos peptide. SON: Bregma -0.72 

mm; PVN: Bregma -1.80 mm (Paxinos and Watson 2005). Scale bars represent 50 µm. 3rdV, third ventricle; OC, 

optic chiasm; PVN, paraventricular nucleus; SON, supraoptic nucleus.  
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Figure 2.2- Representative images of positive and negative and controls for the oxytocin and TH primary 
antibody. A: Representative images of SON (top panel) and PVN (bottom panel) positive control rat brain 
sections incubated with the oxytocin primary mouse antibody. B: Representative images of SON (top panel) and 

PVN (bottom panel) negative control rat brain sections incubated with pre-immunized mouse serum. C: 
Representative image of NTS positive control rat brain section incubated with the TH primary mouse antibody. D: 
Representative image of NTS negative control rat brain section incubated with pre-immunized mouse serum. 

SON: Bregma -1.08 mm; PVN: Bregma -1.80 mm; NTS: Bregma -14.04 mm (Paxinos and Watson 2005). SON 

and PVN scale bars represent 50 µm; NTS scale bar represents 100 µm. AP, area postrema; 3rdV, third ventricle; 

OC, optic chiasm; NTS, nucleus of the solitary tract; PVN, paraventricular nucleus; SON, supraoptic nucleus.  
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Brain Region Count Bregma Points (mm) 
No. Sections Counted 

per Brain 

SON 

c-Fos -0.72 to -1.08 3 - 4 

c-Fos Oxytocin & 

putative vasopressin 
-0.84 to -0.96 2 

PVN 

(magno & parvo) 

c-Fos -1.56 to -1.92 3 - 4 

c-Fos Oxytocin -1.72 to -1.80 2 

LH c-Fos -1.72 to -2.28 3 - 4 

ARC c-Fos -2.40 to -3.24 4 - 6 

VMH c-Fos -2.28 to -2.92 3 - 4 

DMH c-Fos -3.00 to -3.36 2 - 3 

SuM 

(SuMM & SuML) 

c-Fos -4.36 to -4.68 3 - 4 

c-Fos TH -4.36 to -4.44 2 

VTA c-Fos -4.80 to -5.04 1 - 2 

NTS 
c-Fos -13.68 to -14.16 3 - 4 

c-Fos TH -13.92 to -14.04 2 

 

Table 2.2 - The bregma points in which c-Fos expression was quantified for each brain region.Bregma 

point determined using a rat brain atlas (Paxinos and Watson 2005).   
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Figure 2.3 - Representative images of c-Fos positive nuclei and TH-immunoreactive cells with c-Fos 
positive or negative nuclei in the NTS. A: Representative image of c-Fos positive nuclei. B: Representative 

image of a TH-immunoreactive cell with a c-Fos positive nucleus. C: Representative image of a TH-

immunoreactive cell with a c-Fos negative nucleus. D: Representative image of a TH-immunoreactive cell that 
can’t be identified as c-Fos positive or c-Fos negative i.e. the nucleus is not clearly visible. E: Representative 

image of a c-Fos positive nucleus in a non-TH-immunoreactive cell. Bregma – 14.04 mm (Paxinos and Watson 

2005).  
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1.7 Statistical Analysis  

All data is expressed as mean ± standard error of the mean (SEM). The SEM is a 

measure of the precision of the mean and is calculated from the variability of the 

data (the standard deviation; SD) and the sample size (n; SEM = SD/(√n)). 

Therefore, a large SEM signifies an imprecise mean and a small SEM signifies a 

precise mean. 

GraphPad Prism 6.2 software was used to carry out all statistical analysis.  

 

2.7.1 Normality Testing  

The normality of data was tested using a D'Agostino & Pearson omnibus normality 

test. If the data passed the normality test (p > 0.05), it was assumed that the data 

was representative of a normally distributed population and parametric statistical 

tests were applied for analysis (Section 2.7.2). If the data did not pass the normality 

test (p < 0.05), it was assumed that the data is unlikely to be representative of a 

normally distributed population and non-parametric tests were applied for analysis 

(Section 2.7.3).  

 

2.7.2 Parametric Statistical Tests 

Parametric tests assume that the data is normally distributed. Therefore, parametric 

statistical tests were used to analyse data that passed normality testing. 

To test for differences between two unrelated groups of data i.e. different 

experimental groups, unpaired two-tailed Student’s t-tests were used.  

To test for differences between more than two groups of unrelated data, one-way 

analysis of variance (ANOVA) tests were used. To test for differences between more 

than two groups of related data, repeated measures one-way ANOVA tests were 

used. If a difference was detected, Bonferroni post hoc-tests were used to determine 

where in the data this difference lies. 

To test for differences between two or more groups of data at different time points, 

repeated measures two-way ANOVA tests were used. If a difference was detected, 
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Bonferroni post-hoc tests were used to determine where in the data this 

difference/differences lie.  

 

2.7.3 Non-Parametric Statistical Tests  

Non-parametric tests make no assumptions on the distribution of the data. 

Therefore, when data failed normality testing, non-parametric statistical tests were 

used for analysis. In cases where the sample size was too small to assess the 

distribution of the data, non-parametric tests were used.  

To test for differences between two unrelated groups of data, two-tailed Mann-

Whitney tests were used. To test for differences between two related groups of data, 

two-tailed Wilcoxon matched-pairs signed rank tests were used. 

To test for differences between more than two groups of unrelated data, Kruskal-

Wallis tests were used. To test for differences between more than two groups of 

related data, Friedman tests were used. If a difference was detected, Dunn’s 

multiple comparisons post-hoc tests were used to determine where this difference 

lies. 

 

2.7.4 Area Under the Curve  

The area under the curve (AUC) was used to simplify statistical analysis for data 

sets presented as curves, for example food intake between two experimental groups 

over time. The data curve for each individual animal was plotted and the total AUC 

was calculated for each animal. The total AUC value was then converted to 

AUC/day (total AUC/(no. days the data spanned - 1)). An experimental group mean 

was then calculated from the individual AUC values and the AUC experimental 

group means were statistically compared.  
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2.7.5 Linear Regression Analysis 

Linear regression analysis was used to determine whether there is a linear 

relationship between two independent sets of data. A linear regression p value was 

reported to determine whether the line is significantly different to a line with no 

correlation (slope = 0), where p < 0.05 signifies that the line is significantly different 

i.e. there is a relationship between the variables and p > 0.05 signifies that the line is 

not significantly different i.e. there is not a significant relationship between the 

variables. An R2 value was also reported as a measure of how well the data are 

fitted to the linear regression line. An R2 value of 1 implies that the data fits to the 

line perfectly.  

2.7.5.1 Correlating c-Fos Expression Between Two Brain Regions 

To my knowledge, no previously published study has shown correlations between c-

Fos expression in different brain regions. Therefore, in this thesis I have used a 

novel method of analysis to investigate functional connectivity between brain 

regions.  

There is evidence for connectivity between all brain regions that were correlated in 

this thesis, whether they are connected via direct projections and/or functional 

connectivity has been demonstrated. Therefore, it can be hypothesized that the 

activation of neurons in one region influences the activity of neurons in the other 

region, which may be detected through the quantification of c-Fos expression. For 

these correlations, all experimental groups were included in linear regression 

analysis as I wanted show that in general there is a correlation in c-Fos expression 

between two regions i.e. when c-Fos is low in one region, it is low in the other 

(controls) and when c-Fos is high in one region, it is high in the other (food 

consumption).  

There is a potential caveat in using this method; if c-Fos expression is drastically 

different between control and experimental groups i.e. there appears to be two 

separate populations, the control group may ‘anchor’ the linear regression line 

towards 0 and a significant correlation may be detected when in fact there is no 

correlation. In addition, it is recognised that without quantification of c-Fos 

expression in specific neuronal populations in both regions correlated, significant or 

strong correlations may not be detected. Furthermore, it is understood that the 

relationship between c-Fos expression in two brain regions may not be linear and 
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this may be especially relevant for the experiments in Chapter 5, where a potential 

ceiling effect for c-Fos expression may be occurring (see Section 5.7.6).  

2.7.6 Power Analysis 

Power analysis was used to determine the sample size required to detect a 

significant effect assuming that there is an effect. Where preliminary experiments 

were carried out, post-hoc power calculations were carried out on the data from 

these studies in order to estimate appropriate sample sizes for subsequent studies.  

To carry out power analysis, the amount of random variation in a population (the 

SD) and the effect size (the magnitude of the effect that is being measured) was 

estimated from preliminary data. The effect size was calculated using Cohen’s d 

index (d = ((test group mean – control group mean) / pooled SD)). This particular 

equation was used to calculate the effect size as the variation within the test and 

control groups in these experiments were similar and could be pooled (pooled SD = 

√ ((test SD2 + control SD2) / 2). In addition, it was assumed that a statistical power of 

80 % was sufficient, i.e. there is an 80 % probability that a significant difference will 

be detected if there is a difference. Furthermore, the type 1 error rate was set at the 

0.05 level, i.e. there is a 5 % probability that there is no significant effect, but by 

chance a difference is detected.  

For all power calculations, an online resource was used  

(http://www.statisticalsolutions.net/pssZtest_calc.php). 
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3 Investigating Homeostatic Compensation 

Following Palatable, High-sugar Food 
Consumption 

3.1 Introduction 

3.1.1 Background 

3.1.1.1 Caloric Compensation 

It is commonly believed that frequent consumption of palatable, energy-dense foods 

in addition to meals results in excessive energy intake and potentially weight gain in 

the long-term (see Swinburn, Caterson et al. 2004). It has been estimated that 

calories in snack foods consumed can contribute towards ~30 % of a persons total 

daily energy intake (Viskaal-van Dongen, Kok et al. 2010). However, currently there 

is no reliable evidence for a correlation between frequent snacking and body weight 

in humans whether the food is palatable and energy-dense or not. Some studies 

suggest a positive relationship (Berteus Forslund, Torgerson et al. 2005, Bes-

Rastrollo, Sanchez-Villegas et al. 2010) but others report no relationship (Field, 

Austin et al. 2004, Keast, Nicklas et al. 2010, Viskaal-van Dongen, Kok et al. 2010, 

O'Neil, Nicklas et al. 2015).  

It is possible that following the consumption of palatable, energy-dense foods in 

addition to meals, physiological mechanisms compensate for the additional calories 

consumed. This compensatory response could involve increased energy 

expenditure, where excess energy is utilised instead of stored. Alternatively (or in 

addition to changes in energy expenditure), compensatory responses could adjust 

calorie intake during subsequent meals, preventing overconsumption. This is termed 

‘caloric compensation’.  

Short-term caloric compensation for palatable, high-energy foods has been 

demonstrated in human subjects. Human subjects consuming a palatable chocolate 

milkshake (containing ~28 % of their average total daily calories) consumed fewer 

calories from other food sources on the same day to compensate for calories in the 
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milkshake (Timko, Juarascio et al. 2012). However, complete caloric compensation 

has not always been reported in human subjects (Soenen and Westerterp-

Plantenga 2007). 

Studies investigating caloric compensation in human subjects appear to be 

dependent on a number of experimental factors (see Almiron-Roig, Palla et al. 

2013). The most important of these is time between consumption of the ‘caloric pre-

load’ (i.e. food eaten in addition to meals) and the subsequent meal, where caloric 

compensation can be observed when the time between pre-load and subsequent 

meal is short (between 30-120 min; see Almiron-Roig, Palla et al. 2013). In addition, 

pre-load physical form (i.e. whether solid, semi-solid or liquid) is also an important 

factor. Caloric compensation can be observed when the pre-load is a solid/semi-

solid food and is often not when the pre-load is liquid (see Almiron-Roig, Palla et al. 

2013).  

Furthermore, a potential sex difference in the ability to calorically compensate has 

been reported, where male subjects can accurately compensate but female subjects 

are unable to fully compensate for caloric pre-loads (Davy, Van Walleghen et al. 

2007, Ranawana and Henry 2010). It is thought that sex differences in satiety 

processing by homeostatic brain regions or interactions between sex hormones and 

appetite-associated signals could be responsible for this (Davy, Van Walleghen et 

al. 2007). Furthermore, in both human subjects (Greenman, Golani et al. 2004) and 

rat models (Gayle, Desai et al. 2006) there is evidence for a sex difference in gut 

peptide secretion, for example the secretion of ghrelin from the gut is enhanced in 

females in comparison to males during fasting. To what extent this potential sex 

difference affects caloric compensation and the underlying mechanism remains 

unknown.  

3.1.1.2 Evidence for Caloric Compensation in Rodent Models 

A single study has demonstrated complete caloric compensation in rats with the 

daily consumption of palatable food. In response to the scheduled-feeding of a 

restricted amount of chocolate (containing ~37 % of average daily calorie intake), 

rats reduced their standard diet intake so that their total daily calorie intake is no 

different to controls (Merkestein, Brans et al. 2012).  

Other rodent models of regular palatable, energy-dense food consumption do not 

mimic eating snack foods in addition to meals, where pre-portioned convenience 
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foods tend to be eaten quickly in one sitting. Instead, animals are given unlimited 

access to palatable foods for relatively long periods of time (at least 2 hr). From 

these models, there is evidence for animals being unable to accurately calorically 

compensate for the energy in a palatable sucrose solution (Soto, Chaumontet et al. 

2015) or a palatable, high-fat food (Bake, Morgan et al. 2014) through a reduction in 

standard diet intake. Due to the potential variation in the amount of palatable food 

consumed between animals in these models, it is difficult to determine whether the 

amount of palatable food eaten influences the ability to calorically compensate or 

whether this is due to other factors, for example the physical form of palatable food.  

Despite this, there is evidence for complete caloric compensation in rodents using 

these models. Rats given 2 hr daily ad lib access to palatable high-fat vegetable 

shortening for 6 weeks (consuming ~20-30 % of daily calories from shortening) 

reduced energy intake from standard diet so that their total daily calorie intake and 

body weight was no different to controls (Corwin, Wojnicki et al. 1998). In addition, 

diet-induced obesity-resistant mice with 2 hr daily ad lib access to a palatable 

sucrose solution for 16 weeks, reduced calorie intake from standard diet so that their 

body weight and fat mass remained no different to controls (Soto, Chaumontet et al. 

2016). Furthermore, rats receiving 2 hr ad lib access to SCM each day for 5 weeks 

(consuming ~10 % of daily calories from SCM) showed no difference in weight gain 

in comparison to controls (Furlong, Jayaweera et al. 2014).  

3.1.2 Aim 

At present, caloric compensation is not well understood and has not been fully 

investigated and characterised using rodent models. Therefore, the primary aim of 

this chapter was to investigate caloric compensation in male and female rats 

schedule-fed moderate amounts of palatable1, high-sugar food (SCM) in addition to 

standard bland2 diet.   

                                                
1 The term palatable is generally used to describe a food that is energy dense, high in sugar 
and/or fat that animals show a preference for. It is not possible to measure the palatability of 2 The term bland diet is generally used to describe laboratory chow that is made up of 
multiple ‘bland tasting’ grains and little sugar and fat. In these experiments, I have used the 
term ‘bland’ to describe a standard maintenance diet that is low in sugar and fat.  
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Preliminary data showed that male rats are unable to fully calorically compensate for 

large amounts of SCM (Figure 3.1), suggesting that a limit to caloric compensation 

exists. This is termed ‘under-compensation’. Therefore, the mechanisms underlying 

under-compensation in response to the consumption of large amounts of SCM was 

also investigated.  

 

3.1.3 Hypotheses  

1. In response to the daily consumption of moderate amounts of SCM (containing 

~20 % of average daily calorie intake), rats will voluntarily reduce bland diet 

intake so that their total daily calorie intake and body weight is no different to 

controls.  

 

2. Female rats will not calorically compensate for energy in SCM as accurately as 

male rats i.e. females will under-compensate.  

 

3. Incomplete caloric compensation i.e. under-compensation, in response to the 

daily consumption of large amounts of SCM (containing ~ 67 % average total 

calorie intake) is due to rats defending bland diet intake to meet nutrient 

requirements.  
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Figure 3.1 - The effect of scheduled-feeding large quantities of SCM on bland food intake and total daily 
energy intake in male rats. All data is presented as mean ± SEM. Control group, n = 8; SCM access group, n = 

3. The Control group did not receive SCM access at any point throughout the experiment. From day 7 onwards, 
the SCM access group were schedule-fed 10 ml of 50 % SCM three times a day (at 10.00, 13.00 and 16.00; 

together containing ~67 % average daily calorie intake). A: Daily bland food intake (kcal) for Control and SCM 

access groups (Friedman Test comparing all other days to day 1 (p = 0.0013) with Dunn’s multiple comparisons 

for the SCM group across the experiment – unable to determine where the difference lies). B: Area under the 
curve (AUC) of bland food intake (kcal/day) for Control and SCM access groups during the SCM access period (* 

p = 0.012, Mann Whitney test). Data points indicated by shaded box in A were used to quantify the AUC for bland 

food intake. C: Total daily energy intake (kcal) for Control and SCM access groups (Friedman Test comparing all 
other days to day 1 (p = 0.0021) with Dunn’s multiple comparisons for the SCM group across the experiment – 

unable to determine where the difference lies). D: AUC of total daily energy intake (kcal/day) for Control and 

SCM access groups during the SCM access period (Mann Whitney test p = 0.07). Data points indicated by 

shaded box in C were used to quantify the AUC for total daily energy intake (Unpublished preliminary data, 
reproduced with permission).  

A B 

C D 
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3.2 Experiment 1: Behavioural Responses to the 
Consumption of Moderate Quantities of SCM in the Male 
and Female Rat 

3.2.1 Overview 

The aim of this experiment was to determine whether male and female rats could 

calorically compensate for calories consumed from SCM. It has been estimated that 

~30 % of a persons total daily energy intake can be from energy consumed from 

snack foods (Viskaal-van Dongen, Kok et al. 2010). Therefore, in this experiment 

rats were given moderate amounts of SCM containing ~20 % of their average daily 

calorie intake. Male and female rats were schedule-fed SCM daily in addition to ad 

lib bland diet access. Standard bland diet consumption and body weight was 

measured to directly and indirectly quantify caloric compensation respectively. Rats 

that did not receive SCM access and were maintained on ad lib bland diet were 

used as controls.  

SCM was used as it is high in sugar, contains a moderate amount of fat and most 

rats eat it readily when schedule-fed. SCM has a relatively high energy density 

(1.895 kcal/g) and it is a ‘real food’ rather than a single macronutrient (for example 

like commonly used sucrose solutions), which is essential when modelling the 

consumption of snack foods that contain multiple nutritional components.  

3.2.2 Methods 

3.2.2.1 Sample Size and Power 

Post-hoc power analysis was applied to data from preliminary studies where male (n 

= 3) and female (n = 5) rats were given access to moderate amounts of SCM 

containing ~20 % of their average daily calorie intake. See Table 3.1 for power 

analysis calculations and assumptions, and Section 2.7.6 for more details.  

It was estimated that a sample size of at least 4 rats per group for both males and 

females gives greater than an 80 % probability to detect significant caloric 

compensation for moderate amounts of SCM, if accurate caloric compensation 

indeed occurs. As it is not guaranteed that all animals will consistently eat the SCM, 
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I decided that 8 rats in each experimental group is a reasonable sample size to 

ensure that a sufficiently high number of rats consistently eat SCM. 

3.2.2.2 Animals 

16 female and 16 male Sprague-Dawley rats of 8-10 weeks old were used. Rats 

were single-housed and maintained on an ad lib bland diet and water throughout the 

experiment (see Sections 2.1.1 & 2.2.1.1).  

3.2.2.3 Oestrus Cycle 

In a preliminary study, oestrus cycle stage had no effect on bland diet intake and 

SCM consumption (Figure 3.2). Therefore, the estrus cycle was not controlled for 

during this experiment. 

3.2.2.4 Scheduled-feeding of SCM 

Male and female rats were divided into 2 groups matched by body weight: (1), 

‘Control’ (n = 8) and (2), ‘SCM access’ (n = 8).  

The experiment lasted for 26 days in total (days 0-25; see Figure 3.3 for a protocol 

schematic). Body weight, bland diet and water were measured at the same time 

daily for each rat between 09.00 and 10.00 (see Section 2.2.1.2). The male and 

female Control groups had no access to SCM throughout the experiment. On days 

9-18, the SCM access groups were fed a restricted amount of SCM at the same 

time each day (females from 10.00-10.15 and males from 10.15-10.30). The SCM 

contained ~20 % of the rats’ average daily calorie consumption: 6 ml containing 13.6 

kcal for females and 8.5 ml containing 19.3 kcal for males. The amount of SCM 

consumed by each rat was recorded daily and the kcal content calculated (see 

Section 2.2.2).  

Each SCM access period was video recorded and the latency to eat SCM (time 

between the bowl of SCM being placed on the cage floor and rats eating SCM), the 

time spent eating SCM (the total amount of time rats appeared to be eating SCM) 

and the number of bouts in which SCM was consumed (defined arbitrarily as periods 

of eating separated by at least 30 sec or more) were determined for each rat every 

day of the SCM access period.  
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3.2.2.5 Statistical Analysis  

One female rat did not eat the SCM and was excluded from analysis.  

All data are expressed as mean ± SEM. Normality of data was assessed using the 

D'Agostino & Pearson omnibus normality test (see Section 2.7.1).  

For the male data, to determine differences in bland diet intake or total energy intake 

within a single group with time, parametric repeated-measures one-way ANOVAs 

with Bonferroni post hoc tests were used (see Section 2.7.2). To quantify differences 

in bland diet intake or total energy intake between Control and SCM access groups 

before or during the SCM access period, the area under the curve (AUC) for each 

animal was calculated (see Section 2.7.4). For the SCM access period, data from 

days 13-18 were used for AUC analysis as rats ate all SCM on these days. The 

mean AUC of the Control and SCM access groups was then compared using 

parametric unpaired t-tests (see Section 2.7.2). To analyse body weight of the SCM 

access group across the experiment a one-way ANOVA cannot be used, as a 

difference will be detected due to the animals gaining weight due to normal growth. 

Instead, the percentage body weight change from day 1 to day 25 was calculated for 

each rat in Control and SCM access groups, and the group means then compared 

using a parametric unpaired t-test. To compare water intake across the experiment 

between Control and SCM access groups, the AUC was measured for each animal 

and the mean AUC for the groups were compared using unpaired t-tests.  

The female data was analysed in the same way. However, equivalent non-

parametric statistical tests were used (Friedman tests with Dunn’s multiple 

comparisons and Mann Whitney tests; see Section 2.7.3).  

SCM feeding behaviour measurements (latency, bouts and time spent eating) for 

both males and females were analysed in the same way. Due to the irregularity of 

rats consuming SCM at the beginning of the SCM access period or factors 

preventing these measurements from being taken, there was no rat with a complete 

set of SCM feeding behaviour measurements for every day of the SCM access 

period. Therefore, the AUC of feeding behaviour measurements was calculated for 

individual rats that consumed SCM for 3-4 consecutive days at the beginning and 

end of the SCM access period (between days 9-12 and 14-17 respectively). The 

mean AUC for the beginning and end of SCM access were then compared using a 

non-parametric Wilcoxon matched-pairs signed rank test (see Section 2.7.3). To 
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compare SCM feeding behaviour measurements between males and females, the 

AUC for the beginning or end of SCM access were compared using non-parametric 

Mann-Whitney tests (see Section 2.7.3). For these measurements, the number of 

animals analysed varies. Therefore, the sample size is stated in the figure legend. 
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 Mean Bland Diet Intake (kcal/day) 

Males Females 

No SCM Access SCM Access No SCM Access SCM Access 

n 3 3 5 5 

Mean 83.58 67.72 74.13 62.38 

SD 9.89 10.47 8.03 6.72 

Pooled SD 10.18 7.4 

Effect Size 1.56 1.59 

Alpha 0.05 0.05 

Power 77 % 94 % 

 

Table 3.1 - Retrospective power analysis values and assumptions for caloric compensation for the 
energy in moderate amounts of SCM in male and female rats. Effect size calculated using Cohen’s d index. 

The energy in SCM accounted for ~20 % of rats total daily energy intake. See Section 2.7.6 for more details.   
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Figure 3.2- The consumption of bland diet and restricted amounts of SCM with estrus cycle stage. To 
collect samples, mini plastic pastettes were used to slowly expel sterile water in and out of the vaginal canal. The 

samples were transferred onto glass slides and left to air-dry overnight. Slides were incubated in 0.1% w/v crystal 

violet for one min and then washed in double distilled water for 1 min (McLean, Valenzuela et al. 2012). Cover 
slips were applied using DPX mounting medium. Estrus cycle stage was determined by the ratio of various cell 

types present in the sample. Metestrus: predominantly leukocytes; Diestrus: mixture of leukocytes, epithelial and 

cornified cells; Proestrus: predominantly nucleated epithelial cells; Estrus: predominantly anucleated cornified 

cells (Marcondes, Bianchi et al. 2002). A: Schematic images of vaginal cytology for each stage of the rat estrus 
cycle. Scale bar represents 500 µm. B: Bland food consumption (kcal) with respect to estrus cycle stage (n = 5; 

Friedman Test (p = 0.066)) before SCM access. C: SCM consumption (kcal) with respect to estrus cycle stage (n 

= 5; Friedman Test (p = 0.73). There was also no significant difference in the latency to eat, the number of bouts 
(periods of eating separated by 30 sec or more) or the time spent eating SCM between the estrus cycle stages.  

A 

Diestrus 

Proestrus Estrus 
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Figure 3.3 - Protocol schematic of Experiment 1 SCM scheduled-feeding in male and female rats. n = 8 in 

each group. Rats were habituated to the bowl that SCM is presented in overnight for 2 days prior to SCM access. 

Water, bland diet and SCM intake was measured daily in addition to body weight.  
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3.2.3 Results 

The aim of this experiment was to determine whether rats could compensate 

calorically for the daily consumption of moderate amounts of SCM.  

There were 4 groups of rats in this experiment: 

1) Male Control group that did not receive SCM access at any point during the 

experiment.  

2) Male SCM Access group that was given access to moderate amounts of 

SCM each day during the SCM access period (containing ~20 % total daily 

energy intake). 

3) Female Control group that did not receive SCM access at any point during 

the experiment.  

4) Female SCM Access group that was given access to moderate amounts of 

SCM each day during the SCM access period (containing ~20 % total daily 

energy intake). 

3.2.3.1 SCM Intake 

In male rats, SCM consumption was consistent and on average they consumed 18.4 

± 0.3 kcal/day from SCM throughout days 13-18. One female rat did not eat SCM 

and was excluded from analysis. The remaining female rats ate SCM consistently 

and consumed on average 13.1 ± 0.4 kcal/day from SCM throughout days 13-18.  

3.2.3.2 Water Intake  

In male and female rats, water intake was not significantly different between Control 

and SCM groups throughout the experiment (males: p = 0.98; Control, 30.4 ± 2.1 

ml/day; SCM, 30.5 ± 1.4 ml/day; females: p = 0.52; Control, 23.1 ± 1.5 ml/day; SCM, 

21.1 ± 1.9 ml/day). 

3.2.3.3 Energy Intake 

24 hr energy intake from different food sources was recorded as a direct measure of 

caloric compensation. The AUC/day for energy intake before and during the SCM 

access period was calculated for each animal. Statistical comparisons for energy 

intake before and during the SCM access period were made using grouped AUC 

values.  
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The male Control group maintained a stable daily bland food intake across the 

experiment (p = 0.061; Figure 3.4A). During days 1-8 there were no significant 

differences in bland food intake between male Control and SCM access groups (p = 

0.71; Control, 92.9 ± 2.6 kcal/day; SCM, 91.41 ± 2.8 kcal/day). During the SCM 

access period, male rats reduced their bland food intake (p = 0.0009; Control, 95.1 ± 

2.8 kcal/day; SCM, 78.3 ± 2.8 kcal/day; Figure 3.4A & B). As a result, there was no 

significant difference in total daily calorie intake during the SCM access period in 

comparison to the Control group (p = 0.71; Control, 95.1 ± 2.8 kcal/day; SCM, 96.5 

± 2.6 kcal/day; Figure 3.4C & D).  

The female Control group maintained a stable bland food intake across the 

experiment (p = 0.17; Figure 3.5A). During days 1-8 there were no significant 

differences in bland food intake between female Control and SCM access groups (p 

= 0.91; Control, 65.6 ± 1.1 kcal/day; SCM, 65.1 ± 4.1 kcal/day). Female rats reduced 

their bland food intake during the SCM access period (p = 0.04; Control, 66.6 ± 1.9 

kcal/day; SCM, 54.6 ± 4.6 kcal/day; Figure 3.5A & B) so that their total daily calorie 

intake was not significantly different to the control group (p > 0.99; Control, 66.6 ± 

1.9 kcal/day; SCM, 67.7 ± 4.6 kcal/day; Figure 3.5C & D). 

3.2.3.4 Body Weight 

Body weight was recorded at the same time each day as an indirect measure of 

compensation. Throughout the experiment, there were no significant differences in 

body weight gain between male or female Control and SCM access groups (males: 

p = 0.8; Control, 21.9 ± 3.5 % increase; SCM, 20.6 ± 3.4 % increase; Figure 3.4E & 

F; females: p = 0.93; Control, 10.7 ± 1.2 % increase; SCM, 10.7 ± 1.7 % increase; 

Figure 3.5E & F). 

3.2.3.5 SCM Feeding Behaviour Measurements 

The AUC/day for the latency to eat SCM, the number of bouts SCM was eaten in 

and the time spent eating SCM was calculated at both the beginning and end of the 

SCM access period for both males and females. Grouped AUC values were used for 

statistical analysis.   

The latency for males to eat SCM significantly decreased as scheduled-feeding 

progressed (p = 0.016; beginning of SCM access, 96.3 ± 19 sec/day, n = 7; end of 

SCM access, 19.6 ± 6.2 sec/day, n = 7; Figure 3.6A & B). The number of bouts in 
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which SCM was consumed in and the time spent eating SCM for males was not 

significantly different between the beginning and end of SCM access (bouts: p = 

0.69; beginning of SCM access, 2.7 ± 0.3 bouts/day, n = 7; end of SCM access, 2.4 

± 0.3 bouts/day, n = 7; Figure 3.6C & D; time eating: p = 0.58; beginning of SCM 

access, 264.1 ± 12 sec/day, n = 7; end of SCM access, 246.6 ± 14.2 sec/day, n = 7; 

Figure 3.6E & F).  

The latency for females to eat SCM decreased by ~2-fold as scheduled-feeding 

progressed. However there was no significant difference between the latency to eat 

SCM between the beginning and end of SCM access (p = 0.09; beginning of SCM 

access, 74.5 ± 24.3 sec/day, n = 6; end of SCM access, 32.4 ± 8.4 sec/day, n = 6; 

Figure 3.6A & B). The number of bouts in which SCM was consumed in and the time 

spent eating SCM for females was not significantly different between the beginning 

and end of SCM access (bouts: p = 0.31; beginning of SCM access, 2.5 ± 0.2 

bouts/day, n = 5; end of SCM access, 2.1 ± 0.3 bouts/day, n = 5; Figure 3.6C & D; 

time eating: p > 0.99; beginning of SCM access, 228.2 ± 31.6 sec/day, n = 5; end of 

SCM access, 217.6 ± 7.3 sec/day, n = 5; Figure 3.6E & F). 

There were no significant differences in the latency to consume SCM, the number of 

bouts in which SCM was consumed or the time spent eating SCM between males 

and females during SCM access (latency: beginning of SCM access, p = 0.14; end 

of SCM access, p = 0.29; Figure 3.6A & B; bouts: beginning of SCM access, p = 

0.79; end of SCM access, p = 0.93; Figure 3.6C & D; time eating: beginning of SCM 

access, p = 0.2; end of SCM access, p = 0.11; Figure 3.6E & F).  

3.2.4 Results Summary 

• In response to the daily consumption of moderate amounts of SCM 

(containing ~20% of their average daily energy intake), both male and 

female rats reduce their 24 hr bland diet intake to accurately compensate for 

the energy in SCM. 

• As a result of accurate compensation, the body weight of male and female 

rats consuming SCM was no different to Controls.  

• For both males and females, the latency to eat SCM was higher at the 

beginning than the end of the SCM access period.  
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• There was no difference in the time spent eating SCM or the number of 

bouts SCM was consumed in throughout the SCM access period for males 

or females.   
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Figure 3.4 - The effect of scheduled-feeding of SCM on bland food intake, total daily energy intake and 
body weight in male rats. All data is presented as mean ± SEM. Control group, n = 8; SCM access group, n = 

8. A: Daily bland food intake (kcal) for Control and SCM access groups (* p < 0.05, repeated measures one-way 
ANOVA comparing all other days to day 1 (p < 0.0001) with Bonferroni for SCM access group across the 

experiment). B: Area under the curve (AUC) of bland food intake (kcal/day) for Control and SCM access groups 

during the SCM access period (* p = 0.0009, unpaired t-test). Data points indicated by shaded box in A were 

used to quantify the AUC for bland food intake. C: Total daily energy intake (kcal) for Control and SCM access 
groups (repeated measures one-way ANOVA comparing all other days to day 1 (p = 0.0014) with Bonferroni 

(unable to determine where any differences lie) for SCM access group across the experiment). D: AUC of total 

daily energy intake (kcal/day) for Control and SCM access groups during the SCM access period (unpaired t-test 
(p = 0.78)). Data points indicated by shaded box in C were used to quantify the AUC for total daily energy intake. 

E: Daily body weight (g) for Control and SCM access groups across the experiment. F: Percentage body weight 

change throughout the experiment for Control and SCM access groups (unpaired t-test (p = 0.8)). 
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Figure 3.5 - The effect of scheduled-feeding of SCM on bland food intake, total daily energy intake and 
body weight in female rats. All data is presented as mean ± SEM. Control group, n = 8; SCM access group, n = 

7. A: Daily bland food intake (kcal) for Control and SCM access groups (* p < 0.05, Friedman test comparing all 
other days to day 1 (p < 0.0001) with Dunn's multiple comparisons for SCM access group across the 

experiment). B: Area under the curve (AUC) of bland food intake (kcal/day) for Control and SCM access groups 

during the SCM access period (* p = 0.04, Mann Whitney test). Data points indicated by shaded box in A were 
used to quantify the AUC for bland food intake. C: Total daily energy intake (kcal) for Control and SCM access 

groups (Friedman test comparing all other days to day 1 (p = 0.067) with Dunn's multiple comparisons for SCM 

access group across the experiment). D: AUC of total daily energy intake (kcal/day) for Control and SCM access 

groups during the SCM access period (Mann Whitney test (p > 0.99)). Data points indicated by shaded box in C 
were used to quantify the AUC for total daily energy intake. E: Daily body weight (g) for Control and SCM access 

groups across the experiment. F: Percentage body weight change throughout the experiment for Control and 

SCM access groups (Mann Whitney test (p = 0.93)). 
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Figure 3.6 - Feeding behavior during the SCM access period for male and female rats. All data is presented 

as mean ± SEM. A: Latency to eat SCM (sec) for male and female rats across the SCM access period (for each 

data point n = 4-8). B: Area under the curve (AUC) of latency to eat SCM (sec/day) for male and female rats 

during the beginning and end of SCM access (males: * p = 0.016, Wilcoxon matched-pairs signed rank test, n = 
7; females: Wilcoxon matched-pairs signed rank test (p = 0.094), n = 6). Data points indicated by shaded boxes 

in A were used to quantify the AUC for latency. C: Number of bouts in which SCM was consumed per day for 

male and female rats across the SCM access period (for each data point n = 4-8). D: AUC of number of bouts in 
which SCM was consumed per day for male and female rats (males: Wilcoxon matched-pairs signed rank test (p 

= 0.69), n = 7; females: Wilcoxon matched-pairs signed rank test (p = 0.31), n = 5). Data points indicated by 

shaded box in C were used to quantify the AUC for the number of bouts. E: Time spent eating SCM (sec/day) for 

male and female rats across the SCM access period (for each data point n = 3-8). F: AUC of time spent eating 
SCM (sec/day) for male and female rats (males: Wilcoxon matched-pairs signed rank test (p = 0.56), n = 7; 

females: Wilcoxon matched-pairs signed rank test (p > 0.99), n = 5). Data points indicated by shaded box in E 

were used to quantify the AUC for time spent eating SCM. 

Beginning of 
SCM Access 

End of 
SCM Access 

Beginning of 
SCM Access 

End of 
SCM Access 

Beginning of 
SCM Access 

End of 
SCM Access 

A B 

D C 

E F 



 

Investigating Homeostatic Compensation Following Palatable, High-sugar Food Consumption 91 

3.3 Experiment 2: Behavioural Responses to the 
Consumption of Large Quantities of Protein-enriched 
SCM in the Male Rat 

3.3.1 Overview 

Preliminary data indicated that male rats are unable to calorically compensate for 

large amounts of SCM (containing ~67 % of average daily calorie intake; Figure 3.1) 

and this is termed ‘under-compensation’. Rats may continue to consume bland diet 

in addition to SCM to acquire essential nutrients that are present in the bland diet 

but not in SCM (i.e. rats may be homeostatically maintaining intake of specific 

nutrients). SCM is high in sugar and contains moderate amounts of fat. However, 

protein is an essential dietary requirement for rats (see Benevenga, Calvert et al. 

1996) and SCM is low in protein (Table 3.2). If rats were to fully compensate for 

these large amounts of SCM through a reduction in bland diet intake, rats would be 

consuming almost 40 % less protein daily than controls with an ad lib bland diet 

(Figure 3.7A & B). Therefore, the aim of this experiment was to determine whether 

enriching SCM with protein could prevent under-compensation in response to the 

consumption of large amounts of SCM. 

Rats were schedule-fed protein-enriched SCM alongside ad lib bland diet and bland 

diet intake and body weight were measured daily. Rats schedule-fed isocaloric 

‘unenriched’ SCM and rats receiving no SCM in addition to ad lib bland diet were 

used as controls.  

3.3.2 Methods 

3.3.2.1 Sample Size and Power 

Post-hoc power analysis was applied to data from preliminary studies where male (n 

= 3) rats were given access to large amounts of SCM containing ~60 % of their 

average daily calorie intake (data shown in Figure 3.1). See Table 3.3 for 

calculations and assumptions, and Section 2.7.6 for more details. 

It was estimated that a sample size of 2 rats per group gives an 80 % probability to 

detect under-compensation, if under-compensation indeed occurs. In this 

preliminary experiment only 3 out of 8 rats consumed these large amounts of SCM. 
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Therefore, I decided that 8 rats in each experimental group is a reasonable sample 

size to ensure a sufficient number of rats eat these large amounts of SCM. 

3.3.2.2 Animals 

24 male Sprague-Dawley rats of 8-10 weeks old were used. Rats were single-

housed and maintained on an ad lib bland maintenance diet and water throughout 

the experiment (see Sections 2.1.1 & 2.2.1.1).  

3.3.2.3 Scheduled-feeding of Unenriched and Protein-enriched 

SCM 

Rats were divided into 3 groups matched by body weight: (1), ‘Control’ (n = 8), (2), 

‘Unenriched SCM access’ (n = 8) and (3), ‘Protein-enriched SCM access’ (n = 8).  

The experiment lasted for 24 days in total (days 0-23; see Figure 3.8 for a protocol 

schematic). The Control group received no access to SCM throughout the 

experiment. During days 8-18, the Unenriched SCM access group were schedule-

fed a daily total of 30 ml of 50 % diluted SCM that contained 68.2 kcal. The Protein-

enriched SCM access group were schedule-fed a daily total of 30 ml of protein-

enriched SCM composed of 6.63 % w/v whey protein (Precision Engineered 

advanced pure whey protein, Holland and Barratt, UK) in 44 % diluted SCM. This 

contained a total of 67.9 kcal. Both the unenriched and protein-enriched SCM were 

presented in 10 ml volumes, three times a day for 30 min each (between 10.00-

11.00, 13.00-14.00 and 16.00-17.00). The calories in 30 ml of unenriched and 

protein-enriched SCM accounts for approximately 67 % of the rats average daily 

calorie intake (see Section 2.2.2). See Table 3.2 for the full nutritional contents of 

unenriched and protein-enriched SCM. 

Each SCM access period was video recorded and the latency to eat SCM was 

determined for each rat, each day for the first SCM access period only (10.00-

11.00).  

3.3.2.4 Blood Collection and Plasma Leptin ELISA 

On day 19, following the final day of SCM access, 200 µm of blood was collected 

from each rat via tail artery nick (see Section 2.5.1). Blood was collected into EDTA 

coated capillary tubes and cooled on ice before being centrifuged at 14000 RPM for 

10 min at room temperature. Plasma was separated from the pellet and frozen at -
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80 °C (see Section 2.5.3). Plasma was thawed, vortex-mixed and leptin was 

measured using an ELISA kit (Leptin (rat) ELISA, EIA-4607, DRG Diagnostics; inter-

assay variability, ~3-4 %). Plasma samples were ran in duplicate and the 

concentration of each sample was interpolated from a standard leptin curve. For one 

sample in the Control group, intra-assay variability was >10 %. Therefore, this data 

point was excluded. Intra-assay variability for the remaining samples was <10 %.  

3.3.2.5 Statistical Analysis 

All data are expressed as mean ± SEM. Normality of data was assessed using the 

D'Agostino & Pearson omnibus normality test (see Section 2.7.1). 

To determine differences in water, energy intake (bland and total), nutrient intake or 

body weight between groups throughout the experiment, parametric repeated 

measures two-way ANOVA’s with Bonferroni were used (see Section 2.7.2).  

To quantify differences in energy intake (bland and total) and nutrient intake 

between Control and SCM access groups before or during the SCM access period, 

the area under the curve (AUC) for each animal was calculated (see Section 2.7.4). 

For the SCM access period, data from days 12-18 were used for AUC analysis as 

rats consistently ate all unenriched/protein-enriched SCM on these days. The mean 

AUC of the Control and SCM access groups was then compared using parametric 

one-way ANOVA with Bonferroni post-hoc tests (see Section 2.7.2).  

The percentage body weight change from day 1 to day 25 was calculated for each 

rat in Control and SCM access groups, and the group means then compared using a 

parametric one-way ANOVA with Bonferroni post-hoc tests. A parametric one-way 

ANOVA was also used to determine differences in plasma leptin between the 

groups. Linear regression analysis (R2 and deviation from a line with no correlation) 

was carried out to determine the relationship between body weight and plasma 

leptin for each animal (see Section 2.7.5).  

The latency to eat SCM was analysed as described in Experiment 1  



94    Investigating Homeostatic Compensation Following Palatable, High-sugar Food Consumption 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.2 - Bland and Palatable Food Nutritional Content. Calorie and major nutrient content of 1g of bland 

diet, unenriched SCM, protein-enriched SCM and fibre-enriched SCM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Food Energy 
(kcal) 

Protein 
(g) 

Fibre 
(g) 

Carbohydrate 
(g) 

Sugar 
(g) 

Fat (g) 

Bland diet 
(RM1) 

 

3.28 0.1292 0.1705 0.6173 0.0405 0.0247 

Unenriched 
SCM 

 

1.895 0.0365 0 0.2800 0.2800 0.04 

Protein-
enriched SCM 

 

1.887 0.0732 0.0003 0.0044 0.2473 0.0345 

Fibre-enriched 
SCM 

 

1.89 0.0315 0.1 0.0195 0.2414 0.0345 
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 Mean Bland Diet Intake (kcal/day) 

No SCM Access SCM Access 

n 3 3 

Mean 89.76 109.39 

SD 9.89 9.3 

Pooled SD 9.6 

Effect Size 2.05 

Alpha 0.05 

Power 94 % 

 

Table 3.3 - Retrospective power analysis values and assumptions for caloric compensation for the 
energy in large amounts of SCM in male rats. Effect size calculated using Cohen’s d index. The energy in 

SCM accounted for ~60 % of rats total daily energy intake. See Section 2.7.6 for more details.    
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Figure 3.7 - Estimated protein and fibre intake if rats fully calorically compensated for large amounts of 
SCM. In this model rats consume 100 kcal per day from bland diet. Rats in the Control group do not receive SCM 

access at any point in the experiment. From day 9 onwards, rats in the SCM access group are schedule-fed a 

large amount of SCM each day (containing ~65 % average daily calorie intake). A: Daily bland food intake (kcal) 

for Control and SCM access groups. In order for rats to calorically compensate for large amounts of SCM, they 
have to dramatically reduce bland food consumption. B: Daily protein intake (g) for Control and SCM access 

groups. If rats calorically compensated for large quantities of SCM, protein intake would decrease by ~40 %. C: 
Daily fibre intake (g) for Control and SCM access groups. If rats calorically compensated for large quantities of 
SCM, fibre intake would decrease by ~68 %. 

A 

B 

C 
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Figure 3.8 - Protocol schematic of Experiment 2 unenriched and protein-enriched SCM scheduled-
feeding in male rats. n = 8 in each group. Rats were habituated to the SCM bowl overnight for 2 days prior to 

SCM access. Water, bland diet and unenriched/enriched SCM intake was measured daily in addition to body 
weight.  
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3.3.3 Results 

The aim of this experiment was to determine whether rats consuming surplus 

energy in the form of SCM defend bland diet intake to meet protein needs.  

There were 3 groups of rats in this experiment: 

1) Control group that did not receive SCM access at any point during the 

experiment.  

2) Unenriched SCM Access group that was given access to large amounts of 

‘unenriched’ SCM each day during the SCM access period (containing ~70 

% total daily energy intake). 

3) Protein-enriched SCM Access group that was given access to large amounts 

of ‘protein-enriched’ SCM each day during the SCM access period 

(containing ~70 % total daily energy intake).  

3.3.3.1 SCM Intake 

All rats reliably consumed SCM throughout the SCM access period. There was no 

significant difference in energy consumed from SCM between the Unenriched and 

Protein-enriched groups during days 12-18 (p = 0.63; 68.3 ± 0.6 and 67.4 ± 1.7 

kcal/day respectively). 

3.3.3.2 Latency to Eat SCM 

The latency to eat SCM was measured for SCM access between 10.00-11.00 daily. 

The AUC/day for the latency to eat SCM was calculated both at the beginning and 

end of the SCM access period. Grouped AUC values were used for statistical 

analysis. For the Unenriched group, the latency to eat SCM decreased as 

scheduled-feeding progressed. However, this was not significant (p = 0.27; 

beginning of SCM access, 54.9 ± 40.2 sec/day; end of SCM access, 6.2 ± 0.6 

sec/day). For the Protein-enriched group, the latency to eat SCM also decreased as 

scheduled-feeding progressed. However, this was not significant (p = 0.1; beginning 

of SCM access, 32.9 ± 14.1 sec/day; end of SCM access, 10.3 ± 4 sec/day). There 

was no significant difference in the latency to eat SCM between Unenriched and 

Protein-enriched groups during scheduled-feeding (beginning of SCM access, p = 

0.62; end of SCM access, p = 0.33).  
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3.3.3.3 Water Intake 

Total water intake throughout the experiment was not significantly different between 

Control, Unenriched and Protein-enriched SCM access groups (p = 0.69; Control, 

34.7 ± 1.5 ml/day; Unenriched, 37.8 ± 3.5 ml/day; Protein-enriched, 35.2 ± 2.8 

ml/day). 

3.3.3.4 Energy Intake 

The AUC/day for energy intake before and during the SCM access period was 

calculated for each animal. Statistical comparisons for energy intake before and 

during the SCM access period were made using grouped AUC values.  

The control group maintained a stable bland food intake across the experiment (p = 

0.15; Figure 3.9A). Before SCM access, there was no significant difference in bland 

food intake between Control, Unenriched and Protein-enriched SCM access groups 

(p = 0.37; Control, 105.8 ± 1.6 kcal/day; Unenriched, 111.9 ± 2.5 kcal/day; 109.9 ± 

4.3 kcal/day; Figure 3.9A).  

During the SCM access period, the Unenriched and Protein-enriched groups ate 

less bland diet than the Control group (p < 0.0001 and p < 0.0001 respectively; 

Control, 102.1 ± 3.1 kcal/day; Unenriched, 60.9 ± 2.7 kcal/day; Protein-enriched, 

59.7 ± 3; Figure 9A & B). There was no significant difference in bland food intake 

between the Unenriched and Protein-enriched groups (p > 0.99; Figure 3.9A & B).  

Total energy intake was higher in the Unenriched and Protein-enriched groups 

during the SCM access period than Controls (p < 0.0001 and p < 0.0001 

respectively; Control, 102.1 ± 3.1 kcal/day; Unenriched, 132 ± 3.3 kcal/day; Protein-

enriched, 131.7 ± 3.4; Figure 3.9C & D). There was no significant difference in total 

energy intake between Unenriched and Protein-enriched groups (p > 0.99; Figure 

3.9C & D).  

3.3.3.5 Nutrient Intake 

The AUC/day for nutrient intake before and during the SCM access period was 

calculated for each animal. Statistical comparisons for nutrient intake before and 

during the SCM access period were made using grouped AUC values.  

Daily nutrient consumption was calculated from total daily food intake (bland diet 

and Unenriched/Protein-enriched SCM; for details on nutrient contents see Table 
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3.2). Protein intake during the SCM access period was lower in the Unenriched 

group than in the Control group (p = 0.03; Control, 4 ± 0.1 g/day; Unenriched, 3.6 ± 

0.1 g/day; Figure 3.10A & B). However, protein intake for the Protein-enriched group 

was higher than in the Control group (p = 0.003; Control, 4 ± 0.1 g/day; Protein-

enriched, 4.7 ± 0.1 g/day; Figure 3.10A & B).  

Fibre intake during the SCM access period was significantly lower in both the 

Unenriched and Protein-enriched groups than Controls (p < 0.0001 and p < 0.0001 

respectively; Control, 5.3 ± 0.2; Unenriched, 3.2 ± 0.1; Protein-enriched, 3.1 ± 0.2; 

Figure 3.10C & D). There was no significant difference in fibre intake between the 

Unenriched and Protein-enriched groups (p > 0.99; Figure 3.10C & D).  

Fat intake during the SCM access period was significantly higher in the Unenriched 

and Protein-enriched groups than Controls (p < 0.0001 and p < 0.0001 respectively; 

Control, 0.8 ± 0.03 g/day, Unenriched, 1.8 ± 0.03 g/day; Protein-enriched, 1.7 ± 0.03 

g/day; Figure 3.11A & B). There was no significant difference in fat intake between 

the Unenriched and Protein-enriched groups (p > 0.99; Figure 3.11A & B).  

Sugar intake during the SCM access period was higher in the Unenriched and 

Protein-enriched groups than in the Control group (p < 0.0001 and p = 0.0009 

respectively; Control, 1.3 ± 0.04 g/day; Unenriched, 9.5 ± 0.1 g/day; Protein-

enriched, 8.4 ± 0.1 g/day; Figure 3.11C & D). Sugar intake for the Unenriched group 

was also higher than in the Protein-enriched group (p < 0.0001; Figure 3.11C & D).   

3.3.3.6 Body Weight and Plasma Leptin 

There were no significant differences in body weight between the groups (p = 0.63; 

Figure 3.12A & B). In addition, there were no significant differences in percentage 

body weight change between the groups (p = 0.14; Control, 20.6 ± 1.2 % increase; 

Unenriched, 25.9 ± 1.8 % increase; Protein-enriched, 23.8 ± 1.9 % increase; Figure 

3.12C).  

On day 19 (the day following the last day of SCM access), plasma leptin was 

measured as an indirect indicator of adiposity. There was an increase in the mean 

plasma leptin concentration between the Control and Unenriched groups following 

the SCM access period (p = 0.04; Control, 8.4 ± 1.1 ng/ml; Unenriched, 13.5 ± 1.9 

ng/ml; Figure 3.12D). There was no significant difference in the mean concentration 

of plasma leptin between the Control and Protein-enriched groups (p > 0.99; 

Control, 8.4 ± 1.1 ng/ml; Protein-enriched, 9.9 ± 0.6 ng/ml; Figure 3.12D). However, 
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two rats in the Unenriched group had a plasma leptin concentration that was ~2-fold 

higher than the mean plasma leptin concentration for other rats in the same group 

(rat 1, 20.5 ng/ml; rat 2, 21.8 ng/ml; other rats, 9.7 ± 0.5 ng/ml; Figure 3.12D). In 

addition, one rat in the Control group also had a plasma leptin concentration ~2-fold 

higher than the mean plasma leptin concentration for other rats in the same group 

(15.1 ng/ml; other rats, 7.3 ± 0.8 ng/ml; Figure 3.12D). For all rats there was a 

positive trend between body weight and plasma leptin. However, this correlation was 

not significant with or without the 3 rats with high plasma leptin concentrations 

excluded (rats excluded: slope, +0.02 ± 0.01; R2 = 0.18; p = 0.063; all rats: slope, 

+0.04 ± 0.02; R2 = 0.14; p = 0.079; Figure 3.12E). 

3.3.4 Results Summary 

• Male rats consuming large amounts of SCM daily (containing ~70 % total 

daily energy intake) are unable to reduce their 24 hr bland diet intake enough 

to fully calorically compensate for the energy in these amounts of SCM. 

• Enriching the SCM with a surplus of protein did not enhance the ability of 

rats to fully calorically compensate for these amounts of SCM.    

• This under-compensation for large amounts of protein-enriched SCM results 

in a significant increase in total daily energy intake, daily fat and sugar 

consumption, but significantly decreases daily fibre consumption in 

comparison to Controls.  

• In this experiment, under-compensation for large amounts of SCM in the 

short term did not significantly influence body-weight, but may have 

influenced plasma leptin concentrations for a small number of animals.  
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Figure 3.9 - The effect of scheduled-feeding of unenriched and protein-enriched SCM on bland food 
intake and total daily energy intake in male rats. All data is presented as mean ± SEM. All groups n = 8. A: 
Daily bland food intake (kcal) for Control, Unenriched and Protein-enriched SCM access groups (* p < 0.05 

Control vs. Unenriched, # p < 0.05 Control vs. Protein-enriched, repeated measures two-way ANOVA with 

Bonferroni (p = 0.0002)). B: Area under the curve (AUC) of bland food intake (kcal/day) for Control, Unenriched 

and Protein-enriched SCM access groups during the SCM access period (* p < 0.05, one-way ANOVA with 
Bonferroni (p < 0.0001)). Data points indicated by shaded box in A were used to quantify the AUC for bland food 

intake. C: Total daily energy intake (kcal) for Control, Unenriched and Protein-enriched SCM access (* p < 0.05 

Control vs. Unenriched, # p < 0.05 Control vs. Protein-enriched, repeated measures two-way ANOVA with 
Bonferroni (p = 0.0019)). D: AUC of total daily energy intake (kcal/day) for Control, Unenriched and Protein-

enriched SCM access groups during the SCM access period (* p < 0.05, one-way ANOVA with Bonferroni (p < 

0.0001)). Data points indicated by shaded box in C were used to quantify the AUC for total daily energy intake.  

B 

D C 

A 
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Figure 3.10- The effect of scheduled-feeding of unenriched and protein-enriched SCM on protein and 
fibre consumption in male rats. Data is presented as mean ± SEM. All groups n = 8. A: Daily protein 

consumption (g) for Control, Unenriched and Protein-enriched SCM access groups (* p < 0.05 Control vs. 

Unenriched, # p < 0.05 Control vs. Protein-enriched, repeated measures two-way ANOVA with Bonferroni (p = 
0.01)). B: AUC of protein intake (g/day) for Control, Unenriched and Protein-enriched SCM access groups (* p < 

0.05, one-way ANOVA with Bonferroni (p < 0.0001)). Data points indicated by shaded box in A were used to 

quantify the AUC. C: Daily fibre consumption (g) for Control, Unenriched and Protein-enriched SCM access 
groups (* p < 0.05 Control vs. Unenriched, # p < 0.05 Control vs. Protein-enriched, repeated measures two-way 

ANOVA with Bonferroni (p = 0.0002)). D: AUC of fibre intake (g/day) for Control, Unenriched and Protein-

enriched SCM access groups (* p < 0.05, one-way ANOVA with Bonferroni (p < 0.0001)). Data points indicated 

by shaded box in C were used to quantify the AUC.  

A B 

C D 
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Figure 3.11 - The effect of scheduled-feeding of unenriched and protein-enriched SCM on fat and sugar 
consumption in male rats. Data is presented as mean ± SEM. All groups n = 8. A: Daily fat consumption (g) for 

Control, Unenriched and Protein-enriched SCM access groups (* p < 0.05 Control vs. Unenriched, # p < 0.05 
Control vs. Protein-enriched, repeated measures two-way ANOVA with Bonferroni (p < 0.0001)). B: AUC of fat 

intake (g/day) for Control, Unenriched and Protein-enriched SCM access groups (* p < 0.05, one-way ANOVA 

with Bonferroni (p < 0.0001)). Data points indicated by shaded box in A were used to quantify the AUC. C: Daily 

sugar consumption (g) for Control, Unenriched and Protein-enriched SCM access groups (* p < 0.05 Control vs. 
Unenriched, # p < 0.05 Control vs. Protein-enriched, repeated measures two-way ANOVA with Bonferroni (p < 

0.0001)). D: AUC of sugar intake (g/day) for Control, Unenriched and Protein-enriched SCM access groups (* p < 

0.05, one-way ANOVA with Bonferroni (p < 0.0001)). Data points indicated by shaded box in C were used to 
quantify the AUC.  
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Figure 3.12 - The effect of scheduled-feeding of unenriched and protein-enriched SCM on body weight 
and plasma leptin in male rats. Data is presented as mean ± SEM. All groups n = 8. A: Daily body weight (g) 

for Control, Unenriched and Protein-enriched SCM access groups across the experiment (repeated measures 

two-way ANOVA (p = 0.63). B: Same data as A with different Y-axis scale. C: Percentage body weight change 
throughout the experiment for Control, Unenriched and Protein-enriched SCM access groups (one-way ANOVA 

(p = 0.14)). D: Plasma leptin (ng/ml) after scheduled-feeding of SCM (day 19) for Control, Unenriched and 

Protein-enriched SCM access groups (* p < 0.05, one-way ANOVA with Bonferroni (p = 0.036)). Data presented 
as mean ± SEM with individual data points superimposed. E: Correlation between body weight (g) and plasma 

leptin (ng/ml) for all rats on day 19 (slope, +0.04 ± 0.02; R2 = 0.14; p = 0.079). Rats within the Unenriched group 
with high plasma leptin concentrations highlighted in green. Rat in the Control group with high plasma leptin 

highlighted in grey.  
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3.4 Experiment 3: Behavioural Responses to the 
Consumption of Large Quantities of Fibre-enriched SCM 
in the Male Rat 

3.4.1 Overview 

SCM contains no fibre. If rats were to fully compensate for large amounts of SCM 

through a reduction in bland diet intake, rats would be consuming ~70 % less fibre 

daily (Figure 3.7A & C). Fibre is classified as a ‘potentially beneficial dietary 

constituent’ for rats (see Benevenga, Calvert et al. 1996) and it is not known 

whether rats would actively seek to acquire dietary fibre if they were previously 

consuming a diet with a higher fibre content. However, due to the drastic reduction 

in fibre intake if rats calorically compensated for large amounts of SCM, it was 

investigated whether rats continue to consume bland diet in addition to large 

amounts of SCM to gain fibre. The aim of this experiment was to determine whether 

enriching the SCM with fibre could prevent under-compensation in response to the 

consumption of large amounts of SCM.  

Rats were schedule-fed fibre-enriched SCM alongside ad lib bland diet and bland 

diet intake and body weight were measured daily. Rats schedule-fed isocaloric 

‘unenriched’ SCM and rats receiving no SCM in addition to ad lib bland diet were 

used as controls.  

3.4.2 Methods 

For details on sample size and power for this experiment see Section 3.3.2.1. 

3.4.2.1 Animals  

24 male Sprague-Dawley rats of 8-10 weeks old were used. Rats were single-

housed and maintained on an ad lib bland maintenance diet and water throughout 

the experiment (see Sections 2.1.1 & 2.2.1.1).  

3.4.2.2 Scheduled-feeding of Unenriched and Fibre-Enriched 

SCM  

Rats were divided into 3 groups matched by body weight: (1), ‘Control’ (n = 8), (2), 

‘Unenriched SCM access’ (n = 8) and (3), ‘Fibre-enriched SCM access’ (n = 8).  
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The experiment lasted for 24 days in total (days 0-23; see Figure 3.13 for a protocol 

schematic). The Control group received no access to SCM throughout the 

experiment. During days 8-18, the Unenriched SCM access group were schedule-

fed a daily total of 30 ml of 50 % diluted SCM containing 68.2 kcal. The Fibre-

enriched SCM access group were schedule-fed a daily total of 30 ml of fibre-

enriched SCM composed of 7.69 % w/v fibre supplement powder (Benefiber® food 

supplement, Novartis, UK) in 44 % diluted SCM. This contained a total of 68.0 kcal. 

Both the unenriched and fibre-enriched SCM were presented in 10 ml volumes, 

three times a day for 30 min each (between 10.00-11.00, 13.00-14.00 and 16.00-

17.00). The calories in 30 ml of unenriched and protein-enriched SCM accounts for 

approximately 69 % of the rats average daily calorie intake (see Section 2.2.2). See 

Table 3.2 for the full nutritional contents of the unenriched and fibre-enriched SCM). 

Each SCM access period was video recorded and the latency to eat SCM was 

determined for each rat every day of the SCM access period.  

3.4.2.3 Blood Collection and Plasma Leptin ELISA 

On day 19, the day following the last day of SCM access, blood was sampled via tail 

nick, plasma collected and leptin measured (as described in Section 3.2.2.5). Blood 

glucose was also measured in freshly drawn blood using a commercial hand-held 

glucose meter (ACCU-CHEK® Aviva, Roche).  

3.4.2.4 Statistical Analysis 

4 rats in the Unenriched SCM access group and 6 rats in the Fibre-enriched SCM 

access group did not consistently eat the SCM and were excluded from the majority 

of analysis (see Section 3.3.3.1). Therefore, the number of rats in each group were: 

Control, n = 8; Unenriched SCM, n = 4; Fibre-enriched SCM, n = 2 (FE1 and FE2).    

Data for the Control and Unenriched SCM access groups are expressed as mean ± 

SEM. Normality of this data was assessed using the D'Agostino & Pearson omnibus 

normality test (see Section 2.7.1). As only 2 rats ate all the Fibre-enriched SCM, 

each rat was plotted individually alongside the group mean ± SEM of the Control 

and Unenriched groups.  

To determine differences in bland food intake for the Control group across the whole 

experiment, a parametric repeated measures one-way ANOVA was used (see 

Section 2.7.2). To quantify differences in energy intake (bland and total) and nutrient 
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intake during the SCM access period between Control and Unenriched groups, the 

area under the curve (AUC) was measured for each rat and group means were 

compared using non-parametric Mann Whitney tests (see Sections 2.7.4 and 2.7.3). 

The AUC for FE1 and FE2 were also calculated for comparison. Percentage body 

weight change across the experiment was calculated for Control and Unenriched 

groups and means compared using a non-parametric Mann Whitney test. 

Percentage body weight change for FE1 and FE2 was also calculated for 

comparison. Plasma leptin and blood glucose between Control and Unenriched 

groups was also compared using non-parametric Mann Whitney tests. Linear 

regression analysis (R2 and deviation from a line with no correlation) was carried out 

to determine the relationship between body weight and plasma leptin (see Section 

2.7.5). 

The latency to eat SCM was analysed as described in Experiment 1. The AUC for 

latency to eat SCM at the beginning and end of the SCM access period for FE1 and 

FE2 was also calculated for comparison.  
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Figure 3.13 - Protocol schematic of Experiment 3 unenriched and fibre-enriched SCM scheduled-feeding 
in male rats. Control group, n = 8; Unenriched SCM access group, n = 8; Fibre-enriched SCM access group, n = 

8. Rats were habituated to the SCM bowl overnight for 2 days prior to SCM access. Water, bland diet and 
unenriched/enriched SCM intake was measured daily in addition to body weight.  
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3.4.3 Results 

The aim of this experiment was to determine whether rats defend bland diet intake 

to meet fibre needs.  

There were 3 groups of rats in this experiment: 

1) Control group that did not receive SCM access at any point during the 

experiment.  

2) Unenriched SCM Access group that was given access to large amounts of 

‘unenriched’ SCM each day during the SCM access period (containing ~70 

% total daily energy intake). 

3) Fibre-enriched SCM Access group that was given access to large amounts 

of ‘protein-enriched’ SCM each day during the SCM access period 

(containing ~70 % total daily energy intake). 

3.4.3.1 SCM Intake 

SCM intake for both Unenriched and Fibre-enriched groups was highly variable and 

inconsistent between animals. For all animals (including those excluded) SCM 

consumption gradually increased during days 8-13 (Figure 3.14A). During days 14-

18, calories consumed from SCM were higher for all animals (including those 

excluded) in the Unenriched group in comparison to the Fibre-enriched group (61.3 

± 2.9 kcal/day (n = 8) and 49.5 ± 3 kcal/day (n = 8) respectively; Figure 3.14A). Only 

4 rats in the Unenriched group and 2 rats in the Fibre-enriched group (FE1 and FE2) 

consistently ate the full 68 kcal of SCM presented throughout the SCM access 

period (Figure 3.14B). Other rats were excluded from analysis. With rats excluded, 

the Unenriched group, FE1 and FE2 consumed similar amounts of SCM during days 

14-18 (Unenriched, 64.2 ± 4.6 kcal/day; FE1, 64.8 kcal/day; FE2, 65.3 kcal/day; 

Figure 3.14B).  

3.4.3.2 Latency to Eat SCM 

The latency to eat SCM was measured for SCM access between 10.00-11.00 daily. 

The AUC/day for the latency to eat SCM was calculated both at the beginning and 

end of the SCM access period. Grouped AUC values were used for statistical 

analysis.  In the Unenriched group, the latency to eat SCM decreased by ~5 fold as 

scheduled-feeding progressed. However, this was not significant (p = 0.13; 

beginning of SCM access, 50.9 ± 14.9 sec/day, n = 4; end of SCM access, 9.3 ± 3.4 
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sec/day, n = 4). The latency to eat SCM for FE2 was similar to the Unenriched 

group (beginning of SCM access, 42.7 sec/day; end of SCM access, 9 sec/day). 

The latency to eat SCM for FE1 was lower than the Unenriched group and FE2 at 

the beginning of scheduled-feeding (7.3 sec/day), but also decreased as scheduled-

feeding progressed (4 sec/day).  

3.4.3.3 Water Intake 

Across the experiment there was no significant difference in water intake between 

Control and Unenriched groups (p = 0.9; Control, 32.01 ± 2.4 ml/day, n = 8; 

Unenriched, 30.4 ± 2.5 ml/day, n = 4). FE1 and FE2 had a similar water intake to 

Control and Unenriched groups (27.2 and 26.5 ml/day respectively).   

3.4.3.4 Energy Intake 

The AUC/day for energy intake before and during the SCM access period was 

calculated for each animal. Statistical comparisons for energy intake before and 

during the SCM access period were made using grouped AUC values.  

The Control group maintained a stable bland food intake throughout the experiment 

(p > 0.99; Figure 3.15A). Before the SCM access period the Control and Unenriched 

group had the same bland food intake (p = 0.8; Control, 97 ± 5.1 kcal/day, n = 8; 

Unenriched, 98.4 ± 5.5 kcal/day, n = 4; Figure 3.15A). FE1 and FE2 had a similar 

bland food intake during this period (98.5 and 98.5 kcal/day respectively; Figure 

3.15A). During the SCM access period, the Unenriched group reduced their bland 

food intake in comparison to the Control group (p = 0.004; Control, 97 ± 7 kcal/day, 

n = 8; Unenriched, 56.2 ± 4.7 kcal/day, n = 4; Figure 3.15A & B). FE1 and FE2 also 

reduced their bland food intake to a similar amount as the Unenriched group (57.1 

and 51.6 kcal/day respectively; Figure 3.15A & B).  

The total energy intake of the Unenriched group was higher than the Control group 

during the SCM access period, but this difference was non-significant (p = 0.1; 

Control, 95.5 ± 7 kcal/day, n = 8; Unenriched, 116.5 ± 4.5 kcal/day, n = 4; Figure 

3.15C & D). FE1 and FE2 also had increased energy intake during this period 

similar to the Unenriched group (118.5 and 115.7 kcal/day respectively; Figure 

3.15C & D).  
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3.4.3.5 Nutrient Intake  

The AUC/day for nutrient intake before and during the SCM access period was 

calculated for each animal. Statistical comparisons for nutrient intake before and 

during the SCM access period were made using grouped AUC values.  

Fibre intake during the SCM access period was lower for the Unenriched group in 

comparison to the Control group (Control, 5 ± 0.4 g/day, n = 8; Unenriched, 2.7 ± 

0.3, n = 4; p = 0.004; Figure 3.16A & B). FE1 and FE2 had a fibre intake similar to 

the Control group (5.6 and 5.5 g/day respectively; Figure 3.16A & B).  

Protein intake was lower during the SCM access period for the Unenriched group 

than the Control group. However, this difference was not significant (p = 0.2; 

Control, 3.8 ± 0.3 g/day, n= 8; Unenriched, 3.1 ± 0.2, n = 4; Figure 3.16C & D). FE1 

and FE2 also had lower protein intake similar to the Unenriched group (3 and 2.9 

g/day respectively; Figure 3.16C & D).  

Fat consumption during the SCM access period was higher in the Unenriched group 

in comparison to the Control group (p = 0.004; Control, 0.8 ± 0.06 g/day, n = 8; 

Unenriched, 1.6 ± 0.06, n = 4; Figure 3.17A & B). FE1 and FE2 also had increased 

fat consumption during the SCM access period similar to the Unenriched group (1.4 

and 1.1 g/day respectively; Figure 3.17A & B). During the last 4 days of the SCM 

access period, FE1 and FE2 ate less SCM than the Unenriched group explaining 

the difference in fat intake during these days.   

Sugar consumption drastically increased during the SCM access period for the 

Unenriched group in comparison to the Control group (p = 0.004; Control, 1.2 ± 0.09 

g/day, n = 8; Unenriched, 8.7 ± 0.5, n = 4; Figure 3.17C & D). FE1 and FE2 also had 

higher sugar intake during the SCM access period similar to the Unenriched group 

(7.7 and 7.9 g/day respectively; Figure 3.17C & D). During the last 4 days of the 

SCM access period, FE1 and FE2 ate less sugar than the Unenriched group due to 

differences in SCM consumption.  

3.4.3.6 Body Weight and Plasma Leptin 

Across the experiment there was no significant difference in body weight and 

percentage body weight gain between Control and Unenriched groups (p = 0.28; 

Control, 24.1 ± 4.8 % increase, n = 8; Unenriched, 28.3 ± 2.6 % increase, n = 4; 

Figure 3.18A & B). FE1 and FE2 had a similar body weight and percentage body 
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weight gain to Control and Unenriched groups (25.5 and 24 % increase respectively; 

Figure 3.18A & B).  

Plasma leptin concentrations on day 19 were no different between Control and 

Unenriched groups (p = 0.6; Control, 6.7 ± 1 ng/ml, n = 8; Unenriched, 8.1 ± 0.7 

ng/ml, n = 4; Figure 3.18C). FE1 and FE2 had higher concentrations of plasma 

leptin than rats in the Control and Unenriched groups (13.1 and 11.4 ng/ml 

respectively; Figure 3.18C). However, their plasma leptin was similar to that of rats 

that were excluded from the Unenriched and Fibre-enriched group (Figure 3.18D). 

Plasma leptin of all rats (including those excluded) positively correlated with body 

weight (slope, +0.03 ± 0.01; R2 = 0.2; p = 0.03; n = 24). However, leptin 

concentration for the Control group, Unenriched group, FE1 and FE2 did not 

significantly correlate with body weight (slope, +0.02 ± 0.01; R2 = 0.2; p = 0.13; 

Figure 3.18E).  

3.4.3.7 Blood Glucose 

Blood glucose was also measured on day 19 (the day following the last day of SCM 

access). There was no significant difference in blood glucose between the Control 

and Unenriched groups (p = 0.8; Control: 7.2 ± 0.2 mM/L, n = 8; UnenricheD: 7.2 ± 

0.3 mM/L, n = 4). 

3.4.4 Results Summary 

• Enriching large amounts of SCM (containing ~70 % total daily energy intake) 

with soluble fibre does not enhance the ability of male rats to effectively 

reduce their 24 hr bland diet intake to fully calorically compensate for the 

energy in these large amounts of SCM.  

• This under-compensation for large amounts of fibre-enriched SCM results in 

a significant increase in total daily energy intake, daily fat and sugar 

consumption, but decreases daily protein consumption in comparison to 

Controls.  

• In this experiment, under-compensation for large amounts of SCM in the 

short-term did not significantly influence body-weight, plasma leptin 

concentrations or blood glucose.  
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Figure 3.14 - SCM consumption within the Unenriched and Fibre-enriched Groups. Where appropriate, 

data is presented as mean ± SEM. Dotted lines represent total calories in SCM presented. A: Total daily SCM 

consumption (kcal) across the SCM access period for all rats within the Unenriched and Fibre-enriched SCM 
access groups, including those excluded from analysis (both n = 8; repeated measures two-way ANOVA (p = 

0.3)). B: Total daily SCM consumption (kcal) across the SCM access period with rats excluded from Unenriched 

and Fibre-enriched SCM access groups (Unenriched, n = 4; Fibre-enriched (1), n = 1; Fibre-enriched (2), n = 1). 

Due to an experimenter error, an excess of SCM was presented on days 12 and 13. Therefore, Fibre-enriched 
(1) and (2) exceed the dotted line on these days.  

  

A 

B 
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Figure 3.15 - The effect of scheduled-feeding of unenriched and fibre-enriched SCM on bland food intake 
and total daily energy intake in male rats. Where appropriate, data is presented as mean ± SEM. Control 

group, n = 8; Unenriched, n = 4. A: Daily bland food intake (kcal) for Control, Unenriched, Fibre-enriched (1) and 

Fibre-enriched (2) SCM access groups (* p < 0.05, Friedman test comparing all other days to day 1 (p < 0.0001) 
with Dunn’s multiple comparisons for Unenriched group across the experiment). B: AUC of bland food intake 

(kcal/day) for Control, Unenriched, Fibre-enriched (1) and Fibre-enriched (2) SCM access groups during the SCM 

access period (* p = 0.004, Mann Whitney test, Control vs. Unenriched). Data points indicated by shaded box in 
A were used to quantify the AUC for bland food intake. C: Total daily energy intake (kcal) for Control, 

Unenriched, Fibre-enriched (1) and Fibre-enriched (2) SCM access groups (Friedman test comparing all other 

days to day 1 (p < 0.0001) with Dunn’s multiple comparisons (unable to determine where any differences lie) for 

Unenriched group across the experiment). D: AUC of total daily energy intake (kcal/day) for Control, Unenriched, 
Fibre-enriched (1) and Fibre-enriched (2) SCM access groups during the SCM access period (Mann Whitney 

test, Control vs. Unenriched, p = 0.11). Data points indicated by shaded box in C were used to quantify the AUC 

for total daily energy intake.  

B 
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Figure 3.16 - The effect of scheduled-feeding of unenriched and fibre-enriched SCM on daily fibre and 
protein intake in male rats. Where appropriate, data is presented as mean ± SEM. Control group, n = 8; 

Unenriched, n = 4. A: Total daily fibre consumption (g) for Control, Unenriched, Fibre-enriched (1) and Fibre-

enriched (2) SCM access groups (* p < 0.05, Friedman test comparing all other days to day 1 (p < 0.0001) with 
Dunn’s multiple comparisons for Unenriched group across the experiment). B: AUC of fibre intake (g/day) for 

Control, Unenriched, Fibre-enriched (1) and Fibre-enriched (2) SCM access groups (* p = 0.004, Mann Whitney 

test between Control and. Unenriched groups). Data points indicated by shaded box in A were used to quantify 

the AUC. C: Total daily protein consumption (g) for Control, Unenriched, Fibre-enriched (1) and Fibre-enriched 
(2) SCM access groups (* p < 0.05, Friedman test comparing all other days to day 1 (p < 0.0001) with Dunn’s 

multiple comparisons for Unenriched group across the experiment). D: AUC of protein intake (g/day) for Control, 

Unenriched, Fibre-enriched (1) and Fibre-enriched (2) SCM access groups (Mann Whitney test (p = 0.2) between 
Control and. Unenriched groups). Data points indicated by shaded box in C were used to quantify the AUC.  
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Figure 3.17 - The effect of scheduled-feeding of unenriched and fibre-enriched SCM on daily fat and 
sugar intake in male rats. Where appropriate, data is presented as mean ± SEM. Control group, n = 8; 
Unenriched, n = 4. A: Total daily fat consumption (g) for Control, Unenriched, Fibre-enriched (1) and Fibre-

enriched (2) SCM access groups (Friedman test comparing all other days to day 1 (p < 0.0001) with Dunn’s 

multiple comparisons for Unenriched group across the experiment (unable to determine where the difference 

lies)). B: AUC of fat intake (g/day) for Control, Unenriched, Fibre-enriched (1) and Fibre-enriched (2) SCM 
access groups (* p = 0.004, Mann Whitney test between Control and. Unenriched groups). Data points indicated 

by shaded box in A were used to quantify the AUC. C: Total daily sugar consumption (g) for Control, Unenriched, 

Fibre-enriched (1) and Fibre-enriched (2) SCM access groups (* p < 0.05, Friedman test comparing all other days 
to day 1 (p < 0.0001) with Dunn’s multiple comparisons for Unenriched group across the experiment). D: AUC of 

sugar intake (g/day) for Control, Unenriched, Fibre-enriched (1) and Fibre-enriched (2) SCM access groups (*p = 

0.004, Mann Whitney test between Control and Unenriched groups). Data points indicated by shaded box in C 

were used to quantify the AUC.  
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Figure 3.18 - The effect of scheduled-feeding of unenriched and fibre-enriched SCM on body weight and 
plasma leptin in male rats. Where appropriate, data is presented as mean ± SEM. Control group, n = 8; 

Unenriched, n = 4. A: Daily body weight (g) for Control, Unenriched, Fibre-enriched (1) and Fibre-enriched (2) 
SCM access groups across the experiment. B: Percentage body weight change throughout the experiment for 

Control, Unenriched, Fibre-enriched (1) and Fibre-enriched (2) SCM access groups (Mann Whitney test, Control 

vs. Unenriched, p = 0.28). C: Plasma leptin concentration (ng/ml) after scheduled-feeding of SCM (day 19) for 

Control, Unenriched and Fibre-enriched (1) and Fibre-enriched (2) SCM access groups (Mann-Whitney test (p = 
0.6) between Control and Unenriched groups). D: Plasma leptin concentration (ng/ml) after scheduled-feeding of 

SCM (day 19) for all rats in the Control, Unenriched and Fibre-enriched SCM access groups, including those 

previously excluded from analysis (one-way ANOVA (p = 0.3)). Individual data points shown - white points 
represent excluded rats. E: Correlation between plasma leptin (ng/ml) and body weight (g) for Control, 

Unenriched, Fibre-enriched (1) and Fibre-enriched (2) SCM access groups (slope, +0.02 ± 0.01; R2 = 0.18; p = 
0.13).  
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3.5 Discussion 

3.5.1 Results Summary 

• Both male and female rats accurately calorically compensate for the energy 

in moderate amounts of SCM consumed daily (containing ~20 % total daily 

energy intake).  

• Male rats are unable to fully calorically compensate for the energy in large 

amounts of SCM consumed daily (containing ~70 % total daily energy 

intake).  

• Enriching these large amounts of SCM with protein or fibre did not influence 

the ability of male rats to calorically compensate for these large amounts of 

SCM. 

 

3.5.2 Accuracy of Caloric Compensation for Moderate Amounts 
of SCM  

Caloric compensation was investigated in a rat model where animals were 

schedule-fed SCM daily. Both male and female rats were able to compensate for 

moderate amounts of SCM containing ~20 % of their average daily calorie intake by 

reducing consumption of bland diet. Compensation was very accurate. During the 

SCM access period, male total calorie consumption was 100 ± 2 % of that 

consumed by the male control group and female total calorie consumption was 100 

± 7 % of that consumed by the female control group. As a result, there were no 

differences in body weight change between SCM access and control groups. This is 

consistent with previous literature demonstrating complete compensation in 

response to consumption of palatable foods containing ~10-37 % of animals daily 

calorie intake (Corwin, Wojnicki et al. 1998, Merkestein, Brans et al. 2012, Furlong, 

Jayaweera et al. 2014, Soto, Chaumontet et al. 2016).  
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3.5.3 Sex Differences 

In human studies, female subjects appear to compensate less accurately for caloric 

pre-loads than male subjects (Davy, Van Walleghen et al. 2007, Ranawana and 

Henry 2010). In my preliminary studies, the effect of estrus cycle stage on the daily 

intake of bland diet and SCM was investigated in the rat (Figure 3.2). Estrus cycle 

stage had no significant effect on the consumption of bland diet. In addition, SCM 

consumption and feeding behaviour measurements during SCM access periods 

(latency to eat, number of bouts and time spent eating) were unaffected by estrus 

cycle stage. I have shown that compensation for moderate amounts of SCM 

(containing ~20 % total daily calorie intake) is accurate in both male and female rats. 

In addition, feeding behaviour measurements in Experiment 1 did not differ between 

male and female rats, suggesting that there are no obvious sex differences in this 

model. I did not investigate whether female rats could compensate for larger 

amounts of SCM. However, it is of interest to investigate this as sex differences may 

become apparent with the consumption of larger amounts of SCM.  

 

3.5.4 Potential Mechanisms Underlying Complete Caloric 
Compensation and Under-compensation  

3.5.4.1 Anticipation and/or Learning 

The mechanism underlying caloric compensation in this model is unclear. Rats 

anticipate periods of scheduled-feeding (see Patton and Mistlberger 2013). 

Therefore, compensation could be due to rats learning and anticipating of the 

amount of SCM presented and/or the pattern of SCM access. Our laboratory has 

shown that rats can accurately compensate when SCM is presented in an irregular 

and unpredictable manner (Hume, Jachs et al. 2016). Consistent with this, Corwin et 

al 1998 demonstrated that rats could alter their consumption of bland diet on a daily 

basis to compensate for irregular access to vegetable shortening (Corwin, Wojnicki 

et al. 1998). Therefore, it does not appear that this compensatory behaviour is a 

result of learning and/or anticipation of SCM access, as rats can compensate for 

unpredictably presented and varying amounts of SCM.  
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3.5.4.2 Defending Total Energy Consumption 

Furthermore, due to the accuracy of caloric compensation for moderate amounts of 

SCM, it can be hypothesised that rats track and tightly control the energy that they 

consume. I carried out preliminary experiments aiming to covertly manipulate the 

calorie content of palatable foods (SCM or strawberry jelly) without changing any 

other property (for example volume, texture or taste) to determine whether rats 

accurately compensate for covert changes in palatable food energy content. It is 

likely that rats in these experiments were able to detect minute changes in the 

physical property of the manipulated foods, as they would not continue eating them, 

potentially due to food neophobia (Carroll, Dinc et al. 1975, Mitchell 1976, 

Modlinska, Stryjek et al. 2015). Therefore, whether rats track and tightly regulate 

their energy consumption remains un-investigated.  

3.5.4.3 Hedonic Drive 

All rats in these studies had continual ad lib access to bland diet and were never in a 

negative energy balance. Therefore, SCM consumption was presumably driven by 

hedonic mechanisms due to a certain property of the SCM (most likely a 

combination of taste and post-ingestive rewarding effects) rather than 

homeostatically driven by hunger. With the scheduled-feeding of moderate amounts 

of SCM, the latency to eat SCM decreases as scheduled-feeding progresses (Figure 

3.6). Latency to eat is a simple measure of motivation (Sclafani 1972), suggesting 

that rats become increasingly motivated to consume SCM. It has been previously 

demonstrated that rodents are highly motivated to acquire SCM using the lever-

press paradigm, a robust, reliable and widely used method of measuring motivation 

(Hodos 1961, Bruins Slot, Koek et al. 1999, McKerchar, Zarcone et al. 2005), 

suggesting that rats are hedonically driven to acquire and consume SCM. It is often 

assumed that the regular consumption of palatable, energy dense foods disrupts the 

homeostatic mechanisms controlling food intake, resulting in overconsumption (see 

Erlanson-Albertsson 2005). In this model I have shown that the homeostatic system 

may be able to adapt to the regular consumption of moderate amounts of palatable 

foods, where compensatory mechanisms can account for hedonically driven 

feeding. However, these experiments have also shown that there may be a limit to 

these compensatory responses. I have confirmed preliminary studies demonstrating 

that male rats are unable to fully compensate for large amounts of SCM. It is likely 

that this under-compensation is also due to hedonic drive, where rats consume all 
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SCM due to its reward value, regardless of homeostatic responses, for example 

satiation experienced from bland food previously consumed.  

3.5.4.4 Defending Nutrient Consumption 

In addition to hedonic drive, it seems likely that rats continue to consume a certain 

amount of bland diet in addition to SCM in order to homeostatically maintain nutrient 

intake. Rats require a nutrient rich diet containing fat, protein, carbohydrate, vitamins 

and minerals (see Benevenga, Calvert et al. 1996, Sharp and La Regina 1998). 

Therefore, it was investigated whether enriching SCM with macronutrients could 

prevent under-compensation. Protein is an essential macronutrient. It is estimated 

that at least ~5 % of an adult rats diet should be made up of protein to meet 

maintenance energy requirements (see Benevenga, Calvert et al. 1996, Sharp and 

La Regina 1998). If rats in this model calorically compensated for large amounts of 

SCM by reducing bland diet intake, their total daily protein consumption would be 

reduced by ~40 %. It is unclear whether complete compensation for these large 

amounts of SCM would result in a protein insufficiency. Nevertheless, SCM was 

enriched with the amount of protein that would be displaced from a rat’s diet. The 

consumption of protein-enriched SCM had no effect on the ability of rats to 

calorically compensate for large amounts of SCM.  

Another macronutrient of interest was fibre. Fibre is classified as a ‘potentially 

beneficial dietary constituent’ for rats. The presence of fibre in a rats diet is not 

essential, but it can be beneficial for increasing faecal bulk and aiding 

gastrointestinal transit (see Benevenga, Calvert et al. 1996). It is not known whether 

rats detect, homeostatically maintain or actively seek to consume dietary fibre. 

However, if rats calorically compensated for large amounts of SCM, daily fibre intake 

would dramatically decrease by ~70 %. Therefore, SCM was enriched with soluble 

fibre to replace fibre that would be displaced from a rats diet with complete caloric 

compensation. Unfortunately, only 2 rats consumed all fibre-enriched SCM in this 

experiment. However, from the behaviour of these 2 rats it appears that fibre 

enrichment does not affect the ability of rats to calorically compensate for large 

amounts of SCM. These findings suggest that rats may not continue to eat a certain 

quantity of bland diet alongside SCM to gain protein or fibre alone. However, rats 

may be consuming bland food to acquire a combination of nutrients, for example 

both protein and fibre. It must be noted that the types of fibre in the bland diet 

(pectin, hemicellulose, cellulose and lignin from wheat, barley and toasted soya) and 
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the Benefibre supplement (wheat dextrin) added to SCM are different. Benefibre 

was used to enrich the SCM, as wheat dextrin is a soluble fibre and can be easily 

added to the SCM without giving a grainy texture. As previously mentioned it is not 

known whether rats detect, maintain or seek fibre, but if this is the case it is possible 

that the type or source of fibre may be important. Currently, there are no reports of 

fibre preference testing in rodents investigating whether specific types or sources of 

fibre are ‘preferred’. A role for dietary fibre in the composition of the microbiome is 

emerging (Sonnenburg, Smits et al. 2016). However, whether different types of fibre 

differentially influence the microbiome and whether microbiota in the gut are part of 

a ‘fibre-sensing’ mechanism remains unknown. Therefore, it is possible the finding 

that rats still undercompensate for large amounts of Benefibre-enriched SCM may 

be due to the SCM not being enriched with the same type of fibre as in bland diet 

and that rats were not receiving the specific type of fibre they require. 

Previous studies have shown that rats consuming diets enriched with protein (Zhou, 

Keenan et al. 2011) or fibre (Adam, Williams et al. 2015) consume fewer total daily 

calories than rats maintained on a standard bland diet. This reduction in food intake 

is presumed to be through increased satiety, as rats consuming a protein or fibre 

rich diet have increased circulating GLP-1 concentrations (Zhou, Keenan et al. 

2011, Adam, Williams et al. 2015). Enriching SCM with protein did not influence total 

energy intake. In addition, enriching SCM with fibre may have decreased SCM 

consumption, but did not appear to affect total energy intake. This suggests that the 

mechanisms by which protein or fibre enhance satiety may not be influencing 

appetite or food consumption in these experiments.  

3.5.4.5 Habitual Drives 

Habitual factors may underlie under-compensation. The onset of the dark phase is a 

strong cue for bland diet consumption (Borbely and Neuhaus 1978). Therefore, it is 

possible that rats continue to eat bland diet at the start of the dark phase out of 

habit, regardless of calories previously consumed and as a result, consume excess 

calories. It would be of interest to give rats SCM access at the beginning of the dark 

phase to disrupt the habitual consumption of bland food and determine what effect 

this would have on caloric compensation.  
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3.5.4.6 Physical Form 

The physical form of SCM may influence caloric compensation. Evidence suggests 

that human subjects are less able to accurately compensate for energy in liquid pre-

loads in comparison to the energy in solid pre-loads (see Almiron-Roig, Palla et al. 

2013). This is thought to be due to the energy consumed in liquid form being less 

satiating than energy in solid form (see Pan and Hu 2011). From animal models 

investigating daily access to palatable foods, there is evidence that rats can 

compensate for energy in solid and semi solid foods (Corwin, Wojnicki et al. 1998, 

Dailey, Stingl et al. 2012, Merkestein, Brans et al. 2012, Bake, Duncan et al. 2013). 

However, there is also evidence for rats being unable to fully compensate for energy 

in solid foods (Bake, Morgan et al. 2014). Furthermore, there is conflicting evidence 

for rats being able to compensate for energy in liquids (Bake, Duncan et al. 2013, 

Soto, Chaumontet et al. 2015, Soto, Chaumontet et al. 2016). In a preliminary 

experiment, I showed that rats calorically compensated for the scheduled-feeding of 

palatable semi-solid strawberry jelly (containing ~16 % of rats average daily kcal 

intake; Figure 3.19). This suggests that rats in this model are also able to 

compensate for moderate quantities of semi-solid foods. However, efforts to feed 

rats larger amounts of jelly were defeated. Therefore, it is not known whether rats 

are able to compensate for large quantities of semi-solid food. 

3.5.4.7 Frequency of Consumption 

The fact that SCM was consumed in three portions per day could also be relevant to 

under-compensation. Eating smaller portions of palatable foods frequently 

throughout the day may not be compensated for. However, one large portion of 

palatable food may be fully compensated for or vice versa. In preliminary studies, 

rats would not reliably consume more than 20 ml of SCM in a single access period. 

As a result, rats were given multiple access periods to ensure that rats would 

consistently consume all SCM. In a different preliminary experiment, rats were given 

two SCM access periods each day and the time gap between the access periods 

varied (6, 7 or 8 hr). There were no differences in the ability to compensate for SCM 

with different time gaps between access periods. In addition, it has been shown that 

rats consuming high-fat food in a single 2 hr access period daily showed no 

difference in ability to compensate to rats consuming the same food in two 1 hr 

access periods separated by 8 hr (Bake, Morgan et al. 2014). This suggests that the 

number of access periods per day may not affect compensation, but the absolute 
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amount of SCM consumed may determine under-compensation. It would be 

beneficial to directly investigate whether under-compensation for large amounts of 

SCM depends on the absolute volume and/or the number and time between SCM 

access periods.  

3.5.4.8 Disruption of Circadian Rhythms 

Furthermore, whether SCM is presented in the light or dark phase may influence 

caloric compensation. In these experiments, SCM access was given only during the 

light phase and not during the dark phase where rats consume most of their energy 

(Borbely and Neuhaus 1978). A previous study has shown that the timing of energy-

dense palatable food consumption (whether restricted to the dark phase or in both 

dark and light phases) has different effects on body weight and energy expenditure 

in mice (Hatori, Vollmers et al. 2012). Therefore, it would be of interest to determine 

whether under-compensation still occurs when SCM is consumed during the dark 

phase. 

3.5.4.9 Energy Expenditure 

Moreover, it is possible that rats compensate for large amounts of SCM through 

reducing bland diet calories in combination with increasing energy expenditure. 

Increased energy expenditure, either through increased physical activity, respiration 

and/or thermogenesis in addition to partial caloric compensation may explain why no 

significant differences in body weight can be observed between groups. There is 

contradictory evidence for increased energy expenditure in response to the 

consumption of a high fat diet in rats (Storlien, James et al. 1986, Mercer and 

Trayhurn 1987, Hatori, Vollmers et al. 2012). In addition, it appears that a high-sugar 

diet has no effect on energy expenditure (Storlien, Kraegen et al. 1988). 

Furthermore, it has been shown that rats increase locomotor activity and body 

temperature around the expected time of scheduled-feeding (Merkestein, Brans et 

al. 2012). It would be of great interest to measure whether energy expenditure is 

altered with the consumption of large amounts of SCM.  
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3.5.5 Effects of SCM Consumption on Body Weight  

In these experiments, under-compensation for a short period of time did not 

significantly impact body weight gain. However, there is evidence for the start of a 

potential body weight divergence in Experiment 2, where rats in the Control and 

Unenriched groups appear to have a different body weight trajectory. Rats fed on an 

ad lib high-fat, high-sugar diet consume ~20 % more calories per day than controls 

on an ad lib bland diet. Over 6 weeks, these animals gain ~40 % more body weight 

than controls (unpublished data). Under-compensating rats in the Unenriched and 

Protein-enriched groups consume ~30 % more calories per day than controls. 

Therefore, it is possible that if rats were under-compensating for longer periods of 

time (and were not compensating for excess calories through other mechanisms, for 

example increased energy expenditure) their body weight would be higher than 

controls.  

 

3.5.6 Effects of SCM Consumption on Glucose Homeostasis 

With the consumption of large amounts of SCM, daily sugar intake increased four-

fold. Impaired glucose tolerance can be seen in rats consuming a high-sugar diet for 

just 7 days (Wilson and Hughes 1996). In addition, impaired glucose metabolism 

was evident in rats schedule-fed high-fat food in addition to bland diet (Bake, 

Morgan et al. 2014). Therefore, despite the relatively short amount of time rats were 

consuming high levels of sugar, it is possible that rats may have impaired glucose 

homeostasis. Following the last day of access to large amounts of SCM in 

Experiment 3, blood glucose was measured. There was no difference in blood 

glucose between control rats and those consuming large amounts of unenriched 

SCM. An oral glucose tolerance test was not performed due to the small number of 

animals consuming all SCM. Therefore, it remains of interest to determine whether 

rats display disrupted glucose homeostasis following scheduled-feeding of large 

amounts of SCM.  
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3.5.7 Variations in Plasma Leptin 

An unexpected finding from Experiment 2 was that 2 rats within the Unenriched 

group had uncharacteristically high plasma leptin concentrations. For all rats, there 

was a weak positive correlation between total energy intake and plasma leptin. 

However, rats in the Unenriched group with high leptin had a similar total energy 

intake to other rats in the same group, suggesting that energy intake was not 

responsible for the high leptin concentrations in these rats. Furthermore, these 2 

rats consumed similar volumes of SCM, bland food calories, SCM calories, fibre, fat 

and protein as other rats in the Unenriched group. Body fat mass and energy 

expenditure were not measured in this experiment. However, it is possible that 

higher plasma leptin concentrations could be a result of rats responding differently to 

increased consumption of calories, fat or sugar, for example through energy 

expenditure, which could lead to differences in fat mass.  

 

3.5.8 Summary 

Many human studies investigating caloric compensation only assess the ability to 

compensate over a single day in artificial laboratory environments and are often 

followed up by self-reported measurements, making it difficult to reliably explore 

compensation in human subjects, especially in the long-term. Therefore, animal 

models are useful to investigate and characterise caloric compensation, where 

many experimental parameters can be controlled (e.g. exact measurement of food 

consumption and energy expenditure etc.), animals are in their ‘home’ environment 

and long-term studies can be carried out.  

The results from this chapter show that caloric compensation in response to the 

consumption of moderate amounts of palatable, high-sugar food is robust and 

accurate in both male and female rats. However, there is a limit to caloric 

compensation, suggesting that homeostatic mechanisms underlying caloric 

compensation may be unable to adapt in response to the hedonic consumption of 

large quantities of palatable, high-sugar food. The mechanism by which caloric 

compensation occurs is ultimately unknown. Multiple aspects of the homeostatic 

system that regulate appetite in response to feeding and energy store status are 

likely to be involved. It is of interest to use this rat model to further characterise 
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homeostatic compensation in response to palatable food and decipher which 

neuronal and hormonal mechanisms underlie this behaviour.   
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Figure 3.19 - The effects of scheduled-feeding of strawberry jelly on bland diet intake and body weight in 
male rats. All data is presented as mean ± SEM. Control group, n = 8; Jelly group, n = 6. Control group had no access to 

jelly throughout. From day 6-20, rats in the Jelly access group were schedule-fed strawberry jelly made with SCM once a day 

(at 10.00, containing 14 kcal, ~16 % average daily kcal intake). Multiple practical problems were encountered during this 

study including jelly spillage and jelly sticking to bedding, forelimbs and whickers. In addition, rats took longer to consume the 
entire portion of jelly within the restricted access period in comparison to SCM (jelly, 10 days; SCM, 1-3 days). A: Daily bland 

food intake (kcal) for Control and Jelly access groups (Friedman test comparing all other days to day 1 (p = 0.01) with Dunn’s 
multiple comparisons (unable to determine where the difference lies) for Jelly access group across the experiment). B: AUC 

of bland food intake (kcal/day) for Control and Jelly access groups during the jelly access period (* p = 0.02, Mann-Whitney 
test). Data points indicated by shaded box in A were used to quantify the AUC. C: Daily total food intake (kcal) for Control and 

Jelly access groups (Friedman test comparing all other days to day 1 (p = 0.1) for Jelly access group across the experiment). 
D: AUC of total daily food intake (kcal/day) for Control and Jelly access groups (Mann-Whitney test (p = 0.6)). Data points 

indicated by shaded box in C were used to quantify the AUC. E: Daily body weight (g) for Control and Jelly access groups. F: 
Percentage body weight change across the experiment for Control and Jelly access groups Mann-Whitney test (p = 0.2)). 

A B 

C D 

E F 
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4 Investigating the Activity of Oxytocin Neurons 
Following Palatable, High-sugar Food 
Consumption 

4.1 Introduction 

4.1.1 Background 

There is growing evidence for the involvement of oxytocin in the homeostatic and 

hedonic control of food intake (see Section 1.3). Oxytocin is now understood to be a 

potent anorexigen and may be involved in mediating satiety as part of the 

homeostatic system (see Sabatier, Leng et al. 2013). Recent findings suggest that 

oxytocin may also reduce hedonically-driven feeding by influencing motivation and 

preference for palatable macronutrient specific foods (see Klockars, Levine et al. 

2015).  

Evidence suggests that the activity of oxytocin neurons may be influenced by 

various peripheral and central signals involved in the control of food intake (Figure 

1.3; see Sabatier, Leng et al. 2013). Studies investigating the activity of oxytocin 

neurons with respect to food consumption often centrally or peripherally administer 

large doses of hormones or neuropeptides that are assumed to be secreted with the 

consumption of food. However, the activity of oxytocin neurons and oxytocin 

secretion with natural feeding behaviours and voluntary food intake is relatively 

understudied. There is a small body of evidence suggesting that oxytocin neurons 

are activated following food consumption; c-Fos expression in SON oxytocin 

neurons and plasma oxytocin concentrations are increased following standard diet 

consumption in food-restricted rats (Verbalis, McCann et al. 1986, Johnstone, Fong 

et al. 2006). However, it remains unclear whether the activity and secretion of 

oxytocin neurons is specifically influenced by food consumption when satiated3 or by 

ingestion of foods differing in energy density and/or macronutrient composition.  

                                                
3 Animals in a period of satiety, commonly defined as a persisting state where hunger is not 
experienced. This satiated state is a clear contrast to animals that are food-restricted, hungry 
and highly motivated to consume food. 
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4.1.2 Aim 

The aim of this chapter was to use c-Fos expression to indirectly determine whether 

the activity of oxytocin neurons is influenced by food consumption, specifically the 

consumption of a palatable4 high-sugar food, in satiated rats.   

 

4.1.3 Primary Hypothesis  

c-Fos expression is increased in oxytocin neurons following the consumption of a 

palatable, high-sugar food. 

 

 

4.2 Experiment 1: Investigating the Activity of Oxytocin 
Neurons Following Voluntary Consumption of SCM 

4.2.1 Overview 

The aim of this experiment was to use c-Fos expression to determine whether 

oxytocin neurons are activated following the consumption of a palatable, high-sugar 

food when satiated. Rats were schedule-fed SCM in addition to ad lib bland5 diet 

and c-Fos expression in SON and PVN oxytocin cells was quantified following SCM 

consumption on the final day. Rats maintained on an ad lib bland diet acted as 

controls. Scheduled-feeding induces an anticipatory c-Fos response in the PVN 

(Poulin and Timofeeva 2008). Therefore, an additional group of rats receiving SCM 

                                                
4 The term palatable is generally used to describe a food that is energy dense, high in sugar 
and/or fat that animals have a preference for. It is not possible to measure the palatability of 
food, as palatability is a percept that takes into account multiple oro-sensory factors, 
including texture, taste and smell. However, I have used the term ‘palatable’ to describe a 
high-sugar food that most rats consume readily and voluntarily in non-fasted conditions.  
5 The term bland diet is generally used to describe laboratory chow that is made up of 
multiple ‘bland-tasting’ grains and relatively little sugar and fat. In these experiments, I have 
used the term ‘bland’ to describe a standard maintenance diet that is low in sugar and fat.  
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at an ‘unexpected’ time were used to control for a potential anticipatory response for 

scheduled-feeding. 

Rats can be neophobic, where they avoid foods that they are not familiar with. 

Short-term food neophobia can often be seen in behavioural experiments where rats 

are given novel foods; most rats tend to take a few days to start eating these novel 

foods and the quantity of food eaten increases with time (Carroll, Dinc et al. 1975, 

Mitchell 1976, Modlinska, Stryjek et al. 2015). It must be noted that in some studies 

rats do not display neophobic behaviours towards novel food (Bake, Duncan et al. 

2013). However, this is not a common finding. My pilot experiments where rats were 

given restricted SCM access (time and volume) have demonstrated that rats can 

take up to 3 days to start eating SCM. Therefore, scheduled-feeding is required to 

ensure that rats consume SCM presented at a specific time of day. In addition, rats 

learn to consume all SCM presented in the allotted time with scheduled-feeding. 

Furthermore, rats voluntarily consume SCM in addition to standard bland diet, 

presumably due to its palatability. In this experiment, rats are assumed to be 

satiated as they have ad lib access to bland diet throughout.  

In addition to quantifying c-Fos expression in oxytocin-immunoreactive neurons of 

the SON and PVN, c-Fos expression was quantified in other key hypothalamic and 

brainstem regions involved in the control of appetite. To determine c-Fos expression 

in noradrenergic cells of the NTS, TH was stained for alongside c-Fos. TH is the 

rate-limiting enzyme in both dopamine and noradrenaline synthesis. Therefore, TH 

was used as a marker for catecholaminergic neurons. 

4.2.2 Methods 

4.2.2.1 Animals 

24 male 8-10 week old Sprague-Dawley rats were used. Rats were single-housed 

and maintained on an ad lib bland diet and water throughout the experiment (see 

Sections 2.1.1 & 2.2.1.1).  

4.2.2.2 Scheduled-feeding of SCM 

Rats were randomly allocated into 3 groups: (1) ‘Control’ (n = 8), (2) expected SCM 

access (‘SCM-Expected’; n = 8) and (3) unexpected SCM access (‘SCM-

Unexpected’; n = 8).  
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The experiment lasted for 7 days. All groups had ad lib bland diet access 

throughout. The Control group did not receive SCM access throughout the 

experiment. On days 1-6, the ‘SCM-Expected’ and ‘SCM-Unexpected’ groups were 

schedule-fed 5 ml of diluted SCM at the same time each day (13.30-13.45; see 

Section 2.2.2). On day 7, the SCM-Expected group received SCM access at the 

scheduled time (13.30). The SCM-Unexpected group received SCM access 4.5 hr 

before the scheduled time i.e. at an unexpected time (09.00-09.15). 1 hr following 

the end of SCM access on day 7, rats were given an overdose of sodium 

pentobarbital, perfused-fixed with heparinised saline followed by paraformaldehyde 

and the brains removed (see Sections 2.3.4 & 2.6.1). Rats in the Control group were 

perfused-fixed at the same time of day to those in the SCM-Expected group.  

Figure 4.1 shows a protocol schematic of SCM and perfusion-fixation schedules for 

all groups on experimental days 1-7. 

4.2.2.3 Tissue Processing and Immunohistochemistry 

The brains were cryo-protected and sectioned on a freezing microtome (see Section 

2.6.2). All brain regions were processed for c-Fos immunohistochemistry (see 

Section 2.6.3.1). In addition, SON and PVN containing sections were processed for 

double c-Fos and oxytocin immunohistochemistry and NTS containing sections 

processed for double c-Fos and TH immunohistochemistry (see Section 2.6.3.2).  

4.2.2.4 c-Fos Quantification  

For each brain region, the number of c-Fos positive nuclei per brain section was 

counted in a semi-manual manner using ImageJ software (see Section 2.6.6.2).  

c-Fos expression in oxytocin- or TH-immunoreactive cells was quantified. The 

number of oxytocin or TH cells with c-Fos positive nuclei per brain section was 

counted in a semi-manual manner using ImageJ software (see Section 2.6.6.3.1). 

This gives the absolute number of cells that can be identified as c-Fos positive per 

brain section. However, interpreting this can be difficult, as the percentage of cells 

with c-Fos positive nuclei in the total cell population is not represented. Therefore, 

the percentage of oxytocin or TH cells with c-Fos positive nuclei per brain section 

was also determined. This was determined manually using a light microscope (see 

Section 2.6.6.3.2). The number of c-Fos positive nuclei in non-oxytocin-

immunoreactive cells was also quantified (see Section 2.6.6.4). 
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4.2.2.5 Statistical Analysis 

Two rats from the SCM-Expected group and 3 rats from the SCM-Unexpected group 

did not eat the SCM on day 7 and were excluded from analysis. In addition, 

complications during sectioning and/or immunohistochemistry resulted in some 

regions from other brains being excluded. As a consequence of this, the number of 

rats in each group varies between brain regions quantified. The size of each group 

is stated in the figure legends.   

All data are expressed as mean ± SEM. Normality of data was assessed using the 

D'Agostino & Pearson omnibus normality test (see Section 2.7.1). To determine 

differences in c-Fos expression between groups, non-parametric Kruskal-Wallis 

tests were used. When a difference was detected, Dunn’s multiple comparisons 

post-hoc tests were used to determine where these differences lie (see Section 

2.7.3). Linear regression analysis (R2 and deviation from a line with no correlation) 

was carried out to determine the relationship between c-Fos expression in different 

brain regions for each animal (see Section 2.7.5).  
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Figure 4.1 - Protocol schematic of SCM scheduled-feeding for Control, SCM-Expected and SCM-
Unexpected groups. Schematic represents light phase only. Left panel shows the feeding schedule for days 1-

6. All groups had ad lib access to bland diet throughout the dark phase of days 1-6. Right panel shows the 

feeding and perfusion-fixation schedule for day 7. SCM, sweetened condensed milk.  

  

Day 7  

Perfusion-fixation Bland diet access 

Lights off 

Lights on 

08.00 

09.00 

10.00 

11.00 

12.00 

13.00 

14.00 

15.00 

16.00 

17.00 

18.00 

19.00 

Control 

07.00 

SCM- 
Expected 

SCM access 

08.00 

09.00 

10.00 

11.00 

12.00 

13.00 

14.00 

15.00 

16.00 

17.00 

18.00 

19.00 

Control 

07.00 

SCM- 
Expected 

SCM- 
Unexpected 

Days 1-6  



136      Investigating the Activity of Oxytocin Neurons Following Palatable, High-sugar Food Consumption 

4.2.3 Results  

c-Fos expression was used to determine whether oxytocin neurons are activated 

following the voluntary consumption of SCM. 

There were 3 groups of rats in this experiment: 

1) Control group that did not receive SCM access.  

2) SCM-Expected group that was given SCM access at the expected time. 

3) SCM-Unexpected group that was given SCM access at an unexpected time 

(4.5 hr prior to the expected time). 

4.2.3.1 c-Fos Expression in the SON  

In the SON, c-Fos expression was higher in the SCM-Expected and SCM-

Unexpected groups in comparison to the Control group (p = 0.04, Dunn’s multiple 

comparisons post hoc test did not detect any differences; Table 4.1; Figure 4.2A).  

c-Fos expression in oxytocin-immunoreactive cells of the SON was quantified. The 

data is presented as both the number of oxytocin cells with c-Fos positive nuclei per 

brain section, and as the percentage of oxytocin cells with c-Fos positive nuclei i.e. 

the proportion of oxytocin cells ‘activated’ (see Section 4.2.1.5). The mean number 

of c-Fos positive oxytocin cells in the SCM-Expected and SCM-Unexpected groups 

was ~2-fold higher than the Control group mean (p = 0.04, Dunn’s multiple 

comparisons post hoc test did not detect any differences; Table 4.1; Figure 4.2B; 

Figure 4.4A). The percentage of c-Fos positive oxytocin cells was significantly 

higher in the SCM-Expected and SCM-Unexpected groups in comparison to the 

Control group (p = 0.0041 and p = 0.039 respectively; Table 4.1; Figure 4.2C; Figure 

4.4A).  

The SON contains only two cell types: oxytocin and vasopressin. Therefore, it was 

assumed that c-Fos expression in non-oxytocin-immunoreactive cells is in 

vasopressin cells. The number of c-Fos positive putative vasopressin cells was not 

significantly different between the groups (p = 0.17; Table 4.1; Figure 4.2D). 

4.2.3.2 c-Fos Expression in the PVN 

In the PVN, c-Fos expression in the magnocellular or parvocellular PVN was not 

significantly different between the groups (p = 0.99 and p = 0.17 respectively; Table 

4.1; Figure 4.3A).  
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c-Fos expression in oxytocin-immunoreactive cells of the PVN was quantified. In the 

magnocellular PVN, the number of c-Fos positive oxytocin cells in the SCM-

Expected and SCM-Unexpected groups was ~2-fold higher than the Control group, 

but this was not significant (p = 0.069; Table 4.1; Figure 4.3B; Figure 4.4B). The 

percentage of c-Fos positive oxytocin cells in the magnocellular PVN was 

significantly higher in the SCM-Expected group in comparison to the Control group 

(p = 0.0009; Table 4.1; Figure 4.3C; Figure 4.4B). The SCM-Unexpected group was 

also higher, but this was not significant (p = 0.17; Table 4.1; Figure 4.3C; Figure 

4.4B). In the parvocellular PVN, the number of c-Fos positive oxytocin cells was 

lower in the SCM-Unexpected group in comparison to the Control and SCM-

Expected groups (p = 0.04, Dunn’s multiple comparisons post hoc test did not detect 

any differences; Table 4.1; Figure 4.3B). There was no significant difference in the 

percentage of the c-Fos positive oxytocin cells in the parvocellular PVN between 

groups (p = 0.18; Table 4.1; Figure 4.3C).  

The PVN contains a multitude of cell types other than those expressing oxytocin. 

Therefore, c-Fos expression in non-oxytocin-immunoreactive cells was determined. 

The number of c-Fos positive non-oxytocin cells in the magnocellular or 

parvocellular PVN was not significantly different between groups (p = 0.95 and p = 

0.13 respectively; Table 4.1; Figure 4.3D).  

4.2.3.3 c-Fos Expression in Other Brain Regions 

In the arcuate nucleus or ventromedial hypothalamus, there was no significant 

difference in the number of c-Fos positive nuclei between Control and SCM-

Expected groups (p > 0.99 and p > 0.99 respectively; Table 4.1; Figure 4.5A & B). 

However, there was a significant increase in the number of c-Fos positive nuclei in 

the SCM-Unexpected group in comparison to the Control group (p = 0.033 and p = 

0.048 respectively; Table 4.1; Figure 4.5A & B).  

In the NTS, the number of c-Fos positive nuclei was significantly higher in the SCM-

Expected and SCM-Unexpected groups in comparison to Controls (p = 0.02 and p = 

0.049 respectively; Table 4.1; Figure 4.5C; Figure 4.6). c-Fos expression in TH-

immunoreactive cells of the NTS was quantified. The number of c-Fos positive TH 

cells or the percentage of c-Fos positive TH cells was significantly higher in the 

SCM-Expected and SCM-Unexpected groups in comparison to the Control group 
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(no. c-Fos+ TH cells: p = 0.044 and p = 0.039 respectively; % of c-Fos+ TH cells: p 

= 0.039 and p = 0.022 respectively; Table 4.1; Figure 4.5D & E; Figure 4.6). 

4.2.3.4 Correlations in c-Fos Expression  

The number of c-Fos positive nuclei in the SON or PVN for each animal was plotted 

against the number of c-Fos positive nuclei in other brain regions involved in the 

control of food intake.  

There was a positive correlation between the number of c-Fos positive TH NTS cells 

and c-Fos positive magnocellular oxytocin cells in the PVN, but not in the SON 

(Figure 4.7C & A). One rat from the SCM-Expected and SCM-Unexpected groups 

had a ~3-fold higher number of c-Fos positive TH NTS cells than other animals in 

the same experimental groups. When these two data points were excluded, there 

was a strong positive correlation between the number of c-Fos positive TH NTS 

cells and c-Fos positive magnocellular oxytocin cells in the SON or PVN (Figure 

4.7B & D). There was no significant correlation between the number of c-Fos 

positive parvocellular PVN oxytocin cells and c-Fos positive nuclei in the NTS 

(Figure 4.7E).  

There was no significant correlation between the number of c-Fos positive SON or 

PVN magnocellular oxytocin cells and c-Fos positive nuclei in the ventromedial 

hypothalamus or arcuate nucleus (Figure 4.8A & B; Figure 4.9A & B). There was 

also no significant correlation between the number of c-Fos positive parvocellular 

PVN oxytocin cells and c-Fos positive nuclei in the arcuate nucleus (Figure 4.9C).  

4.2.4 Results Summary 

Following voluntary SCM consumption: 

• c-Fos expression in magnocellular oxytocin cells of the SON and PVN was 

increased.  

• There was no difference in c-Fos expression in PVN parvocellular oxytocin 

cells.  

• c-Fos expression in TH cells of the NTS was also increased. 

• c-Fos expression in the arcuate nucleus or ventromedial hypothalamus did 

not change with SCM consumption at the expected time, but significantly 

increased following SCM consumption at an unexpected time. 
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• There was a positive correlation between c-Fos expression in magnocellular 

oxytocin cells (SON and PVN) and c-Fos expression in TH NTS cells.  

• There was no significant correlation between c-Fos expression in 

magnocellular oxytocin cells (SON and PVN) and c-Fos expression in the 

arcuate nucleus or ventromedial hypothalamus.  
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Brain Region Count 
Count/Section (mean ± SEM) 

Kruskal-Wallis 
Test P Value Control SCM-Expected SCM-

Unexpected 

SON 

 

 

c-Fos+ 17.2 ± 2.1 23.9 ± 1.3 25 ± 2.8 p = 0.04 # 

No. c-Fos+ 
oxytocin cells  1.2 ± 0.4 2.5 ± 0.3 2.8 ± 0.3 p = 0.04 # 

% c-Fos+ 
oxytocin cells 8.9 ± 1.1 21.2 ± 1.7 * 20.1 ± 2.5 * p = 0.0003 

No. c-Fos+ 
putative 

vasopressin cells 
16 ± 2.1 21.5 ± 1.3 22.3 ± 2.5 p = 0.17 

Magnocellular 
PVN 

 

c-Fos+ 13.6 ± 1.1 12.9 ± 1.3 18.7 ± 6.9 p = 0.99 

No. c-Fos+ 
oxytocin cells  1.2 ± 0.4 2.5 ± 0.3 2.8 ± 0.3 p = 0.07 

% c-Fos+ 
oxytocin cells 9 ± 0.5 28 ± 1.7 * 22.3 ± 1 p < 0.0001 

No. c-Fos+   
non-oxytocin 

cells 
12.6 ± 1 11.3 ± 1.4 17 ± 6.7 p = 0.95 

Parvocellular 
PVN 

 

c-Fos+ 80.1 ± 4.4 105.8 ± 10.7 137.4 ± 31.7 p = 0.17 

No. c-Fos+ 
oxytocin cells  5.3 ± 0.7 6.6 ± 0.7 3.4 ± 0.9 p = 0.04 # 

% c-Fos+ 
oxytocin cells 31.1 ± 1.7 35.3 ± 1.3 33.1 ± 1.3 p = 0.25 

No. c-Fos+   
non-oxytocin 

cells 
74.8 ± 4.6 99.2 ± 10.1 134 ± 31.2 p = 0.13 

Arcuate 
Nucleus c-Fos+ 47.4 ± 10 54 ± 8.7 103.8 ± 17.9 * p = 0.022 

Ventromedial 
Hypothalamus c-Fos+ 13.2 ± 2.8 14.7 ± 2.2 27.2 ± 3.7 * p = 0.027 

NTS 

 

c-Fos+ 22.1 ± 2.6 113.8 ± 14.6 * 109.2 ± 14.4 * p = 0.0028 

No. c-Fos+ TH 
cells 2.3 ± 0.3 7.4 ± 2.4 * 8.3 ± 3.3 * p = 0.0096 

% c-Fos+ TH 
cells  4.2 ± 0.4 13.2 ± 4 * 18.5 ± 7.4 * p = 0.0083 

 

Table 4.1  – c-Fos expression in the SON, PVN, arcuate nucleus, ventromedial hypothalamus and NTS 
following the voluntary consumption of SCM. Data shown as mean ± SEM. Kruskal-Wallis p value < 0.05 

highlighted in blue. * Significantly different to controls determined by Dunn’s multiple comparisons post-hoc test.  

# Dunn’s multiple comparisons post-hoc test unable to determine where difference lies. SON, supraoptic nucleus; 
NTS, nucleus of the solitary tract; PVN, paraventricular nucleus.  
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Figure 4.2 - c-Fos expression in the SON following the voluntary consumption of SCM. Data shown as 

mean ± SEM. A: The number of c-Fos positive nuclei in the SON per brain section for Control (n = 7), SCM-

Expected (n = 6) and SCM-Unexpected (n = 3) groups (Kruskal-Wallis test (p = 0.04) with Dunn’s multiple 
comparisons (unable to determine where the difference lies)). B: The number of SON oxytocin-immunoreactive 

cells with c-Fos positive nuclei per brain section for Control (n = 7), SCM-Expected (n = 6) and SCM-Unexpected 

(n = 3) groups (Kruskal-Wallis test (p = 0.04) with Dunn’s multiple comparisons (unable to determine where the 
difference lies)). C: Percentage of SON oxytocin-immunoreactive cells with c-Fos positive nuclei per brain section 

for Control (n = 7), SCM-Expected (n = 6) and SCM-Unexpected (n = 3) groups (* p < 0.05, Kruskal-Wallis test (p 

= 0.0003) with Dunn’s multiple comparisons). D: The number of SON putative vasopressin cells with c-Fos 

positive nuclei per brain section for Control (n = 7), SCM-Expected (n = 6) and SCM-Unexpected (n = 3) groups 
(Kruskal-Wallis test (p = 0.17)). SCM, sweetened condensed milk; SON, supraoptic nucleus.  
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Figure 4.3 - c-Fos expression in the PVN following the voluntary consumption of SCM. Data shown as 

mean ± SEM. A: The number of c-Fos positive nuclei in the magnocellular and parvocellular PVN regions per 

brain section for Control (n = 7), SCM-Expected (n = 4) and SCM-Unexpected (n = 4) groups. (Kruskal-Wallis test 
(magnocellular, p = 0.99; parvocellular, p = 0.17)). B: The number of oxytocin cells with c-Fos positive nuclei in 

the magnocellular and parvocellular PVN regions per brain section for Control (n = 7), SCM-Expected (n = 4) and 

SCM-Unexpected (n = 4) groups (Magnocellular: Kruskal-Wallis test (p = 0.07); Parvocellular: Kuskal-Wallis test 

(p = 0.04) with Dunn’s multiple comparisons (unable to determine where the difference lies)). C: The percentage 

of PVN magnocellular and parvocellular oxytocin-immunoreactive cells with c-Fos positive nuclei per brain 

section for Control (n = 7), SCM-Expected (n = 6) and SCM-Unexpected (n = 4) groups (Magnocellular: * p < 

0.05, Kruskal-Wallis test (p < 0.0001) with Dunn’s multiple comparisons; Parvocellular: Kuskal-Wallis test (p = 
0.25)). D: Number of PVN magnocellular and parvocellular c-Fos expressing nuclei in non-oxytocin-

immunoreactive cells for Control (n = 7), SCM-Expected (n = 4) and SCM-Unexpected (n = 4) groups (Kruskal-

Wallis test (magnocellular, p = 0.95; parvocellular p = 0.13)). Magno, magnocellular; Parvo, parvocellular; PVN, 

paraventricular nucleus; SCM, sweetened condensed milk.  
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Figure 4.4 - Representative images of c-Fos- and oxytocin-like immunohistochemistry in the SON and 
PVN following the voluntary consumption of SCM. A: Representative images of c-Fos expression in SON 

oxytocin-immunoreactive cells for Control, SCM-Expected and SCM-Unexpected groups. Bregma -0.84 mm 

(Paxinos and Watson 2005). Arrows point to oxytocin cells with c-Fos positive nuclei. B: Representative images 

of c-Fos expression in PVN oxytocin-immunoreactive cells for Control and SCM-Expected groups. Bregma -1.80 
mm (Paxinos and Watson 2005). Arrows point to oxytocin cells with c-Fos positive nuclei.  

 
 
 
 
 
 
 
  



144      Investigating the Activity of Oxytocin Neurons Following Palatable, High-sugar Food Consumption 

 

Figure 4.5 - c-Fos expression in the arcuate nucleus, ventromedial hypothalamus and NTS following the 
voluntary consumption of SCM. Data shown as mean ± SEM. A: The number of c-Fos positive nuclei in the 
arcuate nucleus (ARC) per brain section for Control (n = 7), SCM-Expected (n = 6) and SCM-Unexpected (n = 5) 

groups (* p < 0.05, Kruskal-Wallis test (p = 0.022) with Dunn’s multiple comparisons). B: The number of c-Fos 

positive nuclei in the ventromedial hypothalamus (VMH) per brain section for Control (n = 7), SCM-Expected (n = 

6) and SCM-Unexpected (n = 5) groups (* p < 0.05, Kruskal-Wallis test (p = 0.027) with Dunn’s multiple 
comparisons). C: The number of c-Fos positive nuclei in the NTS per brain section for Control (n = 5), SCM-

Expected (n = 5) and SCM-Unexpected (n = 4) groups (* p < 0.05, Kruskal-Wallis test (p = 0.0028) with Dunn’s 

multiple comparisons). D: The number of TH-immunoreactive cells in the NTS with c-Fos positive nuclei per brain 
section for Control (n = 5), SCM-Expected (n = 5) and SCM-Unexpected (n = 4) groups (* p < 0.05, Kruskal-

Wallis test (p = 0.0096) with Dunn’s multiple comparisons). Individual data points shown to demonstrate how 

much higher NTS TH c-Fos expression is for two individual rats, one in each of the SCM-Expected and 

Unexpected groups. E: The percentage of TH-immunoreactive cells in the NTS with c-Fos positive nuclei per 
brain section for Control (n = 5), SCM-Expected (n = 5) and SCM-Unexpected (n = 4) groups (* p < 0.05, Kruskal-

Wallis test (p = 0.0083) with Dunn’s multiple comparisons). Individual data points shown to demonstrate how 

much higher NTS TH c-Fos expression is for two individual rats, one in each of the SCM-Expected and 
Unexpected groups. SCM, sweetened condensed milk; TH, tyrosine hydroxylase.  
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Figure 4.6 - Representative images of c-Fos-like immunohistochemistry in the NTS following the 
voluntary consumption of SCM. A: Representative image of c-Fos expression in NTS for the Control group. B: 
Representative image of c-Fos expression in NTS TH-immunoreactive cells for the Control group. C: 
Representative image of c-Fos expression in NTS for the SCM-Expected group. D: Representative image of c-
Fos expression in NTS TH-immunoreactive cells for the SCM-Expected group. E: Representative image of c-Fos 

expression in NTS for the SCM-Unexpected group. F: Representative image of c-Fos expression in NTS TH-

immunoreactive cells for the SCM-Unexpected group. All sections Bregma -13.92 mm (Paxinos and Watson 
2005). Arrows show TH cells with c-Fos positive nuclei. AP, area postrema; NTS, nucleus tractus solitarius; 

SCM, sweetened condensed milk; TH, tyrosine hydroxylase. 
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Figure 4.7 - Relationship between the number of c-Fos positive nuclei in oxytocin cells of the SON or 
PVN and the number of c-Fos positive nuclei in the NTS. p < 0.05 highlighted in blue. A: Correlation between 

the number of magnocellular oxytocin cells with c-Fos positive nuclei in the SON and the number of NTS TH cells 

with c-Fos positive nuclei (n = 11; slope, +0.057 ± 0.062; R2 = 0.085; p = 0.39). Rats from the SCM-Expected 

and SCM-Unexpected groups with a high number of NTS TH cells expressing c-Fos are highlighted in purple and 
blue respectively. B: Correlation between the number of magnocellular oxytocin cells with c-Fos positive nuclei in 

the SON and the number of NTS TH cells with c-Fos positive nuclei. Rats with a high number of NTS TH cells 

expressing c-Fos excluded (n = 9; slope, +0.67 ± 0.19; R2 = 0.65; p = 0.009). C: Correlation between the number 
of magnocellular oxytocin cells with c-Fos positive nuclei in the PVN and the number of NTS TH cells with c-Fos 

positive nuclei (n = 11; slope, +0.087 ± 0.03; R2 = 0.47; p = 0.019). Rats from the SCM-Expected and SCM-
Unexpected groups with a high number of NTS TH cells expressing c-Fos are highlighted in purple and blue 

respectively. D: Correlation between the number of magnocellular oxytocin cells with c-Fos positive nuclei in the 
PVN and the number of NTS TH cells with c-Fos positive nuclei. Rats with a high number of NTS TH cells 

expressing c-Fos excluded (n = 9; slope, +0.34 ± 0.11; R2 = 0.58; p = 0.018). E: Correlation between the number 
of parvocellular oxytocin cells with c-Fos positive nuclei in the PVN and the number of NTS cells with c-Fos 

positive nuclei (n = 11; slope, -0.0023 ± 0.013; R2 = 0.0037; p = 0.86). PVN, paraventricular nucleus; SCM, 
sweetened condensed milk; SON, supraoptic nucleus; TH, tyrosine hydroxylase.  
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Figure 4.8 - Relationship between the number of c-Fos positive nuclei in oxytocin cells of the SON or 
PVN and the number of c-Fos positive nuclei in the ventromedial hypothalamus. A: Correlation between 

the number of magnocellular oxytocin cells with c-Fos positive nuclei in the SON and the number of ventromedial 
hypothalamus (VMH) cells with c-Fos positive nuclei (n = 15; slope, +0.0049 ± 0.028; R2 = 0.0022; p = 0.87). B: 
Correlation between the number of magnocellular oxytocin cells with c-Fos positive nuclei in the PVN and the 

number of VMH cells with c-Fos positive nuclei (n = 15; slope, +0.025 ± 0.016; R2 = 0.16; p = 0.14). PVN, 
paraventricular nucleus; SCM, sweetened condensed milk; SON, supraoptic nucleus. 

 

 

 

 

  

A B 
p = 0.87	 p = 0.14	



148      Investigating the Activity of Oxytocin Neurons Following Palatable, High-sugar Food Consumption 

 

 

Figure 4.9 - Relationship between the number of c-Fos positive nuclei in oxytocin cells of the SON or 
PVN and the number of c-Fos positive nuclei in the arcuate nucleus. A: Correlation between the number of 

magnocellular oxytocin cells with c-Fos positive nuclei in the SON and the number of arcuate nucleus (ARC) cells 

with c-Fos positive nuclei (n = 15; slope, +0.00047 ± 0.0072; R2 = 0.032; p = 0.52). B: Correlation between the 

number of magnocellular oxytocin cells with c-Fos positive nuclei in the PVN and the number of ARC cells with c-
Fos positive nuclei (n = 15; slope, +0.0046 ± 0.0041; R2 = 0.089; p = 0.28). C: Correlation between the number 

of parvocellular oxytocin cells with c-Fos positive nuclei in the PVN and the number of ARC cells with c-Fos 

positive nuclei (n = 15; slope, -0.017 ± 0.013; R2 = 0.12; p = 0.21). PVN, paraventricular nucleus; SCM, 
sweetened condensed milk; SON, supraoptic nucleus. 
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4.3 Experiment 2: Investigating the Activity of Oxytocin 
Neurons Following Voluntary Consumption of Bland Diet 

4.3.1 Overview 

Johnstone et al. showed that bland diet consumption during food-restriction 

increases c-Fos expression in SON oxytocin neurons (Johnstone, Fong et al. 2006). 

However, c-Fos expression in magnocellular and parvocellular oxytocin neurons of 

the PVN was not reported in that study. Therefore, to determine whether the 

consumption of a bland food influences the activity of oxytocin neurons in both the 

SON and PVN, this study was replicated. In addition to quantifying c-Fos expression 

in oxytocin-immunoreactive neurons of the SON and PVN in this experiment, c-Fos 

expression was quantified in other key hypothalamic regions involved in the control 

of appetite.   

The aim of this experiment was to use c-Fos expression to determine whether 

oxytocin neurons are activated following the consumption of bland diet. This 

experiment is similar to Experiment 1, but rats were schedule-fed standard bland 

diet instead of SCM. For rats to voluntarily consume standard bland diet at a specific 

time, they have to be food-restricted. Following bland diet consumption during food-

restriction on the last day, c-Fos expression in SON and PVN oxytocin neurons was 

quantified. To control for a potential anticipatory response for bland diet scheduled-

feeding, an additional group of food-restricted rats receiving bland diet at an 

‘unexpected’ time were used. Food-restricted rats that were not re-fed on the last 

day were used as controls for bland diet consumption. To control for the potential 

effect of food-restriction on c-Fos expression, rats maintained on ad lib bland diet 

were used. 

4.3.2 Methods 

4.3.2.1 Animals 

32 male ~10 week old Sprague-Dawley rats were used. Before experimental 

procedures began, all rats were singly housed with ad lib access to standard bland 

diet (see Sections 2.1.1 & 2.2.1.1).   
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4.3.2.2 Scheduled-feeding of Bland Diet 

Rats were randomly allocated into 4 groups: (1) ad lib bland food access control 

(‘AL-Control’ group; n = 8), (2) food-restricted control (‘FR-Control’ group; n = 8), (3) 

food-restricted expected bland food access (‘FR-Bland-Expected’ group; n = 8) and 

(4) food-restricted unexpected bland food access (‘FR-Bland-Unexpected’ group; n 

= 8). 

The experiment lasted for 8 days. The AL-Control group were given ad lib access to 

the bland diet throughout the experiment. For 7 days, the FR-Control, FR-Bland-

Expected and FR-Bland-Unexpected groups were food-restricted and scheduled-fed 

bland food for 3 hr per day (between 13.00 and 16.00; see Section 2.2.1.4). On day 

8, the FR-Bland-Expected group received bland food access at the scheduled time 

(13.00) and the FR-Control group did not. The FR-Bland-Unexpected group 

received bland food access 4 hr before the scheduled time i.e. at an unexpected 

time (09.00). 1.5 hr following the beginning of bland food access on day 8, rats were 

given an overdose of sodium pentobarbital, perfused-fixed with heparinised saline 

followed by paraformaldehyde and the brains removed. Rats in the AL-Control and 

FR-Control groups were perfused-fixed at the same time of day to the FR-Bland-

Expected group (see Sections 2.3.4 & 2.6.1).  

Figure 4.10 shows a protocol schematic of bland diet and perfusion-fixation 

schedules for all groups on experimental days 1-8. 

4.3.2.3 Tissue Processing, Immunohistochemistry, c-Fos 

Quantification and Statistical Analysis 

Brain sectioning, immunohistochemistry, c-Fos quantification and statistical 

analyses were carried out as in Experiment 1. 

To determine differences in c-Fos expression between two groups, non-parametric 

Mann-Whitney tests were used (see Section 2.7.3).    



 

 Investigating the Activity of Oxytocin Neurons Following Palatable, High-sugar Food Consumption 151 

 

 

Figure 4.10 - Protocol schematic of food-restriction and bland diet scheduled-feeding for AL-Control, FR-
Control, FR-Bland-Expected and FR-Bland-Unexpected groups. Schematic represents light phase only. Left 

panel shows the feeding schedule for days 1-7. The AL-Control group had ad lib access to bland diet throughout 
the dark phase of days 1-7. The FR-Control, FR-Bland-Expected and FR-Bland-Unexpected groups did not have 

access to bland diet throughout the dark phase for days 1-7. Right panel shows the feeding and perfusion-

fixation schedule for day 8. AL, ad lib bland diet access; FR, food-restriction.   
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4.3.3 Results 

c-Fos expression was used to determine whether oxytocin neurons are also 

activated following the consumption of bland diet. 

There were 4 groups of rats in this experiment: 

1) AL-Control group that was given ad lib bland diet access.  

2) FR-Control group that was food-restricted.  

3) FR-Bland-Expected group that was food-restricted and given bland diet 

access at the expected time. 

4) FR-Bland-Unexpected group that was food-restricted and given bland diet 

access at an unexpected time (4 hr prior to the expected time). 

4.3.3.1 c-Fos Expression in the SON 

The number of c-Fos positive nuclei in the SON was not significantly different 

between AL-Control and FR-Control groups (p = 0.63; Table 4.2). The number of c-

Fos positive nuclei in the FR-Bland-Expected and FR-Bland-Unexpected groups 

was significantly higher than the FR-Control group (p = 0.01 and p = 0.0006 

respectively; Table 4.2; Figure 4.11A).  

There was no significant difference in the number of c-Fos positive oxytocin cells or 

the percentage of c-Fos positive SON oxytocin cells between AL-Control and FR-

Control groups (p = 0.68 and p = 0.41 respectively; Table 4.2). The number of c-Fos 

positive oxytocin cells or the percentage of c-Fos positive SON oxytocin cells was 

significantly higher in the FR-Bland-Expected and FR-Bland-Unexpected groups in 

comparison to the FR-Control group (no. c-Fos+ oxytocin cells: p = 0.024 and p = 

0.0008 respectively; Table 4.2; Figure 4.11B; Figure 4.13A; % c-Fos+ oxytocin cells: 

p = 0.03 and p = 0.002 respectively; Table 4.2; Figure 4.11C; Figure 4.13A).  

The number of c-Fos positive putative SON vasopressin cells was not significantly 

different between AL-Control and FR-Control groups (p = 0.6; Table 4.2). The 

number of c-Fos positive putative vasopressin cells was significantly higher in the 

FR-Bland-Expected and FR-Bland-Unexpected groups in comparison to the FR-

Control group (p = 0.01 and p = 0.0007 respectively; Table 4.2; Figure 4.11D).  
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4.3.3.2 c-Fos Expression in the PVN 

In the magnocellular or parvocellular PVN, the number of c-Fos positive nuclei was 

not significantly different between AL-Control and FR-Control groups (p = 0.8 and p 

= 0.4 respectively; Table 4.2). In the magnocellular PVN, the number of c-Fos 

positive nuclei was significantly higher in the FR-Bland-Expected and SCM-Bland-

Unexpected groups in comparison to the FR-Control group (p = 0.036 and p = 

0.0021 respectively; Table 4.2; Figure 4.12A). In the parvocellular PVN, the number 

of c-Fos positive nuclei was ~2-fold higher in the FR-Bland-Expected group 

compared to the FR-Control group, but this was not significant (p = 0.08; Table 4.2; 

Figure 4.12A). The number of c-Fos positive nuclei was significantly higher in the 

SCM-Bland-Unexpected group (p = 0.006; Table 4.2; Figure 4.12A).  

There was no significant difference in the number of c-Fos positive oxytocin cells or 

the percentage of c-Fos positive oxytocin cells in the magnocellular or parvocellular 

PVN between the AL-Control and FR-Control groups (no. c-Fos+ oxytocin cells: p = 

0.11 and p = 0.26 respectively; Table 4.2; % c-Fos+ oxytocin cells: p = 0.34 and p = 

0.84 respectively; Table 4.2). In the magnocellular PVN, the number of c-Fos 

positive oxytocin cells or the percentage of c-Fos positive oxytocin cells for the FR-

Bland-Expected group was ~2-fold higher than the FR-Control group, but this was 

not significant (p = 0.7 and p = 0.064 respectively; Table 4.2; Figure 4.12B & C; 

Figure 4.13B). In addition, the number of c-Fos positive oxytocin cells or the 

percentage of c-Fos positive oxytocin cells for the FR-Bland-Unexpected group was 

significantly higher than the FR-Control group (p = 0.02 and p = 0.0013 respectively; 

Table 4.2; Figure 4.12B & C; Figure 4.13B). In the parvocellular PVN, there was no 

significant difference in the number of c-Fos positive oxytocin cells or the 

percentage of c-Fos positive oxytocin cells between the FR-Control and FR-Bland-

Expected groups (p > 0.99 and p = 0.86 respectively; Table 4.2; Figure 4.12B & C). 

However, the number of c-Fos positive oxytocin cells or the percentage of c-Fos 

positive oxytocin cells in the FR-Bland-Unexpected group was significantly higher 

than the FR-Control group (p = 0.0081 and p = 0.0032 respectively; Table 4.2; 

Figure 4.12B & C).  

The number of c-Fos positive non-oxytocin cells in the magnocellular or 

parvocellular PVN was not significantly different between AL-Control and FR-Control 

groups (p = 0.81 and p = 0.43 respectively; Table 4.2). In the magnocellular PVN, 

the number of c-Fos positive non-oxytocin cells was significantly higher in the FR-
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Bland-Expected and FR-Bland-Unexpected groups in comparison to the FR-Control 

group (p = 0.032 and p = 0.0025 respectively; Table 4.2). In the parvocellular PVN, 

the number of c-Fos positive non-oxytocin cells was ~2-fold higher in the FR-Bland-

Expected in comparison to the FR-Control group, but this was not significant (p = 

0.07; Table 4.2; Figure 4.12D). The number of c-Fos positive non-oxytocin cells was 

significantly higher in the SCM-Bland-Unexpected group (p = 0.007; Table 4.2; 

Figure 4.12D).  

4.3.3.3 c-Fos Expression in Other Brain Regions 

In the arcuate nucleus, c-Fos expression was significantly higher in the FR-Control 

group in comparison to the AL-Control group (p = 0.0056; Table 4.2). In the 

ventromedial hypothalamus, there was no significant difference in c-Fos expression 

between the AL-Control and FR-Control groups (p = 0.76; Table 4.2).  

In the arcuate nucleus or ventromedial hypothalamus, there was no significant 

difference in c-Fos expression between the FR-Control, FR-Bland-Expected and 

FR-Bland-Unexpected groups (p = 0.85 and p = 0.16 respectively; Table 4.2; Figure 

4.14A & B).  

4.3.3.4 Correlations in c-Fos Expression 

There was a positive correlation between the number of c-Fos positive SON or PVN 

magnocellular oxytocin cells and c-Fos positive nuclei in the ventromedial 

hypothalamus (Figure 4.15A & B).  

There was no significant correlation between the number of c-Fos positive SON or 

PVN magnocellular oxytocin cells and c-Fos positive nuclei in the arcuate nucleus 

(Figure 4.16A & B). In addition, there was no significant correlation between the 

number of c-Fos positive PVN parvocellular oxytocin cells and the number of c-Fos 

positive nuclei in the arcuate nucleus (Figure 4.16C). 

4.3.4 Results Summary 

Following food-restriction: 

• There was no significant difference in c-Fos expression in SON or PVN 

(magnocellular or parvocellular) oxytocin cells or c-Fos expression in the 

ventromedial hypothalamus. 

• c-Fos expression in the arcuate nucleus was increased.  
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Following bland diet consumption during food-restriction: 

• c-Fos expression in magnocellular oxytocin cells of the SON and PVN was 

increased.  

• c-Fos expression in PVN parvocellular oxytocin cells was increased when 

bland diet access was given at an unexpected time, but not when given at 

the expected time.  

• c-Fos expression in the arcuate nucleus or ventromedial hypothalamus did 

not change.   

• There was a significant correlation between c-Fos expression in 

magnocellular oxytocin cells (SON and PVN) and c-Fos expression in the 

ventromedial hypothalamus, but not with c-Fos expression in the arcuate 

nucleus.  
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Brain 

Region 
Count 

 Count/Section (mean ± SEM) Kruskal-
Wallis Test 

P Value AL-Control FR-Control FR-Bland-
Expected 

FR-Bland-
Unexpected 

 

 

SON 
 

 

c-Fos+ 44.3 ± 7.7 38.5 ± 5.1 197.8 ± 28.2  * 241.4 ± 34.2 * p = 0.0004 

No. c-Fos+ 
oxytocin cells  3.5 ± 1 2.3 ± 0.3 8.7 ± 0.5 * 14.5 ± 3.7 * p = 0.0007 

% c-Fos+ 
oxytocin cells 10.4 ± 2.1 7.9 ± 1.6 23.8 ± 3.8 * 32.8 ± 5.1 * p = 0.0018 

No. c-Fos+ 
putative 

vasopressin 
cells 

40.9 ± 7 36.2 ± 5.2 189 ± 27.9 * 226.9 ± 31.1 * p = 0.0005 

Magno 

PVN 

 

c-Fos+ 34.3 ± 9.6 31.6 ± 4.6 125.5 ± 12.1 * 144.9 ± 21.3 * p = 0.0008 

No. c-Fos+ 
oxytocin cells  2 ± 0.6 1.7 ± 0.3 3.6 ± 1 6.3 ± 1.3 * p = 0.016 

% c-Fos+ 
oxytocin cells 11.4 ± 2.5 7.7 ± 2.5 19.3 ± 2.1 35.5 ± 5.9 * p = 0.003 

No. c-Fos+   
non-oxytocin 

cells 
32.3 ± 9 29.9 ± 4.5 121.9 ± 12.1 * 138.6 ± 20.3 * p = 0.0009 

Parvo 

PVN 

 

c-Fos+ 77.2 ± 14.1 57.5 ± 7.9 105.6 ± 11 132.3 ± 20.3 * p = 0.005 

No. c-Fos+ 
oxytocin cells  4 ± 0.5 3.2 ± 0.4 3.6 ± 0.8 9.3 ± 1.5 * p = 0.0043 

% c-Fos+ 
oxytocin cells 13.3 ± 2.9 12.9 ± 3 19.4 ± 4 41.2 ± 5.1 * p = 0.005 

No. c-Fos+   
non-oxytocin 

cells 
73.2 ± 13.8 54.3 ± 7.6 102 ± 11 123.1 ± 19.3 * p = 0.005 

ARC c-Fos+ 88.3 ± 14.1 160 ± 9.7 # 162.5 ± 8.2 169.4 ± 14.3 p = 0.9 

VMH c-Fos+ 128.9 ± 19.6 119.5 ± 14.4 149.2 ± 11.5 162.5 ± 8.2 p = 0.2 

 

Table 4.2 – c-Fos expression in the SON, PVN, arcuate nucleus, ventromedial hypothalamus and NTS 
following the scheduled-feeding of bland diet. Data shown as mean ± SEM. Kruskal-Wallis test for FR-

Control, FR-Bland-Expected and FR-Bland-Unexpected groups only. Kruskal-Wallis p value < 0.05 highlighted in 

blue. * Significantly different to the FR-Control group determined by Dunn’s multiple comparisons post-hoc test (p 
< 0.05). # Significantly different to the AL-Control group determined by Mann-Whitney test (p < 0.05). ARC, 

arcuate nucleus; SON, supraoptic nucleus; Magno PVN, magnocellular paraventricular nucleus; Parvo PVN, 

parvocellular paraventricular nucleus; VMH, ventromedial hypothalamus.  
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Figure 4.11 - c-Fos expression in the SON following the scheduled-feeding of bland diet. Data shown as 

mean ± SEM. A: The number of c-Fos positive nuclei in the SON per brain section for FR-Control (n = 8), FR-
Bland-Expected (n = 7) and FR-Bland-Unexpected (n = 8) groups (* p < 0.05, Kruskal-Wallis test (p = 0.0004) 

with Dunn’s multiple comparisons). B: The number of oxytocin cells with c-Fos positive nuclei in the SON per 

brain section for FR-Control (n = 8), FR-Bland-Expected (n = 7) and FR-Bland-Unexpected (n = 8) groups (* p < 
0.05, Kruskal-Wallis test (p = 0.0007) with Dunn’s multiple comparisons). C: The percentage of SON oxytocin-

immunoreactive cells with c-Fos positive nuclei per brain section for for FR-Control (n = 8), FR-Bland-Expected (n 

= 7) and FR-Bland-Unexpected (n = 8) groups (* p < 0.05, Kruskal-Wallis test (p = 0.0018) with Dunn’s multiple 

comparisons). D: The number of c-Fos positive nuclei in the SON per brain section for FR-Control (n = 8), FR-
Bland-Expected (n = 7) and FR-Bland-Unexpected (n = 8) groups (* p < 0.05, Kruskal-Wallis test (p = 0.0005) 

with Dunn’s multiple comparisons). SON, supraoptic nucleus.  
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Figure 4.12 - c-Fos expression in the PVN following the scheduled-feeding of bland diet. Data shown as 
mean ± SEM. A: The number of c-Fos positive nuclei in the magnocellular and parvocellular PVN regions per 

brain section for FR-Control (n = 8), FR-Bland-Expected (n = 6) and FR-Bland-Unexpected (n = 8)) groups (* p < 

0.05, Kruskal-Wallis test (magnocellular, p = 0.0008; parvocellular, p = 0.0045) with Dunn’s multiple 

comparisons). B: The number of oxytocin cells with c-Fos positive nuclei in the magnocellular and parvocellular 
PVN regions per brain section for FR-Control (n = 8), FR-Bland-Expected (n = 6) and FR-Bland-Unexpected (n = 

8)) groups (* p < 0.05, Kruskal-Wallis test (magnocellular, p = 0.016; parvocellular, p = 0.0043) with Dunn’s 

multiple comparisons). C: The percentage of PVN magnocellular and parvocellular oxytocin-immunoreactive cells 
with c-Fos positive nuclei per brain section FR-Control (n = 8), FR-Bland-Expected (n = 6) and FR-Bland-

Unexpected (n = 8)) groups (* p < 0.05, Kruskal-Wallis test (magnocellular, p = 0.0025; parvocellular, p = 0.0049) 

with Dunn’s multiple comparisons). D: The number of c-Fos positive nuclei in non-oxytocin-immunoreactive cells 

in the magnocellular and parvocellular PVN regions per brain section for FR-Control (n = 8), FR-Bland-Expected 
(n = 6) and FR-Bland-Unexpected (n = 8)) groups (* p < 0.05, Kruskal-Wallis test (magnocellular, p = 0.0009; 

parvocellular, p = 0.0051) with Dunn’s multiple comparisons). Magno, magnocellular; Parvo, parvocellular; PVN, 

paraventricular nucleus. 
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Figure 4.13 - Representative Images of c-Fos- and oxytocin-like immunohistochemistry in the SON and 
PVN following the scheduled-feeding of bland diet. A: Representative images of c-Fos expression in SON 

oxytocin-immunoreactive cells for FR-Control, FR-Bland-Expected and FR-Bland-Unexpected groups. Bregma -

0.84 mm (Paxinos and Watson 2005). Black arrows point to oxytocin cells with c-Fos positive nuclei. B: 
Representative images of c-Fos expression in PVN oxytocin-immunoreactive cells for FR-Control, FR-Bland-

Expected and FR-Bland-Unexpected groups. Bregma -1.80 mm (Paxinos and Watson 2005). Black arrows point 

to oxytocin cells with c-Fos positive nuclei. Magno, magnocellular; OC, optic chiasm; SON, supraoptic nucleus. 
Parvo, parvocellular; PVN, paraventricular nucleus. 
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Figure 4.14 - c-Fos expression in the arcuate nucleus and ventromedial hypothalamus following the 
scheduled-feeding of bland diet. Data shown as mean ± SEM. A: The number of c-Fos positive nuclei in the 

arcuate nucleus (ARC) per brain section for FR-Control (n = 8), FR-Bland-Expected (n = 8) and FR-Bland-

Unexpected (n = 7)) groups (Kruskal-Wallis test (p = 0.85)). B: The number of c-Fos positive nuclei in the 

ventromedial hypothalamus (VMH) per brain section for FR-Control (n = 8), FR-Bland-Expected (n = 8) and FR-
Bland-Unexpected (n = 7)) groups (Kruskal-Wallis test (p = 0.16)).  
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Figure 4.15 - Relationship between the number of c-Fos positive nuclei in oxytocin cells of the SON or 
PVN and the number of c-Fos positive nuclei in the ventromedial hypothalamus. p < 0.05 highlighted in 
blue. A: Correlation between the number of magnocellular oxytocin cells with c-Fos positive nuclei in the SON 

and the number of ventromedial hypothalamus (VMH) cells with c-Fos positive nuclei (n = 24; slope, +0.091 ± 

0.033; R2 = 0.25; p = 0.012). B: Correlation between the number of magnocellular oxytocin cells with c-Fos 
positive nuclei in the PVN and the number of VMH cells with c-Fos positive nuclei (n = 24; slope, +0.032 ± 0.013; 

R2 = 0.21; p = 0.025). SON, supraoptic nucleus; PVN, paraventricular nucleus. 
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Figure 4.16 - Relationship between the number of c-Fos positive nuclei in oxytocin cells of the SON or 
PVN and the number of c-Fos positive nuclei in the arcuate nucleus. A: Correlation between the number of 

SON magnocellular oxytocin cells with c-Fos positive nuclei and the number of arcuate nucleus (ARC) cells with 

c-Fos positive nuclei (n = 25; slope, -0.006 ± 0.36; R2 = 0.0013; p = 0.87). B: Correlation between the number of 

PVN magnocellular oxytocin cells with c-Fos positive nuclei and the number of ARC cells with c-Fos positive 

nuclei (n = 25; slope, +0.013 ± 0.014; R2 = 0.041; p = 0.33). C: Correlation between the number of PVN 

parvocellular oxytocin cells with c-Fos positive nuclei and the number of ARC cells with c-Fos positive nuclei (n = 

25; slope, +0.018 ± 0.016; R2 = 0.051; p = 0.26). SON, supraoptic nucleus; PVN, paraventricular nucleus. 
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4.4 Experiment 3: Investigating the Activity of Oxytocin 
Neurons Following the Gavage of SCM 

4.4.1 Overview 

The aim of this experiment was to use c-Fos expression to determine whether food 

consumption influences the activity of oxytocin neurons through gut-brain signalling 

mechanisms. Oral gavage was used to bypass gustatory and olfactory signalling 

and isolate gut-brain signalling pathways. SCM was gavaged into the stomach of 

overnight fasted, anaesthetised rats. Following gavage, c-Fos expression in SON 

and PVN oxytocin neurons was quantified. Sham gavage was used as a control. In 

addition, inflation of a gastric balloon was used to determine the effects of gastric 

distention on the activity of oxytocin neurons. In addition to quantifying c-Fos 

expression in oxytocin-immunoreactive neurons of the SON and PVN, c-Fos 

expression was quantified in other key hypothalamic and brainstem regions involved 

in the control of appetite.  

In this experiment SCM was gavaged under anaesthesia for multiple reasons. The 

oxytocin system is involved in the stress response, where oxytocin neurons are 

activated following a stressor (see Onaka, Takayanagi et al. 2012). Therefore, SCM 

gavage was carried out under anaesthesia to eliminate any stress response and 

subsequent oxytocin neuron activation that may be induced during conscious 

gavage. In addition, with gavage under anaesthesia (where the feeding tube 

remains inserted throughout the experiment), I can be confident that gavage does 

not trigger oro-sensory signalling pathways that may be activated upon removal of 

the feeding tube following conscious gavage. Furthermore, this gavage experiment 

was the initial experiment in a series of experiments using in vivo electrophysiology 

in anaesthetised rats to study the electrical activity of oxytocin neurons with food in 

the stomach.  

In a parallel experiment, anaesthetised rats were subjected to either a sham or SCM 

gavage and blood was sampled before during and after gavage to determine 

changes in blood glucose, plasma insulin, plasma sodium and plasma osmolarity. 
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4.4.2 Methods 

4.4.2.1 Animals  

25 male 8-10 week old Sprague-Dawley rats were fasted for 18 hr prior to the 

experiment to empty the stomach. During this fasting period animals had ad lib 

access to drinking water only.  

4.4.2.2 SCM Gavage 

Anaesthesia was induced by inhalation of isoflurane followed by an IP injection of 

pentobarbital sodium (60 mg/kg). The femoral vein was cannulated allowing IV 

maintenance of pentobarbital sodium anaesthesia (18.6 mg/kg/hour, alongside 0.9 

% w/v saline 10 ml/kg/hour; see Sections 2.3.3 & 2.4.2.2). Pentobarbital sodium 

anaesthesia was used as it induces little c-Fos expression in the SON and PVN 

compared to other types of anaesthesia, for example urethane (Takayama, Suzuki 

et al. 1994). Rats were tracheotomised (see Section 2.4.1) and a plastic gavage 

tube (Solomon Scientific, FTP-13-150) was inserted down the oesophagus into the 

stomach. Gavage was carried out at least 2 hr following surgical procedures. Rats 

were randomly allocated into three groups: (1) ‘SCM’ gavage (n = 8), (2) ‘Sham’ 

gavage (n = 8) and (3) ‘Balloon’ gavage (n = 9). For animals that underwent SCM 

gavage, the luer of the gavage tube was attached to an infusion pump and 5 ml of 

diluted SCM (see Section 2.2.2.1) was slowly infused into the stomach at a rate of 

140 µl/min. Rats in the Sham group were treated the same as the SCM gavage 

group including attachment of the gavage tube to the infusion pump, except no SCM 

was infused. Rats in the Balloon group had a gavage tube with a fine latex balloon 

attached to the end inserted into the stomach and inflated with water at the same 

rate as the SCM gavage. 1 hr after the end of gavage, rats were given an overdose 

of pentobarbital sodium and perfused-fixed (see Sections 2.3.4 & 2.6.1).  

4.4.2.3 Tissue Processing, Immunohistochemistry and c-Fos 

Quantification  

Brain sectioning, immunohistochemistry and c-Fos quantification were carried out as 

in Experiment 1.  
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4.4.2.4 Blood Sampling 

Blood collection carried out by Dr Nancy Sabatier - Centre for Integrative 

Physiology, The University of Edinburgh. 

Two separate groups of rats underwent either a ‘Sham’ (n = 3) or ‘SCM’ (n = 4) 

gavage as described in Section 4.2.3.3. For blood sampling, jugular vein cannulae 

containing heparinised saline (50 U/ml) were implanted (see Section 2.4.2.3). Blood 

was drawn through the jugular vein cannulae at time points -20, 0, 20 and 60 min 

with respect to the start of gavage (see Section 2.5.2). At each time point 200 µl of 

blood was collected into EDTA coated tubes and centrifuged to separate plasma 

from the supernatant. Plasma was frozen until analysis (see Section 2.5.3).   

4.4.2.5 Blood/Plasma Analysis 

The concentration of glucose in freshly drawn blood was measured using a 

commercial, hand held glucose meter (ACCU-CHEK® Aviva, Roche). Plasma was 

thawed immediately before use. A commercially available ELISA kit, which used a 

streptavidin peroxidase enzyme system for detection, was used to measure plasma 

insulin concentration (rat/mouse insulin ELISA; EZRMI-13K, Merck-Millipore, UK; 

estimated inter-assay variability, 6 - 17.9 %). Plasma samples were ran through the 

ELISA in duplicate and the concentration of each sample was interpolated from a 

standard insulin curve. ELISA intra-assay variability was <10 %. Plasma osmolarity 

was measured using an osmometer (Model 3300, Advanced Instruments, Inc., 

USA). Plasma sodium concentration was measured using a sodium flame 

photometer (PFP7; Jenway, UK). Plasma samples were diluted in deionised water 

(1:500) and each plasma sample was run through the flame photometer in duplicate. 

Plasma sodium concentrations were interpolated from a standard curve constructed 

using increasing concentrations of a sodium standard solution (0 – 10 mg/L; 

025021, Jenway). 

4.4.2.6 Statistical Analysis  

One rat in the SCM group was excluded from analysis. The number of SON oxytocin 

cells with c-Fos positive nuclei in this animal was more than 9 standard deviations 

away from the mean more than 5 interquartile ranges above the third quartile of the 

remaining 7 rats in the SCM gavage group.  
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All data are expressed as mean ± SEM. Normality of data was assessed using the 

D'Agostino & Pearson omnibus normality test (see Section 2.7.1). To determine 

differences in c-Fos expression between groups a non-parametric Kruskal-Wallis 

test was used. When a difference was detected, Dunn’s multiple comparison post-

hoc tests were used to determine where these differences lie (see Section 2.7.3). To 

determine whether blood glucose, plasma insulin, plasma osmolarity and plasma 

sodium changed in the SCM group with time, non-parametric, repeated measures 

Friedman tests were used to compare t = 0, 20 and 60 min to t = -20 min. If a 

difference was detected, Dunn’s multiple comparison post-hoc tests were used to 

determine where these differences lie (see Section 2.7.3). Linear regression 

analysis (R2 and deviation from a line with no correlation) was carried out to 

determine the relationship between c-Fos expression in the SON or PVN and other 

brain regions for each animal (see Section 2.7.5).  

4.4.3 Results 

Experiment 1 showed that c-Fos expression in magnocellular oxytocin cells is 

increased following voluntary SCM consumption. Following this, I investigated 

potential signalling mechanisms from the gut to the hypothalamus. The purpose of 

this experiment was to determine whether SCM consumption influences the activity 

of oxytocin neurons through gut-brain signalling mechanisms. Oral gavage was 

used to bypass gustatory and olfactory signalling and c-Fos expression was used to 

indirectly measure neural activity following SCM gavage. 

There were 3 groups of rats in this experiment: 

1) Sham group that were subjected to all procedures except nothing was 

gavaged into their stomachs.  

2) Balloon group where a fine balloon attached to the end of the gavage tube 

was inflated with water at the same rate and to the same volume as SCM 

gavage. This group was used to control for the effects of gastric distention 

during SCM gavage on the activity of oxytocin neurons.    

3) SCM group where SCM was gavaged directly into the stomach. 

4.4.3.1 c-Fos Expression in the SON  

In the SON, there was no significant difference in the number of c-Fos positive 

nuclei between groups (p = 0.15; Table 4.3; Figure 4.17A).  
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The number of c-Fos positive oxytocin cells or the percentage of c-Fos positive SON 

oxytocin cells was not significantly different between the Sham and Balloon groups 

(p > 0.99 and p > 0.99 respectively; Table 4.3; Figure 4.17B & C). The number of c-

Fos positive oxytocin cells or the percentage of c-Fos positive oxytocin cells was 

significantly higher in the SCM group in comparison to the Sham group (p = 0.02 

and p = 0.025 respectively; Table 4.3; Figure 4.17B, C & E).  

The number of c-Fos positive putative vasopressin cells was not significantly 

different between groups (p = 0.26; Table 4.3; Figure 4.17D).  

4.4.3.2 c-Fos Expression in the PVN 

In the magnocellular PVN, the number of c-Fos positive nuclei was not significantly 

different between the Sham and SCM groups (p > 0.99; Table 4.3; Figure 4.18A). 

The number of c-Fos positive nuclei in the Balloon group was ~2-fold lower than the 

Sham group, but this was not significant (p = 0.12; Table 4.3; Figure 4.18A). The 

number of c-Fos positive nuclei in the SCM group was significantly higher than the 

Balloon group (p = 0.045; Table 4.3; Figure 4.18A). In the parvocellular PVN, the 

number of c-Fos positive nuclei in the Balloon group was ~2-fold lower than the 

Sham and SCM groups, but there was no significant difference between all groups 

(p = 0.09; Table 4.3; Figure 4.18A).   

In the magnocellular PVN, the number of c-Fos positive oxytocin cells was not 

significantly different between the Sham and the SCM groups (p = 0.47; Table 4.3; 

Figure 4.18B). In addition, there was no significant difference between the Sham 

and Balloon groups (p > 0.99; Table 4.3; Figure 4.18B). The number of c-Fos 

positive oxytocin cells in the SCM group was significantly higher than the Balloon 

group (p = 0.042; Table 4.3; Figure 4.18B). The percentage of c-Fos positive 

oxytocin cells in the magnocellular PVN of the Balloon group was ~2-fold lower than 

the Sham and SCM groups, but there was no significant difference between all 

groups (p = 0.16; Table 4.3; Figure 4.18C). In the parvocellular PVN, there was no 

significant difference in the number of c-Fos positive oxytocin cells or the 

percentage of c-Fos positive oxytocin cells between the groups (p = 0.73 and p = 

0.92 respectively; Table 4.3; Figure 4.18B & C).  

In the magnocellular and parvocellular PVN, the number of c-Fos positive non-

oxytocin cells in the Balloon group was ~2-fold lower than the Sham and SCM 
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groups, but there was no significant difference between all groups (p = 0.055 and p 

= 0.09 respectively; Table 4.3; Figure 4.18D).  

4.4.3.3 c-Fos Expression in Other Brain Regions 

In the arcuate nucleus, the number of c-Fos positive nuclei was not significantly 

different between groups (p = 0.077; Table 4.3; Figure 4.19A).  

In the ventromedial hypothalamus, the number of c-Fos positive nuclei in the SCM 

group was ~2-fold higher than the Balloon group, but there was no significant 

difference between all groups (p = 0.093; Table 4.3; Figure 4.19B).   

In the NTS, there were no significant differences in the number of c-Fos positive 

nuclei between groups groups (p = 0.72; Table 4.3; Figure 4.19C). The number of c-

Fos positive TH cells in the Balloon group was ~2-fold higher than the Sham group, 

but there was no significant difference between all groups (p = 0.1; Table 4.3; Figure 

4.19D). There was no significant difference in the percentage of c-Fos positive TH 

cells between the groups (p = 0.52; Table 4.3; Figure 4.19E).  

4.4.3.4 Correlations in c-Fos Expression 

There was a positive correlation between the number of c-Fos positive SON or PVN 

magnocellular oxytocin cells and c-Fos positive nuclei in the ventromedial 

hypothalamus (Figure 4.20A & B).  

There was no significant correlation between the number of c-Fos positive SON or 

PVN magnocellular oxytocin cells and c-Fos positive nuclei in the arcuate nucleus 

(Figure 4.21A & B). There was no significant correlation between the number of c-

Fos positive parvocellular PVN oxytocin cells and c-Fos positive nuclei in the 

arcuate nucleus (Figure 4.21C). 

There was no significant correlation between the number of c-Fos positive SON or 

PVN magnocellular oxytocin cells and c-Fos positive NTS TH cells (Figure 4.22A & 

B). There was no significant correlation between the number of c-Fos positive PVN 

parvocellular oxytocin cells and c-Fos positive nuclei in the NTS (Figure 4.22C).  

4.4.3.5 Blood Analysis 

Blood glucose, plasma insulin, plasma osmolarity and plasma sodium were 

measured at -20, 0, 20 and 60 min with respect to the onset of SCM or sham 
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gavage (i.e. from the time that the gavage tube is attached to the infusion pump and 

SCM is infused into the stomach (SCM) or not (Sham)).  

With SCM gavage, blood glucose was significantly increased 60 min after the start 

of gavage (p = 0.028 compared to t = -20 min, Figure 4.23A). Blood glucose did not 

change in rats subjected to a sham gavage (p = 0.91 compared to t = -20 min, 

Figure 4.23A). In addition, plasma insulin increased during and after gavage. 

However, this increase was not significant (p = 0.068 compared to t = -20 min, 

Figure 4.23B). With sham gavage, plasma insulin did not change with time (p = 0.88 

compared to t = -20 min; Figure 4.23B).  

Plasma osmolarity and plasma sodium did not change during or after SCM gavage 

(osmolarity: p = 0.51 compared to t = -20 min, Figure 4.23C; sodium: p = 0.99 

compared to t = -20 min, Figure 4.23D).  

4.4.4 Results Summary 

Following SCM gavage: 

• c-Fos expression in SON oxytocin neurons is higher than sham and gastric 

distention controls.  

• c-Fos expression in PVN magnocellular oxytocin neurons is higher than 

gastric distention controls, but no different from sham.  

• There was no difference in c-Fos expression in PVN parvocellular oxytocin 

neurons. 

• c-Fos expression in the arcuate nucleus, ventromedial hypothalamus or NTS 

was no different.  

• There was a positive correlation between c-Fos expression in magnocellular 

oxytocin cells (SON and PVN) and c-Fos expression in the ventromedial 

hypothalamus.  

• There was no significant correlation between c-Fos expression in 

magnocellular oxytocin cells (SON and PVN) and c-Fos expression in the 

arcuate nucleus or NTS (including NTS TH cells).   
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Brain Region Count 
Count/Section (mean ± SEM) Kruskal-Wallis 

Test P Value Sham Balloon SCM 

SON 

 

 

c-Fos+ 90.1 ± 9.7 115.6 ± 19.4 139.1 ± 18.69 p = 0.15 

No. c-Fos+ 
oxytocin cells  3.6 ± 0.7 3.6 ± 1.1 6.7 ± 0.62 * p = 0.015 

% c-Fos+ 
oxytocin cells 19.4 ± 1.4 22.2 ± 2.9 36 ± 6.5  * p = 0.026 

No. c-Fos+ 
putative 

vasopressin 
cells 

86.5 ± 9.2 112 ± 18.4 132.4 ± 18.5 p = 0.26 

Magnocellular 
PVN 

 

c-Fos+ 75.2 ± 16.9 35.1 ± 7.8 88.7 ± 20.4 # p = 0.028 

No. c-Fos+ 
oxytocin cells  4.2 ± 1.2 2.5 ± 0.6 7 ± 1.9 # P = 0.048 

% c-Fos+ 
oxytocin cells 16.3 ± 4.5 8.38 ± 2.1 22.7 ± 6.5 p = 0.16 

No. c-Fos+   
non-oxytocin 

cells 
70.3 ± 15.5 33.1 ± 7.7 82.2 ± 20 p = 0.055 

Parvocellular 
PVN 

 

c-Fos+ 180.5 ± 42.4 104.4 ± 20.3 198.3 ± 33.2 p = 0.09 

No. c-Fos+ 
oxytocin cells  8.7 ± 1.8 10.3 ± 1.9 7.9 ± 1.3 p = 0.73 

% c-Fos+ 
oxytocin cells 35.3 ± 5.7 32.1 ± 5.3 33.8 ± 5.2 p = 0.92 

No. c-Fos+   
non-oxytocin 

cells 
171.5 ± 40.7 96.6 ± 19.1 190.5 ± 32.3 p = 0.09 

Arcuate 
Nucleus c-Fos+ 49.3 ± 5.4 36.1 ± 6.2 58.3 ± 5.9 p = 0.077 

Ventromedial 
Hypothalamus c-Fos+ 25.5 ± 5.7 16.3 ± 4.1 34.1 ± 7.1 p = 0.093 

NTS 

 

c-Fos+ 237.9 ± 22.4 286 ± 32.7 247.8 ± 14.6 p = 0.72 

No. c-Fos+ TH 
cells 8.8 ± 1.2 16.4 ± 2.8 11.2 ± 1.3 p = 0.1 

% c-Fos+ TH 
cells  35.4 ± 6.2 43 ± 4.3 42.4 ± 4.3 p = 0.52 

Table 4.3 – c-Fos expression in the SON, PVN, arcuate nucleus, ventromedial hypothalamus and NTS 
following SCM gavage. Data shown as mean ± SEM. Kruskal-Wallis p value < 0.05 highlighted in blue. * 

Significantly different to the Sham group determined by Dunn’s multiple comparisons post-hoc test (p < 0.05). # 
Significantly different to the Balloon group determined by Dunn’s multiple comparisons post-hoc test (p < 0.05). 

NTS, nucleus of the solitary tract; PVN, paraventricular nucleus; SON, supraoptic nucleus; TH, tyrosine 

hydroxylase.  



 

 Investigating the Activity of Oxytocin Neurons Following Palatable, High-sugar Food Consumption 171 

 

Figure 4.17 - c-Fos expression in the SON following the gavage of SCM. Data shown as mean ± SEM. A: 
The number of c-Fos positive nuclei in the SON per brain section for Sham (n = 8), Balloon (n = 9) and SCM (n = 
7) gavage groups (Kruskal-Wallis test (p = 0.15)). B: The number of oxytocin cells with c-Fos positive nuclei in 

the SON per brain section for Sham (n = 8), Balloon (n = 9) and SCM (n = 7) gavage groups (* p < 0.05, Kruskal-

Wallis test (p = 0.015) with Dunn’s multiple comparisons). C: The percentage of SON oxytocin-immunoreactive 

cells with c-Fos positive nuclei per brain section for Sham (n = 8), Balloon (n = 9) and SCM (n = 7) gavage 
groups (* p < 0.05, Kruskal-Wallis test (p = 0.026) with Dunn’s multiple comparisons). D: The number of putative 

vasopressin cells with c-Fos positive nuclei in the SON per brain section for Sham (n = 8), Balloon (n = 9) and 

SCM (n = 7) gavage groups (Kruskal-Wallis test (p = 0.26)). SCM, sweetened condensed milk; SON, supraoptic 
nucleus. E: Representative images of c-Fos expression in SON oxytocin-immunoreactive cell for Sham, Balloon 

and SCM gavage groups. Bregma -0.84 mm (Paxinos and Watson 2005). Black arrows point to oxytocin cells 

with c-Fos positive nuclei. 
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Figure 4.18 - c-Fos expression in the PVN following the gavage of SCM. Data shown as mean ± SEM. A: 
The number of c-Fos positive nuclei in the magnocellular and parvocellular PVN regions per brain section for 
Sham (n = 8), Balloon (n = 9) and SCM (n = 7) gavage groups (magnocellular: * p < 0.05, Kruskal-Wallis test with 

Dunn’s multiple comparisons (p = 0.028); parvocellular: Kruskal-Wallis test (p = 0.09)). B: The number of 

oxytocin-immunoreactive cells with c-Fos positive nuclei in the magnocellular and parvocellular PVN regions per 
brain section for Sham (n = 8), Balloon (n = 9) and SCM (n = 7) gavage groups (magnocellular: * p < 0.05, 

Kruskal-Wallis test with Dunn’s multiple comparisons (p = 0.048); parvocellular: Kruskal-Wallis test (p = 0.73)). C: 
The percentage of PVN magnocellular and parvocellular oxytocin-immunoreactive cells with c-Fos positive nuclei 

per brain section for Sham (n = 8), Balloon (n = 9) and SCM (n = 7) gavage groups (magnocellular: Kruskal-
Wallis test (p = 0.16); parvocellular: Kruskal-Wallis test (p = 0.91). D: The number of c-Fos positive nuclei in non-

oxytocin-immunoreactive cells in the magnocellular and parvocellular PVN regions per brain section for Sham (n 

= 8), Balloon (n = 9) and SCM (n = 7) gavage groups (magnocellular: Kruskal-Wallis test  (p = 0.055); 
parvocellular: Kruskal-Wallis test (p = 0.09)). Magno, magnocellular; Parvo, parvocellular; PVN, paraventricular 

nucleus; SCM, sweetened condensed milk.   
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Figure 4.19 - c-Fos expression in the arcuate nucleus, ventromedial hypothalamus and NTS following the 
gavage of SCM. Data shown as mean ± SEM. A: The number of c-Fos positive nuclei in the arcuate nucleus 
(ARC) per brain section for Sham (n = 8), Balloon (n = 9) and SCM (n = 7) gavage groups (Kruskal-Wallis test (p 

= 0.077)). B: The number of c-Fos positive nuclei in the ventromedial hypothalamus (VMH) per brain section for 

Sham (n = 8), Balloon (n = 9) and SCM (n = 7) gavage groups (Kruskal-Wallis test (p = 0.093)). C: The number 
of c-Fos positive nuclei in the NTS per brain section for Sham (n = 8), Balloon (n = 9) and SCM (n = 7) gavage 

groups (Kruskal-Wallis test (p = 0.72)). D: The number of TH-immunoreactive cells in the NTS with c-Fos positive 

nuclei per brain section for Sham (n = 8), Balloon (n = 9) and SCM (n = 7) gavage groups (Kruskal-Wallis test (p 

= 0.1)). E: The percentage of TH-immunoreactive cells in the NTS with c-Fos positive nuclei per brain section for 
Sham (n = 8), Balloon (n = 9) and SCM (n = 7) gavage groups (Kruskal-Wallis test (p = 0.52)). NTS, nucleus 

tractus solitarius; SCM, sweetened condensed milk; TH, tyrosine hydroxylase. 
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p = 0.033	 p = 0.04	

 

 

Figure 4.20 - Relationship between the number of c-Fos positive nuclei in oxytocin cells of the SON or 
PVN and the number of c-Fos positive nuclei in the ventromedial hypothalamus. p < 0.05 highlighted in 

blue. A: Correlation between the number of SON magnocellular oxytocin cells with c-Fos positive nuclei and the 
number of ventromedial hypothalamus (VMH) cells with c-Fos positive nuclei (n = 23; slope, +0.073 ± 0.032; R2 = 

0.2; p = 0.033). B: Correlation between the number of PVN magnocellular oxytocin cells with c-Fos positive 

nuclei and the number of VMH cells with c-Fos positive nuclei (n = 23; slope, +0.088 ± 0.04; R2 = 0.19; p = 0.04). 
SCM, sweetened condensed milk; SON, supraoptic nucleus; PVN, paraventricular nucleus. 
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p = 0.38	

p = 0.063	 p = 0.25	

 

 

Figure 4.21 - Relationship between the number of c-Fos positive nuclei in oxytocin cells of the SON or 
PVN and the number of c-Fos positive nuclei in the arcuate nucleus. A: Correlation between the number of 

SON magnocellular oxytocin cells with c-Fos positive nuclei and the number of arcuate nucleus (ARC) cells with 

c-Fos positive nuclei (n = 23; slope, +0.029 ± 0.032; R2 = 0.037; p = 0.38). B: Correlation between the number of 
PVN magnocellular oxytocin cells with c-Fos positive nuclei and the number of ARC cells with c-Fos positive 

nuclei (n = 23; slope, +0.074 ± 0.04; R2 = 0.15; p = 0.063). C: Correlation between the number of PVN 

parvocellular oxytocin cells with c-Fos positive nuclei and the number of ARC cells with c-Fos positive nuclei (n = 

23; slope, +0.065 ± 0.054; R2 = 0.063; p = 0.25). SCM, sweetened condensed milk; SON, supraoptic nucleus; 
PVN, paraventricular nucleus. 
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p = 0.53	

p = 0.087	 p = 0.1	

 

 

Figure 4.22 - Relationship between the number of c-Fos positive nuclei in oxytocin cells of the SON or 
PVN and the number of c-Fos positive nuclei in the NTS. A: Correlation between the number of SON 

magnocellular oxytocin cells with c-Fos positive nuclei and the number of NTS TH cells with c-Fos positive nuclei 

(n = 23; slope, +0.94 ± 1.5; R2 = 0.019; p = 0.53). B: Correlation between the number of PVN magnocellular 

oxytocin cells with c-Fos positive nuclei and the number of NTS TH cells with c-Fos positive nuclei (n = 23; slope, 
-2.54 ± 1.4; R2 = 0.13; p = 0.087). C: Correlation between the number of PVN parvocellular oxytocin cells with c-

Fos positive nuclei and the number of NTS cells with c-Fos positive nuclei (n = 23; slope, +0.022 ± 0.013; R2 = 

0.12; p = 0.1). PVN, paraventricular nucleus; SCM, sweetened condensed milk; SON, supraoptic nucleus; TH, 
tyrosine hydroxylase.  
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Figure 4.23 - Blood glucose, plasma osmolarity and plasma sodium at time points -20, 0, 20 and 60 min 
with respect to the start of sham or SCM gavage. Data shown as mean ± SEM. A: Blood glucose (mM/L) for 
Sham (n = 3) and SCM (n = 4) gavage groups over time (* p < 0.05 Friedman test with Dunns multiple 

comparisons (p = 0.0006) for the SCM gavage group over time).  B: Plasma insulin (ng/ml) for Sham (n = 3) and 

SCM (n = 4) gavage groups over time (Friedman test for SCM gavage group over time (p = 0.068)). C: Plasma 

osmolarity (mOsm) for Sham (n = 3) and SCM (n = 3) gavage groups over time (Friedman test for the SCM 
gavage group over time (p = 0.51)). D: Plasma sodium (mg/L) for Sham (n = 3) and SCM (n = 4) gavage groups 

over time (Friedman test for the SCM gavage group over time (p = 0.99)). SCM, sweetened condensed milk.  
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4.5 Discussion  

4.5.1 Results Summary 

See Figure 4.24 for a schematic of c-Fos results from this chapter. 

 

• c-Fos expression was increased in magnocellular oxytocin cells following 

voluntary SCM consumption (SON & PVN), voluntary bland diet consumption 

during food-restriction (SON & PVN) and SCM gavage (SON).  

• c-Fos expression was increased in TH NTS cells following voluntary SCM 

consumption.  

• There was a positive correlation between c-Fos expression in magnocellular 

oxytocin cells (SON & PVN) and c-Fos expression in TH NTS cells following 

voluntary SCM consumption.  

 

4.5.2 Activity of Oxytocin Neurons Following Food Ingestion  

4.5.2.1 Voluntary SCM Consumption 

The aim of this chapter was to determine whether oxytocin neurons are activated 

following the consumption of palatable, high-sugar food in satiated rats using c-Fos 

expression as an indirect marker for neural activation. A single study has previously 

demonstrated that c-Fos mRNA expression in the SON and PVN is increased 

following the consumption of a palatable sucrose solution in food-restricted rats 

(Mitra, Lenglos et al. 2011). However, the activity of oxytocin neurons with the 

consumption of a palatable, high-sugar food has not been investigated. I 

hypothesised that c-Fos expression in oxytocin neurons would increase following 

SCM consumption. I showed that c-Fos expression in magnocellular oxytocin 

neurons of the SON and PVN is higher following the consumption of SCM in 

satiated rats. In contrast, c-Fos expression in parvocellular oxytocin neurons of the 

PVN following SCM consumption was no different to controls. These findings 

suggest that magnocellular oxytocin neurons are activated with the consumption of 

palatable, high-sugar food when satiated.  
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4.5.2.2 SCM Gavage 

Stimulation of both oro-sensory and gut-signalling pathways can influence satiety 

and energy intake (Wijlens, Erkner et al. 2012). To avoid this potential confound and 

determine whether the activity of oxytocin neurons is influenced by signalling 

mechanisms initiated from gut, SCM was gavaged directly into the stomach to 

bypass oro-sensory stimulation. I showed that c-Fos expression in SON oxytocin 

neurons is increased following SCM gavage. In vivo electrophysiology studies have 

confirmed this finding, where the firing rate of pharmacologically identified SON 

oxytocin neurons increases rapidly following the onset of SCM gavage and 

increases linearly during gavage (Figure 4.25; Hume, Sabatier et al. 2017). 

Together, this data demonstrates that magnocellular oxytocin neurons are activated 

following the ingestion of SCM and this activation appears to be a result of gut-brain 

signalling and not due to the activation of gustatory or olfactory signalling pathways. 

4.5.2.3 Voluntary Bland Diet Consumption 

In addition to palatable, high-sugar food, it appears that magnocellular oxytocin 

neurons may also be activated following the consumption of a bland food that 

contains little sugar or fat. I have confirmed and extended the findings of a previous 

study (Johnstone, Fong et al. 2006) and demonstrated that c-Fos expression is 

increased in magnocellular oxytocin neurons of the SON and PVN following the 

consumption of standard bland diet during food-restriction. Recent findings suggest 

that oxytocin is involved in macronutrient preference, specifically for high-

carbohydrate foods (see Klockars, Levine et al. 2015; see Section 1.3.3). c-Fos 

expression in PVN oxytocin cells is higher in fasted mice consuming a sucrose 

solution compared to a high-fat solution (Olszewski, Klockars et al. 2010), 

suggesting that oxytocin neurons may be differentially activated following the 

consumption of foods containing different macronutrients. It is not known whether c-

Fos is expressed to a different extent between rats consuming SCM or bland diet, 

as c-Fos expression in these experiments could not be directly compared due to 

differences in experimental conditions (i.e. food-restriction).  

To determine whether bland food consumption influences the activity of oxytocin 

neurons in non-food-restricted conditions, rats could be given ad lib bland diet 

access and the onset of the dark phase used as a cue for bland diet consumption 

(Borbely and Neuhaus 1978). This would allow c-Fos expression to be compared 
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between animals consuming bland diet and SCM to determine whether c-Fos is 

expressed to a different extent in oxytocin cells, as in both experiments animals 

would be presumed to be satiated.  

 

4.5.3 Potential Mechanism Underlying the Activation of Oxytocin 
Neurons Following Food Consumption 

4.5.3.1 Gastric Distention 

The exact mechanism by which the activity of oxytocin neurons is influenced by the 

consumption of food remains unclear. However, multiple appetite and feeding 

associated signals can influence the activity of oxytocin neurons (Figure 1.3), 

including gastric distention (see Section 1.3.2.2.6). Inflation of a gastric balloon in 

conscious rats increases c-Fos expression in the SON and PVN (Mazda, Yamamoto 

et al. 2004) and increases the electrical activity of SON oxytocin neurons in 

anaesthetised rats (Renaud, Tang et al. 1987). I investigated the effects of gastric 

distention during SCM gavage on c-Fos expression in oxytocin neurons. A gastric 

balloon was inflated with the same volume and at the same rate as SCM gavage. 

There was no difference in c-Fos expression in SON magnocellular or PVN 

parvocellular oxytocin neurons in rats subjected to inflation of a gastric balloon and 

sham controls (an exception being PVN magnocellular oxytocin cells). This suggests 

that increased c-Fos expression in oxytocin neurons with SCM gavage is not due to 

distention of the stomach.  

4.5.3.2 Osmotic Stimuli 

In rats, oxytocin neurons are osmosensitive (see Section 1.3.2.2.7). The peripheral 

infusion of a hypertonic saline solution increases c-Fos expression (Giovannelli, 

Shiromani et al. 1990) and increases the electrical activity (Brimble, Dyball et al. 

1978) of SON and PVN oxytocin cells. In Experiment 2, the increase in c-Fos 

expression in magnocellular oxytocin neurons following the consumption of standard 

bland diet during food-restriction could be due partly or exclusively to a change in 

plasma osmolarity. Plasma osmolarity significantly increases with re-feeding bland 

diet following a period of fasting (Lucio-Oliveira, Traslavina et al. 2015), suggesting 

that plasma osmolarity may be increased with bland diet consumption during food-

restriction. Furthermore, I investigated whether SCM ingestion is an osmotic 
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stimulus; plasma osmolarity and plasma sodium concentrations were measured 

before, during and after SCM gavage. SCM gavage had no effect on plasma 

osmolarity or plasma sodium concentrations. Therefore, an osmotic effect following 

SCM ingestion is unlikely to underlie the effects of SCM gavage on c-Fos 

expression in oxytocin neurons.  

4.5.3.3 Gut-Secreted Satiety Signals 

There are multiple mechanisms by which the activity of oxytocin neurons could be 

indirectly influenced by gut-secreted signals, including CCK and GLP-1 (see 

Sections 1.3.2.2.2 and 1.3.2.2.4). In rats, the peripheral administration of CCK or 

GLP-1 increases c-Fos expression in the SON and PVN (Caquineau, Douglas et al. 

2010, Saito, So et al. 2016) and increases plasma oxytocin concentrations (Verbalis, 

McCann et al. 1986, Bojanowska and Stempniak 2000). It is thought that CCK and 

GLP-1 indirectly influence the activity of SON and PVN oxytocin neurons via indirect 

activation of noradrenergic neurons in the NTS. I have shown that c-Fos expression 

in TH cells of the NTS increases following the consumption of SCM when satiated. 

This finding is consistent with a previous study where rats were schedule-fed bland 

diet when food-restricted (Johnstone, Fong et al. 2006), suggesting that 

noradrenergic neurons in the NTS may be activated following food consumption. In 

addition, there was a strong positive correlation between c-Fos expression in TH 

cells of the NTS and c-Fos expression in magnocellular oxytocin cells of the SON or 

PVN with the consumption of SCM (with 2 data points skewing correlation 

excluded). TH NTS cells project to the SON (Onaka, Luckman et al. 1995), 

suggesting that following SCM consumption, TH NTS cells are activated and 

positively influence the activity of oxytocin neurons via direct projections. TH-

expressing projections from the NTS are activated by peripheral administration of 

CCK and mediate the excitatory influence that CCK has on SON neurons (Onaka, 

Luckman et al. 1995). Therefore, in response to SCM consumption, CCK released 

from the gut may indirectly activate TH NTS cells and consequently influence the 

activity of oxytocin neurons. Measuring circulating concentrations of CCK and GLP-

1 with food consumption and administering CCK and/or GLP-1 antagonists to block 

these signalling pathways could decipher a mechanism by which SCM ingestion 

influences the activity of oxytocin neurons.   
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4.5.3.4 Centrally Released Satiety Signals  

In addition to gut-brain signalling pathways, there is evidence that centrally released 

feeding-associated signals can influence the activity of oxytocin neurons, including 

α-MSH (see Section 1.3.2.2.3). In rats, central administration of α-MSH increases c-

Fos expression in SON oxytocin cells but inhibits the electrical activity of SON 

oxytocin cells in vivo (Sabatier, Caquineau et al. 2003). Furthermore, POMC-

expressing neurons in the arcuate nucleus project to the SON and PVN (Wang, He 

et al. 2015), which both express the melanocortin 4 receptor (Mountjoy, Mortrud et 

al. 1994). Moreover, projections from the arcuate nucleus to the PVN express the 

oxytocin receptor, which upon stimulation decrease food intake in mice (Fenselau, 

Campbell et al. 2017). In my experiments the ingestion of SCM or bland diet had no 

effect on c-Fos expression in the arcuate nucleus (an exception being the SCM-

Unexpected group in Experiment 1) and no significant correlations were observed 

between c-Fos expression in the arcuate nucleus and c-Fos expression in SON or 

PVN oxytocin neurons. However, the cell types expressing c-Fos in the arcuate 

nucleus were not determined in these experiments. A previous study reported that c-

Fos expression in α-MSH-expressing arcuate nucleus cells is increased following 

bland diet consumption during food-restriction (Johnstone, Fong et al. 2006), 

suggesting that POMC arcuate nucleus neurons are activated following food 

consumption. Unfortunately, POMC cells are difficult to stain for 

immunohistochemically; most studies pre-treat animals with colchicine to increase 

the amount of antigenic material in cells or use transgenic mouse strains where 

POMC neurons specifically express a reporter. Therefore, despite best efforts I was 

unable to characterise c-Fos expression in arcuate nucleus POMC neurons in these 

experiments. If α-MSH is secreted into the SON and/or PVN from POMC arcuate 

nucleus projections in response to SCM or bland diet consumption, I would expect 

to see a relationship between c-Fos expression in arcuate nucleus α-MSH-

expressing cells and c-Fos expression in SON or PVN oxytocin cells. However, 

whether α-MSH influences the activity of oxytocin neurons in response to food 

consumption via a direct projection from the arcuate nucleus remains unknown. 

Measuring the electrical activity of arcuate nucleus POMC-expressing projections to 

the SON or PVN and measuring the concentration of α-MSH in the SON or PVN 

with food ingestion could shed light on this potential pathway.  
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4.5.3.5 Circulating Glucose and/or Insulin 

There is emerging evidence that oxytocin neurons are sensitive to glucose and/or 

insulin (see Section 1.3.2.2.5). Oxytocin neurons express glucokinase (Song, Levin 

et al. 2014) and systemically administered glucose or insulin induces c-Fos 

expression in the PVN of rats (Griffond, Deray et al. 1994, Levin, Govek et al. 1998). 

Furthermore, the application of both glucose and insulin to ex vivo explants 

containing the SON increases oxytocin concentration in the perifusate (Song, Levin 

et al. 2014). Therefore, it is possible that increased blood glucose and/or insulin 

secretion following food ingestion may influence the activity of oxytocin neurons. As 

expected, blood glucose significantly increased following SCM gavage. There was a 

great deal of variability in plasma insulin at time point -20 min before SCM gavage 

(most likely due to biological variation in a small sample size). However, in 

comparison to directly before gavage, plasma insulin concentrations appear to 

increase during and following SCM gavage. As quantification of c-Fos expression 

and measurement of circulating glucose and insulin concentrations with SCM 

gavage were carried out in separate experiments, the relationship between glucose 

or insulin concentrations and c-Fos expression in oxytocin neurons could not be 

explored. Measuring the concentration of glucose and insulin in the cerebrospinal 

fluid with food ingestion and recording the influence of centrally acting glucose and 

insulin on the electrical activity of oxytocin neurons could determine whether 

increased circulating glucose and insulin concentrations in response to food 

consumption can influence the activity of oxytocin neurons. 

 

4.5.4 Oxytocin Secretion Following Food Consumption 

These experiments have shown that magnocellular oxytocin neurons are activated 

in response to food consumption. Magnocellular oxytocin neurons can secrete 

oxytocin into the circulation from terminals in the posterior pituitary gland and 

independently, centrally from dendrites (see Sabatier, Rowe et al. 2007; see Section 

1.3.1). If the increase in activity of magnocellular oxytocin neurons in response to 

food in the stomach is sufficient to stimulate the secretion of oxytocin, both 

peripheral and central oxytocin secretion may occur. In response to IV CCK, c-Fos 

expression in the SON and PVN is increased, the firing rate of SON oxytocin 

neurons is increased in vivo and plasma oxytocin concentration is increased in rats, 
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demonstrating that increased activity of oxytocin neurons induces peripheral 

oxytocin secretion (Hamamura, Leng et al. 1991). Furthermore, the consumption of 

bland diet following fasting increases plasma oxytocin concentrations in rats 

(Verbalis, McCann et al. 1986), indicating that oxytocin is secreted peripherally in 

response to food ingestion during food-restriction. It would be of interest to measure 

plasma oxytocin concentrations before, during and after SCM gavage to determine 

whether increased electrical activity of SON oxytocin cells seen in in vivo 

electrophysiology experiments translates to peripheral oxytocin release. Whether 

food consumption induces the central release of oxytocin remains unknown. The 

central administration of α-MSH increases c-Fos expression in SON oxytocin 

neurons and stimulates oxytocin secretion from the dendrites of magnocellular 

oxytocin neurons in SON containing explants (Sabatier, Caquineau et al. 2003), 

suggesting that feeding-associated signals may induce central oxytocin release. 

However, c-Fos expression was not associated with increased electrical activity in 

that study. Using microdialysis to measure the concentration of oxytocin in the SON 

or PVN with SCM gavage could determine whether the activation of magnocellular 

oxytocin neurons in response to food in the stomach induces dendritic oxytocin 

secretion.  

It is of interest to identify potential targets of peripheral and centrally secreted 

oxytocin and their role in the anorexigenic effects of oxytocin. It is hypothesised that 

oxytocin exerts its effect on feeding mainly via direct central actions (see Olszewski, 

Klockars et al. 2016). However, peripheral oxytocin administration also influences 

feeding behaviour (Arletti, Benelli et al. 1990). Only ~0.002 % of peripherally 

administered oxytocin enters the cerebrospinal fluid (Mens, Witter et al. 1983), 

suggesting that oxytocin may also act at peripheral targets to regulate appetite. The 

oxytocin receptor is expressed on vagal afferent neurons in the rat (Welch, Tamir et 

al. 2009) and vagotomy attenuates the inhibitory effect of peripherally administered 

oxytocin on feeding in mice (Iwasaki, Maejima et al. 2015). Furthermore, the 

peripheral administration of oxytocin induces c-Fos expression in the NTS of mice 

(Iwasaki, Maejima et al. 2015), suggesting that circulating oxytocin may act at 

peripheral targets and influence feeding via indirect actions on the brain.  

Within the rat brain, the oxytocin receptor is expressed in multiple regions involved 

in the homeostatic and hedonic control of food intake, including the arcuate nucleus 

and ventral tegmental area (Ostrowski 1998). However, the ventromedial 

hypothalamus has specifically been identified as a potential target for centrally 
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released oxytocin in the homeostatic control of feeding (see Sabatier, Rowe et al. 

2007; see Section 1.3.2.3.2). The central administration of oxytocin increases the 

electrical activity of subpopulations of ventromedial hypothalamus neurons in vivo 

(Sabatier, Leng et al. 2013) and infusion of oxytocin directly into the ventromedial 

hypothalamus reduces food intake in fasted rats (Noble, Billington et al. 2014). 

These findings suggest that oxytocin potentially secreted from the dendrites of 

magnocellular neurons may act at the ventromedial hypothalamus to induce its 

anorexigenic effects. In my experiments, SCM or bland food ingestion had no effect 

on c-Fos expression in the ventromedial hypothalamus (an exception being the 

SCM-Unexpected group in Experiment 1). However, there was a positive correlation 

between c-Fos expression in magnocellular SON or PVN oxytocin neurons and c-

Fos expression in the ventromedial hypothalamus with SCM gavage or bland diet 

consumption during food-restriction. This observation is in line with the hypothesis 

that in response to food consumption, magnocellular oxytocin neurons are activated 

and secrete oxytocin from their dendrites to influence the activity of neurons in the 

ventromedial hypothalamus. The ventromedial hypothalamus densely expresses the 

oxytocin receptor (Ostrowski 1998), but it does not contain any oxytocin-expressing 

fibers, suggesting that dendritically released oxytocin may act on the ventromedial 

hypothalamus via volume transmission. If food ingestion does induce dendritic 

oxytocin release, it would be of great interest to measure the oxytocin concentration 

in the ventromedial hypothalamus with food ingestion and determine whether the 

concentration of oxytocin is sufficient to influence the activity of neurons in the 

ventromedial hypothalamus. 

 

4.5.5 Parvocellular Oxytocin Neurons 

Alongside magnocellular oxytocin neurons, the PVN contains a population of 

parvocellular oxytocin neurons. Parvocellular oxytocin neurons are involved in the 

gastrointestinal vago-vagal reflex (see Section 1.3.2.3.1), where they project to the 

NTS and dorsal motor nucleus of the vagus (Swanson and Kuypers 1980) and 

secrete oxytocin to regulate gastric function. Electrical stimulation of the PVN is 

sufficient to inhibit gastric motility and this response can be attenuated with the 

direct administration of an oxytocin receptor antagonist (Rogers and Hermann 

1987). In my experiments, SCM or bland diet ingestion had no effect on c-Fos 
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expression in PVN parvocellular oxytocin cells (an exception being the FR-Bland-

Unexpected group in Experiment 2), suggesting that these neurons are not activated 

following food consumption. In addition, there was no significant correlation 

observed between c-Fos expression in PVN parvocellular oxytocin neurons and c-

Fos expression in the NTS in any experiment, suggesting that parvocellular oxytocin 

neurons may not influence gastric function via direct projections to the NTS in these 

experiments. It must be noted that c-Fos expression in the parvocellular PVN for all 

experiments was relatively high. Therefore, a ‘ceiling effect’ may be occurring where 

c-Fos already expressed in the parvocellular PVN is preventing the detection of c-

Fos expressed following food ingestion.  

 

4.5.6 Potential Activation of Vasopressin Neurons Following 
Food Consumption 

Interestingly, c-Fos expression in putative SON vasopressin cells increased with the 

consumption of bland diet during food-restriction. This finding was also reported in a 

previous study (Johnstone, Fong et al. 2006). Following SCM gavage in fasted rats, 

plasma osmolarity and plasma sodium concentrations did not change. However, 

plasma osmolarity or plasma sodium was not measured following the consumption 

of bland diet when food-restricted. A previous study has demonstrated that re-

feeding bland diet following a 48 hr fast significantly increases plasma osmolarity, c-

Fos expression in SON and PVN vasopressin cells and plasma vasopressin 

concentrations (Lucio-Oliveira, Traslavina et al. 2015), suggesting that vasopressin 

neurons are activated with the consumption of bland diet during fasting due to 

increased plasma osmolarity. There is very little evidence suggesting that 

vasopressin is involved in the control of appetite, only two studies suggest that 

vasopressin is anorexigenic. In goats, the peripheral administration of vasopressin 

dose-dependently decreases food intake, which can be reversed with the 

administration of a vasopressin receptor antagonist (Meyer, Langhans et al. 1989). 

Moreover, the DREADD-mediated stimulation of vasopressin cells in the PVN 

reduces food intake in fasted mice (Pei, Sutton et al. 2014). However, the reliability 

of this study can be questioned as the electrical activity of PVN vasopressin cells 

with DREADD-mediated stimulation was not recorded, vasopressin secretion was 

not measured and the proportion of vasopressin neurons expressing the DREADD 
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receptor was not reported. As of yet there is no reliable evidence that vasopressin 

neurons are activated in response to food consumption independent to changes in 

plasma osmolarity. Therefore, it appears likely that increased c-Fos expression in 

SON putative vasopressin cells with bland food ingestion during food-restriction is 

due to changes in plasma osmolarity.  

 

4.5.7 Unexpected Findings, Interpretation Difficulties and 
Limitations 

Another notable finding was that with SCM scheduled-feeding, the group receiving 

SCM access at an unexpected time had significantly higher c-Fos expression in the 

arcuate nucleus and ventromedial hypothalamus in comparison to controls or rats 

that received SCM access at the scheduled time. It has been previously 

demonstrated that c-Fos expression in the ventromedial hypothalamus is increased 

in food-restricted, schedule-fed mice that receive food access at an unanticipated 

time (Ribeiro, Sawa et al. 2007). The ventromedial hypothalamus has been 

implicated in food anticipatory behaviours (see Ribeiro, LeSauter et al. 2009). 

Therefore, this increase in c-Fos expression with unexpected SCM access may be 

related to the role of the ventromedial hypothalamus in anticipation for scheduled 

feeding. The arcuate nucleus has also been implicated in food anticipatory 

behaviours, where lesioning leptin receptor expressing arcuate nucleus neurons 

disrupts light-entrained food anticipatory activity with scheduled-feeding during food-

restriction (Wiater, Li et al. 2013). However, c-Fos expression in the arcuate nucleus 

does not change in schedule-fed mice receiving food at an unanticipated time 

(Ribeiro, Sawa et al. 2007). Alternatively, the arcuate nucleus expresses c-Fos in 

response to acute stressors (Cullinan, Herman et al. 1995). Therefore, in 

Experiment 1, the arcuate nucleus could be activated in response to the stress of 

receiving SCM access at a novel, unexpected time.  

Unfortunately some of the data produced from these experiments were difficult to 

interpret, preventing solid conclusions being drawn. Firstly, the effect of SCM 

gavage on c-Fos expression in magnocellular oxytocin cells of the PVN could not be 

determined. c-Fos expression in PVN magnocellular oxytocin cells was ~2-fold 

lower in rats subjected to gastric distention (Balloon) in comparison to controls 

(Sham). This difference in c-Fos expression between Sham and Balloon groups is 
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not seen in SON magnocellular oxytocin neurons or PVN parvocellular oxytocin 

neurons. Therefore, it is unlikely due to technical or experimental factors. Moreover, 

there does not appear to be a physiological explanation for this. As a result, it 

remains unclear if SCM gavage influences c-Fos expression in PVN magnocellular 

oxytocin cells.  

Furthermore, the effect of bland food consumption during food-restriction on c-Fos 

expression in PVN parvocellular oxytocin cells could not be determined. c-Fos 

expression in PVN parvocellular oxytocin cells was no different between food-

restricted controls and rats consuming bland diet at the scheduled time, but was 

increased with rats consuming bland diet at an unexpected time. It has been 

previously demonstrated that PVN c-Fos expression does not change in mice with 

unexpected bland diet access when food-restricted (Ribeiro, Sawa et al. 2007), 

suggesting that this increase in c-Fos expression is not due to a shift in scheduled-

feeding pattern. Alternatively, this increase in c-Fos expression could be due to the 

stress of bland diet access being presented at a novel and unexpected time as 

acute stressors increase c-Fos expression in PVN oxytocin neurons (Ceccatelli, 

Villar et al. 1989). Due to this, it remains unclear whether bland diet consumption 

during food-restriction influences c-Fos expression in PVN parvocellular oxytocin 

neurons.  

At present there are no published reports in the rat of gut energy/nutrient sensing or 

post-ingestive effects being influenced by anaesthesia. However, a potential 

limitation of Experiment 3, where SCM was gavaged under anaesthesia, is that 

anaesthesia itself may influence the detection of calories and/or nutrients in the gut, 

or influence the pathways relaying this information, for example those involving 

vagal afferents. If true this would mean that the results from Experiment 3 using the 

anaesthetised model are not comparable to other studies carried out using 

conscious behaving animals. 

 

4.5.8 Summary 

Using c-Fos expression as an indirect marker of neural activation, these studies 

provide evidence that magnocellular oxytocin neurons are activated by the voluntary 

consumption of SCM in satiated rats, consistent with the proposed role of oxytocin in 

satiety and the homeostatic control of food intake. This response may not be 
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specific to the palatability and/or sugar content of the food consumed. Furthermore, 

the activation of oxytocin cells with SCM ingestion does not appear to be a result of 

gastric distention or changes in plasma osmolarity. Instead, gut-brain signalling 

mechanisms are likely to underlie this response, further implicating oxytocin in the 

physiological response to food consumption. Future experiments should focus on 

whether food ingestion induces oxytocin secretion and unravel the gut-brain 

signalling mechanisms underlying this. Additionally, it would be of interest to 

determine whether the electrical activity of oxytocin neurons differs during the 

ingestion of foods containing different energy densities and nutritional contents.  

Oxytocin has been identified as a potent anorexigen and may be involved in 

signalling satiety in response to the consumption of food (see Sabatier, Leng et al. 

2013). The overall finding from these experiments, that oxytocin neurons are 

activated following food consumption, is consistent with the proposed role of 

oxytocin in the homeostatic control of food intake. Furthermore, evidence suggests 

that centrally secreted oxytocin may interact with regions of the mesolimbic reward 

system, including the ventral tegmental area (Mullis, Kay et al. 2013) and nucleus 

accumbens (Herisson, Waas et al. 2016), to influence motivation and preference for 

palatable macronutrient specific foods (see Klockars, Levine et al. 2015). The 

voluntary consumption of SCM is most likely reward-driven. Therefore, oxytocin 

neurons may be also be activated following the consumption of palatable, high-

sugar foods to restrain reward-driven feeding.  

Research into the involvement of oxytocin in the homoeostatic and hedonic control 

of food intake has advanced remarkably over the past few decades. However, the 

majority of studies investigating the behavioural effects of oxytocin administer large 

doses of exogenous oxytocin often in non-naturalistic models. In addition, studies 

investigating the activity of oxytocin neurons with respect to food consumption often 

administer large doses of hormones or neuropeptides that are assumed to be 

secreted following food consumption. There are very few studies that have explored 

the activity of oxytocin neurons with natural feeding behaviours and voluntary food 

intake, and because of this there is little reliable evidence demonstrating that 

oxytocin neurons are activated following food consumption. As it stands, there is 

also little evidence demonstrating that oxytocin is secreted peripherally and/or 

centrally in response to food consumption. The results from these experiments give 

an insight into the activity of oxytocin neurons in response to the consumption of 
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foods or nutrients in the gut. These studies combined with the findings of future 

experiments exploring oxytocin secretion, will determine whether the oxytocin 

system is indeed involved in the physiological response to food consumption. 
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Figure 4.24 - Overview schematic of Chapter 4 c-Fos expression results. Arrows indicate significant 

changes in c-Fos expression in response to food ingestion i.e. SCM or bland diet, compared to controls. Blue 
regions represent c-Fos counts, green regions represent c-Fos counts in oxytocin cells and red regions represent 

c-Fos counts in TH cells. * c-Fos expression in the VMH and ARC significantly increased following unexpected 

SCM access, but not expected SCM access. ARC, arcuate nucleus; NTS, nucleus of the solitary tract; PVN, 

paraventricular nucleus; SCM, sweetened condensed milk; SON, supraoptic nucleus; TH, tyrosine hydroxylase; 
VMH, ventromedial hypothalamus.  
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Figure 4.25 - The effect of SCM gavage on the electrical activity of SON oxytocin neurons in 
anaesthetised rats. Rats were fasted overnight and anaesthetised with urethane (1.25 gm/kg, IP). Rats were 
tracheotomised and the femoral vein cannulated. The SON was exposed by transpharyngeal surgery before a 

gavage tube was inserted orally into the stomach. A glass microelectrode was placed into the SON and single 

oxytocin neurons were distinguished from vasopressin neurons by their firing pattern and excitatory response to 

IV CCK. Baseline extracellular recordings were made before 5 ml of SCM was gavaged into the stomach. 
Recordings were also made following SCM gavage. A: Typical example of the increase in the mean firing rate 

(spikes/s) in an oxytocin cell in response to SCM gavage. B: Mean difference in the firing rate (spikes/s) in 10-

min bins in oxytocin cells in response to SCM gavage (n = 9). Data expressed as mean ± SEM. (Hume, Sabatier 
et al. 2017) 
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5 Investigating the Activity of the Supramammillary 
Nucleus Following Palatable, High-sugar Food 
Consumption 

5.1 Introduction 

5.1.1 Background 

The SuM of the caudal hypothalamus is functionally implicated in reward-related 

motivated behaviours (see Section 1.4.2). Animals are highly motivated to self-

administer excitatory substances directly into the SuM (see Ikemoto and Bonci 

2014). There is evidence for a functional connection between the SuM and the 

mesolimbic reward system (Ikemoto, Witkin et al. 2004). However, it remains 

unclear how the SuM and the dopaminergic reward system interact. 

Despite being involved in motivated behaviours, the influence of SuM neuronal 

activity on homeostatic or hedonic feeding behaviours has not been studied. There 

is evidence that the SuM may interact with the homeostatic system involved in the 

control of food intake, via direct projections and/or in a neuroendocrine manner 

(Figure 1.4; see Section 1.4.3). Furthermore, a recent study showed that the direct 

infusion of a GLP-1-oestrogen conjugate into the SuM decreases 24 hr standard diet 

consumption, the number of lever presses in a progressive ratio task to acquire a 

palatable sucrose reward and the number of sucrose rewards acquired during this 

task in rats (Vogel, Wolf et al. 2016). This suggests that the SuM may be involved in 

motivation to acquire and consume food. However, it is not known what effect the 

application of this GLP-1-oestrogen conjugate has on the electrical activity of SuM 

neurons. To what extent the SuM is involved in influencing food-related motivated 

behaviours remains unknown.  

5.1.2 Aim 

Several strands of evidence support the idea that the SuM may be involved in the 

motivated consumption of food through interactions with hedonic and homeostatic 

systems controlling food intake. The activity of the SuM with motivated food 
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consumption has not yet been studied. Therefore, the aim of this chapter was to use 

c-Fos expression to indirectly determine whether cells in the SuM are activated 

following the consumption of a palatable6, high-sugar food. 

5.1.3 Primary Hypothesis  

c-Fos expression in cells of the SuM is increased following the consumption of a 

palatable, high-sugar food.   

 

5.2 Experiment 1: SuM Activity Following Palatable Food 
Consumption 

5.2.1 Overview 

Rats are highly motivated to eat when the available food is palatable and energy 

dense (see Pandit, Mercer et al. 2012), particularly when the food is sweet tasting 

and high in carbohydrate (la Fleur, Vanderschuren et al. 2007). Therefore, a 

palatable, high-sugar food was used in this experiment to increase motivation to eat. 

The aim of this experiment was to use c-Fos expression to indirectly determine 

whether neurons of the SuM are activated following the consumption of SCM. Rats 

were schedule-fed SCM in addition to ad lib bland7 diet and on the final day of SCM 

consumption, c-Fos expression was quantified in both the SuMM and SuML. Rats 

maintained on ad lib bland diet were used as controls. In addition, another group of 

rats receiving SCM at an ‘unexpected’ time were used to control for a potential 

anticipatory c-Fos response for scheduled-feeding. Rats were assumed to be 

satiated during this experiment as they had ad lib access to bland diet throughout.  

  

                                                
6 The term palatable is generally used to describe a food that is energy dense, high in sugar 
and/or fat that animals show a preference for. It is not possible to measure the palatability of 
food, as palatability is a percept that takes into account multiple oro-sensory factors, 
including texture, taste and smell. However, I have used the term palatable to describe a 
high-sugar food that most rats consume readily in addition to standard bland diet. 
7 The term bland diet is generally used to describe laboratory chow that is made up of 
multiple ‘bland tasting’ grains and little sugar and fat. In these experiments, I have used the 
term ‘bland’ to describe a standard maintenance diet that is low in sugar and fat.  
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Most rats display short-term food neophobia during behavioural experiments when 

given access to novel foods (Carroll, Dinc et al. 1975, Mitchell 1976, Modlinska, 

Stryjek et al. 2015). I have previously shown that some rats can take ~3 days of 

scheduled-feeding to start eating SCM and they can often take longer than this to 

eat all SCM presented. Therefore, scheduled-feeding is required to ensure that rats 

consume all SCM presented at a specific time of day. In addition, scheduled-feeding 

conditions rats to consume all SCM presented in a certain time period. Furthermore, 

SCM has previously been used as a food reward in lever-press paradigms (Hodos 

1961, Bruins Slot, Koek et al. 1999), demonstrating that rats are motivated to 

acquire and consume SCM. Latency to eat is a simple measure of motivation 

(Sclafani 1972). In Chapter 3, I showed that the latency to eat SCM with scheduled-

feeding decreases with repeated access (Figure 3.6), implying that rats become 

increasingly motivated to consume SCM as scheduled-feeding progresses.  

In this experiment, I also quantified c-Fos expression in TH cells of the SuMM and 

SuML as it has been suggested that SuM TH cells are an extension of dopaminergic 

ventral tegmental area neurons (Swanson 1982). TH is the rate-limiting enzyme in 

both dopamine and noradrenaline synthesis. Therefore, TH was used as a marker 

for neurons potentially expressing dopamine. In addition to the SuM, I quantified c-

Fos expression in other brain regions that have a potential functional connection 

with the SuM.  

5.2.2 Methods 

5.2.2.1 Animals 

24 male 8-10 week old rats were used. Rats were individually housed and given ad 

lib bland diet access throughout the experiment (see Sections 2.1.1 & 2.2.1.1). 

5.2.2.2 Scheduled-feeding of Palatable Food  

Rats were randomly allocated into 3 groups; (1) ‘Control’ (n = 8), (2) expected SCM 

access (‘SCM-Expected’; n = 8) and (3) unexpected SCM access (‘SCM-

Unexpected’; n = 8).  

This is the same study as Experiment 1 in Chapter 4. For an overview of SCM 

scheduled-feeding see Section 4.2.1.5. For a protocol schematic of SCM and 

perfusion-fixation schedules for all groups on experimental days 1-7 see Figure 4.1. 
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On the last day of SCM access (day 7), the latency to eat SCM was measured for 

rats in the SCM-Expected and SCM-Unexpected groups. The time (sec) between 

the bowl of milk being placed on the cage floor and the start of eating determined 

the latency.  

5.2.2.3 Tissue Preparation and Immunohistochemistry 

Brains were cryoprotected and sectioned on a freezing microtome (see Section 

2.6.2). All brain regions were processed for c-Fos immunohistochemistry (see 

Section 2.6.3.1). In addition, SuM containing sections were processed for double c-

Fos and TH immunohistochemistry (see Section 2.6.3.2).  

5.2.2.4 c-Fos Quantification  

For each brain region, the number of c-Fos positive nuclei per section was counted 

in a semi-manual manner using ImageJ software (see Section 2.6.6.2).  

c-Fos expression in TH cells of the SuM was also quantified. The number of TH-

immunoreactive cells with c-Fos positive nuclei per brain section was counted in a 

semi-manual manner using ImageJ software (see Section 2.6.6.3.1). This gives the 

absolute number of TH cells that can be identified as c-Fos positive per brain 

section. However, interpreting this can be difficult, as the proportion of TH cells with 

c-Fos positive nuclei in the total TH cell population is not represented. Therefore, the 

percentage of TH-immunoreactive cells with c-Fos positive nuclei per brain section 

was also determined. This was determined manually using a light microscope (see 

Section 2.6.6.3.2). The number of c-Fos positive nuclei in non-TH-immunoreactive 

cells was also quantified (see Section 2.6.6.4).  

5.2.2.5 Statistical Analysis 

On the last day of SCM access (day 7), 2 rats in the SCM-Expected group and 3 

rats in the SCM-Unexpected group did not eat the SCM. In addition, complications 

during sectioning and/or immunohistochemistry resulted in other brains/brain 

regions being excluded. As a consequence of this, the number of rats in each group 

varies between brain regions. The size of each group is stated in the figure legends.  

All data are expressed as mean ± SEM. Normality of data was assessed using the 

D'Agostino & Pearson omnibus normality test (see Section 2.7.1). To determine 

differences in c-Fos expression between group means, non-parametric Kruskal 
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Wallis tests were used. When a difference was detected, Dunn’s multiple 

comparisons post-hoc tests were used to determine where these differences lie (see 

Section 2.7.3). Linear regression analysis (R2 and deviation from a line with no 

correlation) was carried out to determine the relationship between c-Fos expression 

in the SuM and other brain regions (see Section 2.7.5).  

5.2.3 Results 

The aim of this experiment was to determine whether c-Fos expression in the SuM 

is increased following the consumption of SCM.  

There were 3 groups of rats in this experiment: 

1) Control group that did not receive SCM access.  

2) SCM-Expected group that was given SCM access at the expected time. 

3) SCM-Unexpected group that was given SCM access at an unexpected time 

(4.5 hr prior to the expected time). 

1.7.1.1 Latency to Eat SCM 

On the final day of SCM access, there was no significant difference in the latency to 

eat SCM between the SCM-Expected and SCM-Unexpected groups (p = 0.88; 

SCM-Expected: 21.8 ± 5 sec, n = 6; SCM-Unexpected: 21.6 ± 6 sec, n = 5). 

5.2.3.1 c-Fos Expression in the SuM 

In the SuMM and SuML, the number of c-Fos positive nuclei in the SCM-Expected 

and SCM-Unexpected groups was significantly higher than the Control group 

(SuMM: p = 0.021 and p = 0.0016 respectively; SuML: p = 0.03 and p = 0.03 

respectively; Table 5.1; Figure 5.1A; Figure 5.2).  

c-Fos expression in TH cells of the SuMM and SuML was quantified. The data are 

presented as both the number of TH cells with c-Fos positive nuclei per brain 

section and as the percentage of TH cells with c-Fos positive nuclei i.e. the 

proportion of SuM TH cells ‘activated’ (see Section 5.2.1.5). In the SuMM and 

SuML, the number of c-Fos positive TH cells in the SCM-Expected and SCM-

Unexpected groups was significantly higher than the Control group (SuMM:  p = 

0.0042 and p = 0.019 respectively; SuML: p = 0.03 and p = 0.0083 respectively; 

Table 5.1; Figure 5.1B; Figure 5.2). In the SuMM, the percentage of c-Fos positive 

TH cells in the SCM-Expected and SCM-Unexpected groups was significantly higher 



198     Investigating the Activity of the Supramammillary Nucleus Following Palatable Food Consumption 

than the Control group (p = 0.0074 and p = 0.011 respectively; Table 5.1; Figure 

5.1C; Figure 5.2). In the SuML, there was no significant difference in the percentage 

of c-Fos positive TH cells between the groups (p = 0.53; Table 5.1; Figure 5.1C).  

The SuM contains many different cell types alongside those expressing TH. 

Therefore, c-Fos expression in non-TH-immunoreactive cells was also quantified. In 

the SuMM and SuML, the number of c-Fos positive non-TH cells in the SCM-

Expected and SCM-Unexpected groups was significantly higher than the Control 

group (SuMM:  p = 0.018 and p = 0.002 respectively; SuML: p = 0.035 and p = 

0.0008 respectively; Table 5.1; Figure 5.1D). 

5.2.3.2 c-Fos Expression in Other Brain Regions 

c-Fos expression was also quantified in other brain regions with potential functional 

connections with the SuM.  

In the dorsomedial hypothalamus, the number of c-Fos positive nuclei was 

significantly higher in the SCM-Expected and SCM-Unexpected groups in 

comparison to the Control group (p = 0.0094 and p = 0.01 respectively; Table 5.1; 

Figure 5.3A).  

In the lateral hypothalamus, the number of c-Fos positive nuclei was significantly 

higher in the SCM-Expected and SCM-Unexpected groups in comparison to the 

Control group (p = 0.32 and p = 0.0027 respectively; Table 5.1; Figure 5.3B).  

In the ventral tegmental area, the number of c-Fos positive nuclei in the SCM-

Expected group was ~3-fold higher than the mean of the Control group, but this was 

not significant (p = 0.14; Table 5.1; Figure 5.3C). The number of c-Fos positive 

nuclei in the SCM-Unexpected group was significantly higher (p = 0.0016; Table 5.1; 

Figure 5.3C).  

In the arcuate nucleus and ventromedial hypothalamus, there was no significant 

difference in the number of c-Fos positive nuclei between the Control and the SCM-

Expected group (p > 0.99 and p > 0.99 respectively; Table 5.1; Figure 5.3D & E). In 

the arcuate nucleus and ventromedial hypothalamus, the number of c-Fos positive 

nuclei in the SCM-Unexpected group was significantly higher than the Control group 

(p = 0.033 and p = 0.048 respectively; Table 5.1; Figure 5.3D & E)8.  

                                                
8 These data are also presented in Chapter 4, Experiment 1.  
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5.2.3.3 Correlation Between SuM c-Fos Expression and Other 

Brain Regions 

The number of c-Fos positive nuclei in the SuMM or SuML was correlated with the 

number of c-Fos positive nuclei in other brain regions with possible functional 

connections with the SuM.  

There was a strong positive correlation between c-Fos expression in the SuMM or 

SuML and c-Fos expression in the ventral tegmental area, lateral hypothalamus or 

dorsomedial hypothalamus (Figure 5.4A & B; Figure 5.5A & B; Figure 5.6A & B). In 

addition, there was a positive correlation between the number of c-Fos positive TH 

SuMM or SuML cells and c-Fos expression in the ventral tegmental area, lateral 

hypothalamus or dorsomedial hypothalamus (Figure 5.4C & D; Figure 5.5C & D; 

Figure 5.6C & D).  

There was a weak positive correlation between c-Fos expression in the SuML and 

the arcuate nucleus (Figure 5.7B). However, there was no significant correlation 

between c-Fos expression in the SuMM and arcuate nucleus (Figure 5.7A). In 

addition, there was no significant correlation between the number of c-Fos positive 

TH SuMM or SuML cells and c-Fos expression in the arcuate nucleus (Figure 5.7C 

& D).  

There was no significant correlation between c-Fos expression in the SuMM or 

SuML and the ventromedial hypothalamus (Figure 5.8A & B). In addition, there was 

no significant correlation between the number of c-Fos positive TH SuMM or SuML 

cells and c-Fos expression in the ventromedial hypothalamus (Figure 5.8C & D).  

5.2.4 Results Summary 

Following SCM consumption: 

• c-Fos expression in the SuMM and SuML was increased. 

• c-Fos expression in SuMM TH cells was increased. 

• c-Fos expression increased in the dorsomedial hypothalamus, lateral 

hypothalamus and ventral tegmental area.  

• c-Fos expression in the arcuate nucleus or ventromedial hypothalamus did 

not change with SCM consumption at the expected time, but significantly 

increased following SCM consumption at an unexpected time. 
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• There was a strong positive correlation between c-Fos expression in the 

SuMM or SuML and c-Fos expression in the ventral tegmental area, lateral 

hypothalamus or dorsomedial hypothalamus. This strong positive correlation 

was also seen with c-Fos expression in TH SuMM or SuML cells.    

• There was a weak positive correlation between c-Fos expression in the 

SuML (but not the SuMM) and c-Fos expression in the arcuate nucleus. 

There was no correlation between c-Fos expression in SuMM or SuML TH 

cells and c-Fos expression in the arcuate nucleus.  

• There was also no correlation between c-Fos expression in the SuMM or 

SuML and c-Fos expression in the ventromedial hypothalamus. There was 

also no correlation seen with c-Fos expression in TH SuMM or SuML cells.   
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Brain Region Count 
Count/Section (mean ± SEM) 

Kruskal-Wallis 
Test P Value Control SCM-Expected SCM-

Unexpected 

SuMM 
 

 

c-Fos+ 34 ± 5.03 145.5 ± 15.3 * 190.8 ± 26.2  * p = 0.0007 

No. c-Fos+ TH 
cells 3.3 ± 0.8 21.5 ± 3.9  * 19.8 ± 3 * p = 0.0001 

% c-Fos+ TH 
cells  35.8 ± 2.4 60.4 ± 5.1  * 60.6 ± 4.4 * p = 0.0001 

No. c-Fos+  
non-TH cells 30.7 ± 4.6 124 ± 12.6  * 170.8 ± 24.5  * p < 0.0001 

SuML 

 

c-Fos+ 28.4 ± 4.7 135.6 ± 14.8 * 183.9 ± 15.9  * p < 0.0001 

No. c-Fos+ TH 
cells 0.9 ± 0.3 4.5 ± 0.9  * 5.2 ± 1  * p = 0.0007 

% c-Fos+ TH 
cells  16.6 ± 2 20.4 ± 2.7 18.8 ± 4.7 p = 0.53 

No. c-Fos+  
non-TH cells 27.6 ± 4.5 131.1 ± 14.3  * 178.7 ± 15.2 * p < 0.0001 

Dorsomedial 
Hypothalamus c-Fos+ 125.9 ± 28.8 405.6 ± 58.5 * 415.2 ± 46.7 * p = 0.049 

Lateral 
Hypothalamus c-Fos+ 50.3 ± 11.6 218.9 ± 21.1  * 276.1 ± 31.8  * p = 0.0032 

Ventral 
Tegmental 

Area 
c-Fos+ 21.1 ± 3.9 70 ± 11.3 96.2 ± 6.5 * p < 0.0001 

Arcuate 
Nucleus c-Fos+ 47.4 ± 10 54 ± 8.7 103.8 ± 17.9 * p = 0.022 

Ventromedial 
Hypothalamus c-Fos+ 13.2 ± 2.8 14.7 ± 2.2 27.3 ± 3.7 * p = 0.0021 

 

Table 5.1– c-Fos expression in the SuM, dorsomedial hypothalamus, lateral hypothalamus, ventral 
tegmental area, arcuate nucleus and ventromedial hypothalamus following the voluntary consumption of 
SCM. Data shown as mean ± SEM. Kruskal-Wallis p value < 0.05 highlighted in blue. * Significantly different to 

controls determined by Dunn’s multiple comparisons post-hoc test (p < 0.05). SuML, lateral supramammillary 

nucleus; SuMM, medial supramammillary nucleus; TH, tyrosine hydroxylase. 
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Figure 5.1 - SuM c-Fos expression following the scheduled-feeding of SCM. All data shown as mean ± 

SEM. Control, n = 8; SCM-Expected, n = 6; SCM-Unexpected, n = 5. A: Number of SuMM and SuML c-Fos 
positive nuclei per brain section for Control, SCM-Expected and SCM-Unexpected groups (SuMM: * p < 0.05, 

Kruskal-Wallis test with Dunn’s multiple comparisons (p = 0.0007); SuML: * p < 0.05, Kruskal-Wallis test with 

Dunn’s multiple comparisons (p < 0.0001)). B: The number of SuMM and SuML c-Fos positive nuclei in TH-

immunoreactive cells per brain section for Control, SCM-Expected and SCM-Unexpected groups (SuMM: * p < 
0.05, Kruskal-Wallis test with Dunn’s multiple comparisons (p = 0.0001); SuML: * p < 0.05, Kruskal-Wallis test 

with Dunn’s multiple comparisons (p = 0.0007)). C: The percentage of TH-immunoreactive SuMM and SuML 

cells expressing c-Fos per brain section for Control, SCM-Expected and SCM-Unexpected groups (SuMM: * p < 
0.05, Kruskal-Wallis test (p = 0.0001); SuML: Kruskal-Wallis test (p = 0.53)). D: Number of SuMM and SuML c-

Fos positive nuclei in non-TH-immunoreactive cells per brain section for Control, SCM-Expected and SCM-

Unexpected groups (SuMM: * p < 0.05, Kruskal-Wallis test with Dunn’s multiple comparisons (p < 0.0001); SuML: 

* p < 0.05, Kruskal-Wallis test with Dunn’s multiple comparisons (p < 0.0001)). SCM, sweetened condensed milk; 
SuM, supramammillary nucleus; SuML, lateral supramammillary nucleus; SuMM, medial supramammillary 

nucleus; TH, tyrosine hydroxylase. 
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Figure 5.2 - Representative images of c-Fos- and TH-like immunoreactivity in the SuM following the 
scheduled-feeding of SCM. A: Representative image of c-Fos expression in SuMM and SuML cells in the 

Control group. B: Representative image of c-Fos expression in SuMM TH-immunoreactive cells in the Control 
group. C: Representative image of c-Fos expression in SuMM and SuML cells in the SCM-Expected group. D: 
Representative image of c-Fos expression in SuMM TH-immunoreactive cells in the SCM-Expected group. E: 
Representative image of c-Fos expression in SuMM and SuML cells in the SCM-Unexpected group. F: 
Representative image of c-Fos expression in SuMM TH-immunoreactive cells in the SCM-Unexpected group. All 

sections Bregma – 4.44 mm (Paxinos and Watson 2005). Arrows show TH cells with c-Fos positive nuclei. SCM, 

sweetened condensed milk; SuM, supramammillary nucleus SuML, lateral supramammillary nucleus; SuMM, 

medial supramammillary nucleus.  
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Figure 5.3 - c-Fos expression in different brain regions following the scheduled-feeding of SCM. All data 

shown as mean ± SEM. A: c-Fos expression in the dorsomedial hypothalamus (DMH) per brain section for 

Control (n = 8), SCM-Expected (n = 6) and SCM-Unexpected (n = 5) groups (* p < 0.05, Kruskal-Wallis test with 
Dunn’s multiple comparisons (p = 0.049)). B: c-Fos expression in the lateral hypothalamus (LH) per brain section 

for Control (n = 7), SCM-Expected (n = 6) and SCM-Unexpected (n = 4) groups (* p < 0.05, Kruskal-Wallis test 

with Dunn’s multiple comparisons (p = 0.0032)). C: c-Fos expression in the ventral tegmental area (VTA) per 

brain section for Control (n = 8), SCM-Expected (n = 4) and SCM-Unexpected (n = 5) groups (* p < 0.05, Kruskal-
Wallis test with Dunn’s multiple comparisons (p < 0.0001)). D: c-Fos expression in the arcuate nucleus (ARC) per 

brain section for Control (n = 7), SCM-Expected (n = 6) and SCM-Unexpected (n = 5) groups (* p < 0.05, Kruskal-

Wallis test with Dunn’s multiple comparisons (p = 0.022)). E: c-Fos expression in the ventromedial hypothalamus 
(VMH) per brain section for Control (n = 8), SCM-Expected (n = 6) and SCM-Unexpected (n = 5) groups (* p < 

0.05, Kruskal-Wallis test with Dunn’s multiple comparisons (p = 0.0021)). SCM, sweetened condensed milk.  
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Figure 5.4 - Correlation between c-Fos expression in the SuM and the ventral tegmental area with the 
scheduled-feeding of SCM. Data from Control, SCM-Expected and SCM-Unexpected groups combined (n = 

17). p < 0.05 highlighted in blue. A: Correlation between SuMM and ventral tegmental area (VTA) c-Fos 

expression (slope, +1.89 ± 0.3; R2 = 0.72; p < 0.0001). B: Correlation between SuML and VTA c-Fos expression 

(slope, +0.2 ± 0.056; R2 = 0.44; p = 0.0035). C: Correlation between SuMM TH cell c-Fos expression and VTA c-

Fos expression (slope, +1.97 ± 0.18; R2 = 0.89; p < 0.0001). D: Correlation between SuML TH cell c-Fos 

expression and VTA c-Fos expression (slope, +0.055 ± 0.0094; R2 = 0.0.69; p < 0.0001). SCM, sweetened 
condensed milk; SuM, supramammillary nucleus; SuML, lateral supramammillary nucleus; SuMM, medial 

supramammillary nucleus; TH, tyrosine hydroxylase.  
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Figure 5.5 - Correlation between c-Fos expression in the SuM and the lateral hypothalamus with the 
scheduled-feeding of SCM. Data from Control, SCM-Expected and SCM-Unexpected groups combined (n = 

17). p < 0.05 highlighted in blue. A: Correlation between SuMM and lateral hypothalamus (LH) c-Fos expression 

(slope, +0.58 ± 0.088; R2 = 0.74; p < 0.0001). B: Correlation between SuML and LH c-Fos expression (slope, 

+0.075 ± 0.017; R2 = 0.57; p = 0.0005). C: Correlation between SuMM TH cell c-Fos expression and LH c-Fos 

expression (slope, +0.6 ± 0.059; R2 = 0.87; p < 0.0001). D: Correlation between SuML TH cell c-Fos expression 

and LH c-Fos expression (slope, +0.018 ± 0.0039; R2 = 0.59; p = 0.0003). SCM, sweetened condensed milk; 
SuM, supramammillary nucleus; SuML, lateral supramammillary nucleus; SuMM, medial supramammillary 

nucleus; TH, tyrosine hydroxylase.  
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Figure 5.6 - Correlation between c-Fos expression in the SuM and the dorsomedial hypothalamus with 
the scheduled-feeding of SCM. Data from Control, SCM-Expected and SCM-Unexpected groups combined (n 

= 19). p < 0.05 highlighted in blue. A: Correlation between SuMM and dorsomedial hypothalamus (DMH) c-Fos 

expression (slope, +0.31 ± 0.076; R2 = 0.49; p = 0.0008). B: Correlation between SuML and DMH c-Fos 

expression (slope, +0.034 ± 0.012; R2 = 0.31; p = 0.014). C: Correlation between SuMM TH cell c-Fos 

expression and DMH c-Fos expression (slope, +0.33 ± 0.06; R2 = 0.64; p < 0.0001). D: Correlation between 

SuML TH cell c-Fos expression and DMH c-Fos expression (slope, +0.01 ± 0.0027; R2 = 0.46; p = 0.0015). SCM, 
sweetened condensed milk; SuM, supramammillary nucleus; SuML, lateral supramammillary nucleus; SuMM, 

medial supramammillary nucleus; TH, tyrosine hydroxylase.  
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Figure 5.7 - Correlation between c-Fos expression in the SuM and the arcuate nucleus with the 
scheduled-feeding of SCM. Data from Control, SCM-Expected and SCM-Unexpected groups combined (n = 

18). p < 0.05 highlighted in blue. A: Correlation between SuMM and arcuate nucleus (ARC) c-Fos expression 

(slope, +0.67 ± 0.49; R2 = 0.1; p = 0.19). B: Correlation between SuML and ARC c-Fos expression (slope, +0.92 

± 0.43; R2 = 0.22; p = 0.049). C: Correlation between SuMM TH cell c-Fos expression and ARC c-Fos 

expression (slope, +0.068 ± 0.07; R2 = 0.055; p = 0.35). D: Correlation between SuML TH cell c-Fos expression 

and ARC c-Fos expression (slope, +0.018 ± 0.017; R2 = 0.068; p = 0.29). SCM, sweetened condensed milk; 

SuM, supramammillary nucleus; SuML, lateral supramammillary nucleus; SuMM, medial supramammillary 
nucleus; TH, tyrosine hydroxylase.  
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Figure 5.8 - Correlation between c-Fos expression in the SuM and the ventromedial hypothalamus with 
the scheduled-feeding of SCM. Data from Control, SCM-Expected and SCM-Unexpected groups combined (n 
= 19). A: Correlation between SuMM and ventromedial hypothalamus (VMH) c-Fos expression (slope, +3.1 ± 

1.92; R2 = 0.13; p = 0.12). B: Correlation between SuML and VMH c-Fos expression (slope, +3.47 ± 1.75; R2, 
0.19; p = 0.064). C: Correlation between SuMM TH cell c-Fos expression and VMH c-Fos expression (slope, 

+0.28 ± 0.28; R2 = 0.058; p = 0.32). D: Correlation between SuML TH cell c-Fos expression and VMH c-Fos 

expression (slope, +0.079 ± 0.067; R2, 0.077; p = 0.25). SCM, sweetened condensed milk; SuM, 
supramammillary nucleus; SuML, lateral supramammillary nucleus; SuMM, medial supramammillary nucleus; 

TH, tyrosine hydroxylase.  
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5.3 Experiment 2: SuM Activity Following Novel 
Consumption of a Palatable Food 

5.3.1 Overview 

The aim of this experiment was to use c-Fos expression to indirectly determine 

whether cells of the SuM are activated following the novel consumption of a 

palatable, high-sugar food. Rats were given access to SCM for the first time and c-

Fos expression was quantified in the SuMM and SuML following SCM access. c-Fos 

expression in SuMM and SuML TH cells was also quantified. In addition to the SuM, 

I quantified c-Fos expression in other brain regions that have a potential functional 

connection with the SuM. Rats maintained on an ad lib bland diet acted as controls.  

Most rats display short-term food neophobia during behavioural experiments when 

given access to novel foods (Carroll, Dinc et al. 1975, Mitchell 1976, Modlinska, 

Stryjek et al. 2015). From previous experiments I have discovered that it can take ~3 

days of scheduled-feeding before rats start to eat SCM and they can often take 

longer than this to eat all SCM presented. In these previous scheduled-feeding 

experiments, only approximately one third of rats eat some SCM on the first day of 

access. Therefore, a large number of rats were given access to SCM to ensure a 

sufficiently high number ate SCM during this single access period.  

5.3.2 Methods 

5.3.2.1 Animals 

20 male 8-10 week old rats were used. Rats were single-housed and maintained on 

an ad lib bland maintenance diet and water throughout the experiment (see Sections 

2.1.1 & 2.2.1.1). 

5.3.2.2 Novel Palatable Food Access 

Rats were randomly allocated into two groups; (1) ‘Control’ (n = 6) and (2) ‘SCM 

access’ (n = 14). On days 1 and 2, a clean glass bowl was left in the cages of rats in 

the SCM access group to familiarise rats with the bowl. On day 3, 5 ml SCM was 

given to rats in the same bowls for 30 min (between 9.00 and 16.00; see Section 

2.2.2). Rats in the Control group were given no SCM access at any point in the 

experiment. 1 hr following the end of SCM access, rats were given an overdose of 
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pentobarbital sodium and perfused-fixed (see Sections 2.3.4 & 2.6.1). Rats in the 

Control group were perfused-fixed at the same time of day as those in the SCM 

access group.  

5.3.2.3 Tissue Preparation, Immunohistochemistry and c-Fos 

Quantification 

Brain sectioning, immunohistochemistry and c-Fos quantification was carried out as 

in Experiment 1.  

5.3.2.4 Statistical Analysis 

Of the 14 rats in the SCM access group, 8 rats ate most of the SCM (‘Novel-SCM-

Consumption’ group) and 6 rats did not (‘Novel-SCM-No consumption’ group). 

Statistical analysis was carried out as in Experiment 1.  

5.3.3 Results 

The aim of this experiment was to determine whether c-Fos expression in the SuM 

is increased following the novel consumption of SCM.  

There were 3 groups of rats in this experiment: 

1) Control group that did not receive SCM access.  

2) Novel-SCM-No Consumption group that was given SCM access for the first 

time but did not eat it. 

3) Novel-SCM-Consumption group that was given SCM access for the first time 

and did eat some of it.  

5.3.3.1 c-Fos expression in the SuM 

In the SuMM, the number of c-Fos positive nuclei was significantly higher in the 

Novel-SCM-No consumption and Novel-SCM-Consumption groups compared to the 

Control group (p = 0.01 and p = 0.013 respectively; Table 5.2; Figure 5.9A; Figure 

5.10). In the SuML, the number of c-Fos positive nuclei was ~2-fold higher in the 

Novel-SCM-No consumption group than the Control group, but this was not 

significant (p = 0.32; Table 5.2; Figure 5.9A; Figure 5.10). The number of c-Fos 

positive nuclei was significantly higher in the Novel-SCM-Consumption group (p = 

0.0008; Table 5.2; Figure 5.9A; Figure 5.10). 
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In the SuMM or SuML, there was no significant difference in the number or 

percentage of c-Fos positive TH cells between the groups (SuMM: p = 0.056 and p 

= 0.31 respectively; SuML: p = 0.68 and p = 0.09 respectively; Table 5.2; Figure 

5.9B & C).  

In the SuMM, the number of c-Fos positive non-TH cells was significantly higher in 

the Novel-SCM-No consumption and Novel-SCM-Consumption groups compared to 

the Control group (p = 0.0045 and p = 0.022 respectively; Table 5.2; Figure 5.9D). In 

the SuML, the number of c-Fos positive non-TH cells was ~2-fold higher in the 

Novel-SCM-No consumption group compared to the Control group, but this was not 

significant (p = 0.29; Table 5.2; Figure 5.9D). In the SuML, the number of c-Fos 

positive non-TH cells was significantly higher in the Novel-SCM-Consumption group 

(p = 0.0013; Table 5.2; Figure 5.9D).  

5.3.3.2 c-Fos expression in Other Brain Regions 

In the ventromedial hypothalamus, the number of c-Fos positive nuclei was 

significantly higher in the Novel-SCM-No consumption and Novel-SCM-

Consumption groups in comparison to the Control group (p = 0.0036 and p = 0.041 

respectively; Table 5.2; Figure 5.11A).  

In the lateral hypothalamus, the number of c-Fos positive nuclei was significantly 

higher in the Novel-SCM-No consumption and Novel-SCM-Consumption groups in 

comparison to the Control group (p = 0.015 and p = 0.01 respectively; Table 5.2; 

Figure 5.11B).  

In the dorsomedial hypothalamus, the number of c-Fos positive nuclei was higher in 

the Novel-SCM-No consumption group compared to the Control group, but this was 

not significant (p = 0.15; Table 5.2; Figure 5.11C). The number of c-Fos positive 

nuclei was significantly higher in the Novel-SCM-Consumption group (p = 0.043; 

Table 5.2; Figure 5.11C).  

In the arcuate nucleus and ventral tegmental area, there was no significant 

difference in c-Fos expression between the groups (p = 0.65 and p = 0.28 

respectively; Table 5.2; Figure 5.11D & E).   
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5.3.3.3 Correlation Between c-Fos Expression in the SuM and 

Other Brain Regions 

There was a strong positive correlation between the number of c-Fos positive nuclei 

in the SuMM or SuML and the number of c-Fos positive nuclei in the lateral 

hypothalamus (Figure 5.12A & B). In addition, there was a weak positive correlation 

between the number of c-Fos positive SuMM TH cells and c-Fos positive nuclei in 

the lateral hypothalamus (Figure 5.12C). However, there was no significant 

correlation between the number of c-Fos positive SuML TH cells and c-Fos positive 

nuclei in the lateral hypothalamus (Figure 5.12D).  

There was a positive correlation between the number of c-Fos positive nuclei in the 

SuMM or SuML and the number of c-Fos positive nuclei in the dorsomedial 

hypothalamus, ventromedial hypothalamus, arcuate nucleus or ventral tegmental 

area (Figure 5.13A & B; Figure 5.14A & B; Figure 5.15A & B; Figure 5.16A & B). 

However, there was no significant correlation between the number of c-Fos positive 

SuMM or SuML TH cells and the number of c-Fos positive nuclei in the dorsomedial 

hypothalamus, ventromedial hypothalamus, arcuate nucleus or ventral tegmental 

area (Figure 5.13C & D; Figure 5.14C & D; Figure 5.15C & D; Figure 5.16C & D).  

5.3.4 Results Summary 

Following novel SCM access: 

• SuMM c-Fos expression increased whether rats ate SCM or not. SuML c-

Fos expression also increased following novel SCM access, but SuML c-Fos 

expression was higher when SCM was eaten.  

• c-Fos expression in SuMM or SuML TH cells was not significantly different to 

controls.   

• c-Fos expression in the ventromedial hypothalamus, lateral hypothalamus or 

dorsomedial hypothalamus was increased whether rats ate SCM or not.  

• c-Fos expression in the arcuate nucleus or ventral tegmental area was not 

significantly different to controls.  

• There was a positive correlation between c-Fos expression in the SuMM or 

SuML and c-Fos expression in the lateral hypothalamus, dorsomedial 

hypothalamus, ventromedial hypothalamus, arcuate nucleus or ventral 

tegmental area. 
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• There was a positive correlation between c-Fos expression in SuMM TH 

cells (but not SuML TH cells) and c-Fos expression in the lateral 

hypothalamus.  

• There was no significant correlation between c-Fos expression in SuMM or 

SuML TH cells and c-Fos expression in the dorsomedial hypothalamus, 

ventromedial hypothalamus, arcuate nucleus or ventral tegmental area. 
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Brain Region Count 
Count/Section (mean ± SEM) 

Kruskal-Wallis 
Test P Value Control Novel-SCM-No 

consumption 
Novel-SCM- 

Consumption 

SuMM 
 

 

c-Fos+ 91.9 ± 10.1 169.5 ± 15.9 * 164.9 ± 13.4 * p = 0.0007 

No. c-Fos+ TH 
cells 12.9 ± 1.7 21.6 ± 3.8 20 ± 2.1 p = 0.056 

% c-Fos+ TH 
cells  53.9 ± 6.7 61.6 ± 2.5 60.8 ± 5.8 p = 0.68 

No. c-Fos+  
non-TH cells 79 ± 8.8 147.9 ± 14.02 * 144.9 ± 13.3 * p = 0.0045 

SuML 

 

c-Fos+ 53.3 ± 4.6 103.9 ± 17.1 168.9 ± 11.6 * p < 0.0001 

No. c-Fos+ TH 
cells 4.4 ± 1.1 5.7 ± 1.5 6.6 ± 0.7 p = 0.31 

% c-Fos+ TH 
cells  40.1 ± 4 57.5 ± 6.3 54.7 ± 5.7 p = 0.094 

No. c-Fos+  
non-TH cells 48.9 ± 4.6 98.2 ± 16.4 162.3 ± 11.8 * p < 0.0001 

Ventromedial 
Hypothalamus c-Fos+ 54.2 ± 6.4  120.5 ± 18.7 * 94.3 ± 10.7 * p = 0.0021 

Lateral 
Hypothalamus c-Fos+ 88.7 ± 21.02 264.7 ± 48.8 * 252 ± 19.2 * p = 0.0032 

Dorsomedial 
Hypothalamus c-Fos+ 341.5 ± 33.7 527.6 ± 62.2 557.7 ± 65.3 * p = 0.049 

Arcuate 
Nucleus c-Fos+ 78.4 ± 5.03 125.5 ± 26.3 118.5 ± 22.6 p = 0.65 

Ventral 
Tegmental 

Area 
c-Fos+ 35.3 ± 9.8 53.3 ± 12.3 58.5 ± 11.4 p = 0.28 

 

Table 5.2– c-Fos expression in the SuM, ventromedial hypothalamus, lateral hypothalamus, dorsomedial 
hypothalamus, arcuate nucleus and ventral tegmental area following the novel consumption of SCM. 
Data shown as mean ± SEM. Kruskal-Wallis p value < 0.05 highlighted in blue. * Significantly different to controls 

determined by Dunn’s multiple comparisons post-hoc test. SuML, lateral supramammillary nucleus; SuMM, 

medial supramammillary nucleus; TH, tyrosine hydroxylase.  
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Figure 5.9 - SuM c-Fos expression following the novel consumption of SCM. All data shown as mean ± 

SEM. Control, n = 6; Novel-SCM-No consumption, n = 6; Novel-SCM-Consumption, n = 8. A: Number of c-Fos 

positive nuclei in the SuMM and SuML per brain section for Control, Novel-SCM-No consumption and Novel-
SCM-Consumption groups (SuMM: * p < 0.05, Kruskal-Wallis test with Dunn’s multiple comparisons (p = 0.0007); 

SuML: * p < 0.05, Kruskal-Wallis test with Dunn’s multiple comparisons (p < 0.0001)). B: The number of SuMM 

and SuML c-Fos positive nuclei in TH-immunoreactive cells per brain section for Control, Novel-SCM-No 

consumption and Novel-SCM-Consumption groups (SuMM: Kruskal-Wallis test (p = 0.056); SuML: Kruskal-Wallis 
test (p = 0.31)). C: The percentage of TH-immunoreactive SuMM and SuML cells expressing c-Fos per brain 

section for Control, Novel-SCM-No consumption and Novel-SCM-Consumption groups (SuMM: Kruskal-Wallis 

test (p = 0.68); SuML: Kruskal-Wallis test (p = 0.094)). D: Number of SuMM and SuML c-Fos positive nuclei not 
in TH-immunoreactive cells per brain section for Control, Novel-SCM-No consumption and Novel-SCM-

Consumption groups (SuMM: * p < 0.05, Kruskal-Wallis test with Dunn’s multiple comparisons (p = 0.0045); 

SuML: * p < 0.05, Kruskal-Wallis test with Dunn’s multiple comparisons (p < 0.0001)). SCM, sweetened 

condensed milk; SuM, Supramammillary Nucleus; SuML, Lateral Supramammillary Nucleus; SuMM, Medial 
Supramammillary Nucleus.  
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Figure 5.10 - Representative images of SuM c-Fos expression following the novel consumption of SCM. 
A: Representative image of c-Fos expression in SuMM and SuML cells in the Control group. B: Representative 

image of c-Fos expression in SuMM and SuML cells in the Novel-SCM-No consumption group. C: 
Representative image of c-Fos expression in SuMM and SuML cells in the Novel-SCM-Consumption group. 

Bregma – 4.44 mm (Paxinos and Watson 2005). SCM, sweetened condensed milk; SuM, supramammillary 
nucleus SuML, lateral supramammillary nucleus; SuMM, medial supramammillary nucleus.  
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Figure 5.11 - c-Fos expression in other brain regions following the novel consumption of SCM. All data 

shown as mean ± SEM. A: c-Fos expression in the ventromedial hypothalamus (VMH) per brain section for 

Control, Novel-SCM-No consumption and Novel-SCM-Consumption groups (* p < 0.05, Kruskal-Wallis test with 
Dunn’s multiple comparisons (p = 0.0021)). B: c-Fos expression in the lateral hypothalamus (LH) per brain 

section for Control, Novel-SCM-No consumption and Novel-SCM-Consumption groups (* p < 0.05, Kruskal-Wallis 

test with Dunn’s multiple comparisons (p = 0.0032)). C: c-Fos expression in the dorsomedial hypothalamus 

(DMH) per brain section for Control, Novel-SCM-No consumption and Novel-SCM-Consumption groups (* p < 
0.05, Kruskal-Wallis test with Dunn’s multiple comparisons (p = 0.049)). D: c-Fos expression in the arcuate 

nucleus (ARC) per brain section for Control, Novel-SCM-No consumption and Novel-SCM-Consumption groups 

(Kruskal-Wallis test (p = 0.65)). E: c-Fos expression in the ventral tegmental area (VTA) per brain section for 
Control, Novel-SCM-No consumption and Novel-SCM-Consumption groups (Kruskal-Wallis test (p = 0.28)). 

SCM, sweetened condensed milk.  
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Figure 5.12 - Correlation between c-Fos expression in the SuM and the lateral hypothalamus following 
novel SCM consumption. Data from Control, Novel-SCM-No consumption and Novel-SCM-Consumption 
groups combined (n = 20). p < 0.05 highlighted in blue. A: Correlation between SuMM and lateral hypothalamus 

(LH) c-Fos expression (slope, +0.35 ± 0.064; R2 = 0.63; p < 0.0001). B: Correlation between SuML and LH c-Fos 

expression (slope, +0.42 ± 0.077; R2 = 0.62; p < 0.0001). C: Correlation between SuMM TH cell c-Fos 

expression and LH c-Fos expression (slope, +0.031 ± 0.014; R2 = 0.2; p = 0.047). D: Correlation between SuML 

TH cell c-Fos expression and LH c-Fos expression (slope, +0.0079 ± 0.0058; R2 = 0.092; p = 0.19). SCM, 

sweetened condensed milk; SuML, lateral supramammillary nucleus; SuMM, medial supramammillary nucleus.  
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Figure 5.13 - Correlation between c-Fos expression in the SuM and the dorsomedial hypothalamus 
following novel SCM consumption. Data from Control, Novel-SCM-No consumption and Novel-SCM-
Consumption groups combined (n = 19). p < 0.05 highlighted in blue. A: Correlation between SuMM and 

dorsomedial hypothalamus (DMH) c-Fos expression (slope, +0.21 ± 0.047; R2 = 0.53; p = 0.0004). B: Correlation 

between SuML and DMH c-Fos expression (slope, +0.21 ± 0.06; R2 = 0.43; p = 0.0025). C: Correlation between 

SuMM TH cell c-Fos expression and DMH c-Fos expression (slope, +0.02 ± 0.01; R2 = 0.19; p = 0.063). D: 

Correlation between SuML TH cell c-Fos expression and DMH c-Fos expression (slope, +0.002 ± 0.0042; R2 = 

0.13; p = 0.65). SCM, sweetened condensed milk; SuML, lateral supramammillary nucleus; SuMM, medial 

supramammillary nucleus.  
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Figure 5.14 - Correlation between c-Fos expression in the SuM and the ventromedial hypothalamus 
following novel SCM consumption. Data from Control, Novel-SCM-No consumption and Novel-SCM-

Consumption groups combined (n = 20). p < 0.05 highlighted in blue. A: Correlation between SuMM and 

ventromedial hypothalamus (VMH) c-Fos expression (slope, +0.64 ± 0.24; R2 = 0.29; p = 0.015). B: Correlation 

between SuML and VMH c-Fos expression (slope, +0.7 ± 0.29; R2 = 0.24; p = 0.027). C: Correlation between 

SuMM TH cell c-Fos expression and VMH c-Fos expression (slope, +0.039 ± 0.042; R2 = 0.047; p = 0.36). D: 

Correlation between SuML TH cell c-Fos expression and VMH c-Fos expression (slope, +0.012 ± 0.016; R2 = 
0.032; p = 0.45). SCM, sweetened condensed milk; SuML, lateral supramammillary nucleus; SuMM, medial 

supramammillary nucleus.  
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Figure 5.15 - Correlation between c-Fos expression in the SuM and the arcuate nucleus following novel 
SCM consumption. Data from Control, Novel-SCM-No consumption and Novel-SCM-Consumption groups 
combined (n = 20). p < 0.05 highlighted in blue. A: Correlation between SuMM and arcuate nucleus (ARC) c-Fos 

expression (slope, +0.42 ± 0.18; R2 = 0.23; p = 0.034). B: Correlation between SuML and ARC c-Fos expression 

(slope, +0.56 ± 0.21; R2 = 0.29; p = 0.015). C: Correlation between SuMM TH cell c-Fos expression and ARC c-

Fos expression (slope, +0.044 ± 0.03; R2 = 0.11; p = 0.16). D: Correlation between SuML TH cell c-Fos 

expression and ARC c-Fos expression (slope, +0.012 ± 0.012; R2 = 0.054; p = 0.32). SCM, sweetened 

condensed milk; SuML, lateral supramammillary nucleus; SuMM, medial supramammillary nucleus.  
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Figure 5.16 - Correlation between c-Fos expression in the SuM and the ventral tegmental area following 
novel SCM consumption. Data from Control, Novel-SCM-No consumption and Novel-SCM-Consumption 

groups combined (n = 20). p < 0.05 highlighted in blue. A: Correlation between SuMM and ventral tegmental 

area (VTA) c-Fos expression (slope, +0.77 ± 0.34; R2 = 0.23; p = 0.035). B: Correlation between SuML and VTA 

c-Fos expression (slope, +1.085 ± 0.39; R2 = 0.31; p = 0.011). C: Correlation between SuMM TH cell c-Fos 

expression and VTA c-Fos expression (slope, -0.022 ± 0.059; R2 = 0.008; p = 0.71). D: Correlation between 

SuML TH cell c-Fos expression and VTA c-Fos expression (slope, -0.0028 ± 0.023; R2 = 0.00084; p = 0.9). SCM, 
sweetened condensed milk; SuML, lateral supramammillary nucleus; SuMM, medial supramammillary nucleus.  
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5.4 Experiment 3: SuM Activity Following Palatable Food 
Consumption During Food-restriction  

5.4.1 Overview 

The aim of this experiment was to use c-Fos expression to indirectly determine 

whether SuM cells are activated following the consumption of a palatable, high-

sugar food when food-restricted. Motivation for rats to acquire and consume 

palatable foods is enhanced during calorie restriction (Figlewicz, Bennett et al. 

2006). Therefore, food-restriction was used to further drive feeding motivation.  

Rats were food-restricted and schedule-fed SCM daily. Following SCM consumption 

on the last day, c-Fos expression was quantified in both the SuMM and SuML. c-Fos 

expression was also quantified in TH cells of the SuMM and SuML. In addition to the 

SuM, I quantified c-Fos expression in other brain regions that have a potential 

functional connection with the SuM. To control for a potential anticipatory response 

to SCM scheduled-feeding, an additional group of food-restricted rats receiving SCM 

at an ‘unexpected’ time were used. Food-restricted rats that were not re-fed on the 

last day were used to control for SCM scheduled-feeding. A group of rats 

maintained on ad lib bland diet were used to control for the potential effects of food-

restriction on c-Fos expression.  

5.4.2 Methods 

5.4.2.1 Animals  

32 male 8-10 week old rats were used. For 1 week prior to the experiment, rats were 

individually housed with ad lib access to bland diet and water (see Sections 2.1.1 & 

2.2.1.1).  

5.4.2.2 Scheduled-feeding of Bland Diet and Palatable Food 

Rats were randomly allocated into 4 groups; (1) ad lib bland food access control 

(‘AL-Control’; n = 8), (2) food-restricted control (‘FR-Control’; n = 8), (3) food-

restricted expected SCM access (‘FR-SCM-Expected’; n = 8) and (4) food-restricted 

unexpected SCM access (‘FR-SCM-Unexpected’; n = 8).  
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The experiment lasted for 11 days. The AL-Control group was maintained on an ad 

lib bland diet throughout. On days 1-10, the FR-Control, FR-SCM-Expected and FR-

SCM-Unexpected groups were food-restricted and given 3 hr access to bland diet 

each day (14.00-17.00; see Section 2.2.1.4). On days 5-10, rats in the FR-SCM-

Expected and FR-SCM-Unexpected groups were schedule-fed 5 ml of SCM for 15 

min each day (12.45-13.00; see Section 2.2.2). On day 11, the FR-SCM-Expected 

group received SCM access at the scheduled time (12.45). The FR-SCM-

Unexpected group received SCM access 4 hr before the scheduled time i.e. at an 

unexpected time (08.45-9.00). Rats in the FR-SCM-Expected and FR-SCM-

Unexpected groups were given an overdose of pentobarbital sodium and perfused-

fixed 1 hr after SCM access (see Sections 2.3.4 & 2.6.1). Neither the FR-SCM-

Expected and FR-SCM-Unexpected groups received bland diet access on day 11. 

The FR-Control group also did not receive bland diet access on day 11. The AL-

Control and FR-Control group were perfused-fixed at the same time of day as those 

in the FR-SCM-Expected group. Figure 5.17 shows a protocol schematic of bland 

diet, SCM and perfusion-fixation schedules for all groups on experimental days 5-

11.  

During food-restriction, attention was paid to ensure that rats did not lose >15 % of 

their starting body weight (see Section 2.2.1.4).  

On day 11, the latency to eat SCM was measured for rats in the FR-SCM-Expected 

and FR-SCM-Unexpected groups. The time (sec) between the bowl of milk being 

placed on the cage floor and the start of eating determined the latency.  

5.4.2.3 Tissue Preparation, Immunohistochemistry and c-Fos 

Quantification 

Brain sectioning, immunohistochemistry and c-Fos quantification was carried out as 

in Experiment 1.  

5.4.2.4 Statistical Analysis 

Complications during sectioning and/or immunohistochemistry resulted in a small 

number of brains/brain regions being excluded from analysis. As a consequence, 

the number of rats in each group can vary between brain regions. The size of each 

group is stated in the figure legends.  
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All data are expressed as mean ± SEM. Normality of data was assessed using the 

D'Agostino & Pearson omnibus normality test (see Section 2.7.1). To determine 

differences in c-Fos expression between two groups, non-parametric Mann-Whitney 

tests were used (see Section 2.7.3). To determine differences in c-Fos expression 

between three groups, non-parametric Kruskal-Wallis tests were used. If a 

difference between groups was detected by the Kruskal-Wallis test, Dunn’s multiple 

comparisons post-hoc tests were used to determine where these differences lie (see 

Section 2.7.3). Linear regression analysis (R2 and deviation from a line with no 

correlation) was carried out to determine the relationship between c-Fos expression 

in the SuM and other brain regions (see Section 2.7.5).  
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Figure 5.17 - Protocol schematic of food-restriction and SCM scheduled-feeding for AL-Control, FR-
Control, FR-SCM-Expected and FR-SCM-Unexpected groups. Schematic represents light phase only. Left 

panel shows the feeding schedule for days 5-10. The AL-Control group had ad lib access to bland diet 
throughout the dark phase of days 5-10. The FR-Control, FR-Bland-Expected and FR-Bland-Unexpected groups 

did not have access to bland diet throughout the dark phase for days 5-10. Right panel shows the feeding and 

perfusion-fixation schedule for day 11. AL, ad lib bland diet access; FR, food-restriction; SCM, sweetened 
condensed milk.   
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5.4.3 Results 

The aim of this experiment was to determine whether c-Fos expression in the SuM 

is increased following the consumption of SCM when food-restricted.  

There were 4 groups of rats in this experiment: 

1) AL-Control group that was given ad lib bland diet access.  

2) FR-Control group that was food-restricted.  

3) FR-SCM-Expected group that was food-restricted and given SCM access at 

the expected time. 

4) FR-SCM-Unexpected group that was food-restricted and given SCM access 

at an unexpected time (4 hr prior to the expected time). 

5.4.3.1 Latency to Eat SCM 

On the last day of SCM access, there was no significant difference in the latency to 

eat SCM between the FR-SCM-Expected and FR-SCM-Unexpected groups (p > 

0.99; FR-SCM-Expected: 4.3 ± 1 sec, n = 8; FR-SCM-Unexpected: 4.3 ± 1 sec, n = 

8). The latency to consume SCM for all animals receiving SCM was significantly 

shorter than the latency to eat SCM in Experiment 1, where rats were maintained on 

an ad lib diet (p < 0.0001; Experiment 1: 21.7 ± 4 sec, n = 11; Experiment 3: 4.3 ± 1 

sec, n = 16). 

5.4.3.2 c-Fos Expression in the SuM 

5.4.3.2.1 With Food-restriction 

In the SuMM and SuML, the number of c-Fos positive nuclei in the FR-Control group 

was significantly higher than the AL-Control group (p = 0.0003 and p = 0.022 

receptively; Table 5.3; Figure 5.18A).  

In the SuMM, the number or the percentage of c-Fos positive TH cells in the FR-

Control group was significantly higher than the AL-Control group (p = 0.0006 and p 

= 0.0045 respectively; Table 5.3; Figure 5.18B & C; Figure 5.19A & B). In the SuML, 

the number of c-Fos positive TH cells in the FR-Control group was significantly 

higher than the AL-Control group (p = 0.0003; Table 5.3; Figure 5.18B). In the 

SuML, the percentage of c-Fos positive TH cells in the FR-Control group was ~2-

fold higher than the AL-Control group, but this was not significant (p = 0.38; Table 

5.3; Figure 5.18C).  
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In the SuMM and SuML, the number of c-Fos positive non-TH cells in the FR-

Control group was significantly higher than the AL-Control group (p = 0.0003 and p 

= 0.0037 respectively; Table 5.3; Figure 5.18D).  

5.4.3.2.2 With SCM Consumption During Food-restriction 

In the SuMM, there was no significant difference in the number of c-Fos positive 

nuclei between the FR-Control, FR-SCM-Expected and FR-SCM-Unexpected 

groups (p = 0.52; Table 5.3; Figure 5.20A). In the SuML, the number of c-Fos 

positive nuclei in the FR-SCM-Expected group was significantly higher than the FR-

Control group (p = 0.011; Table 5.3; Figure 5.20A). In the SuML, the number of c-

Fos positive nuclei in the FR-SCM-Unexpected group was higher than the FR-

Control group, but this was not significant (p = 0.43; Table 5.3; Figure 5.20A).  

In the SuMM, the number of c-Fos positive TH cells was not significantly different 

between the FR-Control, FR-SCM-Expected and FR-SCM-Unexpected groups (p = 

0.22; Table 5.3; Figure 5.20B). The percentage of c-Fos positive TH SuMM cells 

was not significantly different between the FR-Control and FR-SCM-Expected 

groups (p = 0.39; Table 5.3; Figure 5.20C), but the percentage of c-Fos positive TH 

cells in the FR-SCM-Unexpected group was significantly higher (p = 0.0062; Table 

5.3; Figure 5.20C; Figure 5.19 B & C). In the SuML, the number or the percentage of 

c-Fos positive TH cells was not significantly different between the FR-Control, FR-

SCM-Expected and FR-SCM-Unexpected groups (p = 0.71 and p = 0.45 

respectively; Table 5.3; Figure 5.20B & C).  

In the SuMM, there was no significant difference in the number of c-Fos positive 

non-TH cells between the FR-Control, FR-SCM-Expected and FR-SCM-Unexpected 

groups (p = 0.77; Table 5.3; Figure 5.20D). In the SuML, the number of c-Fos 

positive non-TH cells in the FR-SCM-Expected was significantly higher than the FR-

Control group (p = 0.012; Table 5.3; Figure 5.20D). The number of c-Fos positive 

non-TH SuML cells in the FR-SCM-Unexpected group was higher than the Control 

group, but this was not significant (p = 0.46; Table 5.3; Figure 5.20D).  

5.4.3.3 c-Fos Expression in Other Brain Regions 

5.4.3.3.1 With Food-restriction  

In the dorsomedial hypothalamus, c-Fos expression was significantly higher in the 

FR-Control group than in the AL-Control group (p = 0.048; Table 5.3; Figure 5.21A).  
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In the ventromedial hypothalamus, c-Fos expression was significantly higher in the 

AL-Control group than the FR-Control group (p = 0.039; Table 5.3; Figure 5.21B).  

In the lateral hypothalamus, arcuate nucleus or ventral tegmental area, there was no 

significant difference in the number of c-Fos positive nuclei between the AL-Control 

and FR-Control groups (p = 0.5, p = 0.45 and p > 0.99 respectively; Table 5.3; 

Figure 5.21C, D & E).  

5.4.3.3.2 With SCM Consumption During Food-restriction 

In the dorsomedial hypothalamus, the number of c-Fos positive nuclei was 

significantly higher in the FR-SCM-Expected group in comparison to the FR-Control 

and FR-SCM-Unexpected groups (p = 0.008 and p = 0.0095 respectively; Table 5.3; 

Figure 5.22A).  

In the lateral hypothalamus, the number of c-Fos positive nuclei was significantly 

higher in the FR-SCM-Expected group in comparison to the FR-SCM-Unexpected 

group (p = 0.042; Table 5.3; Figure 5.22B). The number of c-Fos positive nuclei in 

the FR-SCM-Expected group was higher than the FR-Control group, but this was 

not significant (p = 0.45; Table 5.3; Figure 5.22B).  

In the ventral tegmental area, ventromedial hypothalamus or arcuate nucleus, there 

were no significant differences in the number of c-Fos positive nuclei between the 

FR-Control, FR-SCM-Expected and FR-SCM-Unexpected groups (p = 0.26, p = 

0.12 and p = 0.18 respectively; Table 5.3; Figure 5.22C, D & E). 

5.4.3.4 Correlation Between SuM c-Fos Expression and Other 

Brain Regions 

There was a weak positive correlation between the number of c-Fos positive nuclei 

in the SuML and the dorsomedial hypothalamus, lateral hypothalamus or ventral 

tegmental area (Figure 5.23B; Figure 5.24B; Figure 5.25B). However, there was no 

significant correlation between the number of c-Fos positive nuclei in the SuMM and 

the dorsomedial hypothalamus, lateral hypothalamus or ventral tegmental area 

(Figure 5.23A; Figure 5.24A; Figure 5.25A). In addition, there was no significant 

correlation between the number of c-Fos positive SuMM or SuML TH cells and c-

Fos expression in the dorsomedial hypothalamus, lateral hypothalamus or ventral 

tegmental area (Figure 5.23C & D; Figure 5.24C & D; Figure 5.25C & D).  
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There was no significant correlation between the number of c-Fos positive nuclei in 

the SuMM or SuML and the ventromedial hypothalamus (5.26A & B). However, 

there was a weak positive correlation between the number of c-Fos positive SuMM 

TH cells and c-Fos expression in the ventromedial hypothalamus (Figure 5.26C). 

Furthermore, there was no significant correlation between the number of c-Fos 

positive SuML TH cells and c-Fos expression in the ventromedial hypothalamus 

(Figure 5.26D).  

There was no significant correlation between the number of c-Fos positive nuclei in 

the SuMM or SuML and the arcuate nucleus (Figure 5.27A & B). In addition, there 

was no significant correlation between the number of c-Fos positive SuMM or SuML 

TH cells and c-Fos expression in the arcuate nucleus (Figure 5.27C & D).   

5.4.4 Results Summary 

Following food-restriction: 

• c-Fos expression in the SuMM or SuML increased  

• c-Fos expression in SuMM TH cells increased, but not in SuML TH cells.   

• c-Fos expression in the dorsomedial hypothalamus increased. 

• c-Fos expression in the ventromedial hypothalamus decreased. 

• c-Fos expression was not significantly different in the lateral hypothalamus, 

arcuate nucleus or ventral tegmental area.   

Following SCM access during food-restriction: 

• c-Fos expression in the SuML increased with SCM consumption at the 

expected time, but not at the unexpected time.  

• c-Fos expression in the SuMM was no different to controls.  

• c-Fos expression in SuMM TH cells was increased with SCM consumption at 

the unexpected time, but not at the expected time.  

• c-Fos expression in SuML TH cells was no different to controls.  

• c-Fos expression in the dorsomedial hypothalamus or lateral hypothalamus 

was increased with SCM consumption at the expected time, but not at the 

unexpected time.  

• c-Fos expression in the ventral tegmental area, ventromedial hypothalamus 

or arcuate nucleus was no different to controls.  
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• There was a positive correlation between c-Fos expression in the SuML and 

c-Fos expression in the dorsomedial hypothalamus, lateral hypothalamus or 

ventral tegmental area. This correlation was not seen with c-Fos expression 

in the SuMM.  

• There was no significant correlation between c-Fos expression in the SuMM 

or SuML and c-Fos expression in the ventromedial hypothalamus or arcuate 

nucleus.  

• There was a positive correlation between c-Fos expression in SuMM TH 

cells (but not SuML TH cells) and c-Fos expression in the ventromedial 

hypothalamus.  

• There was no significant correlation between c-Fos expression in SuMM or 

SuML TH cells and c-Fos expression in the dorsomedial hypothalamus, 

lateral hypothalamus, ventral tegmental area or arcuate nucleus.  
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Brain 
Region Count 

Count/Section (mean ± SEM) Kruskal-
Wallis 

Test/ANOVA 
P Value 

AL-Control FR-Control FR-SCM-
Expected 

FR-SCM- 
Unexpected 

SuMM 

 
 

c-Fos+ 30.2 ± 7.7 108.8 ± 6.3 # 119.5 ± 15.9  137.1 ± 21.5 p = 0.5 

No. c-Fos+ 
TH cells 2.7 ± 0.9 13.1 ± 1.9 # 12.7 ± 1.4  18.3 ± 21.5 p = 0.22 

% c-Fos+ TH 
cells 26.3 ± 1.7 40.2 ± 4.2 # 53.5 ± 7.1 65.4 ± 3.3 * p = 0.0086 

No. c-Fos+  
non-TH cells 29.5 ± 6.9 95.7 ± 5.1 # 106.8 ± 14.7 118.8 ± 18.79 p = 0.77 

SuML 

 

c-Fos+ 28 ± 6 61.5 ± 5.4 # 106.9 ± 10.5 * 85.5 ± 9.5 p = 0.0097 

No. c-Fos+ 
TH cells 0.4 ± 0.2 5.6 ± 1.1 # 5.3 ± 1.5 4.5 ± 0.8 p = 0.71 

% c-Fos+ TH 
cells 8 ± 1.9 15.7 ± 4.8 12.3 ± 3.4 18.9 ± 3  p = 0.45 

No. c-Fos+  
non-TH cells 27.6 ± 6 56.8 ± 4.9 # 100.7 ± 10.4 * 81.04 ± 9.7 p = 0.01 

DMH c-Fos+ 160.9 ± 24.7 260.9 ± 39 # 579.4 ± 101 * 267.8 ± 37.8 Δ p = 0.0033 

LH c-Fos+ 209.9 ± 28.4 256.3 ± 49.4 398 ± 64.3 176.7 ± 54.2 Δ p = 0.0038 

VTA c-Fos+ 43.8 ± 8.2 46 ± 4.5 70.3 ± 12.7 62.7 ± 12.2 p = 0.18 

VMH c-Fos+ 97.8 ± 15.8 54.4 ± 10.7 # 82.1 ± 10.3 104.8 ± 24.5 p = 0.12 

ARC c-Fos+ 70.7 ± 16.7 88.8 ± 16.6 110.5 ± 15.1 65.1 ± 17.7 p = 0.26 

 

Table 5.3 – c-Fos expression in the SuM, dorsomedial hypothalamus (DMH), lateral hypothalamus (LH), 
ventral tegmental area (VTA), ventromedial hypothalamus (VMH) and arcuate nucleus (ARC) following the 
scheduled-feeding of SCM during food-restriction. Data shown as mean ± SEM. Kruskal-Wallis test/ANOVA 

for FR-Control, FR-SCM-Expected and FR-SCM-Unexpected groups only. Kruskal-Wallis test/ANOVA p value < 

0.05 highlighted in blue. # Significant difference between AL-Control and FR-Control groups determined by 

Mann-Whitney test/t-test (p < 0.05). * Significantly different to FR-Control group determined by Dunn’s multiple 

comparisons or Bonferroni post-hoc test (p < 0.05). Δ Significant difference between FR-SCM-Expected and FR-
SCM-Unexpected groups determined by Dunn’s multiple comparisons or Bonferroni post-hoc test (p < 0.05). 

SuML, lateral supramammillary nucleus; SuMM, medial supramammillary nucleus; TH, tyrosine hydroxylase.  
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Figure 5.18 - SuM c-Fos expression during food-restriction. All data shown as mean ± SEM. AL-Control, n = 

8; FR-Control, n = 7. A: Number of c-Fos positive nuclei in the SuMM and SuML per brain section for AL-Control 

and FR-Control groups (SuMM: * p = 0.0003, Mann-Whitney test; SuML: * p = 0.002, Mann-Whitney test). B: The 
number of SuMM and SuML c-Fos positive nuclei in TH-immunoreactive cells per brain section for AL-Control 

and FR-Control groups (SuMM: * p = 0.0006, Mann-Whitney test; SuML: * p = 0.0003, Mann-Whitney test). C: 
The percentage of TH-immunoreactive SuMM and SuML cells expressing c-Fos per brain section for AL-Control 

and FR-Control groups (SuMM: * p = 0.0045, Mann-Whitney test; SuML: Mann-Whitney test (p = 0.38)). D: 
Number of SuMM and SuML c-Fos positive nuclei in non-TH-immunoreactive cells per brain section for AL-

Control and FR-Control groups (SuMM: * p = 0.0003; Mann-Whitney test; SuML: * p = 0.0037, Mann-Whitney 

test). AL, ad lib food access; FR, food-restriction; SCM, sweetened condensed milk; SuM, Supramammillary 
Nucleus; SuML, Lateral Supramammillary Nucleus; SuMM, Medial Supramammillary Nucleus.  
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Figure 5.19 - Representative images of c-Fos- and TH-immunoreactivity in the SuMM with the scheduled-
feeding of SCM during food-restriction. A: representative image of c-Fos expression in SuMM TH-

immunoreactive cells in the AL-Control group. B: representative image of c-Fos expression in SuMM TH-

immunoreactive cells in the FR-Control group. C: representative image of c-Fos expression in SuMM TH-

immunoreactive cells in the FR-SCM-Unexpected group. All sections Bregma -4.56 mm (Paxinos and Watson 
2005). Arrows show TH cells with c-Fos positive nuclei. AL, ad lib; FR, food-restricted; SCM, sweetened 

condensed milk; SuM, supramammillary nucleus SuML, lateral supramammillary nucleus; SuMM, medial 

supramammillary nucleus.  
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Figure 5.20 - SuM c-Fos expression following the scheduled-feeding of SCM during food-restriction. All 

data shown as mean ± SEM. FR-Control, n = 7; FR-SCM-Expected, n = 7; FR-SCM-Unexpected, n = 8. A: 
Number of c-Fos positive nuclei in the SuMM and SuML per brain section for FR-Control, FR-SCM-Expected and 

FR-SCM-Unexpected groups (SuMM: Kruskal-Wallis test (p = 0.5); SuML: * p < 0.05, Kruskal-Wallis test with 

Dunn’s multiple comparisons (p = 0.0097)). B: The number of SuMM and SuML c-Fos positive nuclei in TH-

immunoreactive cells per brain section for FR-Control, FR-SCM-Expected and FR-SCM-Unexpected groups 
(SuMM: Kruskal-Wallis test (p = 0.22); SuML: Kruskal-Wallis test (p = 0.71)). C: The percentage of TH-

immunoreactive SuMM and SuML cells expressing c-Fos per brain section for FR-Control, FR-SCM-Expected 

and FR-SCM-Unexpected groups (SuMM: * p < 0.05, Kruskal-Wallis test with Dunn’s multiple comparisons (p = 
0.0086); SuML: Kruskal-Wallis test (p = 0.45)). D: Number of SuMM and SuML c-Fos positive nuclei in non-TH-

immunoreactive cells per brain section for FR-Control, FR-SCM-Expected and FR-SCM-Unexpected groups 

(SuMM: Kruskal-Wallis test (p = 0.77); SuML: * p < 0.05, Kruskal-Wallis test with Dunn’s multiple comparisons (p 

= 0.01)). FR, food-restriction; SCM, sweetened condensed milk; SuM, Supramammillary Nucleus; SuML, Lateral 
Supramammillary Nucleus; SuMM, Medial Supramammillary Nucleus.  
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Figure 5.21 - c-Fos expression in other brain regions with food-restriction. All data shown as mean ± SEM. 

A: c-Fos expression in the dorsomedial hypothalamus per brain section for AL-Control and FR-Control groups 
(both groups n = 8; * p = 0.048, t-test). B: c-Fos expression in the ventromedial hypothalamus per brain section 

for AL-Control and FR-Control groups (both groups n = 8; * p = 0.039, t-test). C: c-Fos expression in the lateral 

hypothalamus per brain section for AL-Control (n = 7) and FR-Control (n = 6) groups (Mann Whitney test (p = 
0.5)). D: c-Fos expression in the arcuate nucleus per brain section for AL-Control and FR-Control groups (both 

groups n = 8; t-test (p = 0.45)). E: c-Fos expression in the ventral tegmental area per brain section for AL-Control 

(n = 5) and FR-Control (n = 7) groups (Mann Whitney test (p > 0.99)). AL, ad lib food access; ARC, arcuate 

nucleus; DMH, dorsomedial hypothalamus; FR, food-restriction; LH, lateral hypothalamus; SCM, sweetened 
condensed milk; VMH, ventromedial hypothalamus; VTA, ventral tegmental area.  
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Figure 5.22 - c-Fos expression in other brain regions following the scheduled-feeding of SCM during 
food-restriction. All data shown as mean ± SEM. A: c-Fos expression in the dorsomedial hypothalamus (DMH) 

per brain section for FR-Control, FR-SCM-Expected and FR-SCM-Unexpected groups (all groups n = 8; * p < 
0.05, one-way ANOVA with Bonferroni (p = 0.0033)). B: c-Fos expression in the lateral hypothalamus (LH) per 

brain section for FR-Control (n = 6), FR-SCM-Expected (n = 7) and FR-SCM-Unexpected (n = 6) groups (* p < 

0.05, Kruskal-Wallis test with Dunn’s multiple comparisons (p = 0.0038)). C: c-Fos expression in the arcuate 

nucleus (ARC) per brain section for FR-Control, FR-SCM-Expected and FR-SCM-Unexpected groups (all groups 
n = 8; one-way ANOVA (p = 0.18)). D: c-Fos expression in the ventromedial hypothalamus (VMH) per brain 

section for FR-Control, FR-SCM-Expected and FR-SCM-Unexpected groups (all groups n = 8; one-way ANOVA 

(p = 0.12)). E: c-Fos expression in the ventral tegmental area (VTA) per brain section for FR-Control (n = 7), FR-
SCM-Expected (n = 8) and FR-SCM-Unexpected (n = 3) groups (Kruskal-Wallis test (p = 0.26)). FR, food-

restriction; SCM, sweetened condensed milk. 
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Figure 5.23 - Correlation between c-Fos expression in the SuM and the dorsomedial hypothalamus with 
the scheduled-feeding of SCM during food-restriction. Data from AL-Control, FR-Control, FR-SCM-Expected 

and FR-SCM-Unexpected groups combined (n = 30). p < 0.05 highlighted in blue. A: Correlation between SuMM 

and dorsomedial hypothalamus (DMH) c-Fos expression (slope, +0.092 ± 0.05; R2 = 0.11; p = 0.074). B: 

Correlation between SuML and DMH c-Fos expression (slope, +0.1 ± 0.029; R2 = 0.3; p = 0.0018). C: Correlation 

between SuMM TH cell c-Fos expression and DMH c-Fos expression (slope, +0.01 ± 0.0074; R2 = 0.66; p = 
0.17). D: Correlation between SuML TH cell c-Fos expression and DMH c-Fos expression (slope, +0.0043 ± 

0.003; R2 = 0.07; p = 0.16). FR, food-restriction; SCM, sweetened condensed milk; SuM, supramammillary 
nucleus; SuML, lateral supramammillary nucleus; SuMM, medial supramammillary nucleus.  
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Figure 5.24 - Correlation between c-Fos expression in the SuM and the lateral hypothalamus with the 
scheduled-feeding of SCM during food-restriction. Data from AL-Control, FR-Control, FR-SCM-Expected and 

FR-SCM-Unexpected groups combined (n = 24). p < 0.05 highlighted in blue. A: Correlation between SuMM and 

lateral hypothalamus (LH) c-Fos expression (slope, +0.044 ± 0.08; R2 = 0.014; p = 0.58). B: Correlation between 

SuML and LH c-Fos expression (slope, +0.11 ± 0.047; R2 = 0.19; p = 0.036). C: Correlation between SuMM TH 

cell c-Fos expression and LH c-Fos expression (slope, +0.0013 ± 0.012; R2 = 0.0005; p = 0.92). D: Correlation 

between SuML TH cell c-Fos expression and LH c-Fos expression (slope, +0.0048 ± 0.0051; R2 = 0.039; p = 

0.35). FR, food-restriction; SCM, sweetened condensed milk; SuM, supramammillary nucleus; SuML, lateral 
supramammillary nucleus; SuMM, medial supramammillary nucleus.  
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Figure 5.25 - Correlation between c-Fos expression in the SuM and the ventral tegmental area with the 
scheduled-feeding of SCM during food-restriction. Data from AL-Control, FR-Control, FR-SCM-Expected and 

FR-SCM-Unexpected groups combined (n = 16). p < 0.05 highlighted in blue. A: Correlation between SuMM and 

ventral tegmental area (VTA) c-Fos expression (slope, +0.17 ± 0.4; R2 = 0.013; p = 0.68). B: Correlation between 

SuML and VTA c-Fos expression (slope, +0.67 ± 0.28; R2 = 0.29; p = 0.032). C: Correlation between SuMM TH 

cell c-Fos expression and VTA c-Fos expression (slope, +0.0014 ± 0.063; R2 = 0.000036; p = 0.98). D: 

Correlation between SuML TH cell c-Fos expression and VTA c-Fos expression (slope, +0.0017 ± 0.037; R2 = 
0.00016; p = 0.96). FR, food-restriction; SCM, sweetened condensed milk; SuM, supramammillary nucleus; 

SuML, lateral supramammillary nucleus; SuMM, medial supramammillary nucleus.  
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Figure 5.26 - Correlation between c-Fos expression in the SuM and the ventromedial hypothalamus with 
the scheduled-feeding of SCM during food-restriction. Data from AL-Control, FR-Control, FR-SCM-Expected 
and FR-SCM-Unexpected groups combined (n = 30). p < 0.05 highlighted in blue. A: Correlation between SuMM 

and ventromedial hypothalamus (VMH) c-Fos expression (slope, +0.27 ± 0.21; R2 = 0.054; p = 0.22). B: 

Correlation between SuML and VMH c-Fos expression (slope, +0.17 ± 0.14; R2, 0.05; p = 0.24). C: Correlation 

between SuMM TH cell c-Fos expression and VMH c-Fos expression (slope, +0.034 ± 0.031; R2 = 0.04; p = 
0.029). D: Correlation between SuML TH cell c-Fos expression and VMH c-Fos expression (slope, -0.0044 ± 

0.013; R2, 0.0042; p = 0.73). FR, food-restriction; SCM, sweetened condensed milk; SuM, supramammillary 

nucleus; SuML, lateral supramammillary nucleus; SuMM, medial supramammillary nucleus.  
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Figure 5.27 - Correlation between c-Fos expression in the SuM and the arcuate nucleus with the 
scheduled-feeding of SCM during food-restriction. Data from AL-Control, FR-Control, FR-SCM-Expected and 
FR-SCM-Unexpected groups combined (n = 30). A: Correlation between SuMM and arcuate nucleus (ARC) c-

Fos expression (slope, +0.22 ± 0.22; R2 = 0.036; p = 0.32). B: Correlation between SuML and ARC c-Fos 

expression (slope, +0.21 ± 0.14; R2 = 0.079; p = 0.13). C: Correlation between SuMM TH cell c-Fos expression 

and ARC c-Fos expression (slope, +0.0071 ± 0.032; R2 = 0.0017; p = 0.83). D: Correlation between SuML TH 

cell c-Fos expression and ARC c-Fos expression (slope, +0.02 ± 0.012; R2 = 0.088; p = 0.11). FR, food-

restriction; SCM, sweetened condensed milk; SuM, supramammillary nucleus; SuML, lateral supramammillary 

nucleus; SuMM, medial supramammillary nucleus.  
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5.5 Experiment 4: SuM Activity Following Bland Diet 
Consumption During Food-restriction 

5.5.1 Overview 

The aim of this experiment was to use c-Fos expression to indirectly determine 

whether cells of the SuM are activated following the consumption of bland diet. This 

experiment took the same form as Experiment 1, but here rats were schedule-fed 

standard bland diet instead of SCM. To motivate rats to voluntarily consume a bland 

food in a given time period, they have to be food-restricted. Following bland diet 

consumption during food-restriction on the last day, c-Fos expression was quantified 

in both the SuMM and SuML. c-Fos expression was also quantified in TH cells of the 

SuMM and SuML. In addition to the SuM, I quantified c-Fos expression in other 

brain regions that have a potential functional connection with the SuM. To control for 

a potential anticipatory response for bland diet scheduled-feeding, an additional 

group of food-restricted rats receiving bland diet at an ‘unexpected’ time were used. 

Food-restricted rats that were not re-fed on the last day were used as controls for 

bland diet consumption. Rats maintained on ad lib bland diet were used to control 

for the potential effect of food-restriction on c-Fos expression. 

5.5.2 Methods 

5.5.2.1 Animals 

32 male ~10 week old rats were used. For 1 week prior to the experiment, rats were 

individually housed with ad lib access to bland diet and water (see Sections 2.1.1 & 

2.2.1.1).  

5.5.2.2 Scheduled-feeding of Bland Diet 

Rats were randomly allocated into 4 groups; (1) ad lib bland diet access control (‘AL-

Control’; n = 8), (2) food-restricted control (‘FR-Control’; n = 8), (3) food-restricted 

expected bland diet access (‘FR-Bland-Expected’; n = 8) and (4) food-restricted 

unexpected bland diet access (‘FR-Bland-Unexpected’; n = 8).  

This is the same study as Experiment 2 in Chapter 4. For an overview of SCM 

scheduled-feeding see Section 4.2.2.3. For a protocol schematic of bland diet and 
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perfusion-fixation schedules for all groups on experimental days 1-8 see Figure 

4.10. 

During food-restriction, attention was paid to ensure that rats did not lose >15 % of 

their starting body weight (see Section 2.2.1.4).  

5.5.2.3 Tissue Preparation, Immunohistochemistry and c-Fos 

Quantification 

Brain sectioning, immunohistochemistry and c-Fos quantification was carried out as 

in Experiment 1.  

5.5.2.4 Statistical Analysis 

Complications during sectioning and/or immunohistochemistry resulted in a small 

number of brains/brain regions being excluded from analysis. As a consequence, 

the number of rats in each group varies between brain regions. The size of each 

group is stated in the figure legends.  

Statistical analysis was carried out as in Experiment 3.  

5.5.3 Results  

The aim of this experiment was to determine whether c-Fos expression in the SuM 

is increased following the consumption of bland diet when food-restricted.  

There were 4 groups of rats in this experiment: 

1) AL-Control group that was given ad lib bland diet access.  

2) FR-Control group that was food-restricted.  

3) FR-Bland-Expected group that was food-restricted and given bland diet 

access at the expected time. 

4) FR-Bland-Unexpected group that was food-restricted and given bland diet 

access at an unexpected time (4 hr prior to the expected time). 

5.5.3.1 c-Fos Expression in the SuM 

5.5.3.1.1 With Food-restriction 

In the SuMM, the number of c-Fos positive nuclei was ~2-fold higher in the FR-

Control than the AL-Control group, but this was not significant (p = 0.093; Table 5.4; 
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Figure 5.28A). In the SuML, the number of c-Fos positive nuclei was significantly 

higher in the FR-Control group than the AL-Control group (p = 0.0098; Table 5.4; 

Figure 5.28A).  

In the SuMM or SuML, the number or the percentage of c-Fos positive TH cells was 

not significantly different between AL-Control and FR-Control groups (SuMM: p = 

0.27 and p = 0.19 respectively; SuML: p = 0.44 and p = 0.8 respectively; Table 5.4; 

Figure 5.28B & C).  

In the SuMM, the number of c-Fos positive non-TH cells was ~2-fold higher in the 

FR-Control than the AL-Control group, but this was not significant (p = 0.093; Table 

5.4; Figure 5.28D). In the SuML, the number of c-Fos positive non-TH cells was 

significantly higher in the FR-Control group than the AL-Control group (p = 0.0042; 

Table 5.4; Figure 5.28D).  

5.5.3.1.2 With Bland Food Consumption During Food-restriction 

In the SuMM and SuML, there were no significant differences in the number of c-Fos 

positive nuclei between the FR-Control group, FR-Bland-Expected and FR-Bland-

Unexpected groups (p = 0.95 and p = 0.2 respectively; Table 5.4; Figure 5.29A).  

In the SuMM and SuML, there were no significant differences in the number or the 

percentage of c-Fos positive TH cells between the FR-Control group, FR-Bland-

Expected and FR-Bland-Unexpected groups (SuMM: p = 0.67 and p = 0.89 

respectively; SuML: p = 0.99 and p = 0.69 respectively; Table 5.4; Figure 5.29B & 

C).  

In the SuMM and SuML, there were no significant differences in the number of c-Fos 

positive non-TH cells between the FR-Control group, FR-Bland-Expected and FR-

Bland-Unexpected groups (p = 0.97 and p = 0.19 respectively; Table 5.4; Figure 

5.29D).  

5.5.3.2 c-Fos Expression in Other Brain Regions 

5.5.3.2.1 With Food-restriction 

In the arcuate nucleus, lateral hypothalamus or dorsomedial hypothalamus, the FR-

Control group had a significantly higher number of c-Fos positive nuclei than the AL-
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Control group (p = 0.0056, p = 0.028 and p = 0.0003 respectively; Table 5.4; Figure 

5.30A, B & C)9.  

In the ventromedial hypothalamus or ventral tegmental area, there was no 

significant difference in the number of c-Fos positive nuclei between the AL-Control 

and FR-Control groups (p = 0.76 and p = 0.74 respectively; Table 5.4; Figure 5.30D 

& E)9.  

5.5.3.2.2 With Bland Diet Consumption During Food-restriction 

In the dorsomedial hypothalamus, the number of c-Fos positive nuclei was 

significantly higher in the FR-Bland-Expected group in comparison to the FR-Control 

group (p = 0.0011; Table 5.4; Figure 5.31A). The number of c-Fos positive nuclei in 

the FR-Bland-Unexpected group was higher than the FR-Control group, but this was 

not significant (p = 0.45; Table 5.4; Figure 5.31A).  

In the arcuate nucleus, ventromedial hypothalamus, lateral hypothalamus or ventral 

tegmental area, there was no significant difference in the number of c-Fos positive 

nuclei between the FR-Control, FR-Bland-Expected and FR-Bland-Unexpected 

groups (p = 0.85, p = 0.16, p = 0.44 and p = 0.71 respectively; Table 5.4; Figure 

5.31B, C, D & E)9.  

5.5.3.3 Correlation Between SuM c-Fos Expression and Other 

Brain Regions 

There was a positive correlation between the number of c-Fos positive nuclei in the 

SuMM or SuML and the lateral hypothalamus, dorsomedial hypothalamus or arcuate 

nucleus (Figure 5.32A & B; Figure 5.33A & B; Figure 5.34A & B). However, there 

was no significant correlation between the number of c-Fos positive TH SuMM or 

SuML cells and the number of c-Fos positive nuclei in the lateral hypothalamus, 

dorsomedial hypothalamus or arcuate nucleus (Figure 5.32C & D; Figure 5.33C & D; 

Figure 5.34C & D).  

There was no significant correlation between the number of c-Fos positive nuclei in 

the SuMM or SuML and the ventromedial hypothalamus or ventral tegmental area 

(Figure 5.35A & D; Figure 5.36A & B). In addition, there was no significant 

                                                
9 The arcuate nucleus and ventromedial hypothalamus data are also presented in Chapter 4, 
Experiment 2.  
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correlation between the number of c-Fos positive TH SuMM or SuML cells and the 

number of c-Fos positive nuclei in the ventromedial hypothalamus or ventral 

tegmental area (Figure 5.35C & D; Figure 5.36C & D).  

5.5.4 Results Summary 

Following food-restriction: 

• c-Fos expression in the SuMM or SuML was increased. 

• c-Fos expression in SuMM or SuML TH cells was no different to controls.  

• c-Fos expression in the arcuate nucleus, lateral hypothalamus or 

dorsomedial hypothalamus was increased. 

• c-Fos expression in the ventromedial hypothalamus or ventral tegmental 

area was no different to controls.  

Following bland diet consumption during food-restriction: 

• c-Fos expression in the SuMM or SuML was no different to controls. 

• c-Fos expression in SuMM or SuML TH cells was no different to controls.  

• c-Fos expression in the dorsomedial hypothalamus was increased with bland 

food consumption at both the expected and unexpected time. 

• c-Fos expression in the arcuate nucleus, ventromedial hypothalamus, lateral 

hypothalamus and ventral tegmental area was no different to controls.  

• There was a positive correlation between c-Fos expression in the SuMM or 

SuML and c-Fos expression in the lateral hypothalamus, dorsomedial 

hypothalamus or arcuate nucleus.  

• There was no significant correlation between c-Fos expression in the SuMM 

or SuML and c-Fos expression in the ventromedial hypothalamus or ventral 

tegmental area.  

• There was no significant correlation between c-Fos expression in SuMM or 

SuML TH cells and c-Fos expression in the lateral hypothalamus, 

dorsomedial hypothalamus, arcuate nucleus, ventromedial hypothalamus or 

ventral tegmental area.  
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Brain 
Region Count 

Count/Section (mean ± SEM) Kruskal-
Wallis Test P 

Value AL-Control FR-Control FR-Bland-
Expected 

FR-Bland- 
Unexpected 

SuMM 

 

 

c-Fos+ 53.6 ± 15.9 93.6 ± 14.1 84.2 ± 7.8 95.3 ± 16.2 p = 0.95 

No. c-Fos+ 
TH cells 5.1 ± 2.3 7.6 ± 1.2 5.8 ± 1.1 7.1 ± 2 p = 0.67 

% c-Fos+ TH 
cells 29.8 ± 8.6 39.2 ± 2.1 41.2 ± 3.8 43.9 ± 2 p = 0.89 

No. c-Fos+  
non-TH cells 48.5 ± 14.1 86 ± 13.6 78.4 ± 7.6 88.2 ± 14.7 p = 0.97 

SuML 

 

c-Fos+ 29.2 ± 8.3 63.7 ± 6.2 # 89.1 ± 10.3 77.7 ± 9.3 p = 0.2 

No. c-Fos+ 
TH cells 1.5 ± 0.6 1.7 ± 0.3 1.7 ± 0.3 1.9 ± 0.6 p = 0.99 

% c-Fos+ TH 
cells 28.3 ± 7.2 28.4 ± 4.8 28.5 ± 7.5 23.4 ± 5.7 p = 0.69 

No. c-Fos+  
non-TH cells 27.7 ± 7.8 62.1 ± 6.1 # 87.3 ± 10.1 75.8 ± 8.9 p = 0.19 

DMH c-Fos+ 478.1 ± 55.7 832.2 ± 50 # 1449 ± 63.1 * 1181 ± 112.2 p = 0.0016 

ARC c-Fos+ 88.3 ± 14.1 160 ± 9.7 # 162.5 ± 8.2 169.4 ± 14.3 p = 0.85 

VMH c-Fos+ 128.9 ± 19.6 119.5 ± 14 # 149.2 ± 11.5 165.7 ± 17.3 p = 0.16 

LH c-Fos+ 239.9 ± 29.7 458.1 ± 48.3 483.7 ± 46.7 393.2 ± 35.6 p = 0.44 

VTA c-Fos+ 44 ± 10.1 51.5 ± 13.4 41.4 ± 6.7 35.6 ± 7.7 p = 0.71 

 

Table 5.4 – c-Fos expression in the SuM, dorsomedial hypothalamus (DMH), arcuate nucleus (ARC), 
ventromedial hypothalamus (VMH), lateral hypothalamus (LH) and ventral tegmental area (VTA) following 
the scheduled-feeding of bland diet during food-restriction. Data shown as mean ± SEM. Kruskal-Wallis test 
for FR-Control, FR-Bland-Expected and FR-Bland-Unexpected groups only. Kruskal-Wallis p value < 0.05 

highlighted in blue.  # Significant difference between AL-Control and FR-Control groups determined by Mann-

Whitney test (p < 0.05). * Significantly different to FR-Control group determined by Dunn’s multiple comparisons 

post-hoc test (p < 0.05). SuML, lateral supramammillary nucleus; SuMM, medial supramammillary nucleus; TH, 
tyrosine hydroxylase.  
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Figure 5.28 - SuM c-Fos expression during food-restriction. All data shown as mean ± SEM. AL-Control, n = 

7; FR-Control, n = 8. A: Number of c-Fos positive nuclei in the SuMM and SuML per brain section for AL-Control 

and FR-Control groups (SuMM: Mann-Whitney test (p = 0.093); SuML: * p = 0.0098, Mann-Whitney test). B: The 
number of SuMM and SuML c-Fos positive nuclei in TH-immunoreactive cells per brain section for AL-Control 

and FR-Control groups (SuMM: Mann-Whitney test (p = 0.27); SuML: Mann-Whitney test (p = 0.44)). C: The 

percentage of TH-immunoreactive SuMM and SuML cells expressing c-Fos per brain section for AL-Control and 

FR-Control groups (SuMM: Mann-Whitney test (p = 0.19); SuML: Mann-Whitney test (p = 0.8)). D: Number of 
SuMM and SuML c-Fos positive nuclei in non-TH-immunoreactive cells per brain section for AL-Control and FR-

Control groups (SuMM: Mann-Whitney test (p = 0.093); SuML: * p = 0.0042, Mann-Whitney test). AL, ad lib food 

access; FR, food-restriction;	SCM, sweetened condensed milk; SuM, Supramammillary Nucleus; SuML, Lateral 
Supramammillary Nucleus; SuMM, Medial Supramammillary Nucleus.  
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Figure 5.29 - SuM c-Fos expression following the scheduled-feeding of bland diet during food-restriction. 
All data shown as mean ± SEM. FR-Control, n = 8; FR-Bland-Expected, n = 8; FR-Bland-Unexpected, n = 7. A: 
Number of c-Fos positive nuclei in the SuMM and SuML per brain section for FR-Control, FR-Bland-Expected 
and FR-Bland-Unexpected groups (SuMM: Kruskal-Wallis test (p = 0.95); SuML: Kruskal-Wallis test (p = 0.2)). B: 
The number of SuMM and SuML c-Fos positive nuclei in TH-immunoreactive cells per brain section for FR-

Control, FR-Bland-Expected and FR-Bland-Unexpected groups (SuMM: Kruskal-Wallis test (p = 0.67); SuML: 
Kruskal-Wallis test (p = 0.99)). C: The percentage of TH-immunoreactive SuMM and SuML cells expressing c-

Fos per brain section for FR-Control, FR-Bland-Expected and FR-Bland-Unexpected groups (SuMM: Kruskal-

Wallis test (p = 0.89); SuML: Kruskal-Wallis test (p = 0.69)). D: Number of SuMM and SuML c-Fos positive nuclei 

in non-TH-immunoreactive cells per brain section for FR-Control, FR-Bland-Expected and FR-Bland-Unexpected 
groups (SuMM: Kruskal-Wallis test (p = 0.97); SuML: Kruskal-Wallis test (p = 0.19). SCM, sweetened condensed 

milk; SuM, Supramammillary Nucleus; SuML, Lateral Supramammillary Nucleus; SuMM, Medial 

Supramammillary Nucleus.  
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Figure 5.30 - c-Fos expression in other brain regions with food-restriction. All data shown as mean ± SEM. 
A: c-Fos expression in the arcuate nucleus (ARC) per brain section for AL-Control (n = 7) and FR-Control (n = 8) 

groups (* p = 0.0056, Mann Whitney test). B: c-Fos expression in the lateral hypothalamus (LH) per brain section 

for AL-Control (n = 4) and FR-Control (n = 8) groups (* p = 0.028, Mann Whitney test). C: c-Fos expression in the 

dorsomedial hypothalamus (DMH) per brain section for AL-Control and FR-Control groups (both groups n = 8; * p 
= 0.0003, t-test). D: c-Fos expression in the ventromedial hypothalamus (VMH) per brain section for AL-Control 

(n = 7) and FR-Control (n = 8 (Mann Whitney (p = 0.76)). E: c-Fos expression in the ventral tegmental area (VTA) 

per brain section for AL-Control (n = 7) and FR-Control (n = 7) groups (Mann Whitney test (p = 0.74)). AL, ad lib 
food access; FR, food-restriction; SCM, sweetened condensed milk. 

A B C 

D E 



 

 Investigating the Activity of the Supramammillary Nucleus Following Palatable Food Consumption  253 

 

 

Figure 5.31 - c-Fos expression in other brain regions following the scheduled-feeding of bland diet 
during food-restriction. All data shown as mean ± SEM. A: c-Fos expression in the dorsomedial hypothalamus 
(DMH) per brain section for FR-Control (n = 8), FR-Bland-Expected (n = 8) and FR-Bland-Unexpected (n = 7) 

groups (* p < 0.05, Kruskal-Wallis test with Dunn’s multiple comparisons (p = 0.0016)). B: c-Fos expression in 

the arcuate nucleus (ARC) per brain section for FR-Control (n = 8), FR-Bland-Expected (n = 8) and FR-Bland-
Unexpected (n = 7) groups (Kruskal-Wallis test (p = 0.85)). C: c-Fos expression in the ventromedial 

hypothalamus (VMH) per brain section for FR-Control (n = 8), FR-Bland-Expected (n = 8) and FR-Bland-

Unexpected (n = 7) groups (Kruskal-Wallis test (p = 0.16)). D: c-Fos expression in the lateral hypothalamus (LH) 

per brain section for FR-Control (n = 8), FR-Bland-Expected (n = 7) and FR-Bland-Unexpected (n = 7) groups 
(Kruskal-Wallis test (p = 0.44)). E: c-Fos expression in the ventral tegmental area (VTA) per brain section for FR-

Control (n = 7), FR-Bland-Expected (n = 7) and FR-Bland-Unexpected (n = 8) groups (Kruskal-Wallis test (p = 

0.71)). SCM, sweetened condensed milk.  
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Figure 5.32 - Correlation between c-Fos expression in the SuM and the lateral hypothalamus with the 
scheduled-feeding of bland diet during food-restriction. Data from AL-Control, FR-Control, FR-Bland-

Expected and FR-Bland-Unexpected groups combined (n = 26). p < 0.05 highlighted in blue. A: Correlation 

between SuMM and lateral hypothalamus (LH) c-Fos expression (slope, +0.13 ± 0.049; R2 = 0.23; p = 0.014). B: 

Correlation between SuML and LH c-Fos expression (slope, +0.12 ± 0.034; R2 = 0.32; p = 0.0024). C: 

Correlation between SuMM TH cell c-Fos expression and LH c-Fos expression (slope, +0.0085 ± 0.0057; R2 = 
0.087; p = 0.14). D: Correlation between SuML TH cell c-Fos expression and LH c-Fos expression (slope, 

+0.0014 ± 0.0018; R2 = 0.024; p = 0.45). SCM, sweetened condensed milk; SuML, lateral supramammillary 
nucleus; SuMM, medial supramammillary nucleus.  

 

 

A 

C 

B 

D 

p = 0.014	

p = 0.14	

p = 0.0024	

p = 0.45	



 

 Investigating the Activity of the Supramammillary Nucleus Following Palatable Food Consumption  255 

 

 

Figure 5.33 - Correlation between c-Fos expression in the SuM and the dorsomedial hypothalamus with 
the scheduled-feeding of bland diet during food-restriction. Data from AL-Control, FR-Control, FR-Bland-

Expected and FR-Bland-Unexpected groups combined (n = 31). p < 0.05 highlighted in blue. A: Correlation 

between SuMM and dorsomedial hypothalamus (DMH) c-Fos expression (slope, +0.035 ± 0.016; R2 = 0.14; p = 

0.033). B: Correlation between SuML and DMH c-Fos expression (slope, +0.058 ± 0.0094; R2 = 0.56; p < 

0.0001). C: Correlation between SuMM TH cell c-Fos expression and DMH c-Fos expression (slope, +0.0023 ± 

0.0019; R2 = 0.046; p = 0.25). D: Correlation between SuML TH cell c-Fos expression and DMH c-Fos 

expression (slope, +0.00035 ± 0.00055; R2 = 0.064; p = 0.17). SCM, sweetened condensed milk; SuML, lateral 
supramammillary nucleus; SuMM, medial supramammillary nucleus.  
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Figure 5.34 - Correlation between c-Fos expression in the SuM and the arcuate nucleus with the 
scheduled-feeding of bland diet during food-restriction. Data from AL-Control, FR-Control, FR-Bland-
Expected and FR-Bland-Unexpected groups combined (n = 31). p < 0.05 highlighted in blue. A: Correlation 

between SuMM and arcuate nucleus (ARC) c-Fos expression (slope, +0.41 ± 0.13; R2 = 0.25; p = 0.0038). B: 

Correlation between SuML and ARC c-Fos expression (slope, +0.45 ± 0.093; R2 = 0.44; p < 0.0001). C: 

Correlation between SuMM TH cell c-Fos expression and ARC c-Fos expression (slope, +0.029 ± 0.016; R2 = 
0.1; p = 0.088). D: Correlation between SuML TH cell c-Fos expression and ARC c-Fos expression (slope, 

+0.005 ± 0.0049; R2 = 0.036; p = 0.31). SCM, sweetened condensed milk; SuML, lateral supramammillary 

nucleus; SuMM, medial supramammillary nucleus.  
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Figure 5.35 - Correlation between c-Fos expression in the SuM and the ventromedial hypothalamus with 
the scheduled-feeding of bland diet during food-restriction. Data from AL-Control, FR-Control, FR-Bland-

Expected and FR-Bland-Unexpected groups combined (n = 30). A: Correlation between SuMM and ventromedial 

hypothalamus (VMH) c-Fos expression (slope, +0.19 ± 0.16; R2 = 0.048; p = 0.25). B: Correlation between SuML 

and VMH c-Fos expression (slope, +0.2 ± 0.13; R2 = 0.078; p = 0.13). C: Correlation between SuMM TH cell c-

Fos expression and VMH c-Fos expression (slope, +0.0043 ± 0.019; R2 = 0.0019; p = 0.82). D: Correlation 

between SuML TH cell c-Fos expression and VMH c-Fos expression (slope, +0.0012 ± 0.0055; R2 = 0.0018; p = 
0.83). SCM, sweetened condensed milk; SuML, lateral supramammillary nucleus; SuMM, medial 

supramammillary nucleus.  

 

A 

C 

B 

D 

p = 0.25	

p = 0.82	

p = 0.13	

p = 0.83	



258     Investigating the Activity of the Supramammillary Nucleus Following Palatable Food Consumption 

 

 

Figure 5.36 - Correlation between c-Fos expression in the SuM and the ventral tegmental area with the 
scheduled-feeding of bland diet during food-restriction. Data from AL-Control, FR-Control, FR-Bland-
Expected and FR-Bland-Unexpected groups combined (n = 31). A: Correlation between SuMM and ventral 

tegmental area (VTA) c-Fos expression (slope, -0.11 ± 0.28; R2 = 0.0056; p = 0.67). B: Correlation between 

SuML and VTA c-Fos expression (slope, -0.027 ± 0.23; R2 = 0.00047; p = 0.91). C: Correlation between SuMM 

TH cell c-Fos expression and VTA c-Fos expression (slope, -0.036 ± 0.03; R2 = 0.049; p = 0.24). D: Correlation 

between SuML TH cell c-Fos expression and VTA c-Fos expression (slope, -0.0065 ± 0.0087; R2 = 0.02; p = 

0.46). SCM, sweetened condensed milk; SuML, lateral supramammillary nucleus; SuMM, medial 

supramammillary nucleus.  
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5.6 Experiment 5: SuM Activity Following the Peripheral 
Administration of Ghrelin 

5.6.1 Overview 

Hunger is associated with increased motivation to consume food. To date, ghrelin is 

the only peripheral hormone associated with orexigenic behaviours and has also 

been shown to influence food motivation via actions on the reward system (see 

Dickson, Egecioglu et al. 2011). Given the potential role for the SuM in food 

motivation, I determined whether the peripheral administration of ghrelin influences 

c-Fos expression in the SuM. Ghrelin was administered IV to terminally 

anaesthetised or conscious rats via an indwelling IV cannula and c-Fos expression 

in the SuMM and SuML quantified. Rats given the same volume of saline IV acted 

as vehicle controls.  

The dose of ghrelin used in these experiments is sufficient to promote rapid feeding 

in rats when administered IV (Date, Shimbara et al. 2006). However, this dose must 

be classified as ‘pharmacological’ as it results in circulating ghrelin levels ~100-fold 

higher than the physiological concentration of circulating ghrelin following a 16 hr 

fast in rats (exogenous ghrelin blood concentration, ~347 ng/ml; physiological 

ghrelin blood concentration, ~3.3 ng/ml; Masaoka, Suzuki et al. 2003).  

It has previously been shown that IV ghrelin administration induces c-Fos 

expression in the arcuate nucleus (Dickson, Leng et al. 1993, Hewson and Dickson 

2000). Therefore, c-Fos expression was quantified in the arcuate nucleus as a 

positive control for IV ghrelin administration in these experiments. 

5.6.2 Methods 

5.6.2.1 Peripheral Administration of Ghrelin in Anaesthetised Rats 

5.6.2.1.1 Animals 

17 male 8-10 week old Sprague-Dawley rats were used. Prior to the experiment, 

rats were group-housed and maintained on ad lib bland maintenance diet and water 

(see Sections 2.1.1 & 2.2.1.1).  
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5.6.2.1.2 Anaesthesia and Femoral Vein Cannulation 

Anaesthesia was induced by inhalation of isoflurane followed by an IP injection of 

pentobarbital sodium (60 mg/kg; see Sections 2.3.2 & 2.3.3). Pentobarbital sodium 

anaesthesia was used as it induces less c-Fos expression in the brain compared to 

other types of anaesthesia, for example urethane (Takayama, Suzuki et al. 1994). 

The femoral vein was cannulated allowing IV maintenance of pentobarbital sodium 

anaesthesia (18.6 mg/kg/hour, alongside 0.9 % w/v saline 10ml/kg/hour; see 

Sections 2.4.2.2 & 2.3.3). The cannulae were filled with a heparinised saline solution 

(50 U/ml). Further procedures were carried out at least 2 hr following surgery. 

5.6.2.1.3 IV Ghrelin Administration 

Rats were randomly allocated into 2 groups: (1) ‘IV Saline’ (n = 8) and (2) ‘IV 

Ghrelin’ (n = 9). 100 µl saline or ghrelin (10 µg dissolved in saline, ~22.2 µg/kg; 

Tocris, 1465) was administered via the IV cannulae. 1 hr following saline or ghrelin 

injection, rats were given an overdose of pentobarbital sodium, perfused-fixed and 

the brains removed (see Sections 2.3.4 & 2.6.1). 

5.6.2.1.4 Tissue Preparation, Immunohistochemistry and c-Fos 

Quantification 

Brain sectioning, immunohistochemistry and c-Fos quantification was carried out as 

in Experiment 1.  

5.6.2.1.5 Statistical Analysis 

All data are expressed as mean ± SEM. Normality of data was assessed using the 

D'Agostino & Pearson omnibus normality test (see Section 2.7.1). To determine 

differences in c-Fos expression between the groups, parametric unpaired t-tests 

were used (see Section 2.7.2). 

5.6.2.2 Peripheral Administration of Ghrelin in Conscious Rats 

5.6.2.2.1 Animals 

24 male 8-10 week old Sprague-Dawley rats were used. 1 week prior to surgical 

procedures, rats were singly housed in preparation for implantation of indwelling 

cannulae. To familiarise rats with the gentle restraint required during injection via the 

cannula, animals were handled in a towel for ~5 min twice a day for 1 week. Rats 
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were maintained on an ad lib bland maintenance diet and water throughout the 

experiment (see Sections 2.1.1 & 2.2.1.1). 

5.6.2.2.2 Implantation of Indwelling Jugular Vein Cannulae 

Anaesthesia was induced and maintained with 1-2.5 % isoflurane (see Section 

2.3.5). Rats were given a subcutaneous injection of buprenorphine (0.05 µg/kg; see 

Section 2.3.6) before surgical procedures for prophylactic analgesia. Under aseptic 

conditions, the jugular vein was cannulated and the cannulae tunnelled under the 

skin and externalised on the back of the neck (see Section 2.4.2.4). The cannulae 

were filled with a sterile heparinised saline solution (50 U/ml). Rats recovered and 

were returned to normal single-housing conditions for 2 days before further 

procedures were carried out. During this time, rats continued to be handled in a 

towel for ~5 min twice a day.  

5.6.2.2.3 IV Ghrelin Administration 

Rats were randomly allocated into 3 groups: (1) ‘Handled’ (n = 4), (2) IV Saline (n = 

10) and (3) IV Ghrelin (n = 10). Rats were restrained in a towel and 100 µl saline or 

ghrelin (10 µg dissolved in saline, ~22.2 mg/kg; Tocris, 1465) was administered via 

the cannulae. Rats in the Handled group were gently restrained in the towel and the 

cannulae also handled but nothing was infused. 1 hr following IV infusion of saline or 

ghrelin, rats were given an overdose of pentobarbital sodium, perfused-fixed and the 

brains removed (see Sections 2.3.4 & 2.6.1). Rats in the Handled group were 

perfused-fixed 1 hr following being restrained in the towel.  

5.6.2.2.4 Tissue Preparation, Immunohistochemistry and c-Fos 

Quantification 

Brain sectioning, immunohistochemistry and c-Fos quantification was carried out as 

in Experiment 1.  

5.6.2.2.5 Statistical Analysis 

7 rats were removed from the experiment due to blockages in the indwelling 

cannulae. Saline was successfully administered to 5 rats and ghrelin to 8 rats.  

All data are expressed as mean ± SEM. Normality of data was assessed using the 

D'Agostino & Pearson omnibus normality test (see Section 2.7.1). To determine 
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differences in c-Fos expression between the groups, non-parametric Kruskal-Wallis 

tests were used. If a difference between groups was detected by the Kruskal-Wallis 

test, Dunn’s multiple comparisons post-hoc tests were used to determine where 

these differences lie (see Section 2.7.3). 

5.6.3 Results 

The aim of this experiment was to determine whether SuM c-Fos expression is 

influenced by the peripheral administration of ghrelin. 

5.6.3.1 Peripheral Administration of Ghrelin in Anaesthetised Rats 

There were 2 groups of rats in this experiment: 

1) IV Saline group that was administered saline i.e. the ‘vehicle’ used for ghrelin 

administration. 

2) IV ghrelin group that was systemically administered ghrelin in saline.  

In the SuMM or SuML, there was no significant difference in the number of c-Fos 

positive nuclei between IV Saline and IV Ghrelin groups (SuMM: p = 0.81; IV Saline, 

161.5 ± 12.2 nuclei/section; IV Ghrelin, 157.3 ± 12 nuclei/section; SuML: p = 0.6; IV 

Saline, 122.5 ± 14.2 nuclei/section; IV Ghrelin, 112.7 ± 12.1 nuclei/section; Figure 

5.37A).  

In the arcuate nucleus, the number of c-Fos positive nuclei was significantly higher 

in the IV Ghrelin group in comparison to the IV Saline group (p = 0.004; IV Saline, 

29.4 ± 6.2 nuclei/section; IV Ghrelin, 89.5 ± 15.6 nuclei/section; Figure 5.37B).  

5.6.3.2 Peripheral Administration of Ghrelin in Conscious Rats 

There were 3 groups of rats in this experiment: 

1) Handled group that was subjected to the same restraint as the IV saline and 

ghrelin groups but nothing was systemically administered. 

2) IV Saline group that was administered saline i.e. the ‘vehicle’ used for ghrelin 

administration. 

3) IV ghrelin group that was systemically administered ghrelin in saline.  

In the SuMM or SuML, there was no significant difference in the number of c-Fos 

positive nuclei between Handled, IV Saline and IV Ghrelin groups (SuMM: p = 0.24; 

Handled, 139.3 ± 37.7 nuclei/section; IV Saline, 204.9 ± 20.6 nuclei/section; IV 

Ghrelin, 188.8 ± 5.7 nuclei/section; SuML: p = 0.34; Handled, 156.3 ± 44.4 
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nuclei/section; IV Saline, 208 ± 32.9 nuclei/section; IV Ghrelin, 216.3 ± 10.4 

nuclei/section; Figure 5.37C).  

In the arcuate nucleus, the number of c-Fos positive nuclei was significantly higher 

in the IV Ghrelin group in comparison to the Handled group (p = 0.047; Handled, 

56.5 ± 7.7 nuclei/section; IV Ghrelin, 130.3 ± 66.1 nuclei/section; Figure 5.37D). The 

number of c-Fos positive nuclei in the arcuate nucleus in the IV Ghrelin group was 

~2-fold higher than the IV Saline group, but this was not significant (p = 0.22; IV 

Saline, 72.8 ± 14.4 nuclei/section; Figure 5.37D). There was no significant difference 

in the number of c-Fos positive nuclei in the arcuate nucleus between Handled and 

IV Saline groups (p > 0.99; Figure 5.37D).   

5.6.4 Results Summary 

Following IV ghrelin administration in anaesthetised rats: 

• c-Fos expression in the arcuate nucleus increased. 

• c-Fos expression in the SuMM or SuML was no different to controls. 

Following IV ghrelin administration in conscious rats: 

• c-Fos expression in the arcuate nucleus increased. 

• c-Fos expression in the SuMM or SuML was no different to controls. 
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Figure 5.37 - c-Fos expression in the SuM and arcuate nucleus with IV ghrelin administration in 
anaesthetised (A & B) or conscious (C & D) rats. All data shown as mean ± SEM. A: c-Fos expression in the 

SuMM and SuML for IV Saline (n = 8) and IV Ghrelin (n = 9) administration under anaesthesia (SuMM: unpaired 

t-test (p = 0.81); SuML: unpaired t-test (p = 0.6)). B: c-Fos expression in the arcuate nucleus (ARC) for IV Saline 
(n = 8) and IV Ghrelin (n = 9) administration under anaesthesia (* p = 0.004; unpaired t-test). C: c-Fos expression 

in the SuMM and SuML for conscious rats subjected to handling (n = 4), IV Saline (n = 5) and IV Ghrelin (n = 8) 

(SuMM: Kruskal-Wallis test (p = 0.24); SuML: Kruskal-Wallis test (p = 0.34)). D: c-Fos expression in the ARC for 
conscious rats subjected to handling (n = 4), IV Saline (n = 5) and IV Ghrelin (n = 8) (* p < 0.05; Kruskal-Wallis 

test (p = 0.046) with Dunn’s multiple comparisons). IV, intravenous; SuM, supramammillary nucleus SuML, lateral 

supramammillary nucleus; SuMM, medial supramammillary nucleus.  
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5.7 Discussion 

5.7.1 Results Summary 

See Figure 5.38 for a schematic of the c-Fos results from this chapter. 

 

• c-Fos expression in the SuM is increased following SCM consumption 

(SuMM and SuML), novel SCM access (SuMM and SuML), food-restriction 

(SuMM and SuML) and SCM consumption during food-restriction (SuML).  

• c-Fos expression in SuMM TH cells was also increased following SCM 

consumption. 

• In all experiments, c-Fos expression in the SuMM and SuML strongly 

positively correlated with c-Fos expression in the dorsomedial and lateral 

hypothalamus. Following SCM consumption, c-Fos expression in SuMM or 

SuML TH cells also positively correlated with c-Fos expression in the 

dorsomedial and lateral hypothalamus.  

• There was a positive correlation between c-Fos expression in the ventral 

tegmental area and c-Fos expression in the SuM following SCM 

consumption (SuMM and SuML) and SCM consumption when food restricted 

(SuML). Following SCM consumption, c-Fos expression in SuMM or SuML 

TH cells positively correlated with c-Fos expression in the ventral tegmental 

area.  

• There was a positive correlation between c-Fos expression in the arcuate 

nucleus and c-Fos expression in the SuM following SCM consumption 

(SuML), novel SCM access (SuMM and SuML) or bland diet consumption 

during food restriction (SuMM and SuML).  

 

5.7.2 Activity of the SuM Following Food Consumption 

The primary aim of this chapter was to determine whether cells in the SuM are 

activated following the consumption of a palatable, high-sugar food in rats, using c-

Fos expression as an indirect marker of neural activation. With respect to the 

suggested role of the SuM in reward-related motivated behaviours, it was 

hypothesised that c-Fos expression in the SuM would be increased following SCM 
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consumption. I have shown that c-Fos expression in both the SuMM and SuML is 

increased following the consumption of SCM in satiated rats, whether access was 

anticipated or not. It appears that SuMM and SuML c-Fos expression is higher 

following SCM consumption at an unexpected time, than at the expected time. 

However, this difference was not statistically significant. Furthermore, c-Fos 

expression was increased in the SuML after the consumption of SCM when food-

restricted. Together, these findings suggest that SuM cells are activated following 

the consumption of a palatable, high-sugar food, and this response is not solely a 

result of food anticipation. 

Unexpectedly, following novel SCM access, c-Fos expression was increased in both 

the SuMM and SuML whether rats ate SCM or not. It has been demonstrated 

previously that novelty, specifically a novel environment, induces c-Fos expression 

in the SuM (Wirtshafter, Stratford et al. 1998). Furthermore, many rats display 

neophobic behaviours towards novel foods (Carroll, Dinc et al. 1975, Mitchell 1976, 

Modlinska, Stryjek et al. 2015) and the presence of unfamiliar food may induce a 

stress response. Acute stressors also increase c-Fos expression in the SuM 

(Cullinan, Herman et al. 1995). Therefore, the activation of SuM cells may be in part 

a response to the stress and/or novelty of receiving SCM access for the first time.  

I have also shown that SuM cells may not be activated by the consumption of bland 

diet when food-restricted. The idea that the SuM is only activated following the 

consumption of palatable, high-sugar food is consistent with the proposed role of the 

SuM in reward-associated feeding behaviours. However, background SuMM c-Fos 

expression in rats receiving ad lib bland food was almost 2-fold higher in Experiment 

4 (schedule-feeding bland diet during food-restriction) than in Experiment 3 

(schedule-feeding SCM during food-restriction). Great care was taken in developing 

c-Fos immunoreactivity to ensure that staining was as consistent as possible 

between immunohistochemical runs, using positive control brain sections to optimise 

the colour change reaction. However, presumably due to using different animals and 

new solutions for each run, the level of c-Fos immunoreactivity visible in the brains 

of control animals differs between experiments. Therefore, due to these differences 

in background c-Fos expression, SuM c-Fos expression could not be directly 

compared between these experiments.   
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5.7.3 The SuM as a Target for Ghrelin 

c-Fos expression in both the SuMM and SuML was higher in food-restricted rats 

than in ad lib fed rats. This is consistent with a previous study where SuM c-Fos 

expression was increased following a 21 hr fast (Li and Rowland 1993). Both SuM 

TH and non-TH cells expressed c-Fos with food-restriction. Therefore, the identity of 

all SuM cells expressing c-Fos in response to food-restriction is not known. The 

SuM has been identified as a central target for ghrelin, as centrally administered 

fluorescently tagged ghrelin binds in the SuM (Cabral, Fernandez et al. 2013). 

Ghrelin is secreted from the gut into the circulation during periods of fasting (see 

Section 1.2.1.1.4) and serum ghrelin concentrations are higher in food-restricted 

mice in comparison to ad lib fed controls (Blum, Lamont et al. 2012). Therefore, 

during food-restriction, ghrelin secreted from the gut may influence the activity of 

SuM neurons. At present, it is unclear exactly how systemic ghrelin may reach sites 

within the brain; it may access specific sites via specialised transporters or enter the 

brain at sites where the blood-brain barrier is ‘leaky’ (see Fry and Ferguson 2010; 

see Section 1.2.1.1.4). Increased SuM c-Fos expression in food-restricted rats may 

also be a result of anticipation as these rats were conditioned to expect bland diet 

access at the time of perfusion-fixation. Ghrelin may also be involved in the 

anticipatory response to some foods, as circulating ghrelin concentrations rise 

before the scheduled-feeding of palatable, high-sugar food (Merkestein, Brans et al. 

2012). Therefore, ghrelin secreted prior to SCM scheduled-feeding may also 

influence the activity of SuM neurons.  

I investigated the influence of peripherally administered ghrelin on SuM c-Fos 

expression in pentobarbital-anaesthetised rats. IV ghrelin induced c-Fos expression 

in the arcuate nucleus, consistent with previous studies (Dickson, Leng et al. 1993, 

Hewson and Dickson 2000). However, SuM c-Fos expression after IV ghrelin was 

no different to saline controls, as reported previously by Takayama, Johno et al. 

(2007). SuM c-Fos expression in saline controls was high. Pentobarbital 

anaesthesia was used as it does not induce c-Fos expression in many brain regions, 

including the SON and PVN (Takayama, Suzuki et al. 1994), but the effect on SuM 

c-Fos expression has not been determined. I hypothesised that pentobarbital 

anaesthesia induces SuM c-Fos expression, which masks c-Fos expressed in 

response to IV ghrelin. To overcome this potential confound, ghrelin was then 

administered to conscious rats via an indwelling IV cannula. As expected, c-Fos 
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expression in the arcuate nucleus was increased following IV ghrelin administration 

in conscious rats, but there was no change in SuM c-Fos expression. Again, SuM c-

Fos expression in saline controls was high in this experiment. Therefore, it is 

possible that there is also a ceiling effect in this experiment, preventing the effects of 

IV ghrelin from being detected.  

Preliminary experiments using in vivo electrophysiology have shown that 

approximately half of SuM cells recorded from respond to IV ghrelin with an increase 

in firing rate (unpublished data; collected by Dr Nancy Sabatier - Centre for 

Integrative Physiology, The University of Edinburgh). Therefore, there seems to be a 

population of cells in the SuM whose electrical activity is sensitive to circulating 

ghrelin. The identity of SuM ghrelin sensitive cells remains unknown, as they do not 

express TH. This provides evidence for an interaction between the homeostatic 

system controlling food intake and the SuM. In addition, ghrelin acts at the reward 

system to enhance motivated feeding behaviours (see Dickson, Egecioglu et al. 

2011). Therefore, ghrelin may also act at the SuM to influence the motivated 

consumption of food.  

5.7.4 Potential Ceiling Effect in SuM c-Fos Expression 

In some of the experiments in this chapter, including those where rats were food-

restricted (Experiments 3 and 4) or administered ghrelin IV (Experiment 5), it is 

possible that there is a ‘ceiling effect’ on SuM c-Fos expression. This would mean 

that SuM cells that potentially express c-Fos following SCM consumption might 

already express c-Fos following a different stimuli, e.g. food-restriction. This may 

prevent differences in c-Fos expression from being detected in these experiments.  

It is difficult to test whether there is a ceiling effect occurring in these experiments, 

as the total number of SuM cells that are responsive to feeding-associated stimuli is 

not known. From my experience, the number of c-Fos positive nuclei in the SuMM or 

SuML does not supersede ~250 nuclei per section. As brain sections from different 

experiments were processed for c-Fos immunohistochemistry separately, they show 

different levels of background c-Fos expression. Therefore, it is not possible to 

compare between experiments to determine whether the maximum level of c-Fos 

expression is being reached.  

In experiments where rats were food-restricted, bland diet was schedule-fed. 

Therefore, this potential ceiling effect could be induced by both food-restriction and 
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anticipation for bland diet access. In addition, control rats that received ad lib bland 

diet access in these experiments show a moderate level of background c-Fos 

expression. Therefore, it is possible that c-Fos expression induced by SCM or bland 

diet consumption is masked by both general background c-Fos expression and c-

Fos expressed in response to food restriction. In Experiments 3 and 4, it also must 

be noted that this potential food-restriction induced ceiling effect of c-Fos expression 

may be specific to the SuM, as differences in c-Fos expression in the dorsomedial 

and ventromedial hypothalamus can still be observed following SCM or bland diet 

consumption during food-restriction. 

In Experiment 5, where ghrelin was administered IV, c-Fos expression was high in 

vehicle (saline) controls. Therefore, it appears that c-Fos expressed in response to 

the IV infusion of vehicle may be masking any ghrelin-induced c-Fos expression. 

 

5.7.5 Cell Types within the SuM 

The SuM has been proposed to interact with the midbrain reward pathway to 

mediate its effects on reinforcement and motivated behaviours (see Ikemoto and 

Bonci 2014). It has been suggested that TH cells in the SuM are an extension of the 

population of dopaminergic neurons in the ventral tegmental area (Swanson 1982) 

and in vivo electrophysiological recordings show that ventral tegmental area 

dopamine and SuM neurons have similar firing patterns in response to a conditioned 

stimulus (Pan, Schmidt et al. 2005). However, TH SuM neurons are smaller than 

ventral tegmental dopamine neurons (Shepard, Mihailoff et al. 1988) so may not be 

part of the same cell population. In addition, it is not known whether SuM TH cells 

are in fact dopaminergic. In my experiments, c-Fos expression in SuMM TH cells 

was increased following the consumption of SCM when satiated, but not following 

consumption of bland diet. The consumption of SCM when satiated is most likely 

reward-driven. Therefore, this finding is consistent with the idea that SuM TH cells 

communicate with the reward system. 

However, differences in c-Fos expression in TH cells did not account for overall 

changes in c-Fos expression between the experimental groups, implying that other 

SuM cell types are also activated following SCM consumption. The rat SuM contains 

various cell types, including those expressing calretinin (Borhegyi and Leranth 
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1997), CCK, substance P and vasoactive intestinal peptide (Seroogy, Tsuruo et al. 

1988, Lantos, Gorcs et al. 1995). It would have been of interest to quantify c-Fos 

expression in CCK SuM cells after SCM consumption. CCK cells in the NTS have 

an emerging role in the control of food intake (D'Agostino, Lyons et al. 2016; see 

Section 1.2.1.2.6). However, immunohistochemical staining for these cell types in 

the SuM is challenging; all previously published studies pre-treated rats with 

colchicine to increase the amount of antigenic material in SuM cells (see Table 1.1). 

Unfortunately, this is not appropriate in behavioural or c-Fos studies as colchicine 

treated animals become unwell and stressed, and c-Fos is expressed in many brain 

regions, including the arcuate nucleus, paraventricular nucleus and dorsomedial 

hypothalamus (Gillen and Briski 1997). In the absence of colchicine pre-treatment, I 

was able to detect CCK-immunoreactivity in some brain regions known to contain 

CCK cells, including the cerebral cortex and hippocampus, but not in other regions, 

for example the PVN and dorsomedial hypothalamus (Innis, Correa et al. 1979). I 

was also unable to detect CCK immunoreactivity in the SuM.  

 

5.7.6 Connectivity Between the SuM and Appetite- and Reward-
Associated Brain Regions 

5.7.6.1 Lateral and Dorsomedial Hypothalamus 

There is evidence for a functional connection between the SuM and brain regions 

involved in the homeostatic and hedonic control of appetite. I have shown that c-Fos 

expression in the lateral hypothalamus and dorsomedial hypothalamus is increased 

following satiated or novel SCM consumption. This is consistent with previous 

findings where c-Fos expression is increased in the lateral hypothalamus and 

dorsomedial hypothalamus following the scheduled consumption of a palatable high-

fat, high-sugar food (Park and Carr 1998) or sucrose solution (Mitra, Lenglos et al. 

2011). Furthermore, in Experiments 1-4 there was a positive correlation between c-

Fos expression in the SuML and the lateral hypothalamus or dorsomedial 

hypothalamus. In addition, with the satiated or novel consumption of SCM or 

consumption of bland diet when food-restricted, there was a positive correlation 

between c-Fos expression in the SuMM and the lateral hypothalamus or 

dorsomedial hypothalamus.  
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The lateral hypothalamus contains orexin-expressing cells (Peyron, Tighe et al. 

1998), which have been implicated in the regulation of feeding behaviour and 

metabolism (see Sakurai 2014). These cells express c-Fos with the consumption of 

bland diet during food-restriction (Johnstone, Fong et al. 2006). Tracing studies 

have shown that cells in the lateral hypothalamus project to the SuM (Hayakawa, Ito 

et al. 1993). The SuM contains a dense population of orexin-expressing fibres 

(Peyron, Tighe et al. 1998) and the orexin receptor (Marcus, Aschkenasi et al. 

2001), suggesting that orexin cells in the lateral hypothalamus project to the SuM 

and this projection may be activated upon feeding. Moreover, evidence suggests 

that the SuM influences the activity of cells in the lateral hypothalamus as the direct 

injection of picrotoxin into the SuM induces c-Fos expression in the lateral 

hypothalamus (Shin and Ikemoto 2010). Therefore, there may be reciprocal 

interactions between the lateral hypothalamus and the SuM. However, it is not 

known whether the SuM projects directly to the lateral hypothalamus.  

Tracing studies have also shown that SuM cells project to the dorsomedial 

hypothalamus (Thompson and Swanson 1998). The dorsomedial hypothalamus 

contains many different cell types, including those expressing CCK (Innis, Correa et 

al. 1979) or NPY (Chronwall, DiMaggio et al. 1985), both of which are important in 

the control of appetite (see Section 1.2.1.2.6). However, it is not known which cell 

types express c-Fos in response to food consumption.  

I have shown that there was a positive correlation between c-Fos expression in the 

SuMM or SuML TH cells and c-Fos expression in the lateral hypothalamus or 

dorsomedial hypothalamus with the satiated consumption of SCM. It has been 

previously demonstrated that approximately 40 % of SuM TH cells project to the 

lateral septum and 10 % project to the locus coeruleus (Swanson 1982), regions 

involved in memory and emotion (see Pan and McNaughton 2004). The targets of 

the remaining 50 % of SuM TH cells project are not known. Both the lateral 

hypothalamus and dorsomedial hypothalamus contain a dense population of TH-

expressing fibres (Chan-Palay, Zaborszky et al. 1984). Therefore, it is possible that 

SuM TH cells may project to the lateral hypothalamus and dorsomedial 

hypothalamus.  
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5.7.6.2 Arcuate Nucleus 

There was also a positive correlation between c-Fos expression in the SuMM or 

SuML and c-Fos expression in the arcuate nucleus with the novel consumption of 

SCM or consumption of bland diet during food-restriction. Arcuate nucleus POMC 

cells project to the SuM (Wang, He et al. 2015) and cells in the SuM express the 

melanocortin 3 receptor (Roselli-Rehfuss, Mountjoy et al. 1993). c-Fos expression in 

arcuate nucleus α-MSH-expressing cells (presumably POMC) increases with bland 

food consumption during food-restriction in rats (Johnstone, Fong et al. 2006). This 

suggests that the arcuate nucleus may communicate with the SuM via direct 

projections from POMC cells.  

5.7.6.3 Ventral Tegmental Area 

I have also shown that c-Fos expression in the ventral tegmental area was 

increased with the consumption of SCM when satiated. This is consistent with the 

finding that c-Fos expression in the ventral tegmental area is induced by the 

scheduled-feeding of a palatable high-fat, high-sugar food in satiated rats (Park and 

Carr 1998). Dopamine neurons in the ventral tegmental area are activated in 

response to reward-associated cues (see Schultz, Dayan et al. 1997). Therefore, c-

Fos expression following SCM consumption may be a result of cues associated with 

SCM scheduled feeding. In addition, I showed that there was a positive correlation 

between c-Fos expression in the SuMM or SuML and c-Fos expression in the 

ventral tegmental area with the satiated or novel consumption of SCM. In agreement 

with this, the activation of SuM cells through direct picrotoxin administration 

increases c-Fos expression in the ventral tegmental area (Shin and Ikemoto 2010). 

Currently there is no reliable evidence for a projection from the SuM to the ventral 

tegmental area or vice versa. The SuM receives input from structures that also 

receive projections from the ventral tegmental area, including the nuclei of the 

diagonal band of Broca and the infralimbic cortex (Swanson 1982), suggesting that 

the SuM and ventral tegmental area may interact via indirect pathways. There was a 

strong positive correlation between c-Fos expression in SuMM or SuML TH cells 

and c-Fos expression in the ventral tegmental area with satiated SCM consumption. 

It has been suggested that SuM TH cells are an extension of the population of 

dopaminergic neurons in the ventral tegmental area (Swanson 1982). c-Fos 

expression in TH cells of the ventral tegmental area was not quantified in these 

experiments. However, these results suggest that there may be relationship 
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between the activity of SuM TH cells and the activity of cells in the ventral tegmental 

area.  

These findings provide additional evidence for functional connectivity between the 

SuM and multiple brain regions involved in the homeostatic and hedonic control of 

appetite. It is of great interest to further characterise the connectivity of the SuM with 

brain regions involved in the control of appetite and determine whether these 

connections are important in the regulation of feeding behaviours.  

 

5.7.7 Unexpected Findings and Experimental Limitations 

These experiments produced some unexpected findings. Firstly, with the scheduled-

feeding of SCM when satiated, the group that received SCM access at an 

unexpected time had higher c-Fos expression in the arcuate nucleus and the 

ventromedial hypothalamus than rats that received SCM access at the scheduled 

time and controls. It has been previously shown that the ventromedial hypothalamus 

expresses c-Fos in response to unexpected food consumption in mice (Ribeiro, 

Sawa et al. 2007). However, the arcuate nucleus does not. Therefore, the arcuate 

nucleus could be expressing c-Fos in response to the stress of receiving SCM 

access at a novel unexpected time (discussed in more detail in Section 4.4).  

Furthermore, c-Fos expression in the lateral hypothalamus and dorsomedial 

hypothalamus was higher in food-restricted rats consuming SCM at the scheduled 

time than those consuming SCM at an unexpected time. There is evidence for an 

anticipatory c-Fos response in the dorsomedial hypothalamus and lateral 

hypothalamus for the scheduled-feeding of palatable high-fat food in mice (Gallardo, 

Gunapala et al. 2012) or bland diet in food-restricted rats (Johnstone, Fong et al. 

2006). This suggests that there may be an anticipatory response for SCM and/or 

bland diet scheduled-feeding in these regions. 

There are a number of limitations in these experiments. Firstly, as a consequence of 

the feeding schedule, the results from Experiment 3 (scheduled-feeding of SCM 

during food-restriction) are open to different interpretations. Rats in the food-

restricted control group that did not receive SCM access, and the food-restricted 

group that received SCM access at the scheduled time, were conditioned to expect 

bland diet access at the time of perfusion-fixation. SuM c-Fos expression in these 
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groups could be influenced by anticipation for bland diet access. To determine the 

effects of food-restriction in the absence of bland food access anticipation, an 

additional control group would be required where rats would be food-restricted and 

perfused-fixed at a time where bland food access was not anticipated. Furthermore, 

to separate the anticipatory and consummatory effects of SCM on SuM c-Fos 

expression, this experiment would also benefit from another control group, where 

rats anticipated both SCM and bland diet access but did not receive access to either 

prior to perfusion-fixation. 

These experiments provide evidence that SuM cells are activated following the 

consumption of a palatable, high-sugar food. It was assumed that rats were 

motivated to consume SCM, as motivation was not directly measured. However, I 

recorded the latency to eat SCM as a simple measure of motivation (Sclafani 1972). 

In Chapter 3 of this thesis I have shown that the latency to consume SCM 

decreases as scheduled-feeding progresses, suggesting that rats become 

increasingly motivated to consume SCM (Figure 3.9). The comparable latencies to 

eat also imply that rats receiving SCM at the scheduled time or at an unexpected 

time are equally as motivated to consume SCM. In addition, the latency to consume 

SCM was shorter in food-restricted rats than in satiated rats, indicating that they 

were more motivated to consume SCM. It would be of benefit to confirm whether 

rats were indeed motivated to consume SCM in these experiments by using robust 

behavioural tests, for example the progressive ratio lever press paradigm.  

These experiments have shown that the SuM expresses c-Fos in response to the 

consumption of SCM. However, it is not clear whether this is a result of rats being 

motivated to consume SCM or due to the ingestion of nutrients. Therefore, it is of 

interest to determine whether SCM ingestion in the absence of voluntary SCM 

consumption induces c-Fos expression in the SuM. To determine whether SCM in 

the stomach induces c-Fos expression, rats could be subjected to the gavage of 

SCM.  

 

5.7.8 Summary  

The findings from this chapter have demonstrated for the first time that cells in the 

SuM may be activated following the consumption of a palatable, high-sugar food. 

Furthermore, these findings provide additional evidence for the SuM being 



 

 Investigating the Activity of the Supramammillary Nucleus Following Palatable Food Consumption  275 

functionally connected to brain regions involved in the homeostatic and hedonic 

control of food intake. It is possible that the SuM acts as an interface between these 

two systems. There is great interest in determining whether the SuM and its 

connections are involved in the control of motivated feeding. This could be explored 

by specifically manipulating the activity of SuM neurons in vivo using optogenetic or 

DREADD techniques.    
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Figure 5.38 - Overview schematic of Chapter 5 c-Fos expression results. Arrows indicate significant 

changes in c-Fos expression in response to food consumption i.e. SCM or bland food, compared to controls. 
Blue regions represent c-Fos counts and red regions represent c-Fos counts in TH cells. * c-Fos expression in 

the VMH and ARC significantly increased following unexpected SCM access, but not expected SCM access. The 

inset for Experiments 3 and 4 gives a schematic of the effect that food-restriction has on c-Fos expression in 

comparison to ad lib fed controls. ARC, arcuate nucleus; DMH, dorsomedial hypothalamus; LH, lateral 
hypothalamus; SCM, sweetened condensed milk; SuM, supramammillary nucleus; TH, tyrosine hydroxylase; 

VMH, ventromedial hypothalamus; VTA, ventral tegmental area. 
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6 General Discussion  

6.1 Overview of Findings 

I set out to investigate homeostatic behavioural responses to the regular 

consumption of palatable, high-sugar food. Using a rat model of restricted palatable, 

high-sugar food access I have shown that homeostatic compensatory mechanisms 

exist in rats, which accurately compensate for energy consumed from moderate 

amounts of palatable food (Chapter 3). As the consumption of palatable food in 

these experiments does not appear to be homeostatically driven (i.e. rats were 

presumed to be satiated and not in a state of negative energy balance), it is likely to 

be reward-driven. Therefore, the hedonic system can drive the consumption of 

palatable foods in the satiated state and the homeostatic system responds by 

regulating energy consumption to compensate for the energy in palatable foods, 

preventing energy overconsumption. From these findings, I hypothesize that the 

homeostatic system responds by activating satiety-mediating pathways to reduce 

subsequent energy intake. Additionally, I have confirmed that this homeostatic 

compensatory behaviour has a limit and cannot accurately regulate energy 

consumption to compensate for the energy in large amounts of palatable, high-sugar 

food (Chapter 3). Overall, these findings shed light on how the homeostatic system 

responds to hedonic feeding in the satiated state and provides evidence for what 

extent the homeostatic system can defend body weight through controlling energy 

intake. 

To investigate the mechanisms that underlie this compensatory behaviour, I 

explored the activity of brain regions associated with the homeostatic control of food 

intake following the consumption of palatable, high-sugar food when satiated. Brain 

regions implicated in satiety were activated, including the dorsomedial 

hypothalamus (Chapter 5), NTS (Chapter 4) and magnocellular oxytocin neurons in 

the SON and PVN (Chapter 4). I have also shown that the activation of 

magnocellular oxytocin neurons is through gut-brain signalling pathways and not 

due to olfactory or gustatory signalling. These pathways may involve the NTS, a 

region where TH neurons were activated following palatable food consumption 

(Chapter 4). Consequently, I hypothesize that in response to palatable food 

consumption, CCK and/or GLP-1 is secreted from the gut and indirectly activates 
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noradrenergic projections from the NTS to the SON and PVN, which increases the 

activity of magnocellular oxytocin neurons. Furthermore, I hypothesize that following 

the activation of magnocellular oxytocin neurons, oxytocin is secreted centrally to 

mediate satiety. Oxytocin could act at the ventromedial hypothalamus to reduce 

food intake and/or at the reward system to reduce motivation to eat. These studies 

provide evidence for satiety-mediating pathways being activated following the 

consumption of palatable, high sugar food, consistent with the idea that the 

homeostatic system responds to hedonic food consumption by reducing subsequent 

energy intake.  

Finally, I investigated whether the SuM may be involved in reward-driven feeding. I 

demonstrated that the SuM is activated following the consumption of palatable, high-

sugar food when satiated (Chapter 5). This is the first evidence for the activity of the 

SuM being influenced by motivated feeding. Additionally, I have shown that the 

activity of the SuM may not be influenced by the consumption of bland diet when 

food restricted (Chapter 5). The idea that the SuM is only activated following the 

motivated consumption of palatable, high-sugar food is consistent with the proposed 

role of the SuM in reward-associated feeding behaviours. Furthermore, I have 

provided evidence that the SuM communicates with brain regions involved in the 

homeostatic and hedonic control of feeding, including the lateral hypothalamus, 

dorsomedial hypothalamus and ventral tegmental area (Chapter 5). From these 

findings, I hypothesize that the SuM is involved in the control of hedonic feeding by 

interacting with both the hedonic and homeostatic systems.  

The increased availability and consumption of palatable, energy dense foods are 

often blamed for energy overconsumption and weight gain. In this thesis, I have 

used a rat model of regular palatable, high-sugar food consumption to shed light on 

the effects that consuming palatable foods has on feeding behaviours and the 

activity of appetite- and reward-associated brain regions. These findings advance 

current understanding of how the homeostatic and hedonic systems work alongside 

each other to control energy intake, and highlights specific brain regions or neuronal 

populations that are potentially involved in hedonic feeding or homeostatic 

compensatory responses.  
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6.2 Limitations  

There are two main ways the homeostatic system could compensate for additional 

energy consumed from palatable, high-sugar foods; caloric compensation and 

increased energy expenditure. Energy expenditure was not measured during the 

behavioural experiments in Chapter 3. Therefore, it is not known whether these 

compensatory mechanisms involve changes in energy expenditure, especially with 

the consumption of large amounts of palatable food.  

For all experiments in Chapter 3, rats were singly housed to obtain data from each 

individual animal. Rats are social animals and single housing can influence their 

behaviour; for example singly housed rats show behavioural signs of depression 

and anxiety (Brenes Saenz, Villagra et al. 2006). Single housing does not appear to 

influence bland diet or water intake when given ad lib access (Spangenberg, 

Augustsson et al. 2005). However, singly housed animals have increased motivation 

to acquire and consume palatable sucrose rewards (Morgan and Einon 1975) and 

gain more body weight than group housed animals due to reduced physical activity 

(Spangenberg, Augustsson et al. 2005). Therefore, it is possible that in these 

experiments single housing could have influenced the behaviour of rats. 

Experiment 1 in Chapter 3 addressed sex differences in ability to calorically 

compensate for moderate amounts of SCM. However, caloric compensation for 

large amounts of SCM was not investigated in female rats. Therefore, it is not known 

if there is a sex difference in ability to calorically compensate for large amounts of 

SCM. Furthermore, experiments in Chapters 4 and 5 were carried out using male 

rats only. Therefore, it is not known if there are sex differences in the activity of brain 

regions associated with the homeostatic and hedonic control of feeding in response 

to the consumption of palatable food.    

In Chapters 4 and 5, expression of the early immediate gene c-Fos was used to 

indirectly measure the activity of neuronal populations. Quantification of c-Fos 

expression is a well-established, robust method and is commonly used as a marker 

for neural activation in neuroendocrine systems, for example oxytocin and 

vasopressin neurons (see Hoffman, Smith et al. 1993). However, it has its 

disadvantages (see Kovacs 2008). Generally, the c-Fos gene is expressed in 

neurons following calcium influx prior to neural activation and does not tend to be 

expressed in inhibited neurons (see Hoffman, Smith et al. 1993). Therefore, c-Fos 

quantification can only be used to detect neural activation. Furthermore, increased 
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c-Fos expression does not always translate to an increase in the electrical activity of 

neurons in vivo (Sabatier, Caquineau et al. 2003). However, this is an uncommon 

finding and it is frequently reported that an increase in c-Fos expression is 

representative of an increase in electrical activity (Hamamura, Leng et al. 1991, 

Dawe, Huff et al. 2001). Therefore, the studies in this thesis quantifying c-Fos 

expression are considered to be the first step in investigating neuronal activation. To 

verify the findings of experiments quantifying c-Fos expression and to determine the 

electrical activity of neurons, electrophysiological studies are required. Moreover, it 

has been shown that c-Fos is expressed following the activation of both excitatory 

and inhibitory neuronal populations (Staiger, Masanneck et al. 2002), and this must 

be taken into account when using c-Fos to investigate the overall response and 

output of whole brain regions in response to stimuli.  

Another potential limitation of using c-Fos expression to measure neuronal 

activation is that a ‘ceiling effect’ is possible. This is where cells in a particular brain 

region may already express c-Fos, which can mask c-Fos expression in response to 

the stimulus of interest. I hypothesise that this limitation is specific for experiments in 

Chapter 5, where c-Fos expression is induced in the SuM with food-restriction, 

potentially preventing the detection of c-Fos expression in response to food 

consumption.  

In Chapters 4 and 5, food-restriction was used to schedule-feed rats bland diet. 

Food-restricted rats that lose a similar proportion of body weight to rats in these 

experiments have higher basal serum corticosterone concentrations compared to ad 

lib fed rats (Heiderstadt, McLaughlin et al. 2000), suggesting that food-restriction 

may induce stress. Furthermore, re-feeding bland diet following a period of fasting 

significantly increases plasma osmolarity in rats (Lucio-Oliveira, Traslavina et al. 

2015). Therefore, in experiments where rats were food-restricted, c-Fos expression 

could be also be influenced by the consequences of food-restriction, including stress 

and/or changes in plasma osmolarity, which were not controlled for.  

 

6.3 Further Investigation 

To address the unanswered questions surrounding homeostatic compensatory 

behaviours, the rat model of restricted palatable, high-sugar food access described 

in Chapter 3 could be adapted. To determine the long-term effects of regularly 
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consuming palatable, energy-dense foods, rats could be schedule-fed moderate 

amounts of palatable food for longer periods of time, for example 3-6 months. This 

could determine if caloric compensation is still accurate with long-term exposure to 

palatable food. Subjecting rats to oral glucose tolerance tests and dual energy x-ray 

absorptiometry could measure whether glucose homeostasis or body composition 

changes with the long-term consumption of palatable food. Furthermore, this rat 

model could be adapted to determine what factors influence compensatory 

responses for palatable food, for example the time of day palatable food is fed could 

be changed, the volume and/or calorie content, or physical state (solid or liquid) of 

palatable food could be manipulated. Moreover, it would be of great interest to adapt 

this rat model to allow the measurement of energy expenditure to determine whether 

homeostatic compensatory mechanisms involve changes in energy expenditure. 

This could be carried out using automated metabolic cages that measure locomotion 

and various metabolic parameters to estimate energy expenditure.  

To fully understand homeostatic compensatory responses to palatable high-sugar 

foods in rats it would be of benefit to determine the mechanisms that underlie this 

behaviour. It can be hypothesized that satiety-mediating pathways underlie effective 

caloric compensation in this rat model. The oxytocin system is potentially part of a 

satiety pathway that may be involved in homeostatic compensatory behaviours. 

From the findings in Chapter 4, it can be hypothesized that in response to palatable 

food consumption, CCK and/or GLP-1 are secreted from the gut and influence the 

activity of oxytocin neurons via indirect actions on the NTS. Measuring changes in 

circulating concentrations of CCK and GLP-1 with palatable food consumption and 

peripherally administering CCK and/or GLP-1 antagonists to block these signalling 

pathways could determine whether this is a mechanism by which palatable food 

ingestion influences the activity of oxytocin neurons. In addition, blocking these 

signalling pathways could determine whether they are required for homeostatic 

compensatory behaviours.  

Following on from this, it is also of interest to determine whether increased activation 

of oxytocin neurons in response to food consumption translates to the peripheral 

and/or central secretion of oxytocin. As Chapter 4 demonstrated that magnocellular 

oxytocin neurons are activated in response to palatable food ingestion, it can be 

hypothesized that oxytocin may be secreted both peripherally from terminals in the 

posterior pituitary gland and centrally from dendrites. Using the anaesthetised 

palatable food gavage model as described in Chapter 4, peripheral oxytocin 
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secretion could be measured through plasma sampling and dendritic oxytocin 

secretion measured using microdialysis in the SON and/or PVN with palatable food 

gavage.  

If oxytocin is indeed secreted centrally in response to food consumption, there is 

great interest to determine where central oxytocin acts. Data from Chapter 4 shows 

that there is a positive correlation between c-Fos expression in magnocellular 

oxytocin neurons and the ventromedial hypothalamus - a brain region identified as a 

potential target for centrally secreted oxytocin in the control of feeding. It can be 

hypothesized that centrally secreted oxytocin acts at the ventromedial hypothalamus 

via volume transmission to reduce feeding and potentially mediate satiety. Using the 

anaesthetised palatable food gavage model described in Chapter 4, microdialysis 

could be used to measure oxytocin in the ventromedial hypothalamus with palatable 

food gavage to determine whether centrally secreted oxytocin can indeed diffuse to 

the ventromedial hypothalamus. Furthermore, in vivo electrophysiology could be 

used to record the electrical activity of ventromedial hypothalamus cells with and 

without the direct administration of an oxytocin receptor antagonist to determine 

whether centrally secreted oxytocin in response to palatable food gavage influences 

the activity of cells in the ventromedial hypothalamus. 

To further investigate whether the SuM is involved in motivated feeding behaviours, 

it must be determined whether the SuM is activated by the motivation to consume 

food or by the ingestion of nutrients. To investigate whether the SuM is activated 

with the motivation to consume palatable food, rats could be conditioned to expect 

SCM access following a tone, then SuM c-Fos expression could be compared 

between rats receiving SCM after the tone (i.e. motivated consumption) and rats that 

did not receive SCM after the tone (i.e. motivated but no SCM consumed). This 

would separate the effects of motivation on SuM c-Fos expression from the effects 

of consumption. Additionally, the anaesthetised palatable food gavage model 

described in Chapter 4 could be used to investigate whether palatable food in the 

stomach induces c-Fos expression in the SuM.  

Furthermore, it is of interest to determine which neuronal populations in the SuM are 

activated following palatable food consumption. Data from Chapter 5 demonstrate 

that TH cells and other neuronal cell types in the SuM may be activated following 

palatable food consumption. Other SuM cell types expressing c-Fos could be 

characterized using transgenic animals where reporters are specifically expressed in 
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SuM neuronal populations of interest, for example cells expressing CCK. Where 

these cell populations project could also be determined using anterograde axonal 

tracers.  

Following this, the electrical activity of these cell populations with palatable food 

consumption could be determined using in vivo electrophysiology. If cells of the SuM 

are activated by food ingestion, the anaesthetised palatable food gavage model 

described in Chapter 4 could be used. If cells of the SuM are activated by motivation 

to consume palatable food, electrophysiology could be carried out in conscious 

animals voluntarily consuming palatable food. Furthermore, to determine what 

function identified neuronal populations in the SuM have in the regulation of feeding 

behaviour, the electrical activity of these neurons could be specifically manipulated 

in vivo using optogenetic or DREADD technology.  

 

6.4 Concluding Remarks 

Obesity and weight-related conditions are now a leading cause of premature death 

all over the world. As a result, research into the causes of weight gain has 

intensified. In humans, there is much evidence for a homeostatic system that 

defends body weight. If we have this robust system, then why are we gaining weight 

and becoming obese? Our environment is likely to be partially responsible for this. 

Our eating habits have changed; our portion sizes have increased and we are eating 

more processed foods that are high in fat and sugar. To determine why we are 

gaining weight it is essential to further investigate how this homeostatic system 

functions to defend body weight and explore and identify which aspects of our 

environment prevent the homeostatic system from functioning efficiently.  
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