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ABSTRACT 

 

Background: The stomach has the ability to respond to chemical and 

mechanical stimuli to mediate satiety through vagal pathways. Within the 

stomach specialised endocrine and epithelial cells synthesise and secrete 

leptin and ghrelin, which influence food intake through vagal afferent 

pathways. However, it remains to be determined if mechanosensitive gastric 

vagal afferent signalling is disrupted in obesity and whether this may play a 

role in the overconsumption of energy required for the maintenance of diet-

induced obesity. Furthermore, whether leptin can modulate mechanically 

sensitive gastric vagal afferents and whether any ability of leptin and ghrelin to 

modulate mechanically sensitive endings is altered in obesity has not been 

conclusively determined. 

 

Aims: To determine in lean mice and in high fat diet induced obese mice: 

1) The effect of gastric peptides ghrelin and leptin on gastric vagal afferent 

mechanosensitivity. 

2) The effect of gastric peptides on the expression of their own and other 

peptide receptors. 

3) The reversibility of diet-induced obesity. 

 

Methods: Lean and diet-induced obese mice were created by feeding 8 week 

old female C57BL/6 mice a standard chow diet (N=4-20; 7% energy from fat) 

or a high-fat diet (N=4-20; 60% of energy from fat) respectively. An in vitro 

gastro-oesophageal vagal flat sheet preparation was utilised to determine the 
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mechanosensitivity of vagal afferent endings and the effect of leptin, ghrelin 

and diet-induced obesity on this mechanosensitivity. Messenger RNA (mRNA) 

content in nodose ganglia was measured by QRT-PCR. Specific gastric vagal 

afferent cell bodies were identified by retrograde labelling and this technique 

was combined with QRT-PCR to determine mRNA content in specific gastric 

cell bodies. Anterograde tracing by injection of tracer into the nodose ganglia 

allowed visualisation of the distribution of gastric vagal afferents in relation to 

leptin and ghrelin positive cells. Nodose ganglia were cultured overnight in 

medium containing leptin, ghrelin or neuropeptide W (NPW) followed by QRT-

PCR to determine any homologous or heterologous receptor expression 

regulation. 

 

Results: Diet-induced obesity caused a reduction in the mechanosensitivity of 

gastric tension receptors. Furthermore, it increased the inhibitory effect of 

ghrelin on gastric vagal afferent mechanosensitivity and resulted in a switch in 

the effect of leptin from potentiating to inhibitory. The gut peptides leptin, 

ghrelin and NPW modified the mRNA content of their own and each other‘s 

receptors in a manner that was dependent on dietary group. Placing obese 

mice back on a chow diet resulted in an initial weight loss but subsequent 

increased food consumption and weight gain. The decrease in 

mechanosensitivity caused by the high fat diet was not reversible by placing 

diet-induced obese mice back on a chow diet and the effects of leptin were 

only partially reversed. 

 



 
19 

Conclusions: Vagal afferent function is altered in diet-induced obesity to the 

extent that both the baseline response and the effects of leptin and ghrelin 

may act to facilitate increased food intake. Given the lack of reversibility of 

changes observed in diet-induced obesity this suggests that gastric vagal 

afferents may play a role in the maintenance of obesity and may act to 

oppose weight loss.  
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Control of food intake is critical to maintain a healthy body weight. If left 

uncontrolled too much or too little food can be consumed resulting in obesity 

or emaciation respectively. A number of mechanisms act to sense and control 

food intake and energy expenditure to maintain a stable body weight. The 

gastrointestinal tract, in particular, is uniquely placed to be able to respond to 

food intake to control gastrointestinal function and food intake through neural 

and hormonal mechanisms. The following is an overview of obesity and the 

central and peripheral neural and hormonal mechanisms that play a part in 

the control of food intake. 

 

1.1 OBESITY 

 

Obesity is a major health concern for the majority of the developed world. In 

2008 there were an estimated 1.5 billion people worldwide who were 

overweight (BMI 25-29.9) and a further 500 million that were obese (BMI >30) 

[1]. Global obesity rates have more than doubled since 1980 [2]. Obesity has 

been thought to cause upwards of 3 million premature deaths each year. 

Whilst originally believed to be a problem in the more developed nations of 

late there has been an alarming increase in obesity in developing countries 

[2]. It is suggested that by 2020 close to 80% of the adult population in some 

countries will be considered overweight or obese [3]. Such an increase would 

lead to a substantial increase of the burden on health systems, economies 

and personal lives. 
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Whilst increased adiposity that occurs in obesity is the most obvious and 

common symptom of obesity the consequences of this are far more reaching, 

with numerous conditions believed to be partially caused by the development 

of obesity. From Figure 1.1 it is very apparent that obesity affects nearly every 

facet of the body. This indicates why it is so important to understand why 

obesity develops and possible ways of effectively intervening and reversing 

the detrimental weight gain in hopes of alleviating some of the more 

dangerous co- morbidities it can cause. 
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Figure 1.1: Medical conditions associated with obesity. As displayed the 

development of obesity can have a detrimental effect on almost all tissue 

types within the body. Figure compiled from [4]. 
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1.1.1 Causes 

Simplistically obesity is caused by an excess of energy being consumed. 

However, evidence suggests an array of factors including both genetic and 

environmental contribute to the development of obesity. The following is an 

overview of just some of the evidence that supports the involvement of 

environmental and genetic factors in the development of obesity. 

 

1.1.1.1 Environment 

 Food Environment 

The increase in obesity prevalence has been observed to be parallel with 

changing of diets to incorporate more processed foods, which are typically 

high in saturated fat and sugar [5, 6]. The impact of changing the food 

available for consumption has been demonstrated previously. For example, 

Aboriginal Australian populations display a higher prevalence of obesity when 

they adopt a western style diet compared to non-Aboriginal Australians 

consuming the same style diet and Aboriginal Australians still participating in 

a traditional hunting and gathering lifestyle [7]. This is not an isolated example 

as similar findings have been observed in Samoans [8], Indians [9], Chinese 

[10], Native Americans [11], Japanese [12] and Mexican Pima Indians [13]. 

 

The modern western diet has a number of facets which makes it a likely major 

factor in the development of obesity. The first is portion size. Portion size of 

meals has been reported to be increasing since the 1970‘s [14]. It has been 

suggested that the increase in portion size leads to increased energy 

consumption [15, 16] and also encourages the overconsumption of food [17]. 
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In terms of increasing portion size, fast food appear to be leading the way with 

some items available at fast food restaurants increasing in size by 2 to 5 times 

over the last 2 decades [18]. However, some home prepared items including 

french fries and hamburgers have been shown to be served in larger portions 

at home than at a restaurant [19]. Interestingly there are regional differences 

in the portion size of food available for consumption with comparable items in 

France 25% smaller than in the U.S. [20]. Coincidentally, France also has a 

lower level of obesity relative to the U.S. [21]. However, this connection is 

anecdotal and there would undoubtedly be other factors involved in this 

difference. 

 

Secondly, there is a tendency towards consumption of high-energy dense 

foods in a western diet [22, 23]. Consumption of food with a high energy 

density has been shown to lead to overconsumption of energy, which is 

independent of macronutrient content [24] and portion size [25]. High fat foods 

have been demonstrated to cause damage to regions of the brain which 

ironically regulate food intake and cause metabolic disruptions including 

insulin resistance [26-28]. This suggests that not only are many modern 

western foods energy dense, but also metabolically toxic.  

 

Energy Expenditure 

Given the balance between consumption of food and energy expenditure form 

the basis for weight regulation it is important to address the role changes in 

energy expenditure may play in obesity. 
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Principally, energy expenditure can be divided into three categories: 

1) Resting metabolic rate (RMR): The energy required to perform the basic 

physiological processes to sustain life. This component of energy expenditure 

accounts for the most energy spent at around 50-70%. Body composition has 

been shown to effect RMR with fat free mass accounting for 60-70% of RMR 

and fat mass being responsible for as little as 5-7% [29]. Weight loss has 

been associated with a reduction in RMR of 3-5% [30, 31]. 

 

2) Adaptive thermogenesis (AT): Accounts for 10% of total energy expenditure. 

Brown adipose tissue is the site for AT in both rodents and humans [32] and 

causes the production of heat instead of ATP. Similar to RMR weight loss has 

been associated with substantial reductions in adaptive thermogenesis which 

has been postulated to be a mechanism which creates a predisposition to 

weight regain [33]. 

 

3) Activity related energy expenditure: This component encapsulates the 

physical activity performed and is the category which can be most easily 

altered. It accounts for 10-30% of total energy expenditure. Evolution of 

society has had dramatic impacts on the level of physical activity performed. 

With increased prevalence of car ownership there has been a decreased 

amount of travel by foot or bicycle [34]. Modern appliances have reduced the 

need for physical activity in everyday tasks such as using an electric 

toothbrush or washing machine compared to their manual counterparts [35]. 

Along with the reduction in active energy expenditure there has also been an 

increase in time spent in sedentary activities relative to physical activity. There 
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are reports that people spend six times more time watching television than 

exercising or playing sport [34]. 

 

Given that weight gain is predicated on energy expenditure being less than 

intake a sustained elevation of any of the 3 components that make up total 

energy expenditure should result in weight loss. However, it appears that all 

three facets of energy expenditure are compromised in a modern society and 

adapt to prevent successful weight loss. 

 

Sleep 

Incidence of partial sleep deprivation has increased to the point where more 

than 28% of adults in the U.S. sleep for less than 6 hours a night [36]. It has 

been postulated that reductions in sleep duration may be partially responsible 

for increased prevalence of obesity [37, 38]. 

 

Sleep is a state that requires very little energy with a 15-30% reduction in 

resting metabolic rate. However, partial sleep deprivation is associated with a 

reduction in resting metabolic rate [39], increased periods participating in 

sedentary activity and decreased moderate intensity activity [40, 41]. 

Shortened sleep duration has also been shown to cause an increase in 

snacking [42] and preferential increase in consumption of fat, specifically 

saturated fat [41, 43]. Sleep deprivation has also been reported to cause 

increased feelings of hunger [44, 45] and decreased satiety [46], which may 

play a role in the overconsumption of food required to gain weight. 
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Sleep deprivation is also associated with a poorer metabolic status exhibiting 

decreased glucose tolerance [47] and insulin sensitivity [48, 49]. Thus sleep 

deprivation is identified as a risk factor for the development of metabolic 

conditions including type 2 diabetes [50]. 

 

There are increased levels of cortisol in partially sleep deprived individuals 

[47, 48]. This may, at least in part, be responsible for the development of 

obesity as elevated cortisol levels have been linked to increased visceral 

adiposity [51].  

 

Shortened sleep duration whilst attempting to lose weight through caloric 

restriction resulted in a 55% reduction in adiposity loss and 60% increase in 

fat free mass loss [39]. This indicates that changes that occur as a result in 

sleep deprivation act to preserve adipose mass. 

 

1.1.1.2 Genetics 

It has been suggested that the genetic factors account for between 30% and 

70% of obesity [52, 53]. The case for genetic control over predisposition to 

obesity was supported by a study in monozygotic twins who were overfed by 

1000kcal/day [54]. There was variation in the amounts of total weight, body fat 

and muscle mass gained within the study, but there was little difference 

between siblings in a pair of twins, demonstrating the importance of genetic 

factors on weight gain [54]. Further evidence of the importance of inherited 

genetic factors in controlling body weight is from the findings of a study that 

looked at the body weight of adopted children [55]. The study found the body 
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weight classification of the adopted children as adults was closely related to 

the BMI of their biological parents, but had no correlation with the BMI of their 

adoptive parents. However, the infant weight (first 2 years of life) is unrelated 

to either the maternal or paternal BMI, which suggests genetic programming 

of body weight may not become active until later in life. 

 

The involvement of genetics in regulating weight has been demonstrated in 

rodent models exhibiting monogenetic mutations which result in obesity. 

However, whilst they may have the same end point there are a number of 

different processes they can affect. Firstly, disruptions to proteins involved in 

the regulation of feeding such as melanocortin-4 receptor (MCR4) [56] or 

leptin [57] result in altered eating behaviour resulting in hyperphagia and 

obesity. Secondly, alterations to the genes that regulate adaptive 

thermogenesis in brown adipose tissue including members of the uncoupling 

protein (UCP) family can compromise energy expenditure and thus lead to 

weight gain as previously demonstrated [58]. This indicates that disruption to 

either the food intake side or the energy expenditure side of the energy 

balance equation is sufficient to drive the development of obesity. 

 

Whilst very uncommon, some monogenetic mutations modelled in rodents 

have also been observed in humans including loss of functional leptin [59, 60], 

leptin receptor [61], pro-opiomelanocortin (POMC) [62] and MCR4 [63]. 

However, there are additionally about 30 pleiotropic syndromes that result in 

obesity along with other traits including Prader-Willi [64], Bardet-Biedl [65], 

Alstrӧm [66] and Borjson-Forssman-Lehman [67]. These conditions are still 
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relatively uncommon compared to the overwhelming prevalence of obesity, 

but illustrate that there are multiple genes whose normal function allows for 

regulation of body weight. 

 

However, whilst there is ample evidence arguing that genetic predispositions 

play an important role in the development of obesity the very laws of 

thermodynamics means that there must be an excess amount of energy to 

enable accumulation of fat which highlights diet as a major cause of obesity. 

For the most part dietary intervention as a sole treatment for obesity is 

ineffective as weight loss is seldom maintained [68]. This suggests that there 

are alterations in food intake regulatory mechanisms that essentially act to 

combat reduced levels of adiposity after weight gain has occurred. 
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1.2 REGULATION OF FOOD INTAKE 

 

Obviously, it is fundamentally important to ensure that only the required 

amount of food is consumed to produce the appropriate amount of energy, 

thus limiting any excess being stored as fat. In addition to needing to meet 

energy requirements there are nutritional needs, which need to be met in 

order to maintain healthy body composition. Thus, it is important to consume a 

diet with appropriate levels of carbohydrate, fat and protein as well as vital 

micronutrients in the form of vitamins and minerals to maintain vital 

processes. There is some evidence to support the notion that the regulation of 

food intake and energy expenditure adjusts to ensure an adequate protein 

intake. The protein leverage hypothesis proposes that the amount of food 

consumed is determined by the protein requirement [69, 70]. Thus, 

consumption of a modern western style diet which is relatively high in 

carbohydrate and fats, results in an increase in energy consumption in an 

attempt to achieve the required consumption of protein [71] (Figure 1.2). 

Therefore, it is important to recognise that appetite regulation involves both 

energy and specific nutrient sensing mechanisms. 

 

For most people the fact that their body weight changes very little over long 

periods of time is testament to the body‘s ability to balance consumption and 

expenditure of energy [72]. Models have been proposed that explain the 

maintenance of stable body weight. The first was dubbed the set point 

regulation model [73]. When this model was originally suggested no 

adipokines had been isolated, yet there were theories that fat may be 
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producing a signal that the brain picked up and compared it to the ideal level 

of fatness for the body [73, 74]. It was believed that any difference between 

the current level of fat and the ideal level would be compensated for by a 

suitable change in food consumption and/or energy expenditure in order to 

restore the target level of adiposity [75]. 

 

With the discovery of leptin extensive research was conducted to determine 

whether leptin was acting as this set point signal and indeed strong 

relationships were found between the degree of adiposity and leptin levels 

[76]. This concept has often been used to explain why after acute weight loss 

there is a common re-gaining of all the lost weight, as leptin levels decrease 

with weight loss [77], which would cause an increase in food consumption, 

due to a reduction in leptin‘s anorexigenic effect. However, this would suggest 

that increased leptin would limit the ability for weight gain to occur, which is 

obviously not occurring in obesity. A possible explanation is, whilst decreased 

adiposity is readily corrected through increased hunger and food intake [78-

80], increases in adiposity may be allowed, as it is evolutionarily 

advantageous to allow storage of energy when food is readily available and 

plentiful in preparation for potential reductions in food availability. 

 

This staunch defence of the lower limit of adiposity indicates why once a high 

level of adiposity is obtained it can be hard to correct through simple dietary 

measures, as there are food intake regulatory mechanisms that are actively 

trying to restore fat mass to the previously attained level. The following is an 

outline of mechanisms that are involved in controlling food intake and 
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highlights the multiple interacting pathways both centrally and peripherally 

responsible for controlling food intake. 
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Figure 1.2: The protein leverage hypothesis. The protein leverage 

hypothesis proposes that the food consumption is occurring to reach a target 

amount of protein. Thus a balanced diet (dashed line) with a relatively high 

proportion of protein will lead to lower energy consumption before this target 

is reached compared to a high carbohydrate and fat diet which is typical of 

many western diets. Figure based on results of [71]. 
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1.2.1 Central mechanisms 

The body utilises a number of mechanisms to communicate its needs for 

energy and nutrients which in terms of food intake culminates in a conscious 

feeling of hunger [81]. Subsequently, when sufficient food has been 

consumed, feelings of satiety and fullness are conveyed. These feelings are 

controlled centrally, largely within specific regions of the hypothalamus [82, 

83]. The hypothalamus acts as the site for integration of circulating hormonal, 

nutrient and neuronal afferent signals to maintain energy homeostasis. On top 

of energy homeostatic processes there are also regions of the CNS which 

control motivation for seeking out of food and hedonic reward pathways. 

These centres are activated by food intake to provide a feeling of pleasure 

and reinforcement for consuming specific foods. Below is an overview of the 

hypothalamic and reward pathway anatomy and how they work together to 

control feeding behaviour. 

 

1.2.1.1 Hypothalamic control of feeding 

The hypothalamus consists of a number of nuclei organised around the third 

ventricle, which are critical in energy homeostasis. The arcuate nucleus (ARC; 

located in the mediobasal hypothalamus) is vital in limiting food intake as 

lesions within this region result in hyperphagia and obesity [84]. Neighbouring 

the arcuate nucleus are a series of smaller nuclei including the paraventricular 

nucleus (PVN), dorsomedial hypothalamus (DMH), ventromedial 

hypothalamus (VMH) and the lateral hypothalamic area (LHA) (Figure 1.3). 

Previous work has suggested that specific nuclei in the hypothalamus are 

responsible for increasing food intake, ‗feeding centres‘, whilst others are 
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responsible for reducing it, ‗satiety centres‘ [85]. This was supported by 

lesions of the LHA and DMH causing decreased food intake which in the case 

of the LHA lesions progressed to starvation and death [86, 87], on the 

contrary injury to the VMH and ARC resulted in hyperphagia and obesity [88].  

 

The ARC is believed to play a pivotal role in the integration of signals coming 

from a variety of locations. The ARC lies in close apposition to the median 

eminence, which is unique as it lacks a complete blood brain barrier (BBB) 

[89]. This would allow the ARC to be directly affected by gut hormones and 

signalling molecules circulating in the blood that are unable to cross the BBB. 

Some hormones do have the ability to cross the BBB, such as peptide YY 

(PYY) [90] and glucagon like peptide 1 (GLP-1) [91], whilst others require 

saturable transport systems to be actively transported across the BBB, such 

as leptin [92], in order to act on targets usually protected by the BBB.  

 

Within the ARC there are at least two unique sub-populations of neurons that 

regulate appetite [93, 94]. One of the populations in the medial ARC 

expresses the orexigenic neuropeptides, neuropeptide Y (NPY) and agouti-

related peptide (AgRP) [95]. These neurons project mainly to the ipsilateral 

PVN [96, 97], but also have endings projecting locally within the ARC [98], 

and to mesolimbic, midbrain and pontine structures. They can also release γ-

aminobutyric acid (GABA) locally to inhibit another sub-population of neurons 

know as POMC neurons [99]. POMC neurons express the anorexigenic 

peptides POMC and cocaine and amphetamine regulated transcript (CART) 

[100]. The POMC is processed into α-melanocyte-stimulating hormone (α-
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MSH) [101], which exerts a potent anorexigenic effect via MC4R [102]. This 

sub-population of neurons signals more diversely through the CNS [103, 104] 

indicating that this population of neurons may play a role in linking feeding 

behaviour to other actions that are controlled elsewhere in the CNS. It has 

been shown that the POMC and NPY neurons can be activated by leptin and 

ghrelin (both will be detailed later) respectively and simultaneously inhibit the 

other sub-population enhancing their own response (Figure1.4) [105]. 

 

The hypothalamus receives afferent input from the periphery, including the 

gastrointestinal tract via vagal and spinal afferents. Peripheral vagal afferents 

terminate in the NTS within the brainstem. From here second order neurons 

synapse onto multiple hypothalamic nuclei including the ARC [106, 107], LHA 

[108], DMH [109] and PVN [110, 111] as well as locally onto other nuclei in 

the brainstem. This anatomical organisation highlights the vagus as a neural 

link between the periphery and CNS by which peripheral signals can initiate 

changes in feeding behaviour (the mechanism involved will be detailed later). 

There is also reciprocal input from the hypothalamus onto NTS neurons which 

would allow central input to the control of gastrointestinal function [112, 113].  
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Figure 1.3: The organisation of hypothalamic nuclei involved in food 

intake regulation. Peripheral signals from the gastrointestinal tract are 

integrated into the hypothalamus via vagal and spinal afferents travelling 

though brainstem structures which have synaptic inputs into most of the major 

food intake regulatory nuclei. ARC, arcuate nucleus; VMN, ventromedial 

nucleus; LHA, lateral hypothalamic area; DMH, dorsomedial hypothalamus; 

PVN, paraventricular nucleus. 
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Figure 1.4: A schematic illustrating the interaction of leptin and ghrelin 

with different population of neurons within the arcuate nucleus. Leptin 

causes simultaneous activation of anorexigenic pro-opiomelanocortin 

(POMC)/ cocaine and amphetamine regulated transcript (CART) neurons and 

inhibition of orexigenic agouti-related peptide (AgRP)/ neuropeptide Y (NPY) 

neurons, whilst ghrelin activates the AgRP/NPY neurons which can inhibit 

POMC/CART neurons which allows for co-ordinated control of food intake and 

energy expenditure. LepR; leptin receptor, Ghsr; ghrelin receptor, MC3R; 

Melanocortin receptor 3, MC4R Melanocortin receptor 4, Y1R; neuropeptide Y 

receptor 1. Adapted from [114]. 
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1.2.1.2 Reward pathway involvement in feeding 

The anatomy of the reward pathway is largely contained within the ventral 

tegmental area (VTA) and has inputs to a number of other nuclei, most 

critically into the amygdala, the limbic cortex and the nucleus accumbens. A 

number of electrophysiological studies have shown that dopaminergic 

neurons within the VTA are activated by food intake [115-117] and also cues 

that are predictive of reward. Food consumption leads to activation of the 

same pathways that are associated with addiction to psychoactive drugs 

[118]. Highlighting the possibility that addiction to food is possible. The VTA 

receives inputs from the NTS (within the brainstem) and the hypothalamus 

[119, 120] and is modulated by vagal nerve stimulation [121, 122]. 

Furthermore, gastric distension, which is signalled via vagal afferents, causes 

activation of the amygdala and reduced activity in the anterior insula, neither 

of which occur in obese humans [123]. Therefore, peripheral gastric signals 

lead to reward pathway modulation and obesity may be associated with 

altered reward activation, which may lead to a blunted awareness of body 

status. However, this conclusion still remains to be proved. 

 

The pleasure that is perceived by eating reinforces the behaviour, which 

evolutionarily speaking is a desirable attribute, as it promotes the 

accumulation of energy stores [124]. Constant consumption of palatable food 

by rats has been shown to create a learned behaviour exhibited by a 

preference for those palatable foods [125]. As a lot of highly palatable foods 

have a high energy density this could create a learned behaviour to seek out 

and consume high energy dense food resulting in hyperphagia and obesity. 
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Obese humans show a much stronger preference for highly palatable foods 

than lean individuals [126]. This finding has been attributed to a potential 

desensitization of the reward response upon attaining highly palatable foods, 

thus requiring a greater level of activation in order to cause the desirable 

reward pathway activation [127-129]. Alternatively, there may be a potential 

genetic predisposition to preferentially consume energy dense palatable food, 

which may create a predisposition to obesity. 

 

Dopamine is the main neurotransmitter of the reward pathways and lesioning 

of these neurons leads to a reduction in reward induced food intake [130], 

whilst electrical stimulation of the same population of neurons actually drives 

an increase in food intake [131]. There is a reduction in the activation of these 

neurons in high fat diet fed mice that exists before the actual development of 

obesity [132]. This suggests that desensitisation of reward pathway activation 

is a potential mechanism that may drive increased energy intake in order to 

attain the desired level of food driven reward pathway activation. The 

importance of this pathway in feeding is highlighted by mice lacking dopamine 

signalling reducing their food consumption to the point of death from 

starvation [133, 134]. This indicates that the drive to eat is mediated through 

activation of dopaminergic neurons activating reward pathways. 

 

As previously described there are receptors within the ARC for gastrointestinal 

peptides. However, the expression of these receptors within the CNS is not 

limited to the ARC. For example, the receptor for the peripheral orexigenic 

peptide, ghrelin, whilst densely expressed in the ARC, is also expressed 



 
46 

throughout the VTA and the laterodorsal tegmental areas [135]. 

Administration of ghrelin has also been shown to cause an increase in 

dopamine release via a cholinergic dependant mechanism [136]. Such an 

action has been credited with playing a role in addiction caused by reward 

pathway activation in response to alcohol [137], cocaine, amphetamines [138] 

and also highly palatable food [139]. Direct administration of ghrelin into the 

VTA has been shown to cause an increase in food intake [140], specifically 

the intake of palatable foods. This suggests that the effect of ghrelin on food 

preference may be directly mediated through cholinergic reward pathways, as 

any food intake preference is lost in the presence of nicotinic or ghrelin 

receptor antagonists [139, 141]. Together the data on ghrelin‘s action within 

the reward pathways suggests that in addition to its effects on appetite, 

ghrelin appears to have a role in increasing the motivation for seeking out 

rewarding stimuli, including particular foods based on taste. 

 

Leptin has a well-documented role in the control of food intake (which will be 

specifically described later) largely attributed to its effect within the ARC. The 

absence of leptin (ob/ob mice) produces mice that are overweight and 

hyperphagic. However, if such mice are also crossed with dopamine deficient 

mice then the resulting offspring are not just lean, but they preferentially do 

not feed at all [142]. Thus it appears that the hyperphagia and body weight 

increase caused by leptin deficiency are at least partially dependent on 

mesolimbic signalling of dopamine. Leptin has also been shown to reduce the 

preference for stimuli associated with palatable food, suggesting that leptin 

attenuates the rewarding properties of food [143]. Administration of leptin 
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directly into the VTA causes a reduction in food intake indicating that in 

addition to its actions within the hypothalamus leptin is able to act directly 

within the VTA to modulate feeding behaviour [144]. However, it has also 

been suggested that leptin can indirectly inhibit VTA activity by acting on 

lateral hypothalamic neurons, which project onto the VTA to inhibit the release 

of dopamine [145]. 

 

As described above both the hedonic and homeostatic facets to food intake 

control are influenced by gastrointestinal endocrine and neural regulation. It is 

therefore of paramount importance when considering the role of central 

pathways in mediating food intake to consider peripheral appetite regulatory 

mechanisms. 
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1.2.2 Peripheral Regulation of Food Intake 

Within the periphery a number of organs including the pancreas, liver, adipose 

and gastrointestinal tract detect and monitor the current metabolic status. 

Changes to the metabolic state i.e. food deprivation is met with changes in 

neural and hormonal signals which can act peripherally or centrally to correct 

the disturbance. The peripheral signals involved in the regulation of food 

intake can be broadly classified into either long-term or short-term control. 

Long term control tends to be largely mediated by levels of circulating 

hormones, some of which are released by adipose tissue. The short term 

control of food intake is largely controlled by neural and endocrine mediators 

released by the gastrointestinal tract, usually in response to food, to control 

factors such as meal termination and initiation (Figure 1.5). The following is a 

description of how adipose tissue and the gastrointestinal tract can influence 

food intake and exert their respective roles in mediating long and short term 

energy balance. 
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Figure 1.5: Sites of release of long term and short term mediators on 

energy balance. The pancreas and adipose tissue release insulin and leptin 

respectively, which provide information to the CNS regarding the metabolic 

status of the body with perturbations in their levels reflecting increased or 

decreased energy stores. The gastrointestinal tract releases ghrelin as a short 

term signal to initiate a meal and increase food consumption. After meal 

consumption an array of peptides including PYY, GLP-1, CCK and leptin are 

released from cells within the gastrointestinal tract to signal satiety. On top of 

mediating appetite both the long term and short term mediators also play a 

role in a number of efferent pathways including regulating energy expenditure, 

growth, release of other hormones, gastrointestinal motility and partitioning 

available energy. PYY; peptide YY, GLP-1; glucagon-like peptide 1, CCK; 

cholecystokinin. Figure adapted from [146] 
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1.2.2.1 Adipose tissue 

Historically adipose tissue was viewed as a store for excess energy that the 

body could mobilize to sustain body processes when food was not readily 

available for consumption [147]. However, subsequently adipose tissue was 

found to be capable of releasing endocrine mediators capable of mediating 

feeding behaviour [148], with leptin being the first identified [149]. Currently, at 

least 30 peptides have been discovered to be released from adipocytes with 

many of these adipokines having roles in regulating energy homeostasis and 

metabolic processes [150]. 

 

From an evolutionary perspective, adipose tissue allows animals to consume 

more food than they need for their immediate use to store for later use, when 

food is less abundant due to seasonal variations in food availability [151, 152]. 

A similar phenomenon has been observed in native and rural human 

populations [153, 154]. This suggests that there must be an endogenous 

mechanism that permits accumulation of fat above and beyond what could be 

considered necessary for immediate survival. Studies have presented 

evidence suggesting the body is aware of current and desired levels of 

adiposity and this led to the paradigm of an adipostat (Figure 1.6), a signal 

that would effectively defend the level of adiposity within the body [73]. This is 

consistent with food restriction induced fat loss in rats being restored after re-

feeding to levels comparable with continuously ad libitum feed rats [155]. 

Animal models have revealed that surgically removing one fat deposit leads to 

a compensatory increase in fat being stored in the remaining intact fat 

deposits [156]. The same phenomenon has been observed in humans 
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undergoing lipectomy, with the removal of the subcutaneous fat leading to an 

initial weight loss, however this lost weight is soon replaced with an increase 

in visceral fat [157]. This indicates that the simple removal of fat is not a viable 

approach for weight loss. The adipostat paradigm does not, however, explain 

obesity. The adipostat model would predict that an increase in adipose mass 

would increase the adiposity signal, which should result in a reduction in food 

intake and a decrease in fat mass. In obesity this obviously is not occurring. 

However, in accordance with the necessity to store energy when available in 

an environment with an uncertain food supply, the purpose of an adipostat 

may be to permit this to occur to a genetically defined upper limit, and defend 

a decrease from any level reached. Unfortunately, in a modern society where 

food is readily available such an adaptation would be a liability rather than 

advantageous. 

 

Adipose tissue has also been shown to anatomically and functionally change 

with metabolic state. Adipocyte size has been shown to be linked to the state 

of energy balance; with hypocaloric diets reducing adipocyte size but not the 

number of adipocytes [158, 159]. This is important to keep in mind because 

there is a strong positive relationship between adipocyte size and the release 

of adipokines. For example, increased adipocyte size is associated with 

increased leptin, interleukin (IL)-6 and IL-8 and a decrease in the anti-

inflammatory mediator, IL-10 [160]. Increased adipose size in obesity is also 

known to increase adipocyte death [161]. This in turn results in increased 

macrophage infiltration into the adipose tissue producing the chronic low 

grade inflammation of adipose tissue in obesity [161-163]. However, obesity 
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can occur in the absence of adipose tissue inflammation [164]. The 

inflammation occurring within adipose tissue has been proposed to be a 

mechanism for insulin resistance that often occurs in obesity [165, 166]. This 

in turn could be a mechanism to protect from obesity as insulin plays a role in 

adipocyte differentiation [167], lipogenesis [168] and inhibition of lipolysis 

[169]. 

 

There are at least 24 reported adipokines/cytokines which have elevated 

circulating levels in human obesity, with their plasma levels closely associated 

to visceral adiposity [170]. However, the actual source of the increased 

adipokines/cytokines is uncertain, as in addition to the adipocytes they could 

also be released from the increased number of macrophages in obese 

adipose tissue. Macrophages are a source of many cytokines and as such 

both the adipocytes and macrophages may be responsible for altered levels 

of adipokines/cytokines observed in obesity [171]. 

 

As well as subcutaneous and visceral adipose tissue stores there is also sub-

serosal and sub-mucosal adipocytes within the stomach [172]. It has been 

suggested that adipokines released from similar deposits in the colon could 

act in a paracrine manner to play a role in mediating intestinal barrier function 

[173]. This raises the hypothesis that sub-mucosal and sub-serosal gastric 

adipocytes could release adipokines that may act in a paracrine fashion to 

mediate gastric function or modulate intrinsic and extrinsic gastric afferents. It 

still remains to be determined if such a mechanism exists and if so whether it 

is altered by the adipose hypertrophy observed in obesity. 
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Figure 1.6: The adipostat theory for the control of body weight. This 

model proposes that the size of adipose tissue controls the level of circulating 

hormones which in turn act centrally to modulate food intake and energy 

expenditure. So when adipose tissue is increased (left) there is an increase in 

circulating hormones such as leptin that act centrally to cause an increase in 

energy expenditure whilst decreasing food intake, which results in a negative 

energy balance and subsequent weight loss. Alternatively weight loss leads to 

decreased adipose tissue and reduced circulating anorexigenic signals and 

causes an increase in food intake and a decrease in energy expenditure 

leading to a positive energy balance and weight gain. Figure adapted from 

[174]. 
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1.2.2.2 Proximal gastrointestinal tract 

Consisting of the stomach and small intestine, the proximal gastrointestinal 

tract is the site for the digestion of food and absorption of nutrients. This 

system relies on co-ordinated mechanical and chemical processes to achieve 

its tasks. Upon food entering the stomach relaxation of the gastric muscle 

allows accommodation of the food to occur [175]. This phenomenon was 

dubbed adaptive relaxation and occurs within seconds of food entering the 

stomach [176]. This allows for the maintenance of intragastric pressure whilst 

increasing the volume available for occupation by food [177]. The ability of the 

stomach to increase its volume has been shown to be relevant to the control 

of food intake, as disorders of the reservoir function of the stomach are 

associated with early satiety [178]. The relaxation occurs through chemical 

and neural mechanisms [179, 180], which lead to activation of inhibitory 

enteric motor neurons, causing relaxation of the gastric smooth muscle. 

However, the role of the smooth muscle within the gastrointestinal tract is not 

limited to allowing food to be accommodated. It is also vital for the transit of 

the food through the entire gastrointestinal tract by rhythmically contracting 

and relaxing in the form of peristaltic waves [181]. The muscle within the walls 

of the stomach contract to mix the food with digestive enzymes and acid 

released from epithelial and endocrine cells that line the gastric lumen [182, 

183]. Peristaltic contractions propel the stomach contents toward the pylorus 

where movement into the duodenum is prevented for all but the smallest 

particles and liquids [183]. 
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Once in the duodenum the digestive process continues to occur due to 

release of digestive enzymes from the pancreas and gall bladder [184]. Whilst 

originally thought of as reservoirs for the digestive process to occur within, the 

small intestine and stomach have a profound ability to sense food [185, 186] 

and cause changes in food intake behaviour [187, 188] as well as control the 

digestive progress [183, 189]. As such the roles of the small intestine and 

stomach have been expanded by an ever growing literature base to highlight 

that they are involved in the regulation of local gastrointestinal function as well 

as the regulation of food intake and satiety. 

 

Appetite regulation by the gastrointestinal tract is mediated by sensing both 

volume and composition of meals. This can occur through gastrointestinal 

secretion of peptides as well as activation of afferent endings located within 

the wall of the gastrointestinal tract. Below is an overview of the abilities of the 

small intestine and stomach to sense nutrients and signal through multiple 

pathways, including neuronal and hormonal pathways, to regulate appetite. 

 

1.2.2.2.1 Nutrient sensing 

1.2.2.2.1.1 Small intestine 

The small intestine can initiate satiety in response to luminal nutrients [190]. 

The ability for this to occur has been eluded to be due to nutrient driven 

release of cholecystokinin (CCK), which is an intestinal peptide released from 

I cells within the proximal small intestine [191] when exposed to nutrients 

(predominately protein and lipids) [192-195]. Evidence has shown that CCK 

causes satiety through activating local vagal afferent endings [196-198]. 
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Furthermore, nutrients in the small intestine have been shown to induce an 

increase in thermogenesis (a major source of energy expenditure) in brown 

adipose tissue via CCK mediated activation of local vagal afferent endings 

[199]. This suggests that as well as being involved in controlling food intake, 

nutrient sensing within the small intestine is a regulator of energy expenditure. 

 

Specialised intestinal epithelial cells have been shown to express nutrient 

receptors identical to those found on the surface of the tongue [200, 201], 

suggesting that the intestine has the ability to ‗taste‘ nutrients in the gut. Some 

cells expressing these taste receptors are co-localised with intestinal satiety 

peptides [200-202] and nutrient absorption proteins like sodium-glucose 

transporter 1 (SGLT1) [203]. These findings together led to the hypothesis 

that specialised intestinal epithelial cells can sense specific nutrients and 

respond by releasing appetite modulatory peptides to control food intake and 

gastrointestinal motor function [204]. This is supported by small intestinal lipid 

inducing gastric relaxation [205, 206]. Furthermore, high level of Intestinal fat 

induces a feeling of nausea during gastric distension [207]. This suggests that 

intestinal nutrient sensing modulates sensory signals from the stomach as 

well. 

 

1.2.2.2.1.2 Stomach 

The involvement of the stomach in nutrient sensing is less clear. Early studies 

found that infusion of saline elicited the same meal terminating effect as 

infusions of sucrose, fructose and glucose [208]. This indicated that the 

stomach was simply detecting a mechanical stimuli not a chemical one. 
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However, there is also evidence that the stomach can respond to nutrients to 

control food intake [209-211] and that changes in intragastric pressure only 

result in increased satiety after intragastric infusion of nutrients [212], which 

casts doubts on the paradigm that gastric satiety is purely mechanical. 

 

Further evidence for a nutrient sensing ability of the stomach is the expression 

of α-gustducin [213] and the taste receptor component, T1R3 [214, 215] in 

cells within epithelium brush border of the stomach. Furthermore, these taste 

receptor signalling components are located on ghrelin positive cells [214, 216] 

and have been show to trigger the release of ghrelin in an α-gustducin 

dependant manner [216], which further contradicts the theory that the 

stomach‘s role in the regulation of food intake is purely mechanical. Gastric 

nutritional sensing has also been demonstrated in response to amino acids 

[217] . This further strengthened the argument that taste sensing occurs within 

the stomach. However, this still remains to be conclusively demonstrated. 

 

There is evidence that suggests that gastric nutrient sensing may be 

comprised in obesity. Gastric mucosal expression of the fatty acid receptor 

GPR120 is increased and sweet taste receptor component T1R3 has been 

shown to be decreased in morbidly obese humans [218]. This led the authors 

to conclude that alterations in gastric nutrient sensing ability may play a role in 

the increased food consumption seen in obesity. However, their evidence is 

very preliminary and the conclusions are based on immunohistochemical and 

mRNA expression levels and thus the actual phenotypic effect of such 

changes needs to be determined. However, these results do show that gastric 
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nutrient sensing is likely to be dynamic and that obesity is capable of 

potentially disrupting gastric satiety signals. This warrants further 

investigation. 

 

It has been demonstrated that the suppression of food intake by nutrient 

infusion into the stomach with an open pyloric cuff is greater than the 

suppression in food intake caused by gastric distension or intestinal nutrient 

exposure alone [208]. This indicates that both locations work together to 

cause a larger net reduction in food intake than either could on their own. An 

example of such a mechanism is CCK, which is released from the small 

intestine and has been shown to activate the same vagal afferents activated 

by gastric distension [198]. This indicates the neuronal innervation of the 

gastrointestinal tract is a site for convergence of both gastric and intestinal 

satiety signals. 

 

1.2.2.2.2 Innervation of the proximal gastrointestinal tract 

Within the stomach and small intestine there are discrete populations of 

neurons which represent extrinsic innervation (through splanchnic and vagal 

nerves) and also intrinsic innervation (through the ENS; Figure 1.7). Whilst 

each is able to act independently there are an abundance of synapses 

between the intrinsic and extrinsic neurons highlighting the functional 

relationship that exists between them. Below is an outline of the roles of these 

pathways, focusing on food intake. 
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Figure 1.7: Anatomical organisation of the layers of the gastrointestinal 

wall and intrinsic and extrinsic innervation. Within the wall of the 

gastrointestinal tract there are vagal and spinal afferents which have endings 

within both the muscular and mucosal layers enabling detection of multiple 

stimuli. Enteric neurons are also present within the myenteric and submucosal 

plexus. Whilst capable of autonomous action they can also communicate with 

extrinsic neurons. Figure adapted from [185]. 
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1.2.2.2.2.1 Enteric nervous system (ENS) 

The gastrointestinal tract is unique due to its extensive intrinsic nervous 

system, the ENS. This intrinsic innervation allows continuation of multiple 

processes even after separation from the CNS; however there is substantial 

penetration of vagal neurons into the ENS [219], suggesting communication 

between the two systems. The ENS is organised into two plexuses. One is 

located between the circular and longitudinal layers of muscle, called the 

myenteric plexus. The other exists within the submucosal layer called the 

submucosal plexus. Within these plexuses there are primary afferent neurons, 

interneurons and motor neurons that are able to act on a variety of targets 

including smooth muscle, blood glands, epithelium, pace maker cells, mucosal 

glands and extrinsic neurons. The ENS has multiple roles within the 

gastrointestinal tract including regulating gastric acid secretion [220], 

epithelium proliferation [221], immune function [222], endocrine release and 

determining the patterns of movement along the gastrointestinal tract [223]. 

Given its involvement in multiple processes that occur within the 

gastrointestinal tract it is not surprising that dysfunction of the ENS is 

associated with a number of detrimental conditions [224]. 

 

In terms of involvement in the regulation of food intake, enteric neurons have 

a couple of desirable properties. Firstly, they express receptors for appetite 

modulatory peptides [225]. Secondly, the ENS contains first order neurons 

that are able to sense and respond to food within the lumen of the 

gastrointestinal tract and are in direct contact with enteroendocrine cells such 

as CCK secreting I cells [226]. The physiological relevance of this has been 
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highlighted by the finding that CCK administration causes a dose dependent 

increase in c-Fos activation in both small intestinal myenteric and submucosal 

neurons [227]. This effect is abolished when administered in the presence of a 

CCK1R antagonist [228] and is not mediated via a vagal pathway or hindbrain 

activation [229]. CCK has been shown to activate choline acetyltransferase 

(ChAT) immunoreactive neurons within the myenteric plexus which project to 

the sphincter located at the duodenal orifice of the bile duct [230]. Activation 

of these neurons causes a relaxation of the sphincter and increase bile 

release from the gall bladder into the duodenum [230]. This suggests that 

digestion and the subsequent absorption of nutrients could be modulated by 

activation of enteric neurons. 

 

Enteric neurons also express 5-hydroxytryptamine (5-HT)3 receptors within 

both the myenteric plexus and submucosal plexus [231]. Given that the 

majority of 5-HT exists within enterochromaffin cells of the gastrointestinal 

tract [232] and that enteric neurons themselves have been shown to be a 

major site of 5-HT release it seems logical that the ENS is involved in the 

regulation of gastrointestinal function and is modulated by locally released 

modulators including 5-HT [233]. 

 

The function and responsiveness of the ENS to chemical mediators including 

CCK and ghrelin has been demonstrated to be altered by feeding status [234]. 

Like extrinsic afferents there is also evidence that enteric neurons are able to 

sense and modulate their activity in response to changes in glucose levels 

[235, 236]. Such modulation may explain, at least in part, why acute changes 
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to glycaemia can substantially alter gastric motor function [237], which in turn 

would alter the availability for nutrient absorption. Consistent with this is a 

state of hyperexcitability in enteric neurons and increased frequency of 

peristaltic activity in fasted mice that have been re-fed [234]. There has also 

been demonstrations of nutrient specific adaptations of enteric neuron 

function with chronic high fat diet feeding associated with reduced enteric 

neuron response to intestinal oleate [238]. This reduction in enteric activation 

was associated with a reduced level of satiety induced by intestinal oleate 

[238]. However, it was not possible to determine what, if any, the role the 

reduced enteric response to oleate played in the reduced level of satiety. 

 

Therefore, although there is a lack of evidence to suggest that the ENS can 

directly influence food intake, by controlling gastrointestinal motility it is 

reasonable to suggest the ENS plays an indirect role in the control of food 

intake by responding to nutrient and chemical stimuli to mediate the amount of 

nutrient available for absorption at any one time. 

 

1.2.2.2.2.2 Spinal Afferents 

Whilst the majority of peripheral food intake regulatory signals are believed to 

be conveyed through vagal pathways, it is important to recognise that there 

are still significant levels of spinal afferents within the upper gastrointestinal 

tract, including the stomach [239] and small intestine [240]. The purpose of 

these spinal afferents is believed to be to convey noxious stimuli such as pain 

[241], however there is evidence that these pathways are also involved in 

food intake regulation and gastric function [242, 243]. For instance, the 
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peptide bombesin has been shown to have receptors located throughout the 

CNS and also within the gastrointestinal tract [244, 245]. Bombesin causes 

release of gastrin [246] and also causes a reduction in food intake and meal 

size [247, 248]. This bombesin induced reduction in food intake is abolished 

by severing the spinal and vagal nerves, indicating that the food intake 

modulatory effect is mediated through extrinsic gastrointestinal neuronal 

pathways [249]. However, bombesin was still able to reduce food intake by 

virtually the same amount with only the vagal or spinal innervation disrupted 

compared to both being intact [249]. This indicates that bombesin can reduce 

food intake through independent spinal and vagal afferents. 

 

Furthermore, dorsal root ganglia (DRG; location of the spinal afferent cell 

bodies) have receptors for ghrelin [250] and CCK [251]. Spinal afferents have 

also been implicated in the control of motor functions of the upper 

gastrointestinal tract with ablation of the spinal pathways causing a reduction 

in gastric motility [252, 253]. Gastric electrical stimulation, which has 

previously been shown to reduce food intake [254], elicits an overall excitatory 

effect on spinal afferent pathways, both in the presence and absence of intact 

vagal nerves [255]. This provides extra support to the notion that spinal 

afferents may respond to gastric stimuli to modulate feeding behaviour, but 

this remains to be conclusively determined. 

 

Both chemosensitive and mechanosensitive afferent endings have been 

identified in spinal afferents [256, 257]. These mechanosensitive endings 

have been very well characterised, however the majority of the investigation 
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has occurred within the colon [258], where vagal innervation is sparse. Spinal 

mucosal, muscular and serosal mechanosensitive afferents have been 

identified in the colon [258], with the latter being responsive to high intensity 

stimuli and suggested to be involved in detecting noxious stimuli [259]. 

Similarly, in the stomach of rats there are populations of high threshold spinal 

afferents, which only respond to distension within the noxious range [260]. 

Thus, it is possible that gastric distension may activate specific populations of 

spinal afferents to signal pain in the event of over distension of the stomach, 

as well as providing input regarding normal distension of the stomach [261]. 

 

1.2.2.2.2.2.3 Vagal afferents 

Tracing studies have revealed the vagus is predominately comprised of 

afferent fibres, which originate from much of the viscera, including the 

gastrointestinal tract [262]. The vagus has its cell bodies located within the 

nodose ganglia, from which the vagus projects centrally to the NTS [263]. In 

addition to the vagus the NTS receives inputs from the facial and 

glossopharyngeal nerves [263] with the latter two being involved in oral 

gustatory signalling [264-266]. Therefore the NTS appears to be a ‗hub‘ for 

the convergence of neuronal activity resulting from food intake. This is 

supported by stimulation of the vagus increasing activation of c-Fos within the 

NTS [267] and suppressing subsequent food intake [268]. 

 

In addition to having central projections (described earlier), the neurons within 

the NTS that are activated by vagal afferents are able to activate neurons 

within the dorsal motor nucleus of the vagus (DMV; Figure 1.8) [269, 270]. 



 
68 

Activated DMV neurons can induce gastric relaxation via activation of a non-

adrenergic, non-cholinergic (NANC) pathway, leading to the release of nitric 

oxide or vasoactive intestinal peptide from intragastric neurons [271]. 

Alternatively, a cholinergic excitatory pathway can be activated, resulting in 

muscarinic receptor dependent increases in gastric motility and tone [272]. 

 

Much of the past research into the role of the vagus in controlling food intake 

involved some form of vagotomy to remove all vagal innervation. This crude 

method involves severing the vagal nerves by hand. Such an approach could 

lead to different effects based on the location the nerves severed. This may 

explain why reports on the effects of vagotomy on body weight vary 

considerably, with some reporting a decrease in weight [273, 274], whilst 

others report no difference [275] or even an increase [276]. Perivagal 

application of capsaicin has been used to selectively destroy vagal afferent 

fibres [277]. However, evidence suggests that perivagal capsaicin does not 

necessarily only destroy afferent fibres [278]. These approaches allow no 

specific evidence to be extracted from the results in regards to the role of 

gastric innervation in the control of food intake [279].Furthermore, a vagtomy 

also reduces gastric relaxation [280], motility [281] and secretions i.e. acid 

and gastrin [282]. All of these can alter the rate that nutrient absorption can 

occur. This adds further difficulty in identifying mechanisms behind changes in 

food intake behaviour caused by a vagotomy. 

 

Closure of the pyloric sphincter (to prevent any intestinal response to eating) 

showed an attenuation of food intake following gastric loads [283]. This 
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suggests that there is a distinct gastric mechanism that is likely being 

conveyed through vagal pathways to trigger satiety. This concept was further 

strengthened by findings that gastric vagal electrical stimulation caused a 

reduction in food intake and a subsequent reduction of body weight in rats 

[284], with a similar technique being implemented in humans as a treatment 

for obesity [285]. This suggests that not only are vagal afferents involved in 

regulation of food intake, but they also present a possible target for weight 

reducing therapies. 

 

Whilst it was previously discussed that nutrient sensing within the stomach is 

a likely possibility; there are also specialised vagal afferent endings that are 

responsive to mechanical stimuli. Upon entering the stomach, food is detected 

by vagal afferent fibre endings in the mucosa that are sensitive to mucosal 

touch [286, 287]. The volume of food is also sensed by afferent endings 

located in the deeper muscular layers of the stomach, which are sensitive to 

stretch and tension [288]. Activation of the latter type of afferent has been 

shown to trigger satiation [289]. Gastric mechanosensitive vagal afferents 

have previously been investigated in depth and below is a brief overview of 

their anatomical and functional characteristics. 

 

1.2.2.2.2.3.1 Tension receptors 

There have been two populations of vagal neurons identified in the stomach 

which are thought to respond to stretch. The first are intraganglionic laminar 

endings (IGLEs). These are vagal afferent endings located within the 

connective tissue capsule of the myenteric plexus ganglia between the outer 

longitudinal and inner circular muscle layers [290]. They respond to muscle 
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tension generated by passive stretch of the stomach as well as active 

contractions of the stomach [291] and are believed to be the 

mechanotransduction sites of tension sensitive vagal afferents [291]. This 

particular type of afferent ending is found in very large numbers throughout 

the oesophagus [292] and stomach [293] and are believed to have roles in 

generating and maintaining vagal tone. 

 

Intramuscular arrays (IMAs) are the second class of tension sensitive afferent 

ending, however they are exclusively located within the circular and 

longitudinal muscle layers [294]. They have been postulated to detect 

changes in muscle length [295] and respond to stretching of the stomach 

walls with a sustained high rate of action potentials which is still present after 

muscular tension is reduced through gastric accommodation [296]. If correct, 

such a trait suggests that they may be a prime candidate for providing 

feedback regarding stomach fullness, which could help signal satiety. 

However, to date most speculations are based on anatomical evidence with a 

distinct lack of morphological evidence linking IMAs with a 

mechanotransduction site [291]. Therefore, it still remains to be confirmed 

whether IMAs do in fact play a role in detecting gastric stretch and satiation. 

 

1.2.2.2.2.3.2 Mucosal receptors 

Vagal afferent fibres also have specialised endings in the mucosa [287]. 

These endings are commonly found to be closely associated to endocrine and 

epithelial cells containing peptides with known effects on food intake. This 

suggests they may be readily modulated by locally released peptides in vivo. 
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These endings have also been shown to have mechanical sensitivity, 

although unlike IMAs and IGLEs are not sensitive to tension [287]. However, 

when stroked over they respond with a burst of activity. These afferents have 

been suggested to be important in detecting food particle size and have been 

linked to delaying of gastric emptying. This was supported by an increase in 

food particle size being passed into the small intestine of dogs which had 

neuronal innervation of the gastric mucosa destroyed [297]. 

 

Using a flat sheet in vitro electrophysiological preparation (Figure 1.9) it is 

possible to record the responses of both classes of afferents in mice (Figure 

1.10). This approach has led to significant information being discovered 

regarding the effects of different endogenous modulators on the response of 

these afferents. For example nitric oxide [298] and GABA [299] have been 

shown to have inhibitory effects on the mechanosensitivity of gastric vagal 

afferent endings. Furthermore, peptides such as galanin [300] and ghrelin 

[301] have also been shown to have modulatory effects on these endings. 

These studies have provided important mechanistic information about how the 

stomach may regulate peripheral satiety signalling as well as other visceral 

signals through peripherally acting mediators acting on afferent pathways. 

However, no information exists in regards to whether the sensitivity of vagal 

afferents to mechanical stimuli or gut peptides such as leptin and ghrelin are 

altered under states of energy deprivation or excess, which given the role of 

the vagus in mediating food intake is worthy of investigation and forms part of 

the current thesis. 
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Figure 1.8: Vagal afferent connection within the brainstem. Activation of 

mechanosensitive or chemosensitive vagal afferents in the gastrointestinal 

tract leads to activation of second order neurons within the nucleus tractus 

solitarii (NTS). The second order neurons can activate high regions of the 

central nervous system (CNS) where they can mediate satiety and energy 

expenditure. Alternatively they can activate neurons within the dorsal motor 

nucleus of the vagus (DMV) which can cause contraction or relaxation of 

gastric smooth muscle through cholinergic (ACh) or non-adrenergic non-

cholinergic (NANC) pathways respectively. Descending input into the NTS 

occurs but is not shown. Dashed lines with arrows indicate the direction signal 

is travelling. AP; area postrema, CCK; cholecystokinin, CCK1R; CCK receptor 

1. 
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Figure 1.9: Schematic representation of gastro-oesophageal vagal 

afferent recording flat sheet preparation. This setup is used to record 

gastric vagal afferent responses to mechanical stimulation. Drugs are applied 

via the krebs solution which is superfused over the tissue. . 
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Figure 1.10: Original electrophysiological traces showing the two types 

of mechanically sensitive gastric vagal afferent endings that have been 

identified in the mouse. The first class of afferent are tension receptors 

(top). These afferents exist in the muscular layers of the stomach wall and 

respond to mucosal stroking with a burst of action potentials, but also respond 

to tension with a sustained graded burst of action potentials in proportion to 

the size of the stimuli. The second class are mucosal receptors (bottom) 

which respond to mucosal stroking with calibrated von Frey hairs with a burst 

of action potentials each time the receptive field is stroked. However, unlike 

tension receptors, these afferents do not respond to stretch. 
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1.2.2.2.2.4 Vagal Afferent Mediators 

In addition to having mechanosensitive afferents that can be activated by the 

presence of food, the gastrointestinal tract also contains a great amount of 

endocrine and epithelial cells which have been shown to release peptides in 

response to feeding [302-304]. Below is a summary of a selection of 

mediators that are released from these cells and have been suggested to 

have roles in regulating food intake through vagal pathways. This is by no 

means a full list of peptides/hormones released from the gastrointestinal tract 

but is simply an illustration of the important role gastrointestinal peptides play 

in control of food intake. 

 

1.2.2.2.2.4.1 Gastric mediators 

Leptin: Classically described to be released from adipose tissue into the 

blood, leptin plasma concentrations are proportional to the amount of adipose 

tissue [305]. This suggests that leptin‘s primary role is to provide information 

to the CNS in regards to whether energy storage is sufficient. It has been 

described that leptin, upon entering the circulation, travels to the brain where 

it crosses the BBB in a saturable receptor mediated fashion [92]. Upon 

crossing the BBB leptin can bind to its receptor, which is present on a number 

of crucial brain centres, including the hippocampus [306] and, more relevant 

to food intake, the hypothalamus [307]. Here it causes modulation of neural 

activity, specifically inhibiting the NPY [308] and activating POMC [99] 

neurons within the arcuate nucleus, which results in a reduction in food 

consumption, an increase in energy expenditure and a preferential oxidation 

of fat [309-311]. 
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There are six isoforms of the leptin receptor (LepRa-f) [312], which are closely 

related to the class 1 cytokine receptor family. LepRa-d and LepRf all have 

the same extracellular and transmembrane domains. LepRe represents a 

soluble form of the leptin receptor and does not have a known role in leptin 

signalling [312]. However, it has been shown to protect leptin from 

degradation in the gastrointestinal tract [313]. Therefore, it is likely to be 

involved in controlling the circulating level of leptin [314], as the relative 

quantities of free and receptor bound leptin are likely to impact on the level of 

leptin signalling that can occur [315]. Of LepRa-d and LepRf only LepRb has a 

long intracellular domain [312]. Truncation of the LepRb isoform such that it 

possesses an intracellular domain similar to that exhibited by LepRa results in 

an obese phenotype similar to that observed in leptin receptor knockout mice 

(db/db mice) [312]. This suggests that the long intracellular domain is 

responsible for the anorexigenic effect of leptin. 

 

The process of leptin signalling begins with receptor dimerisation [316, 317]. 

Without this occurring leptin cannot cause any intracellular changes. However, 

the short receptor isoforms also form dimers [316]. Given the short receptors 

do not have leptin signalling capability indicates that receptor dimerisation, 

whilst vital for signalling to occur, has no effect on the activity of the receptor 

itself. Upon binding to the long form of its receptor leptin causes Janus kinase 

(JAK) mediated phosphorylation of signal transducer and activator of 

transcription (STAT) 3 [318], which forms a dimer [319] and translocates to 

the nucleus. From here it acts as a transcription factor [320] for a number of 
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genes including suppressor of cytokine signalling (SOCS) 3, which in turn acts 

to negatively regulate the activity of the leptin receptor [321] (Figure 1.11). On 

top of transcriptional activation, leptin has been demonstrated to inhibit 

neuronal activity by activating ion channels such as ATP activated potassium 

(KATP) [322] and large conductance calcium activated potassium (BKCa) 

channels [323]. In addition to neuronal inhibition, leptin has been shown to 

activate canonical transient receptor potential (TRPC) channels [324] via a 

phosphatidylinositide 3-kinase (PI3K) medicated mechanism increasing 

neuronal excitability. Activation of a cation channel has been suggested to be 

the mechanism by which leptin can induce meal termination [325].Given the 

evidence that leptin can reduce food intake via a vagal mechanism [326], this 

thesis will investigate whether leptin activates modulates mechanosensitive 

vagal afferents via TRPC dependent pathway. 
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Figure 1.11: Schematic representation of leptin receptor signalling. Upon 

binding to the long form of its receptor (LepRb), leptin causes phosphorylation 

of signal transducer and activator of transcription 3 (STAT3) molecules, which 

dimerise and translocate to the nucleus where they act as a transcription 

factor. This causes an increase in suppressor of cytokine signalling 3 

(SOCS3) expression, which inhibits the phosphorylation of STAT3 by Janus 

kinase 2 (JAK2). JAK2 also causes activation of phosphatidylinositide 3-

kinases (PI3K) through insulin receptor substrate (IRS)1/2 which has been 

linked with the modulation of ion channel activity in a variety of neurons. 
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However, in addition to leptin‘s role as an adipokine, it has been shown to be 

a gut peptide with the ability to interact with local vagal afferent endings [326]. 

Leptin is synthesized by gastric chief cells [327], which can release leptin into 

the gastric lumen along with the digestive enzyme pepsinogen, indicating 

release from these stores is triggered by food intake. It has also been 

suggested that gastric leptin release may in fact also occur during the 

cephalic phase and act to modulate intestinal function before food is even 

consumed [328]. Furthermore, leptin is also located within gastric parietal cells 

[329] which can release leptin into the blood. The release of leptin from these 

gastric stores has been shown to be mediated by feeding [330] (however, 

whether this is triggered by specific nutrients has yet to be determined), small 

intestine peptides (such as CCK) [304] and acetylcholine released from the 

vagus nerve [328]. It is also suggested that this gastric source of leptin is 

responsible for the fluctuations in plasma levels of leptin as adipocyte derived 

leptin is constitutively released [304, 331]. 

 

The long form of the leptin receptor (LepRb) has been identified on vagal 

endings innervating the gastrointestinal tract, with the highest level of 

expression being in the stomach and duodenum [332], suggesting that leptin 

may have a vagal modulatory role. This was confirmed by a series of studies 

which identified that leptin was able to activate cultured duodenal [333] and 

gastric [334] nodose neurons on its own, but also had a profound synergistic 

effect with CCK. Leptin infused directly into the gastric blood supply had the 

ability to cause a substantial reduction in food intake, an effect that was lost in 
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vagotomised animals [326]. This suggested that the effect of leptin on acute 

food intake is mediated through vagal afferent pathways. 

 

The discovery of leptin was expected to lead to the production of a ‗cure‘ for 

obesity. However, these hopes were diminished after the discovery that the 

majority of obese humans have sustained hyperleptinemia and are unable to 

respond to leptin administration with the expected anorexigenic effects. 

Indeed animals and humans who have defects in either the leptin or leptin 

receptor gene exhibit early onset morbid obesity, which highlighted just how 

important the biological activity of this peptide is. Of particular interest is that 

obesity has now been shown to be linked with leptin resistance in vagal 

afferent neurons [335, 336]. This indicates that the dysfunction in leptin 

signalling associated with obesity is not localised to the CNS. However, this 

leptin resistance in vagal afferents was concluded based on the whole nodose 

ganglia [336]. As such, it is difficult to conclude more specifically whether 

gastric mechanically sensitive vagal afferents exhibit this leptin resistance. 

Investigating whether leptin modulation of gastric vagal afferent 

mechanosensitivity is altered under diet-induced obesity forms a major focus 

of this thesis. 

 

Neuropeptide W (NPW): NPW is a recently discovered peptide that activates 

the orphan G-protein coupled receptors GPR7 and GPR8 [337]. NPW was 

originally believed to exert a modulatory role on food intake centrally since 

central administration of NPW into the rat brain stimulated food intake [338, 

339]. However, on top of the central targets NPW has also been shown to be 
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present in antral G cells of rodent and human stomach where it is co-localized 

with gastrin [340]. The expression of NPW in these G cells varies with fed 

status with fasted animals having a reduction in NPW content further 

indicating a role in modulating food intake [341]. In addition GPR7 knockout 

mice (the only NPW receptor subtype in mice) develop hyperphagia and 

obesity [342]. This suggests an anorectic role for NPW, however there is 

evidence which suggests that NPW in fact increases food intake [338] and 

has the ability to inhibit the responses of vagal afferent to mechanical stimuli 

[343]. 

 

Ghrelin: Ghrelin is a 28-amino acid peptide secreted from X/A cells within the 

gastric fundus [344]. It acts as an endogenous mediator of growth hormone 

release [345]. Ghrelin has also been shown to be expressed along the length 

of the gastrointestinal tract; however the level of expression diminishes distally 

from the stomach [346]. Ghrelin has a unique structure with an octanyl group 

present, which is vital for activation of its receptor (the growth hormone 

secretagogue receptor- GHS-R). Cleavage of this group causes instant 

deactivation of ghrelin and as the enzyme responsible for this cleavage freely 

circulates ghrelin has a very short active half life in blood. 

 

Post transcriptional processing of GHS-R leads to the production of two splice 

variants, GHS-R1a and GHS-R1b [347, 348]. The GHS-R1a consists of 366 

amino acids and forms a receptor with seven transmembrane domains linked 

with alternating intracellular and extracellular loops [347]. Alternatively, GHS-

R1b is truncated at the carboxyl end resulting in only five transmembrane 
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domains [347]. GHS-R1a is potently activated by ghrelin and other growth 

hormone secretagogues. GHS-R1b is not activated by either and there is 

limited documentation related to the physiological effects of GHS-R1b. The 

GHS-R1a is unique as its exhibits an abnormally high level of constitutive 

activity (≈50% of its maximal signalling ability) when compared to other g-

protein coupled receptors (GPCRs) [349-351]. 

 

Ghrelin receptors are present in central neurons and of particular interest are 

the receptors on NPY neurons [352], which act in direct opposition to the 

POMC neurons activated by leptin. However, the GHS-R has also been 

detected in many other tissues and neurons including the nodose ganglia and 

gastric vagal afferents [353]. It has been previously shown that ghrelin causes 

an inhibition of vagal afferent firing [301, 354]. However, the consequence of 

this inhibition is still being debated with some studies showing the orexigenic 

effect of ghrelin is mediated by vagal pathways [355], where as others show 

the opposite [356]. Neuroimaging studies have revealed that ghrelin levels 

below the threshold for causing an increase in the perception of hunger are 

able to inhibit the satiating effect of CCK [357]. This suggests that ghrelin 

influences appetite through multiple pathways targeting potentiation of its own 

signalling, as well as inhibiting opposing signals. 

 

Ghrelin to date is the only peripheral orexigenic peptide [358]. Given that 

obesity is a state which requires consumption of excess amounts of energy to 

achieve the required weight gain; further investigation into whether ghrelin 

plays a part in permitting the increased energy consumption is necessary. 
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Currently, there is some evidence suggesting that within the ARC ghrelin 

resistance occurs in obesity [359]. However, there is no information regarding 

potential changes to the peripheral orexigenic effect of ghrelin in obesity. The 

fact that ghrelin still increases energy intake in obese humans [360] suggests 

that ghrelin must still be able to activate an orexigenic mechanism. As stated 

previously, it is already established that ghrelin reduces the 

mechanosensitivity of gastric vagal tension receptors [301]. As part of this 

thesis I will determine if these effects on gastric vagal afferent 

mechanosensitivity are altered under conditions of diet restriction and excess. 

 

1.2.2.2.2.4.2 Intestinal mediators 

CCK: CCK is released from I-cells located largely within the proximal small 

intestine. The release of CCK is mediated by the presence of luminal 

nutrients, with a preference for the digestion products of amino acids and fatty 

acids rather than those of carbohydrates [193, 194, 361]. Fatty acids are 

required to have an acyl chain length greater than 12 carbon atoms in order to 

trigger the release of and elicit the well documented meal termination effects 

of CCK [362, 363]. The link between luminal fatty acid and CCK release is 

believed to be mediated through the fatty acid receptor GPR40. The GPR40 

ligand, linoleic acid, causes release of CCK from I-cell populations with but not 

without GPR40 [202]. 

 

There is an abundance of evidence for CCK having a food intake modulatory 

effect, with its exogenous administration causing a reduction in food intake as 

well as a slowing of gastric emptying, both of which are lost after vagotomy 
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[364, 365]. The same loss of effect of exogenous CCK administration is also 

seen in mice with CCK1R blockade [366, 367]. The expression of CCK1R 

does not appear to be effected by acute nutritional changes (i.e. fasting) [368], 

but there are examples of upregulation in response to high fat diet feeding 

[369] although this is not consistently reported [370]. The ability for CCK to 

activate CCK1 receptors on vagal afferents is inhibited by the orexigenic 

peptides ghrelin, orexin A and anandamide [353, 371-373]. In addition to its 

own anorexigenic effect on food intake, CCK also appears limit ghrelin 

induced drive to eat [374]. Therefore, CCK seems to both activate 

anorexigenic and suppress orexigenic signals in order to control food intake. 

However, CCK is more than just a satiety signal as it appears to be a crucial 

component in the absorption of fats in the intestine. This is highlighted by 

CCK knockout mice having higher levels of lipid in their faeces [375]. These 

mice have a reduced body weight even though they are on the high fat diet 

and consuming equal amounts of food [375]. 

 

It is believed that CCK acts predominately as a short term modulator of food 

intake as the main effect of CCK appears to be meal termination. With chronic 

use there is no change in weight, as the shorter meals are merely offset by an 

increase in the number of meals [376, 377]. However, CCK exists in a number 

of different lengths with the short form, CCK-8 being the most commonly 

studied. There is evidence to suggest that whilst this shorter and more studied 

isoform is indeed involved in limiting meal size [378] the longer forms of CCK 

may contribute to determining meal to meal intervals [379]. 
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The ability for CCK to reduce food intake appears to be compromised in 

response to chronic high fat diet feeding with the absence of increased weight 

[380]. This suggests that poor nutrition may cause changes that create a 

susceptibility to obesity before any weight gain is observed. This may be due 

to a reduced ability of CCK to activate intestinal vagal afferents as previously 

described in diet-induced obese mice [381]. 

 

GLP-1: GLP-1 is an incretin hormone released from intestinal L-cells [382], 

which have the ability to respond and broadly detect the digestion products of 

carbohydrates, fats and proteins [383, 384]. GLP-1 immunoreactivity is found 

throughout the gastrointestinal tract; however there is substantially greater 

density within the distal small intestine [385, 386]. The release of GLP-1 has 

been shown to be tightly controlled and is released in proportion to caloric 

load [387] and also to the amount of small intestine that is being exposed to 

the nutrient [388]. Its release causes a decrease in food intake [389], 

stimulation of insulin release [390], reduction of glucagon secretion [391] and 

a reduction in gastric emptying [392]. GLP-1 positive cells have also been 

shown to be co-localised with GPCRs activated by sweet stimulants [201]. 

Therefore it has been hypothesised that the presence of sugars within the 

intestinal lumen causes activation of these GPCRs which triggers the release 

of GLP-1 from the L-cells. However, given that glucose does not normally 

reach the distal parts of the small intestine in high concentrations and fatty 

acids do it is likely that fatty acids have a more physiologically significant 

effect on the release of GLP-1 from the distal intestinal L-cells. Supporting this 

view is the finding that fatty acid receptors are present on the surface of L-
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cells and the administration of agonists to these receptors causes an increase 

in the release of GLP-1 [393]. 

 

GLP-1 can activate vagal afferents [394] and this is believed to be the 

mechanism responsible for its effects on insulin release and food intake [395]. 

However, there is some debate over whether the vagal pathway is the main 

effector pathway by which GLP-1 signals to the CNS. Subdiaphragmatic 

vagotomy has been shown to have no effect on the ability of GLP-1 to reduce 

food intake when administered into the hepatic portal vein, but when 

administered intraperitoneally, subdiaphragmatic vagotomy abolishes the 

ability for GLP-1 to reduce food intake [396]. This has led to the suggestion 

that local and circulating GLP-1 may have different effector locations. GLP-1 

receptor has been localised on the endings of vagal afferents [397], within the 

nodose ganglia [398] and on neurons within the dorsal vagal complex within 

the brainstem [399]. 

 

Originally it was believed that the satiation effect of GLP-1 was mediated 

through an endocrine effect with intestinally released GLP-1 acting on central 

receptors. However, this paradigm is unlikely to be true due to the fact that 

GLP-1 is rapidly degraded within the systemic circulation [400] to the point 

that systemic levels of GLP-1 do not remain elevated after consumption of a 

solid mixed nutrient meal [401]. Therefore it would by highly unlikely that 

systemic GLP-1 would be able to have a significant effect on the observed 

termination of meals [401]. However, there has been central release of GLP-1 

documented [402, 403] indicating the possibility of a direct activation of GLP-1 
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receptors within the CNS. The importance of this direct CNS mechanism is in 

doubt as blockade of central GLP-1 receptors does not inhibit intraperitoneal 

(IP) GLP-1 induced anorexia, whereas a peripheral GLP-1 receptor blockade 

induced an increase in food intake [404]. This further supports the concept 

that the role of GLP-1 in reducing food intake is largely mediated through a 

peripheral vagal mechanism. 

 

Obese mice have been reported to have reduced plasma GLP-1 and reduced 

release of GLP-1 in response to oral glucose [405]. Similarly in humans 

obesity has been associated with attenuated GLP-1 release in response to 

oral carbohydrate but not lipid [406]. This finding was later suggested to be 

due to altered gastric emptying by a subsequent study demonstrating no 

difference in GLP-1 release in response to carbohydrate or lipid in obese men 

[407]. It therefore appears that GLP-1 signalling is likely to be maintained in 

obesity, which is supported by GLP-1 induced suppression of hunger and 

food intake being unchanged in obesity [408]. This has led to GLP-1 

analogues being developed as potential treatments for diabetes and obesity 

[409, 410]. 

 

PYY: Just like GLP-1, PYY is released from intestinal L-cells [411]. There is 

PYY present throughout the intestines, with very low levels in the proximal 

small intestine, increasing substantially in the ileum and even more into the 

colon [412]. This is reflected by a marked attenuation of PYY release after the 

removal of the colon [413, 414]. The mechanisms regulating the release of 

PYY appear to involve both direct contact with luminal nutrients and also 
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through CCK release in response to more proximal exposure to fat [415]. PYY 

release is also related to caloric load and is triggered by carbohydrate, fatty 

acid and to a lesser extent amino acid presence in the lumen [416]. It acts to 

slow gastric emptying as well as promote satiation [417, 418]. There are two 

endogenous forms of PYY [419]. Initially PYY is released as PYY1-36, however 

once in the circulation the first two amino acids are cleaved to form PYY3-36, 

the major circulating type [420]. PYY binds to specific GPCRs of the Y 

receptor family, Y1, 2, 4, 5 and 6 with PYY3-36 showing a preferential affinity 

for Y2 and to a lesser extent Y1 and Y5 [411]. 

 

IP administration of PYY3-36 has been shown to have an anorectic effect in 

rodents [421], which is completely abolished by sub-diaphragmatic vagotomy 

[422, 423]. The Y2 receptor has been identified on both intestinal vagal 

afferents [424] as well as neurons within the arcuate nucleus [425], indicating 

that PYY3-36 may elicit its anorectic effects through either a central, peripheral 

or a combination of pathways. 

 

A decrease in Y2 receptor expression in nodose ganglia of fasted rats and an 

increase in re-fed rats or in fasted rats that have received an infusion of CCK 

has previously been reported [424]. This upregulation of the Y2 receptor is 

believed to be due to increased CART expression in response to CCK, with 

CART acting in an autocrine fashion to upregulate Y2 expression [371]. A 

blockade of the Y2 receptor has been shown to abolish the anorectic effects 

of PYY3-36 [426] and Y2 knockout mice exhibit hyperphagia and obesity 
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highlighting the importance of this pathway in the long term control of body 

weight [427]. 

 

In human obesity the postprandial release of PYY is impaired [428] and diet-

induced obese rats exhibit reduced plasma PYY [429]. There is also reduced 

expression of Y2 receptors in vagal afferent neurons [335], which together 

suggests that in obesity there may be blunted intestinal satiety signals 

conveyed via PYY3-36. However, exogenous PYY3-36 still reduced food intake 

in obese mice [428]. It still remains to be determined whether obesity affects 

the ability for endogenous PYY to modulate food intake and whether the effect 

of PYY on vagal pathways is altered. 

 

1.2.2.2.2.5 The vagus in obesity 

Given the ability of the vagus to mediate homeostatic food intake processes, it 

is logical to consider that the vagal innervation of the gastrointestinal tract is 

an important site for control of food intake. As such it may be a site where 

adaptations occur to allow for the consumption of the higher level of food 

required to maintain an obese state 

 

Obese people have been shown to have altered eating habits [430] and this is 

also seen in rodents with obese rats consuming larger meals [431]. This 

suggests that obesity may be associated with an altered perception of 

stomach distension to accommodate larger meals. Consistent with this is 

findings that obese humans can tolerate an increased level of intragastric 

volume before discomfort is felt [432]. This would suggest that there is an 
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altered sensitivity of gastric mechanoreceptors in obesity which allow for 

greater distension, but currently there is no evidence which conclusively 

demonstrates such a vagal adaptation. 

 

It has also been demonstrated that in high fat diet-induced obesity the 

previously described activation of satiety circuits in response to intestinal 

luminal nutrients is decreased, suggesting a possible inability to detect when 

adequate nutrients have been consumed [433]. It is also reported that the 

mechanosensitivity of small intestinal vagal afferents is reduced in obesity 

[381]. Together this raises the possibility that diet-induced obesity may disturb 

normal vagal afferent signals from the gastrointestinal tract in a way which 

could promote excess energy consumption to maintain an obese state. 

However, currently there is no evidence whether gastric vagal 

mechanosensitive mechanisms are altered by diet-induced obesity and as 

such forms a major focus of this thesis. 

 

In obesity some of the mechanisms that would normally act to maintain a 

healthy weight by limiting meal size and frequency are not doing so. 

Considering the ability of the vagus to respond to a wide array of meal related 

stimuli (both mechanical and chemical) and that it has central inputs into 

regions that are critical to multiple facets of food consumption regulation; it is 

a logical step to investigate the role of peripheral vagal afferent endings in 

food intake regulation in health and obesity. 
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1.3 HYPOTHESES 

Given the substantial evidence implicating vagal afferents as important 

mediators in regulating food intake at a variety of levels, this thesis is 

designed to investigate the possibility that gastric vagal afferents act as a site 

of adaptation in obesity that act to protect a higher level of adiposity and 

perpetuates an obese phenotype. As such experiments were setup to address 

a number of hypotheses, which were: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Addressing these hypotheses will provide vital information on the changes 

that are occurring in neuronal circuitry upon the development of obesity, 

highlight possible new and novel targets for the treatment of obesity and also 

explain why obesity can be such a troublesome condition to rid oneself of.  

1. Food restriction and diet-induced obesity will reduce the response of 

mechanosensitive gastric vagal afferent fibres to mechanical stimuli. 

2. The ability of the gut peptides ghrelin and leptin to modulate vagal 

afferent mechanosensitivity will be altered by food restriction and obesity 

to permit increased food intake. 

3. The gut peptides leptin, ghrelin and NPW regulate the expression of 

their own and other appetite peptide receptors and these effects are 

altered by diet-induced obesity to increase the potential for orexigenic 

signalling. 

4. The effects of diet-induced obesity on vagal afferent mechanosensitivity 

are not reversible upon return to a ‗normal‘ diet. 



 
96 

CHAPTER 2 

 

DIET INDUCED ADAPTATION OF VAGAL 

AFFERENT FUNCTION 

 

Kentish S, Li H, Philp LK, O'Donnell TA, Isaacs 

NJ, Young RL, Wittert GA, Blackshaw LA, 

Page AJ. 

 

Nerve Gut Research Laboratory, University of 

Adelaide, Adelaide, SA 5005, Australia 

 

Published in The Journal of Physiology 

2012 Jan; 590(1):209-221 



 97 

.

.



 98 



 99 



 100 

.



 
101 

2.1 ABSTRACT 

 

Afferent signals from the stomach play an important role in inhibition of food 

intake during a meal. The gastric hormone ghrelin can influence gastric satiety 

signalling by altering the sensitivity of gastric vagal afferents. Changes in diet, 

including food restriction and high fat diet (HFD) induced obesity, alter satiety 

signalling. We hypothesised that the function of gastric vagal afferent endings 

are affected by both a period of food restriction and a high fat diet, and that 

the inhibitory effect of ghrelin on vagal afferents is influenced by the different 

feeding conditions. We found that both fasting and HFD reduced the 

responses of gastric vagal tension receptors to distension, but not responses 

of mucosal receptors to mucosal contact. We traced vagal afferents 

anterogradely to their terminals in the mucosa where we found they were in 

close apposition to ghrelin containing cells. Ghrelin receptor mRNA was 

expressed in vagal afferent cell bodies of the nodose ganglia, and increased 

in response to caloric restriction, but decreased in HFD mice. In control mice, 

ghrelin decreased the sensitivity of tension but not mucosal receptors. After 

caloric restriction or high fat diet, ghrelin inhibited mucosal receptors, and the 

inhibition of mechanosensitive tension receptors was enhanced. Therefore, 

both caloric restriction and HFD decrease mechanosensory vagal afferent 

signals, and augment the inhibitory effect of ghrelin on vagal afferents, but 

different mechanisms mediate the short- and longer-term changes. 
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2.2 INTRODUCTION 

 

It is well established that signals generated in the gastrointestinal tract are 

able to influence food intake [434]. One of these signals is mechanical 

distension of the stomach which inhibits feeding via stimulation of vagal 

afferents [435]. However, there are two distinct subtypes of vagal afferent 

mechanoreceptors, mucosal receptors and tension receptors [287, 436, 437] 

which are classified according to their response to specific types of 

mechanical stimulation. Mucosal receptors respond to fine tactile stimulation 

whereas tension receptors respond to stretch [436]. The role of gastric 

distension in the control of food intake is clear but that of mucosal contact is 

less obvious. In addition to generating sensations of nausea and vomiting, in 

response to chemical stimuli, [438] mucosal receptors may be important in 

detecting particle density, a factor which influences the rate of gastric 

emptying, which in turn relates inversely to satiety [439, 440]. In response to 

nutrients in the small intestine, enteroendocrine cells release peptides that 

activate adjacent mucosal vagal afferents to elicit satiation [193]. There are 

also enteroendocrine cells in the gastric mucosa that contain and release 

peptides known to affect appetite [304, 327, 441]. The afferents innervating 

the gastric mucosa are in an ideal position to detect both mechanical stimuli 

and locally released hormones such as ghrelin. 

 

Ghrelin is a 28 amino acid orexigenic peptide released from exocrine X/A cells 

in the stomach [442-444]. The acute effect of ghrelin administration is a rapid 

increase in food intake [345, 445-449] and chronic administration of ghrelin 
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increases body weight in rodents [448]. The data suggest that ghrelin is 

involved in both the initiation of food intake and the signalling of energy deficit 

and thus plays an important role in regulation of energy homeostasis [445, 

448, 449]. At least part of the signalling mechanism for ghrelin involves the 

vagus nerve and brain stem nuclei that ultimately signal to the hypothalamus 

[355, 445]. There is controversy about the role of the vagus nerves in the 

orexic effects of ghrelin. [355] showed that either truncal or selective gastric 

vagotomy or perivagal capsaicin abolished its action when given intravenously 

in rats. Asakawa et al. showed that ghrelin inhibited the resting discharge in 

whole vagal nerve recordings and that lesion of vagal afferent fibres inhibited 

the appetite-stimulating actions of ghrelin [445], whereas others have shown 

no effect of vagotomy on the acute effects of ghrelin administered 

intraperitoneally . The receptor for ghrelin, growth hormone secretagogue 

(GHS) 1 receptor, is found in vagal afferents that project to the stomach [450] 

and is expressed in mouse nodose ganglia [301]. We have reported that 

ghrelin selectively inhibited a subpopulation of mechanosensitive gastric vagal 

afferents [301]. Therefore there is an integral relationship between ghrelin and 

gastric vagal afferent satiety signals. 

 

In addition to the acute effect of gastrointestinal peptides on vagal afferent 

satiety signals it is becoming apparent that they undergo longer-term changes 

in neurochemical phenotype with changes in nutritional status [451]. For 

example, it has been shown that withdrawal of food is responsible for changes 

in expression of G-protein coupled receptors such as melanin-concentrating 

hormone receptor-1 in vagal afferent neurons projecting to the gastrointestinal 
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tract [452]. High fat diets have also been reported to change the expression in 

nodose ganglia of transcripts encoding receptors known to be involved in 

appetite regulation, such as cholecystokinin (CCK1) and cannabinoid (CB1) 

receptors [369, 453]. We have shown that ghrelin modulates the 

mechanosensitivity of gastric vagal afferents in vitro [301] but it has not been 

established whether feeding state affects this relationship between ghrelin 

and gastric vagal afferents. Ghrelin release and plasma ghrelin levels depend 

significantly on the feeding state; fasting causes increased plasma ghrelin 

levels, whereas a high fat diet reduces plasma ghrelin levels in mice [441]. 

 

Using an in vitro gastro-oesophageal vagal afferent preparation to accurately 

evaluate different populations of mechanosensitive vagal afferent fibres, we 

investigated the effect of feeding state on the mechanosensitivity of gastric 

vagal afferents. In addition, we determined the effect of three feeding states 

on the neuromodulatory action of ghrelin on gastric vagal afferents. To 

establish if any changes in function of ghrelin could be the result of changes in 

receptor expression we determined the relative expression of ghrelin receptor 

in the vagal afferent cell bodies in the nodose ganglia.  
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2.3 MATERIALS AND METHODS 

 

2.3.1 Ethical approval 

All experimental studies were performed with the approval of the animal ethics 

committee of the Institute of Medical and Veterinary Science and the 

University of Adelaide, and in accordance with the Australian Code of Practice 

for the Care and Use of Animals for Scientific Purposes. 

 

2.3.2 Short term restriction of food intake 

Eight week old female C57/BL6 mice were randomly assigned to one of two 

groups. The first group (controls) were fed ad libitum and allowed free access 

to a standard laboratory diet. The second group were fasted for 14 hours 

(fasted). Food was removed but they still had free access to water. 

 

2.3.3 High fat diet model 

Eight week old female C57/BL6 mice were randomly assigned to one of two 

groups. The first group (controls) were fed ad libitum and allowed free access 

to a standard laboratory diet (SLD) comprised of 7% energy from fat. The 

second group were fed ad libitum and allowed free access to a high fat diet 

(HFD; Specialty foods, Glen Forrest, Western Australia) comprised of 60% 

energy from fat. Water was freely available for both SLD and HFD fed mice. 

The mice were kept on either the SLD or the HFD for a period of 12 weeks 

during which time food intake was measured. The weight of the mice was 

monitored weekly. Blood was collected from a subset of these mice at the 12 

week point, for determination of plasma glucose and insulin concentration. 
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2.3.4 In vitro mouse gastro-oesophageal afferent preparation 

C57/BL6 mice were humanely killed via CO2 inhalation and the thorax was 

opened by a midline incision. The stomach and oesophagus with attached 

vagal nerves were removed and placed in a modified Krebs solution 

containing (mM): NaCl 118.1, KCl 4.7, NaHCO3 25.1, NaH2PO4 1.3, 

MgSO4.7H2O 1.2, CaCl2 1.5, citric acid 1.0 and glucose 11.1, bubbled with 

95% O2 – 5% CO2 at 4ºC during dissection to prevent metabolic degradation. 

After further dissection, the preparation was opened out longitudinally along 

the oesophagus and greater curve of the stomach. The preparation was then 

placed mucosal side up in the organ bath. This preparation has been 

described in detail previously [300, 436]. Nifedipine (1 µM) was also added to 

the Krebs solution to prevent smooth muscle contraction. In a previous 

preliminary study we have shown that nifedipine has no effect on the 

mechanical sensitivity of gastro-oesophageal vagal afferents [454]. 

 

2.3.5 Characterisation of gastro-oesophageal vagal afferent properties 

Two types of mechanosensitive afferent fibre were studied, those responding 

to mucosal stroking but not circular tension (mucosal receptors) and those 

responding to mucosal stroking and circular tension (tension receptors) as 

reported previously [436]. 

 

Location of receptive fields of all types of afferent fibre was determined by 

mechanical stimulation throughout the preparation with a brush. Accurate 

quantification of mechanical responses was performed differently according to 
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the primary adequate stimulus for the type of fibre. Mechanical thresholds of 

both types of fibre were determined using calibrated von Frey hairs. The most 

reproducible, stimulus-dependent responses of these afferents to mucosal 

stroking were evoked when the probe was moved at a rate of 5 mm s-1 across 

the receptive field rather than being kept static. Due to the fact that the 

receptive fields were small (< 1 mm2), a single test at each intensity is prone 

to missing the centre of the receptive field on some occasions. Therefore, we 

minimised experimenter error by measuring the mean response to the middle 

eight of ten standard strokes given at 1 s intervals. Because the von Frey hair 

was bent throughout the stroking stimulus, the receptive field was subjected to 

an even force as the hair passed over it. Tension-response curves were also 

obtained and used in combination with von Frey thresholds to determine 

whether the receptive fields of fibres were located in the mucosa or the 

muscle layer. Tension stimuli were applied via fine suture silk attached via a 

hook to an unpinned point adjacent to the mechanoreceptive fields. The 

thread was attached to a cantilever via a pulley close to the preparation. 

Reference standard weights were then placed on the opposite end of the 

cantilever. Each weight was applied as a step and maintained for 1 min, and 

the response was measured as the mean discharge evoked over this period. 

Due to the fact that all responses to tension adapted slowly, this method of 

assessment was considered representative of physiological responsiveness. 

The tension-response curves were produced by applying weights to the 

cantilever system in the range of 1-5 g. A recovery period of at least 1 min 

was allowed between each tension stimulus. The effect of diet and 

mechanical stimuli on responses of tension and mucosal receptors was 
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determined using a two-way ANOVA. For some animals the 

mechanosensitivity of multiple receptors were determined. For analysis these 

were averaged to provide one replicate per receptor type per animal. 

 

2.3.6 Effect of ghrelin on the mechanosensitivity of vagal afferents 

After mechanical sensitivity of the gastric and oesophageal vagal afferents 

had been established, the effect of ghrelin on mechanical sensitivity was 

determined. Ghrelin (1 nM) was added to the superfusing solution and 

allowed to equilibrate for 20 min after which time the tension-response and 

stroke-response curves were re-determined. This equilibration period was 

observed so as to ensure penetration of the drug into all layers of the tissue. 

After this time the tension-response and stroke-response curves were re-

determined. This procedure was repeated for ghrelin at increasingly higher 

doses (3-10 nM). Time-controlled experiments were performed in which there 

was no significant change in the mechanical responses over a comparable 

duration. The effect of ghrelin and mechanical stimuli on the 

mechanosensitivity of tension and mucosal receptors was determined using a 

two-way ANOVA. The effect of diet on the modulatory action of ghrelin on 

responses to mechanical stimulation was determined by accessing the 

response to either stroking (50mg von Frey hair; mucosal receptors) or 

tension (3g; tension receptors) at different concentrations of ghrelin (0, 1, 3, & 

10nM). Significant differences between diets and ghrelin concentration were 

assessed using a two-way ANOVA.  
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2.3.7 Drugs 

Stock solution of the peptide ghrelin (0.1mM; Sigma, Australia) was kept 

frozen (-80°C) and diluted to its final concentration in Krebs solution on the 

day of the experiment. 

 

2.3.8 Quantitative reverse transcription polymerase chain reaction 

Nodose ganglia were removed bilaterally from the same animals used for the 

in vitro mouse gastro-oesophageal vagal afferent preparation. RNA was 

isolated using an RNeasy Micro RNA extraction kit as per the manufacturer‘s 

instructions (Qiagen, Sydney, Australia). This process utilised RNeasy 

MinElute SpinElute Columns, allowing adsorption of RNA to the silica 

membrane, an on-column DNase digestion treatment, removal of 

contaminants with simple wash steps and elution of the RNA with RNase-free 

water. RNA quantification was determined by measuring the absorbance at 

260 nm (A260) via a spectrophotometer (Bio-Rad, Regents Park, New South 

Wales, Australia). RNA quality was estimated by the A260 and A280 nm ratio. 

 

Quantitative RT-PCR (QRT-PCR) reactions were performed as described in 

detail previously [455]. Briefly, QRT-PCR reactions were performed by using a 

Chromo4 (MJ Research, Bio-Rad) real-time instrument attached to a PTC-200 

Peltier thermal cycler (MJ Research) and analysed with Opticon Monitor 

software (MJ Research). QRT-PCR reactions were performed with a Qiagen 

QuantiTect SYBRgreen RT-PCR one-step RT-PCR kit (Qiagen) according to 

the manufacturer‘s specifications with specific Quantitect Primer Assays 

(Qiagen) optimised for the detection of the known sequence of mouse ghrelin 
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receptor and β-tubulin transcripts contained in the NCBI reference sequence 

database (www.ncbi.nlm.nih.gov/RefSeq). These primer assays were used 

under the following conditions: reverse transcription, 50°C for 30 min; initial 

PCR activation, 95°C for 15 min; PCR cycles 94°C for 15 s, 55°C for 30 s, and 

72°C for 30 s repeated for 50 cycles. A melting curve program verified the 

specificity and identity of the RT-PCR products and no primer dimers were 

observed. Confirmation of the amplified products was resolved by 3% agarose 

gel electrophoresis and visualised via ethidium bromide staining. Each assay 

was run in at least triplicate in separate experiments. Control PCRs were 

performed by substituting RNA template with distilled RNAse-free water. All 

assays were validated for linearity of amplification efficiency and quantitative 

standard curves obtained by serial dilutions of RNA. Calculations for relative 

mRNA transcripts expression were performed by the comparative CT method, 

comparing to the internal reference gene β-tubulin using the equation ∆CT (CT 

of target transcript - CT of β-tubulin). To determine the relative expression of 

these transcripts in whole nodose ganglia from high fat fed mice compared to 

standard laboratory fed mice and fasted mice compared to mice fed ad 

libitum, the ∆∆CT was calculated by using the formula ∆∆CT= ∆CT (ghrelin 

receptor in HFD or fasted mice) - ∆CT (ghrelin receptor in SLD or fed ad 

libitum mice respectively). As such fold differences were calculated relative to 

the levels of β-tubulin RNA in the same sample. The relative fold differences 

were calculated by using the modified version of 2-∆∆CT [301, 456] correcting 

for PCR efficiencies. Quantitative data are expressed as means ± SEM, and 

significant differences in transcript expression were determined using a 

nonparametric Mann-Whitney test at a significance level of p<0.05. 
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2.3.9 Tracing studies 

Adult (8 weeks old) female C57BL/6 mice had ad libitum access to water and 

a SLD and were fasted overnight before experimentation. 

 

Anterograde tracing 

The mice were anaesthetised with isoflurane (1-1.5% in oxygen). The left 

nodose was exposed and 0.5μL of wheat-germ agglutinin conjugated 

horseradish peroxidise [WGA-HRP (4mg.ml-1); Vector Laboratories] was 

pressure injected into the nodose ganglia via a glass micropipette (ID=25μm). 

The injection site was then dried, the skin incision closed and antibiotics 

(Terramycin; 10mg/kg) and analgesic (butorphanol; 5mg/kg) administered 

subcutaneously. Two days following injection, mice were anaesthetised with 

pentobarbitone (60mg/kg, i.p.) and transcardially perfused with heparinised 

saline at 40°C, then 4% paraformaldehyde in 0.1M PBS (PFA-PBS) at 4°C. 

The stomach was then removed and cryoprotected with 30% sucrose for a 

minimum of 18 hours. The stomach was then frozen and 10μm transverse 

sections cut. Permanent visualisation of WGA-HRP was achieved using 

tyramide signal amplification (TSA). Briefly, the tissue sections were rinsed in 

TNT buffer (0.05% Tween 20, 0.15M NaCl, and 0.1M Tris-HCl, pH 7.5), 

blocked for 30 min in TNB (prepared as per the directions provided with the 

Perkin-Elmer TSA biotin reagent kit), and then incubated for 20 min with 

tyramide-biotin, diluted 1:50 in amplification diluent. The tissue was then 

rinsed in TNT buffer and reacted with streptavidin conjugated to Alexa Fluor® 

647 (Invitrogen) for 2 hr at room temperature. Following ghrelin 
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immunohistochemistry (below) sections were coverslipped using ProLong 

antifade mounting media (Invitrogen). 

 

Immunohistochemistry 

Immunoreactivity for ghrelin was detected in anterograde traced stomach 

sections using a chicken polyclonal antibody to ghrelin (Abcam). Primary 

antibody was visualised using goat anti-chicken secondary antibody 

conjugated to Alexa Fluor®488 (Invitrogen). Briefly, sections were air dried at 

room temperature and rinsed in PBS + 0.2% Triton X-100 (Sigma-Aldrich; 

PBS-T, pH7.4) to facilitate antibody penetration. Primary antibody was diluted 

1:1000 in PBS-T and incubated at 4°C overnight. Unbound antibody was then 

removed with PBS-T washes and sections were incubated for 1hr at room 

temperature with secondary antibody (1:200 in PBS-T). The sections were 

given final PBS-T washes, drained and mounted with ProLong Antifade 

(Invitrogen). Slides where the primary antibody was omitted showed no 

labelling and served as negative controls. 

 

Visualisation 

Slide sections were visualised using an epifluorescence microscope (BX-51, 

Olympus) equipped with filters for AF647 and AF488, with images acquired by 

a Cool-Snapfx monochrome digital camera (Roper Scientific). Individual 

fluorochromes were pseudo-coloured using Olympus imaging analySis 

software: however the luminance of images was not adjusted. 
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2.4 RESULTS 

 

2.4.1 Short term restriction of food intake reduces mechanosensitivity of 

vagal afferents 

The effect of mechanical stimulation on gastric and oesophageal vagal 

afferents from control and fasted mice is illustrated in Figure 2.1. The 

mechanosensitivity of mucosal receptors was similar in both groups of mice 

(Figure 2.1Ai and ii respectively). In contrast, the responses of gastric tension 

receptors from fasted mice were significantly smaller than those in control 

mice (p<0.0001: diet effect, two-way ANOVA; Figure 2.1Bi). Oesophageal 

tension receptors were more variably affected, and although there appears to 

be a similar reduction in the responses of oesophageal tension receptors from 

fasted mice the difference in response did not differ significantly from those in 

control mice (Figure 2.1Bii: p>0.05: diet effect, two-way ANOVA). 

 

2.4.2 Effects of long term alterations in diet 

Mice on the HFD increased in weight by 6.57 ± 0.3g (N=51) over the 12 week 

period that they were on the diet (N=51) and gained significantly more weight 

(p<0.001; unpaired t-test) than SLD mice who gained 5.22 ± 0.12g (N=52). 

This is likely to be due to the significant increase (p<0.0001; unpaired t-test) in 

energy intake, over the 12 week period of the HFD mice (4798.97 ± 

149.49MJ; N=11) compared to the SLD mice (3434.82 ± 99.72MJ; N=12) in 

accord with previous reports [457]. The gonadal fat pad weight was 

significantly heavier (p<0.01; unpaired t-test) in HFD mice (0.55±0.07g; N=17) 

compared to SLD mice (0.32±0.03g; N=16). Blood glucose and insulin levels 
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were not significantly different between SLD (7.34 ± 0.64mmol/L and 0.41 ± 

0.08pmol/L respectively; N=11) and HFD (5.96 ± 0.48mmol/L and 0.66 ± 

0.15pmol/L respectively; N=11) indicating that the HFD group did not 

developed diabetes over the 12 week diet period. 

 

The effect of mechanical stimulation on gastric and oesophageal vagal 

afferents from both groups of mice is illustrated in Figure 2.2. The 

mechanosensitivity of mucosal receptors was not significantly different 

between SLD and HFD mice (Figure 2.2Ai and ii). However, the response of 

gastric and oesophageal tension receptors of mice fed a HFD was 

significantly less than the responses of mice fed a SLD (p<0.001: diet effect, 

two-way ANOVA; Figure 2.2Bi and ii respectively). Thus the effect of a HFD 

on the mechanosensitivity of gastro-oesophageal tension and mucosal 

receptors appears similar to the effect of fasting (Figure 2.1). 

 

2.4.3 Anatomy of vagal afferent endings and ghrelin containing cells in 

the gastric mucosa 

We determined the anatomical relationship of ghrelin immunopositive cells in 

the gastric mucosa with identified vagal afferent endings. Ghrelin-like 

immunoreactivity was restricted to isolated cells at the base of submucosal 

glands with apical surfaces in the lumen (Figure 2.3Aii) which had morphology 

consistent with enteroendocrine X/A cells. Anterograde tracing of vagal 

afferents from the nodose ganglion revealed intraepithelial fibres within the 

mucosal layer of the stomach (Figure 2.3Ai), as previously described in the 

small intestine [458]. These were closely apposed (within a few micrometres) 
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to ghrelin containing cells (Figure 2.3Aiii). Identified vagal endings also 

surrounded myenteric ganglia, consistent with previously characterised 

intraganglionic laminar endings [288]. These endings were located at a 

distance from ghrelin-containing cells separated by the lamina propria, 

submucosa, muscularis mucosae and circular smooth muscle (data not 

shown). 

 

2.4.4 Ghrelin receptor expression in vagal afferent pathways 

QRT-PCR was used to determine expression of ghrelin receptor in vagal 

afferent neurons in the nodose ganglia. Quantitative analysis revealed that 

ghrelin receptor mRNA levels in the nodose ganglia of mice fasted for 14 

hours were 1.53-fold higher than in fed mice (p<0.05: Mann-Whitney test; 

Figure 2.3B). There was no significant difference in the expression of ghrelin 

receptor mRNA detected in the nodose ganglia of HFD mice compared to 

SLD mice (Figure 2.3B). Agarose gel electrophoresis confirmed amplification 

of housekeeper (β-tubulin) and ghrelin receptor with product sizes of 118 and 

121bp respectively (Figure 2.3C). 

 

2.4.5 Vagal afferent responses to ghrelin are altered by changes in food 

intake 

An overnight fast had major effects on the ghrelin sensitivity of gastric 

mucosal receptors (Figure 2.5). The response to mucosal stroking of gastric 

mucosal receptors was significantly reduced in fed mice, but only at the 

highest dose of ghrelin (10nM; Figure 2.4Ai; p<0.05: ghrelin effect, two-way 

ANOVA). In fasted mice ghrelin (1-10nM) significantly reduced the responses 
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of gastric mucosal receptors to mucosal stroking with calibrated von Frey 

hairs (10-1000mg; p<0.01: ghrelin effect, two-way ANOVA; Figure 2.5Aii). 

When the response to 50mg von Frey hair at varying concentrations of ghrelin 

(0-10nM) was plotted (Figure 2.4B) it was evident that diet significantly altered 

the response to mechanical stimulation in the presence of ghrelin (P<0.01;diet 

effect, two-way ANOVA). Therefore gastric mucosal receptor sensitivity to 

ghrelin was significantly increased following an overnight fast. 

 

Ghrelin (3-10nM) significantly and dose-dependently reduced the response of 

gastric (Figure 2.5Ai & Figure, 2.5Bi) tension receptors to circular tension 

(p<0.05: ghrelin effect, two-way ANOVA; 1-5g). In fasted mice ghrelin (1-

10nM) also significantly reduced the response of gastric tension receptors 

(Figure 2.5Aii & 2.5Bii) to circular tension even at the lowest dose tested of 

1nM (p<0.001: ghrelin effect, two-way ANOVA). When response to a 3g load 

was plotted against increasing concentrations of ghrelin there was no 

significant difference between the fed and fasted curves (data not shown). 

Therefore the sensitivity of gastric tension receptors to ghrelin was unaffected 

by a short term restriction of food intake. 

 

The effect of longer term changes in food intake on ghrelin‘s neuromodulatory 

action on vagal afferent responses to mechanical stimulation is illustrated in 

figures 2.6 and 2.7. Ghrelin (1-10nM) did not significantly affect the response 

of gastric (Figure 2.6Ai & 2.6Ci) mucosal receptors to mucosal stroking in SLD 

mice. In contrast, ghrelin significantly reduced the response to mechanical 

stimulation of gastric (Figure 2.6Aii & 2.6Cii) mucosal receptors (p<0.05: 
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ghrelin effect, two-way ANOVA) in HFD mice, thus mimicking responses seen 

in the fasted state. When the response to stroking with a 50mg von Frey hair 

was plotted against varying concentrations of ghrelin (0-10nM; Figure 2.6B) it 

was evident that diet significantly altered the response to mechanical 

stimulation in the presence of ghrelin (P<0.01: diet effect, two-way ANOVA). 

Therefore gastric mucosal receptor sensitivity to ghrelin was significantly 

increased after a HFD. 

 

Ghrelin significantly reduced the response of gastric tension receptors to 

circular stretch (1-5g) in SLD and.HFD mice (Figure 2.7i & ii respectively; 

p<0.05: ghrelin effect, two-way ANOVA). When the response to a 3g load was 

plotted against increasing concentrations of ghrelin there was no significant 

difference between the SLD and HFD curves (data not shown). Therefore the 

sensitivity of gastric tension receptors to ghrelin was unaffected by a HFD. 
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2.5 DISCUSSION 

 

These data provide the first evidence that signalling of gastric distension by 

vagal afferents is significantly reduced by both food withdrawal and a high fat 

diet. Moreover, ghrelin inhibits mucosal vagal afferents that are normally 

insensitive to it. Thus, not only is the gastric vagal afferent satiety signal 

reduced by food withdrawal and high fat feeding, but the orexigenic effect of 

ghrelin is also enhanced.  

 

Short-term restriction of food intake selectively reduced the 

mechanosensitivity of tension receptors and in particular gastric tension 

receptors. As these afferents detect distension of the stomach [288, 290, 296] 

their reduced sensitivity to stretch may delay satiety signalling, leading to 

increased food intake of an individual in order to achieve satiation; this would 

constitute a natural adaptive response after a fast. Importantly we found that 

in mice chronically fed a high fat diet there was also a reduction in the 

mechanosensitivity of tension receptors suggesting that the satiety signal 

would also be attenuated in response to a high fat diet. Such a mechanism 

may have evolved to maximise assimilation of energy from calorie-rich foods 

in anticipation of famine. A number of studies have shown that obese humans 

have increased gastric capacity [432, 459] which results in increased energy 

intake. This could occur due to a reduction in the gastric distension-stimulated 

vagal afferent satiety signal. A recent publication has revealed that the 

sensitivity of jejunal afferents to satiety stimuli is reduced after a HFD [381]. 

Further, the major mechanism for this decrease in sensitivity was due to a 
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reduction in excitability of the neuronal cell membrane [381]. This reduced 

excitability of all vagal afferent cell membranes in HFD mice may explain the 

reduced mechanosensitivity of oesophageal afferents observed in the present 

study. 

 

The mechanisms leading to reduced mechanosensitivity of vagal afferents are 

currently unknown both in terms of its precise causes and how it is manifested 

at the molecular level. It has been shown that fasting alters the neurochemical 

phenotype of vagal afferent neurons that project to the gastrointestinal tract in 

terms of the G-protein coupled receptors and peptide neurotransmitters they 

express [368, 424, 452, 460]. High fat diets have also been reported to modify 

vagal afferents transcript expression of specific G-protein coupled receptors 

and growth factors [369, 453, 461]. Together with changes in the levels of 

plasma satiety hormones these adaptations are likely to profoundly alter vagal 

satiety signals during a high fat diet. For example, the plasma levels of leptin 

are significantly elevated in mice fed a high fat diet [462] and this adipokine 

may directly influence vagal afferent mechanosensitivity while also acting to 

modulate their responsiveness to ghrelin. Our data now adds new knowledge 

that diet induces changes in the fundamental mechanosensory properties of 

gastric vagal afferents. Now that we have demonstrated that reduced 

mechanosensitivity is a robust outcome in response to a HFD, we are in a 

good position to investigate the mechanism of this change, which may reveal 

more empirical targets for the treatment of obesity.  
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In the present study we confirmed our earlier findings [301] that ghrelin 

selectively and dose-dependently reduces the response of tension receptors 

in normal control mice fed ad libitum on a SLD. This effect of ghrelin on 

tension receptors was maintained after food withdrawal and after a HFD. The 

effect of ghrelin was not selective for gastric vagal afferents as it also reduced 

the mechanosensitivity of oesophageal tension sensitive afferents which are 

distant from the site of ghrelin release (data not shown), suggesting this would 

be a systemic action in vivo. The concentration of ghrelin used in our in vitro 

organ bath preparation is comparable with the concentration of ghrelin in 

mouse plasma which ranges from 1 – 3 nM depending on the feeding state 

[441]. Plasma ghrelin levels are significantly higher after withdrawal of food for 

18 hours and significantly reduced in mice fed a HFD [441]. Therefore, based 

on plasma levels and the fact that sensitivity of gastric vagal tension receptors 

to ghrelin did not significantly change in both conditions, it could be predicted 

that ghrelin inhibition of tension receptors would be increased after food 

withdrawal, but decreased in mice fed a high fat diet.  

 

The response of mucosal receptors to mucosal stroking was unaffected by 

both a short-term restriction in food intake and a high fat diet. However, where 

these particular vagal afferent fibres become relevant is their innervation of 

the gastric mucosa, where they are also likely to detect locally released 

hormones such as ghrelin. Indeed, we observed that vagal afferents 

innervating the gastric mucosa are in close apposition to ghrelin containing 

epithelial cells. However, in agreement with our earlier observations [301], 

mucosal receptors were unaffected by ghrelin in control mice other than at the 
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highest dose used. After food withdrawal ghrelin potently reduced the 

response of gastric vagal mucosal receptors to mucosal stroking. This effect 

was seen also after a high fat diet, so mucosal receptors acquire ghrelin 

sensitivity. Gastric mucosal receptors are considered to be important in 

detecting particle size, which reduces gastric emptying and food intake [439, 

440], so ghrelin could act to reduce this signal in fasting and obesity. In fasted 

healthy volunteers, ghrelin administration has been shown to increase the rate 

of gastric emptying in addition to elevating hunger ratings [463]; this may be a 

consequence of the decreased mechanosensitivity of gastric mucosal 

receptors by ghrelin. 

 

The expression of ghrelin receptor transcript in the nodose ganglia was 

significantly increased in mice that were fasted for 14 hours. An increase in 

ghrelin receptor expression may explain the increase in effect of ghrelin on 

gastric mucosal receptors. Correspondingly it has been established that 

growth hormone secretagogue (GHS) receptor containing vagal neurons 

project to the stomach [450] although reports vary on changes in ghrelin 

receptor expression after food withdrawal. One group has reported that the 

transcript levels of ghrelin receptor in the rat nodose ganglia are unaltered 

[353] while another group has shown a doubling of transcript expression in 

fasted compared to fed rats [464]. Previously we reported that ghrelin reduced 

the mechanosensitivity of mucosal receptors in the ferret and concluded that 

this was a possible species difference [301]. The difference is most likely due 

to the fact that ferrets were fasted prior to experimentation. The expression of 

ghrelin receptor in the nodose ganglia of mice fed a HFD was not significantly 
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different from mice fed a SLD, and therefore the increased effect of ghrelin on 

gastric mucosal receptors cannot be explained by an increase in ghrelin 

receptor expression unlike the effect of fasting. It is possible that in the longer 

term, changes occur in the coupling of ghrelin receptors to specific 

intracellular pathways, rather than in absolute levels of ghrelin receptor 

expression.  

 

In conclusion, we have established that the basic mechanosensitivity of 

gastro-oesophageal vagal afferents, particularly gastric afferents, is 

significantly reduced by both restriction and excess of energy intake. A 

consequence of this decreased mechanosensitivity would be an undesirable 

dampening of the satiety signal in obesity. In addition, the inhibitory effect of 

ghrelin on vagal afferents becomes less selective after food withdrawal and a 

high fat diet and is therefore amplified. The additional inhibitory effect of 

ghrelin on gastric mucosal receptors would reinforce the inhibitory effect of 

ghrelin on tension receptors and enhance its orexigenic effect. This data 

indicates the plasticity in the mechanism of action of ghrelin under different 

feeding states, and the complex role of gastric mechanisms in food intake 

regulation. 
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Figure 2.1: The effect of short term restriction in food intake on the 

response of gastric and oesophageal mechanosensitive vagal afferents 

to mechanical stimulation. Stimulus-response functions of mucosal (A) and 

tension sensitive (B) gastric (i) and oesophageal (ii) vagal afferents from mice 

fed ad libitum (●) and mice fasted for 14 hours (○). ***P<0.001 compared with 

fed mice (Diet effect, two-way ANOVA).  
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Figure 2.2: The effect of a high fat diet on the response of gastric and 

oesophageal mechanosensitive vagal afferents to mechanical 

stimulation. Stimulus-response functions of mucosal (A) and tension 

sensitive (B) gastric (i) and oesophageal (ii) vagal afferents from mice fed a 

standard laboratory diet (SLD; ●) and mice fed a high fat diet (HFD; ○). 

*P<0.05, ***P<0.001 compared with mice fed a standard laboratory diet (Diet 

effect, two-way ANOVA). 
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Figure 2.3: Relationship between vagal afferents and ghrelin containing 

cells in the gastric mucosa. Combined ghrelin immunohistochemistry and 

anterogradely traced vagal afferent fibres in the mouse stomach (Ai-iii). The 

stomach sections show a cross section through a gland. (Ai) Anterogradely 

traced (WGA-HRP) vagal afferent fibre (yellow arrow). (Aii) Epithelial cells 

immunopositive for ghrelin in stomach villi (white arrows). (Aiii) Overlay of i 

and ii showing close proximity of ghrelin-containing epithelial cells and 

anterograde labeled vagal afferent fibres. (B) Relative expression of growth 

hormone secretagogue 1 (GHS) receptor mRNA in nodose from HFD mice 

compared with SLD mice (open bar) and fasted mice compared with fed mice 

(closed bar). The relative expression values were calculated using ∆∆CT (∆CT 

HFD - ∆CT SLD or ∆CT fasted - ∆CT fed ad libitum) of ghrelin receptor 

transcript. The fold difference in transcript expression in HFD nodose relative 

to SLD and nodose from fasted mice compared to mice fed ad libitum was 

calculated using the formula 2-∆∆CT. In nodose from mice fasted for 14hr there 

is a 1.53 fold increase in transcript compared to fed mice (closed bar, 

*P<0.05; Mann Whitney test). In nodose from HFD mice there is a small but 

not significant 0.06 fold decrease in transcript compared to SLD mice (open 

bar). (C) Agarose gel electrophoresis confirmed the amplified product sizes. 
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Figure 2.4: Fasting increases the effect of ghrelin on the response of 

gastric mucosal receptors. (A) The responses of gastric mucosal receptors 

to mucosal stroking with calibrated von Frey hairs (10-1000mg) in the 

absence (●) and presence of ghrelin (1 (○), 3 (■) and 10nM (□). These 

recordings were taken from fed mice (i) or fasted mice (ii) prior to the 

experiment. *P<0.05, **P<0.01, ***P<0.001 compared with control (●; Ghrelin 

effect, two-way ANOVA). (B) The effect of ghrelin on the responses of 

mucosal receptors to stoking with a 50mg von Frey hair in mice fed ad libitum 

(●) and mice fasted (○) for 14 hours. Diet significantly enhanced the inhibitory 

action of ghrelin (**P<0.01; diet effect, two-way ANOVA). 
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Figure 2.5: The effect of ghrelin on the response of gastric tension 

receptors. (A) The responses of gastric tension sensitive receptor to 

circumferential stretch (1-5g) in the absence (●) and presence of ghrelin (1 

(○), 3 (■) and 10nM (□). These recordings were taken from fed (i) or fasted 

mice (ii). *p<0.05, **P<0.01, ***P<0.001 compared with control (●; ghrelin 

effect, two-way ANOVA). There was no significant difference in the inhibitory 

effect of ghrelin between the two diets. (B) Typical traces of tension receptors 

from a fed (i) and a fasted (ii) mouse. 

 

 

 

 

 

 

 

  



 
133 

 

  



 
134 

 

 

 

 

 

 

 

Figure 2.6: High fat diet increases the effect of ghrelin on the response 

of gastric (A & C) mucosal receptors. (A & C) The responses of gastric 

mucosal receptors to mucosal stroking with calibrated von Frey hairs (10-

1000mg) in the absence (●) and presence of ghrelin (1 (○), 3 (■) and 10nM 

(□). These recordings were taken from mice fed a standard laboratory diet (Ai 

& Ci) or mice fed a high fat diet (Aii & Cii) for 12 weeks prior to the 

experiment. **P<0.01 compared with control (●; ghrelin effect, two-way 

ANOVA). (B) The effect of ghrelin on the response of mucosal receptors to 

stoking with a 50mg von Frey hair in mice fed a SLD (●) and mice fed a HFD 

(○). Diet significantly enhanced the inhibitory action of ghrelin (**P<0.01; diet 

effect, two-way ANOVA). 
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Figure 2.7: The effect of ghrelin on the response of gastric tension 

receptors. The responses of gastric tension receptors to circumferential 

stretch (1-5g) in the absence (●) and presence of ghrelin (1 (○), 3 (■) and 

10nM (□)). These recordings were taken from mice fed a standard laboratory 

diet (i) or mice fed a high fat diet (ii) for 12 weeks prior to the experiment. 

*p<0.05, **P<0.01 compared with control (●; ghrelin effect, two-way ANOVA). 

There was no significant difference in the inhibitory effect of ghrelin between 

the two diets. 
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3.1 ABSTRACT 

 

Energy intake is strongly influenced by vagal afferent signals from the 

stomach, and is also modulated by leptin. Leptin may be secreted from gastric 

epithelial cells, so we aimed to determine the direct effect of leptin on gastric 

vagal afferents under different feeding conditions. Female C57BL/6 mice were 

fed standard laboratory diet, high fat diet or were food restricted. The 

expression of leptin receptor and its signal transduction molecules in vagal 

afferents was determined by retrograde tracing and reverse-transcription 

polymerase chain reaction (RT-PCR), and the relationship between leptin 

immunopositive cells and gastric vagal afferent endings determined by 

anterograde tracing and leptin immunohistochemistry. An in vitro preparation 

was used to determine the functional effects of leptin on gastric vagal 

afferents and the second messenger pathways involved. Leptin potentiated 

vagal mucosal afferent responses to tactile stimuli, and epithelial cells 

expressing leptin were found close to vagal mucosal endings. After fasting or 

diet-induced obesity, potentiation of mucosal afferents by leptin was lost and 

leptin receptor expression reduced in the cell bodies of gastric mucosal 

afferents. These effects in diet-induced obese mice were accompanied by a 

reduction in anatomical vagal innervation of the gastric mucosa. In striking 

contrast, after fasting or diet-induced obesity, leptin actually inhibited 

responses to distension in tension receptors. The inhibitory effect on gastric 

tension receptors was mediated through PI3K-dependent activation of BKCa 

channels. The excitatory effect of leptin on gastric mucosal vagal afferents 

was mediated by PLC-dependent activation of TRPC1 channels. These data 
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suggest the effect of leptin on gastric vagal afferent excitability is dynamic and 

related to the feeding state. Paradoxically, in obesity, leptin may reduce 

responses to gastric distension following food intake. 
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3.2 INTRODUCTION 

 

The satiety hormone, leptin, which is secreted from adipose tissue provides a 

signal to the hypothalamus reflecting the amount of fat stored [465, 466] and 

serves as a long-term regulator of nutrient intake, adiposity and body weight 

[467]. Levels of circulating leptin reflect the degree of adiposity [466]. 

However, despite elevated leptin levels obese individuals do not show 

diminished appetite, suggesting a relative resistance to leptin [305]. An 

alternative explanation may be that leptin permits fat stores to be maintained 

at or around a set point, that is genetically determined but, susceptible to 

environmental modification [174]. 

 

Leptin is also expressed in, and secreted by, chief cells [304] and parietal (P) 

cells [468] in the gastric mucosa. Leptin released from this site could act on 

adjacent gastric vagal afferent endings to modulate peripheral signals in 

response to food intake. Indeed, leptin has been shown to directly activate 

cultured gastric and duodenal vagal afferents from rats [333, 334] and the 

leptin receptor (Lep-R) is expressed in rat vagal afferent neurons [469, 470], 

many of which terminate in the stomach. A vagal action of gastric leptin may 

serve to augment the acute appetite suppressant effects of circulating leptin 

[326]. However, recent evidence shows that the effects of leptin on vagal 

afferents are lost with chronic high fat diet feeding [335, 336]. 

 

Within the stomach wall there are two classes of mechanically sensitive 

gastric vagal afferents. In the muscular layer, tension receptors detect fullness 
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by responding to distension and contraction of the stomach wall [471, 472]. In 

contrast, mucosal receptors are excited by mechanical contact of larger food 

particles with the epithelium, and may contribute to the discrimination of 

particle size. The net effect of activating mucosal afferents is to trigger vagal 

reflexes which slow gastric emptying and facilitate mechanical digestion in the 

stomach [297]. It is currently unknown whether leptin has differential effects 

on gastric vagal afferent subclasses or whether any such effects can be 

modified by caloric restriction or excess. Furthermore, the mechanism by 

which Lep-Rs trigger changes in the electrical activity of vagal afferent 

endings has not been established. 

 

We therefore determined the effect of leptin on the mechanosensitivity of 

gastric vagal afferents under different feeding conditions, including a short 

term restriction in food intake and long term consumption of a high fat diet 

(HFD), and examined the second messenger signalling pathways activated by 

leptin. In addition, we established the relationship between leptin containing 

cells in the gastric mucosa and vagal afferent endings. 
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3.3 MATERIALS AND METHODS 

 

3.3.1 Ethical approval 

All studies were approved and performed in accordance with the guidelines of 

the Animal Ethics Committees of the University of Adelaide and SA Pathology, 

Adelaide, Australia.  

 

3.3.2 Mice 

All mice used for this study were housed with littermates in groups of four, 

unless otherwise stated. For the fed and fasted treatment groups, 8wk old 

female C57BL/6 mice, housed individually, were fed ad libitum or fasted for 14 

hours prior to experimentation. In diet studies, 7 week old female C57BL/6 

mice were allowed to acclimatize for a period of one week after which control 

mice were continued on a standard laboratory mouse diet (SLD (7% energy 

from fat), n=52), whilst the HFD mice (n=51) were placed on a diet high in fat 

(60% of energy from fat, Specialty Feeds, Glen Forrest, WA, Australia) for a 

further 12 weeks. During this period the mice were weighed weekly. We have 

previously determined that female C57BL/6 mice fed a HFD have increased 

total body weight and fat mass over a 12 week feeding period compared to 

SLD mice [473]. Reduced mechanosensitivity of gastric afferents observed in 

female HFD mice [473] has also been observed in intestinal afferents of male 

mice [381] suggesting that diet induced modulation of vagal afferent satiety 

signals are independent of gender. 
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3.3.3 In vitro mouse gastro-oesophageal afferent preparation 

This preparation has been described in detail previously [436]. In short, 

C57BL/6 mice were killed via CO2 inhalation and the thorax opened by a 

midline incision. The stomach and oesophagus, with intact vagal nerves, were 

removed. The stomach and oesophagus were opened out longitudinally mid 

way between the two main vagal branches, either side of the oesophagus, 

and along the greater curvature of the stomach. The tissue was then pinned 

down mucosa side up in an organ bath containing a modified Krebs solution 

composing of (in mM): 118.1 NaCl, 4.7 KCl, 25.1 NaHCO3, 1.3 NaH2PO4, 1.2 

MgSO4.7H2O, 1.5 CaCl2, 1.0 citric acid, 11.1 glucose and 0.001 Nifidipine, 

bubbled with 95% O2- 5% CO2. The dissection process was carried out at 

4°C. 

 

3.3.4 Characterization of gastric vagal afferent properties 

Receptive fields of mechanically sensitive vagal afferents, described earlier, 

were initially located using mechanical stimulation by brushing gently along 

the mouse gastro-oesophageal preparation. Once located specific stimuli 

were then applied. Mucosal stroking was performed using calibrated von Frey 

hairs (10-1000mg) which were stroked across the mucosa at a rate of 5mm/s. 

Each receptive field was stroked ten times and mechanical responses from 

the middle eight strokes were taken for analysis. Circular tension was applied 

using a threaded hook attached to an underpinned point adjacent to the 

receptive field. The threaded hook was attached to a cantilever via a pulley 

close to the preparation. Standard weights (0.5-5g) were then placed on the 

opposite end of the cantilever. Each weight was applied for one minute with a 
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break of another minute between removing one weight and applying the next. 

After analysing the two stimulus response curves, we classified a receptive 

field as either a mucosal or tension receptor. 

 

3.3.5 Single unit vagal afferent recordings 

Single units were discriminated on the basis of action potential shape, 

duration, and amplitude by use of Spike 2 software (Cambridge Electronic 

Design, Cambridge, UK). After mechanosensitivity of a receptive field was 

established the effect of leptin on this mechanosensitivity was assessed by 

adding leptin (0.1nM) to the Krebs and allowing it to equilibrate for 20 minutes. 

This equilibration period was observed so as to ensure penetration of the drug 

into all layers of the tissue. After this time the tension-response and stroke-

response curves were re-determined. This procedure was repeated for leptin 

at increasingly higher doses (1-10nM). Time-controlled experiments were 

performed in which there was no significant change in the mechanical 

responses over a comparable duration. The second messenger system used 

by leptin to elicit its effects on mechanosensitivity was established using 

inhibitors of Janus kinase 2 (JAK2) - AG490 (5µM) [474], phosphatidylinositol 

3-kinases (PI3K) -wortmannin (5nM) [475], phosphodiesterase 3 (PDE3) - 

cilostamide (5µM) [476], phospholipase C (PLC) - U73122 (10µM) [477], large 

conductance calcium activated potassium channels (BKCa) - iberiotoxin 

(100nM) [478] and canonical transient receptor potential cation channels 

(TRPC) channels - 2-APB (30µM) [479], at concentrations previously reported 

in the literature before and after the addition of leptin (10nM) in a separate 

series of experiments to the leptin dose-response experiments. 
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3.3.6 Drugs 

Stock solutions of all drugs were kept frozen at -80°C and diluted to their final 

concentration in Krebs immediately prior to their use in the experiment. Leptin 

was obtained from Sigma-Aldrich (Sydney, Australia). Iberiotoxin, wortmannin, 

cilostamide, U73122, 2-APB and AG490 were obtained from Tocris 

Bioscience (Bristol, UK). 

 

3.3.7 Nodose ganglia quantitative RT-PCR 

Nodose ganglia were removed bilaterally from mice from all 4 experimental 

groups. Total RNA was extracted using an RNeasy Micro Kit (Qiagen, 

Doncaster, Australia) according to the manufacturer‘s instructions. RNA was 

quantified by measuring the absorbance at 260nm (A260) using a 

NanoDrop™ ND 1000 spectrophotometer (Thermo Scientific) and RNA purity 

was estimated via the 260/280 absorbance ratio. Quantitative RT-PCR 

reactions were performed as described in detail previously [455]. Primers 

targeting Lep-R, TRPC1, TRPC5 and β-tubulin were pre-designed Quantitect 

Primer assays (Qiagen). The primer pairs for KCa1.1 were designed using 

Primer 3.0 software (Applied Biosystems; Foster City, USA). Forward primer 

(TCTACTTTGGCTTGCGGTTT) and reverse primer 

(CAAGCCAAGCCAACTTCTGT) for KCa1.1 were supplied by Geneworks 

(Adelaide, Australia). RT-PCR reactions were carried out using 10ng of RNA 

under the following conditions: reverse transcription, 50°C for 30min; initial 

PCR activation, 95°C for 15min: PCR cycles 94°C for 15s, 55°C for 30s and 

72°C for 30s repeated for 50 cycles. A melt curve was obtained to confirm the 
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specificity of the products produced and products were visualised using 3% 

agarose gel electrophoresis with ethidium bromide staining. Relative RNA 

levels were calculated using the comparative CT method as described 

previously [456]. Quantitative data are expressed as mean ± SEM. 

 

3.3.8 Anterograde tracing 

This procedure has been previously documented [298]. In brief, mice from the 

SLD (n=7) and HFD (n=7) groups were anaesthetised with isoflurane (1-1.5% 

in oxygen). The left nodose ganglion was exposed, and 0.5 µl of a 

horseradish peroxidase conjugate of wheat-germ agglutinin (WGA-HRP, 4 

mg/ml; Vector Laboratories) was pressure injected into the nodose ganglion 

via a glass micropipette (ID 25 µm). The injection site was dried and skin 

incision closed. Antibiotic (terramycin; 10 mg/kg) and analgesic (butorphanol; 

5 mg/kg) were administered subcutaneously. Two days following injection of 

tracer (WGA-HRP), into the left nodose, the stomach was removed and 

dissected into ventral and dorsal flat sheets along the greater and lesser 

curvature. Frozen serial transverse sections of ventral flat sheet (10 µM) were 

then cut for immunohistochemistry. The dorsal flat sheet had submucosa and 

mucosa gently removed leaving the smooth muscle layers and myenteric 

plexus intact. 

 

Permanent visualization of WGA-HRP was carried out using tyramide signal 

amplification (Perkin Elmer, USA) [298]. Briefly, dorsal sheet whole mounts 

and on-slide sections were rinsed in TNT buffer (0.05% Tween 20, 0.15 M 

NaCl, and 0.1 M Tris-HCl, pH 7.5), blocked for 30min in TNB (supplied with 
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Perkin-Elmer TSA reagent kit), and then reacted for 20min with tyramide-

biotin, diluted 1:50 in amplification diluent. The tissue was then rinsed in TNT 

buffer and reacted with streptavidin conjugated to Alexa Fluor® 647 (1:200, 

Invitrogen) for 1-2hrs at room temperature. Frozen sections were 

subsequently processed for leptin immunohistochemistry, then both sections 

and wholemount specimens were mounted on slides and cover slipped using 

ProLong antifade (Invitrogen). 

 

3.3.9 Retrograde tracing 

Cell bodies of gastric vagal afferents innervating specific stomach layers were 

identified using differential tracing from the stomach as previously 

documented [298]. 

 

Gastric muscle: SLD (n = 5) and HFD (n=5) mice were anaesthetised with 

isoflurane (1-1.5% in oxygen), a laparotomy performed, and an Alexa Fluor® 

555 conjugate of cholera toxin β-subunit (CTB-AF555 (0.5%); Invitrogen) 

injected subserosally into the muscularis externa of the proximal stomach 

using a 30 ga Hamilton syringe. Multiple equally spaced injections of 2 µl were 

made parallel to and 1–2 mm from the lesser curvature on both dorsal and 

ventral surfaces (total volume 10 µl). The injection sites were dried, the 

laparotomy incision was closed, and antibiotic and analgesic were 

administered as above. 

 

Gastric mucosa: SLD (n = 5) and HFD (n=5) mice were anaesthetised with 

isoflurane (1-1.5% in oxygen), a laparotomy performed and a mucolytic (10% 
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N-acetylcysteine; 200 µl) was injected into the stomach lumen, then removed 

via syringe after 5min, followed by two saline rinses (200 µl each). 

Subsequently, 10µl of 0.5% CTB-AF555 was injected into the proximal gastric 

lumen via a 30 ga Hamilton syringe and the proximal stomach walls gently 

opposed to expose the dorsal and ventral surfaces to tracer. The laparotomy 

incision was then closed and antibiotic and analgesic administered as above. 

Food and water were withheld for 2hrs postoperatively to maximize exposure 

of tracer. 

 

After two days, traced mice were anaesthetised and perfused as indicated 

above. The left and right nodose ganglia were then removed and fixed in 4% 

PFA/PB at room temperature for 4hrs and subsequently cryoprotected in 30% 

sucrose at 4°C for 24hrs. Frozen serial transverse sections (10 µM) were then 

cut for immunohistochemistry. 

 

Due to the ethical consideration of restricting food intake in mice a few days 

after surgery, these studies were only performed on SLD and HFD mice. We 

use the tracer WGA-HRP because WGA is widely accepted as one of the 

optimal anterograde tracers for filling of fine varicosity endings in vagal 

afferent pathways, while HRP allows for tyramide signal amplification to 

resolve fine anatomical structures [480]. 

 

3.3.10 Laser capture microdissection 

Retrogradely traced nodose ganglion (NDG) were removed and dissociated 

before being cultured on a duplex dish for 2hrs at 37°C in 5% CO2. Cells were 
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then subject to laser-capture microdissection, performed on a P.A.L.M.® 

microbeam microdissection system (Carl Zeiss, Jena, Germany). Fluorescent 

labelled nodose neurons were microdissected and catapulted directly into a 

lysis and stabilization buffer (Buffer RLT, RNeasy Micro RNA extraction Kit, 

Qiagen) containing 0.14M β-Mercaptoethanol (Sigma-Aldrich, Australia). The 

number of neurons captured varied with diet so that the maximum neurons 

possible were captured in order to maximise the RNA yield. RNA was 

extracted from these cells using the same protocol as for whole NDG [455]. 

There was no significant difference in RNA yield between the diet groups. 

 

3.3.11 Immunohistochemistry 

Immunohistochemistry was carried out in anterograde-traced stomach 

sections as described previously [298]. The primary anti-leptin antibody (rabbit 

polyclonal, Santa Cruz) was diluted 1:200 and a chicken anti-rabbit Alexa 

Fluor® 488 secondary antibody (1:200; Invitrogen) was used. Slide sections 

and whole mounts were visualized using an epifluorescence microscope (BX-

51, Olympus, Australia) equipped with filters for Alexa Fluor® 488 and 647, 

with images acquired by a CoolSnapfx monochrome digital camera (Roper 

Scientific, Tuscon, AZ). Pseudocoloured fluorescence images were overlaid 

and fluorescence imaging software (Analysis LifeScience, Olympus) used to 

calculate the percentage of complete traced NDG neurons and density of 

traced vagal afferent endings in the stomach. Luminance of images was not 

adjusted. Counts were performed on a minimum of 10 sections per animal. 
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3.3.12 Statistical analysis 

All data in graphs are expressed as mean ± SEM with n= the number of 

individual animals used. Vagal afferent stimulus-response curves and weight 

change were analysed using two-way analysis of variance (two-way ANOVA) 

and Bonferroni post hoc tests. We compared the effects of leptin and 

mechanical stimuli on the response of tension and mucosal receptors using a 

two-way ANOVA, to establish if leptin affected the response to mechanical 

stimulation. The effect of diet on the modulatory action of leptin on responses 

to mechanical stimulation was determined by assessing the response to either 

stroking (50mg von Frey hair; mucosal receptors) or tension (3g; tension 

receptors) at different concentrations of leptin (0.1, 1 and 10nM). Significant 

difference between diets and leptin concentration were assessed using two-

way ANOVA to determine if diet caused a change in leptin effect. RNA levels, 

fat mass and vagal afferent profiles were analysed using unpaired t-tests. 

Significance was defined at P<0.05. 
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3.4 RESULTS 

 

3.4.1 Effect of leptin on gastric vagal afferent mechanosensitivity in fed 

and fasted mice 

As previously reported [473], short-term restriction of food intake consistently 

decreased the mechanosensitivity of tension receptors to circumferential 

stretch (p<0.05; two-way ANOVA: data not shown), but not mucosal afferent 

responses to stroking. 

 

In normal fed mice, leptin (0.1-10nM) potentiated the mechanosensitivity of 

mucosal receptors (p<0.01; leptin effect: two-way ANOVA, Figure 3.1Ai&C). 

This effect was completely lost in fasted mice (Figure 3.1Aii). When the 

response to mucosal stroking (50mg) at varying concentrations of leptin was 

plotted (Figure 3.1Aiii) it was evident that fasting reduces mucosal receptor 

sensitivity to leptin (p<0.001; diet effect; two-way ANOVA). Leptin had no 

effect on tension receptor mechanosensitivity in fed mice (Figure 3.1Bi), 

however in fasted mice the mechanosensitivity of these receptors was 

reduced by leptin (p<0.05; leptin effect: two-way ANOVA, Figure 3.1Bii&D). 

When the percentage change in response to a 3g load was plotted against 

varying concentrations of leptin (Figure 3.1Biii) it was evident that a restricted 

diet increased sensitivity of tension receptors to inhibition by leptin (p<0.01; 

diet effect; two-way ANOVA). Recordings were also made from oesophageal 

receptors which showed effects of leptin similar to those in gastric afferents 

(Supplementary Figure 3.1A&B). 
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3.4.2 Effect of leptin in diet-induced obese mice 

Mice fed the HFD gained a greater amount of body weight (p<0.001; two-way 

ANOVA) and fat mass (p<0.01; unpaired t-test) than age-matched controls 

(Supplementary Figure 3.2).  

 

As previously reported [473], the mechanosensitivity of tension receptors was 

reduced in HFD compared to SLD mice (p<0.05, two-way ANOVA) and there 

was no difference in the mechanosensitivity of gastric mucosal receptors 

between HFD and SLD mice (data not shown).  

 

In SLD mice, leptin (0.1-10nM) increased the mechanosensitivity of mucosal 

receptors (p<0.001; leptin effect: two-way ANOVA, Figure 3.2Ai&C), a result 

similar to that reported in 8wk old fed mice (above), indicating no change in 

leptin effect with age. Leptin failed to increase the mechanosensitivity of 

mucosal receptors in HFD mice (Figure 3.2Aii). When the response to 

mucosal stroking (50mg) was plotted against leptin concentration (Figure 

3.2Aiii) it was evident that a HFD diet reduced the sensitivity of gastric 

mucosal receptors to leptin (p<0.05; diet effect; two-way ANOVA). 

Correspondingly, the effect of leptin on tension receptor mechanosensitivity 

was switched from no effect in SLD (Figure 3.2Bi) to inhibition in HFD mice 

(p<0.001; leptin effect: two-way ANOVA, Figure 3.2Bii&D). When the 

percentage change in response to 3g load was plotted against concentration 

of leptin (Figure 3.2Biii) it was evident that a HFD diet increased the sensitivity 

of tension receptors to leptin (p<0.01; diet effect; two-way ANOVA). 
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Oesophageal vagal afferents were also recorded, and their modulation by 

leptin closely mirrored that reported for gastric afferents (Supplementary 

Figure 3.1C&D). 

 

3.4.3 Leptin receptor expression 

To determine if the differential effects of leptin were due to changes in Lep-R 

expression we first compared mRNA levels of Lep-R in whole NDG. We found 

there was no difference in Lep-R expression in the fed and fasted mice 

(Figure 3.3Ai), or SLD and HFD mice (Figure 3Aii). However, following 

differential retrograde tracing to identify muscular or mucosal gastric afferents 

[298], we observed a 94% reduction in Lep-R expression in mucosal afferents 

from HFD compared to SLD mice (p<0.001; unpaired t-test: Figure 3.3Bi). In 

contrast, Lep-R expression in muscular afferents was similar in mice fed a 

HFD or SLD (p>0.05: Figure 3.3Bii). It appears, therefore, that Lep-R 

expression is regulated by feeding state only in mucosal afferents. QRT-PCR 

products were confirmed to be of appropriate size by agarose gel 

electrophoresis (Figure 3.3C). 

 

3.4.4 Leptin localization 

To determine if the effects of leptin on mechanosensitivity of mucosal 

afferents can occur locally, we examined the relationship between leptin 

immunopositive cells in the gastric mucosa and vagal afferent endings. 

Anterogradely traced mucosal vagal afferents were abundant in SLD mice 

and were closely associated with leptin immunopositive cells (Figure 3.3Di). In 

contrast, the number of mucosal afferents traced in HFD mice was reduced by 
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80% (p<0.001; unpaired t-test: Figure 3.3Diii) and they were located at an 

increased distance from leptin immunopositive cells (Figure 3.3Dii). In 

retrograde labelling experiments, the number of mucosal afferents that could 

be traced to the NDG was 50% lower in HFD compared to SLD mice (p<0.01; 

unpaired t-test: Figure 3.3Ei-iii), presumably due to the increased distance of 

the afferent endings from the lumen of the stomach where the tracer is added. 

In contrast, there was no change in the location or number of muscular 

afferents in either the stomach or NDG (Supplementary Figure 3.3).  

 

3.4.5 The second messaging systems utilized by leptin 

The potentiating effect of leptin on mucosal afferents (Fed (8wk old), SLD 

(20wk old) mice) and the inhibitory effect of leptin on tension sensitive 

afferents (Fasted (8wk old), HFD (20wk old) mice) suggests that the Lep-R is 

coupled to different second messenger systems. Evidence from previous work 

indicates that JAK2, PI3K, PDE3, PLC and TRPC channels may be involved 

in the potentiating effects of leptin on hypothalamic neuronal function [318, 

324, 325, 481]. Using a range of blockers for these molecules, we show that 

the potentiating effect of leptin on afferent mechanosensitivity is abolished 

when any of these targets were inhibited individually (Fed-Figure 3.4Ai-v; 

SLD-Figure 3.5Ai-v: indicating no age effect). However, the potentiating effect 

of leptin was not affected by the BKCa blocker iberiotoxin (Fed-Figure 3.4Avi; 

SLD-Figure 3.5Avi). This suggests that the potentiating effect of leptin may 

involve in-series activation of signal transduction molecules illustrated in 

Figure 3.5B. The presence of TRPC channels in vagal afferents was 

corroborated by QRT-PCR on whole NDG. We assessed levels of TRPC1 and 
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TRPC5 previously shown to be expressed in NDG [482] and suggested to be 

activated by leptin in hypothalamic POMC neurons [324]. There was no 

difference in mRNA transcript expression of TRPC5 in whole NDG of fed and 

fasted mice (p>0.05: Figure 3.4B). However, transcript expression of TRPC1 

was higher in fed compared to fasted mice (p<0.05; unpaired t-test: Figure 

3.4C) and SLD compared to HFD mice (p<0.01; unpaired t-test: data not 

shown), suggesting this may be the channel subtype activated by leptin to 

potentiate function of mucosal afferents.  

 

The inhibitory effect of leptin on mechanosensitivity of tension receptors 

(fasted, HFD mice) was eliminated by inhibitors targeting JAK2, PI3K and 

BKCa (Fasted-Figure 3.6Ai-iii; HFD-Figure 3.7Ai-iii), but was unaffected by 

inhibitors targeting PDE3, PLC and TRPC (Fasted-Figure 3.6Aiv-vi; HFD-

Figure 3.7Aiv-vi). These data demonstrate a divergence in the signalling 

pathway prior to the effector channel as illustrated in Figure 3.7B. Performing 

QRT-PCR targeting the KCa1.1 subunit of BKCa we found that transcript 

levels were higher in the whole NDG of fasted compared to fed mice (p<0.05; 

unpaired t-test: Figure 3.6B) and HFD compared to SLD mice (p<0.05; 

unpaired t-test: data not shown). 
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3.5 DISCUSSION 

 

We have shown that the appetite suppressant peptide leptin, has a potent 

potentiating effect on mucosal vagal afferents during feeding, which is lost in 

response to fasting or HFD-induced obesity. In contrast, the 

mechanosensitivity of muscular vagal afferents was not affected by leptin 

during feeding but was reduced by leptin after fasting or HFD-induced obesity. 

The varying effect of leptin on specific vagal afferent subtypes is due to 

coupling of the Lep-R to alternative second messenger systems. The changes 

in effect of leptin with feeding status is due to alterations in the coupling of 

Lep-R to these alternate second messenger systems and partly through 

reduced Lep-R expression. The data strongly suggest that leptin has 

important but opposite effects on vagal afferent signalling in normal and 

energy imbalanced states.  

 

The observation that leptin increases mechanosensitivity of mucosal receptors 

in fed mice, but not in fasted or HFD fed mice, indicates that at least in part, 

the anorexigenic effect of leptin may be peripherally mediated. Consistent with 

this notion is the observation that leptin acts synergistically with 

cholecystokinin (CCK) on peripheral intestinal vagal afferent neurons to 

potentiate the effect of CCK on satiety [483, 484]. In our preparation, leptin 

potentiates the mechanosensitivity of gastric vagal mucosal afferents. This 

mechanism of action makes sense, since it is well described that the tactile 

sensitivity of mucosal receptors facilitates detection of food particle size in the 

gastric lumen and can initiate sensory feedback to delay gastric emptying and 
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food intake via a vagal pathway [197, 297]. It has been reported that only 15 

percent of vagal afferent cell bodies projecting to the rat fundus are leptin 

receptor immunoreactive [485] whereas, in the current study, all mucosal 

afferents from fed and SLD mice were potentiated by leptin. We speculate 

that, other than the possibility of species differences, leptin receptor protein is 

rapidly trafficked to vagal peripheral endings, upon which leptin released from 

the gastric mucosa elicits modulation, and that the residual low levels of Lep-

R in vagal cell bodies are difficult to detect with current immunohistochemical 

techniques. 

 

The loss of effect of leptin on mucosal receptors in HFD mice is consistent 

with existing evidence of leptin resistance in obesity [305, 335, 336] which we 

extend here to show is due to a specific reduction in Lep-R expression in 

mucosal vagal afferents, which may be paired with reduced expression of the 

putative effector channel, TRPC1. Furthermore, we identified a marked 

reduction in the close apposition of mucosal afferents to leptin secreting cells 

in HFD mice. Such re-organisation of peripheral afferent endings would 

reduce the likelihood of gastric leptin-vagal signalling per se, further 

contributing to the net loss of signal from vagal afferents due to reduced leptin 

potentiation of individual mucosal afferents. We observed that Lep-R 

transcript expression in mouse whole NDG was unaffected by a short-term 

restriction in food intake or a HFD. In contrast, it has previously been 

demonstrated that Lep-R protein expression in the rat whole NDG is 

increased after fasting [470]. These differences may be species specific, or 

differences between transcript and protein regulation. In our traced vagal 
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afferents we observed a quantitative reduction in Lep-R expression in 

mucosal afferents from HFD mice, which is in accord with the lack of effect of 

leptin on these afferents. 

 

Evidence here of an inhibitory effect of leptin on tension receptors in fasting 

and HFD mice contrasts significantly with the extensive literature on leptin 

resistance in obesity [305, 335, 486]. There is evidence that leptin can inhibit 

neurons, for example, leptin has been shown to inhibit hypothalamic appetite 

stimulatory NPY neurons in rats, whilst also activating appetite suppressing 

POMC neurons [99, 308, 324]. The novel observation in the current study is 

that the peripheral inhibitory effect of leptin on muscular afferents appears to 

occur in mutual exclusion to its excitatory effect on mucosal afferents, 

dependent on feeding status. However, due to the limited time points studied 

it is not possible to determine whether there is a point where both the 

potentiating and inhibiting effects of leptin are present. We have previously 

shown that mechanosensitivity of tension receptors is reduced after fasting or 

HFD [473]. Our current findings reveal that leptin causes a further decrease in 

the mechanosensitivity of tension receptors in both fasted and HFD mice. 

Tension receptors in the stomach detect distension [188] following the 

ingestion of food. Gastric distension has been shown to activate satiety 

circuitry in the human brain and increase feelings of fullness [471]. Therefore, 

reduced mechanosensitivity of these afferents by leptin may permit ingestion 

of more food before satiation is reached, and although we have yet to 

undertake the behavioural studies to confirm this, rodents with diet induced 

obesity have been shown to consume larger meals [487]. This may be an 
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adaptive function to allow an increase in energy intake to occur when food is 

readily available and perceived as ―abundant‖. The exact triggers for this 

‗switch‘ in effect of leptin requires further investigation but lead candidates are 

specific nutrients and appetite regulating hormones/peptides. 

 

It is well established that the Lep-R is linked to JAK2 [318] signalling through 

a PI3K pathway [325]. Our data indicate that the modulatory effect of leptin on 

gastric afferent mechanosensitivity is, likewise mediated through JAK2 and 

PI3K. There appears, however, to be a divergence in the second messenger 

pathways utilised by tension and mucosal afferents after this point. 

Importantly, our study suggests that the excitatory effect of leptin on gastric 

mucosal afferents may be mediated through PLC activation of a TRP channel, 

possibly TRPC1, which has been shown to be preferentially expressed in 

capsaicin sensitive vagal afferents [482]. This view is further supported by 

studies showing that the short-term appetite suppressive effect of leptin is 

abolished upon capsaicin pre-treatment, and by reports that TRPC1 is highly 

expressed in POMC neurons which are leptin activated [324]. TRPC1 

knockout mice are also known to gain more weight than their wild-type 

counterparts, indicating a role for TRPC1 in appetite regulation [488]. The 

potentiating effect of leptin on gastric mucosal afferents also appears to rely 

on activity of PDE3. This could be due to an indirect activation of TRPC1, as 

cAMP and PKA can inhibit PLC [489, 490] and would therefore prevent PLC 

activation of TRP channels. Accordingly, PDE3 may assist in mediating 

excitation by inhibiting activity of molecules which oppose excitatory 

responses to leptin. 
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Leptin can activate ATP-activated potassium channels, via a PDE3 mediated 

pathway [322, 491], which represents a candidate mechanism for the 

inhibitory action of leptin on tension receptors in HFD and fasted mice. 

However, in the present study, PDE3 inhibition did not alter the inhibitory 

effect of leptin and therefore this pathway is less likely to be involved. Another 

report demonstrated that leptin can cause neuronal inhibition via BKCa [492]. 

Consistent with this we found that the inhibitory effect of leptin on gastric 

tension sensitive afferents was abolished by blockade of BKCas. This was 

further supported by an increase in KCa1.1 expression seen in the whole 

NDG of fasted and HFD mice, suggesting that the channel responsible for 

signalling the inhibitory effect of leptin is up-regulated by food intake.  

 

The in vitro effects of leptin on gastric vagal afferents were also observed in 

oesophageal afferents indicating that changes in afferent sensitivity following 

a HFD extend more generally to gastrointestinal afferent populations. 

However, the close apposition of vagal afferent endings and leptin containing 

P-cells in the stomach mean that only the gastric afferent populations would 

be likely to undergo in vivo signalling changes based on leptin sensitivity. This 

selectivity, however, may be reduced in obesity where the plasma levels of 

leptin are significantly increased [305] and needs to be considered in any 

potential targeted pharmacotherapy for obesity.  

 

In conclusion, we have established that leptin has an excitatory effect on 

gastric mucosal vagal afferents which is abolished after both food restriction 
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and an excess of energy intake. In contrast, leptin has an inhibitory effect on 

gastric tension sensitive vagal afferents, evident only after food restriction or 

energy excess. This data highlights the plasticity in the mechanism of action 

of leptin under different feeding conditions and provides potential new targets 

for novel peripherally acting pharmacotherapies to modify food intake in 

obesity. 
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Figure 3.1: Fasting changes the effects of leptin on gastric vagal afferent 

mechanosensitivity. Single fibre recording stimulus response curves of 

mucosal (Ai, n=5 & Aii, n=6) and tension (Bi, n= 5 & Bii, n=5) receptors to 

mucosal stroking and circular tension respectively in fed (Ai&Bi) and fasted 

mice (Aii&Bii) before ○ and after exposure to leptin 0.1nM □, 1nM Δ and 10nM 

◊. Aiii&Biii: Percentage change in response to a 50mg von Frey hair and 3g 

tension respectively compared to control at varying concentrations of leptin in 

fed (●) and fasted (■) mice. *p<0.05, **p<0.01, ***p<0.001 vs control (two-way 

ANOVA). Data expressed as mean ± SEM. (C) Original recording, from a fed 

mouse, of a mucosal receptor response to mucosal stroking with a 50mg von 

Frey hair (i) prior to leptin and (ii) after addition of leptin(10nM). (D) Original 

recording, from a fasted mouse, of a tension receptor response to 3g circular 

tension (i) prior to leptin, (ii) after addition of leptin (10nM) and (iii) the average 

spike shape of the tension receptor prior to leptin (solid line) and after addition 

of leptin (dashed line) illustrating that both responses were obtained from the 

same unit. 
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Figure 3.2: Leptin‟s effect on gastric vagal afferent mechanosensitivity is 

modified by high fat diet-induced obesity. Single fibre recording stimulus 

response curves of mucosal (Ai, n=5 & Aii, n=6) and tension (Bi, n=5 & Bii, 

n=5) receptors to mucosal stroking and circular tension respectively in SLD 

(Ai&Bi) and HFD fed mice (Aii&Bii) before ○ and after exposure to leptin 

0.1nM □, 1nM Δ and 10nM ◊. Aiii&Biii: Percentage change in response to 

50mg von Frey hair and 3g tension respectively compared to control at 

varying concentrations of leptin in SLD (●) and HFD (■) mice. *p<0.05, 

**p<0.01, ***p<0.001 vs control (two-way ANOVA). Data are expressed as 

mean ± SEM. (C) Original recording, from a SLD mouse, of a mucosal 

receptor response to mucosal stroking with a 50mg von Frey hair (i) prior to 

leptin and (ii) after addition of leptin(10nM). (D) Original recording, from a HFD 

mouse, of a tension receptor response to 3g circular tension (i) prior to leptin, 

(ii) after addition of leptin(10nM) and (iii) the average spike shape of the 

tension receptor prior to leptin (solid line) and after addition of leptin (dashed 

line) illustrating that both responses were obtained from the same unit. 
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Figure 3.3: Changes in leptin receptor expression and neuronal 

innervation of the mucosa induced by fasting and diet induced obesity. 

(Ai) Expression of Lep-R mRNA in whole NDG of fed (n=6) or fasted (n=7) 

8wk old female C57BL/6 mice. (Aii) Expression of Lep-R mRNA in SLD (n=7) 

or HFD (n=7) fed mice. (Bi&ii) Expression of Lep-R mRNA in gastric mucosal 

and tension afferent neurons respectively in SLD (n=5) or HFD (n=6) mice. 

***p<0.001 vs SLD (unpaired t-test). (C) Agarose gel electrophoresis 

confirming QRT-PCR product size from the mucosal traced cells. (D) 

Combined leptin immunohistochemistry and anterogradely traced vagal 

afferent fibres in the mouse stomach (i-SLD; ii-HFD), showing the relationship 

between leptin-containing epithelial cells (white arrows) and anterograde 

labeled vagal afferent fibres (yellow arrows). The stomach sections show a 

cross section through glands at the base of villi. (Diii) Proportion of vagal 

afferent profiles in gastric mucosa of SLD (n=6) or HFD (n=6) mice following 

anterograde tracing (***p<0.001; unpaired t-test). (E) Vagal afferent cell 

bodies (white arrows) traced from the gastric mucosa in the nodose ganglia of 

SLD (i) or HFD (ii) mice. (Eiii) Proportion of vagal afferent cell bodies labelled 

in SLD (n=3) or HFD (n=3) mice (**p<0.01; unpaired t-test). Scale 50 µm in all 

instances. Graphed data expressed as mean ± SEM. 
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Figure 3.4: The excitatory effect of leptin on mucosal afferents from fed 

mice is conveyed through PLC mediated activation of a TRPC channel. 

Single fibre recording stimulus response curves of mucosal receptors to 

mucosal stroking in fed mice (Ai-vi, n=5) before ○ and after exposure to 

second messenger inhibitors ((i) AG490-5µM, (ii) wortmannin-5nM, (iii) 

cilostamide-5µM, (iv) 2-APB-30µM, (v) U73122-10µM, (vi) iberiotoxin-100nM) 

□ and in the presence of the respective second messenger inhibitor and leptin 

10nM Δ, ***p<0.001 vs control (leptin effect: two-way ANOVA). (B&C) 

Expression of TRPC5&C1 mRNA respectively in whole NDG of fed and fasted 

mice (*p<0.05; unpaired t-test). Data expressed as mean ± SEM. 
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Figure 3.5: The excitatory effect of leptin on mucosal afferents from 20 

week old SLD mice is conveyed through PLC mediated activation of a 

TRPC channel and therefore not affected by age. (A) Single fibre recording 

stimulus response curves of mucosal receptors to mucosal stroking in SLD 

(Ai-vi, n=5) before ○ and after exposure to second messenger inhibitors ((i) 

AG490-5µM, (ii) wortmannin-5nM, (iii) cilostamide-5µM, (iv) 2-APB-30µM, (v) 

U73122-10µM, (vi) iberiotoxin-100nM) □ and in the presence of the respective 

second messenger inhibitor and leptin 10nM Δ . ***p<0.001 vs control (leptin 

effect: two-way ANOVA). Data expressed as mean ± SEM. (B) Schematic 

showing proposed signal transduction used by leptin to exert potentiation. 
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Figure 3.6: Leptin inhibits gastric tension receptors through PI3K 

activation of BKCa in fasted mice. Single fibre recording stimulus response 

curves of tension receptors to circular tension in fasted mice (Ai-vi, n=5) 

before ○ and after exposure to the second messenger inhibitors ((i) AG490-

5µM, (ii) wortmannin-5nM, (iii) iberiotoxin-100nM, (iv) cilostamide-5µM, (v) 

U73122-10µM, (vi) 2-APB-30µM) □ and in the presence of the respective 

second messenger inhibitor and leptin 10nM Δ, **p<0.01, ***p<0.001 vs 

control (leptin effect: two-way ANOVA). (B) Expression of KCa1.1 mRNA in 

whole NDG of fed and fasted mice (*p<0.05; unpaired t-test). Data expressed 

as mean ± SEM. 
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Figure 3.7: Leptin induced inhibition of tension receptor 

mechanosensitivity in mice fed a HFD is mediated by activation of BKCa 

channels. (A) Single fibre recording stimulus response curves of tension 

receptors to circular tension in HFD mice (Ai-vi, n=5) before ○ and after 

exposure to second messenger inhibitors ((i)AG490-5µM, (ii)wortmannin-5nM, 

(iii) iberiotoxin-100nM, (iv) cilostamide-5µM, (v)U73122-10µM, (vi)2-APB-

30µM) □ and in the presence of the respective second messenger inhibitor 

and leptin 10nM Δ, ***p<0.001 vs control (leptin effect: two-way ANOVA). 

Data expressed as mean ± SEM. (B) Schematic showing proposed signal 

transduction used by leptin to exert inhibition.  
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Supplementary Figure 3.1: Leptin modulates esophageal vagal afferent 

mechanosensitivity in a similar fashion to gastric afferents. (A) Stimulus-

response curves of oesophageal mucosal afferents from fed (i, n=6) and 

fasted mice (ii, n=6) before ○ and after exposure to leptin (0.1nM □, 1nM Δ, 

10nM ◊). (B) Stimulus-response curves of oesophageal tension receptors from 

fed (i, n=5) and fasted mice (ii, n=6) before ○ and after exposure to leptin 

(0.1nM □, 1nM Δ, 10nM ◊). (C) Stimulus-response curves of oesophageal 

mucosal receptors from mice fed a SLD (i, n=5) and a HFD (ii, n=5) before ○ 

and after exposure to leptin (0.1nM □, 1nM Δ, 10nM ◊). (D) Stimulus-response 

curves of oesophageal tension receptors from mice fed a SLD (i, n=7) and a 

HFD (ii, n=13) before ○ and after exposure to leptin (0.1nM □, 1nM Δ, 10nM 

◊). * p<0.05, **p<0.01, ***p<0.001. Data are expressed as mean±SEM. 
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Supplementary Figure 3.2: HFD feeding caused an increase in body 

weight and fat mass. (A) Change in body weight over 12 week period on 

either SLD (●) (n=52) or HFD (○) (n=51). (B) Gonadal fat pad mass in mice 

fed either SLD (n=16) or a HFD (n=17). *p<0.05, **p<0.01, ***p<0.001 

compared with mice fed a standard laboratory diet. Data are expressed as 

mean±SEM. 
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Supplementary Figure 3.3: A HFD does not change muscular afferent 

profile in the stomach or nodose ganglia. (A) Anterograde traced vagal 

afferent fibres and intraganglionic laminar endings in wholemount stomach of 

the mouse (i, SLD; ii, HFD). (B) Number of vagal afferent profiles identified in 

muscular layers of the stomach in mice fed a SLD (n=6) or HFD (n=6). (C) 

Anterograde traced vagal afferent fibres and intramuscular arrays in the 

wholemount stomach of the mouse (i, SLD; ii, HFD). (D) Vagal afferents 

(white arrows) traced from gastric muscle (serosa) in the nodose ganglia of 

mice fed a SLD (i) or HFD (ii). (E) Proportion of vagal afferents traced from 

gastric muscle in nodose ganglia of mice fed a SLD or HFD. Scale 50µm in all 

instances. Graphed data are expressed as mean±SEM. 
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4.1 ABSTRACT 

 

Leptin, ghrelin and neuropeptide W (NPW) modulate vagal afferent activity, 

which may underlie their appetite regulatory actions. High fat diet (HFD) 

induced obesity induces changes in the plasma levels of these peptides and 

alters the expression of receptors on vagal afferents. We investigated 

homologous and heterologous receptor regulation by leptin, ghrelin and NPW. 

Mice were fed (12-weeks) a standard laboratory diet (SLD) or HFD. Nodose 

ganglia were cultured overnight in the presence or absence of each peptide. 

Leptin (LepR), ghrelin (GHS-R), NPW (GPR7) and cholecystokinin type-1 

(CCK1R) receptor mRNA, and plasma peptide levels were measured. SLD: 

leptin reduced LepR, GPR7, increased GHS-R and CCK1R mRNA; ghrelin 

increased LepR, GPR7, CCK1R, and decreased GHS-R. HFD: leptin 

decreased GHS-R and GPR7, ghrelin increased GHS-R and GPR7. NPW 

decreased all receptors except GPR7 which increased with HFD. Plasma 

leptin was higher and NPW lower in HFD. Thus, HFD-induced obesity disrupts 

inter-regulation of appetite regulatory receptors in vagal afferents. 
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4.2 INTRODUCTION 

 

Vagal nerves innervate the gastrointestinal tract where they have both 

chemosensitive and mechanosensitive endings [436]. In the stomach these 

endings respond to mechanical stimuli such as distension [471], and activate 

neurons within the nucleus tractus solitarius [268] and regions of the brain 

involved in the regulation of food intake such as the arcuate nucleus [493] and 

paraventricular nucleus [494]. The activity of gastric vagal nerve endings can 

be modulated by locally released peptides, such as leptin, ghrelin and 

neuropeptide W (NPW), which are secreted by gastric endocrine and 

epithelial cells [340, 473, 495]. These three peptides have well documented 

effects on appetite, food intake and vagal afferent mechanosensitivity. Leptin 

potentiates vagal activity [333, 496] and reduces appetite [326], whilst ghrelin 

inhibits vagal afferent firing [301] and promotes food intake [497]. NPW 

reduces vagal afferent activity (Li et al., 2011), but its effects on food intake 

remain unresolved, with evidence for both anorexigenic [340] and orexigenic 

effects [498]. 

 

Previously it has been shown that the ability of the stomach to respond to 

mechanical stimuli through vagal pathways is altered by the induction of high 

fat diet (HFD) induced obesity [473] and obese humans have diminished 

perception of gastric distension [432]. Furthermore, the anorexigenic 

response of vagal afferents to leptin and cholecystokinin (CCK) has also been 

shown to be abrogated under diet induced obese conditions [336]. 
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The receptors for leptin [496], ghrelin [473],NPW [499] and CCK [369] are 

synthesized in the cell bodies of the vagal afferents located in the nodose 

ganglia and transported to the neuron endings. The expression of the 

receptors in vagal afferents appears modified by feeding status [369]. For 

instance, ghrelin receptor expression is increased in fasted mice [473] and 

obese rats [369]. These changes in receptor expression are associated with 

decreased (fasted) or increased (obese) plasma leptin levels and increased 

(fasted) or decreased (obese) plasma ghrelin levels [462, 500]. It has not 

been established whether the change in circulating peptides is linked to the 

change in their receptor expression in the vagal afferent neurons. This led us 

to hypothesise that a change in peptide exposure may drive a change in the 

expression of receptors involved in the regulation of appetite. This notion is 

supported indirectly by leptin‘s ability to cause suppression of ghrelin [501] 

and NPW [498] release, whilst increasing the release of the anorexigenic 

vagal afferent modulator CCK [502], which together may augment the 

anorexigenic effect of leptin. Similarly, appetite hormones, including leptin and 

ghrelin can regulate expression and receptor abundance of their cognate and 

other receptors in a variety of tissues, including vagal afferents [353, 424, 

503]. Accordingly we sought to determine (i) the effects of leptin, ghrelin and 

NPW on their own and each other‘s receptor expression in cultured nodose 

ganglia, and (ii) whether any homologous or heterologous regulation of 

receptor expression is altered by diet-induced obesity. 
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4.3 MATERIALS AND METHODS 

 

4.3.1 Ethical approval 

All experimental studies were performed with the approval of the animal ethics 

committee of the Institute of Medical and Veterinary Science and the 

University of Adelaide, and in accordance with the Australian Code of Practice 

for the Care and Use of Animals for Scientific Purposes. 

 

4.3.2 High fat diet model 

Eight week old female C57BL/6 mice (N=12/group) were randomly assigned 

to consume, for 12 weeks, either a standard laboratory diet (SLD) with 7% 

energy from fat, or HFD (Specialty foods, Glen Forrest, Western Australia) 

with 60% energy from fat . Water and food was available ad libitum for both 

groups. Mice were housed under 12 hour light dark conditions with lights on at 

06:00. Weights of mice were monitored weekly and gonadal fat pads collected 

and weighed after euthanasia. All tissue was collected at 08:00. 

 

4.3.3 Cell culture 

After 12 weeks on their respective diet the mice were anesthetized with 

isoflurane (1-1.5% in oxygen) and decapitated after exsanguination via the 

abdominal aorta. Both nodose ganglia from each animal were harvested and 

placed immediately together, into a tube containing F12 complete nutrient 

medium (+ foetal calf serum and penicillin/streptomycin) (Invitrogen, 

Mulgrave, Australia) and stored on ice. Nodose ganglia were dissociated by 

incubating at 37°C in a 3mg/ml solution of dispase and collagenase II made 
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up in Hanks Balanced Salt Solution (HBSS) (Invitrogen) with agitation at 5 

minute intervals. After 30 minutes the dispase/collagenase solution was 

removed, and the ganglia were incubated in a 3mg/ml solution of collagenase 

II in HBSS for 15 minutes. After this incubation the cells were rinsed in cold 

HBSS and F12 and then further dissociated by passing them through a fire 

polished Pasteur pipette until no cell clumps were visible. The cells were then 

pelleted, rinsed in HBSS, and resuspended in Neurobasal A medium (NBA) 

containing B-27 supplement (Invitrogen). A cell count was performed using 

Tryphan blue exclusion. An equal number of cells were plated as a dot in the 

centre of six wells in a 48 well cell culture plate with the wells coated with 

poly-D-lysine and laminin (Sigma, Castel Hill, Australia), to promote cell 

adhesion. The plate was placed in a 5% CO2 incubator set at 37°C for two 

hours to allow cell adherence. After two hours the wells were filled with warm 

(37°C) NBA medium. Two wells were left with just NBA in them as a control 

and leptin (0.1nM and 1nM) was added to the other wells (two wells for each 

concentration). The plate was then returned to the incubator for a 14 hour 

incubation which has previously been shown to be of sufficient length to see a 

change in receptor mRNA expression in nodose ganglia in vivo [473]. 

 

The above process was repeated using 4 SLD and 4 HFD mice with ghrelin (1 

and 3nM) and neuropeptide W (1 and 3nM) in the place of leptin (N=4 for 

each peptide and each diet). Leptin was obtained from Sigma and ghrelin and 

NPW were obtained from Tocris (Bristol, UK). The concentrations used were 

based on values found within previous literature that have been shown to 

cause modulation of vagal afferent activity [343, 441, 462, 473]. 
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4.3.4 RNA isolation 

After 14 hours the plate was removed and culture medium drawn off. The 

wells were washed using sterile PBS. Cells were lysed in the wells by addition 

of buffer RLT+ βMe (Qiagen, Doncaster, Australia). Cells lysate was 

processed and RNA isolated using an RNeasy Micro kit (Qiagen) following the 

manufacturer‘s instructions. This process utilized RNeasy MinElute SpinElute 

Columns, allowing adsorption of RNA to the silica membrane, an on-column 

DNase digestion treatment, removal of contaminants with wash steps and 

elution of the RNA with RNase-free water. RNA quantification was determined 

by measuring the absorbance at 260 nm (A260) via a NanoDrop™ ND 1000 

spectrophotometer (Thermo Scientific, Australia). RNA quality was estimated 

by the A260 and A280 nm ratio. 

 

4.3.5 Quantitative RT-PCR 

Expression of leptin receptor (LepR), ghrelin receptor (GHS-R), neuropeptide 

W receptor (GPR7) and CCK receptor (CCK1R) was carried out using 

Quantitative RT-PCR (QRT-PCR) reactions performed as described in detail 

previously [455]. Briefly, QRT-PCR reactions were performed by using a 

Chromo4 (MJ Research, Bio-Rad) real-time instrument attached to a PTC-200 

Peltier thermal cycler (MJ Research) and analysed with Opticon Monitor 

software (MJ Research). QRT-PCR reactions were performed with a Qiagen 

QuantiTect SYBRgreen RT-PCR one-step RT-PCR kit (Qiagen) according to 

the manufacturer‘s specifications with specific Quantitect Primer Assays 

(Qiagen) optimized for the detection of the known sequence of mouse LepR, 
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GHS-R, GPR7, CCK1R and β-tubulin transcripts contained in the NCBI 

reference sequence database (www.ncbi.nlm.nih.gov/RefSeq). These primer 

assays were used under the following conditions: reverse transcription, 50°C 

for 30 min; initial PCR activation, 95°C for 15 min; PCR cycles 94°C for 15 

sec, 55°C for 30 sec, and 72°C for 30 sec repeated for 50 cycles. A melting 

curve program verified the specificity and identity of the RT-PCR products and 

no primer dimers were observed. Each assay was run in triplicate in two 

separate experiments. Control PCRs were performed by substituting RNA 

template with distilled RNase-free water. All assays were validated for linearity 

of amplification efficiency and quantitative standard curves obtained by serial 

dilutions of RNA. Calculations for relative mRNA transcripts expression were 

performed by the comparative CT method, comparing to the internal reference 

gene β-tubulin using the equation ∆CT (CT of target transcript - CT of β-

tubulin). The relative fold differences were calculated by using the modified 

version of 2-∆∆CT [456] correcting for PCR efficiencies.  

 

4.3.6 Quantification of plasma concentrations of peptides 

Blood withdrawn from the aorta during euthanasia was placed into pre-chilled 

K2EDTA coated tubes and spun for 15 minutes at 4°C 1000xg to separate the 

plasma from the cells. The plasma concentrations of ghrelin and leptin were 

determined by ELISA using kits supplied by Millipore (Billerica, USA) and 

NPW-23 was quantified using a kit supplied by Phoenix Pharmaceuticals 

(Burlingame, USA) according to the manufacturers‘ instruction. The leptin and 

ghrelin assays have previously been used for plasma quantification by other 

groups [504, 505]. The sensitivities of the assays were 0.05ng/ml (leptin), 0.04 
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ng/ml (ghrelin) and 0.2ng/ml (NPW), respectively. The intra-assay variations 

were 1.4% (leptin), 1.4% (ghrelin) and 3.7% (NPW) and the inter-assay 

variations were 3.8% (leptin), 2.6% (ghrelin) and 5.3% (NPW).  

 

4.3.7 Data analysis 

Change in mouse weight were analysed by two-way ANOVA with Bonferroni 

post hoc test. Gonadal fat weights and plasma peptide levels were analysed 

with unpaired t-test. The sample expression levels are expressed as either 

expression relative to β-tubulin ± SEM to analyse the effect of peptide 

exposure and significance determined using a one-way ANOVA with Tukey 

post hoc test or as n-fold difference relative to the control non-exposed cell 

expression level ± SEM. Significant differences in transcript expression were 

determined by a two-way ANOVA with Bonferroni post hoc test to determine 

whether the effect of the peptide was altered by high fat diet feeding. 

Differences were considered significant if p<0.05 vs. untreated cells or SLD. 
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4.4 RESULTS 

 

4.4.1 Effect of high fat diet on body weight and plasma hormones 

Body weight (Figure 4.1A) and body fat (Figure 4.1B) increased more in the 

HFD than SLD mice (both p<0.001). Plasma leptin levels were 3.906 ± 0.2928 

ng/ml and 2.286 ± 0.1826 ng/ml in the HFD and SLD mice (N=12/group) 

respectively (p<0.01) (Figure 4.1C). Plasma ghrelin levels were 3.961 ± 

0.3600 ng/ml and 4.234 ± 0.3188 ng/ml in the SLD and HFD mice respectively 

(p>0.05) (Figure 4.1D). Plasma NPW-23 concentrations were 9.68 ± 0.6947 

ng/ml and 5.867 ± 0.5069 ng/ml in the SLD and HFD mice respectively 

(p<0.001) (Figure 4.1E). 

 

4.4.2 Effect of leptin on expression of LepR, GHS-R, GPR7 and CCK1R in 

SLD and HFD vagal cell bodies 

Compared to control, leptin (0.1nM, 1nM) caused a 0.45 and 0.73 fold 

reduction in expression of LepR mRNA (both p<0.05) in neurons from SLD 

mice but was without effect in those from HFD mice (Figure 4.2Ai; p>0.05). 

Receptor expression in SLD and HFD neurons under control conditions for 

some peptides was significantly different. Therefore, in order to determine an 

effect of diet itself, receptor expression was plotted and analysed relative to 

control. A HFD abolished the effect of leptin on LepR expression in vagal 

afferent cell bodies (Figure 4.2Aii; p<0.001). GHS-R expression was up 

regulated by the addition of leptin only at the 1nM concentration in the SLD 

mice with a 2.04 fold increase in GHS-R mRNA being present in the leptin 

(1nM) exposed cells than the control cells (Figure 4.2Bi; p<0.001). In contrast, 
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exposure of leptin (0.1nM, 1nM) to vagal afferent cell bodies from HFD mice 

resulted in a 0.42 and 0.70 fold decrease in ghrelin receptor expression 

(Figure 4.2Bi; p<0.05 and p<0.001 respectively). Thus a HFD switched the 

effect of leptin on GHS-R mRNA expression from an increase, observed in 

SLD nodose neurons, to a decrease (Figure 4.2Bii; p<0.01). Expression of the 

NPW receptor, GPR7 was almost completely abolished when leptin was 

added to the culture medium with 0.1nM and 1nM of leptin both causing a 

0.99 fold reduction in the expression of GPR7 (Figure 4.2Ci; p<0.001). In the 

vagal afferent cell bodies of HFD fed mice leptin (0.1nM and 1nM) still caused 

a significant reduction (0.90 and 0.97 fold respectively) in the expression of 

GPR7 (Figure 4.2Ci; p<0.001). However, a HFD significantly attenuated the 

inhibitory effect of leptin on GPR7 mRNA expression (Figure 4.2Cii; p<0.01). 

Exposure to the highest dose of leptin (1nM) caused a 2.61 fold increase in 

the expression of CCK1R in vagal afferent cell bodies from SLD mice (Figure 

4.2Di; p<0.001), however in vagal afferent cell bodies from HFD mice leptin 

failed to have any effect on CCK1R expression (Figure 4.2Di; p>0.05). 

Therefore a HFD abolished the excitatory effect of leptin on CCK1R 

expression (Figure 4.2Dii; p<0.05). 

 

4.4.3 Effect of ghrelin on expression of LepR, GHS-R, GPR7 and CCK1R 

in SLD and HFD vagal cell bodies 

Ghrelin (3nM) caused a significant increase in LepR expression of 1.64 fold 

(Figure 4.3Ai; p<0.01). In the HFD fed mice cells ghrelin 1nM no longer had 

an effect on expression of LepR (p>0.05), but ghrelin 3nM caused a 0.44 fold 

reduction in expression (Figure 4.3Ai; p<0.001). Therefore a HFD switched 
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the effect of ghrelin on LepR mRNA expression from an increase observed in 

SLD nodose neurons to a decrease (Figure 4.3Aii; p<0.01). Ghrelin (3nM) 

caused a 0.70 fold reduction in GHS-R expression (Figure 4.3Bi; p<0.05) in 

the cells from SLD mice, whilst exposure to ghrelin (1nM, 3nM) caused an 

increase of GHS-R expression (1.86 and 2.50 fold respectively) in HFD vagal 

cell bodies (Figure 4.3Bi; p<0.05 and p<0.001 respectively). Thus the HFD 

switched the effect of ghrelin on GHS-R mRNA transcript expression from a 

decrease as seen in SLD nodose neurons to an increase in the HFD neurons 

(Figure 4.3Bii; p<0.001). Ghrelin (3nM) caused a 3.00 fold increase in GPR7 

expression (Figure 4.3Ci; p<0.05). In HFD vagal cell bodies ghrelin caused a 

6.66 (1nM) and 23.00 fold (3nM) increase in expression of GPR7 (Figure 

4.3Ci; p<0.01 and p<0.001 respectively). Demonstrating that HFD feeding 

causes a potentiation of the increase in GPR7 mRNA transcript expression 

caused by ghrelin (Figure 4.3Cii; p<0.001). Ghrelin (3nM) caused a 2.02 fold 

increase in CCK1R expression in SLD vagal cell bodies (p<0.05), however 

when HFD cell bodies were exposed to ghrelin (1nM and 3nM) there was a 

significant reduction in the expression of CCK1R (0.67 and 0.64 fold reduction 

respectively) (Figure 4.3Di; both p<0.01). Therefore a HFD causes ghrelin to 

switch its effect from causing an increase in CCK1R mRNA expression in SLD 

to a decrease in HFD vagal cell bodies (Figure 4.3Dii; p<0.001). 

 

4.4.4 Effect of NPW on expression of LepR, GHS-R, GPR7 and CCK1R in 

SLD and HFD vagal cell bodies 

When NPW (1nM, 3nM) was added to the cell culture medium it caused a 

reduction in LepR in cultured cells from both SLD (1nM - 0.63, 3nM - 0.89 fold 
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reduction; both p<0.001) and HFD (1nM - 0.60, 3nM - 0.75 fold reduction; 

p<0.05 and p<0.01 respectively) mice (Figure 4.4Ai). Thus a HFD did not alter 

the effect of NPW on LepR mRNA expression (Figure 4.4Aii; p>0.05). NPW 

(3nM) caused a significant 0.85 fold reduction in GHS-R expression in SLD 

cultured cells (Figure 4.4Bi; p<0.01). In the vagal cell bodies from HFD mice 

NPW still caused a decrease in expression of GHS-R, however the reduction 

caused by NPW (3nM) was now only 0.36 fold (Figure 4.4Bi; p<0.05). This 

indicates that a HFD significantly ablated the down regulatory effect of NPW 

on GHS-R mRNA expression (Figure 4.4Bii; p<0.001). NPW (3nM) caused a 

0.70 fold reduction in expression of GPR7, in SLD cell bodies (p<0.05; Figure 

4.4Ci). In the HFD cells NPW (1nM, 3nM) caused an increase in GPR7 

expression of 1.87 and 2.05 fold respectively (Figure 4.4Ci; both p<0.05). This 

demonstrated that a HFD caused the effect of NPW on GPR7 mRNA 

expression in vagal cell bodies to be altered from a decrease to an increase 

(Figure 4.4Cii; p<0.05). NPW (1nM, 3nM) caused a significant reduction in 

CCK1R expression of 0.36 and 0.40 fold in SLD vagal cell bodies respectively 

(Figure 4.4Di; both p<0.05) and 0.52 and 0.47 fold reduction in HFD cell 

bodies respectively (Figure 4.4Di; both p<0.01). Therefore the effect of NPW 

on CCK1R mRNA expression was unaffected by HFD feeding (Figure 4.4Dii; 

p>0.05). 
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4.5. DISCUSSION 

 

These data show that the appetite regulating peptides, leptin, ghrelin and 

NPW modify the expression of their own, and each other‘s receptors. Chronic 

high fat diet feeding alters the magnitude and direction of these effects, which 

may alter effects mediated by gastric vagal afferent signalling, including 

satiety. 

 

Leptin has previously been shown to decrease the expression of its cognate 

receptor [506, 507]. The observation that this is abrogated in nodose ganglia 

in response to HFD induced obesity is consistent with previous data [369, 

370, 496]. In contrast to what occurs in vagal afferents, leptin induces an 

increase in LepR mRNA in the arcuate nucleus of lean mice [508-510], an 

effect that is also lost in HFD induced obesity [511]. In obese mice leptin 

increases SOCS3 [512], but the phosphorylation of STAT3 is reduced [335, 

513, 514]. Therefore it seems likely that receptor binding occurs, but there is a 

reduction in downstream signalling. However, we have not differentiated 

between the isoforms of LepR, which have been shown to follow different 

patterns of regulation [515]. Therefore, although the full length isoform of the 

receptor is considered the functional receptor [516], further investigation into 

the possible contributions of all LepR isoforms is required. 

 

In addition to its central effects, leptin can decrease food intake by acting 

alone or in concert with CCK to activate gastrointestinal vagal afferents [326, 

333, 334, 517]. The finding in this study that leptin increases the expression of 
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CCK1R provides additional support for the notion that leptin may reduce food 

intake in part via a CCK-mediated vagal mechanism of action [334, 335]. Our 

finding that leptin no longer increased CCK1R expression in vagal afferent cell 

bodies from HFD fed mice may contribute to the dampened vagally mediated 

CCK satiety signal that is observed in obese rodents [335, 518]. 

 

Leptin has previously been shown to increase GHS-R expression in human T-

cells [503]. We now show that leptin increases GHS-R in vagal afferent cell 

bodies. Leptin reducing GHS-R mRNA in HFD fed mice may represent a 

mechanism of suppressing orexigenic signals. Similarly in obese mice [359] 

and rats [519] hypothalamic GHS-R is decreased. However, in isolated 

pituitary cells from obese leptin knockout mice (ob/ob) GHS-R mRNA 

expression increases in response to increasing concentrations of leptin [520]. 

This may reflect tissue or culture specific effects or alternatively, a nutrient 

driven change in receptor expression regulation, as the ob/ob mice used were 

maintained on a chow diet. 

 

The observations that leptin decreased mRNA expression for its own receptor 

at a concentration lower than that required to change CCK1R and GHS-R 

mRNA expression and that leptin has no effect on CCK1R or LepR mRNA, 

whilst still effecting GHS-R and GPR7 in the HFD vagal afferents suggests 

that leptin alters transcriptional regulation through multiple pathways. 

However, this possibility requires further investigation. 
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Ghrelin is orexigenic and believed to be primarily involved in the initiation of 

meals; increasing plasma concentrations precede food intake and fall 

dramatically thereafter [521]. It has previously been shown that obese male 

and female mice have reduced plasma ghrelin [359, 441], which is 

independent of leptin levels [522]. In contrast, the current study showed no 

difference in plasma ghrelin levels in lean and obese mice, which has also 

been shown previously [504]. There are a number of possible explanations for 

this, including feeding status and sampling differences. As plasma ghrelin 

levels decrease after eating, plasma level measurements depend on the 

timing of blood collection in relation to meal intake. Plasma ghrelin levels have 

also been shown to oscillate in a circadian manner [523]. The degree to which 

plasma ghrelin levels change over the course of a day is altered in obesity 

[523]. Our plasma samples were collected at 08:00, which has previously 

been shown to be a time when there is no difference in plasma ghrelin 

between lean and obese mice [523]. Previous studies have not provided a 

measure of recent food intake, or detailed the time plasma samples were 

collected which makes comparisons difficult. 

 

In lean mice the decreased GHS-R mRNA in response to ghrelin may 

decrease ghrelin signalling after meal initiation. The concomitant increase of 

LepR and CCK1R mRNA, may serve to enhance meal termination signals. 

The increase in LepR and CCK1R mRNA is consistent with previous reports 

showing an increased proportion of vagal neurons expressing LepR and 

CCK1R in nodose ganglia from fasted mice [424, 470], with elevated plasma 

ghrelin [524, 525]. Given the opposing effect of leptin and ghrelin on food 
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intake, it seems contradictory that leptin and ghrelin have the same effect on 

CCK1R mRNA in vagal cell bodies from SLD mice. This may be due to the 

predominately short term role of ghrelin and long term role for leptin in the 

regulation of food intake [526]. Thus we could speculate that ghrelin increases 

CCK1R expression to ensure that vagal afferents are always primed to 

respond to CCK release in response to nutrients and that leptin released from 

adipose tissue increases CCK1R expression when there is sufficient energy 

stores. 

 

In vagal cell bodies from HFD mice, the increase in GHS-R mRNA in 

response to ghrelin, may serve to maintain ghrelin signalling in obesity, where 

levels have been found to be decreased [359]. Plasma ghrelin continues to 

show preprandial rises in obesity [527]. This suggests ghrelin is still involved 

in the initiation of meals in obesity. The switch in the effect of ghrelin on 

regulation of GHS-R mRNA in mice with diet induced obesity may be 

mediated by activation of an alternate signalling pathway, as we have 

previously described for leptin [496], that results in different mRNA transcript 

levels. The ghrelin induced decrease in LepR and CCK1R in the HFD vagal 

afferent cell bodies may blunt meal termination in obesity, which is consistent 

with previous findings that obese mice eat longer meals [377] and have 

reduced satiation in response to leptin and CCK [335, 336, 380, 518]. 

However, this is speculative and the relationship between altered receptor 

regulation and reduced CCK and leptin mediated satiety signalling needs to 

be clarified with more specific experiments. 
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In the current study, NPW suppressed receptor mRNA expression for 

anorexigenic and orexigenic peptides. Similarly in obese cell bodies NPW 

decreased expression of all receptors with the exception of its own receptor. 

However, the regulation of GPR7 in vivo in lean and obese mice still needs to 

be determined. Thus it remains unclear as to what the physiological role of the 

peptinergic regulation of GPR7 in lean and obese mice is. We also reported a 

decrease in the plasma concentration of NPW-23 in obese mice. Comparison 

with previous values was not possible due to conflicting models and 

methodological approaches. 

 

The static cultures used do not reflect the oscillations in plasma levels of leptin 

and ghrelin that occur over a 24 hour period [528, 529], or the combined 

effects of changes in plasma nutrients and other gut peptides that occur in 

vivo. Therefore, although we have established that the gut peptides studied 

have direct regulatory effect on appetite receptor regulation in vagal afferent 

cell bodies that are modified by diet induced obesity; the physiological 

relevance in vivo remains to be determined. 
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Figure 4.1: High fat diet induced changes in weight and plasma peptides. 

(A) Mice on a HFD (○ N=12) gained a significantly greater proportion of body 

weight over the 12 week diet period compared to the SLD mice (● N=12). (B) 

The HFD fed mice also had significantly heavier gonadal fat pads. (C) HFD 

mice had elevated plasma leptin levels, (D) no difference in plasma ghrelin 

and (E) decreased plasma NPW. Weight analysed using two-way ANOVA 

with Bonferroni post hoc test, fat mass and plasma peptide levels compared 

using unpaired t-tests. **p<0.01, ***p<0.001. 
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Figure 4.2: Expression of appetite regulatory peptide receptors is altered 

by leptin exposure. Changes in expression of LepR (Ai), GHS-R (Bi), GPR7 

(Ci) and CCK1R (Di) relative to β-tubulin in the absence and presence of 

leptin (0.1, 1nM). Changes in expression of LepR (Aii), GHS-R (Bii), GPR7 

(Cii) and CCK1R (Dii) mRNA relative to untreated cells from SLD (●) and HFD 

(○) mice. Data are means ± SEM (N=4 in all instances), Leptin effect (i) within 

group analysed using one-way ANOVA with Tukey post hoc test with 

significance being determined if p<0.05. Diet effect (ii) analysed with two-way 

ANOVA with Bonferroni post-hoc test. *p<0.05, **p<0.01, ***p<0.001. 
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Figure 4.3: Effect of ghrelin exposure of expression of appetite 

modulator peptide receptor expression. Ghrelin (1nM, 3nM) induced 

changes in expression of LepR (Ai), GHS-R (Bi), GPR7 (Ci) and CCK1R (Di) 

in SLD and HFD cell bodies relative to β-tubulin. Changes in expression of 

LepR (Aii), GHS-R (Bii), GPR7 (Cii) and CCK1R (Dii) mRNA relative to 

untreated cells from SLD (●) and HFD (○) mice. Data are means ± SEM (N=4 

in all instances), Ghrelin effect (i) within group analysed using one-way 

ANOVA with Tukey post hoc test with significance being determined if p<0.05. 

Diet effect (ii) analysed with two-way ANOVA with Bonferroni post-hoc test. 

*p<0.05, **p<0.01, ***p<0.001. 
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Figure 4.4: NPW changes the expression of appetite regulatory 

receptors. NPW (1nM, 3nM) induced changes in expression of LepR (Ai), 

GHS-R (Bi), GPR7 (Ci) and CCK1R (Di) in SLD and HFD cell bodies relative 

to β-tubulin. Changes in expression of LepR (Aii), GHS-R (Bii), GPR7 (Cii) 

and CCK1R (Dii) mRNA relative to untreated cells from SLD (●) and HFD (○) 

mice. Data are means ± SEM (N=4 in all instances), NPW effect (i) within 

group analysed using one-way ANOVA with Tukey post hoc test with 

significance being determined if p<0.05. Diet effect (ii) analysed with two-way 

ANOVA with Bonferroni post-hoc test. *p<0.05, **p<0.01, ***p<0.001. 
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5.1 ABSTRACT 

 

Background and aims: Gastric vagal afferents convey satiety signals in 

response to mechanical stimuli. The sensitivity of these afferents is decreased 

in diet induced obesity. Leptin, secreted from gastric epithelial cells, 

potentiates the response of vagal afferents to mechanical stimuli in lean mice, 

but has an inhibitory effect in high fat diet (HFD) induced obese mice. We 

sought to determine whether changes in vagal afferent function and response 

to leptin in obesity were reversible by returning obese mice consuming a HFD 

to standard laboratory chow diet (SLD). 

Methods: 8wk old female C57BL/6 mice were either fed a SLD (N=20) or HFD 

(N=20) for 24wks. A third group was fed a HFD for 12wks and then a SLD for 

a further 12wks (RFD, N=18). An in vitro gastro-oesophageal vagal afferent 

preparation was used to determine the mechanosensitivity of gastric vagal 

afferents and the modulatory effect of leptin (0.1-10nM) was examined. 

Retrograde tracing and quantitative RT-PCR were used to determine the 

expression of leptin receptor (LepR) mRNA in whole nodose and specific cell 

bodies traced from the stomach. 

Results: After 24wks both the HFD and RFD mice had increased body weight, 

gonadal fat mass, plasma leptin, plasma insulin and daily energy consumption 

compared to the SLD mice. The HFD and RFD mice had reduced tension 

receptor mechanosensitivity and leptin further inhibited responses to tension 

in HFD, RFD but not SLD mice. Mucosal receptors from both the SLD and 

RFD mice were potentiated by leptin, an effect not seen in HFD mice. LepR 
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expression was unchanged in the whole nodose, but was reduced in the 

mucosal afferents of the HFD and RFD mice. 

Conclusions: Disruption to gastric vagal afferent function by HFD induced 

obesity is only partially reversible by dietary change, which provides a 

potential mechanism preventing maintenance of weight loss. 
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5.2 INTRODUCTION 

 

The experience of most obese people is that following diet induced weight 

loss, they return at least to their previous weight within two years [68, 530-

532]. There is evidence from both animal [73] and human studies [533] that 

fat mass is permitted to increase to what is presumably a genetically 

determined upper limit. At any particular point along that trajectory, the fat 

mass reached is defended such that if it decreases, mechanisms are 

activated to ensure that it is restored. The mechanism responsible for this 

defence of body fat has been suggested to be mediated by prolonged 

changes in the level of appetite regulating gastrointestinal hormones, known 

to be altered following weight loss and changed in such a way as to promote 

weight regain [78]. 

 

Neurally mediated signals from the gastrointestinal tract play a role in the 

regulation of food intake [534-536]. For example, cognitive perception of 

fullness following food intake is reliant on two vagally mediated mechanisms. 

One pathway relies on the presence of nutrients, which triggers 

gastrointestinal hormone endocrine and paracrine secretions from the 

stomach and small intestine [537, 538]. The other pathway is via mechanical 

distension of the stomach, which in conjunction with small intestinal nutrient 

signals can induce satiety [472, 539]. Two classes of vagal afferent 

mechanoreceptors have been identified in the stomach [436]. The first are 

tension receptors which respond to distension and contraction of the stomach. 
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The second class are mucosal receptors, which are located close to the 

lumen, are responsive to contact by food particles with the mucosa and are 

believed to participate in the control of gastric motor function [281, 297, 436, 

471]. Previously it has been shown that diet induced obesity caused a 

reduction in the ability of gastric and intestinal vagal afferents to respond to 

stretch/distension, suggesting in obesity there is reduced gastrointestinal 

signalling in response to food intake [381, 473]. 

 

Leptin is a peptide released from both adipocytes[540] and gastric epithelial 

cells [304]. Ordinarily leptin reduces food intake largely attributed to actions 

within the arcuate nucleus[541]. However, leptin receptor (LepR) is also 

present in gastric vagal afferent neurons [470] and leptin has been shown to 

play a role in regulating food intake through a vagally mediated 

mechanism[326]. In diet-induced obesity this effect is lost [335, 336]. 

Previously, we have demonstrated that leptin has a potentiating effect on 

gastric vagal mucosal receptors [496]. Furthermore, we have shown that 

obesity causes leptin to lose its potentiating effect and instead have an 

inhibitory effect on vagal tension receptors [496]. This indicates that leptin 

may act within the stomach to modulate peripheral appetite signals and its 

ability to do so is disrupted by obesity to a degree that defends the obese 

state. We sought to determine the effect of returning these mice to a standard 

laboratory diet (SLD) for 12 weeks on weight, food intake, gastric 

mechanosensitivity, and the vagal afferent response to leptin. To establish 

whether any change in the effect of leptin was associated with receptor 
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expression changes we determined the expression of LepR in both whole 

nodose and mucosal traced gastric vagal afferents. 
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5.3 MATERIALS AND METHODS 

 

5.3.1 Ethical approval 

All studies were approved and performed in accordance with the guidelines of 

the Animal Ethics Committees of the University of Adelaide and Institute for 

Medical and Veterinary Science, Adelaide, Australia. Every attempt was made 

to limit the number of animals used and minimize their suffering. 

 

5.3.2 Animals 

All mice in these studies were obtained from Animal Resource Centre 

(Canning Vale, Australia) and group housed under a 12 hour light: dark cycle 

(lights on at 06:00) with free access to food and water. Female C57BL/6 mice 

were obtained at 7 weeks of age and assigned randomly to either a 24 week 

SLD group (7% energy from fat; N=20), a 24 week high fat diet (HFD) group 

(60% energy from fat; N=20) or a group that was fed a HFD for 12 weeks and 

then returned to a SLD for a further 12 weeks (RFD; N=18). All mice were 

allowed to acclimatize for one week before being started on their respective 

diet. The mice were weighed weekly and had food intake monitored over the 

24 week diet period. Blood glucose level and gonadal fat pad mass were 

determined from all mice on the day they were used for the in vitro mouse 

gastro-oesophageal afferent preparation. 

 

5.3.3 In vitro mouse gastro-oesophageal afferent preparation 

This preparation has been described in detail previously [436]. In short, 

female C57BL/6 mice on the SLD, HFD or RFD diets were anaesthetised with 
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isoflurane (1-1.5% in oxygen) and killed via exsanguination. The stomach and 

oesophagus, with intact vagal nerves, were removed and placed mucosa side 

up in an organ bath containing a modified Krebs solution comprised of (in 

mM): 118.1 NaCl, 4.7 KCl, 25.1 NaHCO3, 1.3 NaH2PO4, 1.2 MgSO4.7H2O, 1.5 

CaCl2, 1.0 citric acid, 11.1 glucose and 0.001 nifidipine, bubbled with 95% O2- 

5% CO2. The dissection process was carried out at 4°C to prevent metabolic 

breakdown. 

 

5.3.4 Characterization of gastric vagal afferent properties 

In mice two types of mechanosensitive gastric vagal afferent have been 

reported [436], those that respond to mucosal stroking, but not to circular 

tension (mucosal receptors) and those that respond to both mucosal stroking 

and circular tension (tension receptors). Receptive fields of these receptors 

were first located using mechanical stimulation with a brush in the mouse 

gastro-oesophageal preparation. Once located specific stimuli were then 

applied. Mucosal stroking was performed using calibrated von Frey hairs (10-

1000mg) which were stroked across the mucosa at a rate of 5mms-1. Each 

receptive field was stroked ten times and mechanical responses from the 

middle eight strokes taken for analysis. Circular tension was applied using a 

threaded hook attached to an underpinned point adjacent to the receptive 

field. The threaded hook was attached to a cantilever via a pulley close to the 

preparation. Standard weights (0.5-5g) were then placed on the opposite end 

of the cantilever. Each weight was applied for one minute with a break of 

another minute between removing one weight and applying the next. After 



 
224 

analysing the two stimulus response curves, we would classify a receptive 

field as either a mucosal or tension receptor. 

 

5.3.5 Effect of leptin on the mechanosensitivity of vagal afferents 

After the mechanosensitivity of a receptive field was determined, the effect of 

leptin was assessed. Leptin (0.1nM, Sigma-Aldrich, Castle Hill, Australia) was 

added to the superfusing Krebs solution and allowed to equilibrate for 20 min 

after which the stimulus response curves were re-determined. This procedure 

was repeated for leptin 1 and 10nM. 

 

5.3.6 Data recording 

Afferent impulses were amplified with a biological amplifier (DAM 50, World 

Precision Instruments, Sarasota, FL), and filtered (band-pass filter 932, CWE, 

Ardmore, PA, USA). Single units were discriminated on the basis of action 

potential shape, duration, and amplitude by use of Spike 2 software 

(Cambridge Electronic Design, Cambridge, UK). 

 

5.3.7 Nodose ganglia quantitative RT-PCR 

Nodose ganglia were removed bilaterally from mice from all 3 experimental 

groups. Total RNA was extracted using an RNeasy Micro Kit (Qiagen, 

Doncaster, Australia) according to the manufacturer‘s instructions. RNA was 

quantified by measuring the absorbance at 260nm (A260) using a 

NanoDrop™ ND 1000 spectrophotometer (Thermo Fisher Scientific, 

Scoresby, Australia) and RNA purity was estimated via the 260/280 

absorbance ratio. Quantitative RT-PCR (QRT-PCR) reactions were performed 
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as described in detail previously [455]. In short, reactions were performed 

using a Chromo4 (MJ Research, Bio-Rad, Gladesville, Australia) real-time 

instrument attached to a PTC-200 Peltier thermal cycler (MJ Research) and 

analysed with Opticon Monitor software (MJ Research). QRT-PCR reactions 

were performed using a QuantiTect SYBRgreen RT-PCR one-step RT-PCR 

kit (Qiagen) according to the manufacturer‘s instructions. All primers used 

were pre-designed validated Quantitect Primer assays (Qiagen) targeting 

leptin receptor and β-tubulin. RT-PCR reactions were carried out under the 

following conditions: reverse transcription, 50°C for 30min; initial PCR 

activation, 95°C for 15min; PCR cycles 94°C for 15sec, 55°C for 30sec and 

72°C for 30sec repeated for 50 cycles. A melt curve was obtained to confirm 

the specificity of the products produced. Each assay was run in triplicate and 

repeated on separate days. Control PCRs were carried out substituting 

RNase-free water for template RNA. Relative RNA levels were calculated 

using the comparative CT method as described previously [456]. 

 

5.3.8 Retrograde tracing 

This procedure has been detailed previously [473]. In short; to identify specific 

gastric mucosal afferents SLD (N = 4), HFD (N=4) and RFD (N=4) mice were 

anesthetized with isoflurane (1-1.5% in oxygen), a laparotomy performed, and 

a mucolytic (10% N-acetylcysteine; 200µl) was injected into the stomach 

lumen then removed via syringe after 5 min, this was followed by two saline 

rinses (200µl each). Subsequently, 10µl of 0.5% Alexa Fluor® 555 conjugate 

of cholera toxin β-subunit (CTB-AF555); Invitrogen, Mulgrave, Australia) was 

injected into the proximal gastric lumen via a 30 ga Hamilton syringe and the 
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proximal stomach walls gently opposed to expose the dorsal and ventral 

surfaces to the tracer. The injection site was dried and skin incision closed. 

Antibiotic (Baytril; 50μl of 50mg/ml) and analgesic (butorphanol; 5mg/kg) were 

administered subcutaneously. Food and water were withheld for 2 hours 

postoperatively to maximize exposure of tracer. All mice recovered well from 

surgery and were routinely monitored. Isolation of tension afferents is 

possible, however we have previously determined that diet induced obesity 

has no effect on the expression of LepR mRNA in this sub-population [496]. 

 

5.3.9 Laser capture microdissection 

After 2 days, retrogradely traced mice were anesthetized with pentobarbitone 

(60 mg/kg, i.p.) their left and right nodose ganglion was then removed and 

dissociated before being cultured on a duplex dish for 2 hours at 37°C in 5% 

CO2 [496]. Cells were then subject to laser-capture microdissection, 

performed on a P.A.L.M.® microbeam microdissection system (Carl Zeiss, 

Jena, Germany). Fluorescent labelled nodose neurons were microdissected 

and catapulted directly into a lysis and stabilization buffer (Buffer RLT, 

RNeasy Micro RNA extraction Kit, Qiagen) containing 0.14M 

β-Mercaptoethanol (Sigma-Aldrich). RNA was extracted and QRT-PCR was 

performed on these cells using the same protocol as for whole nodose 

ganglia. 

 

5.3.10 Plasma hormone measurements 

Blood samples from all groups of mice were collected on the day of 

experiment from the abdominal aorta, under anaesthesia. Blood was placed 
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into K2EDTA coated tubes and spun for 15min at 1000xg to separate the 

plasma which was stored at -80°C until needed. Plasma leptin and insulin 

were determined using commercially available ELISA assay kits (Millipore, 

Billerica, MA, USA) according to manufacturers‘ instructions. The sensitivities 

of the assays were 0.05ng/ml (leptin) and 0.2ng/ml (insulin); the intra-assay 

variations were 1.4% (leptin), 4.65% (insulin). 

 

5.3.11 Statistical analysis 

All data in graphs are expressed as mean values ± SEM with N= number of 

animals studied and n= number of individual afferents analysed. Vagal 

afferent stimulus-response curves and weight change were analysed using 

two-way analysis of variance (2-way ANOVA) and Bonferroni post hoc tests. 

RNA levels, fat mass, food/energy intake and plasma peptide levels were 

analysed using one-way ANOVA‘s with Tukey post hoc tests. Significance 

was defined at p<0.05.  
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5.4 RESULTS 

 

5.4.1 Diet induced changes to mouse weight, fat mass, food 

consumption and plasma peptide levels 

The HFD mice gained more weight than both the SLD and RFD mice (Figure 

5.1A, both p<0.001). The RFD mice initially lost some weight upon return to 

the SLD, but by the end of the 24th week they had gained back all lost weight 

and on average weighed more than at the point they were removed from the 

HFD (Figure 5.1A, p<0.001 SLD vs. RFD). Gonadal fat mass of the HFD 

(2.71±0.37g) mice was greater than that of both the RFD (0.62±0.10g) and 

SLD (0.34±0.02g) mice (Figure 5.1B, both p<0.001), however the RFD fat 

mass was also greater than the SLD mice (Figure 5.1B, p<0.01 SLD vs. 

RFD). Blood glucose levels were higher in both the HFD and RFD mice 

(12.78±0.82mM and 11.07±0.79mM respectively) compared to the SLD mice 

(6.45±0.73mM) (Figure 5.1C, both p<0.01 vs. SLD). The average 24-hour 

food consumption of the RFD mice (4.8± 0.43g) was significantly greater than 

that of the SLD (2.78±0.23g) and HFD (3.14±.0.19g) mice (Figure 5.1D, 

p<0.001 vs. SLD, p<0.01 vs. HFD) at the end of the 24 week period. The 

energy intake of the RFD mice (16.23 ±1.41kcal) was similar to the HFD: 

(16.42±0.99kcal), and both were greater than the SLD mice (9.29±0.77kcal) 

(Figure 5.1E, HFD vs. SLD p<0.001, RFD vs. SLD p<0.01). Plasma leptin 

levels (Figure 5.1F) were higher in the HFD (23.09±1.27ng/ml, p<0.001 vs. 

SLD and RFD) and RFD (16.33±1.83ng/ml, p<0.001 vs. SLD) mice compared 

to the SLD mice (5.01±0.31ng/ml). Plasma insulin (Figure 5.1G) was also 



 
229 

elevated in the HFD (0.97±0.08ng/ml p<0.001 vs. SLD p<0.01 vs. RFD) and 

RFD (0.69±0.03ng/ml p<0.01 vs. SLD) relative to SLD mice (0.55±0.13ng/ml). 

 

5.4.2 High fat diet induced changes in gastric mechanosensitivity are not 

altered by reverting to „normal‟ chow feed 

Gastric tension mechanosensitivity of the HFD and RFD mice was reduced by 

50% (at 5g) compared to the SLD mice (Figure 5.2A, both p<0.001 vs. SLD). 

There was no significant difference between the responses of the gastric 

tension receptors of the HFD mice compared to the RFD mice (p>0.05). There 

was no difference in the response to mucosal stroking by mucosal receptors 

between any of the groups of mice (Figure 5.2B, p>0.05). 

 

5.4.3 Leptin‟s effects on gastric vagal afferent mechanosensitivity are 

dependent on diet 

Leptin (0.1-10nM) potentiated gastric mucosal mechanosensitivity (Figure 

5.3A & E p<0.001 vs. Control) in SLD mice, but had no effect in HFD mice 

(Figure 5.3B & F, p>0.05). In the RFD mice leptin increased mucosal receptor 

mechanosensitivity (Figure 5.3C & G, p<0.001 vs. Control). The level of 

potentiation induced by leptin (0.1-10nM) in response to 50mg stroking was 

different in all three groups of mice (Figure 5.3D, p<0.001 SLD vs. HFD, 

p<0.01 RFD vs. HFD and SLD). 
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Leptin had no effect on the mechanosensitivity of gastric tension receptors (1-

5g) in SLD mice (Figure 5.4A & E, p>0.05), however caused a reduction in 

HFD (Figure 5.4B & F, p<0.001 vs. Control) and RFD (Figure 5.4C & G, 

p<0.001 vs. Control) mice. The level of inhibition caused by leptin in response 

to 3g stretch was highest in the HFD mice followed by the RFD and SLD mice 

(Figure 5.4D, p<0.05 HFD vs. RFD, p<0.001 HFD and RFD vs. SLD). 

 

5.4.4 Diet induced changes in the expression of leptin receptor in vagal 

afferents 

There was no difference in LepR expression in whole nodose ganglia 

between any of the groups of mice (Figure 5.5A, p>0.05). However, when 

LepR mRNA expression was quantified specifically in mucosal afferents there 

was a 99% reduction in LepR mRNA in the HFD mice compared to the SLD 

mice (Figure 5.5B, p<0.001 SLD vs. HFD). The RFD mucosal afferents had a 

68% reduction in LepR mRNA relative to the SLD mice (p<0.001 SLD vs. 

RFD). The RFD LepR mRNA content was greater than that observed in the 

HFD mice (p<0.05 HFD vs. RFD). 
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5.5 DISCUSSION 

 

These data show when HFD induced obese mice received a standard chow 

diet; brief weight loss was followed by a return to their previously established 

weight, associated with an increase in food intake. The reduced 

mechanosensitivity of gastric vagal afferent tension receptors, in HFD obesity, 

was maintained. However, the switch in effect of leptin, from excitatory on 

gastric mucosal receptors in SLD mice to inhibitory on gastric tension 

receptors in HFD mice, is partially reversed upon return to a standard chow 

diet. 

 

The reduction in tension receptor mechanosensitivity is consistent with the 

reduced neural activation seen in the hypothalamus of obese humans in 

response to gastric distension [123]. Its persistence on return to the standard 

chow diet is presumably part of the mechanism that facilitates the increased 

food intake required to maintain the higher body weight. Although the amount 

of food consumed increased, the absolute caloric intake matched that 

consumed on the HFD. It is well established that chronic feeding of a 

palatable, high fat, energy dense diet, induces obesity [542], which once 

obtained, is defended against perturbations in body weight [543, 544]. These 

data demonstrate that after 12 weeks on a high fat diet, there appears be 

changes in gastric mechanosensitivity which serve to protect an increased 

body weight, but it remains to be determined whether the increased food 

intake will see the RFD mice obtain the same level of adiposity and weight as 

the HFD mice or settle at a point between the HFD and SLD mice. 



 
232 

 

The partial restoration of leptin sensitivity, on mucosal receptors, is of interest 

since it may preclude the ongoing increase in weight occurring in mice that 

continue on the HFD, and facilitate maintenance of the weight reached at the 

time the switch occurred. Leptin sensitivity has previously been shown to be 

restored both centrally and peripherally in diet induced obese rats resuming a 

chow diet [545]. However, we only observed a partial restoration in the 

potentiating effect of leptin. This may represent either a new level of leptin 

sensitivity or a transient effect with restoration to normal after a longer period 

back on the standard chow diet. The mechanisms responsible for the varying 

levels of potentiation of mucosal receptors by leptin still need to be elucidated, 

but we speculate that it may, at least, involve differential expression of the 

LepR as we observed a 99% reduction in LepR mRNA in mucosal afferents 

from HFD mice, and a 68% reduction of LepR mRNA in the RFD mice. It 

remains to be determined whether these changes at the transcript level, 

reflect changes in functional protein at the cell surface. 

 

Similar to the effect of leptin on mucosal receptors, the RFD mice exhibited a 

partial restoration of the effect of leptin on tension receptors to the lean 

phenotype. Previously we have shown that LepR expression in muscular 

vagal afferents is unchanged in obese mice [496], however changes in LepR 

protein levels have been observed in cultured Caco-2 cells in the absence of 

any changes in mRNA [515] and it remains to be determined whether such a 

change in LepR protein exists in these afferents. Alternatively there may be a 

change in the ability for leptin to activate a downstream signalling protein, 
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which previously has been suggested to involve activation of the large 

conductance calcium activated potassium channel [496]. 

 

It has been demonstrated in humans that following diet-induced weight loss 

there are persistent long term changes to gut peptides, with increased levels 

of the orexigenic peptide ghrelin, and decreased levels of the anorexigenic 

peptides, cholecystokinin, glucagon-like peptide 1 and peptide YY present 

one year later [78]. The lack of adaptation of gastric tension receptors upon 

return to a normal diet could therefore exacerbate the situation making it more 

difficult to lose weight. Whether the reduced mechanosensitivity of gastric 

tension receptors are also part of the mechanism favouring weight regain after 

diet-induced weight loss in obese humans and the extent to which the 

remarkable efficacy of bariatric surgery, even in individuals with hypothalamic 

obesity [546, 547], depends on circumventing this decrease, remains to be 

determined. 

 

In conclusion we have established that changes in regards to leptin‘s vagal 

afferent modulatory action are not fully reversible by placing obese mice on a 

standard chow diet for a period of 12 weeks. Furthermore, they continue to 

exhibit decreased response to stretch, which could indicate a mechanism that 

promotes the over consumption of food in an attempt to maintain the obese 

state and thus combat successful weight loss. Further studies including a 

longer time course and pair-feeding experiments are required to determine 

whether the observed changes are driven by the macronutrient content of the 
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diet, the inducement of obesity, or a combination of the two, as well the timing 

of the onset of the irreversibility, and potential for reversibility over time. 
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Figure 5.1: Diet dependent changes to mouse body parameters. (A) The 

weight gain of mice that were either fed a chow diet for 24 weeks (SLD, N=16) 

(●), a high fat diet for 24 weeks (HFD, N= 16) (■) or a HFD for 12 weeks 

followed by 12 weeks on a chow diet (RFD, N=14) (○). The gonadal fat 

deposit weight (B), blood glucose levels (C), 24 hour food consumption (D), 

24 hour energy consumption (E), plasma leptin (F) and insulin (G) 

concentration of SLD, HFD & RFD mice at the end of the 24 week diet regime. 

***p<0.001 vs. SLD, ** p<0.01 vs. SLD, ### p<0.001 vs. HFD, ## p<0.01 vs. 

HFD. 
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Figure 5.2: Selective high fat diet suppression of gastric tension 

receptor mechanosensitivity is maintained after chow diet feeding. 

Stimulus response functions of tension-sensitive (A) and mucosal (B) gastric 

vagal afferents from mice fed a SLD (●, A: n=16 B: n=18), HFD (■, A: n=25, 

B: n=29) or RFD (○ A: n=18, B: n=22). *** p<0.001 vs. SLD. 
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Figure 5.3: Mucosal receptor sensitivity to leptin is partially restored 

upon reverting to a chow diet. The responses of gastric mucosal receptors 

to stroking with calibrated von Frey hairs (10-1000mg) in the absence (●) and 

presence of leptin 0.1 (○), 1 (□) and 10nM (Δ) from mice fed either a SLD for 

24 weeks (A, N=8), HFD for 24 weeks (B, N=9) or a HFD for 12 weeks 

followed by 12 weeks of SLD (C, N=6).*** p<0.001 vs. afferents prior to leptin 

exposure. (D) The effect of leptin on the response to mucosal stroking with a 

50mg von Frey hair in SLD (●), HFD (■) and RFD (○) mice. Diet significantly 

modulated the potentiating ability of leptin. *** p<0.001 vs. SLD, ** p<0.01 vs. 

SLD, ## p<0.01 vs. HFD. Original recordings of a mucosal receptor in 

response to 50mg stroking before (i) and after addition of leptin 10nM (ii) from 

SLD (E), HFD (F) and RFD (G) mice. 
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Figure 5.4: Tension receptor inhibition by leptin is reduced by 

subsequent chow feeding. The responses of gastric tension receptors to 

circular stretch (1-5g) in the absence (●) and presence of leptin 0.1 (○), 1 (□) 

and 10nM (Δ) from mice fed either a SLD for 24 weeks (A, N=8), HFD for 24 

weeks (B, N=9) or a HFD for 12 weeks followed by 12 weeks of SLD (C, 

N=10). *** p<0.001 vs. afferents prior to leptin exposure. (D) The effect of 

leptin on the response to 3g circular tension in SLD (●), HFD (■) and RFD (○) 

mice. Diet significantly modulated the inhibiting ability of leptin. *** p<0.001 vs. 

SLD, # p<0.05 vs. HFD. Original recordings of a tension receptor in response 

to 3g tension before (i) and after addition of leptin 10nM (ii) from SLD (E), 

HFD (F) and RFD (G) mice. 
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Figure 5.5: Diet induced changes in leptin receptor mRNA expression in 

nodose ganglia and mucosal afferent cell bodies. Leptin receptor mRNA in 

whole nodose ganglia was no different in any of the groups of mice (all groups 

N=8). In mucosal traced afferents leptin receptor mRNA was reduced in 

afferents from HFD and RFD mice (N=4, all groups). *** p<0.001 vs. SLD, # 

p<0.05 vs. HFD. 
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This thesis highlights specific mechanisms that may underlie peripheral satiety 

signalling from the molecular basis of receptor regulation through to changes 

observed in live animals in terms of feeding behaviour. As a whole these 

studies demonstrate that the endogenous gastric peptides, leptin and ghrelin, 

have distinct effects on specific populations of mechanosensitive gastric vagal 

afferents, which are consistent with their previously observed general effects 

on feeding and vagal afferent modulation [301, 326, 355, 548]. Previously, it 

has been established that the expression profile of appetite regulatory 

peptides and their receptors, on rodent vagal afferents, is dependent on fed 

status [368, 369, 424, 452, 453, 460, 461]. This thesis now demonstrates that 

the ability of mechanosensitive vagal afferents to respond to mechanical 

stimuli and the endogenous peptides leptin and ghrelin is also dependent on 

fed status. 

 

In lean mice the effect of ghrelin on vagal afferent mechanosensitivity is 

consistent with previous observations [301, 326, 355]. The opposing effects of 

leptin and ghrelin on gastric vagal afferent mechanosensitivity in lean mice 

may play a role in their respective anorexigenic and orexigenic effects. 

However, the maintenance of an obese state depends upon a sustained 

increase in food intake, which would require a shift in food intake signals away 

from anorexigenic and towards orexigenic. Consistent with this idea is the 

orexigenic effect of ghrelin potentially being amplified by gaining an inhibitory 

effect on mucosal afferents, which is not seen in lean mice, and leptin losing 

its potentiating and possibly anorexigenic effect and gaining an inhibitory and 

potentially orexigenic effect. The potential dysfunction of peripheral satiety 
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signalling observed in the electrophysiological data was complimented by 

equally dramatic changes in terms of receptor transcript regulation with gut 

peptides, ghrelin and NPW causing decreases in anorexigenic leptin and CCK 

receptor in vagal afferent cell bodies from obese mice, which could cause a 

further suppression of anorexigenic signals and increase food consumption. It 

is important to remember that this study only examined mRNA levels which, 

as demonstrated previously, does not necessarily translate to changes in the 

amount of functional protein at the cell surface [549]. However, these 

adaptations may permit increased food intake to occur to protect a new higher 

level of adiposity, if reflected at the functional protein level. 

 

The electrophysiological studies revealed that the changes observed in 

obesity in terms of baseline mechanosensitivity and the effects leptin and 

ghrelin on vagal afferents were the same as observed in acutely food 

restricted mice. This appears counterintuitive as the two states are 

fundamentally opposite, one is a lack of food availability and energy stores, 

the other is an excess of energy stores in the presence of food availability. 

However, this may point to a potential mechanism to increase food intake to 

the higher level necessary to maintain the obese state just as a food deprived 

animal would want to consume extra food to restore any lost adiposity. 

 

Whilst it is yet to be determined whether the observed changes in leptin and 

ghrelin on gastric vagal afferents in obesity causes increased orexigenic 

signalling, there is some evidence which suggests that ghrelin stimulates a 

greater increase in food intake in obese humans compared to lean ones [360], 
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which would be consistent with increased orexigenic potency of ghrelin in 

obesity. Furthermore, obesity is associated with an increased hedonic hunger 

[550], which as discussed earlier are modulated by peripheral neuronal 

signals (via the NTS and ARC), as well as directly by ghrelin and leptin. It 

remains to be determined if, similar to gastric vagal afferents, there are altered 

reward centre responses to leptin and ghrelin in obesity. There are also 

changes to food patterns associated with obesity including changes to meal 

size and frequency. Both the change in tension receptor mechanosensitivity 

and effect of leptin and ghrelin on the gastric vagal afferents from obese mice 

suggests meal size may be increased, which is consistent with meal pattern 

analysis in rats [431, 487] and humans [551]. 

 

Leptin resistance is believed to occur in the majority of obese individuals 

[552]. Mouse studies have revealed that this is probably, at least in part, 

caused by an inability of leptin to activate neurons. This has been 

demonstrated both centrally, in the ARC [553] and peripherally in the vagus 

[336]. This thesis confirms the presence of leptin resistance in vagal afferents, 

but in terms of gastric mechanosensitive vagal afferents, leptin resistance only 

occurred within mucosal afferents. Tension sensitive gastric vagal afferents 

did not exhibit leptin resistance in obese mice, but instead leptin exhibited an 

inhibitory effect on tension receptor mechanosensitivity. This suggests that 

leptin resistance occurs in a very specific manner in which only 

subpopulations of nerves are affected. This also suggests that more refined 

approaches need to be taken to treat obesity. In this instance, trying to 

increase leptin signalling in obesity through the activation of the leptin 
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receptor could lead to a reduction in response to gastric distension, which 

could potentially cause a further unwanted increase in food intake. A more 

detailed analysis of the role leptin plays in appetite regulation and the 

plasticity of this system in obesity is needed before the therapeutic potential of 

this system can be fully determined. Downstream second messenger 

molecules or effector channels of leptin receptors may offer more suitable and 

effective therapeutic targets for obesity. In this case inhibiting BKCa channels 

(which may be responsible for the inhibitory action of leptin) or activating 

TRPC1 channels (which may be responsible for the potentiating effect of 

leptin) may prove to be better targets than leptin and its receptor in the 

treatment of obesity. However, both these channels have functional purposes 

in a variety of tissue types and locations including smooth muscle [554] and 

the heart [555]. This suggests that they would need to be specifically targeted 

in the vagal afferents innervating the stomach to avoid the systemic side 

effects that have plagued previous pharmacological approaches [556]. 

 

Whilst plenty of information exists regarding obesity induced dysfunction of 

appetite regulatory systems, there is a lack of detailed studies looking at the 

plasticity of these changes. Weight regain in obese people trying to lose 

weight is exceptionally common [557-560]. This suggests that after attaining 

the obese state adaptations occur that favour the maintenance of this obese 

state [78]. This thesis has identified that the mechanosensitivity of gastric 

tension receptors is reduced in obesity. This would decrease gastric 

distension induced satiety signalling and may serve to potentiate or maintain 

the obese state. In addition, it has been established that these alterations are 
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not readily reversible. Whilst the only intervention performed was changing the 

diet this may provide a suitable comparison for the common human weight 

loss experience. It demonstrates that simply changing dietary composition 

may not be enough to cause sustained weight loss as persisting obesity 

induced adaptations, that decrease the satiety signal, may lead to increased 

food intake and subsequent weight gain even in the absence of an 

obesogenic diet [78, 558]. This facet of the thesis will need further expansion 

including looking for the presence of a theoretical point of no return, a point in 

the development of obesity where the observed obesity induced adaptations 

may become permanent as previously suggested [561, 562]. Furthermore, 

other interventions need to be explored including pair feeding to determine 

whether it is the diet or the adiposity that causes these adaptations. More 

precise meal analysis needs to be undertaken, as currently the food intake 

data featured in this thesis used a rather crude method of measurement. The 

approach used, in this thesis, made it impossible to determine specific eating 

parameters such as meal size, number, duration, inter-meal duration as well 

as energy expenditure, all of which are vitally important when looking at 

weight control, as there are substantially different effects of consuming the 

same number of calories in a different pattern [563, 564]. 

 

Given that currently the most effective treatment for obesity is bariatric 

surgery, with the roux-en-y gastric bypass (RYGP) being the gold standard of 

weight loss procedures; this thesis highlights mechanisms that may underlie 

its efficacy in weight loss. The nature of the gastrotomy in a RYGP means that 

the bypassed section of the stomach would be left without vagal innervation. 
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The gastric pouch on the other hand would still retain its innervation meaning 

that vagal satiety signals could still be transmitted. There would likely be an 

enhanced response to distension of the stomach by an isovolumetric meal 

given the substantially reduced size of the gastric pouch, which could 

overcome the reduced sensitivity of the gastric tension receptors to trigger 

early satiety. RYGB patients also often exhibit reduced ghrelin secretion [565], 

which is proposed to be caused by the removal of autonomic input to the 

ghrelin containing cells of the stomach (the vast majority of which are in the 

bypassed portion of the stomach) [566]. It would be interesting and worthwhile 

to examine the responsiveness of gastric vagal afferents to mechanical 

stimuli, as well as leptin and ghrelin, in a mouse model of the RYGB to 

determine whether the effects documented in this thesis are reversed or 

merely counteracted. 

 

Whilst it is well accepted that gastric vagal afferents are involved in the control 

of food intake [567, 568], they are also involved in the regulation of wider 

gastrointestinal function [210, 467]. This is highlighted by the fact that they are 

targeted in the treatment of multiple gastrointestinal disorders including 

functional dyspepsia and gastro-oesophageal reflux disease [284, 285, 438, 

569-572]. It is not known whether there are discrete and identifiable 

subpopulations of vagal afferents that are responsible for initiating different 

feedback signals. Thus whilst the studies within this thesis suggest that in 

obesity leptin and ghrelin may act to mediate an increase in food intake it is 

possible that their effects on gastric vagal afferents are in fact mediating 

changes in other functions. Therefore, it is imperative that future studies 
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determine the behavioural effect of modulating specific populations of gastric 

vagal mechanosensitive afferents. 

 

Regardless of the limitations of these studies they have identified novel and 

new effects of previously studied molecules in a common disease. The results 

highlight possible new specific targets for obesity treatments, as well as 

providing potential mechanisms and explanations for adaptations that favour 

weight gain/maintenance when weight loss is desirable, further adding to the 

ever expanding understanding of obesity. 
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